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BBEJIEHUE

AKTyaJlbHOCTH Pa0d0Thl. JIJIs1 yMEHbBIIEHHS] BPEIHOIO BO3/JIECUCTBUS JBUTA-
Tene BHyTpeHHero cropanus ([IBC) Ha okpyxarouiyro cpeay HEOOXOAMMO IIO-
CTOSIHHOE COBEPIICHCTBOBAHUE €r0 KOHCTPYKIIMM, HAIPABICHHOE HA CHUKCHHE
AMHUCCHH BPEIHBIX BEUIECTB, BEIOPACHIBAEMBIX B aTMOC(EpPY € OTpadOTaBIINMU Ta-
3amu (OI'). CoBpeMeHHbIE€ UCCIIEJOBaHUSI B 3TOW 00JacTh B OCHOBHOM HarpasbJie-
HbI Ha MOUCKH c1TOCO00B 3P (HEKTUBHON paOOThI ABUTATENS HA OEIHON TOIIMBHO-
Bo3aymHON cMecu (TBC), 6iaronaps ueMy JOCTUraeTcsi CHUKEHUE TOKCUYHOCTH
OI' m moBbIIAETCA TOIUIMBHAS JKOHOMHUYHOCTH ABUTaTens. OIHAKO IPU ATOM
BCTpPEUYAETCS PAI TPYAHOCTEH, B YUCIIE KOTOPBIX HEBO3MOXXHOCTh KOJIUYECTBEHHO-
ro IIPOTHO3UPOBAHUSA OMUCCHUM BPEIHBIX BEUIECTB U OINPEICICHHOIO peXuMa
paboThl ABUraTesns BBUAY OTCYTCTBUSA B JIMTEPAType COOTBETCTBYIOIIMX pacyeT-
HBIX 3aBUCHMOCTEUW M IOCTYIHBIX IO LIEHE METOAOB U AJITOPUTMOB OIPEICICHUS
TOKCUYHOCTH TpaHcnopTHbIx JIBC.

Leabro padoThI SBIIETCA CHUKEHHE TOKCUMYHOCTHU B JIBC ¢ HCKpOBBIM 3a-
JKATAHHUEM I10 MPOAYKTaM HEIOJIHOIO CrOpaHMs 3a CYET IPUMEHEHMs BOAOPOAa,
KAaK aKTHBAaTOpa TOPEHUs, B TOM YHCII€ U Ha PeXHUMaxX IIyOOKOTo ApOCCearpoBa-
HUS.

JlocTrxeHre MOCTaBIEHHON e 00ecreunBaeTCs PEIICHUEM CJIeTYHIIUX
3agau:

1. BBIIBUTH OCOOCHHOCTHM M3MEHEHMSI KOHLEHTPALMUU MPOAYKTOB HETOIHOIO
cropanus B JIBC ¢ HCKPOBBIM 3a)KUraHueM npu Jo0aBKe BOJIOPOJia B Kaye-

CTBE aKTUBATOpPa FOPEHUS.

2. BBISIBUTh BO3MOXKHOCTH BO3JICMCTBHS Ha pabOYMil MPOIECC IMO3BOJISIONINC

CHU3UTh TOKCUYHOCTB IO MPOAYKTAM HEMOJHOIO CrOpaHusi, B TOM YHCIIE U

Ha pexuMax rIybOKOTo APOCCETUPOBAHUS.

O0bekT uccaenoBanus: J[BC ¢ HCKpOBBIM 3aKUTaHUEM.

IIpenmer ucciieqoBanusi: 00pa3oBaHue NPOAYKTOB HETOJIHOIO CTOPaHUs B

otpadoTraBmux razax JBC ¢ HCKpOBBIM 3aKUTaHUEM.
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MeTtoasbl ucciaenoBanus. [[puMeHsIIUCh METO SKCIEPUMEHTAIILHOTO aHa-
Ju3a, BKIIIOYAIONIMKA B ce0sl CTEHIOBbIE UCTIBITAHUS HA OJHOIMJIMHAPOBOW HCCIIe-
noBarenbckoit yctaHoBke YUT-85 u nuratene BA3-2111, meroasl ammnupude-
CKOTO aHaJn3a U CTAaTUCTUIECKass 00pabOTKa JaHHBIX.

JloCTOBEPHOCTb TOJYYEHHBIX PE3YJIbTATOB HCCIEAOBAHMS OO0YyCIOBICHA
OOJBIINM 00BEMOM IKCIIEPUMEHTOB, MPUMEHEHHEM METOJI0B CTaTUCTUYECKON 00-
pabOTKU JJAHHBIX.

Hayunasi HOBU3HA UCCJIeI0BAHUS

OnpeneneHo BAUSHUE (U3UKO-XUMHYECKUX CBOMCTB YIJI€BOAOPOIOBO3-
JYIITHOW TOTJIMBHOW CMECH Ha YCJIOBUS MOBBIIMICHUS YKOJIOTUYHOCTH pabOTHI JIBU-
ratelis 1o NpoayKTaM HEMOJHOTO CTOpaHUs.

IIpakTHYyeckasi 3HAYMMOCTH PA0OThI:

Pe3ynpTaThl mccnenoBaHuil 0COOCHHOCTEH BIMSHHUS J100aBOK BOJIOPOJAa B
OCH30BO3/IYIIHYIO0 CMECh Ha TOKCUYHOCTh OTPa0OTaBIIMX Ta30B MO MPOIYKTaM He-
MOJTHOTO CTOpaHUs.

Ha 3ammTy BHIHOCATCH:

1. DkcnepuMeHTanbHbIE JaHHBIE, IO BIUSHUIO 100AaBKH BOJOPOJa HA TOKCHY-
HOCTh OTPabOTaBIIMX ra30B MO MPOYKTaM HEMOJTHOTO CTOPAHUS.

2. 3aKOHOMEPHOCTH U3MEHEHHUH yCIOBUIN CrOpaHus yTriIeBOJOPOIHOTO TOTUIMBA
o0ecrieunBarIIMe CHIYKEHNE TOKCUYHOCTHU IO MPOJYKTaM HEMOJHOTO Cro-
paHusl.

Anpobauusi padoTbl. OCHOBHBIE MMOJIOKEHUS TUCCEPTALIMU JTOKIIAIBIBATUCH
U 00CYXXJIAJIMUCh HA HAYyYHO-TEXHUYECKUX CEeMHUHapax Kadeapbl « IHEPreTUUECKUe
MAaIlTMHBI U CUCTEMBI yripaBieHus» TI'Y, a Takxe Ha koHepeniuu, B 2016-17 r.

IMyoaukanuu. [To Teme auccepranuu onyOIMKOBaHO 3 MEYATHBIX PAOOTHI.

CTpykTypa U 00beM JUCCEPTAIUU.

Juccepraiiyl COCTOUT U3 BBEICHUS, YETBIPEX IJIaB, OCHOBHBIX PE3YyJIbTATOB
W BBIBOJIOB, CIKMCKA JUTEpaTypbl u3 3/ HauMeHoBaHUU. PaboTa m3noxena Ha 91
CTpaHMIIAX MAIIMHOMMUCHOTO TeKcTa, 0 MPHIOKEHUSIMHU, WITIOCTPUPOBAHHOTO 2

Tabaunel u 27 pucyHkaMu, o01uil o0beM coctapisieT 91 cTpaHuUIIbl.



I''TABA 1 Kputnueckuii 0030p M3BECTHBIX UCTOYHUKOB MO IMPO-

OJeMe CHIDKEHUSI TOKCUYHOCTH 110 NpoAYyKTaM HCIIOJIHOI'O CIrOpaHus

1.1 Mexanu3m oOpa30BaHMsI MPOTYKTOB HETIOJIHOTO CTOPAHMSI B TIOPIIIHEBHIX

JABC ¢ HCKpOBBIM 3aKUTAaHUEM

Cropanune B JIBC ¢ UCKPOBBIM 3aKUTAaHHEM XapaKTepU3yeTcs HEpaBHOBEC-
HBIM COCTaBOM TOPIOYETO U OKUCIUTENS. Tak 10 COOTHOIIEHUIO TOPIOYETO U OKHUC-
JUTEISI IPUHATO Pa3AesiATh Ha TPH OCHOBHBIE TPYIIIBI COCTABOB CMECH:

—  Ilepmas rpynma sto Ooraras cMech, OHa XapaKTEpPU3YETCS HEIOCTAaTKOM
KHCJIOpOJa B CMECH, CIE0BATEIbHO MPOIYKThl HenmoysiHoro cropanust CO
(oxcup yrimepoaa wim yrapaseiid ra3) u Co,Hy, (HecropesIiue yrieBoaopoIsl)
o0Opa3yroTcs B 00JIbIIIEM KOJIMYECTBE B CBSI3M C HEXBATKOW KUCIOPOMAA IS
MOJTHOTO OKMCJICHHUSI TOILJIMBA, NIPU ATOM 4YeM Oojiee Oorarasi cMech TeM
OoJpIIIe B HEM MPOAYKTOB HE MOJTHOTO TOPEHHUS.

—  Bropas rpynna 3To crexmomMeTpuyeckas CMeCh, B 3TOW TPYIIe COCTaBOB
CMECH XapaKTEPHO, UYTO 00Iee KOJUICCTBO OKUCIUTENS B IUIMHAPE ABU-
raTens (BO3ayXa) PaBHO TCOPETHUECCKH HEOOXOIUMOMY KOJIMYECTBY JIJIs
MOJIHOTO CTOpaHus TOTUIMBA, B TAKOM COCTaBE CMECU MPOAYKTHI HEMOJIHOTO
cropanusi CO u C Hy, 00pa3yroTcst B 30HaX HEPaBHOMEPHOTO pacmpeesie-
HUS KACTIOpOJa U TOTUIMBA B KaMepe CrOpaHus M B 30HAX TaIllCHUS IiaMe-
HU, WJIA TaM TJIE MPOIIECC CTOPAHMSI 110 PA3TMYHBIM ITPUYUHAM 3aTPYIHEH.

—  Tpetws rpymma 310 O6emHas CMeCh, KOTOpas XapakTEepPU3yeTcs M30BITKOM
CBOOOJTHOTO KHCJIOPO/a, KaK BO (PPOHTE MIIAMEHH TaK U B MPOIYKTaX Cro-
paHusi, COOTBETCTBEHHO NPOAYKTHI HenoiaHoro cropanust CO u C Hy, o6pa-
3YIOTCSI B MEHBIIIEM KOJUYECTBE, TaK KaK B 00BEME MPOUCXOJUT TOJIHOE
cropanue, a Beixox CO u C,Hy, onpenensercs yclaoBUSMU ralieHus IJja-
MEHU B OJIU3U CTEHOK KaMepbl CTOpaHMsI WM MPU CHUKEHUH CKOPOCTU
CrOpaHus 0 CKOPOCTH ITYJbCAIMOHHOW COCTABIAIOLICH, NPUBOIAIICH K

HCIIOJIHOMY CropaHHiO BO (ppOHTC IJIaMC€HH, 3TO SBJICHHUC BO3MOXXHO IIpHU
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cocTtaBax cMecH ¢ KO3 UIIMEHTOM HU30bITKA BO3AyXa 3HAYUTEITHLHO OOJIh-
1€ CTEXUOMETPUYECKOI0, TJI€ UMEET MECTO HEMOJHOTA XMMHUYECKON peak-
[IUM CBSI3aHHAs C YMEHbBIICHWE MHTEHCUBHOCTHU IpOLIECCa CrOpaHUs U He-
MOJIHBIM CTOPAHUEM BO (PPOHTE IJIAMEHH, T.K. IPH TYpOYJIEHTHOM rOpEHUHU
Mo TBC moryT nmpoxoauTb CKBO3b ()POHT IJIAMEHU HE Cropas HOJHO-
CTbIO, BCJEJICTBHE YEro HAOJIOJNAIOTCA 3HAUUTENbHBIE POCT BBIOPOCOB

CrhHp.
PaccMotpum Oosiee moapoOHO MexaHU3Mbl OOpa30BaHMsI HECTOPEBIIMX YT-
JIEBOIOPOJIOB, KAK OCHOBHOTO TOKCHUYHOTO KOMIIOHEHTA U3 MPOIYKTOB HEMOJIHOIO
cropanusi. Tak Ha pucyHke 1.1 mpezacraBieHa cxema pacupeneiaeHus: 30H 00pa3o-

Banus CH B kamepe cropanus nopurHeBoro JIBC ¢ UICKpOBBIM 3aKUTaHUEM.

lop e Hb

CTeHxag
I ValZ=Nii=1e

<omMmpec—

CUNOHHO®e
<KO/1bLLO

Pucynok 1.1 - Cxema pacnpenenenus 308 oOpazoBanus CH B kamepe cropanus

nopiHeBoro [IBC ¢ uCKpOBBIM 3aKUTaHUEM

Kax mbl BUuM 13 pucyHka 1.1 cymiecTByeT Tpu OCHOBHBIX MEXaHU3Ma 00-

pazoBanusa CH B mporecc cropanusi:



— IlepBbIif U3 HUX 3TO MEXaHU3M 00pa30BaHUsI OOBEMHBIX HECTOPEBIINX YT-
JICBOJIOPOAOB. DTOT MEXAaHMU3M SIBIISECTCS OCHOBHBIM IPH CrOpaHHH Oora-
ThIX, 3a0aJUIACTUPOBAHHBIX U MEepeoOeTHEHHBIX cMeceld. B aTom mexaHu3-
M€ HECTOPEBIINE YTIIEBOJOPOIbI 00pa3yloTcs B 00beMe BO (HpOHTE IIame-
HU BCJICAICTBHE HETIOJIHOIO OKHCIEHUS B MPOIECCE CTOpaHus, pu OoraTon
CMECH 3TO BO3MOXKHO, TaK KaK HE XBaTaeT KUCIOpOa Il TOJIHOTO Cropa-
HUS, B IEPEOOCTHEHHBIX CMECSX 3TO BO3MOXKHO IIPU HETMOJHOM CTOPaHUU
BCJIE/ICTBUE HU3KOM CKOPOCTH JIAMUHAPHOI'O TOPEHUs, & B CTEXUOMETpUYE-
CKHX CMECSIX 3TO BO3MOKHO IPU CHJIBHOM 3a0aylaCTUpOBAHHOCTU TOpIO-
4yeil cMecH MPOIYyKTaMU CTOPaHMs OT MPOIJIOro HUKIA C Pa3IMYHON peak-
[IMOHHOM CIIOCOOHOCTEIO.

— Brtopoii mo 3HAYMMOCTH SBISIETCS MEXaHU3M O0pa30BaHUSI HECTOPEBIINX
YTJIEBOAOPOJOB U3 3aMOPOKEHHBIX MJIM KaK MX €IIE Ha3bIBAIOT MPHUCTE-
HOYHBIX CJIO€B. DTOT MEXAHU3M BO3MOXEH BCJIEJICTBUE TOTO, YTO TEMIIEpa-
Typa CTEHOK Kamepsl cropanus Bcerga Huwxke 400 - 500 rpamycos no Llens-
CHIO, T.K. TEMIIepaTypa pyOaIiku oXJIaxaeHus: peako npesbiaet 120 rpa-
nycoB llenbcusi, Torma Kak COIJIaCHO ULEHNOYHO-TEIJIOBOMY MEXaHU3MY
pacnpocTpaHeHusl IpoLecca CropaHus 1Mo rOMOT€HHOM CMECH, MUHUMAJIb-
Has TemIepaTtypa Ui NpOoJI0JKEHUS U aKTUBALIUU CIEAYIOUIEeH ey OKKC-
neHust 1oJkHa ObITh He HKe 700 - 800 rpamycoB Llenbcus, ciepoBaTeib-
HO Yy CTEHKM KaMephbl CrOpaHMsl MPOUCXOJUT 3HAYUTENIbHOE OXJIAXICHUE
MPUCTEHOYHOTO CJIOS TOIJIMBHO-BO3IYIIIHOM CMECH, 3a CUET TEIJIO0TBOIA B
CTCHKY, YTO MPUBOAUT K OOPHIBY PEaKIMU OKHUCICHHUS BOJTU3U CTCHKH, a
OCTaBILIHUECS B MPUCTEHOYHOM 001aCTH MPOIYKTHI HEMOJIHOTO CTOPAaHUs U B
YaCTHOCTH HECTOPEBIIIME YTIEBOJAOPOABI HA TAKTE PACIIUPEHHUS W BBITYCKa
TG GYyHIUPYIOT B 00BEM U BBIXOAST B Ka4ECTBE TOKCHYHBIX KOMIIOHEHTOB
C MPOAYKTAaMU CTOPAHHUA B BBIXJIOIHYIO CUCTEMY.

— Tperbum MexaHuU3MOM 00pa30BaHMS HECTOPEBIIMX YTIEBOAOPOJOB SIBIIS-
10TCS 00bEMBI TallleHUs] WM 3a30pbl. DTO MEXaHU3M OIMUCHIBAIOIIUN YCII0-

BHJ I'alICHUA IIJIAMCHH B 3a30pax U IICIIX T COMCTpI/I‘-IeCKI/Iﬁ pasMep KOTO-



PBIX HE MO3BOJISIET PACHPOCTPAHATCS TUIAMEHU B HUX H3-3a OOJBIION Terl-
JOOTAA4YM B CTEHKU. TakMMH OOBEKTaMH B KaMEpe CrOpaHusl SBIIIOTCS BbI-
TECHUTENU, €CIIM B MOMEHT JIOCTHKEHHUS WX (PPOHTOM IUIAMEHHU 3a30p
MEXy BBITECHUTEIEM U TOJOBKOM LIWJIMHJpA HE MPEBBIIIAET 5 MM, a TaK-
’Ke >KapOBBIH MOSC, T.€. PACCTOSHUE OT JHHUIIA MOPIIHA /10 IEPBOrO KOM-
IPECCUOHHOTO KoJibla. Ce10BaTebHO OCTABIINECS B ATUX 30HAX YTIJIEBO-
JOPOJIbI BBIXOAAT C OTPabOTaBIIMMHU T'a3aMH, KaK 3TO IMOKa3aHO BO BTOPOM
MEXaHU3ME.

O060061IeHre BBIIIE CKa3aHHOTO MPOWJUTIOCTPUPOBAHO HA pUCYHKE 1.2, T1e
IIPEICTABIICHA CXEMa PACIPEAEIICHUS TOKCUYHBIX KOMIIOHEHTOB B 3aBUCHUMOCTHU OT
COCTaBa CMECH JJISl ABUTATEIISl C UCKPOBBIM 3aKUTaHUEM.

