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I'OPU30OHTAJIBHASA YCTAHOBKA XEJIE-IIIOY
JJIA NCCIIEAOBAHUA JTAMUHAPHBIX AYEUCTBIX IIVIAMEH

Onmcana 3KCTIepUMEHTaIbHAS YCTAHOBKA IJISI M3YYEHHs MpoIiecca PacpoOCTPaHeHMs TUIAMEHH METaHO- U TIPOIaHo-
BO3JIyLIHBIX cMeced ¢ BojpoponoMm B kaHane Xene-llloy. YcraHoBka Oblna coOpaHa B J1aOOpaTOpPHBIX YCIOBHSX
U TIpeJcTaBisieT co0OW KaHal M3 JBYX NapauleNIbHBIX CTEKJISIHHBIX IUIACTUH C MEPEropoAKaMH, YCTaHOBJICHHBIMHU
MEXIy HUMH, KOTOpbIe 00pa3yroT TpaneiueBuIHbIi mwiockuil quddysop. [IpoBenena Busyanusanus GpoHTa Iuia-
MEHH MEXAy NPO3payHbIMU IUIACTUHAMH KaHala, I103BOJIMBLIAsS OOHAPYXXUTh M3MEHEHUs! (OPMBI U CTPYKTYpBI
(poHTa TUITAMEHH, 00YCIIOBICHHBIE THAPOIMHAMIYECKUMHE U Teroau(dy3HoHHBIME (hakTOpaMHu.

Knouesvie cnosa: TuaponnHaMuKa, Ta30Basi CMECh C BOJIOPOJIOM, BH3yanm3amus, kanan Xene-1loy, porT
IUTaMEHH, TUIOCKHA (G dy30p, CKOPOCTHAST BUACOCHEMKA, TPUOOPHI JIJISI KCCIICOBAHUS FOPCHHUS

EDN: YCPOYW

BBEJAEHUE

N3yueHune 3aKOHOMEPHOCTEH PacIpOCTPAHEHUS
(poHTa TIAMEHW B TUIOCKMX KaHaiax nMeeT (yHma-
MCHTAJIbHOC U MPUKJIAJHOC 3HAYCHUC JIs1 TIOHUMAaHUA
U TIPOTHO3HMPOBAHMS €ro IOBEIEHHS B PAa3IUYHBIX
TEXHHUYCCKHUX YCTpOP'ICTBaX U CucremMax, TaKuxX Kak
JBUraTeI BHYTPEHHETO CrOpaHHs, TYpOWHBI, peax-
THBHBIE JIBUTATeNld W Ta3oBble ropenkn. OcoOeHHO
BAXXHBIM SBJISICTCA BBIABJIICHUEC HOBBIX XapPaKTCPUCTUK
(¢poHTa IUIAMEHH IIPHU €r0 B3aUMOICHCTBUM CO CTEH-
KaM# IUIOCKUX KaHaJIOB JIs1 Pa3JIMYHBIX KOHLCHTpA-
U Ta30BBIX CMECEH, BIUAIOIMUX Ha 3(pHEKTUBHOCTD
rop€HHd YIJICBOAOPOAHBIX TOIIMB.

Cpenun HambosIee M3BECTHRIX padoOT B 3TOM obmac-
TH MOKHO BBIACIHUTH MCCIIEIOBAHUS, NPOBEIACHHBIC
TakuMu yueHbIMH, Kak J[.A. Dpank-Kamenerkwii,
I''. bapen6narr, f.b. 3enpnoBud, B.b. JInbposuy,
I''M. Maxsunanze, u ap. [1-8]. Ouu pazpadboranu
MaTeMaTHYECKHE MOJAEIM M YUCIIEHHbIE METOJIbI, KO-
TOPBIC MO3BOJIAIOT MPOBOAWUTL pacCyYCThbl U MPOTHO3U-
pOBaHHE PACHPOCTPAHEHMS IIIAMEHH C Y4YETOM pa3-
JUYHBIX (DaKTOPOB, TaKUX KaK TeOMETpHs KaHaia,
CBOMCTBA TOPIOYMX CMECEH, YCIOBHsI TETNIOOOMEHaA.

B wuccienoBannu [9] mpemiokeHbl BpeMEHHBIE
U CTEXMOMETPUUECKHE CKEHJIMHIOBBIE COOTHOIICHUS,
KOTOPBIE OIMCHIBAIOT TOMOJOTHIO M XapaKTEPUCTHKH
OUHAMHUKA  yJIbTpaOEOHbIX  BOAOPOAO-BO3AYIIHBIX
M1aMeH, CBOOOJIHO PacIpOCTPAHSIOIINXCSI B TOPU3OH-
TalbHON HUIMHApUYecKod siueiike Xene-1lloy. ABto-
pamu pa6ot [10, 11] momyueHbl ypaBHEHUsI, OIKCHI-
BalOIINE TMHAMUKY (POHTA IJIAMEHHU B YCJIOBHSX He-
ycroiiunBoctu [apse—Jlanaay, U MOCTPOEHBI TOYHBIE
AHAJIMTUYCCKUC PCHICHUA 3BOJIOIMKA TOBEPXHOCTHU
BO3MYILIEHHOI'O TJIAMEHHU.
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B pabote [12] ObuTH M3y4YeHBI CJICAYIONIUE ACTICK-
TBHI: 3aBUCUMOCTh BUJMMON CKOPOCTH STYEUCTHIX IIIa-
MeEH JJIsi CMeceld MpomnaHa ¢ BO3yXOM OT BBICOTHI Ka-
Hana Xene—Illoy, SBOJIOLMS SIYEUCTOM CTPYKTYpPHI
(hpoHTa TUTAMEHU BO BPEMEHHU W BIIMSHUE PACIIONOKE-
HUS TOYKH 3aKUTaHUS Ha MOP(OIOrHI0 MpoIaHo-
BO3YITHBIX TJIAMEH.

