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PABPABOTKA INPOI'PAMMHO-AJITOPUTMHUYECKOI'O METOJA
OBPABOTKHN XAPAKTEPUCTHUK TEPMOKATAIMTUYECKHUX
CEHCOPOB JIsd NTAEHTU®OUKALIMN TI'OPIOYUX T'A30B
B BO3AYXE U MHOI'OKOMIIOHEHTHBIX CMECAX

Pa3paboTan nporpaMMHO-aITOPUTMHUYECKHI METO]] 00pabOTKN TeMIepaTypHbIX XapaKTepPUCTHUK TePMOKaTaInTHYe-
CKOTO CeHcopa Ul Paclo3HaBaHUS THIIA M ONPENENICHHUs] KOHLEHTPALMH FOPIOYMX Ta30B B MHOTOKOMITOHEHTHBIX
CMecsIX W TIPOBE/IeHa OlIeHKa ero NMpuMeHUMocTH. [IpencraBieHa cxema MporpaMMHO-aITOPUTMUYECKOTO METO/a,
MIPOBEICHBI YKCIIEPUMEHTAIILHBIE UCCIIEAO0BAHUS OJTHOKOMIIOHEHTHBIX, JABYXKOMITOHEHTHBIX ¥ MHOTOKOMIIOHEHTHBIX
cMeceH, COCTOSsIIMX M3 YIIIEBOAOPOAOB U BOAOPOAA. Pe3ysibTaTsl MOKa3aiM, YTO METOX MO3BOJIAET PACIO3HABATh
THII TOPIOYETO Ta3a U OMPEIeNATh KOHIICHTPALUIO C TOYHOCTHIO 10 90%.

Kniouesvie cnosa: TepMOKaTaHI/ITI/I‘ICCKI/Iﬁ CCHCOP, CCICKTUBHOCTb, MHOTOKOMIIOHCHTHBIC CMCECH, MECTO/I I'NTAaBHBIX
KOMIIOHEHT, OIMPEACIICHUC KOHUCHTPAlluU, BOAOPO/, 06pa60TI<a JaHHBIX

EDN: YWZFHO

BBEJIEHUE

B Mupe pacter 4mclio MPOMBIIUICHHBIX TPEINpH-
SITHHA, HAa KOTOPBIX MPOU3BOMST WJIH HWCIOIB3YIOT
TOPIOYHE Ta3bl WM JIETKOBOCIUTAMEHSIONNECS KH]I-
koctu (JIBXK). YrTeuka momoOHBIX BEHIECTB MOXKET
MIPUBECTH K OMACHBIM TOCIEeACTBUAM. HeoOxommMbeIimM
WHCTPYMEHTOM KOHTPOJSI YT€UEK U HU3MEPEHUsl KOH-
IIEHTPAINK TOPIOYNX Ta30B B BO3IyXE SBISIOTCS CEH-
copbl (MOJYNPOBOAHUKOBBIE, TEPMOKATAIUTUYECKUE,
ontuueckue u 1np.) [1-3]. B nuamazone m0B3pBIBO-
OTACHBIX KOHIIEHTPAIMA IS MOHUTOPHHTA TOPIOYNX
ra3oB HambOosiee MIMPOKO MPHUMEHSIOTCS TepMoKarTa-
JUTHYECKUE CEHCOPBI, KOTOPhIE UMEIOT Malloe BpeMs
OTKJIMKA, HEOOXOIMMYIO TOYHOCTh U3MEPECHUN M HU3-
KYIO CTOUMOCTb.

Bo mHOrux cimydasix B BO3IYLIHOM Cpelle MOXKET
MIPUCYTCTBOBAaTh HECKOJBKO THIIOB Ta3a, WMCIOIINX
pa3Hoe 3HAa4YeHHE HW)KHETO KOHIEHTPAIIMOHHOTO TI0-
pora pacnpoctpanenus wiamenn (HKIIP), uro nemaer
HeBo3MOXKHBIM orpenenenne HKIIP cmecn 6e3 omnpe-
JIeJIEHUs] COCTaBa MHOIOKOMIIOHEHTHOM cmecu. Pac-
MMO3HABAaHHUE Ta30B B CMECSX SBISAETCS OMHOM W3 ca-
MBIX CJIO’KHBIX 33/1a4 B ra30BOM aHanuse [4]. 3To cBs-
3aHO C T€M, YTO OOJIBIITMHCTBO Ta30BBIX CEHCOPOB,
B TOM YHCJIE W TEPMOKATAIUTHYECKHE CEHCOPHI, 00-
JIafaloT HU3KOHM CeNEeKTHBHOCTBIO K TOPIOYMM Ta3aM.
DTO OorpaHHYMBAET OOJNACTH WX IMPAKTHYECKOTO HC-
MOJIb30BAHMSL.

[TosTOMY TTOBBIIIIEHNE CEIEKTUBHOCTH TEPMOKaTa-
JUTUYECKUX CEHCOPOB B 3aJadyax KOHTPOJIA BO3IYIII-
HO# cpeapl M1 CBOCBPEMEHHOTO TIPEIOTBPAIICHUS BO3-

HUKHOBEHHMSI B3PBIBOOMACHBIX KOHUEHTPALMHA TOpIO-
yux ra3oB, JIB)K m UX MHOTOKOMIIOHEHTHBIX CMeCeH
SIBJISIFOTCSL OJTHOM U3 BaXKHBIX U aKTyaJIbHBIX 3a/1a4.

Cpenn ropro4uMx ra3oB 0co0Oe MECTO 3aHHMAaeT
BOJOPOA. DTO CBA3AaHO C TEM, YTO OH SIBIIACTCS OJHUM
W3 CaMBbIX B3PBIBOOIACHBIX Ta30B, OH YpE3BBIYAHO
JeTyd U MMEEeT caMblii OOJIBIION Iuama3oH B3pPHIBO-
OIMacHBIX KOHIEeHTparuit (ot 4 1o 75% 06.) [5]. Bax-
HO OTMETUTb, YTO BOJOPOJ] PacCMaTpPUBAECTCS
B Ka4eCTBE MEPCIIEKTUBHOTO BUIa TOIUINBA (MJIA KOM-
MTOHEHTA TOIJIMBA, B YACTHOCTU B CMECAX C yTJIEBOJO-
pomamm) [6], mo3TOMy paspaboTka 3h(HEKTUBHBIX
CEHCOpPOB BOAOPOJAa M METOAMK €ro MOHUTOpPUHIa
B BO3JlyX€ SIBJISIETCS aKTYaJIbHOU 3aaueil.

CeneKkTUBHOCTh TEPMOKATAIUTUYECKUX CEHCOPOB
K TFOPIOYMM ra3aM MO>XHO IOBBICUTH 3a CUET COBEp-
IICHCTBOBaHMS CaMOTO CEeHcopa (Hampumep, 3a CUeT
WCIIOJIb30BaHusl (QUIIBTPOB WIIM MOAOOpa KaTaau3aro-
POB), IpUMEHEHHUS MPOABHUHYTHIX METOIWK MpPOBEIe-
HUSl W3MEPEHHH, YBEJIWYMBAIOMIMX OOBEM JaHHBIX
OT CEHCOpOB, W pa3pabOTKH MaTeMaTHYECKHX METO-
JIOB M TIOJIXOJIOB K 00pabOTKe MOIy4aeMbIX OT CEHCO-
pa npanHbIX. Hambonee mepCEKTUBHBIM SIBISACTCS
MOIX0J, OOBEIUHSIONIMIA TPOJBUHYTHIE METOINKHU
MpOBeIeHUS U3MEPCHUI U MaTeMaTHYecKoi 00padoT-
KW JJAHHBIX

Bnaronapst 6b1cTpOoMY MOBBILICHUIO BBIYUCINATENb-
HBIX MOIIHOCTEH IU(PPOBON IINEKTPOHUKH, a TaKKe
YBEJIIMYEHHIO POJM HMCKYCCTBEHHOIO HMHTEJUIEKTa
B TEXHOJIOTUYECKOM IIPOrpecce BO3PACTAET BAXKHOCTh
MPUMEHEHUS] METOZO0B MaTeMaTH4ecKoi 00paboTKh
JaHHBIX ¥ MalIMHHOTO OOY4YeHHs, a TaKKe aHalIu3a
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JaHHBIX Oonpioro pasmepa. [Ipumenenue takux me-
TOJIOB TO3BOJIUT YCKOPUTH MPOIIECC OINPENEIeHUs TH-
na ¥ KOHLEHTPAalUU aHAJTU3UPYEMOro ra3a B BO3IyII-
HOW CMeECH, WCKIIIOUUT dYeloBe4YecKUud (akrop mpu
MPUHATHN PENICHHUS, a TaK)Ke IOBBICUT CEJIEKTHB-
HOCTb u3MepeHuil. HoBoW TeHIeHLUENd B pa3sBUTHHU
Ha CETOHAIHAN JACHD SBIISETCS MHTETPAIHS METOIOB
MaIIMHHOM 00pabOTKM JaHHBIX W HCKYCCTBEHHOTO
WHTEJICKTa B Ta30BBIA aHAMM3 [7]. DTH TEXHOIOTUHU
pacuIMpsitoT BO3MOXHOCTH IPOTHO3MPOBAHMUSA U IIO-
MOTaOT BBISBJISTH 3aKOHOMEPHOCTH B OOIIUPHBIX Ha-
0opax JaHHBIX, CBSI3aHHBIX C [IOBEJCHUEM rasa.

[Ipn ucmosnb30BaHMM METONOB MAaIIMHHOW OOpa-
0OTKM  HEOOXOIWUM YBEITHMYCHHBIH O0BEM ITaHHBIX
oT uzydaemoro oobsekra. C 0JJHOI CTOPOHBI, yBeIHYe-
HUE 00beMa JaHHBIX BO3MOXKHO, HApUMeEp, 3a CUeT
YBEJIMYEHHUST YHUCIAa CEHCOPOB W CO3JaHMS MaTpHIl
U3 CEHCOPOB, T.€. 32 CUET TEXHHUUECKOTO YCIIOKHEHHS
yCTpOHCTB razoBoro aHanusa [8, 9]. C apyroii cropo-
HBI, PaCHIMPEHHBIH 00BEM JNaHHBIX, KOTOPBIH MOKHO
MOJTyYUTHh OT TEPMOKATATUTHYECKUX CEHCOPOB B IPO-
Lecce MpOBENCHUs U3MEPEHUH, ceiluac He UCIOIb3Y-
eTCsl TP aHalW3e BO3AyXa Ha MPHUCYTCTBHE B HEM
roprouux razos u napos JIBJK. B dactHocTH, B Tpa-
JTUITMOHHBIX METOJAaX W3MEpPEeHHs MPOBOIATCS JHOO
IpU OIHOM 3HAa4YCHUH pabodel Temmeparypsl, Ju00
MIpHU HECKOJIBKUX 3HaueHusx temmeparyp [10]. Baxno
OTMETHUTH, YTO yBEIUYUTH 00bEM IAaHHBIX OT TEPMO-
KaTaJIUTUYECKOIO CEHCOpa MOKHO 32 CUET U3MEPEHUS
€ro OTKJINKa B IIUPOKOM Iuamna3one temmnepatryp [11].
[TonoGuble M3MepeHHsT TMO3BOJSIOT pa3paboTaTh HO-
BbI€ METOJIbl MPOBEJEHUS U3MEPEHUI cMecel ropro-
yux ra3oB [12], B TOM yuciie U BKJIFOYAIOIINE MallliH-
Hoe oOyuyeHHe Al Pacro3HaBaHMs TOPIOYUX Ta30B
¥ TapoB JIETKO BOCIUIAMEHSEMBIX >KHIKocTed [13].
MeToauKy TEeMIEpaTypHOro CKaHHPOBAaHUS IIHPOKO
pacmpoCcTpaHeHbl ISl METaJUIOOKCHIHBIX Ta30BbIX
cercopos [1]. Ognako noaxon k o0paboTke Temnepa-
TYpHBIX 3aBHCHMOCTEH OTKJIMKAa TEpMOKaTalIuTHde-
CKUX CEHCOPOB B MHOTOKOMIIOHEHTHBIX CMECSX
JIO CHX TIOp HE ONKCaH B HAyYHOM JIUTEpaType.