N3 pucynka 1.1 BUIHO, 4TO KOHIEHTpALKs HECTOPEBIINX YIJIIEBOAOPOIOB B
0TpabOTaBIIMX ra3aXx CHUKAETCS BIIOThH JI0 COCTaBa CMeCU ¢ KO3 (PUITMEHTOM U3-
ObITKa Bo3ayxa paBHbIM 1,1 - 1,2, u mocne 1,25 - 1,3 HaunHACT yBEIUYHUBATHCA.
Pa3zbepeM 3Ty 3akoHOMEpHOCTh U3MeHeHus KoHueHTpauun CH nonpoOuee. B 30He
OoraTeix cMmeceit (koaddurment n3opiTka Bo3ayxa ot 0,5 mo 0,98) cHmkeHne KOH-
uentpaiun CH npu yBenuyeHun kosdduiieHTa u30bITKa BO3AYyXa MPOUCXOJUT
BCJIEICTBUE 0OJiee MOJTHOI0 CropaHus TOIUIMBA IO MEPBOMY MEXaHHM3MY, a TaKxkKe
CHW)KEHUSI KOHIIEHTPALlMK YIJIEBOAOPOIOB B MPHUCTEHOYHOW 30HE M 30HAX ramie-
HusA. CHI)KEHHE KOHUEHTPALMK HECTOPEBIIMX YIJIEBOJOPOAOB B 30HE OT CTEXHO-
METpUYECKOW 10 mipenena 3(H(PEeKTUBHOTO OOCTHEHHS] CMECH, OOYCIIaBIMBACTCS
CHU)KEHMEM KOHIIEHTPAILlMU YIJIEBOJOPOAOB B MPUCTEHOYHOM 00JACTH M B 30HAX
raiieHusl, a TaKK€ YaCTHUYHBIM JI0 OKUCIEHUEM IUPPYHIUPYIOUIUX YTIEBOAOPO-
JIOB B MPOIIECCE PACIIMPEHUS U BBITyCKa FOPSYMMHU T'a3aMH IPU HAJIUYUHU CBOOO/I-
HOTO Kuciopoja. [loBblieHre KOHIEHTpAIM HECTOPEBIINX YTIEBOAOPOIOB MPHU
nepeoOeTHEHUU CMECH TOBOPUT HaM O MOSIBJICHUH OOBEMHBIX YITIEBOAOPOIOB U3-
32 HU3KUX CKOPOCTEW TOpEeHUs, KOTOPbIe BO3HUKAIOT BCJIEICTBHE HU3KOM TEIIO-
TBOPHON CIOCOOHOCTH O€JHOW TOIUIMBHO-BO3AYLUIHOW CMECH, a CIEOBATEIbHO U

HU3KUX TEMIEPATYP CTOPAHHUS.



KOHUEHMPAUUSA MOKCUYHbIX
KOMNaHeHmoh

Pucynok 1.2 - Cxema pacnpezenieHusi TOKCHYHBIX KOMIIOHEHTOB B 3aBUCUMOCTH

OT COCTaBa CMCCH I ABHUIaTCIIA C HCKPOBBIM 3a’KUI'aHUCM

MexaHnu3m 00pa3oBaHMsI YTapHOTO I'a3a HECKOJIBKO CX0X C MEXaHU3MOM 00-
pa3oBaHUs HECTOPEBIIUX YIIIEBOJOPOIOB, TaK KaKk 00a OHM OCHOBAHbI HA YCJIOBH-
X HernoysHoro cropanus tormiuba. Toasko CO He 00pa3yroTcsi B oObeMax raiie-
HUS, @ 00pa3yloTCs TOJIBKO B 30HaX OOpbIBa IEMEi TOpEeHus BCIEACTBUE HEIOCTAT-
Ka Kucjaopoza (30Ha 0oraThIx cMecei) U BCJIEACTBUE yracaHus IJIaMEHU y CTCHKHU
WIMHIPA, STOT MEXaHU3M TJIaBHBIA B 30HE OCIHBIX M CTEXHOMETPUYCCKUX CMeE-
ceil, 4YTO MPOMLIIOCTPUPOBAHO Ha PUCYHKe 1,2, rie coaep:kaHHe yrapHoro rasa
aKTUBHO YOBIBAET C yBeIMYECHHEM KO3 duimeHTa n30bITKa BO3IyXa 0 30HbI CTe-
XMOMETPUUECKOI0 COCTaBa, a 3aTeM IpHU JajbHEWIleM OO0eIHEHUU YMEHBIIAETCs
JIMILb HE3HAYUTENBHO, U 3TO CBSI3aHO C YMEHBIICHWEM KOHIEHTpAILMU TOILJIMBA B

MUJINHAPEC, CIACA0BATCIIBHO U B OTpa6OTaBHII/IX razax sTa TCHACHLIUS COXPaHsACTCH.



B coBpemeHnHbIX ABUTrareneil ¢ HelTpamuzaTop OTpabOTaBIIMX ra3oB, T
MOJIICPKUBACTCSI COCTaB CMECH BOJU3U CO CTEXHMOMETPHUUECKUM KOHIICHTpAIUs
IIPOJYKTOB HETIOJHOTO CTOPAHMS 3aBUCUT OT APYIOro IOKa3aTelsd XapaKTEpHU3yIO-
IIETO TaK)Xe COCTaB cMecH. Tak B paboTax MHOTOYMCICHHBIX aBTOPOB MOKa3aHO,
YTO MMOMHUMO BJIUSHUSA KO3(PPUIMEHTa U30bITKA BO3/lyXa Ha KOHLEHTPALUIO MPO-
JTYKTOB HEMOJIHOTO CrOpaHusl B OTpaOOTaBIIMX ra3ax, TAKKE HAa HEE€ 3HAUUTEIBHO
OKa3bIBAET BIIMSAHHE U CTENEHb Pa30aBICHHOCTH FOPOYE CMECH OCTaTOYHBIMU I'a-
3aMM, IIPYU TOM YTO XMMHUYECKUI COCTAB UX MOXKET 3HAUYNUTEIBbHO BapbUPOBATHCS OT
WHEPTHBIX YIJIEKUCIBIA Ta3, BOJAA, a30T U OCTATKU KUCJIOPOJa, A0 aKTHUBHBIX IPO-
JYKTOB HEMOJHOTO OKHUCJIEHHMSI, COCTOSIIIMX U3 PAJMKAIOB , PA3JIMYHBIX THAPOK-
CWIBHBIX T'PYIIl M IPOJYKTOB HEIIOJIHOTO CTOPAaHMUS PAa3jIM4HOM CTEIEHU 3aBep-
meHHocTH. [Ipy 3TOM paznuyaroT TakKe TPU OCHOBHBIX 30HBI B 3aBUCUMOCTH OT
KOJIMYECTBA U KAYECTBA OCTATOYHBIX T'a30B:

— IlepBas 30Ha 3TO MOIIHOCTHBIE pEXUMBI PaOOTHI ABUrareis. B 3Toil 30He
OCTATOYHBIX TA30B MUHUMAJIbLHOE KOJMYECTBO U OHU HE OKAa3bIBAIOT CYIIle-
CTBEHHOTO BJIMSIHMSI Ha MIPOLECC CropaHus U 00pa30BaHUE TOKCHYHBIX
KOMITOHEHTOB.

— Bropas 30Ha 3TO pPeXUM CpEeIHUX HAarpy3oK, B HEl KOJIMYECTBO OCTATOY-
HBIX T'a30B YBEJIMYMBACTCS M HA HWKHHUX 3HAYEHUAX MOXKET JOCTUIaTh
50%, HO cocTaB MX B OOJbIIEH CTENEHW MHEPTHBIM M Majlo y4yacTBYET B
IIPOLIECCE CrOpaHus, pa3Be YTO CHUKAET S3HEPrOEMKOCTh CMECH M CJIEI0BA-
TEIBHO TEMIIEPATYpPy U CKOPOCTh PACIPOCTPAHEHHUS INIAMEHHU, TEM CaMbIM
oOecrieunBasl yCJIOBHS JJIi HE3HAYUTEIBHOTO pOCTa HECTOPEBIIUX YTIIEBO-
JIOPOJIOB B OCHOBHOM 32 CYET MPUCTEHOYHBIX 3aMOPOKEHHBIX CIOEB.

— Tperba 30Ha 3TO PEKUM HU3ZKUX HArpy30K M XOJIOCTOTO XOJa KOTOPBIA
OPUHATO HA3bIBATh PEKUMAMH ITYOOKOTO JIPOCCEIUPOBAHUS, KOTOPBIE Xa-
PAKTEpU3YIOTCSI 3HAYUTENbHBIM COAECPKAHUEM OCTAaTOYHBIX I'a30B BIUIOTh
1o 3HadueHui 100 - 150% ot maccel cBexent cmecu. [Ipu 3ToM Kak mokasza-
HO Ha pucyHke 1.3 paboune IUKIBI UMEIOT 3HAUYUTEIbHYIO HEpPAaBHOMEP-

HOCTb M COCTaB OCTATOYHBLIX I'a30B MOXKET OBITh HHCPTHBIM B OOoJbIICH
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CBOEU YaCcTH €ClM MPOUUIO MOJIHOE cropaHus (LUK |), uMeTh HEKOTOpoe
KOJIMYECTBO HETIOJIHBIX MPOAYKTOB cropanust (ki 1) umu ObITh XumMmde-
CKM aKTUBHBIMH 32 CUET YACTUYHOTO TEPMHUECKOTO PA3IOKEHUS B IIUKJIE C
nporryckoM cropanus (ki 11). CiemoBaTellbHO Ha JJAHHOM pexuMe pado-
Thl JBUTATENsl JaKe MPU COCTABE CMECH CTEXHOMETPHUYECKOM BO3MOXKHA
NOBBIIIEHHAs TOKCHUYHOCThH IO MPOJIYKTaM HEIMOJHOIO0 CTOpaHHs B CIE-
CTBUU C BBICOKOH HEPaBHOMEPHOCTHIO MPOTEKaHUS IPOIecca CTOPaHUS

IIpu CHJIBHO MCHAIOMICMCS COCTAaBC CMCCH.

[

1 {
| \Jb Y
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t

Pucynoxk 1.3 - 3anuck u3MeHeHus! AaBjeHUs B LWIMHAPE IBUTATEIIS pU paboTe Ha

—

oensune ¢ o = 0,99

PaccmarpuBast moapoOHO mpoOIeMbl TOKCHYHOCTH Ha PEXHMaxX TITyOOKOTO
JIPOCCETUPOBAHMS IPUBEAEM PUCYHOK 1.4 rae, OTMETHM 4YTO Ha JAHHOM PEKHUME
UMEIOTCSI 3HaYUTENbHbIE (PIIYKTyallMu IMpoliecca CrOPaHusi KOTOPHIE BBIPAKAIOTCS
B 3HAUUTEIBHOM pa3z0poce XapaKTePUCTHK TOMKUYHOCTH IO MPOIYKTaM HITOJIHOTO
cropanus. Tak Ha pucyHke 1.4 mpuBenEHbl TOKCHUECKHUE XapaKTEPUCTUKU Ha pe-
KUMax MPUHYAUTEIBHOIO X0JI0CTOro XoAa Tpex Asurarened BA3. 3amTpuxoBas-

HBIE 00JIaCTH - 30HBI, OIIPEACIISIONINE pa3opoc coep kaHusi KOMIIOHEHTOB OTpado-
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TaBIIMX ra30B B 3aBUCUMOCTH OT 4acTOThI Bpaienus. 3apucumoctu CO, u O, xa-

PaKTEPU3YIOT IIOJIHOTY CTOPAHUS CMECH.
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Pucynox 1.4 - Tokcudeckue xapakrepucTuku npurarencii BA3 Ha pexxumax npu-

HyAUTCIBHOI'O XOJIOCTOTO X044

1.2 MeTonpl CHMKEHUS KOHIICHTPAIIMU IMPOIYKTOB HEIOJIHOTO CTOpaHus B

ycnoBusix JIBC ¢ MCKpOBBIM 3aKUTaHUEM

JIns CHY>KEHUSI KOHUEHTPAUUH TPOIYKTOB HEMOJIHOTO CTOPaHUsl CYIIECTBYIOT
HECKOJIBKO IPUHUMUITHAIBHO PA3JINYAOIINXCS TOJAXOA0B.

[TepBbiit mogxo 3T0 U3MeHeHue KoHcTpykuuu JIBC, a uMeHHO M3MEHEHUE
YCIIOBUM BITyCKa, (POPMBI KaMephbl CropaHus. T.€. YCIOBUN oOecrieunBaromux 00-
Jgee OBICTpOE CropaHue MpH OONBIINX TEMIEpaTypax, 4To 00eCIeYrBacT CHUXKE-
HUE€ MPUCTEHOYHOIO CJIosA. TakkKe K 3TOW IPYIIe MEPONPUATUNA OTHOCUTCS YIIyd-
HIEHHE cMeceoOpa3oBaHus U OOEJHEHHE CMECH, T.e. 00Jiee TOUHOE TO3UPOBAHUE
NO/IaYM TOIUIMBA (pacCHpENesIeHHbI WIM HENOCPEACTBEHHBIM BIPBICK TOILJIMBA)
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IIPU YJIYYIIEHUN Ta30JMHAMUYECKHX IPOLECCOB BO BIIyCKHOM DPECUBEpE, U €IlE
Jerkre ObICTPONPOrpeBacMble BITyCKHBIEC KJIAllaHbl, YMEHBIIICHHUE KapOBOTO MOsICa,
NOBBIIIEHHE TOMOT€HHOCTU CMECH, MOBBIIIEHUE pabouell TemIepaTypbl CHCTEMBI
OXJIQXKICHHUS.

Bropoii moaxox 3T0 yiaydlIeHUE YCIOBUM BOCIUIAMEHEHMS TOIUIMBA, 4 UMEH-
HO 32 CYeT yayulieHHs 3 (HEKTUBHOCTU UCKPOBOTO pa3psiaa, KOTOPbIE 3aBUCAT OT
XapaKTEPUCTHUK CBEYM 3aKUT'aHUS U 3aKOHA U3MEHEHUS I101aBaEMOT0 HANPSKEHUS
Ha CBEYy 3a)KUTaHUs; 3a CUET MPUMEHEHUs (opKaMepHO-()aKeIbHOTO 3a)KUTAHUS
WM PACCIOCHUS CMECU B KAMEPE CrOPaHUs B OCHOBHOM 3a CUET HENOCPEICTBCH-
HOT'O BIPBICKA TOTUIMBA U T.J.

Tpetui moaxox CBsA3aH C MPUMEHEHUEM CIIEIUATIbHBIX IPUCAZO0K K TOIUIUBY
MTO3BOJIAIOIIMX U3MEHUTH YCIIOBHS CTOPAHUS M BOCILUIAMEHEHUS, YTO CHUKAET TOK-
CUYHOCTb 110 IPOAYKTaM HEIOJIHOTO CTOpaHusl, K TAKUM OTHOCATCS, 100aBKY BOJIbI
WIA BOJOTOIUIMBHBIX 3MYJIbCUN, PELMPKYISILHIO OTpabOTaBUIMX ra3oB, J100aBKa
CHelUalbHbIX CTAOMJIM3aTOPOB TOPEHHUs TMOBBIIIAIONIMX OKTAHOBOE YHUCIO M JI0-
0aBKa 3aKHCH a30Ta WM BOJIOPO/A, YTO MOBBIIIAET CKOPOCTh CTOPAHUs U CJIeI0Ba-
TEJIbHO TOJHOTY CTOPaHUs, YTO OTPAXaeTCs HA CHWIKEHWM KOHILICHTPAIUU IpOo-
JYKTOB HEIMOJIHOTO CTOpaHus B OTpaOOTABILKX razax.

YeTBepThii MOAXO0 CBA3aH C IIEPEXOAOM Ha JAPYIrue BUIBI TOIUIMBA, OTO CHKU-
YKEHHBII He()TAHOM ra3, cKaThlil NPUPOAHBINA ra3, Boaopoa u T.1. Kak mpasuro ra-
3000pa3HbIe TOIUIMBA JIy4Ile MEPEMEIINBAIOTCI C BO3AYXOM U 0oJjee MOJHO Cro-
parT B HUWIMHAPE ABUTATENS, YTO CHUYKAET TOKCUYHOCTD 10 MPOLYKTaM HEMOJIHO-
IO CrOpaHusl.

[1aThIi OIXO/ CBSI3aH C MOBBIIIEHUEM KadecTBa OUUCTKU OTPabOTaBIIMX ra-
30B, & UMEHHO NMPUMEHEHHEM 00Jiee COBEPIICHHBIX KAaTATUTHUYECKUX HEUTpaIu3a-
TOPOB, TOKUraTeNed U IPyruM CiocoO0B OUMCTKU OTpaboTaBIIMX ra3oB. B HacTo-
s1iee Bpemsl CyIIeCTBYeT JBa TUIIA OYMCTKU oTpadoTraBmux razoB B JIBC c uckpo-
BBIM 3Q)KUTAHUEM, & UMEHHO, JUIS PACIpPENEICHHOrO BIIPBICKA TOILIMB a 3TO NpH-
MEHEHHE TPEXKOMIIOHEHTHOI'O KaTaJIUTUYECKOTO HEMTPAIM3aTOpa JOKUTAOLIETO

CH u CO u BocCTaHABIMBAIOIIETO OKCHIBI a30Ta, HO I €ro 3¢ deKTuBHOM pado-
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Thl TpeOyeTcsl MOAJEp:KaHUE COCTaBa CMECH OJIM3KOTO K CTEXHOMETPHUUYECKOMY.
BTtopoit cnoco0 OYHCTKH 3TO AOXKHUTATedb MPOIYKTOB HEMOJHOTO CrOpaHHs MpH
HAKOIUIEHUH U MOCJIEAYIOUIEM BOCCTAHOBICHUH OKCHJIOB a30Ta, OH MPUMEHSETCS B
JIBC ¢ HEnocpeACTBEHHBIM BIPBHICKOM JIETKOTO TOIUIMBA B LIMJIMHIP JIBUTATENS.

W mecToil nocneaHui NOAX0 CBSA3aH ¢ IPUMEHEHUEM CIIELIUAIbHBIX PETYJIN-
POBOK BIUSIOIIUX Ha pab04Mil YMKII, K HUIM MOKHO OTHECTU OTKJIFOUEHHUE LIUINH-
JIPOB, W3MEHEHUE YacTOThl BPAILIECHHS KOJIEHYATOrO Baja 3a CYET MPUMEHEHUs
OoJbllIel BapUaTUBHOCTH NEPENATOYHBIMU OTHOLIEHUSIMU KOpPOOKM Iepenad, u3-
MEHEHUEM YIJia ONEPEKECHUS 3a)KUTAHUSI U BPEMEHU NEPEKPbITUS KJIANaHOB, T.€.
npuMeHeHueM peryisropa ¢pasz ['PM u T.x1.