B pabGorax [13, 14] ommchIBarOTCS 3KCIEPUMECH-
TaJbHBIE YCTAHOBKH JJIST U3yUYEHHs PACIIPOCTPAaHEHUS
TUIaMEHH B MJIOCKMX TOPU30HTAJIBHBIX KaHalaxX. JKc-
MEPUMEHTHI BBISIBIIIM JIBa Pa3lIMYHBIX pEXHMa pac-
MPOCTPaHEHUS IJIAMEHH B 3aBHCHMOCTH OT K03(pdu-
IUEeHTa M30BITKa TOPIOYET0 B Ta30BBIX CMECSAX Kak
CJIEJICTBHE CBSI3U MEXIY CKOPOCTBIO TETUTOBBICIICHUS
U aKycTHYeCKMMH BoiHamu. B paborax [15-17],
MTOCBSIIIEHHBIX MOJETUPOBAHUIO PACIPOCTPAHEHUS
miamMeHu B kaHamax Xene-Llloy, mpoBeaeH aHanus
mpoliecca TOPEeHUsI B Y3KMX KaHaJlaX B Pa3IMIHBIX
ycioBusAX. B paMkax 3TUX HUCCIIEIOBAHUI MPOBOIATCA
SKCIIEpUMEHTANIbHBIE PabOThI, HCIONB3YIOTCS MaTe-
MaTHYeCKHe MOJEIN W YUCIEHHBIE METOJBI JUIS OTIH-
CaHus MPOLECCOB TemI000MeHa, AU y3ur 1 XUMH-
YEeCKUX PEAKIIHiA, KOTOPBIE MMPOUCXOAT MIPH TOPEHUH.

Jnst monmydyenusi 0ojiee TOUHBIX AaHHBIX O CKOPO-
CTH PAacIpOCTpaHEHUs TUTAMEHH, TETUTOBBIX TOTEPSX
W IPYTHX MapaMeTpax, BIUSIOMUX Ha 3QheKTHBHOCTD
1 0e301acHOCTh PabOThl TA30BBIX YCTPOWMCTB, UMEHO-
IIMX KaMepbl CTOPaHUS MaJIbIX pa3MepoB, TPEOYIOTCS
JOTIOJTHUTENIbHBIE HCCIIEAOBAHHSI.

OIMUCAHUE SKCIEPUMEHTAJIbHOM
YCTAHOBKHA

B crarbe onmcana ycraHoBka, coOpaHHasi B J1a0o-
PaTOpPHLIX YCJIOBUAX IJId U3YUCHUA PACIIPOCTPAHCHUA
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Puc. 1. OxciepuMeHTallbHasl yCTAHOBKA.

1 — ¢ororpadudecknii CHUMOK TabOpaTOPHOIl YCTaHOBKH; 6 — (DPOHT IIIaMEHH;

cocTaB JabOpaTOpHOW YCTaHOBKW: mu(ppoBas BHAcoKamepa (2), MepcoHaNBHBIM KommbioTep (3), mpo3padHbIe
CTEKJSIHHBIE IUIACTHHBI C Teperopojkamu (4), razoMeTp ¢ pacxomomepom (5), cucTeMa 3aKMraHus rasa C Iuia-
meracuteneM (7), TpyOka ¢ ra30oBBIM KpaHOM (8), KaTyIIKa 3a)KHTaHUS ¢ UCTOYHHKOM HampspkeHus (9), ra3oBbIe
0aJUTOHBI IpoTIaH/MeTaH u TeHepaTop Bogopoza (10), mamma JONoTHUTENFHOTO OcBeneHns KaHana (11)

mwiaMeHu B y3koM kaHaie Xene-Illoy. Ha puc. 1
IpEeACTaBIeHa CXeMa SKCIEPUMEHTAIbHON YCTaHOBKH
¢ ee pororpadueii B madoparopuu (1).

LleHTpanbHBIM 3JE€MEHTOM YCTAaHOBKH SIBIISLJICS
IUIOCKUH KaHaJl, COCTOSIIIUAN U3 JBYX NPSIMOYTOIbHBIX
Mpo3pavYHbIX CTCKIIAHHBIX IJIACTUH W3 Marcpualia —
tdnoar-creknio 'OCT 111-90 (4). IlnactuHBl pazme-
pamu 100 % 120 x 0.6 cM pacnonaraiiuch napauieiab-
HO JApYr IpyTy, MEXAYy HUMHM HaXOJWIUCh IEepero-
pOIKM W3 TexHH4eckoro IBeTHoro oprerexiaa ['OCT
17622-72 u TOCT 10667-90c 3aiiuTHOH IIJIEHKOMH,
PacIioNIoKEeHHBIE M0J] YIJIOM APYT K ApYry U Gopmu-
pyloliye KaHaj A pacipocTpaHeHHs IuiameHu. Ta-
KM 00pa3oM, KaHai uMmen (GopMy Tparenuu u mpes-
CTaBJIsLT COOOM TuIoCKui muddy3op (4).

JlnHa TUIOCKOro pacIIMpsIOIIErocsi KaHaua co-
craBmsiia 1.2 M, MeHBIIas CTOpOHA Tpamenuu (y3koe
cevyeHne kaHama) mMmena mupuHy 0.02 M, a mupuHa
OonplIel CTOPOHBI OIPEAeIsUIach YIJIOM PACKPBITHS
KaHaia (YrJioM MEXIy BHYTPEHHUMH OOKOBBIMH
CTEeHKaMHU KaHalla), KOTOPBIA MOT M3MEHAThCSA oT 0°
10 25° (B sKCmepHMEHTax 3TOT yrojl COCTaBisul 5°,
10°, 15°, 20° u 25°). Beicota kaHama (paccTosiHHE
MEX]y CTEKIISIHHBIMU IUIACTMHAMM) MEHsUIAaCh OT 3 MM
mo 6 MM ¢ maroM 0.5 mMm. CTexkIsHHBIEC IUIACTHHEI
(I)I/IKCI/IPOBEUII/ICI) BUHTOBBIMH MCETAJINIMYCCKUMMH 3aXKU-
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MaMu, OHU OBIIHM HEOOXOMMUMBI IJIS CO3JAaHUS U KOH-
TPOJSI TEPMETUYHOCTH KaHalla C IENbI0 TPeoTBpa-
mas yTeuKu ra3oBOU CMECH U IMPOHUKHOBCHUSA BO3AY-
xa.