Lenpto paboTh! sBIsIETCS pa3pabOTKa MPOrpaMM-
HO-aJITOPUTMHUYECKOTO METO/a PACIIO3HABaHUs THIIA
W ONpefeNieHus KOHIEHTPAIMM TOPIOYMX Ta30B
B MHOTOKOMITOHEHTHBIX CMECSIX Ha OCHOBE 00padoTKu
TEMIEPaTypHBIX 3aBHCHMOCTEH OTKJIMKAa TepMOKaTa-
JUTUYECKOT0 CEHCOopa C Mocienyloued MaTeMaThye-
CKOW 00pa0OTKOW HKCIEPUMEHTAIBHBIX 3aBUCHMO-
CTe W NPUMEHEHHEM AITOPUTMOB KiacCH(UKALMH
MOJTy4aeMBbIX JTJAHHBIX JUISl IPUHATHS PEIICHUM.

METOJUKA SKCITEPUMEHTA

B kavecTBe TepMOKATATUTHYECKHX CEHCOPOB ObI-
JIU B3SITHI CEpUHHO BbITycKaemble kKommnanuerd OO0
"HTL[ UT'[" cencoper ATK-4 [14]. 3amaga paboTsl
coCTOsJIa B pa3pabOTKe METOZa, MO3BOJISIFOIICTO MPHU
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MOMOIIIM TEPMOKATAIUTUYECKOTO CEHCopa OIpene-
JATh THN U KOHUEHTPAIMIO TOPIOYMX Ta3oB 3a CYET
MOIU(UKALUN [POLEAYPHl NPOBEACHUS H3MEPEHHUH
W MPUMEHEHHS MPOJBUHYTHIX MaTEeMaTHYECKHX ajro-
PUTMOB ISl aHAITU3a TTOJTyYEHHBIX JaHHBIX. [Ipn aTOM
TEXHOJIOTHS TMPOU3BOACTBA M KOHCTPYKLHS CEHCOpa
0CTaBaJINCh HEN3MEHHBIMHU.

Takum 0Opa3om, cTaBuiIach 1eb PacIIUpeHus: 00-
JIACTH TPHUMEHEHHs] CepPUHHBIX CEHCOPOB Ha 3ajauu
CEJIEKTUBHOTO HM3MEPEHHUsI IOPIOYUX ra3oB B MHOIO-
KOMIIOHEHTHBIX CMECAX U B YaCTHOCTH OMpPEIeNICHUS
BOJIOPOJa B COCTaBE MHOI'OKOMIIOHEHTHBIX YIJIEBOIO-
POJHBIX CMecell B BO3JyX€ B JUala3oOHE JOB3PbIBO-
OTacHBIX KOHIEHTpamuii. boree moapobHo TexHOIO-
T'Hisl I3TOTOBJICHUSI CEHCOPOB OIKcaHa B padote [15].

B kauecTBe HM3MEPUTEIBHON CXEMBI HCIIOJIB30BA-
Jach MocToBas cxema (puc. 1), riae pabounii u cpas-
HUTEJIBHBIA ~ YyBCTBUTEJIbHBIC 3JIEMEHTBI  CTOSUIH
Ha oJHOM 1uiede, a pe3uctopsl (R1, R2) HomuHamom
10 kOm — nHa BTOpOM [16].

Cxema U3MepUTENbHOW YCTaHOBKH MOAPOOHO OMH-
caHa B pabore [15]. M3mepuTenbHas ycTaHOBKa IO-
3BOJISIET MTOAABATh HANPSDKEHUE MUTAHHS B JHara3oHe
ot 0 1o 3.3 B ¢ marom 0.05 B u peructpupoBats OT-
KITUK OT HECKOJIbKMX TEpPMOKATaJIUTHYECKUX CEHCO-
POB OZHOBPEMEHHO. Pe3ymbraTroM u3MepeHHMH SBIIS-
FOTCSl 3aBUCUMOCTH OTKJIMKA CEHCOpa OT TeMIIepaTyphl
(S-o6pa3Hbie  XapaKTEepPUCTHKH), COIACpKAlIAE WH-
¢dopmanuio 06 0COOEHHOCTSIX KaTaTUTHIECKOTO rope-
HUSI TOPIOYMX Ta30B.

B pabore uccnenoBanack BbIOOpKa U3 6 TOprOYNX
ra3oB u napoB JIBX. Beibop ra3zos Obu1 00yclioBJICH
CIICAYIOIIMMH NpPUYMHAMM: METaH, HIpomaH, OyTaH
W 3THJIEH MIMPOKO HCIOJB3YIOTCS B OBITY U B IPO-
MBIIIUIEHHOCTH, TekcaH oTHocuTca k JIBXK, Bojmopon
B3pPBIBOOIACEH, & TAKXKE SIBJSIETCS MEPCHEKTHBHBIM
TOTUTMBOM TPW Pa3BUTHU BOAOPOIHON SHEPTETHKH.
Hcxomuple Ta3bl MPENCTaBISUIM COOOH MOBEPOYHBIE
razosble cmecH (III'C) ¢ n3BecTHOM KOHIIEHTpauueH:

Pafiowt i uyBCTE KRR BHLI 30EMEHT

| R1
10 gl

Uriuer
(0.05-3308)

[zt - | Lo Uor
| R
10 gl

\ CpaBHHTEN B L YYBCTHHTE N LHELE SUEME HT

Puc. 1. U3meputenbHas MOCTOBasi cxema Ijsl pekuma
TEMIIEPaTYpPHOIO0 CKAHUPOBAHMSL.
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Bogopon (0.96, 2.06% 006.), meran (0.47, 2.50,
1.00% 06.), npomnan (1.01% 06.), 6yran (0.67% 006.),
rexcat (0.47% 00.) u atrned (1.07% 06.).
IIpennaraemplii METOA OCHOBaH Ha COBMECTHOM
MCIOJb30BAHMM HECKOJIBKHUX METOJOB: KaJuOpOBKa
Ha OCHOBE BCeil S-00pa3HOi 3aBHCHMOCTH, METO]I
CKOJIB3SIILIETO OKHA, METOJ TIJIABHBIX KOMITOHEHT
(MI'K) n mpumenenue knaccudukaropa. ObpabdoTka
MCXOJHBIX JIAHHBIX peajiu30BaHa CPEJICTBAMH S3bIKa
python 3.11 ¢ wucmonp3oBaHWeM  OUOIHOTEK
numpy v1.20.3, pandas 1.2.4, sklearn 0.0. C momo-
mpio MI'K ObUT TIpOBEIeH aHANMM3 MONYYEHHBIX DKC-
MEPUMEHTAIILHBIX 3aBUCUMOCTEH (00pasloB Tasa).

OOBsicHAIOUIMMY TpU3HAKaMH B JaHHOM CIIydae siB-
NAI0TCS 66 3HAUYEHWM OTKIMKOB MPH Pa3HBIX Hamps-
KEHUSX TUTAHHUS.

PA3PABOTKA
ITPOTPAMMHO-AJITOPUTMUYECKOI'O
METOJA
TpaguIMOHHBIA  METOJI M3MEPEHUH  COCTOUT

B U3MEPCHHUU HANPSHKCHHS OTKJIMKA B 00JIACTH HACHI-
menns (puc. 2, a). M3amepenuss KOHIEHTPAIH TPOBO-
ISITCSI TI0 OJTHOW TOYKe M3 dToi obnactu. Tepmoxara-
JIUTUYECKUN CEHCOP JIOJDKSH KATMOPOBATHCS HA KaXK/IbIH

a
Temmepartypa ceHcopa, °C
21 90 167 248 328 402 468
90 'l 'l 1 L 1 A
- === H: (2.06%)
m CsHs (1.01%)
z CHs (1.01%)
g, | == == CsHi0(0.67%)
&' 60
g CsHi4 (0.47%) .
B | i C>Hs (1.07%) B
= -
& S
: !
&R 5
0 k= e
0 0.5 1
0
4r

CsHs (1.01%)"

CiHio
(0.67%)

[3%)
T

L CH: (0\_;7%) — ( 0(7417{0/)
% (1]

I'maBHas KoMIoHeHTa Ne2, ycII. eI
o

@ KanmuOpoBoUHEIe

X CHa (0.47%)
CsHs (1.01%)
CaHio (0.67%)

X CsHias (0.47%)
C:Ha (1.07%)
H: (2.06%)

_H: (2.06%)

-1r o
L Hyresas ® C.H. (1.07%)
@ KOHIICHTpaIH A
3 i i i i i j
-10 -5 0 5 10 15 20
I'1apHag KoMImoHeHTA Ne 1. yCII. enl.
Puc. 2. (a) — 3aBUCHMOCTH OTKJIMKa CEHCOPA OT IPHIIOKEHHOTO

HanpspkeHus B cpene pasnuanbix [1IC; (6) — pesynbraT 00paboTKH
S-00pa3HBIX XapaKTEPUCTUK METOJIOM IJIaBHBIX KOMIIOHEHT.
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roptounii rasz. IlpenBaputenbHO U3MEPSAETCS OTKIMK
B Bo3myxe. [lamee ceHCOp KanuOpyIOT MPU M3BECTHBIX
KOHIICHTPAIUSIX Ta30B, U CTPOUTCS KaIUOPOBOUHAS
3aBUCUMOCTh, KoTopas B nuana3zone jo HKIIP sBns-
ercd nuHeHou. [anee, uamepsis HanpsSKEHUE OTKIIU-
Ka CEHcopa, M0 KaaTuOpOBOYHON 3aBHCHMOCTH HaXo-
JIAT KOHLIEHTpanuio. Pe3ynbTaToM u3MepeHus SBiseT-
cs onHO 3HaueHue. OYEBHJHO, YTO TaKOH CIOCOO
HEJb3s MCIIOJIb30BaTh, KOTJa THII Ta3a B BO3AyXe He-
W3BECTEH, a TAKXKEe JJII MHOTOKOMITOHEHTHBIX CMECEH
TOPIOYHX Ta30B.

W3 puc. 2, a, BugHO, 4TO (hOpMBI 3aBHCHMOCTEH
OTKJIMKA JUISI Pa3HBIX TOPIOYHMX Ta30B Pa3IMdaroTCs
Mexay coboil. [losToMy 3aBUCHMMOCTH OTKJIMKa CEH-
copa B IIMPOKOM JHMamna3oHe TeMIIepaTyp SBISICTCS
crenuUIecKor A KaKIOro raza W Ui KaxJIou
KOHIICHTpaIi. bBpUT0 BBIIBUHYTO TMPEANONOXKECHUE,
YTO, POBOJII MaTEMATHYECKYI0 00pabOTKy dKCIEpH-
MEHTaJIbHBIX 3aBUCHUMOCTEH OTKIMKA, MOXXHO PAacIo-
3HATH THII Ta3a.

3aBUCUMOCTh OTKJIMKAa CEHCOpa OT TEMIIepaTyphl
COIEPKUT OOJBIIOE YUCIO YKCIICPUMEHTAIBHBIX 3HA-
yeHuii. bonplre qa”HHbBIe 4acTo 00JIagar0T CBOMCTBA-
MH, KOTOPhIC MbI MOKEM HCIIOJIb30BaTh B 00pa0OTKE,
HanpuMep, KOPPEISIUs MeXay 3HauYeHUSIMH B JIaH-
HBIX BBICOKOU pa3sMepHOCTH. CHIDKEHHE pa3MEPHOCTH
WCIIOJIB3YET CTPYKTYPY MCXOMHBIX AHHBIX U UX KOP-
PEIALIMI0 U TMO3BOJIIET HaM paboTarh ¢ Oojiee KOM-
MaKTHBIM TIPENICTAaBICHUEM, B HIeajae 0e3 MoTepu WH-
dopMaI 0 TPOUCXOJIANIMX IPOLEccax, COACpKa-
mieiicss B MCXOMHON 3aBUCHMOCTH (B OOJBIITHMHCTBE
CITy4aeB HESBHO).