[IpencraBieHHbIE METO/IBI TO3BOJISIOT U3MEHUTD (PU3UKO-XUMHUUECKHI cOCTaB
TOIUIMBHO-BO3AYIIIHOM CMECH, YCJIOBHUSI BOCIIAMEHEHHUSI U TOPEHHUS, YTO MOJIOKH-
TEJIbHO CKa3bIBAETCS HA CHIXKEHUU TOKCUYHOCTH OTPaOOTaBILMX ra30B MO MPOAYK-

TaM HCIIOJIHOT'O CTOPAaHu:A.

1.3 [Ipumenenue 106aBKU BOJOPOAA Il CHUYKEHUS KOHIICHTPAIUU MPOAYK-

TOB HEMOJIHOTO CropaHus B oTpadoTaBimx razax J[BC ¢ HCKpOBBIM 3aKUTaHUEM

Bopopon ato monekyna H,, koTopas siBisieTcs caMOil SJHEPrOeMKON U XUMHU-
YECKU aKTUBHOM TMPHU OKUCJICHUH YTIEBOJOPOIHBIX TOIUIMB M3 CTAOUIBHBIX Ta3o-
oOpa3HbIX U *uAKUX ToruB. Ha pucynke 1.4 mokazaHo, 4yTOo y BOJOpOJa HOpP-
MallbHasi CKOPOCTb CropaHusi B 3-4 pa3a BbIIIE YEM Y OCTAIbHBIX YIIIEBOJAOPOAHBIX
TOIUIMB, & 3TO 3HAYMT, YTO BOJOPOJ HAXOISACh B CMECH C JIPYTUM YIJIEBOIOPOPOA-
HbIM TOIUITMBOM SBJISIETCSI JIpailBEpOM Ipoliecca TOPEHUsT M Pa3rOHSIET MPOIeCcC
CropaHusi, Kak 3TO MOKa3aHO Ha pUCyHKe 1.5, rme BumHO, uTo HobaBka 3% BOJIO-
poaa yBenuuuBaeT cKOpocTh cropanus Ha 20 - 40% B 3aBUCMMOCTH OT COCTaBa
cmecu. Takke yBeJIMYEHHE HOPMAJbHOM CKOPOCTM pacmpocTpaHeHusi (ppoHTa
IJIAMEHU TIO3BOJISIET HE JOIMYCTUTh MPOPBIB CKBO3b (DPOHT IIaMeHHW TypOyJIeHT-

HBIX MOJIEW MpU OOEAHEHHH CMECH, YTO CYIIECTBEHHO pacIIUpsieT Mpeneisl 3¢-
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(beKTUBHOTO OOETHEHUSI CMECH W TIO3BOJISIET TOBOPUTH O BO3MOXKHOCTSX Kade-
CTBEHHOTO peryaupoBaHus MoOITHOCTH B OeH3mHOBHIX JIBC, u obecnieueHnn npu

9TOM HHU3KOTOKCHUYHOI'O pa60qer0 OHUKJIA.
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Pucynox 1.4 — JlaMmuHapHasi CKOPOCTh CTOpaHUsI TOTTMBOBO3/YIIIHBIX CMECEH

pPa3iIndHOro CocraBa
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Pucynok 1.5 — Cpennsisi CKOpOCTh pacpocTpaHeHust GppoHTa MIIaMEHN B OCHOBHOM
daze cropanus npu 1006aBKe BOJOPOja B OEH30BO3yIIHYIO cMech B YU T-85,

n=600 06/muH, YO3=16, £=5,9.
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[ToMuMO MOBBILIEHUSI CKOPOCTU TOpEHUs BOAOpoX (pucyHok 1.6) 3Haum-
TEJIbHO CHIKACT TOJIIIMHY 30HBI TallleHUs] B MPUCTEHOYHOM obnactu, B 3 - 4 pasa,
YTO CYIIECTBEHHO CKa3bIBACTCSI HA CHM)KEHHE TOKCUYHOCTU O HECTOPEBIIUM YT-
JIEBOAOPOJIaM M YrapHOMY Ta3y MO MEXaHH3MY 3aMOPOXKEHHBIX CIIOEB, a TaKkKe
MO3BOJISIET YMEHBIIUTH 0 3 MM MUHUMAJIbHYIO TOJIIIMHY 3aKaToro oobema B 30-
HaxX BBITECHUTENICH, 4TO TO3BOJISIET Oojee A((PEKTUBHO HX HUCIOJIB3OBATH JUIS
YCKOPEHHS MPOLEcca CrOpaHusl.

Taxxe noGaBka BOAOPO/Ja YIydIlaeT YCIOBHs BOCIUIAMEHEHUSI U 00pa3oBa-
HUS YCTOMYMBOIO oyara pacnpoCTpaHeHHsl (POHTA MJIAMEHH, 338 CYET TOTO YTO
SHEPrus aKTHBALIMK BOJOPOJA, KaK 3TO MOKa3aHO Ha pucyHke 1.7, B 20 pa3 Huxke
4YeM Yy JpYIHX yriaeBOJOPOAHBIX Ta30B U B 10 pa3 HuKe yeM y O€H3MHa, YTO OUYEHb
Ba)KHO IIPHU CTOPAHUH CHJIBHO 3a0aJUIACTUPOBAHHBIX CMECEH Ha peKuMax IiryOoKo-

'O IPOCCEIMPOBAHMUSL.
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Pucynox 1.6 — Tonmmna 30HbI TameHus MmIaMeHu ra3000pa3HbIX TOTUIUB
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Pucynox 1.7 — MunumanbHasi 3HEpTUsi BOCIUIAMEHEHUS Ta3000pa3HbIX TOTUTHB

1.4 B0o3MOXXHOCTH TOJIYYEHHS] U MPUMEHEHUS 100aBKU BOJAOpPOa B YIIEBO-
JIOPOJIHOE TOILIMBO JIJISl MOBBIMICHHUS 3()DPEKTUBHOCTH MpOIlecca CropaHus U CHU-

ke Tokcuunoctu O

B Ommxkaiimume 12 ner mammHbI, paboTaroMe Ha aJIbTEPHATHBHOM BHJIC
TOIJIMBA, BBITECHSAT C PhIHKA aBTOMOOWIIN, OCHAIIICHHBIC JIBUTATEIEM BHYTPEHHETO
CropaHusi, CUMTaeT Bulle-npe3uaeHT kKoHuepna GM Anan TayO.

[To cmoBam Tay0a, TEXHOJIOTHS BOJAOPOIHBIX TOTUIMBHBIX SYEEK 3HAYUTEIb-
HO TOJICIIEBENa 3a MOCJIeAHUE HECKoJIbko JieT. [Ipu aToMm, B pa3zpaboOTKy HOBBIX
OCH3WHOBBIX W JTHU3EIBHBIX MOTOPOB MPUXOJIUTCS BKJIAJBIBATH BCE OOJIBIINE JEHET
JUIS TOTO, YTOOBI YMEHBIIUTh BBIOPOCHL. B Omkaiiiime 12 jgeT MOXKET HaCTyluTh
MOMEHT, KOT/ia MPOU3BOJICTBO aBTOMOOUJIEH, UCIIOJIB3YIOIINX TOTUIMBHBIE SYCHKH,

CTAHCT JACHICBJIC IIPOU3BOJCTBA MAIIMHBI C TPAAUTTHUOHHBIM JIBUTATCIICM.
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Taxxe, HEOOXOIUMO OTMETUTH, YTO JOOABKH BOJOpPOAA WU BOJOPOJICO-
JIepIKaIero raza B JIBUTATeNb 0€3 M3MEHEHUS PeXHMa ero paboThl MOTYT MPHUBE-
CTH TOJIBKO K YJIYUIIICHUIO KauyeCTBa CrOPAHUSA U, KaK CJIEJACTBHUE, K YJIYUYIICHHUIO
HKOJIOTMYECKUX MoKazaTesneil. OHaKoO 4eM U LIEHEH BOJIOPOJI, TaK 3TO BO3MOKHO-
CTBIO TIEpEBOJIa ABUTATENIS B 00JIee YKOHOMUYHBIE PEKUMBI: JTUOO Ha 00CTHECHHOM
cMecu ¢ KodduumreHToM u30bITKa BO3ayxa J0 1,7, Kak y Jy4IIMX JU3EITbHBIX
JIBUTaTeliei, HO 0€3 MOOOYHBIX SBICHUMN qU3esiei B BUIE OOJIBIINX BEIOPOCOB CAKU
1 NOy, 1100 B peKHUM C PEHHUPKYJISAIUEH YaCTH AIMHBIX Ia30B.

Bonoponnas sHepretuka copmMupoBaiach Kak OJJHO M3 HaIpaBJICHUN pas-
BUTHSI HAYYHO-TEXHUYECKOTO Mporpecca B cepeauHe 70-X rooB MPOIUIOro CToJie-
tus. [To Mepe Toro, kak pacmmpsuiach 00J1acTh UCCASAOBAHUM, CBA3AHHBIX C MTOIY-
YEHUEM, XpaHEHUEM, TPAHCIOPTOM M HCMOJb30BAHUEM BOJIOPOJIa, CTAHOBUJIUCH
Bce 0oJiee OYEBUIHBIMU AKOJOTHUECCKHE TTPEUMYIIIECTBA BOJOPOIHBIX TEXHOIOTUI
B Pa3JIMYHBIX 00JIACTSAX HAPOJHOTO XO3SHUCTBA. Y CIIEXH B PA3BUTHU PsiJia BOJIOPOI-
HBIX TE€XHOJIOTUH (TaKWX KaK TOIUIMBHBIC DJIEMEHTHI, TPAHCIIOPTHBIE CUCTEMBbI Ha
BOJIOPOJIC, METAIOTUAPUIHBIE U MHOTHE JPYTHUE) MPOJEMOHCTPUPOBAIIM, UYTO UC-
MOJIb30BaHUE BOJIOPOJIa MPUBOAUT K KaUECTBEHHO HOBBIM IOKa3aTesisiM B pabote
CHUCTEM HWJIM arperaTtoB. A BBINOJIHEHHBIE TEXHUKO-DKOHOMHYECKUE MCCIICIOBAHUS
MOKa3aJiu: HECMOTPS Ha TO, YTO BOJAOPO/I SIBJISIETCS BTOPUYHBIM DHEPIrOHOCUTEIIEM,
TO €CTh CTOUT JOPOXKE, YeM IIPUPOJIHBIC TOTUIMBA, €r0 MPUMEHEHUE B PsI/IC CIIyyacB
HPKOHOMHYECKHU IIesiecoobpa3Ho yxke ceiyac. [loaromy paboThl MO BOJOPOIAHOMU
HHEPIreTUKE BO MHOTUX, OCOOEHHO MPOMBIIUICHHO Pa3BUTHIX CTpaHaX OTHOCSTCS K
MPUOPUTETHBIM HAIPABIICHUSAM Pa3BUTHUSI HAYKU M TEXHUKH M HAXOMST BCE OOJb-
y10 (UHAHCOBYIO TOJIEPIKKY CO CTOPOHBI KaK TOCYJapCTBEHHBIX CTPYKTYp, TaK
M YaCTHOI'O KamuTania.

bpuranckas komnanusa [TM Power pa3paboTana KOMIIAKTHBINA U, 4YTO BayKHO,
HEZIoporoi (1Mo yBepeHUsIM (UPMBI) TOMAITHUN SJIEKTPOIU3ED ISl 3alPaBKH aB-
TOMOOUJIEH BOJOPOIOM.

[Ipexne Bcero Hamo 3aMeTUTh, YTO poeKT ITM Power Hanenen Ha uCosnb-
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30BaHMEC BOJOpOAa KaK TOIINIMBaA AJIA I[BC, 4YTO OpPraHu30BaThb IIpOoHIC N ACIHICBIIC,
4YeM IICpCBOA MallMH Ha CHUJIOBBIC YCTAHOBKH, HCIIOJB3YIOIMMUC BOJOPOAHBIC TOII-

JIUBHBIC JJICMCHTHI.

bonee Toro, kak ckazaHo B mpecc-pennse, Ha ONrxkailiie roJsl KOMIIaHUs
BUJIUT BOJOPO/I JIMIIIb B KAYE€CTBE JOMOJHUTEILHOTO TOILJIMBA, YIOOHOTO U JAelié-
BOTO pEIICHHS, KOTOPOE MOMOXKET 3HAYUTEIbHO CHU3HUTH BBIOPOCHI MAPHUKOBBIX
ra3oB U MOCIOCOOCTBYET CMATYEHUIO U3MEHEHUS KIIMMaTa.

B noiHoM cooTBETCTBUU € 3TON KOHUENIUEH OpUTaHIbl IyTEM HEOOJBIINX,
KaK OHM MHUINYT, TMEpeAeIOoK KOHBEPTUPOBAIM B JBYXTOIUIMBHBINA (BOAO-
pon/6ensun) aBromoouiis Ford Focus. [lpuuém, B oTiuyme ot HamrymeBIen 1ByX-
ToruMBHOM "cemépku" BMW, rne Bogopoa XpaHUTCsl B KPUOT€HHOM Oake B BUJIE
XKUIKOCTH, U OT ABYXTOILIMBHON Mazda RX-8, koTopas mutaercs razoo0pa3HbIM
BOJIOPOJIOM, XpaHsSIIKUMcs 1o naBieHueM B 350 atMmocdep, B 3KCHEpPUMEHTalb-
HOM Focus 0ajutoH colepUT ra3000pa3Hblii BOJAOPO IO J1aBJICHUEM BCEro 75
atmocgep. [lycTh Komu4ecTBO BOIOpOAa B MAILIMHE — HEBEJIMKO, 3aTO CHUKAIOTCS
TpeOOBaHMs K MPOYHOCTH OaJIOHA, & 3HAYUT — €ro CTOUMOCTh. JlomMalliHuii 31ek-
Tposm3€p ot I'TM Power notpebasieT ot cetn MmoutHocTh B 10 kunosatT. Ha nipen-
BApUTENBHBIX MCIBITAHUAX OJHA 3alpaBKa OT ATOrO 3JIEKTPOJIU3Epa MO3BOJIMAIIA
ONBITHOMY aBTO NpoexaTh 40 KHJIOMETPOB HA OJHOM BOAOPOAE, MOCIE YETO JBH-
ratelb nepemen Ha o0puHOe, OeH3MHOBOE TUTaHue. M aBToMoOUIIb, U MiepBbIe 00-
pasibl SIEKTPOIN3EPOB KOMITaHUS HaMepeHa O(UILIMaIbHO MPEACTaBUTh MyOJIUKe
o3xe, B 3ToM roay. O mare MaccoBOro Npou3BOACTBA JOMAIIHEN 3allpaBKU, TOY-
HO HHUYEro CKa3aThb HEeJb3sl, HO OpUTaHIbl HAMEPEHBI YK€ B CIEIYIOIIEM TOay
HayaTh CEPUNHBIN BBIMTYCK IEJI0M JIMHEHKH AJIEKTPOIU3EPOB MJIs1 pa3HbIX oOjacTen

IMPUMCHCHUA.
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Pucynox 1.8 - Cuctema mpous3BOACTBA KUJIKOW BOJBI HA OOPTY aBTOMOOWIIS ITyTEM

KOH/IEHCAIlMU NapoB BOJIbI B oTpaboTaBmux rasax IBC

N3o0petatens Jan Vetrovec 3amaTeHTOBaN OPUTUHAIBHYIO CUCTEMY TPOU3-
BOJICTBA KUJIKOW BOJIbI HA OOPTY aBTOMOOWJIS IMyTEeM KOHJICHCAIIMU TTapoB BOJBI B
orpaborasmmx razax JIBC (pucynok 1.8). 3arem Boja HampaBisieTCS B AJIEKTPO-
Ju3ep, TJI€ U3 Hee MOJyqaroT BOJOPO/I JJIS UCIIOIb30BaHUS MPU CTOPAHUM BHYTPU
HUJIMH]IpA JBUTATEIIS.