Jns obecriedeHnst OJUHAKOBOI BBICOTHI KaHAJIA 110
€ro NIMprUHE U OJIMHE, a TAKKC MUHHUMU3AIIUN ITPOTrU-
0a CTeKJITHHBIX ITIACTHH MO ACHCTBHEM COOCTBEHHO-
r0 BEca HCIONb30BAINCH HECKOJIBKO TEXHHUUYECKHUX
peUIeHU U KOHTPOJUPYIOIIUX METOAOB. Y CTaHOBKA
ObUIa CMOHTUPOBaHa Ha TMPOYHOM JIAOOPATOPHOM
CTOJIe, KOTOPBIii oOecreynBanl KeCTKOCTh KOHCTPYK-
MU 1 MUHUMH3HPOBAII BO3MOXHBIE KOJIeOaHHUs, YTO
CHOCOOCTBOBAJIO TMOJJICPIKAHUIO YCTOHYHMBOTO TI0OJI0-
JKEHHsI CTEKOJI U YMEHBIICHHIO BEPOSITHOCTH HUX TIPO-
ruba. [IpoBepKy TOpU30HTAIILHOCTH YCTAHOBKHU TIPO-
M3BOJMIN MHOTOKPATHO C TOMOIIBIO ITy3BIPHKOBOTO
YPOBHSA Ha HCCKOJIBKMX Y4YdCTKaX CTCKIIAHHBIX ILjIa-
ctuH. [IpaBunbHas perynmnpoBka 1ab0paTOpHOTO CTO-
Jla ¥ TIOJIOKCHUS KaHajla Ha HeM oOecrieunBajia TOY-
HOCTh 9KCIIEPUMEHTOB U MPeA0TBpaIiaia BO3MOKHBIC
OIMOKY B N3MEPEHUSX.

JIJ1st KOHTPOJIST TEOMETPUIECKUX Pa3MEPOB KaHaIa
ncnonp3oBannch mraHreHupkymn ['OCT  166-89,
TIO3BOJISIONINE U3MEPUTH BBICOTY MEPETOPOJOK B paz-
JUYHBIX TOYKaX BIONb WX UIMHBL [lorpemrHocTh 13-
MEpPEHUI 10 OCHOBHOM LIKaJIe ISl IUTAHT€HLIUPKYJIEH
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1 xmacca touHocTH coctasisiia 0.05 mm. Dto obecre-
YMBaJO TOYHOCTh U PABHOMEPHOCTh Ha NPOTSHKEHUHU
BCeH JUIMHBI W MIUPHUHBI B KaHane. Vcnons3ys Habop
M3 pa3IM4HbIX IO TOJIIMHE IUIOCKUX IEPEropoaok
MOKHO OBLITO yCTaHaBIUBAaTh TpeOyeMylo BHICOTY Ka-
Haima B JuanaszoHe or 1 MM gpo 20 mm. [omycku
Ha BBICOTY KaHana coctaBisuid £0.05 mm, 4Tto OBIIO
MNpUueMJIEMO i1 AOOCTUIKCHUA BOCIIPOU3BOJUMOCTHU
pe3ysIbTaTOB U OOECIEUYECHUS] TOUHOCTH H3MEPEHHUH.
HOHyCKH MO3BOJIAJIM KOHTPOJMPOBATH U MUHHUMU3U-
poOBaTh BIMSHHE MapaMeTPOB KaHajla Ha pachpocTpa-
HeHHue (PpoHTa TIIaMEHH.

J1st TOYHOTO OIpe/ieTIeHNs] 3HAUCHUS YCHIIUS CHKa-
THS, CO3[AaBAEMbIX 3aKMMaMH CTEKJISIHHBIX IJIACTUH
B E)KCHepI/IMCHTaJ'II)HOﬁ YCTaHOBKEC, YYMTBIBAJIM HC-
CKOJIBKO (DaKTOPOB, TAKUX KaK KOHCTPYKTHBHBIE OCO-
OCHHOCTH M MaTepHaj, U3 KOTOPOTO M3TOTOBIICHHI €€
SJIEMEHTHI. 3a)KMUMBI BHHTOBOTO THUIIa, CBsJA3aHHBIC
ycuiusl KOTopsIx MoryT MeHsaTees o 50 H go 200 H,
o0ecrieunBany Jy4iiee YIUIOTHEHHE, U olllee yCHuine
COKaTHs CTEKJISIHHBIX IJIACTUH OT YETHIPEX 3aKMMOB
cocraBisuio 480 H. B pesynbrare mpuMeHeHUs yka-
3aHHBIX METOJIOB yCTaHOBKa oOecreuynBaja CTaOMIIb-
HOE (PYHKIIMOHMPOBAHUE U BBICOKYIO CTEICHb IMOBTO-
PSIEMOCTH SKCHEPUMEHTOB, YTO KPHUTHYECKH BAXKHO
JUIs1 aHAJIM3a MPOLIECCOB TOPEHHsI B Y3KOM KaHajle.

B skcnepuMeHTax NPUMEHSUIA IIPOINAHO-BO3AYII-
Hele cMmecu (4.5% mnpomaHa B BO3OyXe) M METaHO-
BO3/YILIHBIE CMECH C KOHLEHTpalueil 9.5%, koTopsie
TOTOBHIIM B Ta30MeTpe BBITECHEHHUs (5) ¢ BOIOH, CO-
CTOSIILIEM W3 JBYX pPE3epBYapoB — OTKPBITOTO (IS
BO3IIyXa) M 3aKPBITOTO (I Ta30BOM CMECH), IIPOIaH
1 METaH I10JIaBaJId U3 ra30BbIX OAJIJIOHOB.

Bomopon npou3BOAMIM METOAOM  Pa3IOKEHHs
JUCTUIUIMPOBAaHHOW BoAbl reHeparopoM 6.140 Xpo-
MAaT3K , UMCIOIIUM YCTBIPE CTYIICHHU OUYUCTKU: CCTlapa-
TOp, OCYIIUTEIH KaleJIbHOH Biark, GUIbTPhl C MOJIe-
KYJSIDHBIMU CUTAMU U KaTaJUuTUYSCKUM PEaKTOp, HC-
KJIIOYAIOUIMHA BO3MOXKHOCTb TPHCYTCTBHUSL NPHUMECH
KHCJIOpoJa U BeIOpoca Biard B ra3oBbie guHuU (10).
ITorpemHocTs NPUTOTOBIEHHS TA30BBIX CMECEH C II0-
MOIIBIO Ta30MeTpa BhITecHEeHHs cocTasisiia 0.4%.