CyIIecTBYIOT METOJBI YMEHBIICHUSI Pa3MEpPHOCTH
[17]. B mammO# paboTe OBLI HCIIOJNB30BAH METOJ
TJIaBHBIX KOMIOHEHT [18], KOoTophli mO3BOJISET Iie-
pelTH K HOBOMY KOOPAMHATHOMY TIPOCTPAHCTBY
rIaBHBIX KoMmItoHeHT. [locie oOpaborkm MIK S-
00pa3HBIX 3aBUCUMOCTEH OBLIN MOIYYCHBI JBE TJaB-
HbIE KOMITOHEHTBI. MeToziKa 00padoTKu S-00pa3HbIX
3aBHCHUMOCTEH TOPIOYMX ra30B OMKUCaHA HAMHU B pabo-
te [19]. Jnst xaxmoli BEIOpaHHON KOMITOHEHTHI pac-
cuMThiBaeTcs oObsicHeHHas aucriepcus (1), koTopas
MMOKAa3bIBaeT, KAKOW BKJIA] B OOIIYIO AVCIIEPCHIO BHO-
CUT KaxKAasi IOJyYeHHas: KOMIIOHEHTA.

d
S= 2.5 (1)
m b
Zl ﬂ’i

rae S — oOBsSCHEHHAs IUCIIEPCUsl BRIOPAHHOTO YHUCIIa
KOMIIOHEHT; /; JUCIIEPCHUST MCXOJHBIX JIaHHBIX
BJIONIb [-i TJIAaBHOW KOMIIOHEHTHI; d — BEIOpaHHOE
YUCJIO TJIABHEIX KOMIIOHEHT; /71 — OOIIEee KOJIUYECTBO

TJIaBHBIX KOMITOHEHT.
Ha puc. 2, 0, npeacraBiieH pe3ynbTar o0paboTku
S-o6paznbeix xapakrtepuctuk npu momorm MI'K ms
TPEX TEPMOKATATUTHYECKUX CEHCOPOB, a TaKKe X
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yCpeIHeHHbIe 3HauyeHus1 (0003HaUEHBl YEPHBIMH TOU-
kamu). Bugno, uro nocie oopaborkn MI'K S-o6pas-
HBIE 3aBHCUMOCTH OTKJIMKa MpPeoOpa3yloTcs B TOYKH
C pa3HBIMHU 3HAYEHUSMH TJIABHBIX KOMIOHEHT. O6mac-
TH JIOKaJIM3allMM paclpesieieHbl clieBa Harpaso, T.€.
BJIOJIb IIEPBOM IJIABHOM KOMIIOHEHTBI, YTO CBSI3aHO
C YBEJIMYEHHEM MaKCHUMAaJIbHOTO 3HAY€HHUs OTKIIHMKA
ceHcopa Ha pas3Hble ra3el. Taxke u3 rpaduka BUAHO,
9YTO HauOONBIINK Pa30poc MeXIy TOUKAMHU Y BOAOPO-
Jla, 4TO CBS3aHO C pa30dpOCOM 3HAYCHWUH HCXOIAHOTO
MaccuBa JAaHHBIX MEXAY TpeMs CeHcopaMmH (IpuUMep-
HO +10 MB). Tak kak o0nacTu JoKanU3aUK HE Tepe-
CEKaloTCs, TO BO3MOXKHO OJIHO3HAYHOE pacCIO3HaBa-
HHUE pasHbIX TUIOB TOPIOYMX Ta30B M, Kak OyIeT mo-
Ka3aHo HIDKE, ONMPEENATh X KOHIICHTPAIIHIO.

[Tocne 06paboTku S-00pa3HBIX 3aBUCUMOCTEM OBbI-
JIO YCTaHOBJIEHO, YTO Ha MEPBYIO TJIABHYIO KOMIIOHEH-
Ty npuxoautrcs 87.3%, Ha BTopyro — 8.4%. Paccun-
TaHHbIC TJIABHBIE KOMIIOHEHTHI OOBACHIN 10 96%
WCXOJHBIX JaHHBIX.

Takum 00pa3oM, MOKHO 3aKJIIOUUTh, YTO MPEIO-
KEHHBIA TTOAX0A K 00paboTke SKCIepUMEHTATHHBIX
S-00pa3HbIX XapakTEPUCTUK TEPMOKATAIUTHUECKUX
CEHCOPOB TIO3BOJISIET PAclO3HAaBaTh TOPIOYHE TIa3bl,
IpeBpalias TeM CaMbIM HECEJIEKTHBHBIA K T'OPIOYMM
razam CEHCOp B CEJICKTUBHBIM.

Ha puc. 3 mpencraBneHa cxema mpeuiaraeMoro
MPOrpaMMHO-ITOPUTMHUYECKOTO METO/IA.

[IpenyioxkeHHBI  TPOrPAMMHO-AITOPUTMHUYECKHIMA
MOJXOJ] K paCIIO3HABAHUIO THIIA U ONPEJEIICHUIO KOH-
LHEHTpPAIMM TOPIOYMX Ta30B B BO3AyXe BKJIIOYAET
B ce0s CIIelyIOIe OCHOBHBIC HTAIIBL:

— u3MepeHue S-00pa3HBIX 3aBHUCHUMOCTEH OTKIIMKA
TEPMOKATATATHIECKOTO CEHCOpa C M3BECTHOW KOH-
LHEHTpaluel Ta30B M IOCTPOEHHE KaIMOPOBOYHOU
TUIOCKOCTH TJIaBHBIX KOMITOHEHT (pHC. 2, a);

— u3MepeHne S-00pa3HBIX 3aBUCHMOCTEH OTKJIMKA
TEPMOKATATUTHYECKOTO CEHCOPa C HEM3BECTHON KOH-
LEHTpalue ra3oB U 00paboTKa MOJIYy4YEHHBIX 3aBH-
cumocrteit MI'K;

— OLIGHKY JOCTOBEPHOCTH IOJYYEHHBIX Pe3yJjbTa-
TOB QJITOPUTMaMU KJIAcCH(PUKAIUK C MaIIMHHBIM
00yYeHNEM U MIPUHATHE PEIICHNS.

BaxxHO OTMETHTh, YTO W3MEHEHUE METOJIUKU W3-
MEpEHHUS M PETUCTPAalUU OTKIMKA MOCTOBOW CXEMBI
(mepexox OT M3MEPEeHHs NPHU MOCTOSHHOM 3HAYE€HUH
pabouero HampspKEHHsI K U3MEpEeHHUsIM B Auana3one 0—
3.3 B), a Takke mepexoj OT CTallMOHAPHOTO K IepHo-
JUYECKOMY PEKUMY MPOBEICHUS U3MEPEHUH PUBETTN
K He0OXO0IMMOCTH U3MEHEHHS MPHHIIUIA KATHOPOBKH
TEPMOKATAIUTHYECKIX CEHCOPOB.

Ha kanuGpoBo4yHOM 3Tarme, B IEPBYIO oYepeb, Oll-
penersiercsl COCTaB TOPIOYMX Ia30B, KOTOPbIM Oyner
aHaJIM3UPOBATHCSA Ha 00BEKTE MOHMTOPHHIA M MO KO-
TOPBIM TIPOBOJATCSI U3MEPEHUST S-00pa3HBIX XapakKTe-
PHUCTHK U KaJIMOPOBKa ceHcopa.
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HEH3IBECTHOTO rasa

BrBOI THIIA T'a3a H eT0
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v
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Puc. 3. Cxema nporpaMMHO-aJIrOPUTMHYECKOTO MeTo/a 00paboTKM S-00pa3HBIX XapaKTEPUCTUK

TEPMOKATAIUTUIECCKUX CEHCOPOB.

B pesynbprare moiydaroTcsl KamuOpPOBOYHBIE TOYKH
Ha TUIOCKOCTH IJIAaBHBIX KOMIIOHEHT. Ba’kHO OTMETHTS,
YTO, B OTJIMYME OT TPAJAWIMOHHOTO METOAa, B pa3pa-
0OTaHHOM MeTOZe KamuOpOBKa IMPOBOAMTCS HE II0
OJIHOMY 3HAYECHMIO OTKJIMKA, & 110 BCEH U3MEPEHHOM
TeMIiepaTypHoil 3aBucumoctu. IIpu 3TOM coXpaHsIoT-
csl TMapaMeTpsl, TaKue Kak BECOBBIE XapaKTEPUCTUKH,
cpemHee W CpEeIHEKBaApaTHIeCKOoe OTKIOHEHHE,
Y paCCUMTHIBACTCS alllIPOKCUMUPYOIIAs (yHKIHS.

U3 puc. 2, a, caemyer, 9T0 KaTaINTHIECKOE TOpe-
HUE PA3INYHBIX TA30B HAYMHAETCS NMPHU pPa3HBIX Ha-
TPEeBaIOLINX HAIMPSDKEHUSAX, T.€. IIPU Pa3HOM Temmepa-
Type. O4eBUIHO, YTO 3TO TpeOyeT BBEACHUS IIOTOJ-
HUTEIBHOTO KpPUTEPHUs OTOOpa WCXOJHBIX JaHHBIX,
KOTOPBIA HUCKIIOYMI OBl M3 00paOOTKHM 3HAYEHHUS Ha-
MPSDKEHUS], IPU KOTOPBIX €ILE HET TOpPEeHHsd, a MOIy-
JaeMble 3HAUCHHUS SBISIOTCS IIYMOM H3MEPHUTEIHHOU
cucteMbl. KpurepueM oTceueHust 3TUX 3HAUEHUH CUH-
TaeTcsl MUHUMAJIbHOE 3HaU€HUE HAIPSDKEHUS TTUTaHUs
CEHCOpa, MpU KOTOPOM OTKJIMK CEHCOpa PEe3KO BO3-

pacraer, T.e. HAUMHAETCS CTAIWsI TOPEHHS TOPIOYEro
ra3a Ha IIOBEPXHOCTH CEHCOPA. DTy TOUKY BO3MOXKHO
OTIpEZICTUTh Ha OCHOBE METO/a CKOJIB3SIIEro OKHA,
KOTODBIM SIBISETCSI METOAOM TpaHcopMaluu IaH-
HBIX, TO3BOJISIIONIMM CQOPMUPOBATH W3 JIIEMEHTOB
HEKOTOPOH 3aBUCUMOCTH HOBYIO 3aBUCUMOCTH [20].

Ha u3zmepurensHOM 3Tare npoBOIAT U3MEPEHUs S-
00pa3HBIX XapaKTEPUCTHK B Cpele TeX )K€ ra3oB, YTO
W Y4acTBOBaJM NpPU KanuOpOBKe, HO C HEU3BECTHOM
KoHIleHTpanuen. [lonmydaemble 3KCHEPUMEHTANIbHbBIE
3aBUCHUMOCTH 00pa0baThIBAIOT METOJIOM IJIABHBIX KOM-
MOHEHT, Y4YWTHIBas paHee IMOJy4YeHHbIE IapaMeTphl.
[Tomy4eHHble pe3ynbTaThl OTKIAABIBAIOTCS HA Kanuo-
POBOYHOH IJIOCKOCTH TJIaBHBIX KOMIIOHEHT.

[IpunsTHE penieHns 3aBUCHT OT TPEX yCIOBUIL:

— €CJIM TOYKa HEM3BECTHOI'O MOpPIOYEro rasa Imoma-
Jla B OKPECTHOCTh KaTHOPOBOYHON TOYKH, TO TPUME-
HSIETCS KIacCU(HUKATOP M TOYKE NPUCBAMBACTCS THII
ra3a ¥ ero KOHIIEHTpalus;

HAVYYHOE ITPUBOPOCTPOEHMUE, 2025, Tom 35, Ne 1
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— €CJIM TOYKa HEU3BECTHOI'O IOPIOYEro rasa Ioma-
Ja B OKPECTHOCTh AamMpoOKCUMHpPYIOUIEeH (QYHKIUH
JIBYX KaJIMOPOBOYHBIX TOYEK, TO KOHIIEHTpALHs pac-
CUUTBIBAETCS IO BBIBEACHHOU (OpMyJIe;

— €CJIM TOYKA HEU3BECTHOIO FOPHOYEro ra3a He Kilac-
cuunmpoBanack, T0 MPOBOJUTCS BOCCTAHOBJICHHUE €€
XapaKTEPUCTUKU U aHAJIU3 TUIIA Ta3a.

Ecnu Tun ra3a m ero KOHIEHTpaIUs paclo3HaHFI,
TO TPOBOAMTCS Iepeo0ydyeHue CceHcopa, 00aBHB
K HCXOAHOMY HabOpy XapaKTepUCTHK HOBYIO.

Hanee nccienoBaHbl BO3SMOXXHOCTH pa3paboTaHHO-
r0 IPOTPaMMHO-AJITOPUTMHUYIECKOTO METOa MO Ompe-
JeJICHUIO KOHLEHTPALMH Ta30B B OAHO-, ABYX- U MHO-
TOKOMIIOHEHTHBIX CMECSX.