Komnanus Ford Global Technologies, LLC 3amaTeHToBaiia CHCTEMY YCKO-
peHusi/3ameyieHus1 IBUKeHUs aBToMoOusisi (pucyHok 1.9), koropas mpeoOpasyer
MEXaHUYECKYI0 SHEPTHIO, BBIACISIONIYIOCS MPHU 3aMeIJICHUN/TOPMOKEHUN aBTO-
MOOUJIST B MPOU3BOJICTBO BOJOPOJAa Ha OOpTy, a 3aTeM MOJIyYEeHHOE Ta3000pazHoe
ToruBo Hampasisierca B JIBC, npucnocoOneHHbIN K padoTe ¢ Ha pa3HbIX BUAAX

TOIIJINBA.
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Pucynox 1.9 - Cucrema mpon3BoaCcTBa BOIOPOIa Ha OOPTY aBTOMOOHIIS HC-

TIOJIB3YS SHEPTHUIO0 YCKOPCHHMS/3aMe ITICHUS IBHKCHUS

Kommanust Advanced R F Designs, L.L.C. 3amarentoBana cucreMy 3JieK-
TPOJIUTUYECKOTO MPEeOOpa30oBaHuUs BOJIBI B CMECh BOJOPOJI/KUCIOPO] Ha OOPTY aB-
tomobmiisa (pucynok 1.10). IlomyueHHBIN BOIOpOACOOEpKAIINN Ta3 HAMIPABISIETCS
B JIBC. OcoOGeHHOCThIO KOHCTPYKITUU SIBISIETCS] AJIEKTPOMATHUTHBIN U3ITydaTeb,
reHepUpYIIui Kojiebanus ¢ yactoto B nuanazone ot 620 I'u no 100 kI'u. K ko-
JICHYaTOMY Bally JABHUTraTessl MOCPEICTBOM MEXaHHUUECKON CBSI3U MPHUCOEAMHEHBI 2
OTZIETILHBIX T€HEpaTOpa AJIEKTPOIHEPTHH, OJUH HAIPSMYIO MUTAET JEKTPOa (Ka-

TOJI) IEKTPOIU3EPa, a BTOPOU 3aNIUTHIBAET Fr€HEPATOP UBITYUCHHUS.
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Pucynok 1.10 - Cucrema 37eKTpOTUTHIECKOTO TPeoOpa3oBaHus BOABI B CMECH BO-

JIOPOJI/KUCTIOPO1 Ha OOPTY aBTOMOOMIIS

Kuraiickas opranuzauuss ZHONGSHAN CITY WEIBAO ELECTRON
(pucynok 1.11) 3amaTeHTOBaNa CHENUAIBHYIO MPOCTYI0 M TEXHOJIOTHYHYIO T€O-
METPUYECKYI0 (POpMY IJIACTHUH AJIEKTPOIU3€Epa, KOTOpas MO3BOJIAET F€HEPUPOBATH
BOJIOPOJ] U3 BOJbI C HU3KUM 3HEPronoTpedIeHNeM IMpH cujie Toka oT 3 a0 15 am-

nep B TEUEHUE MPOMEKYTKA BpemeHu 1,5 cek.
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Pucynok 1.11 - ®opma maacTuH 3JIEKTPOIN3€epa, KOTopasi HO3BOJISIET FTEHEPUPO-

BaTb BOJAOPO/ U3 BOAbI C HU3KHUM 3Hepron0Tpe6neHHeM
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Kommanust Hy-Drive Technologies Ltd. 3amarentoBana cuctemy mpou3BoI-
CTBa BoAopoja /st ucnosb3oBanus B [IBC ¢ nensio noBbienus 3¢p¢GeKTUBHOCTH
paboThl U CHUKEHUSI BPEIHBIX BHIOpOCOB (pucyHok 1.12). Cuctema coaepkut uc-
TOYHUK AJIEKTPOIHEPTUHU, DIEKTPOIU3HYIO SUEHKy, TpPYOKH MOJBOAA BOAOPOJA U

kuciopoaa k JIBC, a Takxxe cpeicTBa MOHUTOPHUHTA.
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Pucynok 1.12 - Cuctema npou3BojicTBa Bojopoa /st ucnosibzoBanus B JIBC ¢

LCJIbIO CHUXXCHUA BPCAHBIX BBI6pOCOB

1.5 TlepeBo1 MHOCTPaHHBIX UCTOYHUKOB MO TEME UCCIICIOBAHUS

Performance and Emission Com- | CpaBHeHHe NPOU3BOAMTEIHLHOCTH M BbI-
parison and Investigation of Alter- | 6GpocoB u mHcciieoBaHHe aJIbTEePHATHB-

native Fuels in SI Engines HBIX BHJIOB TONJInBa B aBurareiasx CU

INTRODUCTION BBEJIEHUE

The strict regulation of environmental | Ctporoe perysiaupoBaHue IPHUPOIOOXPAH-
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laws, the price of oil and its restricted
resources, has made the engine manu-
facturers use other energy resources
instead of oil and its products. Alter-
native fuels are derived from re-
sources other than petroleum. The
benefit of these fuels is that they emit
less air pollutant compare to gasoline
and most of them are more economi-
cally beneficial compared to oil and
they are renewable [1-6]. Alternative
fuels such as methane, propane, etha-
nol, methanol and hydrogen have
been used since 1930 [1]. During the
1970s the price of crude petroleum
rose rapidly. Its cost (in real terms) in
1970 and concern built up regarding
the longer-term availability of petro-
leum. Pressures for substantial im-
provements in internal ombustion en-
gine (ICE) efficiency (in all its many
applications) have become very sub-
stantial indeed. Much work is being
done on the use of alternative fuels in-
stead of gasoline and diesel [1]. Of
the non-petroleum- based fuels, natu-
ral gas, methanol and ethanol (methyl
and ethyl alcohols) are receiving the
greatest attention, while synthetic

gasoline and diesel made from shale

HOT'O 3aKOHOJATEIbCTBA, IIEHbl HA HEPTh U
OTPaHUYCHHBIC PECYPCHI 3aCTABWIM TTPOU3-
BOJMTEJICH JIBUTATEIEH UCIIOIb30BATh IPY-
rU€ DHEPreTUYECKUe Pecypcbl BMECTO
HeTH U ee MPOAYKTOB. AJIbTEpHATUBHbBIC
BUJIbI TOIUIMBA TIOJYYEHBI U3 PECYPCOB,
OTJIMYHBIX OT HeQTHU. [IpenmyiecTBoO 3TUX
BUJIOB TOIUIMBA 3aKJIIOYAETCS B TOM, YTO
OHM BBIOPACHIBAIOT MEHBIIIE 3arPsSI3HUTEICH
BO3/lyXa IO CPaBHEHUIO C OEH3WMHOM, U
OOJBIIMHCTBO M3 HUX Oo0Jee dKOHOMHUYE-
CKH BBITOJIHBI IO CPABHEHUIO C HEPTHIO, U
OHU SIBIIIIOTCS BO300HOBIIsIeMbIMH [1-6].
AnbTepHaTUBHBIE BUJbI TOIUIMBA, TaKUe
KaK MeETaH, MpomaH, ATaHOJ, METAaHOJ U
BOJI0pOJ, uctioab3oBanuchk ¢ 1930 roga [1].
B Teuenune 1970-X rooB 1IeHBI Ha CHIPYIO
HedTh ObicTpo pociu. Ero croumocts (B
peanbHOM BbIpakeHuu) B 1970 romy u
BO3HUKJIM MPOOJIEMBI, CBSI3aHHBIE C OoJiee
JIOJITOCPOYHON  JIOCTYMHOCTBhIO ~ HE(TH.
JlaBrieHre Ha CYIIECTBEHHOE YIIy4IIEHUE
() PEKTUBHOCTH BHYTPEHHETO JBUTATEsS
ombyacmena (ICE) (Bo Bcex ero MHOTO-
YUCJICHHBIX MPUJIOKECHUSAX) CTajl0 OYEHb
cymecTBeHHbIM. [IpoBomutcs  OobImas
paboTa MO HMCIOJB30BAHUIO ATBTEPHATHUB-
HBIX BHJIOB TOILJIMBA BMECTO OC€H3WHA U JIH-

3esbHOro ToruBa [1]. M3 Tonnusa, HE co-

JepKalero HepTu, Ha MPUPOJHBIN ras,
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oil or coal, and hydrogen could be
longer-term possibilities [1]. The most
common fuels that are used as alterna-
tive fuels are natural gas, propane,
ethanol, methanol and hydrogen.
Methane, the main content of natural
gas (up to 96 percent), is the most
common alternative fuel and is one of
the cleanest burning fuels [2]. It can
be used in the form of compressed
natural gas (CNG) or liquefied natural
gas (LNG) to fuel vehicles. Dedicated
natural gas vehicles are designed to
run on natural gas only. Dual- fuel or
bi-fuel vehicles are capable of operat-
ing on either gasoline or natural gas.
That allows alternative fuel usage
which is more economical without
sacrificing vehicle range and mobility
with wide-spread availability of gaso-
line or diesel [2].

Ethanol

based fuels made by fermenting and

and methanol are alcohol-
distilling starch crops, such as corn.
Both ethanol and methanol produce
less emission than gasoline [3]. In
Brazil, ethanol is well known as a
clean, economic and available fuel for
vehicles. But engines work on alco-

holic fuels will experience a decre-

METaHOJ M 3TaHOJd (METWJI M ATUIOBbHIE
COUPTHI) MOJYYalOT HAumOOJbIIEE BHUMA-
HUE, B TO BpeMsl KaK CUHTETUYECKUU OeH-
3MH U JIM3€JIbHOE TOIUIMBO, TIOJYyYEHHOE U3
CJIAHILIEBOTO Maclia WIH YT, U BOJOPOA
MOT'YT OBITH OoJiee AoJrocpouHbIMU [1],
Haunboniee pacnpocTpaHEHHBIMH BUIAMU
TOIUIMBA, KOTOPbIE MCIOJIb3YIOTCS B Kade-
CTBE aJIbTEPHATUBHBIX BUJIOB TOIUIMBA, SB-
JSIOTCSI IPUPOJIHBIA ra3, MponaH, 3TaHOJI,
METaHOJI U BOJOPO.

MertaH, OCHOBHOE COJIEpKaHUE TPHUPOIHO-
ro raza (mo 96 MpOIEHTOB), SBIISICTCS
HanOoJiee PACIPOCTPAHCHHBIM aJIbTepHA-
TUBHBIM TOIUIMBOM W SIBJISIETCA OAHUM M3
CaMbIX YHCTBIX BHJOB T'OPIOYETO TOIUIMBA
[2]. Ero MOXHO HCTIOJIB30BaTh B BUJE CHKa-
toro mpupoaHoro raza (CIII') umu cxu-
xeHHoro npupoanoro raza (CIII) npns
TPAHCHOPTHBIX CPEACTB ¢ TomMBoM. Crie-
LMaJbHbIE TPAHCIIOPTHBIE CPEACTBA IS
MPUPOIHOTO Ta3a MpeJaHa3HAYeHbI I pa-
0O0ThI TOJILKO Ha MPUPOAHOM raze. JByx-
TOIUIMBHBIE WJIM JBYXTOIUIMBHBIE TpaHC-
MOPTHBIE CPEACTBA CIOCOOHBI PadOTaTh
Kak Ha O€H3MHE, TaK ¥ Ha IPUPOIHOM rase.
OTO TNO3BOJISIET MCHOJB30BATh AJIBTEPHA-
TUBHOE TOIUIMBO, KOTOPOE IKOHOMHYHEE,
HE JKEPTBYsSI aBTOMOOWJILHBIM JTHANIa30HOM

U MOOWIBHOCTBIO C IIIMPOKUM pPacipo-
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ment in brake torque and power com-
pared to gasoline [3].

Propane or liquefied petroleum gas
(LPG) is a clean- burning fossil fuel
that can be used to power ICEs. LPG-
fueled vehicles produce fewer toxic
and smog-forming air pollutants. LPG
is usually less expensive than gasoline
[4].

Hydrogen (H2) is an attractive alter-
native energy carrier. Hydrogen is be-
ing widely explored as a fuel for pas-
senger vehicles. It can be used in fuel
cells to power electric motors or
ICEs.

harmful

burned in Hydrogen could

make emissions, global
warming and the insecurity concern-
ing oil supply a thing of the past since
it produces no air pollutants or green-
house gases when used in fuel cells
and it produces only NOx when
burned in ICEs. [5, 6]

In this paper a full detailed compari-
son between some alternative fuels
has been made. For approaching this
aim, the experiment study is done in
term of engine performance and ex-
haust emissions for gasoline, methane
and methanol in a wide range of oper-

ating conditions. In order to examine

CTPAHCHUCM OeH3WMHA WIIH JAU3CIIBbHOI'O

2].

DTaHOJI M METAHOJI SBJISIOTCS CIINPTOCO-

TOIIJINBA

JepKalllMMU  TOIUIMBaMH, TMOJYyYEHHBIMU
dbepMeHTalIUE W AUCTUIUISIUEH Kpax-
MaJIbHBIX KYJIBTYp, TaKUX KaK KyKypys3a.
O0a 3TaHONa M METAHOJA JAIOT MEHBUIE
BBIOpOCcOB, ueMm OeH3uH [3]. B bpazumuu
ATAHOJ XOPOIIO HM3BECTEH KaK YHCTOE,
SKOHOMHMYHOE U JIOCTYITHOE TOTUIMBO JIJIsI
TPAHCIIOPTHBIX cpeactB. Ho nBurarenu,
paboTarolie Ha aJIKOroJbHOM TOIUIUBE,
OyJlyT UCTIBITBIBATH CHUKEHUE TOPMO3HOTO
MOMEHTa W MOIIHOCTH IO CPaBHEHUIO C
OoceH3uHOM [3].

[Iporman wnM CKMKEHHBIW HEePTSHOU Ta3
(CxwmxeHHbIM HEPTSIHOW ra3) - 3TO MCKO-
MaeMO€ HCKOIIaeMO€ TOIUIMBO, KOTOpPOE
MOKET MCTob30BaThest nisi nmutanust [CE.
Maiusbl, paboTaronue Ha CHKUKEHHOM
He(TSIHOM rase, MPOU3BOSAT MEHBIIIE TOK-
CUYHBIX M CMOTAaIINX 3arpsi3HUTEICH
Bo3nyxa. LPG oObryHO nemnieBie OeH3MHA
[4].

Bonopon (H2) saBnsiercs mnpuBieKaTeib-
HbIM aJIbTEPHATHUBHBIM HOCHUTEIIEM DSHEp-
ruu. Bomopon mupoko u3ydaercss Kak
TOIUIMBO [IJISl TMACCaXUPCKUX aBTOMOOH-
neii. OH MOXKET HCHOJIb30BaThCsl B TOI-

JIMBHBIX 2JICMCHTAX JIA ITUTAHUSA SJICKTPO-

26




other fuels performance and compari-
sons between them a thermodynamic
model of an Sl engine in Matlab envi-
ronment is developed. Combustion of
each one of these fuels differs from
others so the code has been modified
for each of them. For estimating the
turbulent speed of flame, different
methods have been used. The code
has the ability to evaluate perfor-
mance and emission characteristic of
an engine such as brake power, brake
torque, brake mean effective pressure,
volumetric and thermodynamic effi-
ciency, NOx and CO concentrations.
ENGINE PERFORMANCE AND
EMISSION

Type of fuel directly affects all per-
formance and emission characteristics
of an engine. In this work, the practi-
cal engine performance and emission
parameters of interest are power,
torque, brake mean effective pressure,
brake specific fuel consumption,
brake specific NOx and produced CO.
Power and torque depend on an en-
gine's in-cylinder mixture conditions.
Therefore volumetric efficiency plays
one of the most important roles

among the other engine parameters. In

neurareneil i cxuranus B ICE. Bono-
POl MOXKET clejlaThb BpPEAHbIE BBIOPOCHI,
rJ100aJIbHOE TIOTEIJIEHUE U HEYBEPEHHOCTD
B OTHONIIEHWU IMOCTaBOK HedTH B mpo-
IIJIOM, TOCKOJIBKY B TOIUIMBHBIX 3JIEMEH-
Tax OHU HE MPOU3BOIAT 3aArPSA3HSIOIIMX
BEIIECTB WJIM IMAPHUKOBBIX Ta30B, U IMpHU
cropanuu B JIJIY OHM reHepUpYyIOT TOJIBKO
NOX. [5, 6]

B 37101l cTaThe caenaHo mojiHoe MoapoOHOe
CPaBHEHHE HEKOTOPBIX albTEPHATUBHBIX
BUJOB TOIUIMBA. JJI1 JTOCTHXKEHUS 3TOU
e DKCIEPUMEHTAIBLHOE HCCIEAOBAHUE
MIPOBOAUTCS C TOYKH 3PEHUSI MPOU3BOJIH-
TEJILHOCTU JIBUTATEsl U BBIOPOCOB BBHI-
XJIOMHBIX Ta30B [JIsi O€H3WHa, METaHa |
METaHOJIa B IIUPOKOM JHaINa3oHe padoumnx
ycnoBul. J[y1d M3ydeHUs: Npyrux xapakre-
PUCTUK TOIUJIMBA U CPABHEHUMU MEXIY HU-
MU pa3paboTaHa TEPMOJMHAMHYECKAs MO-
nenb asuratens CU B cpene Matlab. Cixxu-
raHWE KaXJIO0ro0 M3 ATUX BUAOB TOIUIMBA
OTJINYACTCSI OT JIPYTUX, MOAITOMY KOJ ObLI
W3MEHEH I KKA0ro u3 Hux. s ouen-
KU TYpOYJICHTHOM CKOPOCTH TUIAMEHHU HC-
MOJIb30BAJIUCH pas3inuHble MeTonbl. Kon
MMEET BO3MOXKHOCTh OLICHMBATh XapakTe-
PUCTUKH MPOU3BOJUTEIBLHOCTU U H3JIyye-
HUS JBUTATEIS], TAKUE KaK MOIIHOCTbH TOP-

MO03a, TOPMO3HOW MOMEHT, 3(deKTHuBHOE
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Fig.11, engine volumetric efficiency
can be observed for the fuels that have
been tested on engine. As known lig-
uid fuels have latent heat of vaporiza-
tion, as a result they produce a cool-
ing effect on intake charge while va-
porizing. Therefore, the density of in-
take mixture is increased and engine
volumetric efficiency can rise. Gase-
ous fuels are vapor in ambient tem-
perature so the cooling effect would
not occur for them. On the other hand
gaseous fuels have another effect on
decreasing volumetric efficiency, this
decrease is due to larger volume of
fuel in inlet mixture. These are the
main reasons of decrease in volumet-
ric efficiency when engine is gaseous
fueled.

As expected, it can be observed in
Fig.11 that engine has the minimum
volumetric efficiency when fueled
with hydrogen and methane. The oth-
er fuels are liquid at ambient tempera-
ture. In this case the fuel which has
the largest latent heat of vaporization
will be more cooled than the others.

It can be seen that engine produce less
power when operating on methane

and hydrogen. As mentioned before,

TOPMO3HOE JIaBlieHHEe, 00bEMHAsI U TEPMO-
auHamudeckas 3(pQPEeKTUBHOCTh, KOHLEH-
tpauu NOx u CO.
[MPON3BOAUTEJIBHOCTH 1N BBIBPOC
JNBUT'ATEJIA

Tun TorMBa HanpsAMYIO BIMSET HA Xapak-
TEPUCTUKHU TPOU3BOJUTEIBHOCTH U 3MHC-
cun nauratens. B oroii pabore Ba)KHBI
MIPAKTUYECKUE XAPAKTEPUCTUKHU JBUTATEIS
U TapamMeTpbl SMUCCHUU: MOILIHOCTb, KpPY-
TAIMMUA MOMEHT, 3((EKTHBHOE TOPMO3HOE
JaBJEHUE, yIENbHBbII pacxoj TOIUIMBA Ha
TOpMO3, yaenabHbIl pacxonq NOX u npous-
BouMmebIil CO.

MOoOIHOCTE U KPYTALLIAM MOMEHT 3aBUCAT
OT yCJIIOBUI CMECHU B LIWJIMHJIPE JABUTATENS.
[ToaTomMy oObeMHas 3¢ (PeKTUBHOCTH UTpa-
€T OJIHY U3 CaMbIX BaXXHBIX (DYHKIUU cpe-
Iu JIpyrux mnapameTpoB jasurarens. Ha
puc. 11 MoxHO HaOMOAATH OOBEMHYIO
() PEKTUBHOCTh JBUTATENS JUIS TOIUIMBA,
KOTOpO€ OBLJIO MPOBEPEHO Ha JIBUTATEle.
[TockonbKy HM3BECTHBIE >KUJKHE TOIUIMBA
MMEIOT CKPBITYIO TEIUIOTY HCHapeHus, B
pe3yibTaTe OHM CO3JAI0T OXJIAKIAIOIIUN
b dexT Ha BIYCKHOW 3apsij MpU HCIape-
HUU. [103TOMY IIJIOTHOCTH BITYCKHOW CMECH
yBEIMYMBAETCs, a OObeMHas 3(PPeKTuB-
HOCTb JIBUTaTelisl MOXKET MOBbIIAThCs. [ 'a-

3000pa3HOE TOILIMBO MPEACTABISIET COO0OM
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this is because of lower volumetric ef-
ficiency of methane and hydrogen
fueled engine. In order to regain that
lost power, two methods are used.
Turbo-charging and raising the com-
pression ratio under naturally aspirat-
ed operation. Engine maximum power
for all of the fuels happens between
4500 and 5500 (rpm).