Boma B mabGoparopHoM Ta3oMeTpe 3amojHsIa
HIDKHIOIO 4acTb 3aKPbITOTO Pe3epByapa, W ra3 mnoja-
Bajics CBEPXY, BBITECHSS BOJIY, 3TO TMO3BOJSIO KOH-
TPONHUPOBaTh 00BEM I'a30BOM CMECH, T.K. KOJIHMYECTBO
BBITECHEHHOW BOABI paBHO 00beMy cMecu. Obecriede-
HHUE OJTHOPOJIHOCTH IOJIYy4aeMOU ra3oBOil CMECH IpO-
HCXOAMIO C TOMOINBI0 au((Py3nOHHOTO TepeMerIn-
BaHUsI BHYTpU pe3epByapa rasomerpa. Ilepen Haua-
JIOM PaboOThl C KaHAJIOM BBIXOIAHOW Ta30BBIA ILTAHT
razoMeTpa ObUT 3aKPBIT AJIsl MPEAOTBPALICHUS YTEUKH
rasa. ['asomerp oOecrmeuynBais TOYHOCTH U KOHTPOJb
3a pa3IMYHBIMU [TapaMeTpaMy CMECH ra30B B IpOILIEC-
Ce UX MOJATrOTOBKH.

O0beM momaBaeMoOil Ta30BOM CMECH MEXTy Tuia-
CTHHAMHU M3MepsICs ¢ TOYHOCThIO +1.5% ¢ momorsio

pacxomomepa raza PI'C-2 (8) u cocTaBisit ATh BHYT-
PeHHUX OO0BEMOB KaHajla Ul IOJHOTO 3aIllOJHEHUS
siueriku Xene-loy. Kanan 3anonHsiim roproveit cme-
ChI0O CO CpelHed CKOpOCThIO ee Tmojaun 2.5—
3.5 n/mun. llpomecc 3amodHEHHWS OCYIIECTBITSIICS
C TMOMOIINBI0 TAa30BOTO KpaHa dYepe3 TPYyOKy-IUIaHT
[NIBX I'OCT 19034-82, pacronoxeHHYI0 B y3KOM ce-
YeHWU KaHala-TudQy3opa, KOTOpoe ObLIO 3aKphITO,
a IPOTHBOIIOJIOKHOE — OTKpHITO. J[11s1 mpenoTBparte-
HHA 06paTHOFO XO0Ja IIaMCHHU, TPUMCHSJICA TUIaMera-
CUTEJIb — CTajIbHasi TPYOKa C MEJIKOM MeTalTu4eCKOMH
IIPOBOJIOKOM yCTaHOBJIEHHAs B CHCTEME MOAA4YH Ia3o-
Boli cmecu (7).

B 3aBHCHMOCTH OT yCIIOBHIl OIBITOB 3aKUTaHHE
CMECH IMPOUCXOAMIIO Cpa3y MOCIE OTKPBITHS BBIXOJ-
HOT'O CEYEHUE KaHaJla WX I10CIIe UCTEUECHUSI BPEMEHI
3aiepkKu BocriameHeHus ot 15 mo 45 c. [locne 3a-
MOJIHEHUS] KaHajla KpaTKoe BpeMs OXWAAHHS JaeT
3¢ ekt cTabuIU3aIuy, 9TO MO3BOJISLIO TOpIoYeit cMe-
CH PaBHOMEpHO paclpenensITbcs U JAOCTUraTh OJHO-
POIHOIO COCTOSIHUS TEPE]] 3aKUTaHUEM.

3akUranue CMECH BBIMIOJHSIA OT BBICOKOBOJBT-
HOH HMCKpPBI MEXIY 3EKTPOJAMU HHIYKIHOHHOM Ka-
TYIIKU 32XHUraHus (9), MOJKIIOUEHHON K MCTOYHUKY
MUTAHUS C TIOMOLIBIO 3JIEKTPHUUECKUX MEIHBIX IPOBO-
0B B m3oJsAIroHHOoNW obomouke [IBX. Karymka 3a-
KHUTaHHUS MPeoO0pa30BbIBANIA TIOCTOSHHBIN TOK HU3KOTO
HanpspkeHust 12 B, mocTynarmomuii OT MCTOYHUKA,
B KOPOTKHH 3JIEKTPUUECKUI UMITYJIBC C HANPSKEHUEM
1o 34000 B. DToT mMITyIIbC 3aTeM TOaBajCs Ha J1Ba
3JIEKTPOJIa, PACCTOSHHE MEXAY KOTOPBIMH BapbHpO-
BaJIOCh OT 2 70 15 MM B 3aBUCUMOCTH OT YCJIOBUU
JKCIIEpUMEHTa. JIOMOIHUTENBHBII HCTOYHHK CBETa
(11) oceman kaHanm u ¢GpoHT TuiIamMeHH (6) psIoM
C MJIACTUHAMU YCTAaHOBKH W II03BOJISUI BBIIIOJHSATH
Oosiee KayecTBEHHYIO BUACOCHEMKY Ipoliecca rope-
HUS Ta30BBIX CMeCei B TUIOCKOM muddy3ope.

Jiist neTanbHOro n3yueHus (GOpMHUPOBAHUS U JIBU-
XKeHnsl (pOoHTa IJIAMEHH B IUIOCKOM KaHaje IMpHuMe-
HSUJIM BUJIEOCBEMKY C yacToTol 240 KajpoB B CEKYHAY
uudposoit Buneokamepoit GoPro HERO12 (2), ycra-
HOBJICHHYIO HaJ MPO3PAYHON BEpPXHEU IIACTUHOU
Ha CTAllMOHAPHOM LITATHBE. PeryiupoBOYHBIN MeXa-
HU3M IITaTUBA JJIs1 YCTAaHOBKH T'OPH30HTAJIBHOTO
YpPOBHSI BUJIEOKaMephl TO3BOJIST HACTPOUTH €€ mapal-
JIeNIBHO IIOCKOCTHU KaHaja.