OKCIIEPUMEHTAJIBHBIE PE3YJIBTATBI

Onpeaeﬂeﬂue KOHYyermpayuu coprovux 2a3oe
Ha njaockocmu 2l1a6HblX KOMNOHEeHm

Jiis mocTpoeHus] KOHIEHTPAIMOHHBIX 3aBUCHMO-
CTEl Ha IJIOCKOCTH TIIaBHBIX KOMIIOHEHT OBUTH IPOMO-
JIETMPOBAaHbl S-00pa3HbIe XapPaKTEPUCTHUKH U IBYX
KOoHUeHTpamid  Bogopoma 0.75 wu  0.25% o0.
u merana 0.3 n 0.25% 00.

Kak Obu10 moOkazaHO paHee, W3MEHEHUE KOHIICH-
Tpaluy TOPIOYUX Ta30B MPUBOIUT K MPOMOPIHOHATb-
HOMY M3MEHEHHIO S-00pa3Hol XapakTepucTHku [15].
IToaToMy st JaHHBIX PACUETOB IKCIEPUMEHTAIIBHbBIE
S-o6pa3Hbie 3aBUCUMOCTH OBLIM TOJY4YEHBI ITyTEM
nenenus konuentpauuu B [1I'C Ha cOOTBETCTBYOMINIMA
JIeJIUTENb, YTOOBI MOJYyYUTh 3aBUCHUMOCTH JI KOH-
LEHTpalUuil BOAOpOJa M METaHa, yKa3aHHbIC BBIIIE.

CsHs (1.01% 06.) ~g

C:Hio (0.67% 00.)

CsHis (0.47% 06.)

['maBHas koMmoHeHTa Ne 2y, e,

{ CzH4 (1.07% 06.)

[Momyuennsle TakuM oOpa3oM S-00pa3HBIC XapaKTe-
pucTHKM ObUTH 00pabOTaHbI MPU TOMOIIU pa3pado-
TaHHOTO MPOTPAMMHO-AJITOPUTMUUYECKOTO METOAA.
Pe3ynpTaTel 00pabOTKH MpeaCTaBICHBI Ha pHC. 4.

BuaHO, 9TO 3aBHCHMMOCTH WMEIOT JIMHEWHBIM Xa-
pakTep U HE MEePEeCceKaloTCs OTHOCUTEIBHO APYT NIpY-
ra. Takum o0Opa3oM, BO3MOKHO BBIBECTH AamTIPOKCH-
MUPYIOLIYI0 (PYHKIIMIO, C TIOMOIIBI0 KOTOPOH MOKHO
pacCUHMTHIBATh 3HAYEHUE HEM3BECTHON KOHIICHTPAIIUU
Ha IJIOCKOCTHU TJIaBHBIX KOMITIOHEHT. DaKTUYECKH T10-
JIyYeHHBIC JINHEHHBIC 3aBUCUMOCTH SIBJISIFOTCS KaJInO-
POBOYHBIMH 3aBUCUMOCTSIMU.

AHanu3upys TOJNyYeHHBIH pe3yibTar, ObLIO yCTa-
HOBJICHO, YTO KOHIICHTPAITHS MPSMO MPOTIOPITHOHAITB-
Ha PAaCCTOSHUIO MEXIY 3HAUCHUSIMU TJIaBHBIX KOMIIO-
HeHT. Takum o0Opa3om, I MCKOMOW KOHIICHTPAITUH
MOJKHO TIOJIYYUTH CIEAYIONYI0 (hopmyy:

Dy
= Npre (1 _Fj, (2)

rae nnrec — konueHtpauud [1I'C uckomoro roproyero
rasa, % 00.;

D=\(x,=x) +(m-n),

Dy = Dli] —h;
X, ¥ — COOTBETCTBYIOIINE 3HAYEHHS TTIaBHBIX KOMIIO-
HEHT;
Dy — paccrosiHue Mexay KOOpJINHATON HEM3BECTHO-
ro roprouero raza u I[1I'C.
(Cwm. puc. 5).

® TeoperHueckne
Konnentpammsa CHs

4o  KoHmeHTtpamud H»

0 L
—; FCHs (0-479— CHa(0.30% 06.)
L) CH: (0.25% 06.)
//51 o Rttt S
Sor .\_. ...... resenrazetedes® «—Hz (0.75%06.)
" Hy. cBad KOHHeH:TpaHHﬂ X . .
il <5 0 5 10 15 20

I'1aBHasg KoMIIOHeHTa Ne 1, yco1. e

Puc. 4. Pe3ynprar 00pabOTKH TEOPETHUECKNX KOHIICHTPAIMOHHBIX 3aBUCHMOCTEH /ISl METaHa ¥ BOJIOPOAA

Ha INIOCKOCTH I''TaBHBIX KOMITIOHCHT.
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Puc. 5. Pacuer koHIIEHTpalMK Toprovero ra3a no ¢popmyse (2) Ha MIOCKOCTH INIABHBIX KOMITOHEHT.
3nauenus | u 2 — HyneBas koHueHTpamus u ucxoanast I1I'C roprodero raza wim ucxogasie [1I'C aByx
TOPIOYHX T'a30B B ABYXKOMIIOHEHTHOH CMECH

Taobu. 1. MIsmepennslie koHeHTpanuu npy HanpspkeHnd 0.5 B u 1.0 B xoMnoHeHTOB cMmeceit

IloToK KOMITOHEHTOB T'a30BOI CMeCcH
Usmepennas konuentpauus H, N3mepennas konuentpauus H,
No
ovecH Bozopox (H,) npomnan (C3Hs) npu 0.5 B mpu 1.0 B
0.96% 00. 1.01% 00.

MIPOIIEHTHOE COOTHOIICHHE % 00. % 00.
1 0 100 0 0
2 20 80 0.24 0.25
3 43 57 043 0.44
4 50 50 0.50 0.51
5 65 35 0.66 0.67
6 80 20 0.73 0.75
7 100 0 0.96 0.96

Onpedenenue KOHYeHMpayuu 20proYUx 2a3o8
6 08YXKOMNOHEHMHOU cCMecU

Onpenesienne KOHIEHTPAIIMH KOMIIOHEHTOB
B BO/IOPO/I-YTIJ1eBOJOPOAHON cMecH

DKCIIEPUMEHTAIBHOE HCCIIEI0BAaHUE BO3ZMOXKHOCTH
ONpeAeNeHNs] KOHIIEHTPALUH BOAOPOAA B MHOTOKOM-
MMOHEHTHBIX cMecsax [21, 22] TpaANIINOHHBIM METOIOM
y>e MpoBOAMIOCH paHee. /laHHas 3a1aua He sABIsIeTCs
TPUBUAJIBHOH, IIOCKOJBKY I'OpEHHE BOJOpOJa Ha Ka-
TaJIN3aTOPE TEPMOKATATUTUIECKOTO CEHCOpa HAauKMHa-
eTcsl TPaKTHYeCKH NpH KOMHATHBIX TeMIlepaTypax

[23].

B cooTBeTcTBHE MPEIOKEHHOMY B paboTe METO-
ny ObUIM M3MEpeHbl 3aBUCHMOCTH OTKIIMKA TEPMOKa-
TaTUTHIECKUX CEHCOPOB OT MPHIIOKEHHOT'O Harpe-
BAIOMIETO HamNpsDKCHWs. JIJIT TOBBIMIEHUS TOYHOCTH
Pe3yJIbTaTOB M3MEPEHHSIX y4acTBOBAJIO 8§ TepMOKaTa-
JUTUICCKUX CEHCOpPOB. B KauecTBe MCXOAHOTO YTJie-
Bojopona Owuia B3sta [II'C mponana. W3menenus
COOTHOIICHUS KOHIICHTPALMA MEXIy IPOIMAHOM
U BOJOPOJOM B BOJOPOA-YTIEBOJOPOTHOW CMecH
00eCreunBaIoCh 3a CUYET PEryJIMPOBKU MOTOKA POTa-
MeTpamu (Tabai. 1).

[TosmydeHHsle ycpeaHeHHbIE TO & ceHcopaMm S-
00pa3HbIe XapaKTePUCTUKHU MTPEICTABICHEI Ha PUC. 0.

HAVYYHOE ITPUBOPOCTPOEHMUE, 2025, Tom 35, Ne 1
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Puc. 6. S-o0pa3Hble XapaKTEPUCTUKH JUIA JBYXKOMIIO-

HEHTHBIX cMecel (IPOmaH—BOIOPO/T).

AHanm3upysl TOJY4YeHHbIE 3aBHCHMOCTH, MOYHO
cIieNaTh BBIBOJA O TOM, YTO B JMANa30HE HAMPSKCHUS
rmutanus ot 0.05 B mo 1.7 B cencop mmeeT OTKIHK,
KOTOPBIN BBI3BAaH MPOIIECCOM TOPEHUS HCKIIOUUTEIb-
HO Bojopona. [losToMy mpw 3TUX 3HAYCHUAX HAIPs-
JKEHUSI MOKHO HW3MEpATh KOHIICHTPAIMIO BOJOPOAA
B cMmecu. CiemyeT OTMETHTh, YTO 3aBHUCHUMOCTH IS
MHOTOKOMITOHEHTHBIX CMeCell MMEIOT MEHBIIUH OT-
KIIMK B CPABHCHUU C OTKJIIMKOM JJISl YUCTOTO BOJIOPO-
Ja. DTO CBS3aHO C TE€M, UTO ISl IPUTOTOBJICHHS CME-
cu OBUIM WCIOJIB30BaHBl pa30aBIICHHBIC TOPHOYUE
raspl, B pe3yJbTaTe Yero KOHIICHTPAIIUA HCXOHBIX
KOMIIOHECHTOB CHUXKAJIUCh. VI3MepeHHbIE KOHIIEHTpa-
nuu npu Hanpspkenuu 0.5 u 1.0 B komnoneHnToB cMe-
celi ceenieHsl B Tad. 1.

[MomydeHHbIe XapaKTEPUCTHKH ObLIH 00pabOTaHbI
pa3paboTaHHBEIM METOJIOM, PE3YIhTaT KOTOPOTO MPE-
cTaBjeH Ha puc. 7. BumHo, 4TO 3HAYEHUS TJIaBHBIX

@ CsHs (1.01%06)

H,(20)-CsHg(80) A

2 HZ(43)-c3Hs(57)—/.‘ ~—
H,(50)-C;Hy(50) ) [=
H,(65)-CsHa(35)

2 H2(80)-CsHqg(20) S

H, (0.96% 06.)

-4 F Hynesas
KOHIIEHTPAIHs

I'naBHast koMrnoHeHTa Ne2, yci. el
o

-8 -6 -4 -2 0 2 4 6 8 10
T'naBHas KomnoHeHTa N1, yci. en.

Puc. 7. PezynbraT 06paboTKy 1 BOAOPOAA, IPOIIaHa

U MX CMeCeH Ha INIOCKOCTH INIaBHBIX KOMIIOHEHT.

KOMITOHEHT UMEIOT JINHEWHYIO0 3aBUCHMOCTh U PacIio-
JIOKEHBI B TOpsIKE YOBIBaHMS KOHLEHTpalUW BOZO-
pona. 910 GopMHPYET COOCTBEHHYIO KAy pacipe-
JeNieHUs. KOHUEHTpauul. MOKHO MPENNOI0KUTh, YTO
KOHIICHTpaUus NPsSMO IPONOPLUOHAIBHA PacCTOs-
HUIO MEXJy 3HAYCHUSMH TJIABHBIX KOMIIOHEHT JUIs
npormaHa ¥ Bojopoza. [1osToMy mist pacueToB KOH-
LEHTPAIMi MponaHa ¥ BOJOPOJa MOXKHO BOCIHOJbB30-
BaThcs popmyoit (2).

ITonydeHHble 3HAYEHUs KOHIIEHTpAIMU BOJAOPOAA,
a TaKkKe JKCIEPUMEHTAIBLHO H3MEPEHHBIC TpaanuIu-
OHHBIM ME€TOJIOM 3HAYCHUA IIPHU HAIPIIKCHUAX 0.5
u 1.0 B, o0ObeauHeHsl B €AMHYIO AUarpaMMy, KOTopast
MpeJICTaBJIeHa Ha pHC. 8.

OTHOcUTENbHAsT ~ MOTPEHIHOCTh  PACCYMTAHHBIX
MMpEAJIOKEHHBIM METOAOM 3HAUCHUI COCTaBJISET HE
Oomee 5% OT TPaTUITMOHHOTO METOA.