Engine power when operating on gas-
oline is higher than other fuels be-
cause the engine is designed for gaso-
line. All the other fuels have an oc-
tane number, higher than that of gaso-
line, so engine compression ratio
could be higher if the engine was ded-
icated to those fuels, and therefore
engine performance could be im-
proved.

Fig.13 shows comparison of brake
mean effective pressure (BMEP) of
all fuels. For naturally aspirated spark
ignition engines, maximum values are
in the range 850 to 1050 (kPa) at the
engine speed where maximum torque
is obtained. At the speed where max-
imum power occurred, BMEP values
are 10 to 15 percent lower. This fact

has been mentioned by Heywood too

[1].

nap npu TeMIlepaType OKpYKarollen cpe-
TIbI, TIOATOMY JUTsl HUX HE OyAeT OXJaKa-
romuit d3pdext. C npyroi CTOpOHHI, razo-
0o0pa3HO€ TOIUIMBO OKAa3bIBAET €IlE MEHb-
iee BJIUSIHUE Ha CHUXKEHHE OOBEMHOIO
KIIJI, aTO yMeHbllIeHHE CBA3aHO C YBEJHU-
4eHHeM O00beMa TOIUIMBA BO BITYCKHOM
CMECH. ITO OCHOBHBIE IPUYNHBI CHI>KCHHUS
o0beMHON A(PGPEeKTUBHOCTH TIPU  IMOJaye
ra3a Ha JIBUTaTellb.

Kak u oxupamocb, Ha puc. 11 MoxHO
HaOIIOAaTh, YTO JBUTATEIh MMEET MUHU-
ManbHbI 00BbeMHBIH KIIJI mpu ucmosnb3o-
BaHMM BOJOpOJIa U MeTaHa. Jlpyrue ToII-
JIMBA SBIIIOTCS JKUIKUMH TPU TEMITepaTy-
pe OKpyxaromierd cpeasl. B sTom ciydae
TOIUIMBO, KOTOPOE€ HMEET HanOOJIbIIYIO
CKPBITYIO TEIUIOTY UcnapeHus, 0yner Oo-
Jiee OXJIKIaThCs, YeM JAPYTHE.

MO>XHO BHIIETh, YTO JBUTATENH MOTPEOIIS-
€T MEHBIIIE PHEPTUHU TIPU padOTE HA METaHE
u Bogopoze. Kak ynomuHanoce paHee, 3To
CBS3aHO C MEHbIIEH 00beMHOUN >PPEeKTUB-
HOCTBIO JIBUTATENSI C METAHOM M BOJIOPO-
noM. Jljis BOCCTaHOBJIEHMSI YTpau€HHOU
BJIACTHU UCIIOJIB3YIOTCS J1Ba MeToza. Typoo-
3apsAKa W TIOBBINICHWE CTEMEHU CHKATHS
pY HAJTyBOM. MaKkcuMajbHasi MOIIHOCTh
JBUTATENSI JJI1 BCEX BHJOB TOIUIMBA KO-

nebnerca mexay 4500 u 5500 (00 / Mun).
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The reduction in BMEP with methane
operation is seen through out the
speed range. Part of this BMEP loss is
due to longer ignition delay and lower
flame speed of methane. As combus-
tion starts earlier with respect to TDC,
there is a greater amount of negative
work done on the piston before TDC
compared to gasoline. The remainder
of the BMEP loss is due to the dis-
placement of air by gaseous fuels.

Brake specific fuel
(BSFC) for different fuels are com-
pared in Fig.14. BSFC of methanol is
the highest followed by ethanol. Be-

consumptions

cause methanol and ethanol heating
values are the lowest between the oth-
ers and their stoichiometric air/fuel ra-
tios are the smallest. That means for
specific air/fuel equivalence.

There are two main reasons for this
increase in temperature. Firstly, as
noted, for gaseous fuels there is no
cooling effect which will cause a
higher initial temperature for in-
cylinder charge. And secondly which
is occurred for methane, is that more
spark advance is needed because of
the low flame speed of methane

which rises peak of combustion tem-

MortHoCTh aBuraTesns npu pabore Ha OeH-
3UHE BBIIIE, YEM Y APYTUX BUJOB TOIUIMBA,
MOTOMY 4YTO JIBUTATEh pacCUMTaH Ha OEH-
3uH. Bce ocTayibHbIE TOIUIMBA UMEIOT OK-
TaHOBO€ YHUCJIO, KOTOPOE BBINIE, YEM Y
OcH3MHA, MO3TOMY KOA(PPHUIIUEHT CKATH
JIBUTATEIsI MOXET OBITh BBIIIE, €CIINA JBU-
ratelib ObUT MpeTHA3HAYEH JIJIsl 9TUX BUJIOB
TOIUIMBA, W, CJIEIOBATEIbHO, MPOU3BOJIH-
TEJILHOCTh JBUTATENSI MOXKET OBbITh YIyd-
HIEHA.

Ha pucynke 13 moka3aHo cpaBHeHuE 3(-
(EeKTUBHOTO JaBJICHUS TOPMO3HOIO YCH-
mus (BMEP) Bcex BumoB TorumBa. Jlis
JBUTATENIC C HAJJIyBOM C UCKPOBBIM 3a-
KUTAHUEM  MaKCUMajbHblE  3HAYEHUS
HaxoxaaTcs B auanazone ot 850 mo 1050
(x[Ta) mpu yacroTe BpallleHHs IBUTaTes,
rI€ JIOCTUTaeTCsd MAaKCHUMAJIbHBIA KpPYTs-
i MmomeHT. Ha ckopocTu, npu KoTOpoun
MPOUCXOJIUT MaKCHUMalbHas MOIIHOCTb,
3HaueHuss BMEP na 10-15 npoiieHTOB HU-
Ke. ITOT (akT ObUT YIOMSIHYT U XeHBY-
oM [1].

Cauxenne BMEP ¢ ucnons3oBanueM Mme-
TaHa BUIHO U3 JHAIla30Ha CKOPOCTEM.
Yacte s1oit morepu BMEP cBszana ¢ 60-
Jiee TPOJIODKUTEIBHON 3aepKKON 3aKH-
ranus U 0oJee HU3KOM CKOPOCTBIO IIaMe-

HH MCTaHa. HOCKOHBKY C)KUI'aHUC HaA4YMHAa-
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perature and pressure.
In  Fig.15 brake NOXx
(BSNOx) for each fuel is compared.

specific

According to measured and predicted
data hydrogen and methane cause
more BSNOX. It must be remembered
that NOx formation take place at high
temperatures and the increase of
BSNOxX is caused by higher combus-
tion temperature of hydrogen and me-
thane.

Methanol and ethanol have the lowest
heating value. Methanol flame speed
is the highest after than that of hydro-
gen, consequently lower spark ad-
vance is used and combustion temper-
ature is lowered. So BSNOXx produced
by methanol is less than other fuels. It
must be mentioned that hydrogen
fueled engine is tested at stoichio-
metric mixture condition and the val-
ue of NOx in that situation is dramati-
cally high. It is clear that hydrogen
can perform on much lower equiva-
lence ratio which in that condition
NOx value would be really lower in
comparison to stoichiometric condi-
tion.

In Fig.16, CO mass fraction is shown.

CO concentration in exhaust mostly

ercs pasplie B oTtHomieHuu BMT, Ha
nopuHe nepeq BTM wnaGmtonmaercst 60Jib-
masi oTpunaTenabHas padboTa o CpaBHEHUIO
c OensuHoMm. OcranbHas 4YacTh IOTEPb
BMEP cBsi3ana ¢ nepeMeieHueM Bo3ayxa
ra3000pa3HbIM TOTLIUBOM.

CpaBHEHHE yIEIBHOIO pPACX0/Ja TOIUIMBA
(BSFC) nnsa pa3HbIX BUJOB TOIUIMBA CPaB-
HuBaetcs Ha puc. 14. BSFC meranona siB-
JSI€TCS CaMbIM BBICOKHM, 32 KOTOPBIM Clie-
ayet sTaHoi. [locKobKy 3HAUEHUSI HArpe-
Ba METAHOJIAa U 3TAHOJA SIBJISIIOTCS CAMBIMU
HU3KUMH MEXAY JAPYTUMH, & UX CTEXHO-
METPUYECKHUE COOTHOIICHUS BO3IyX / TOII-
JIMBO SIBJISIFOTCS HAUMEHBIIMMHU. JTO O3HA-
4aeT OIpPEACIICHHYI0 3KBHUBAJIEHTHOCTh
BO3/lyXa / TOIUIMBA.

JIJist 3TOr0 MOBBILIEHUSI TEMIIEPATYPHI €CTh
JIB€ OCHOBHBIE MPUYUHBI. Bo-TiepBbIX, KaK
OTMEYaJoCh, AJIA Ta3000pa3HOTO TOIUIMBA
OTCYTCTBYET OxJaxnaromuii dpdexr, Ko-
TOpBI TpuUBEAET K OoJiee BBICOKOU
HayaJbHOW TeMmeparype JJIs 3apsijaa B LU-
JUHIpE. A BO-BTOPBIX, YTO MPOUCXOJUT
JUIsl METaHa, 3aKJII0YaeTcsi B TOM, UYTO Tpe-
Oyercss OOJIbIIIE YCKOPEHHUS HUCKPBHI H3-3a
HU3KOW CKOPOCTH IUJIAMEHU METaHa, KOTO-
past TOJHUMAET MUK TEMIIEpaTyphbl U JIaB-

JICHUS ITOPCHUAI.

Ha puc. 15 cpaBHuBaercs yaensHbiii NOX
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depends on air/fuel ratio. A rich mix-
ture causes more CO in exhaust gases
[1, 9]. The closer to stoichiometric
point the less amount of CO. Carbon
to hydrogen ratio (C/H ratio) of fuel is
another parameter which formation of
CO is affected by [1]. In lean mix-
tures there is another additional
source of CO caused by the flame in-
teraction with the walls, the oil films
and the deposits [9]. It is obvious that
hydrogen produces no CO because
there are no carbon atoms in hydrogen
molecules but in fact as noted, there is
a lubricant oil film on cylinder walls
that interact with the flame and pro-
duces a little amount of CO even with

hydrogen fueled engine.

(BSNOx) nnsa kaxporo toruba. Corjac-
HO M3MEPEHHBIM U MPOTHO3UPYEMBIM JIaH-
HBIM, BOJIOPOJL U METaH BBI3BIBAIOT 0OJIb-
mee kosmyectBo BSNOx. Crnenyer mom-
HUTH, 4TO oOpazoBaHre NOX MpPOUCXOIUT
IpU BBICOKMX TeMIIepaTypax, a yBelnye-
Hue BSNOx oOycrioBieHo 0osee BBICOKOU
TEMIEPATYpOll CropaHusi BOJOPOJA U Me-
TaHa.

MeTtaHon ¥ 3TaHOJA MMEIOT HAUMEHBIIYIO
TEIJIOTBOPHYIO  CIOCOOHOCTh.  CKOPOCTH
IJIJAMEHU METaHOJIa SIBJIIETCSl CaMOM BBICO-
KOW TOCJE BOJOPOJA, CIEAOBATEIbHO, HC-
noJyib3yercst 0osee HHU3KHM HMITYJIbC HC-
KpbI, U TeMIepaTypa TOPEHUs] CHUKACTCH.
Takum ob6pazom, BSNOx, npoun3Boaumslii
METAHOJIOM, MEHbIIIE, YeM JPYrue BUJIbI
toruBa. CienyeT OTMETUTb, YTO JIBUTa-
T€JIb C BOJIOPOJIHBIM TOTUIMBOM TECTUPYET-
Csl B YCJIOBUSIX CTEXHOMETPUUYECKON CMECH,
u 3HaueHrne NOX B 3TOM cCUTyallMH pPE3KO
Bo3pacTaeT. [IoHATHO, YTO BOJOPOJ MOMKET
paboTaTh Ha ropas3ao 0ojiee HU3KOM JKBHU-
BAJICHTHOM COOTHOIIEHUHU, KOTOPOE IMpHU
3TOM ycioBuu 3HadeHue NOX Oyaer nei-
CTBUTEJIbHO HM>KE MO CPABHEHHUIO CO CTe-
XUOMETPUUYECKUM COCTOSITHUEM.

Ha ¢ur.16 nokazana maccosas aons CO.
Konnentpanus CO B BBIXJIONIE B OCHOBHOM

3aBUCHUT OT COOTHOIICHUA BO3YX / TOIIN-
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Bo. boratasi cmech BbI3bIBaeT Gosbiie CO
B BBIXJIONHBIX Tazax [1, 9]. Uem Ommxke K
CTEXMOMETPUYECKON TOYKE, TEM MEHBIIe
konmuectBo CO. OTHoIllIEHHWE yriaepojaa K
Bogopoay (otHomenue C / H) ToruBa sB-
JSIeTCS IPYTUM MapaMeTpoMm, Ha GopMuUpo-
Banue CO kortoporo Bausier [1]. B oben-
HEHHBIX CMECSX HMEETCS elle OJUH JO-
noJIHUTENbHBIN UcTOYHUK CO, BBI3BaHHBIN
B3aMMOJICHCTBUEM IUIAMEHH CO CTCHKAMH,
MaCJSHBIMU TUICHKaMH M OTJIOXKCHHUSIMU
[9]. OueBuIHO, YTO BOJOPOJA HE MPOU3BO-
aut CO, moToMy 4YTO B MOJIEKYJIax BOJO-
poJia OTCYTCTBYIOT aTOMBI YIJIepo/ia, HO Ha
caMOM Jelie, KaKk OTMEYEHO, Ha CTCHKax
MUINHAPA HUMEETCS TUICHKAa CMa304YHOTO
Macja, KOTopas B3auMOJACHCTBYET C TILIa-
MEHEM U TPOU3BOAMUT HEOOJBIIOE KOJIHYE-
ctBo CO naxe mpu BOAOPOJOMOTOPHOM

JIBUTATEJIE.

The effects of blending hydrogen
with methane on engine operation,

efficiency, and emissions

Biausinue cMemmMBaHus BOAOPOAA C Me-
TAaHOM Ha PpadoTy, 3PPEeKTUBHOCTH U

BbIOPOCHI

ABSTRACT

Hydrogen is considered one of the
most promising future energy carriers
and transportation fuels. Because of
the lack of a hydrogen infrastructure
and refueling stations, widespread in-

troduction of vehicles powered by

AHHOTaLUS

Bogopon cuurtaercs ogHUM u3 Haubolee
MEPCHEKTUBHBIX OYAYIIUX SHEPrOHOCUTE-
Jed W TPaHCIOPTHBIX TomuB. M3-3a oT-
CYTCTBUSI BOJIOPOAHON MH(PPACTPYKTYpPHI U
3alpaBOYHBIX CTaHIMM MIMPOKOE PacIpo-

CTpaHEHUE TPAHCHOPTHBIX CPEACTB, pabdo-
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pure hydrogen is not likely in the near
future. Blending hydrogen with me-
thane could be one solution. Such
blends take advantage of the unique
combustion properties of hydrogen
and, at the same time, reduce the de-
mand for pure hydrogen. In this pa-
per, the authors analyze the combus-
tion properties of hydrogen/methane
blends (5% and 20% methane [by
volume] in hydrogen equal to 30%
and 65% methane [by mass] in hy-
drogen) and compare them to those of
pure hydrogen as a reference. The
study confirms that only minor ad-
justments in spark timing and injec-
tion duration are necessary for an en-
gine calibrated and tuned for opera-
tion on pure hydrogen to run on hy-
drogen/methane blends.
NTRODUCTION

Several national and international or-
ganizations consider hydrogen to be
the most promising future energy car-
rier and fuel for mobile applications.
In the ideal long-term scenario, hy-
drogen will be used to power fuel
cells that will convert chemical ener-
gy into electrical energy and then into

mechanical energy by using electric

TAIIMX Ha YUCTOM BOJIOPOJIC, BPSI JIK
MPOU30MJIET B OmmkailieM OyayleM.
CmemmBaHue BOJIOPOJA ¢ METAHOM MOYKET
ObITh OAHUM U3 peuieHui. Takue cmecu
HCIIOJB3YIOT YHUKAJIbHBIE CBOWCTBA rope-
HUS BOJIOPOJIA U B TO K€ BPEMSI yMEHbIIIA-
I0T MOTPeOHOCTh B YUCTOM Bojopoze. B
HacTosIIe paboTe aBTOPHI AHATUZUPYIOT
CBOMCTBa TOpPEHHUsI CMecel Bojopoaa / Me-
taHa (5% u 20% wmerana [mo oObemy| B
BoJiopoe, paBHOM 30% u 65% MeTtaHa [1o
Macce| B BOJOPOJIC) U CPAaBHUBAIOT MX C
YUCTO YUCThIMU Bomopon B kauecTBe 3Ta-
noHa. HccienoBanne MOATBEPKAAET, YTO
JUISl KaTUOPOBKKM M HACTPOWKM JBUTATENS
U1 paboOTHl Ha YHCTOM BOAOPOJE TpeOy-
IOTCSl TOJIBKO HE3HAUUTEIIbHBIE KOPPEKTHU-
POBKHM BPEMEHM HCKPBHI U BPEMEHH BIIPHIC-
Ka g paOOThl HA BOJAOPOIHO-METAHOBBIX
CMecCsIX.

BEJIEHUE

Heckonbko HalMOHAIBHBIX U MEXKIyHa-
POJHBIX OpPTraHW3allUi CUUTAIOT BOJIOPOJ
CaMbIM TEPCIEKTUBHBIM OYyIyIINM SHEp-
TOHOCHUTEJIEM U TOILJTUBOM JIJISI MOOMIJIBHBIX
MPUIIOKEHUN. B wnIeasbHOM J0JITOCpoy-
HOM CLIEHapu# BOAOPOA OYyIEeT HCIOJb30-
BaThCsl JIJIsl MUTAHUSI TOIIUBHBIX DJIEMEH-
TOB, KOTOPBIE MPEOOPa3yIOT XUMHUYECKYIO

OHCPIUI0 B 3JICKTPHUYCCKYHO, 4 3dTCM B MC-
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motors.