VYayumenHast cradunuzanus HyperSmooth 6.0 Bu-
neokamepsl GoPro 12 u nudposas marpuna 1xCMOS
C BBICOKHM pa3pererneM 27 Mp mo3Bossiia paboTaTh
C MaKCUMaJIbHO BO3MOKHBIM I10 HIMPUHE YIJIOM 00-
3opa. Ontryeckuii 00vexTHB Max HyperView obec-
ne4yrBai yroja oo3opa jgo 177°. YnpaeieHue BHIEO-
KaMepoil MPOWM3BOIWIOCH AWCTAHIIMOHHO Tio Blue-
tooth ¢ momomipto npunoxenus: GoPro App, ycTaHoB-
JICHHOTO0 Ha IUIAHILIET, YTO MO3BOJISJIO IPOCMATPH-
BaTh GoTorpaduu U BHIEO TOCIE MPOBEJEHHOTO JIKC-
MepUMEHTA.

HAYYHOE [NPUBOPOCTPOEHMUE, 2025, Tom 35, Ne 1
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Bupeozanuce npou3BOAMIM Ha KapTy NaMSTH
micro SD, ¢ xoTopo¥ mocie nepenaBany (Gaiibl BH-
neoprIIEMOB KCIIEpUMEHTOB Ha KoMmmbioTep (3). s
00pabOTKH MOTYYEHHBIX SKCIEPUMEHTATBHBIX BHIIEO
MPUMEHSUTH  aJITOPUTMBI  KOMITBIOTEPHOTO  3PEHUS,
(UIBTPBl YMEHBLICHUSI IIyMa B HM300pa’keHHH, KOp-
PEKIINHU SPKOCTH ¥ KOHTPACTHOCTH, obecrieunBas 00-
Jiee 4eTKue OToOpakeHHs neTanieil (poHTa IIaMeHu
B KaHaJe.

[Tnockas reomerpust kanana Xene-lloy crmoco6ert-
BOBaJla OOpa30BaHUIO KBa3HIBYMEPHOTO (pOHTa
TUTAMEHH, YTO IMO3BOJISUIO BH3YaJIH3HPOBATh €r0 pas-
BUTHE 0OJIee TIOJIPOOHO 10 CPABHEHHUIO C TPEXMEPHBI-
MH KOHQUTYypanusMH H Jajee aHaJIM3UPOBATh OCO-
OCHHOCTH €ro pacpoCTpaHEHHSI.

METOJAVKA U PE3YJIbTATBI DKCIIEPUMEHTA

HccnenoBanne npoliecca TOpeHust ra30BbIX CMeceit
MpOMaHa U MeTaHa C BO3IYyXOM MPOBOIMIOCH C TPH-
MCHCHUCM MCTOAOB BU3YyaJIU3allUU (prHTa IIJTaME€HHU
1 BBICOKOCKOPOCTHO# ITH(GPOBOH (POTO- M BUACOCHEM-
KH C TOCIEAYIONed KOMIBIOTEPHOH 00paboTKOM.
AHanu3 JaHHBIX, COOpPaHHBIX B Pa3HBIX YCIIOBHAX
SKCIIEPUMEHTA, MO3BOJISUT OMPECIUTh KIFOYEBbIC I1a-
paMEeTphI, BIUAOIINE HA TOIIOJIOTUIO INNIAMCHH U CKO-
POCTh €r0 pacpOCTPaHECHUSI.

Ha puc. 2, a, u 2, 6, noka3aHo pacHpoOCTpaHCHUE
(GpoHTa MJIaMEHH METaHO- W IPONAHO-BO3AYIIHOW
CMeCH, IBWKYIIETOCS OT 3aKpBITOTO Y3KOTO Kpas
K OTKPBITOMY IIUPOKOMY Kparo nuddys3opa npu pac-
CTOSTHUM MEX]y IIACTUHKAMU 6 MM W yTJIe PacKpbl-
THs KaHana 25°.

Puc. 2. XapakrepHble KaJpbl
pacnpocTpaHeHuu B kaHaie Xene-1oy.

BHUICOCHEMKHU

IJIaMCHHA

¢ponTa

pu

a — MPOMaHO-BO3AylIHAasA CMECh, 60— METAaHO-BO3AYIIIHAsA CMECh;

BBICOTA KaHajia 6 MM, yroJ packpbiBa 25°

HAVYYHOE ITPUBOPOCTPOEHME, 2025, Tom 35, Ne 1
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M. M. AJIEKCEEB wu nip.

Cepust pororpadmii ajisi pa3avuHBIX BPEMEHHBIX
MPOMEKYTKOB, COOPaHHBIX Ha OJHOM H300paXKCHHUH,
MO3BOJISIET OIICHUTH M3MEHEHUE (POPMBI U CTPYKTYPBI
(GpoHTa TIAMEHM, YCTAHOBUTH KOJHMYECTBO SYCEK,
00pa3yIoIMXCsi Ha HEM, U ONPEICTIUTh CKOPOCTH pac-
NPOCTpaHEHHs Pa3HBIX Ta30BBIX IUTaMeH. Busyanmsa-
II1sI TOPEHHSI METAaHO-BO3/IYIIIHOW CMECH C BOZOPOIOM
Mpe/ICTaBlIeHa Ha puc. 3, a, u 3, 0. DKCIIepUMEHTHI ¢
METaHO-BO3/IyLIIHBIMU CMECSIMHU C JI00aBKO# BOIOpO/Ia
MPOBOJIMITUCH JUISI CTEXHOMETPHYECKOH cMecH (Kodd-
¢unmenT n30bITKa TOIUMBA (p = 1) ¢ 0OBEMHOI ToTIei
Bomopoma 25% u 50% ot obmero oobemMa TOILTHBA
(oObemM MeTaHa ¢ BOIOPOAOM) Ul KaHayla BBICOTOM
3.5 MM ¢ yriiom packpsiBa tuddysopa 25°.

B kanane npu ropeHun cmecu ObL1a 3aMeyeHa U3-
MEHYHBOCTh CTPYKTYpPHI B (GopMbl (hpOHTa IUTAMEHH,
(hopMHpOBaHUE SUCUCTHIX CKIAJOK HA TOBEPXHOCTH,
NpUBOAMBIIEE K ero nedopmamun. B skcnepumenTtax
OBUTM OMpeAeICHbl PACCTOSHUSI MEXy CTEKIISTHHBIMH
IUTACTUHAMH, NPH KOTOPBIX BO3MOXKHO BOCILIaMEHeE-
HUE CMECH M YCTOHYMBOE PacCHpOCTpaHEHHE MIaMEHH
B Y3KOM IJIOCKOM PacLIMpPSIIOILEMCs KaHalle.