1.0 -
B Tpaau1HoHHBIH MeTOJ,

0.9 1 uaMepenuanpu U=05B i

0.8 1 B TpasgHLIHOHHBIA MeTOZ o 2 g 2
I usmepenuanpu U=1.0 B 23 g = =,
o | 5. S
R 07 OPa3zpaGoTaHHBIA METOA = ]
o
= 06 1 2@ 1-3
T oS <
205 ]
]
Y
=04 - 5
=] n N
4 s 5

03 el

0.2 1

0.1 1

0.0 -

Nez Ne4 Ne5 Ne6

Homep cmecH

Puc. 8. J/IluarpamMmma pacnpeseneHuss U3MEPEHHBIX U PacCYMTaHHBIX
3HaYeHHUH KOHILIEHTPAIMH BOJIOPOJA T KaXI0H CMECH.
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Puc. 9. JlnarpamMa pacrpeneieHusi U3MEPEHHBIX U PacCUMTAHHBIX
3HAUYEHUI KOHLIEHTPALMH NPOIMaHa JJI KaKIOU CMECH.

AHaIOTHYHO, TIOTy4YeHHAsT KOHIIEHTPAIXs IPoTaHa
JUTSL TeX JKe cMecel, paccuntanHas 1o Gopmye (2),
MpeJcTaBlIeHa Ha pHc. 9.

OTHocuTeNbHAsT  TOTPENIHOCTh  PACCUMTAHHBIX
NPEAJIOKEHHBIM METOAOM 3HAYCHHWH COCTaBIIIET HE
6omee 10% OT TpagUITMIOHHOTO METO 1A,

Onpenene}me KOHICHTPpAllM KOMIIOHEHTOB
B YIJI€BOJ0OPOAHBIX CMECAX

XOoTs BOJOPOJ M YIJIEBOJAOPOABI TPYIHO Ppacmo-
3HAaTh W ONPEACITUTh B CMECSX, 3TO 3ajadya OTHOCH-
TEIbHO TPOCTa U1 TEPMOKATAIUTHYECKOTO aHaIN3a
3a c4YeT BHIOOpa ONTUMAIIBHOHN TeMIepaTyphl U3Mepe-
Hus [15].3HauuTensHO OoJiee CIOXKHOMN 3a/auei sBIIsi-
eTcsl UACHTUGUKAIMS IBYX OJIM3KUX TI0 CBOUM CBOM-
CTBaM yTJIEBOJOPOJIOB B Cllydae, KOIrJla OHH OJHOBpE-
MEHHO IPHUCYTCTBYIOT B BO3AyLIHOH cpexe. [loaTomy
B pabore Obula HCcelOoBaHAa BO3MOXKHOCTBH OIpene-
JIEHUSI TIPEJUIOKEHHBIM METOAOM KOHILICHTpAalui Me-

a

OCH4

B CH4(80) - C3Hs(20)
B CH4(60) — C3Hs(40)
O CH4(40) — C;Hs(60)
© CH4(20) - C3Hs(80)
® C3Hs

[=2)
=]
T

w
[=]
T

Otk ceHcopa, MB

0.0 0.5 1.0 15 20

Hanpsxenue nutanusa, B

TaHa M MpoIaHa B UX cMecsIX. B kadecTBe MCXOMHBIX
ra3oB ucnosb3oBanuch [1I'C meTaHa ¢ KOHIEHTpalu-
eit 1% 06. u [1I'C nponana ¢ kouuenrpanuei 1.01% o00.
W3menenue KOHIEHTpAIMK TPOTIaHa ¥ METaHa B CMe-
CSIX PpEryJHpOBaJIOCh 3a CUET HM3MEPEHHUs IMOTOKOB
[II"C. B n3MepeHnax NpUHAMAIIN y9acTHe 3 TepMOKa-
TAJINTHYECKUX CEHCOPA.

YcpenHeHHbIE SKCIEpUMEHTaIbHBIE S-00pa3HbIe
XapaKTEepUCTUKU MpuBeAeHbl Ha puc. 10, a. 13 Hero
BHJIHO, YTO OTKJIMK CEHCOpa BO3PAcTaeT, 0 Mepe To-
T0 KaK YBEJIHMYMBAETCS KOHIIEHTPAIMS IIPONaHa B CMe-
CH.

PesynbraTel 00pabOTKH M3MEPEHHBIX XapaKTEPUCTHK
NpEIUIOKEHHBIM METOJIOM NpHBeAeHbl Ha puc. 10, O.
Bugno, uTo MMeeT MecTO JMHENWHAs] KOHUEHTPAlUOH-
Hasl 3aBUCHMOCTb, Ha OCHOBE KOTOPOH 1o ¢opmyie
(2) MOXHO ompeAenTuTh KOHIEHTpAIMIO MeTaHa
U MPOIIaHa B CMECH.

o CHi
7

B

7" CHI(80) - C3Hi(20)

/'a\ CHa(60) — C:Hs(40)

T'naBHas KoMroHeHTa Ne2, yei. efl.

o} 7\ CHA(40) —C:Hs(60) Hyzesas
2z KOHIIEHTPaLHA
=02 F
0.2 -~ CHA(20) - C:Hi(80)
04 e
-0.6 L H
-8 -6 4 -2 0 5 4 6 g

T'naBHasA KommoHeHTa Nel, yeII. e

Puc. 10. YcpenHeHHBIE SKCIIEPUMEHTAIBHBIE S-00pa3HbIC XapaKTEPUCTHKH CMECEH YTIEBOAOPOAOB (a) M Pe3yIbTaThI
X 00pabOTKH, OTIIOKEHHBIC HA TUIOCKOCTH TJIABHBIX KOMITOHEHT (0).
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a
3.0 =
B TpagHIHOHHBIH METO/ CH
uamepenusinpu U=2.5B 4

2.5 B TpaanuroHHBIH MeTO
) usmepenusi npu U=3.0 B
]
2 OPaspa6oTaHHBIH MeTO
=20 1 5 g
o o °
E <+ < - 2
g ~ ©~ T e T pEg—
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£ 15 4 N N N -
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Bl DR R S
3
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Ne2 Ne3 Ne 4 Ne5
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2.0 1
B TpaAuLIHOHHASI METOANKA C-H
18 usmepenusinpu U=2.5B 3118
B TpaAuLHOHHASI METOANKA
A 16 1 usmepenusinpu U=3.0 B
0
c\°= 1.4 { | BPaspa6oranuelii MeTOR
g 12 4 -«
g " & o &
£ 10 1 © 8 ¢ 228 S- oo
g v R S © 2 s © o
081 © S = =
S S S
x

0.6
0.4

0.2

0.0 -

Ne 2 Ne3

Homep cmecu

Ne 4 Nes

Puc. 11. I[HarpaMMa pacrnpeaciicHud U3MCPCHHBIX U PACCYHUTAHHBIX 3HAYCHHI KOHIOCHTpAUU IJisd Ka)KHOﬁ CMECH.

a — KOHICHTpalusa METaHa, 0— KOHIOCHTpAaUus IpoliaHa

Takum oOpaszom, HabmIOgaeTCsA, 4TO B paMKax OJI-
HOT'O0 CEHCOpa 3HAYCHUS TJIABHBIX KOMIIOHEHT 3aBUCST
JTUHEWHO W 00pa3yloT CBOIO KAy paclpeneieHHs
KOHIICHTPAIIHH.

CTOUT OTMETUTb, YTO PACIOIOKEHUE TOUEK HA KO-
OPIMHATHOM MJIOCKOCTH TJIABHBIX KOMITOHEHT 3aBHCHUT
OT UCXOAHOr0 Habopa roprouux razos. MI'K omnepu-
pYeT CpEJIHMM H CpEIHEKBAJIPATUYECKUM OTKIIOHE-
HUSIMU UCXOJHBIX JIaHHBIX, KOPPEJISAIMOHHON MaTpH-
e, pe3yNbTaThl pacueTa 4ero 3aBHCAT OT UCXOJHBIX
JTAHHBIX.

[Mony4yeHHble pe3ydabTaThl pacyeTa KOHICHTPAILUH
TOPIOYETO Ta3a B COOTBETCTBHU C TIPEASIOKEHHOU
(dopmyIioii mpencTasiieHsl Ha puc. 11. 3aech xe yka-
3aHBl 3HAYEHUs KOHIEHTPAIWid, MOJIydYeHHbIE TpPaiu-
[IMOHHBIM METOJIOM B JHMAaIla30HE HAINpPSHKCHUH HAChI-
meHns S-00pa3HbIX xapakrepuctuk (ipu 2.5 u 3.0 B).

OTHOCUTENBHAS TOTPEIIHOCTh 3HAYCHUMN, PacCUu-
TaHHBIX MPEUIOKEHHBIM MeTooM. OT TpaJauIIMOHHO-
ro Meroja cocrasiisier He Oosee 10%.

60 -

—H (0.96% 06.) i
- — = CH: (1.00% 06.)
~ — = C3Hs (1.01% 06.)
——— Hu(32) —CsHs(32)~CH4(36)

50 F

OTKIHK ceHcopa, MB

1.0 2.5 3.0 35

0.5

1.5 2.0
Hanpsokenne nuranui, B

OnpenesieHne KOHIEHTPAIIMHA KOMIIOHEHTOB
B MHOTOKOMITIOHEHTHBIX CMecX

B nmanHOM wHcclieioBaHMH MBI OTPaHUYMIIUCH OII-
pellelieHreM  KOHIIGHTpAallMu BOAOPOJa B CMECH
¢ mporaHoM u MetaHoM. Ha puc. 12, a, mpeacraBieHsl
S-o6pasusie xapaktepuctuku amsa III'C Bomopona,
MporaHa W MeTaHa, a TaKKe XapaKTEepHUCTHKA ISt
TPEXKOMIIOHEHTHOW CMeCH B MPONOPLUUU Ta30B
H, (32)-C;sHg (32)-CH4 (36). Pesynbrar 06paboTkn
XapaKTEepPHUCTHK MPeJICTaBIIeH Ha puc. 12, 0.

Kak BHIHO M3 pUCYHKa, Ha TUIOCKOCTH TJIABHBIX
KOMITIOHEHT MCXOAHAsl TOYKa JUIA TPEXKOMIIOHEHTHOM
CMECH pacrlojio’keHa BHYTpH 'TpeyrojbHuKa", co-
CTOAIIETO M3 TOYEK MCXOAHBIX yTieBoaopooB. KoH-
HEHTPALUIO BOJIOPOJIa BOBMOKHO HANTH Yepe3 MpoeK-
IO TIOJyYEeHHOHW TOYKM CMECH Ha OJIHYy W3 CTOPOH
"TpeyronbHuka". OTHOCHTENBHAs IMOTPEIIHOCTh OI-
pellesieHrsT PacdeTHOHM KOHICHTPalu  BOJOPOJA
OT TPaJULMOHHO MOJy4YeHHOH npu HanpsokeHun 1 B
He Oomee 10 %.

o1 CsHs (1.01% 06.)
= )
S 6t <
S 7 ~
T AT % g
g & L
g 21 7 H,(32)-CiHo(32) - CH,(36) N
£ o _CH4(1,00%06.)-} 7 o So
z —_——_— : N
g T —— N [ H2(096%06)
s -2 F Hynesas + e ,\I
g " (;Kouueuq-paﬂm- S S S S ———
g
2
=
—

-10 -5 0 5 10 15

I'naBHast koMnoHeHTa Ne1,yca. en.

Puc. 12. DxcniepumerTanbHbIe S-00pa3Hbie Xapakrepuctuku 11 [1I'C Bogopoaa, mpomnana,
METaHa U X CMECH () U pe3yNIbTaThl 00pabOTKH, OTIOKECHHBIC Ha TUIOCKOCTH TITABHBIX KOMITOHEHT (0).
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T. B. OCUTIOBA 1 np.

Takum oOpa3oM, pa3paOOTaHHBIH METOJ TTO3BOJIs-
€T pacro3HaBaTh BOJIOPOJ] M PACCUMTHIBATH €r0 KOH-
LCHTPAIIMIO, OJHAKO C TOYKH 3PCHHUS OIpEIeIICHHUS
KOHIICHTPAIIMK METaHa U MpoIaHa TPeOyTCs J0MoI-
HUTEIIbHBIC UCCIICIOBAHMS U JajbHEHIINE TOPAOOTKH.