For this ideal scenario to become a re-
ality, several hurdles have to be over-
come, among them the lack of hydro-
gen infrastructure and appropriate
onboard storage devices and the high
cost of fuel cells. To begin the transi-
tion toward a hydrogen infrastructure
and to address some of the issues re-
lated to hydrogen, some researchers
have proposed using hydrogen to fuel
internal combustion engines as a
short- to mid-term solution. Several
publications on hydrogen-powered
engines and vehicles have been gen-
erated; U.S. and foreign manufactur-
ers have been conducting ongoing re-
search and development work in this
area [1], [2].

Research organizations have also be-
gun blending small amounts of hy-
drogen with other fuels to improve
their combustion properties. The
blends have included both liquid and
gaseous fuels [3], [4].

This paper focuses on hydro-
gen/methane blends in a single-
cylinder research engine. The com-
bustion behavior, emissions, and per-

formance of the engine fueled with

XaHUYECKYIO SHEPTrUI0 C HMCIOJb30BAHUEM
AJIEKTPOIBUTATEIICH.

YtoOBl 3TOT HACATBHBIN CIIEHapUW CTall
pEaIbHOCThIO, HEOOXOAUMO TMPEOA0JIETh
HECKOJIbKO TPEISTCTBUM, B TOM YHCIIE OT-
CYTCTBHE BOJIOPOJIHOM MH(PPACTPYKTYPHI U
COOTBETCTBYIOIINX OOPTOBBIX YCTPOMCTB
XpaHEHMS! JaHHBIX M BBICOKYIO CTOMMOCTD
TOIUIUBHBIX 3JIeMEHTOB. UTOOBI HavaTh Iie-
pexo/l K BOJOPOJHOU HHPPACTPYKType U
PEIIUTh HEKOTOPHIC MPOOJIEMBbI, CBSI3aHHbBIC
C BOJOPOJIOM, HEKOTOPBIE HCCIIEIOBATEIN
MPEJIONKUIIN HUCIOJIB30BaTh BOJOPOJ JJIA
CKUTAHMSI JIBUTATeJIel BHYTPEHHETO Cro-
paHMsi B KayeCTBE KPATKOCPOUYHOTO H
CpPEIHECPOYHOTr0O pemeHus. beuio co3mano
HECKOJIbKO MyOJMKAIMi O JBUTATENsIX U
TPAHCIOPTHBIX CPEACTBAX Ha BOIOPO/IE;
CIIIA wu 3apyOexHbIE NPOU3BOIUTEIN
MPOBOJIAT TEKYUIME HUCCIIEIOBAaHUS U Pas-
paboTku B 3TOM oOmactm [1], [2].
HccnenoBarenbCckrue OpraHu3alvy TAKXKe
HayaJli CMEIIMBATh HEOOJBINHE KOJHYEC-
CTBa BOJIOpOJia C APYTMMHU BHJAaMU TOILUIH-
Ba Ui YJIYUYIIECHUSI UX CBOMCTB TOPEHUS.
CwmecH BKITIOYAIM KaK KUJIKOE, TaK U ra3o-
obpasnoe Toruso [3], [4].

B nanHoit paboTe OCHOBHOE BHHMMAaHHE
YAEISAETCS BOJOPOAHO-METAHHBIM CMECAM

B OOHOHNHWJIMHAPOBOM HCCICAOBATCIBCKOM
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blends of 5% and 20% methane in
hydrogen are compared with engine
operation on pure hydrogen (used as a
baseline). The paper also identifies
necessary changes in the engine con-
trol unit (ECU) to safely operate the
engine on hydrogen/methane blends.
The goal of this study is to provide
data from the single- cylinder engine
that can be used to convert a hydrogen
vehicle to run on hydrogen/methane
blends.

EMISSIONS BEHAVIOR

The only relevant emissions in hydro-
gen operation are NOx emissions,
which are highly dependent on the
combustion temperature and, subse-
quently, on the air/fuel ratio. In pre-
mixed operation with air/fuel ratios X
higher than 2, the NOx emissions are
negligible. For richer mixtures, a dis-
tinct NOx emissions peak can be ob-
served at an air/fuel ratio of X~1.3. A
further reduction in air/fuel ratio to-
ward stoichiometric operation results
in a decrease in NOx emissions [9].
As shown in Fig. 7, an increase in
load results in an increase in NOXx
emissions. Because of the lean- oper-

ating strategy, only a negligible

neuratene. [loBeaeHue ropeHus, BEIOPOCHI
U TIPOM3BOJUTEIHLHOCTh JBHTATENS, Pado-
Taroniero Ha cMecu u3 5% u 20% MeraHa B
BOJIOPOJI€, CPAaBHUBAIOTCS ¢ PabOTOM JBU-
raTelis Ha YUCTOM BOJIOPOJie (MCTIOB3YyeT-
cs B KauyecTBe 0azoBoi juHUHU). B 10OKy-
MEHTE TaKXe yKa3aHbl HEOOXOJMMBIC H3-
MEHEHUs B OJIOKE YIpaBJCHUS JIBUTATEIIEM
(ECU), uto6n1 Oe30MacHO yIpaBisiTh JABU-
rateieM Ha cMecH Bojaopos / meraH. Lle-
JBI0 JAHHOTO WCCIICOBAHUSL  SIBIISIETCS
MpPEI0CTaBlICHNE JAaHHBIX OT OJHOIMJIMH-
JPOBOTO JIBUTATENsI, KOTOPBIA MOXKET OBIThH
UCIIOJIB30BaH IS MpeoOpa3oBaHUsl BOJO-
POJTHOTO TPAHCIIOPTHOTO CPEACTBA IS HC-
MOJIb30BAHUSI B CMECH BOJOPOJl / METaH.
[TOBEJEHUE 5MUCCHUN

EnvHCTBEHHBIMU pPENIEBAHTHBIMUA BBIOPO-
caMd B BOJIOPOJIE SIBJISIOTCSL BBIOPOCHI
NOX, KOTOpBI€ CHIILHO 3aBHCST OT TEMITC-
paTypbl TOPEHUS U, CIEOBATEIBHO, OT CO-
OTHOIIEHUS BO3AYyX / TOIUMBO. B cMmernan-
HOHM paboTe ¢ OTHOIICHUEM BO3AYX / TOII-
muBo X BbIme 2 BeIOpockl NOX He3HauH-
TenbHBI. J[ms Oojee OoraThIX cmecei
HaOJII0/1aeTCsl 3aMETHBIM ITHMK BBIOPOCOB
NOX npu COOTHOIIEHUHU BO3AYX / TOTUTMBO
X ~ 1,3. JlanbHeliiee CHUKEHUE COOTHO-
IIEHUST BO3yX / TOIUIMBO B CTOPOHY CTE-

XI/IOMeTpI/I‘{eCKOﬁ pa6OTBI MNpuBOAUT K
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amount of NOx emissions occurs at
an engine load of 2 bar IMEP. At a
medium engine load (4 bar IMEP),
the NOx emissions are generally still
below 10 ppm. Only operating points
with extremely early spark timing (re-
sulting in high combustion tempera-
tures) produce NOx emissions up to
100 ppm. At a higher engine load (6
bar IMEP), the NOx emissions in-
crease significantly (note the loga-
rithmic scale). The same trend - with
an increase in NOx emissions for ear-
ly spark timing - can be seen. Because
of the faster combustion (and thus
higher combustion temperatures) of
pure hydrogen compared with the
blends, in particular at high engine
loads, the NOx emissions are higher
for pure hydrogen operation.
Hydrogen emissions are not regulated
by any standards, but it is nevertheless
important to monitor and minimize
these emissions because they directly
affect engine efficiency. Fig. 8 shows
the hydrogen emissions associated
with pure hydrogen operation and op-
eration using the two hydro-
gen/methane blends. Very lean engine
operation (IMEP of ~2 bar) results in

yMeHbIeHnto BeiopocoB NOx [9].

Kak mnokazano Ha puc. 7, yBeIM4eHUE
Harpy3kd TPHUBOJUT K YBEIUYEHUIO BBbI-
opocoB NOx. U3-3a crparerun Oepexiu-
BOTO MPOU3BOJCTBA TOJBKO HE3HAYUTEIIb-
HOE KOJIMYEeCTBO BHIOpOcOB NOX mpoucxo-
AUT TIpU HArpy3ke JaBurarens 2 Oapa
IMEP. Ilpu cpenHeil Harpy3ke IBUTATEIIS
(4 6ap IMEP) BoiOpocsi NOX 00BIYHO
octarorcsi HUxke 10 ppm. Tosnbko paboune
TOYKH C YPE3BbIYAMHO pPaHHUM BpEMEHEM
UCKpOOOpa3oBaHus (YTO MPUBOAHUT K BBI-
COKUM TeMIIepaTypaM TOpPEHUs1) BbI3bIBAIOT
BbIOpockl NOx g0 100 ppm. Ilpu 6onee
BBICOKOI Harpy3ke Ha jaurarenb (6 Oap
IMEP) BwiOpockl NOX 3HAUUTENTHHO YBE-
IMYMBarOTCs (00paTuTe BHUMAHUE Ha JIO-
rapu@muueckyro mkaiy). Ta e TeHIeH-
s - ¢ yBeJauueHueM BbiopocoB NOXx amst
paHHETO0 HWCKPOBOTO BpPEMEHH - MOXKET
ObITh 3ameueHa. I3-3a Gosee ObICTpOTO
cropanus (M, clieoBaTeabHo, 0osiee BhICO-
KUX TEeMIlepaTyp TOPEHHs) YUCTOTO BOJO-
poJia 1Mo CPaBHEHHIO C CMECSIMH, B YAaCTHO-
CTH TIpH BBICOKMX Harpy3kax Ha JIBHTa-
TeJ b, BEIOpoCckl NOX BbIle Jj1s1 pabOThI €
YHCTHIM BOJIOPOJIOM.

Br16pockl BoJjopoia He peryIupyrTCs HU-
KaKUMH CTaHJapTaMy, HO TEM HE MeHee

Ba’XHO KOHTPOJIHUPOBATbL W MHHHMHU3UPO-
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a very slow combustion rate and, thus,
a higher portion of unburned fuel.
This trend can be seen for all three
fuels. Because of the even lower
combustion speed with an increased
amount of methane in the blend, this
effect is even more significant. With
increased engine load, the hydrogen
emissions drop well below 2,000
ppm. Considering that up to 30% (by
volume) of the initial fuel gas mixture
is hydrogen, 2,000 ppm (0.2% by vol-
ume) is minimal and represents an
almost negligible loss in efficiency
[10].

The second component of the blended
fuels, methane, was also monitored
during engine operation. The trends
for methane emissions are very simi-
lar to those for hydrogen emissions.
Because the fuels contain different
amounts of (or no) methane, the abso-
lute levels of the methane emissions
differ significantly (see Fig. 9). As
expected, methane emissions during
pure hydrogen operation are close to
Zero.

iven that the engine is fueled with a
homogenous mixture of hydrogen,

methane, and air, we would expect

BaThb 3TH BBIOPOCHI, MOCKOJbKY OHU HEMO-
CPEIICTBEHHO BIIMSAIOT Ha 3(P(EKTUBHOCTb
neurarens. Mmxup. Ha ¢ur.8 mokazansl
BBIOPOCHI BOJOPO/IA, CBA3aHHBIE C pabOTOMN
U pabOTON YHCTOrO0 BOJAOPOJAA C MCIOJbB30-
BaHMEM JIByX CMeceil BOjopoja / MeTaHa.
Ouenb ObicTpast padota neurarens (IMEP
~ 2 0ap) NMPUBOJIUT K OYEHb MEJJICHHOU
CKOPOCTU TOpPEHHUS H, CIIeOBATEIbHO, K
0oJiee BBICOKOM YacTH HECTOPEBIIErO TOII-
auBa. JTa TEHJACHIMS HAOIIOJaeTCs s
BCEX TpeX BUAOB TomiuBa. M3-3a emie 60-
Jiee HU3KOM CKOPOCTH TOPEHHSI C YBEJH-
YEHHBIM KOJIMYECTBOM METaHa B CMECHU
3TOT 3¢ dekT emre 6osiee 3HaunteneH. [lpu
YBEIIMUEHHOW HArpy3Ke Ha JIBUTaTelb BbI-
Opockl BoJopoJia 3HauuTeILHO Huke 2000
ppm. YuuteiBas, uro 10 30% (1o oobemy)
MCXOJHOW TOIUIMBHOM TIa30BOW CMECH CO-
ctaBisieT Bogopoa, 2000 ppm (0,2 06.%)
SIBngeTcss MUHUMAIbHBIM U MPEICTaBIISIET
co00i TOYTH HE3HAYUTENbHYIO IOTEPIO
s dextuBnoctu [10].

BTopoli KOMITOHEHT CMEIIaHHOTO TOTJIMBA,
METaH, TaK’Ke€ KOHTPOJIMPOBAJICS BO BpeMs
paboThl nBUTaTeNs. TeHIEHIIMN B OTHOIIIE-
HUU BBIOPOCOB METaHA OYEHb MOXO0XHU Ha
TEHJEHIIMM BbIOpocOoB Bomopoja. llo-
CKOJIbKY TOIUIMBO COAEPKUT Pa3IUYHOE

KOJIMYEeCTBO MeTaHa (WM HeT), abCOJIoT-
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that the ratio of unburned fuel (me-
thane and hydrogen) should be the
same as the hydrogen/methane ratio
of the feed fuel. Fig. 10 shows the ra-
tio of methane to hydrogen emissions
for the two different blends.

For the 5% methane mixture, the ratio
of methane to hydrogen emissions is
fairly constant, with an average of
about 8% and a maximum of 11%. On
the other hand, the methane-to-
hydrogen emissions ratio for the 20%
methane blend varies quite signifi-
cantly, with a minimum ratio of over
30% and a maximum of nearly 55%.
The average ratio of methane to hy-
drogen emissions for the 20% blend is
almost 40%. In addition, the ratio in-
creases with retarded spark timing -
an effect that can also be seen for the
low load traces of the 5% methane
blend. This finding indicates that, to-
ward the end of the combustion pro-
cess in areas near the combustion
chamber walls, hydrogen is still able
to burn, while the local conditions do
not allow methane to burn anymore.
This effect is very likely caused by
the shorter quenching distance of hy-

drogen (0.6 mm*) compared with that

HbIE YPOBHM BBIOPDOCOB METaHa 3HAYM-
TenbHO pasnuyatorcs (cMm. Puc. 9). Kak u
O’KHMJIAJIOCh, BBIOPOCHI METaHa IpU paboTe
C YUCTHIM BOAOPOAOM OJIU3KH K HYJIIO.
[Ipu ycnoBuu, 4TO ABUraTelb MOMUTHIBA-
€TCsS TOMOTE€HHOM CMEChI0 BOJIOpPOJIa, Me-
TaHa U BO3/yXa, Mbl OKHUJAEM, 4TO OTHO-
IIICHWE HECTOPEeBIIEro TOIUIMBa (MeTaHa U
BOJIOPOJIa) JOJDKHO OBITh TaKUM e, Kak
OTHOIIIEHUE BOAOPOJ / METaH HCXOIHOTO
toruBa. Muxup. Ha ¢ur.10 mokazano co-
OTHOIIIEHHE BHIOPOCOB METaHa U BOJOPOJA
JUTS IBYX Pa3HbIX CMECEH.

Jns cmecu 5% MeTaHa OTHOIIECHHUE BBI-
OpoCOB MeTaHa K BOJOPOY JIOBOJIBHO IO-
CTOSIHHOE, B CpeJHEM OKO0JI0 8% UM MaKCHU-
MyM 11%. C npyroii CTOpOHBI, OTHOIIIEHUE
BBIOPOCOB MeTaHa K Bojopoay st 20%
CMECH METaHa 3HAYUTEJIbHO BapbUpYETCH,
IpU 3TOM MHUHUMAJILHOE OTHOIIEHUE CO-
craBisier 6onee 30% M MakKCHMyM OKOJIO
55%. Cpemnee COOTHOIICHHE BBIOPOCOB
MeTaHa u Bojopoaa st 20% -Hoil cmecu
coctaBisier noutu 40%. Kpome toro, ot-
HOIIICHUE YBEIMYUBACTCS C 3a/IEPIKKOM HC-
KPOBOTO MCKpoOOpa3oBaHus - 3PHeKT, Ko-
TOPBIN TaK)Ke MOXKHO HAONIOAATh NJISl Clie-
JIOB HU3KOW Harpy3ku cmecu 5% meraHa.
DTO OTKpPBITUE MOKA3bIBAET, YTO K KOHILY

npolecca ropeHust B pailoHax BOJIM3H CTe-
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of methane (2 mm*) [8].
NFLUENCE OF BLENDING
HYDROGEN AND METHANE ON
ENGINE CALIBRATION

The main goal of our investigation
was to determine the necessary
changes and adaptations in the engine
control unit (ECU) of a hydrogen-
powered vehicle in order to operate it
on blends of hydrogen and methane.
Currently, the truck is operated with a
lean-burn strategy with a constant
air/fuel ratio and thus avoids NOx-
critical operating regimes. The vehicle
uses a belt-driven supercharger to
compensate for the loss in power out-
put associated with hydrogen port in-
jection operation. Further information
on the truck and the operating strategy
can be found in Reference [11].
INJECTION

In order to avoid operating regimes
with high NOx emissions, the truck is
run on a lean-burn strategy with a
constant relative air/fuel ratio X. The
calibration of the ECU was performed
for a relative air/fuel ratio of X~2.25.
Because of the changes in energy
flow, adjustments in injection timing

will be necessary. If only discrete

HOK KaMephbl CropaHusi BOJOPOJ BCE €Ile
CIIOCOOEH TOPETh, B TO BPEMS KAK MECTHBIE
yCIIOBUSI OOJIbIIIE HE TO3BOJISIIOT CHKUTaTh
MeTaH. OTOT 3(PPEKT OUeHb BEPOSTHO BBI-
3BaH 00Jiee KOPOTKUM PACCTOSTHUEM Tallle-
Hus Bojiopoja (0,6 MM *) o cpaBHEHUIO C
MeTaHoM (2 MM *) [8].