YCTaHOBIIEHO, YTO TIPH YBEIMYEHUW PaCCTOSHUS
MEXIy IUTACTUHAMH CKOPOCTb paclpoCTpaHeHUs
IUIaMEHH YBEJMYMBAJIACh U MPUOIMKANach K 3Haue-
HUSIM TIpH JIAMUHAPHOM TOPEHHH, YTOJ PacKpBITHS
muddy3opa TakKe BIMII Ha OCOOCHHOCTH paclpo-
CTpaHeHUs1 (pOHTA IJIaAMEHH, YCKOpss ero mpu yBe-
JMYEHUH YTIIa.

Puc.

3. ®otokaapsl
BO3YIIHOM CMECH.
Komnmentparus ra3os: a — 25% Bomopona u 75% merana ¢ Bo3mayxom, 0 — 50%
Bosopoza u 50% meraHa ¢ Bo3ayxoM; B quddysope mis yria 25° BeIcoTOH 3.5 MM

PacripoCTpaHCHUA (i)pOHTa mjIaMeHu METaHO-BOJOPOJHO-
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T'OPU30OHTAJIBHASI YCTAHOBKA XEJIE-IIOY

OKCIIEPUMEHTHI  BBISBHJIN B3aMOCBS3b  MEXKIY
CKOPOCTBIO JIBIDKEHUs (PpOHTA TUITAMEHU M T€OMETPH-
el kaHana. JlokanbHas CKOpPOCTh IJIAaMEHU 3aBUCENA
OT paanyca KpUBU3HBI U CKOPOCTH PaCIIMPEHHs Iuia-
MCHU Ha OTACJIBbHBIX y‘-IaCTKaX HpI/I €0 ABUXCHUU
OT 3aKpPBITOTO K OTKPBITOMY Kparo KaHaia. Bo Bpems
pacnpocTpaHeHus (PPOHTA OT Y3KOTO 3aKPBITOTO Kpas
K OTKPBITOMY OBLITH OOHapy>KeHBI KoJieOaHus IIaMe-
HU BJIOJIb MIPOJIOJBHOM OCH C MaJION aMIUIUTYI0M.

3AKJIFOYEHHME

HoBas skcnepuMeHTanbHas yCTaHOBKA C IJIOCKUM
TOpU30HTANbHBIM KaHaioM Xene-Illoy mno3Bosster
JeTalbHO H3ydaTh KBa3HIBYMEPHOE paclpocTpaHe-
HHE IJIJAMEHHU B y3KMX KaHaJlaX, €ro TONOJOIHIO, He-
YCTOMYMBOCTb, OIPEAEISATH CKOPOCTU PacIpOCTpaHe-
HUs (pOHTA IUIAMEHH, KOJIWYECTBO SYEEK Ha €ro Io-
BCPXHOCTH JIs T'a30BbIX cMmecel ¢ Pas3siIMdYHbIMH KOH-
LEHTPALUSIMH TOPIOYEro, 4To TpeOyeTcs sl OLEHKH
BIIMSHUSL THAPOJWHAMUYECKUX M Terioanhdy3roH-
HBIX MPOIIECCOB HAa HEYCTOMYMBOCTH IJIAMEHU. YCTa-
HOBKa IT03BOJISIET UCCIIEI0BATh TOPEHUE KaK TPaJnLu-
OHHBIX YTJIEBOJOPOJHBIX Ta30B, TaK U HX CMECEu
C BOZOPOAOM.

MN3yueHne 3aKOHOMEPHOCTEH PacCIpPOCTPAHECHUS
IUIAMEHHU — Ba)KHOE HAIPABJICHUE HAYYHBIX HCCIIEHO-
BaHMiA, CHOCOOCTBYIOIIEE PAa3BUTHIO JHEPreTHKH
U TOBBILICHUIO YPOBHsS O€30MIaCHOCTH HPHU 3KCILIya-
TalMX Pa3IMYHBIX TOPETOYHBIX YCTPOHCTB.

I'paumosas nooodepiicka

Paboma evinoanena npu ¢unancosoti noooepoicke Mu-
HUCmepcmeda HAayKu u svicuie2o odpazosanus Poccuiickoil
Deodepayuu, Coenawenue om 24.04.2024 Ne 075-15-2024-
543.
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HORIZONTAL HELE-SHOW INSTALLATION FOR RESEARCHING
LAMINAR CELLULAR FLAMES

M. M. Alekseev', O. Yu. Semenov', S. A. Rashkovsky”*, S. E. Yakush’

1Surgut State University, Polytechnic Institute, Surgut, Russia
*Ishlinsky Institute for Problems in Mechanics of RAS, Moscow, Russia
3Kutateladze Institute of Thermophysics of RAS, Novosibirsk, Russia

An experimental setup for studying the flame propagation of methane and propane-air mixtures with hydro-
gen in the Hele-Shaw channel is described. The setup was assembled in laboratory conditions and is a channel
of two parallel glass plates with partitions installed between them, which form a trapezoidal flat diffuser. Visua-
lization of the flame front between the transparent plates of the channel was carried out, which made it possible
to detect changes in the shape and structure of the flame front due to hydrodynamic and heat diffusion factors.

Keywords: hydrodynamics, gas mixture with hydrogen, visualization, Hele-Shaw channel, flame front, flat diffuser,

high-speed video filming, combustion research devices
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INTRODUCTION

The study of flame front propagation patterns in
flat channels is of fundamental and applied impor-
tance for understanding and predicting its behavior in
various technical devices and systems, such as internal
combustion engines, turbines, jet engines, and gas
burners. Of particular importance is the identification
of new flame front characteristics during its interac-
tion with flat channel walls for different concentra-
tions of gas mixtures that affect the combustion effi-
ciency of hydrocarbon fuels.