Ouenka 3¢ peKTUBHOCTH PUMEHEHUS
KJIaccu(pUKaATOPOB NpH HIeHTHPUKANNYI Ta30B
U I'a30BbIX cMeceil

B xauectBe mpumepa B paboTe caelaHa OLEHKa
TOYHOCTH TIPHU PaclO3HABAaHUM KOHLEHTpPALMU BOJO-
poJla B MHOTOKOMITOHEHTHOW CMECH TOPIOYHX Ta30B.
s maHHOTO HCCnenoBaHus ObUIM COOPMUPOBAHBI
HECKOJIBKO HAOOpOB JaHHBIX, COCTOSIINX M3 3aBUCH-
MOCTEH I BOJOPOAA, NMPOIlaHa U METaHa, a TaKXKe
JUIsl cMecel, cocTosux U3 HuX. Ha ocHoBe nomy4en-
HBIX OKCIEPUMEHTAIBHBIX  3aBHCHMOCTEH  OBLIH
chopMHUPOBaHBI 3HAYCHHUS OTKJIMKA CEHCOpa Ha JBYX-
KOMIIOHEHTHBIE CMECH, COCTOSIIIIUE MTOApHO U3 BOJO-
pona, mpomaHa W MeTtaHa B mponopuuu 20%, 50%
u 80% (puc. 13).

Ha puc. 14 mpencrasien pe3yibrat 00padoTKH S-
00pa3HBIX XapaKTEPUCTUK MPEIIOKEHHBIM METOHOM.
BugHo, 9TO 3HAaYeHMS TIIAaBHBIX KOMIIOHEHT 00pa3o-
BaJIM JIMHENHYIO 3aBUCHMOCTb U PAcIIOJIOKEHBI B T0-
psiiKe BO3pacTaHWsd KOHLEHTpAaLUU BOJOpPOJA B CMe-

100 r

——— C3H, (1,01%06))
CH, (1.00% 06.)
CH,(20)- C3Hs
CH,(50) - CsHs
— — = CH,(80) - CsHy

80

60

40 |

OTKIHK ceHcopa, MB

20

0 H
0.0 0.5 10

15 20 2.5 3.0 35
Hanpsbxenue nutanus, B

100

— = —H, (0.96%06.)
CH, (1.00% 06.)
H,(20)-CH,
——— H,(50)-CH;
H,(80)- CH,

80

60

40 +

OTKJIMK ceHcopa, MB

20

OTKJIMK ceHcopa, MB

CH, TaKXe 00pa3ys MIKady pachpesesieHUs] OTICIBHO
JUISL KaXAOW NBYXKOMIIOHEHTHOM cMmecu. beuio mpo-
BEJIEHO 1O 6 m3MepeHuit s 9 cmecel, obIiee Yucio
W3MEpEeHHU COCTaBMIIO 54.

B Tabn. 2 mpeacraBneHa Matpuiia ommOOK Kiac-
cupukaropa Ommkaiimmx coceneii. Kak BumHO
3 Tabn. 2, MPaKTHUYECKH BCE IKCICPUMEHTAIbHBIC
o0pa3ilbl TOPIYHMX Ta30B CIPOTHO3MPOBAHBI BEPHO.
DTO 3HAYHT, YTO CHPOTHO3UPOBAHHBINA THUI Ta3a COB-
najaer ¢ GaKTUUECKUM THIIOM rasza. ITH pe3yJibTaThl
BBIJIETICHBI CEPBhIM IIBETOM (IMaroHaidb B Tabm. 2).
B 1o xe Bpems oaun pesynbtar g [II'C CHy u ve-
teipe (3+1) ana aByxkommoHeHTHOW cmecu [II'C
H,(20) — CH4(80) cniporHo3upoBaHbl HeBepHO. B 11e-
JIOM JTOJISI BEPHO TPEJCKA3aHHBIX THIIOB Ta30B M CME-
ceil OTHOCUTENHHO OO0IIero 4ncia o0pas3oB COCTaBU-
na 6onee 90%. BeruucieHus npoBeneHsl 10 Gopmysie
3).

o BepHO CIPOTHO3UPOBAHHBIX THUIIOB TOPIOYETO
ra3a paccuuThIBacTCs 1o hopmylie:

BP

Honst = ———.
Bce o6pazmmt

)

— = —H, (0.96% 06.)
C5Hs (1.01% 06.)
H2(20) -C3Hs
H>(50).- C;Hs

80

60

40 |

20

15 20 2.5 3.0 35
Hanpskenue nuTtanusg, B

10

3.0 35

25

20

Hanpsixenue nutanus, B

Puc. 13. DxcniepuMeHTanbHbIe S-00pa3Hble XapaKTEPUCTHKH [T IBYXKOMITOHEHTHBIX CMeCcel TOPIOYHX ra3os.
a — cMech MeTaHa U IIpoIaHa, 0 — CMech BOIOpOJia 1 NPOIIaHa, B — CMECh BOAOPOAA U METaHa
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. Hynepasa

5. 10 F @ xommeHTpamHs
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I'maBHag KoMmoHeHTa Ne 1, yco1. eI,

O®KamspoBounsie X H2(20) —CsHs(80) ® Hx(80)—C:sHs(20) = H2(50) —CsHs(50)

H: A C3Hs
B CHs x H2(20) —CHa4(80)

+ CH4(50) —CsHs(50) * CH4(80)—C3Hs(20)

Puc. 14. Pe3ynsratsr 00paboTkn S-00pa3HBIX XapaKTEPUCTHK IBYXKOMIIOHCHTHBIX CMECEH, TIpeACTaBICHHBIC

Ha IINIOCKOCTH I''TaBHBIX KOMIIOHCHT.

Taodua. 2. MaTpuna ommboK 1mocie NpuMeHeHus Kilaccupukaropa

117

CrporHO3MpOBaHHKIN THI TOPIOYEro ra3a
2| g 21 8|28
O6miee 4ucIo 06pasoB © - < < E: = :: m:
54 % I S T G - I B I
© 2 | & S| 2188
~ ~ N @ v 0
< 5 < = < <
5 5 = = = =
C3H3 6
3 CH, 5 Lol
o T 0 O SR
E CH.(50)-C5Hg(50) 6
2
3 CH.(80)-C5Hg(20) 6
S H, 6
pla}
s HA20)CaHo(80) | 0 | 0 | 0 | 0 6
o 1 1 1
E H,(20)-CH,4(80) 3 1 2
] S s AN N A VSN SO
& H,(50)-C3Hg(50) 6
H,(80)-C5Hg(20) 6
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T. B. OCUIIOBA  sip.

Cpennsiss TOYHOCTh M TIOJNIHOTa KilaccHuKaTopa
OpuM paccuutanbl 10 Gopmynam (4) u (5) cocraBwin
94% 1 91% cooTBeTCTBEHHO.

TouyHoCTh Kiaccu(UKaTOpa MOXKHO PaCCUUTAThH
1o CJeyrolel U3BECTHOH opMmyJie:

TouHoCT = i @
(BP + HP)

IMonHoTy KiIaccudukaTropa MOKHO pPacCYMTaTh
0 U3BECTHOM hopmyiie:

BP

YyBCTBUTENBHOCTh = —————,
7 (BP +BH)

)

rae BP — BepHo pacno3Hansbiil Tun, HP — HeBepHO
pacnio3HaHHblii Tui, BH — BepHO Hepacno3HaHHbIN
THIL.

3AKIIIOYEHHME

Paszpaboran MeToj onpejesieHUs] TUIIA U KOHIICH-
Tpallud TOPIOYMX Ta30B B BO3/yXe, OCHOBAaHHBIN
HA U3MEPEHUHU 3aBHCUMOCTEH OTKIIMKA TEPMOKATAIIH-
THYECKOTO CEHCOpa OT TeMIIepaTypbl, 00paboTke To-
JNYYSHHBIX  JKCHCPUMEHTAIBHBIX  XapaKTEPUCTUK
Ha 0aze MI'K ¢ mpumeHeHnem alrOpUTMOB KJIacCH-
¢ukanuu. [lokazano, 9To pa3paObOTaHHBIN METOJ TO-
3BOJISICT  BBIMOJIHATH 3KCIPECC-aHAINU3  JOB3PhIBO-
OMACHBIX KOHIIEHTPAIlMl CMecel TrOpIoYHX Ta3oB
u napoB JIBXK B Bo3myxe, B TOM uMcie M BOJOPOJA.
BaykHO OTMETHTB, YTO KaauOpPOBKa CEHCOpa, B OTJIH-
Yye OT TPAJAUIMOHHBIX METOJOB M3MEpPEHUS, OCYyIIe-
CTBIISIETCS TI0 BCEH S-00pa3HON XapaKTePUCTUKE.

[IpoBenensl m3mepeHHUs S-00pa3HBIX XapaKTepH-
CTHUK TEPMOKATATMUTHIECKOTO CEHCOPa B Cpele TOPIo-
ynx ra3oB: Bogopoaa (H,), ra3oo0pa3HbIX yTieBoao-
pomnoB (CH4, Cs;Hg, C,Hs, CsHyg) m mapos JIBXK
(C¢Hy4), a Takoke B X CMECSAX B JIMAIA30HE JOB3PHI-
BOOIIACHBIX KOHIIEHTpanuii. B KadecTBe HCXOIHBIX
ra3oB KCIIOJIb30BAJIMCh MMOBEPOYHBIC Ia30BBIC CMECH,
KOTOpBIC TPEIHA3HAYAIOTCS I METPOJIIOTUYECKOH
MOBEPKU, KAJIMOPOBKM M aTTECTAIMM METOJUK BBI-
MTOJTHEHHSI U3MEPEHHIA.

[MokazaHo, 4TO mpu 0O0pPabOTKE SKCIIEPUMEHTAIIb-
HBIX 3HAYeHWH S-00pa3HBIX XapaKTEPHCTHUK CEHCopa
¢ nomotbio MI'K nonyueHHbIe 3Ha4YeHUsT 00pa3oBalin
coOCTBEHHBIE O0JIACTH JIOKAIM3ALMU JUIST KaXJ0I'0
ra3a, 4To MO3BOJISICT PACIIO3HATHh THIl TOPIOYEro rasa
B BO3[yXe, T.C. MPEOJOJICTh OCHOBHOW HEIOCTATOK
TEPMOKATAIUTHIECKHX CEHCOPOB — OTCYTCTBHE Ce-
JICKTUBHOCTU TIPU WJICHTHU(UKAIUM TOPIOYMX T'a30B,
B TOM YHWCJIE ¥ B MHOTOKOMIIOHEHTHBIX cMecsX. [Ipu
3TOM TJIaBHBIE KOMIIOHEHTHI OOBSACHSIOT 10 96% mipu-
3HAKOB, YTO TOBOPUT O HEOOJIBINOH TTOTEpe HHPOpPMa-
LMH.

[TokazaHo, YTO Ha IJIOCKOCTH TJIABHBIX KOMITOHEHT
KOHIICHTPAllMOHHBIE 3aBHCUMOCTH OTKIIMKa HMEIOT
JIMHEUHBIM XapakTep, OHU MPONOPLMOHAIBHBI JOJISM
KOMIIOHEHTOB B CMECH, YTO TO3BOJISIET MOJYYNTH JIH-
HellHOe ypaBHEHHUE JUIsl ONpEAEIeHNs KOHIEHTPALUU
KOMIIOHEHTOB.

[Tokazano, 4To mpuMeHeHHe Kiaccudukaropa JUis
OIIpeZIeIeHHs] THIa Ta3a Ha OCHOBE JAHHBIX, MOJy4YeH-
HBIX C TEPMOKATAJIMTUYECKUX CEHCOPOB B MYJIBTHUCEH-
COPHOM cucTeMe, MO3BOJISIET ¢ TOYHOCTRIO A0 90% pac-
MO3HATh TUII ra3a WIN ABYXKOMIIOHEHTHYIO CMECh.
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DEVELOPMENT OF A SOFTWARE-ALGORITHMIC METHOD
FOR PROCESSING THE THERMOCATALYTIC SENSORS
CHARACTERISTICS FOR THE IDENTIFICATION OF FLAMMABLE
GASES IN AIR AND MULTICOMPONENT MIXTURES

T. V. Osipova, A. M. Baranov, I. 1. Ivanov

Moscow Aviation Institute (National Research University), Moscow, Russia

Software-algorithmic method for processing the temperature characteristics of a catalytic sensor for recog-
nizing the type and determining the concentration of flammable gases in multicomponent mixtures has been de-
veloped and its applicability has been evaluated. The scheme of the software-algorithmic method is presented,
experimental studies of single-component, two-component and multicomponent mixtures consisting of hydro-
carbons and hydrogen are carried out. The results showed that the method makes it possible to recognize the
type of combustible gas and determine the concentration with an accuracy of up to 90%.