HE®TH BJIMAHUA BOAOPOJA U
METAHA HA KAJIMBPOBKY
JIBUT'ATEJIA

OcHOBHas 11eJIb HAIIETO UCCIEAOBAHUS CO-
CTOsJIa B TOM, YTOOBI ONPEIEIUTh HE0OXO-
UMbl U3MEHEHUSI M aJanTaiuu B OJIOKe
ynpasienusi jasurareneMm (OBY) Tpanc-
MOPTHOTO CPEACTBA C BOJOPOJIHBIM JIBUTA-
TeJIeM JUIsl €ro padoThl HA CMECH BOJIOPOJIa
u MeTaHa. B Hacrosiee BpeMsi Tpy30BHK
IKCIUTYaTHUPYETCSl CO CTpaTeruer Oepex-
JIMBOTO 0KOTra C MOCTOSIHHBIM COOTHOIIIE-
HUEM BO311yX / TOIUIMBO W, TAKUM 00pa3oM,
n30eraeT KPUTUYECKUX DPEKUMOB PaOOTHI
NOx. TpancnopTHOE CPEACTBO UCTIOIB3YET
HarHeTaresib ¢ PEMEHHBIM MPUBOJIOM, YTO-
OBl KOMIICHCHPOBATh TMOTEPI0 MOIIHOCTH,
CBSI3aHHYIO C BBOJIOM B JKCILTyaTaluiO BO-
nopoaHoro mopra. boiee moapoOHYI0 WH-
dbopmanuio O TPY30BUKE W O CTpPATETHH
paboThl MOXKHO HaWTu B [11].

BITPBICK

YroOsl n30exkaTh peKUMOB PabOThI C BbI-
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blends with known compositions are
being used, the injection settings can
be changed manually according to the
dependencies shown in Fig. 6. If vari-
ous blends or blends with unknown
compositions are used to fuel the ve-
hicle, the above-mentioned curve
should be implemented in the ECU
and a means to identify the composi-
tion of the mixture should be devel-
oped.

IGNITION

Because of the lower combustion
speed of methane compared with that
of hydrogen, the spark timing has to
be adjusted for optimum engine per-
formance. With the current engine
control strategy, the engine is being
run with a constant air/fuel ratio of
X~2.25. In this air/fuel ratio range,
the MBT spark timing with the 5%
methane- in-hydrogen blend is about
5 degCA - earlier than with pure hy-
drogen. For the 20% methane-in-
hydrogen blend, the spark timing
should be about 15 to 20 degCA -
again, earlier than with pure hydro-
gen. For blends with small amounts of
methane (<5% by volume), the engine

can be operated without adjusting the

COKUM ypoBHeM BbIOpocoB NOX, rpy30BUK
paboTaeT MO CTpaTeruu OepekIUBOrO
0K0Ora C MOCTOSIHHBIM OTHOCHUTEJIBHBIM CO-
OTHOLIEHUEM BO3AyX / TormmBo X. Kanuo-
poBka OBY Obuia BBINOJHEHA JJIs OTHOCH-
TEJILHOTO COOTHOIICHUS BO3AYX / TOILTUBO
X ~ 2,25. N3-3a W3MEHCHHH B IOTOKE
SHEPTrUU  TMOTPEOYIOTCS  KOPPEKTUPOBKHU
BpEMEHU BIIpbICKA. Eciu HCHONB3YyIOTCS
TOJBKO JUCKPETHBIE CMECU C U3BECTHBIMU
KOMIO3ULIUSIMU, HACTPOWKHU BIIPBICKA MO-
IyT OBITh M3MEHEHBI BPYYHYIO B 3aBUCH-
MOCTH OT 3aBUCHUMOCTEW, MOKa3aHHBbIX Ha
puc. 6. Ecnu 11t TOpeHus TpaHCIOPTHOTO
CpEeJICTBA MCTIOJIb3YIOTCS PA3INYHbIE CMECH
WU CMECHU C HEHU3BECTHBIMU COCTABAMHU,
BBIIIICYTIOMSIHYTasE KpUBasi JIOJDKHA OBITh
peanu3oBaHa B DbY u 10mKHO OBITH pas-
paboTaHO CPEACTBO I ONPEIENICHUsI CO-
CTaBa CMECH.

3AXKUT'AHUE

N3-3a Gosee HU3KOH CKOPOCTH CrOpaHUs
METaHa N0 CpPAaBHEHHID C BOJOPOJOM,
HEOOXOJMMO UCIPABUTh CUHXPOHU3AIIUIO
3QKUTaHUSL JUISl  ONTUMAJbHOW PaboOThI
neurarens. llpm Tekymen crpareruu
YIOPABJICHUS JIBUTATEIEM JIBUTATEIh pado-
TaeT C MOCTOSHHBIM COOTHOILIEHUEM BO3-

nyx / TommBo oT X ~ 2.25. B aTom coot-

HOIIICHUHU BO3/yX / TOTUIMBO BpeMs cpaba-
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spark timing, which will result in only
a negligible loss in engine efficiency.
For blends with greater amounts of
methane, the spark timing should be
adjusted to maintain efficiency.
OTHER ECU FUNCTIONS
Although the advanced spark timing
that is required when blending hydro-
gen with methane could lead to
knocking, this seem unlikely - both
because of the good knocking proper-
ties of methane and because the lean-
burn strategy itself also inhibits
knocking. Moreover, a knock sensor
could be used to prevent engine
knocking.

Because of the changed composition
of the feed fuel, the dependence of the
air/fuel ratio on the exhaust oxygen
feedback changes slightly. Fig. 11
shows the

dependence of exhaust oxygen con-
tent and relative air/fuel ratio in the
relevant air/fuel ratio regime 1.8< X
<2.6. As the figure shows, the feed-
back of exhaust oxygen content (e.g.,
~10% by volume) is equal to an
air/fuel ratio X of 2.1 in pure hydro-
gen operation. The same oxygen con-

tent results in a relative air/fuel ratio

teiBaHust MBT ¢ 5% -HO#1 cMechl0 MeTaHa
B BOJOPOJIE€ COCTABIISIET OKOJO S5 Tpa.
['pamMm - paHblle, YeM C YUCTBHIM BOJIOPO-
noM. [l 20% cMecu meTaHa B BOIOPOJIE
BpeMsi HCKpPOOOpa30BaHUSI JIOJKHO OBITh
npumepHo oT 15 go 20 rpan. C - cHoBa,
paHbllie, YeM C YUCTBIM BOJAOpOJaOM. Jlis
cMmecel ¢ HeOOJIBIITUM KOJIMYECTBOM MeTa-
Ha (<5 00.%) JlBurareib MOXHO JKCILTya-
TUPOBaTh 0€3 PETryJIUPOBKH HCKPOBOIO
BPEMEHU, YTO MPUBEIET K HE3HAUUTEIIbHON
norepe 3pdekTuBHOCTH ABUrarensd. Jlus
cMeced ¢ OOJIBIIIUM KOJMYECTBOM MeETaHa
BpeMsl HCKpPOOOpa3oBaHHUsS JIOJKHO OBITh
OTPETYJIMPOBAHO I TOAJepk aHus 3¢-
(hEeKTUBHOCTH.

JPYTUE ©YHKIIWN OCY J]

XoTs TpeaBapuUTeNIbHOE HUCKPOBOE BpEMS,
KOTOpoe TpeOyeTcs Mpu CMEIIMBAaHUU BO-
J0poJila C METaHOM, MOXXET NPUBECTH K
CTYKJICHHUIO, 3TO Ka)KETCSI MaJOBEPOSITHBIM
- KaK u3-32 XOPOIIUX JIETOHAIMOHHBIX
CBOMCTB M€TaHa, TaK M H3-3a TOTO, YTO
CTpaterusi OEpeXIMBOTO O0XKOTa TaKXKe
MPENATCTBYET CTydarh. Kpome Toro, nat-
YUK JETOHAIMM MOKET HCIIOIb30BaThCs
JUTS IPEJIOTBPAIIICHUS CTyKa JBUTATEISI.
N3-3a U3MEHEHHOT0 COCTaBa IMOJAABAEMOTO
TOTUTMBA 3aBUCHUMOCTD

COOTHOIICHHUA BO3-

IyX / TOIJIMBO OT OOpAaTHOW CBSI3U OT BbI-
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of 2.08 with the 5% blend and about
2.05 with the 20% blend.

Knowing that the air/fuel ratio, espe-
cially in the region of X~2, has a cru-
cial influence on NOx emissions be-
havior, the effect described above
should be taken into account. On the
other hand, Fig. 7 shows that blending
hydrogen with methane slightly re-
duces NOx emissions because of the
slower combustion speed of methane
compared with that of hydrogen.
CONCLUSION

In order to investigate the effects of
blending hydrogen with methane on
engine performance, we conducted
several tests on a single-cylinder re-
search engine. The goal of these tests
was to identify the changes to the en-
gine ECU that are necessary to run the
engine on hydrogen/methane blends.
On the basis of our results, we can
draw the following conclusions.
Because of the lower combustion
speed of methane compared with hy-
drogen, the spark timing must be ad-
vanced with increased amounts of me-
thane in the blend.

The different properties of methane

and hydrogen necessitate adjustment

XJIOITHBIX Ta30B U3MCHSICTCS HE3HAUYMTEIIb-
HO.

3aBUCUMOCTh COJIEpKaHUsl OTPabOTaHHOTO
KHCJIOPOJa U OTHOCUTEIBHOTO COOTHOILIE-
HUS BO3AYyX / TOILUIUBO B COOTBETCTBYIO-
IEM PEKUME COOTHOIIEHHUS BO3AyX / TOTI-
muBo 1,8 <X <2,6. Kak BUgHO U3 pUCYHKA,
oOpaTHasi CBSI3b MO COJIEPKAHUIO OTpabo-
TaBIIero Kuciopoja (Hampumep, ~ 10
00.%) PaBHa cOOTHOLIEHUIO BO3AYX / TON-
auBo X 2,1 B peXxuMe YUCTOro BOJIOpOA.
Takoe xe copepx)aHue KUCIOPOJa MPUBO-
IUT K OTHOCUTEIBHOMY COOTHOIIICHHUIO
Bo3ayx / ToruBo 2,08 ¢ 5% -HOM cMechio
u okoJio 2,05 ¢ 20% -Hoii cMecChIO.

3Hast, YTO COOTHOLIEHUE BO31yX / TOIIUBO,
ocobeHHo B obOmactm X ~ 2, OKa3bIBacT
pemiaroniee BIUSHUE Ha TMOBEICHHUE BbI-
opocoB NOx, cienyer yautbiBath 3G (eExT,
onucaHHbIM Bble. C Ipyrom CTOPOHBI, Ha
puc. 7 mokKa3aHoO, YTO CMELIMBAHHUE BOJO-
poJila C METaHOM HE3HAUWUTEIHLHO CHUKAET
BbIOpockl NOX wu3-3a Oosiee MeAJIEHHON
CKOPOCTHU CTOPaHUsI METaHa M0 CPAaBHEHUIO
C BOJIOPOJIOM.

BbIBO/]

YtoOwsl mCCenoBaTh BIMSHUE CMEIIMBA-
HUS BOJIOpPOJIa C METAHOM Ha XapaKTepu-
CTUKU JIBUTATENS, MBI MIPOBEIN HECKOIBKO

WCHOBITAHUN Ha OJHOIWJIMHAPOBOM HCCJIIC-
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of the injection duration in order to
achieve the same engine load (Fig. 6)
presents a curve showing the neces-
sary adjustments).

The NOx emissions behavior of pure
hydrogen compared with hydro-
gen/methane blends shows the same
trends. Because of methane's slower
combustion speed, the absolute level
of emissions is slightly lower with an
increased amount of methane.

The amount of unburned methane
compared with hydrogen in the ex-
haust is higher relative to the compo-
sition of the feed fuel, probably be-
cause hydrogen has a shorter quench-
ing distance than methane, allowing
for more complete combustion close
to the combustion chamber walls.
Overall, the results from the study in-
dicate that only minor adjustments are
necessary for an engine calibrated and
tuned for operation on pure hydrogen

to run on hydrogen/methane blends.

JoBaTeNIbCKOM JiBUrartene. lLlenapto aTHx
UCIIBITAaHUM OBUIO OMNpEACICHUE H3MEHE-
Hui B ECU pgBurarens, KoTopsle HE00XO-
TUMBI JJIsl 3allyCKa JBUTAaTelsl Ha CMECHU
BoZiopos / MeraH. Mcxoas W3 HammMx pe-
3yJbTAaTOB, Mbl MOEM CJIEJaTh CIIEIYIO-
1€ BBIBO/IBI.

N3-3a Goiee HU3KOH CKOPOCTH CropaHus
M€TaHa M0 CPaBHEHUIO C BOJAOPOAOM BpEMS
UCKpOOOpa30BaHUs JIOJHKHO OBITh YBEIHU-
YEHO C YBEJIMYEHUEM KOJIMYECTBA METaHa B
CMECH.

PaznuuHble cBOMCTBA ME€TaHa W BOAOPOAA
TpeOYIOT KOPPEKTUPOBKU BPEMEHHU BIIPHIC-
Ka JUIsl JOCTUKEHUS TOU e Harpy3KH JBU-
rarens (puc.6), MpeacTaBIsIoNIeld KPUBYIO,
MOKA3bIBAIOIIYI0 HEOOXOAUMbIE KOPPEKTH-
POBKH).

[ToBenenue NOxX 1o BBIOpOCAaM YHCTOTO
BOJIOpOJA IO CPaBHEHUIO C BOJIOPOAHO-
METAaHHBIMU CMECSIMH JE€MOHCTPUPYET T€
e TeHaeHiuu. M3-3a Oonee MeIeHHOU
CKOPOCTH CrOpaHusi MeTaHa aOCOJIFOTHBIN
YPOBEHb BBIOPOCOB HECKOJIBKO HHUXKE C
YBEJIIMYEHHUEM KOJIMUECTBA METAHA.
KosnuecTBo HecropeBilero MeTaHa [0
CPaBHEHHMIO C BOJIOPOJIOM B BBIXJIONE BhIIIE
10 CPaBHEHUID C COCTABOM MCXOJHOTO
TOIUIABA, BEPOSITHO, TIOTOMY, YTO BOJOPO]

nMeeT OoJee KOPOTKOC pacCTOAHUC Talllc-
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HHSI, YeM METaH, 4To obOecrieunBaeT OoJiee
MOJIHOE CTOpaHWe BOJM3U CTEH Kamepbl
CTOpaHHusl.

B menom, pe3ynbTarhl MCCIEOBaHUS T10-
Ka3pIBAIOT, YTO JJIA KaJuOpOBKH U
HACTPOWKHU JBHTATENS JUIsl pabOThI HA YH-
CTOM BOJIOPOJE HEOOXOAUMBI TOJBKO HE-
3HAYNTEIbHBIC KOPPEKTUPOBKHU IS pado-

ThI HA CMECH BOJIOPOJI / METaH.

Lean burn versus stoichiometric
operation with EGR and 3- way
catalyst of an engine fueled with
natural gas and hydrogen enriched

natural gas

Cropanue nmpu cTeXuoOMeTpPpHYECKOW pa-
0otbl ¢ EGR u TpexxonoBoil karajamu3a-
TOp ABHUrareJis, padoTamuero Ha IMpHu-
POAHOM ra3e M 00OrameHHOM BOAOPO-

JI0M NMPHUPOJIHOM rase

ABSTRACT

Engine tests have been performed on
a 9.6 liter spark- ignited engine fueled
by natural gas and a mixture of 25/75
hydrogen/natural gas by volume. The
scope of the work was to test two
strategies for low emissions of harm-
ful gases; lean burn operation and
stoichiometric operation with EGR
and a three-way catalyst. Most gas
engines today, used in city buses, uti-
lize the lean burn approach to achieve
low NOx formation and high thermal
efficiency. However, the lean burn
approach may not be sufficient for fu-

ture emissions legislation. One way to

AHHOTanus

WcnibiTanust nBUrarensi MpPOBOAMIIMCH Ha
9,6-MmUTPOBOM HCKPOBOM JBUTaTENE, pabo-
TaIIeM Ha MPUPOTHOM Ta3e, U B CMECH
25/75 Bomopoma / MPUPOTHOTO Trasza IIo
o0bemy. O0BeM pabOT COCTOSUT B TOM,
9YTOOBI POBEPHUTH IBE CTPATECTHUU JIJIST HU3-
KHX BBIOPOCOB BpemHbIX razoB; OOemHeH-
HOTO 0’KOT'a M CTEXHOMETPHUIECKON pabOThI
¢ EGR 1 TpexKOMIOHEHTHBIM KaTaau3aTo-
poM. BoJBIITUHCTBO COBPEMEHHBIX Ta30BBIX
JBUTATEIICH, WCIOJIb3YeMBIX B TOPOICKHUX
aBTOOyCax, HCIOJB3YIOT MOAXOA C 00en-
HEHHBIM 0’KOTOM IS JIOCTHIKEHUS HH3KO-
ro obpaszoBanuss NOX M BBICOKOHW TEILIO-

Boi a(dextuBHOCTH. TeM He MeHee, TOJ-
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improve the lean burn strategy is to
add hydrogen to the fuel to increase
the lean limit and thus reduce the
NOx formation without increasing the
emissions of HC. Even so, the best
commercially available technology
for low emissions of NOx, HC and
CO today is stoichiometric operation
with a three-way catalyst as used in
passenger cars. The drawbacks of
stoichiometric operation are low
thermal efficiency because of the high
pumping work, low possible compres-
sion ratio and large heat losses. The
recirculation of exhaust gas is one
way to reduce these drawbacks and
achieve efficiencies that are not much
lower than the lean burn technology.
The experiments revealed that even
with the 25 vol% hydrogen mixture,
NOXx levels are much higher for the
lean burn approach than that of the
EGR and catalyst approach for this
engine. However, a penalty in brake
thermal efficiency has to be accepted
for the EGR approach as the thermo-
dynamic conditions are less ideal.
INTRODUCTION

In recent years, extensive research has

been done to make spark-ignited en-

X0/l ¢ OOEHEHHBIM 0XOTOM MOJKET OBITh
HEJIOCTATOYHBIM JIsI OYJIyIIEro 3aKkoHO1a-
TeNbCTBa 0 BhIOpocax. OHUM U3 CIIOCOO0B
VIYUYIIUTh CTPATETUIO OEPENKIMBOTO CHKU-
raHus SIBJsieTCS J100aBJIEHHE BOAOPOJAA K
TOIUIUBY JUJISI YBEJIMUYCHUSI CYXOTO Mpejena
U, TaKUM 00pa3oM, yYMEHbIIEHHUE 00pa3o-
Banuss NOX 0e3 yBeJIMuYeHHUs BBHIOPOCOB
HC. Tem He meHee, nyulias KOMMEPUYECKU
JOCTYTHAsl TEXHOJIOTUSI JJisi HU3KUX BBI-
opocoB NOx, HC u CO ceroans sBiseTcs
CTEXHMOMETPUUECKON paboTOl € TpexKoM-
MOHEHTHBIM KaTaJnu3aTOpPOM, MCIIOJIb3ye-
MBIM B JIETKOBBIX aBTOMOOWIsX. Hemo-
CTaTKaMHU CTEXHMOMETPUYECKON pabOTHI SIB-
naroTca Hu3kui TerioBor KIIJ[ u3-3a BbI-
COKOU paOOThl HAarHeTaHus, HU3KOW BO3-
MOXHOUM CTENEHU CKaTus U OOJBIIUX MO-
Tepb TeIia. PenupKyyisius BBIXJIOMHBIX
ra3oB SIBJSIETCS OJIHUM U3 CIOCOOOB
YMEHBILIEHUSI 3TUX HEJOCTAaTKOB M JIOCTH-
xKeHus: A(GOEKTUBHOCTH, KOTOpas He
HAMHOTO HWKE TEXHOJOTHH 00EIHEHHOTO
0’K0ora. DKCIEpPUMEHTHI MOKa3aly, 4TO Ja-
XK€ TpU HUCHoib30BaHUM 25% -HOW BOJO-
poaHoit cmecu ypoBHU NOX HAMHOTO BBI-
11e JyUIsl TOAX0/1a OOETHEHHOTO 0KOTa, YeM
s noaxona EGR wm karanuzartopa s
ATOTO ABUTATENsA. TeM He MeHee, mTpad 3a
TETJIOBYIO

3 PEKTUBHOCTL  TOPMO30B
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gines fueled by natural gas more
competitive to diesel engines. The fo-
cus has been on extending the lean
limit of the combustion to increase ef-
ficiency and lower the NOx emis-
sions. By increasing the excess air
there is a decrease in both the peak
temperatures and the formation of ni-
trous oxides. At the same time, lean
combustion makes it possible to
achieve high efficiency at low and
medium loads as less throttling results
in a lower rate of pump work. The re-
duced peak temperature also leads to
less heat loss which increases the effi-
ciency. The knock tendency is also
reduced, resulting in a higher com-
pression ratio and thus an increase in
efficiency. However, there is a
tradeoff between the formation of
NOx and unburnt hydrocarbons (HC)
as the lower combustion temperature
increases the emissions of HC. Hy-
drogen has proven to be a well-suited
additive to extend the lean limit be-
cause of its high reactivity and lami-
nar flame speed. Several research pro-
jects have found that the tradeoff situ-
ation is improved when a relatively

small amount of hydrogen is intro-

JOJDKeH mpuHUMaThes i nogxonaa EGR,
MOCKOJIbKY TEPMOJAMHAMUYECKUE YCIOBUS
MEHee UJCabHBbI.