Among the most well-known works in this area are
the studies conducted by such scientists as
D.A. Frank-Kamenetsky, G.I. Barenblatt, Ya.B. Zel-
dovich, V.B. Librovich, G.M. Makhviladze, and oth-
ers [1-8]. They developed mathematical models and
numerical methods that allow calculations and predic-
tions of flame propagation, taking into account vari-
ous factors, such as channel geometry, properties of
combustible mixtures, and heat exchange conditions.

The study [9] proposed time and stoichiometric
scaling relationships that describe the topology and
characteristics of the dynamics of ultra-lean hydrogen-
air flames freely propagating in a horizontal cylindric-
al Hele-Shaw cell. The authors of [10, 11] obtained
equations describing the dynamics of the flame front
under Darrieus — Landau instability conditions and
constructed exact analytical solutions for the evolution
of the surface of a disturbed flame.

In [12] the following aspects were studied: depen-
dence of the apparent velocity of cellular flames for
propane-air mixtures on the height of the Hele-Shaw
channel, evolution of the cellular structure of the
flame front over time, and the influence of the ignition
point location on the morphology of propane-air
flames.

In [13, 14] experimental setups for studying flame
propagation in flat horizontal channels are described.
The experiments revealed two different flame propa-
gation modes depending on the excess fuel coefficient
in gas mixtures as a consequence of the relationship
between the heat release rate and acoustic waves. In
[15-17], devoted to modeling flame propagation in
Hele-Shaw channels, an analysis of the combustion
process in narrow channels under various conditions
was carried out. Within the framework of these stu-
dies, experimental work is carried out, and mathemat-
ical models and numerical methods are used to de-
scribe the processes of heat exchange, diffusion, and
chemical reactions that occur during combustion.

To obtain more accurate data on the speed of flame
propagation, heat losses, and other parameters that
affect the efficiency and safety of gas devices with
small combustion chambers, additional research is
required.

DESCRIPTION OF THE EXPERIMENTAL SETUP

The article describes a setup assembled in a labora-
tory to study flame propagation in a narrow Hele-
Shaw channel. Fig. 1 shows a diagram of the experi-
mental setup and a photograph of it in the laboratory

(1).

Fig. 1. Experimental setup.

1 — photograph of the laboratory setup; 6 — flame
front; composition of the laboratory setup: digital
video camera (2), personal computer (3), transparent
glass plates with partitions (4), gas meter with flow
meter (5), gas ignition system with flame arrester (7),
tube with gas valve (8), ignition coil with voltage
source (9), propane/methane gas cylinders and hydro-
gen generator (10), additional channel lighting lamp

(11

The central element of the setup was a flat channel
consisting of two rectangular transparent glass plates
made of float glass TOCT 111-90 (4). The plates,
measuring 100 x 120 x 0.6 cm, were located parallel
to each other. Between them, the partitions made of
technical colored plexiglas 'OCT 17622-72 and
I'OCT 10667-90 with a protective film were located at
an angle to each other and formed a channel for flame
propagation. Thus, the channel had a trapezoidal
shape and was a flat diffuser (4).

The length of the flat expanding channel was
1.2 m, the smaller side of the trapezoid (the narrow
cross section of the channel) had a width of 0.02 m,
and the width of the larger side was determined by the
channel opening angle (the angle between the inner
side walls of the channel), which could vary from 0°
to 25° (in the experiments this angle was 5°, 10°, 15°,
20°, and 25°). The channel height (the distance be-
tween the glass plates) varied from 3 mm to 6 mm
with a step of 0.5 mm. The glass plates were fixed
with screw metal clamps to create and control the
tightness of the channel in order to prevent leaks of
the gas mixture and air penetration.

Several technical solutions and control methods
were used to ensure equal channel height along its
width and length, as well as to minimize the deflection
of the glass plates under their own weight. The setup
was mounted on a solid laboratory table, which en-
sured the rigidity of the structure and minimized poss-
ible vibrations, which helped maintain a stable posi-
tion of the glass and reduce the likelihood of its def-
lection. The horizontality of the setup was checked
multiple times using a bubble level on several sections
of the glass plates. Correct adjustment of the laborato-
ry table and the position of the channel on it ensured
the accuracy of the experiments and prevented possi-
ble errors in measurements.



To control the geometric dimensions of the chan-
nel, TOCT 166-89 calipers were used, allowing one to
measure the height of the partitions at different points
along their length. The measurement error on the main
scale for class 1 accuracy calipers was 0.05 mm. This
ensured accuracy and uniformity along the entire
length and width of the channel. Using a set of flat
partitions of different thicknesses, it was possible to
set the required channel height in the range from
1 mm to 20 mm. Tolerances for the channel height
were £0.05 mm, which was acceptable for achieving
reproducibility of results and ensuring measurement
accuracy. Tolerances made it possible to control and
minimize the influence of channel parameters on
flame front propagation.

Several parameters, including the design features
and the material from which its elements are con-
structed, were taken into consideration in order to pre-
cisely establish the value of the compression force
produced by the clamps of the glass plates in the expe-
rimental setup. Screw-type clamps with constricting
forces varying from 50 N to 200 N provided better
compaction, and the total compression force of the
glass plates from four clamps was 480 N. Utilizing
these techniques allowed the setup to guarantee steady
functioning and a high level of experiment repeatabili-
ty, both of which are crucial for the examination of
combustion processes in a restricted channel.

The experiments used propane-air mixtures (4.5%
propane in air) and methane-air mixtures with a con-
centration of 9.5%, which were prepared in a dis-
placement gasometer (5) filled with water and consist-
ing of two reservoirs — open (for air) and closed (for
the gas mixture), propane and methane were supplied
from gas cylinders.

Hydrogen was produced by decomposing distilled
water using a 6.140 Chromatec generator with four
purification stages: a separator, droplet moisture
dryers, filters with molecular sieves, and a catalytic
reactor that eliminates the possibility of oxygen im-
purities and moisture emissions into the gas lines (10).
The error in preparing gas mixtures using a displace-
ment gas meter was 0.4%.

Water in the laboratory gas meter filled the lower
part of a closed reservoir, and gas was supplied from
above, displacing water. This made it possible to con-
trol the volume of the gas mixture since the amount of
displaced water was equal to the volume of the mix-
ture. The homogeneity of the resulting gas mixture
was ensured by diffusion mixing inside the gas meter
reservoir. Before starting work with the channel, the
gas outlet hose of the gas meter was closed to prevent
gas leakage. The gas meter ensured accuracy and con-
trol of various parameters of the gas mixture during its
preparation.