Keywords: catalytic sensor, selectivity, multicomponent mixtures, principal component analysis, determining
concentration, hydrogen, data processing
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INTRODUCTION

The number of industrial enterprises producing or
using flammable gases or highly flammable liquids
(HFL) is growing in the world. Leakage of such sub-
stances may lead to dangerous consequences. Sensors
(semiconductor, thermocatalytic, optical, etc.) are a
necessary tool for monitoring leaks and measuring the
concentration of flammable gases in the air [1-3]. In
the range of pre-explosive concentrations, thermocata-
lytic sensors are most widely used for monitoring
flammable gases, as these sensors have a short re-
sponse time, the required measurement accuracy, and
low cost.

In many cases, several types of gas with different
lower flammability limit (LFL) may be present in the
air, which makes it impossible to determine the LFL
of a mixture without determining the composition of
the multicomponent mixture. Recognition of gases in
mixtures is one of the most difficult tasks in gas anal-
ysis [4]. This is due to the fact that most gas sensors,
including thermocatalytic sensors, have low selectivi-
ty to flammable gases. This limits the areas of their
practical use.

Therefore, increasing the selectivity of thermocata-
lytic sensors in the tasks of monitoring the air envi-
ronment and timely prevention of the occurrence of
explosive concentrations of flammable gases, HFL
and their multicomponent mixtures is one of the im-
portant and urgent tasks.

Hydrogen occupies a special place among flamma-
ble gases. This is due to the fact that it is one of the
most explosive gases, it is extremely volatile and has
the widest range of explosive concentrations (from
4% vol. to 75% vol.) [5]. It is important to note that
hydrogen is considered a promising type of fuel (or
fuel component, in particular in mixtures with hydro-
carbons) [6], therefore, the development of effective
hydrogen sensors and methods for its monitoring in
the air is a pressing task.

The selectivity of thermocatalytic sensors to com-
bustible gases can be increased by improving the sen-
sor itself (for example, by using filters or selecting
catalysts), using advanced measurement techniques
that enlarge the volume of data from sensors, and de-
veloping mathematical methods and approaches to
processing the data received from the sensor. The
most promising approach is one that combines ad-
vanced measurement techniques and mathematical
data processing.

Due to the rapid increase in the computing power
of digital electronics, as well as the increasing role of
artificial intelligence in technological progress, the
importance of using methods of mathematical data
processing and machine learning, as well as analyzing
large-scale data, is increasing. The use of such me-
thods will speed up the process of determining the

type and concentration of the analyzed gas in the air
mixture, eliminate the human factor in decision-
making, and also increase the selectivity of measure-
ments. A new trend in the development of today is the
integration of methods of machine data processing
and artificial intelligence in gas analysis [7]. These
technologies expand the possibilities of forecasting
and help to identify patterns in extensive data sets re-
lated to the behavior of gas,

When using machine processing methods, an in-
creased volume of data is required from the object
under study. On the one hand, an increase in the vo-
lume of data is possible, for example, by enlarging the
number of sensors and creating matrices of sensors,
i.e., by technically complicating gas analysis devices
[8, 9]. On the other hand, the expanded volume of da-
ta that can be obtained from thermocatalytic sensors
during measurements is not currently used in air anal-
ysis for the presence of flammable gases and HFL. In
particular, in traditional methods, measurements are
carried out either at the same value of the operating
temperature or at several temperature values [10]. It is
important to note that the volume of data from a ther-
mocatalytic sensor can be increased by measuring its
response over a wide temperature range [11]. Such
measurements make it possible to develop new me-
thods for measuring flammable gas mixtures [12],
including those using machine learning to recognize
flammable gases and vapors of flammable liquids
[13]. Temperature scanning methods are widely used
for metal oxide gas sensors [1]. However, the ap-
proach to processing the temperature dependences of
the response of thermocatalytic sensors in multicom-
ponent mixtures has not yet been described in the
scientific literature.

The aim of the work is to develop a software and
algorithmic method for recognizing the type and de-
termining the concentration of combustible gases in
multicomponent mixtures based on processing the
temperature dependences of the response of a thermo-
catalytic sensor with subsequent mathematical
processing of the experimental dependences and the
use of algorithms for classifying the obtained data for
decision-making.

EXPERIMENTAL TECHNIQUE

The IATK-4 sensors [14] were produced by the
company NTC IGD LLC and used as thermocatalytic
units. The objective of the work was to develop a me-
thod that would allow one to recognize the type and
concentration of flammable gases using a thermocata-
lytic sensor due to modifying the measurement proce-
dure and applying advanced mathematical algorithms
to analyze the obtained data. The manufacturing tech-
nology and design of the sensor remained unchanged.



Thus, the goal was to expand the scope of applica-
tion of commercial sensors to the tasks of selective
measurement of flammable gases in multicomponent
mixtures and, in particular, the determination of hy-
drogen in the composition of multicomponent hydro-
carbon mixtures in the air in the range of pre-
explosive concentrations. The sensor manufacturing
technology is described in more detail in [15].

A bridge circuit (Fig. 1) was used as a measuring
scheme, where the working and comparative sensitive
elements were located on one arm, and resistors (R1,
R2) with a nominal value of 10 kQ were on the second
[16].

Fig. 1. Measuring bridge circuit for temperature
scanning mode

The circuit of the measuring setup is described in
detail in [15]. The measuring setup allows supply vol-
tage to be applied in the range from 0 to 3.3 V with
a step of 0.05 V and to record the response from sev-
eral thermocatalytic sensors simultaneously. The mea-
surement results are the dependences of the sensor
response on temperature (S-shaped characteristics),
containing information on the features of catalytic
combustion of combustible gases.

The work examined a set of 6 HFL gases and va-
pors. The choice of gases was due to the following
reasons: methane, propane, butane, and ethylene are
widely used in everyday life and in industry; hexane is
a flammable liquid; hydrogen is explosive and is also
a promising fuel in the development of hydrogen
energy. The source gases were test gas mixtures
(TGM) with a known concentration: hydrogen (0.96,
2.06% vol.), methane (0.47, 2.50, 1.00% vol.), pro-
pane (1.01% wvol.), butane (0.67% vol.), hexane
(0.47% vol.) and ethylene (1.07% vol.).

The proposed method is based on the combined
use of several methods: calibration based on the entire
S-shaped dependence, the sliding window method,
principal component analysis (PCA) and the use of
a classifier. The initial data were processed using Py-
thon 3.11 and NumPy v1.20.3, pandas 1.2.4, sklearn
0.0 libraries. The PCA was used to analyze the ob-
tained experimental dependences (gas samples). In
this case, the explanatory features are 66 response
values at various supply voltages.

DEVELOPMENT OF A SOFTWARE-
ALGORITHMIC METHOD

The traditional measurement method consists of
measuring the response voltage in the saturation re-
gion (Fig. 2, a). Concentration measurements are car-
ried out at the same point of this region. The catalytic

thermo-sensor must be calibrated for each combusti-
ble gas. The response in air is preliminarily measured.
Next, the sensor is calibrated at known gas concentra-
tions, and a calibration dependence is constructed,
being linear in the range up to LFL. Next, measuring
the sensor response voltage, we found the concentra-
tion using the calibration dependence. The measure-
ment result is a single value. Obviously, this method
is inappropriate when the type of gas in the air is un-
known, as well as for multi-component mixtures of
flammable gases.

From Fig. 2, a, it is evident that the response curve
shapes for combustible gases differ. The sensor re-
sponse curve over a wide temperature range is specific
for each gas and each concentration. Therefore, it was
suggested that it is possible to identify the gas type by
mathematically processing the experimental response
curves.

Fig. 2. (a) — Dependences of the sensor response on
the applied voltage in the environment of different
TGM; (6) — the result of processing S-shaped cha-
racteristics using the principal component analysis

The sensor response curve on temperature contains
a large number of experimental values. Big data often
has properties that we can use in processing, such as
correlation between values in high-dimensional data.
Dimensionality reduction uses the structure of the
original data and its correlation and allows us to work
with a more compact representation, ideally without
losing information about the processes occurring, con-
tained in the original dependence (implicitly in most
cases).

There are methods for reducing dimensionality
[17]. In this work, the principal component analysis
[18] was used, which allows one to move to a new
coordinate space of principal components.

After PCA application to the S-shaped dependen-
cies, two principal components were obtained. The
method for processing S-shaped dependences of com-
bustible gases we described in [19]. For each selected
component, the explained variance (1) is calculated,
which shows what contribution each obtained compo-
nent makes to the total variance.

3
>

1 1
where S is the explained variance of the selected
number of components; /; is the variance of the origi-
nal data along the i-th principal component; d is the

selected number of principal components; m is the
total number of principal components.

(D



Fig. 2, 6, shows the result of processing the S-
shaped characteristics using the PCA for three ther-
mocatalytic sensors, as well as their averaged values
(indicated by black dots). It is evident that after PCA
processing, the S-shaped response dependences are
transformed into points with different values of the
principal components. The localization regions are
distributed from left to right, i.e., along the first prin-
cipal component, which is associated with an increase
in the maximum value of the sensor response to dif-
ferent gases. It is also evident from the graph that hy-
drogen has the largest spread between points, which is
associated with a spread in the values of the original
data array between the three sensors (approximately
+ 10 mV). Since the localization regions do not inter-
sect, it is possible to unambiguously recognize differ-
ent types of combustible gases and, as will be shown
below, determine their concentration.

After processing the S-shaped dependences, it was
found that the first principal component accounts for
87.3%, and the second for 8.4%. The calculated prin-
cipal components explained up to 96% of the original
data.

Thus, it can be concluded that the proposed ap-
proach to processing the experimental S-shaped cha-
racteristics of catalytic thermo-sensors allows for the
recognition of flammable gases, thereby transforming
a sensor that is non-selective to flammable gases into
a selective one.

Fig. 3 shows a diagram of the proposed software
and algorithmic method.

Fig. 3. Scheme of software-algorithmic method of
processing S-shaped characteristics of thermocatalytic
sensors

The proposed software and algorithmic approach
to recognizing the type and determining the concen-
tration of flammable gases in the air includes the fol-
lowing main stages:

— measuring the S-shaped dependences of the re-
sponse of a catalytic thermo-sensor to a known gas
concentration and plotting a calibration plane of the
principal components (Fig. 2, a);

— measuring the S-shaped dependences of the re-
sponse of a catalytic thermo-sensor to an unknown gas
concentration and PCA processing the obtained de-
pendences;

— assessment of the reliability of the results ob-
tained by machine learning-based classification algo-
rithms and decision making.

It is important to note that the change in the mea-
surement and recording technique of the bridge circuit
response (the transition from measurement at a con-
stant value of the operating voltage to measurements

in the range of 0-3.3 V), as well as the transition from
a stationary to a periodic measurement mode, led to
the need to change the calibration principle of thermo-
catalytic sensors.

At the calibration stage, first of all, the composi-
tion of combustible gases is selected to be analyzed at
the monitoring facility; the gases are then subjected to
measurements of S-shaped characteristics and sensor
calibration.

As a result, calibration points are obtained on the
plane of the principal components. It is important to
note that, unlike the traditional method, in the devel-
oped method, calibration is performed not by one re-
sponse value but by the entire measured temperature
dependence. In this case, parameters such as weight
characteristics, average, and standard deviation are
saved, and an approximating function is calculated.

From Fig. 2, a, it follows that catalytic combustion
of different gases begins at different heating voltages,
i.e., at different temperatures. Obviously, this requires
the introduction of an additional criterion for selecting
the initial data, which would exclude the voltage val-
ues at which there is no combustion yet from
processing, and the obtained values are the noise of
the measuring system. The criterion for cutting off
these values is the minimum value of the sensor
supply voltage, at which the sensor response increases
sharply, i.e., the stage of combustion of the combusti-
ble gas on the sensor surface begins. This point can be
determined using the sliding window method, which
is a data transformation method that allows a new de-
pendence to be formed from the elements of a certain
dependence [20].

At the measurement stage, measurements of S-
shaped characteristics are carried out in the environ-
ment of the same gases that were used in the calibra-
tion, but with an unknown concentration. The result-
ing experimental dependences are processed using the
principal component analysis, taking into account the
previously obtained parameters. The results obtained
are plotted on the principal component calibration
plane.

The decision depends on three conditions:

— if the point of an unknown combustible gas falls
within the vicinity of the calibration point, then a clas-
sifier is applied, and the point is assigned the gas type
and its concentration;

— if the point of an unknown combustible gas falls
within the vicinity of the approximating function of
two calibration points, then the concentration is calcu-
lated using the derived formula;

— if the point of an unknown combustible gas was
not classified, then its characteristics are restored, and
the gas type is analyzed.