The volume of the supplied gas mixture between
the plates was measured with an accuracy of +1.5%

using the PI'C-2 gas flow meter (8) and was five in-
ternal volumes of the channel for complete filling of
the Hele-Shaw cell. The channel was filled with
a combustible mixture at an average feed rate of 2.5—
3.5 L/min. The filling process was carried out using
a gas valve through a PVC hose tube 'OCT 19034-
82, located in a narrow cross-section of the diffuser
channel, which was closed, and the opposite one was
open. To prevent flame backflow, a flame arrester was
used - a steel tube with fine metal wire installed in the
gas mixture supply system (7).

Depending on the experimental conditions, the
mixture was ignited immediately after opening the
outlet cross-section of the channel or after an ignition
delay time of 15 to 45 s. After filling the channel,
a short waiting time produced a stabilization effect,
which allowed the combustible mixture to be evenly
distributed and reach a homogeneous state before ig-
nition.

The mixture was ignited by a high-voltage spark
between the electrodes of an induction ignition coil
(9) connected to a power source using electrical cop-
per wires in a PVC insulating sheath. The ignition coil
converted a low-voltage direct current of 12 V coming
from the source into a short electrical pulse with
a voltage of up to 34000 V. This pulse was then ap-
plied to two electrodes, the distance between which
varied from 2 mm to 15 mm, depending on the expe-
rimental conditions. An additional light source (11)
illuminated the channel and flame front (6) next to the
installation plates and allowed for higher-quality
video recording of the combustion process of gas mix-
tures in a flat diffuser.

For a detailed study of the formation and move-
ment of the flame front in a flat channel, we recorded
video with a frequency of 240 frames per second us-
ing a GoPro HERO12 digital video camera (2), in-
stalled above the transparent top plate on a stationary
tripod. The tripod's adjustment mechanism for setting
the horizontal level of the video camera allowed it to
be adjusted parallel to the plane of the channel.

The improved HyperSmooth 6.0 stabilization of
the GoPro 12 video camera and the digital matrix
IxCMOS with a high resolution of 27 Mp allowed
working with the widest possible viewing angle. The
Max HyperView optical lens provided a viewing an-
gle of up to 177°. The video camera was controlled
remotely via Bluetooth using the tablet-installed Go-
Pro App, which allowed viewing photos and videos
after the experiment. The video records were stored
on a micro SD memory card, from which the video
files of the experiments were then transferred to
a computer (3). To process the obtained experimental
videos, we employed computer vision algorithms, im-
age noise reduction filters, made brightness and con-
trast corrections, providing clearer displays of the
flame front details in the channel.



The flat geometry of the Hele-Shaw channel con-
tributed to the formation of a quasi-two-dimensional
flame front, which made it possible to visualize its
development in more detail compared to three-
dimensional configurations and then analyze the fea-
tures of its propagation.

METHODOLOGY AND RESULTS
OF THE EXPERIMENT

The study of the combustion process of propane
and methane gas mixtures with air was carried out
using flame front visualization methods and high-
speed digital photo and video shooting with subse-
quent computer processing. Analysis of data collected
under different experimental conditions allowed us to
determine the key parameters influencing the flame
topology and its propagation speed.

Figs. 2 (a) and 2 (6) show the propagation of the
flame front of a methane- and propane-air mixture
moving from the closed narrow edge to the open wide
edge of the diffuser when the distance between the
plates was 6 mm and the channel opening angle was
25°.

Fig. 2. Typical frames of video filming of the flame
front during propagation in the Hele-Shaw channel.

a — propane-air mixture;

0 — methane-air mixture;

channel height 6 mm, opening angle 25°

A series of photographs for different time intervals
collected in one image allows us to estimate the
change in the shape and structure of the flame front,
determine the number of cells formed on it, and the
propagation rates of different gas flames. Visualiza-
tion of the combustion of a methane-air mixture with
hydrogen is shown in Figs. 3 (a) and 3 (0). Experi-
ments with methane-air mixtures with the addition of
hydrogen were carried out for a stoichiometric mix-
ture (fuel excess coefficient ¢ = 1) with a volume
fraction of hydrogen of 25% and 50% of the total fuel
volume (the volume of methane with hydrogen) for
a channel 3.5 mm high with a diffuser opening angle
of 25°.

Fig. 3. Photo frames of the flame front propagation of
a methane-hydrogen-air mixture.

Concentration of gases:

a— 25% hydrogen and 75% methane with air;

6 — 50% hydrogen and 50% methane with air;

in a diffuser for an angle of 25° with a height

of 3.5 mm

During combustion of the mixture, variability in
the structure and shape of the flame front was ob-
served in the channel, as well as the formation of cel-
lular folds on the surface, leading to its deformation.
In the experiments, the distances between the glass
plates were determined at which ignition of the mix-
ture and stable flame propagation in a narrow flat ex-
panding channel were possible.

It was found that with an increase in the distance
between the plates, the flame propagation speed in-
creased and approached the laminar combustion val-
ues; the diffuser opening angle also affected the fea-
tures of flame front propagation, accelerating it with
an increase in the angle.

The experiments revealed the relationship between
the flame front velocity and the channel geometry.
The local flame rate depended on the radius of curva-
ture and the flame expansion rate in individual sec-
tions as it moved from the closed to the open edge of
the channel. Flame oscillations along the longitudinal
axis with a small amplitude were detected during the
front propagation from the narrow closed edge to the
open edge.

CONCLUSION

The new experimental setup with a flat horizontal
Hele-Shaw channel allows one to study in detail the
quasi-two-dimensional flame propagation in narrow
channels, its topology, instability, and to determine
the flame front propagation rates and the number of
cells on its surface for gas mixtures with various fuel
concentrations, which is required to assess the influ-
ence of hydrodynamic and heat diffusion processes on
flame instability. The setup allows us to study the
combustion of both traditional hydrocarbon gases and
their mixtures with hydrogen.

Studying flame propagation patterns is an impor-
tant area of scientific research that contributes to the
development of energy and increases the level of safe-
ty in the operation of various burner devices.