If the gas type and its concentration are recog-
nized, then the sensor is retrained by adding a new set
of characteristics to the original set.



Next, the capabilities of the developed software
and algorithmic method for determining the concen-
tration of gases in one-, two- and multi-component
mixtures were investigated.

EXPERIMENTAL RESULTS

Determination of the concentration of combustible
gases on the plane of the principal components

To construct concentration dependencies on the
plane of the principal components, S-shaped characte-
ristics were modeled for two concentrations of hydro-
gen 0.75% vol. and 0.25% vol. and methane 0.3% vol.
and 0.25% vol.

As shown earlier, a change in the concentration of
combustible gases leads to a proportional change in
the S-shaped characteristic [15]. Therefore, for these
calculations, the experimental S-shaped dependencies
were obtained by dividing the TGM concentration in
order to obtain the dependences for the hydrogen and
methane concentrations indicated above. The S-shaped
characteristics obtained in this way were processed using
the developed software and algorithmic method. The
processing results are shown in Fig. 4.

Fig. 4. The result of processing the theoretical
concentration dependences for methane and
hydrogen on the plane of the principal components

It is evident that the dependencies are linear and do
not intersect relative to each other. Thus, it is possible
to derive an approximating function, with the help of
which it is possible to calculate the value of the un-
known concentration on the plane of the principal
components. In fact, the obtained linear dependencies
are calibration dependencies.

Analyzing the obtained result, it was established
that the concentration is directly proportional to the
distance between the values of the principal compo-
nents. Thus, for the desired concentration, the follow-

ing formula can be obtained:
1= RAype -[1—&} ()

where nprc is the TGM concentration of the sought
combustible gas, vol.%;

Dz\/(xz _xl)z +()’2 _J’1)2a

D, =D} —h;

x, y are the corresponding values of the principal
components; Dy; is the distance between the

coordinate of the unknown combustible gas and the
TGM. (See Fig. 5).

Fig. 5. Calculation of the concentration of
combustible gas using formula (2) on the plane of
principal components.

Values 1 and 2 are the zero concentration and the
initial TGM of the combustible gas or the initial
TGM of two combustible gases in a two-component
mixture

Determination of the concentration of combustible
gases in a two-component mixture

Determination of the concentration of components
in a hydrogen-hydrocarbon mixture

An experimental study of the possibility of
determining the concentration of hydrogen in multi-
component mixtures [21, 22] by the traditional
method has already been carried out earlier. This task
is not trivial, since hydrogen combustion on the
catalyst of the thermocatalytic sensor begins
practically at room temperatures [23].

In accordance with the method proposed in the
work, the dependences of the response of the
thermocatalytic sensors on the applied heating voltage
were measured. To improve the accuracy of the
measurement results, 8 thermocatalytic sensors were
used. Propane TGM was taken as the initial
hydrocarbon. Changes in the concentration ratio
between propane and hydrogen in the hydrogen-
hydrocarbon mixture were performed by regulating
the flow using rotameters (Tab. 1).

Tab. 1. Measured concentrations of the components
of the mixtures at a voltage of 0.5 Vand 1.0 V

The obtained S-shaped characteristics averaged
over 8 sensors are shown in Fig. 6. Analyzing the
obtained dependences, we can conclude that in the
supply voltage range from 0.05 V to 1.7 V, the sensor
has a response that is caused by the combustion
process of exclusively hydrogen. Therefore, at these
voltage values, it is possible to measure the hydrogen
concentration in the mixture. It should be noted that
the dependences for multicomponent mixtures have
a smaller response compared to the response for pure
hydrogen. This is due to the fact that diluted
combustible gases were used to prepare the mixture,
as a result of which the concentrations of the original
components decreased. The measured concentrations
at voltages of 0.5 V and 1.0 V of the mixture
components are summarized in Tab. 1.



Fig. 6. S-shaped characteristics for two-component
mixtures (propane - hydrogen)

The obtained characteristics were processed by the
developed method, the result of which is shown in
Fig. 7. It is evident that the values of the main
components have a linear dependence and are
arranged in order of decreasing hydrogen
concentration. This forms its own scale of
concentration distribution. It can be assumed that the
concentration is directly proportional to the distance
between the values of the main components for
propane and hydrogen. Therefore, formula (2) can be
used to calculate the concentrations of propane and
hydrogen.

Fig. 7. The result of processing for hydrogen,
propane, and their mixtures on the plane of the main
components

[15]. A much more complex task is the identification
of two hydrocarbons with similar properties when
they are simultaneously present in the air. Therefore,
in the work, the possibility of determining the concen-
trations of methane and propane in their mixtures by
the proposed method was investigated. Methane TGM
with a concentration of 1% vol. and propane TGM
with a concentration of 1.01% vol. were used as
source gases. The change in the concentration of pro-
pane and methane in the mixtures was regulated by
measuring the TGM flows. Three thermocatalytic sen-
sors were used for the measurements.

The averaged experimental S-shaped characteris-
tics are shown in Fig. 10, a. It is evident from it that
the sensor response increases as the concentration of
propane in the mixture increases.

The results of processing the measured characteris-
tics by the proposed method are shown in Fig. 10, 0. It
is evident that there is a linear concentration depen-
dence, on the basis of which the concentration of me-
thane and propane in the mixture can be determined
using formula (2).

The obtained values of hydrogen concentration, as
well as the values experimentally measured by the
traditional method at voltages of 0.5 V and 1.0 V, are
combined into a single diagram, which is presented in
Fig. 8.

Fig. 8. Distribution diagram of measured and
calculated hydrogen concentration values for each
mixture

The relative error of the values calculated by the
proposed method is no more than 5% of the traditional
method.

Similarly, the obtained concentration of propane
for the same mixtures, calculated using formula (2), is
shown in Fig. 9.

Fig. 9. Distribution diagram of measured and calcu-
lated propane concentration values for each mixture

The relative error of the values calculated by the
proposed method is no more than 10% of the tradi-
tional method.

Determination of the concentration of components
in hydrocarbon mixtures

Although hydrogen and hydrocarbons are difficult
to recognize and determine in mixtures, this task is
relatively simple for thermocatalytic analysis due to
the selection of the optimal measurement temperature

Fig. 10. Averaged experimental S-shaped characte-
ristics of hydrocarbon mixtures (a) and the results of
their processing, plotted on the plane of the principal
components (0)

Thus, it is observed that for a single sensor, the
values of the principal components depend linearly
and form their own concentration distribution scale.

It is worth noting that the location of points on the
coordinate plane of the principal components depends
on the initial set of combustible gases. The PCA deals
with the average and standard deviations of the initial
data, a correlation matrix, the calculation results of
which depend on the initial data.

The obtained results of calculating the concentra-
tion of combustible gas in accordance with the pro-
posed formula are shown in Fig. 11. The concentra-
tion values obtained by the traditional method in the
saturation voltage range of S-shaped characteristics (at
2.5 and 3.0 V) are also indicated here.

Fig. 11. Distribution diagram of measured and calcu-
lated concentration values for each mixture:

a — methane concentration, 6 — propane concentra-
tion

The relative error of the values calculated by the
proposed method is no more than 10% of the tradi-
tional method.



Determining the concentration of components
in multicomponent mixtures

In this study, we limited ourselves to determining
the concentration of hydrogen in a mixture with pro-
pane and methane. Fig. 12, a, shows the S-shaped cha-
racteristics for the hydrogen, propane, and methane
TGM, as well as the characteristic for a three-
component mixture in the proportion of gases H, (32)
— C3H; (32) — CH4 (36). The result of processing the
characteristics is shown in Fig. 12, 0.

Fig. 12. Experimental S-shaped characteristics for
the TGM of hydrogen, propane, methane, and their
mixture (a) and the results of processing, plotted on
the plane of the main components (0)

As can be seen from the figure on the plane of the
main components, the initial point for the three-
component mixture is located inside the "triangle"
consisting of points of the original hydrocarbons. The
hydrogen concentration can be found through the pro-
jection of the obtained point of the mixture on one of
the sides of the "triangle". The relative error in deter-
mining the calculated hydrogen concentration from
that traditionally obtained is no more than 10% at
a voltage of 1 V.

Thus, the developed method allows recognizing
hydrogen and calculating its concentration; however,
from the point of view of determining the concentra-
tion of methane and propane, additional research and
further improvements are required.

Evaluation of the efficiency of using classifiers
in identifying gases and gas mixtures

As an example, the work assesses the accuracy of
recognizing the concentration of hydrogen in a multi-
component mixture of combustible gases. For this
study, several data sets were formed, consisting of
dependences for hydrogen, propane, and methane, as
well as for mixtures including them. Based on the ob-
tained experimental dependences, the sensor response
values for two-component mixtures consisting of hy-
drogen, propane, and methane in pairs in the propor-
tions of 20%, 50% and 80% were formed (Fig. 13).

Fig. 13. Experimental S-shaped characteristics for
two-component mixtures of combustible gases.

a — mixture of methane and propane, 6 — mixture
of hydrogen and propane, B — mixture of hydrogen
and methane

near dependence and were arranged in order of in-
creasing hydrogen concentration in the mixture, also
forming a distribution scale separately for each two-
component mixture. Six measurements were carried
out for 9 mixtures; the total number of measurements
was 54.

Fig. 14. Results of processing S-shaped characteris-
tics of two-component mixtures, presented on the
plane of the principal components

Tab. 2 shows the error matrix of the nearest neigh-
bor classifier. As can be seen from Tab. 2, almost all
experimental samples of combustible gases were pre-
dicted correctly. This means that the predicted gas
type coincides with the actual gas type. These results
are highlighted in gray (diagonal in Tab. 2). At the
same time, one result for CH4 TGM and four (3+1) for
the two-component mixture of Hp(20) — CH(80)
TGM were predicted incorrectly. In general, the share
of correctly predicted gas types and mixtures relative
to the total number of samples was more than 90%.
Calculations were performed using formula (3).

The share of correctly predicted combustible gas
types is calculated using the formula:

Share = i 3)
All samples

The average accuracy and completeness of the
classifier were calculated using formulas 4 and 5 and
were 94% and 91%, respectively.

The accuracy of the classifier can be calculated us-
ing the following well-known formula:

BP

Accuracy = m

4

The completeness of the classifier can be calcu-
lated using the well-known formula:

BP

SenSitiVity = m,

)

where BP is the correctly recognized type, HP is the
incorrectly recognized type, and BH is the correctly
unrecognized type.

Tab. 2. Error matrix after applying the classifier

Fig. 14 shows the result of processing the S-shaped
characteristics by the proposed method. It is evident
that the values of the main components formed a li-




CONCLUSION

A method for determining the type and concentra-
tion of flammable gases in the air has been developed,
based on measuring the dependences of the response
of a thermocatalytic sensor on temperature, processing
the obtained experimental characteristics based on the
PCA using classification algorithms. It has been
shown that the developed method allows for express
analysis of pre-explosive concentrations of mixtures
of flammable gases and vapors of flammable liquids
in the air, including hydrogen. It is important to note
that the sensor calibration, unlike traditional mea-
surement methods, is carried out along the entire S-
shaped characteristic.

Measurements of S-shaped characteristics of a
thermocatalytic sensor in a medium of combustible
gases were carried out: hydrogen (H,), gaseous hydro-
carbons (CH,4, CsHg, C,Hy4, C4Hjp) and flammable lig-
uid vapors (C¢Hy4), as well as in their mixtures in the
range of pre-explosive concentrations. As initial gas-
es, we used verification gas mixtures, which are in-
tended for metrological verification, calibration, and
certification of measurement methods.

It was shown that when processing the experimen-
tal values of the S-shaped characteristics of the sensor
using the MHC, the obtained values formed their own
localization areas for each gas, which makes it possi-
ble to recognize the type of combustible gas in the air,
i.e., to overcome the main disadvantage of thermoca-
talytic sensors — the lack of selectivity in the identifi-
cation of combustible gases, including in multicom-
ponent mixtures. The main components explain up to
96% of the features, which indicates a small loss of
information.

It is shown that on the plane of the main compo-
nents, the concentration dependences of the response
are linear; they are proportional to the shares of the
components in the mixture, which allows us to obtain
a linear equation for determining the concentration of
the components.

It is shown that the use of a classifier for determin-
ing the type of gas based on data obtained from ther-
mocatalytic sensors in a multisensor system allows us
to recognize the type of gas or a two-component mix-
ture with an accuracy of up to 90%.