BBEJIEHUE

B nocnennue roasl ObUIA MPOBEICHBI 00-
IIMPHBIC UCCIICIOBAHUS, HAIIPABIICHHBIE HA
TO, 4TOOBI MCKPOBBIC JIBUTATENH, padoTa-
I0Il[Me Ha MPUPOJIHOM Taze, 00jiee KOHKY-
PEHTOCTIOCOOHBI JUIsl TU3ENIbHBIX JBUTATE-
neii. OCHOBHOE BHHUMAaHHE OBLIO YAEIECHO
YBEJIMYECHHUIO CYXOro Tpejiesia CropaHus
IUIsl TOBbILIEHUSI 3()P(PEKTUBHOCTU U CHHU-
*KeHus:i BbIOpocoB NOX. YBenuueHue u3-
OBITOYHOT'O BO3AyXa MPHUBOJUT K YMEHbB-
IICHUIO KaK MHKOBBIX TEMIepaTyp, TaK U
oOpa3oBaHMsl OKCHUIOB a3oTa. B To xe
BpEMS CYyX0€ CTOpPAHHE MO3BOJISIET TOCTUYD
BBICOKON 3(()EKTUBHOCTU TPU HUBKUX U
CpEeIHUX Harpy3Kax, MOCKOJbKY MEHBIIIEe
APOCCENTNPOBAHNE MPUBOANUT K CHUKCHHIO
CKOpOCTH paboThl Hacoca. CHI)KEHHAs TIH-
KOBas TeMmIepaTypa TakXkKe MPUBOJIUT K
YMEHBIIICHUIO TIOTEPh TETIa, YTO MOBHIIIA-
eT 2 pexTuBHOCTD. TeHIESHIINS TeTOHAITNN
TaK)Ke CHUXKAETCS, YTO MPUBOAUT K Ooiiee
BBICOKOW CTEMEHU CXKaTUsl U, ClefoBa-
TEJIbHO, K TOBBIMIEHUIO 3(PPEKTUBHOCTH.
OmHAKO CYIIECTBYET KOMIIPOMHUCC MEXIY
oOpazoBanreM NOX U HECTOpEBIIMMH YT-

nesogopogamu (HC), mockonbky Oosee
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duced [3], [4]. When the amount of
hydrogen addition is limited to about
20 vol%, problems such as backfire,
uncontrolled ignition and low volu-
metric energy content are overcome.
However, even if high excess air ratio
and low NOx is possible with the ad-
dition of hydrogen, the engine cannot
always run very lean. In real engine
applications, like in a city bus engine,
the load and speed are highly transi-
ent. In order to achieve driveability,
the engine requires variation in the
air/fuel ratio with less lean mixtures
in some situations like acceleration
and low engine speed. Also, limita-
tions in the response time and the ac-
curacy of the control system results in
lower X in some situations. Very high
levels of NOx can then be emitted as
the engine can run close to the condi-
tions where the maximum amount of
NOXx is formed. The engine used in
this work had a maximum NOx for-
mation level at around X =1.2.
Another way of dealing with NOx
emissions is catalytic conversion. The
three-way catalyst has proven to be
very efficient in reducing NOx, HC

and CO simultaneously in gasoline

HU3Kasl TeMIeparypa TOpeHusl yBeJInYuBa-
et BeIOpockl HC. Bomopon okaszancst xo-
pOILIO MOIXOAIEH A00aBKOW ISl yBEJH-
YEHUsl CYXOr0 IPEAea U3-3a €ro BBICOKOU
PEAaKTUBHOCTH W CKOPOCTH JIAMHUHAPHOI'O
miamMeHu. Heckonibko ucciie1oBaTeIbCKUX
IIPOEKTOB OOHAPYXWJIH, YTO CHUTyalus C
KOMIIPOMHUCCOM yJIY4YIIIaeTCsl, KOrja BBO-
JUTCS OTHOCUTEIBHO HEOOJIBIIOE KOJIMYE-
cTBO Bojiopoaa [3], [4]. Koraa konnvecTBo
n00aBlieHUs BOJOpPOJAa OTPAHUYEHO TPHU-
MepHO 20 00.%, YcTpaHsAIOTCS Takue mpo-
0JieMbl, KaKk OOpaTHBIM OTOHb, HEKOHTPO-
JUpyeMOe 3aKUTaHue U HU3KOE 00bEMHOE
HYHEPreTUYECKOE COJIEPKaHUE.

OnHako naxe eciau ¢ J0OaBJICHUEM BOJIO-
pOJia BO3MOKHO BBICOKOE OTHOLIEHUE W3-
OBITOYHOT'O BO3yXa M HU3KUU YPOBEHb
NOx, aBurareiab He BCErja MOXET pado-
TaTh OY€Hb OBICTPO. B peanbHbIX ABUTaTE-
JSIX, HApUMEp, B JIBUTATelie TOPOJCKOM
IIMHBI, Harpy3ka U CKOPOCTb OYEHb Ipe-
xoasiy. i TOCTHKEeHHS! YIIPaBIsiEMOCTH
ABUTATEIb TPEOyeT U3MEHEHHsI COOTHOIIIE-
HUS BO3JyX / TOIUIMBO C MeHee 00eTHEH-
HBIMU CMECSIMH B HEKOTOPBIX CUTYalUsIX,
TaKuX KaK YCKOPEHHE M HHU3Kas 4acToTa
BpanieHusi asuratens. Kpome toro, orpa-
HUYEHUSI B BPEMEHHU OTKIIMKA U TOYHOCTHU

CUCTCMBI YIIPABJICHUA IPUBOAAT K CHHIKC-
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engines. The drawback is that the en-
gine has to run close to the stoichio-
metric air/fuel ratio in order to make
the catalytic NOx reduction reactions
occur, and this leads to low thermal
efficiency.

ut if the mixture is diluted by recircu-
lated exhaust gas (EGR), similar ad-
vantages such as being diluted with
air are achieved and the air/fuel ratio
can remain stoichiometric. As with
the lean limit for lean burn engines,
there is a limit to how much recircu-
lated exhaust gas the engine can toler-
ate before the combustion efficiency
becomes poor and the cycle-to- cycle
variations are severe. Introducing hy-
drogen to the fuel should also help to
increase the achievable dilution level
for an engine with EGR because of
the high reactivity and high laminar
flame speed.

Patrik Einewall et al. [1] at LTH in
Sweden carried out experiments
where lean burn operation was com-
pared to stoichiometric operation with
EGR and a three-way catalyst for a
natural gas fueled engine. They found
that stoichiometric operation with

EGR and catalyst gave much lower

HUI0O X B HEKOTOpbIX curyauusax. llpu
TOM MOTYT BBIICISITHCS OYEHb BBICOKHE
ypoBHM NOX, Tak Kak JIBUTAaTEllb MOKET
paboTaTh BOJIM3U YCIOBUN, MPU KOTOPBIX
oOpa3yeTcsi MaKCUMaJbHOE KOJUYECTBO
NOx. JIpurartenb, UCHOIB3YEMBIH B ITOM
paboTe, UMeNl MaKCUMAJIbHBIN YPOBEHb 00-
pazoBanus NOx okoiso X = 1,2.

Hpyrum criocoboM OOprOBI C BBIOpOCaMU
NOx sBasieTcss KaTalUTHYeCKash KOHBEp-
cus. TpexxomoBOW KaTaJM3aToOp OKa3aJiCs
oueHb 3(PPEKTUBHBIM ITPU OJJHOBPEMEHHOM
cHmwkenuu cojaepxxanuss NOx, HC u CO B
OCH3WHOBBIX JBHUTarensix. Hemocrarkom
SIBJISIETCS TO, YTO JIBUTATENb JIOJKEH pado-
TaTh BOJIM3U CTEXHOMETPUYECKOTO COOT-
HOIIIEHUSI BO3AyX / TOIUIMBO, YTOOBI Clie-
JaTh KAaTaJMTUYECKUE pEaKIMU BOCCTa-
HoBJIeHUsI NOX, 4TO NPHUBOAUT K HHU3KOU
TEII0BOM 3(pPEKTUBHOCTH.

Ecnu cmech paszbaBiieHa penmpKyIupye-
MbIM BbIxJonHbIM razom (EGR), moctur-
HYTBI aHAJIOTUYHbIE TTPEUMYIIIECTBA, TAKWE
KaK pa30aBiieHHE BO3/1yXOM, U COOTHOIIIE-
HUE BO31yX / TOIJMBO MOXET OCTaBaThCS
crexuoMerpuueckuM. Kak u B ciydae cy-
XOro mpejen sl ABUraresieid ¢ o0eIHEeH-
HbIM C)KMTAaHHUEM, CYIIECTBYET OIrpaHHue-
HHU€ Ha TO, HACKOJBKO PEUUPKYIUPOBAH-

HBIM BBIXJONHOMW TIa3 MOXKET BBIACPKATb
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NOx and HC emissions (10-30 and
360-700 times lower, respectively)
with only a slight decrease in brake
efficiency compared to lean burn op-
eration. The CO emissions however,
were found to be about 10 times high-
er than for the EGR solution, but it
should be noted that the X control was
not optimized for the use of a three-
way catalyst.

Also at LTH, Per Tunestal et al. [4]
performed engine experiments with
natural gas/hydrogen mixtures where
they tested two combustion chambers
with different turbulence levels. They
found that the addition of hydrogen
resulted in an improvement in the
tradeoff between NOX and HC and
achieved a reduction in both com-
pared to pure natural gas. The effect
of the addition of hydrogen was more
pronounced for the low turbulence
slow burning combustion chamber
than for the high turbulence chamber.
Nellen et al. [5] developed a natural
gas engine concept for stationary co-
generation applications. The engine
was run on a stoichiometric mixture
and was equipped with cooled EGR
and a three-way catalyst. They

JBUTATENIb J0 TOrO, Kak 3()(PEeKTUBHOCTH
CrOpaHHsi CTaHET IUIOXOH, a KoyieOaHUs
[MKJIa K UKy OyAyT cephe3HbiMHU. BBe-
JIEHHE BOJIOPO/ia B TOIJIMBO TAKKE JOJKHO
MIOMOYb TOBBICUTH JOCTHXKUMBIN YPOBEHb
paz0aBnenus aia asuratens ¢ EGR uz-3a
BBICOKOW PpEAKIIMOHHOW CIIOCOOHOCTH U
BBICOKOM CKOPOCTH JIAMHUHAPHOTO ILJIaMe-
HU.

Patrik Einewall et al. [1] 8 LTH B llIBenuu
OBLIIM MPOBEACHBI IKCIIEPUMEHTHI, B KOTO-
pBIX padoTa Mo COKpAIIEHUIO 05KOra CpaB-
HUBAJIaCh CO CTEXHOMETPUUYECKON paboToM
¢ EGR 1 TpexKOMIOHEHTHBIM KaTalau3aTo-
poM Il JBUTrartesis, paOOTaloliero Ha
npupogHoM raze. OHU OOHApYKWUIH, UYTO
crexuoMerpuueckas padbora ¢ EGR u ka-
TaM3aTOPOM JAeT 3HAYUTEIbHO MEHBIINE
BbIOpockl NOx u HC (cootBerctBeHHO 10-
30 u 360-700 pa3) ¢ HEOONBIINM CHUXKE-
HUEeM J()PEKTUBHOCTH TOPMOKSHHS I10
CpPaBHEHHMIO C orepauueil Ha oxore. OgHa-
k0 BbIOpockl CO ObutH mpumepHo B 10 pa3
BhIIIEe, yeM i pactBopa EGR, Ho cieny-
€T OTMETHUTh, YTO KOHTPOJb X HE OBbLI OII-
TUMU3UPOBAH ISl WCIOJb30BaHUSA TpeEX-
KOMIOHEHTHOTO KaTaJIn3aTropa.

Taxxe B LTH Per Tunestal et al. [4] mpo-
BEJIM DKCIIEPUMEHTHI Ha JBUTATENE C MpPHU-

POOHBIMH T'a3aMU / BOJOPOJHBIMHU CMCCA-
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demonstrated that high load (BMEP =
23 bar) and high fuel conversion effi-
ciency (42%) is possible with very
low emissions of NOx, CO and THC.
Reppert et al. [6] converted a Mack
E7G lean burn natural gas engine to
stoichiometric operation with cooled
EGR and a three-way catalyst. The
emissions test, which measured ac-
cording to the U.S. Federal Test Pro-
cedure, revealed 0.049 g/bhp-hr NOXx,
0.002 g/bhp-hr PM, 0.435 g/bhp-hr
THC, 0.000 g/bhp-hr NMHC and
4.153 g/bhp-hr CO. The brake specif-
ic fuel consumption was 2% above
the lean burn engine calibrated at 2
g/bhp-hr NOx.

Thorough testing of hydrogen/natural
gas mixtures as fuel was performed
by Munshi et al. [3]. Dynamometer
testing indicated a 50% reduction in
NOx for stationary operation and 56%
reduction in a transient cycle when
the engine was fueled with a 20 vol%
hydrogen mixture compared to natural
gas. The SunLine Transit Agency
tested two buses with these lean burn
engines. The buses completed 24 000-
mile field trials successfully.

The scope of the present work is to

MU, TJI€ OHU MPOTECTUPOBAIIN JBE KaMephl
CrOpaHusi C pa3IMYHbIMH YPOBHSIMHU TYp-
OynentHocTH. OHU OOHApPYXWIH, YTO J1O-
OaBjieHHE BOJOPOJA NPHUBEIO K YJydlle-
Huro komnpomucca mexay NOX m HC un
MPUBEJIO K CHIKEHUIO KaK M0 CPAaBHEHUIO
C YUCTBIM MPUPOJIHBIM razoM. IpdexT 1o-
OaBneHus Boaopoaa OblI OojIee BBIPAXKEH-
HBIM JIJI1 HU3KOTEMIIEPATypHOU Kamepbl
CropaHusi C HHM3KOH TypOyJIEHTHOCTHIO,
4yeM JUIsl KaMephl ¢ BBICOKON TypOyJIEHTHO-
CTBIO.

Nellen et al. [5] pa3pabotayl KOHIIEMIIIHIO
JBUTATEINSI MPUPOJHOTO Tas3a i CTalHO-
HapHBIX MPUMEHEHUN KoreHepauuu. J{Bu-
rareab paboTaq Ha CTEXMOMETPUYECKOMN
cMecd W ObUI OCHAIIEH OXJIAKIECHHBIM
EGR © TpeXKOMIOHEHTHBIM KaTajau3aTo-
poMm. OHU TPOAEMOHCTPUPOBAIIH, YTO BBI-
cokast Harpy3ka (BMEP = 23 Gap) u BbIco-
Kast 9 PeKTUBHOCTH MPeoOpa30BaHUS TOTI-
nuBa (42%) BO3MOKHBI TP OYEHb HU3KHUX
BbIOpocax NOx, CO u THC.

Reppert et al. [6] mpeBpatun Mack E7G
CKVDKEHHBIM TNPUPOJIHBIN Ta30BbIA JBUTraA-
TeIb B CTEXHOMETPHUYECKYIO paboTy ¢
oxyaxaeHHbIM EGR # TpeXxKoMIoHEHT-
HbIM KatanuzatopoMm. McneiTanue Ha BbI-
Opochl, U3BMEPEHHOE B COOTBETCTBUM ¢ De-

nepanbHoil mpoueaypor CIIIA, mokazano
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investigate the effect of the addition
of hydrogen when the engine is run
stoichiometrically with EGR and a
three-way catalyst. This work will
compare the results with lean burn
operation with respect to emissions of
NOx, HC and CO, and the effect on
brake efficiency and cycle-to-cycle
variations.

RESULTS

EMISSIONS BEFORE CATALYST
Because of the high laminar flame
speed and low minimum ignition en-
ergy of hydrogen, it was expected to
be able to increase the amount of ex-
cess air and the amount of EGR with-
out increasing the emissions of HC
and CO when using 25% hydrogen
mixture. The experiments show the
ability to increase lambda when the
hydrogen mixture is used, but the pos-
sibility to increase the amount of EGR
IS not proven. This is associated with
problems of water droplet entrainment
in the inlet air with higher amounts of
EGR. The water vapor from the recir-
culated exhaust condensed in the in-
tercooler although it was supposed to
be removed by the water drain at the

bottom of the intercooler and by the

0.049 r / n.c. NOx, 0,002 r / m.c., PM,
0,435 r / n.c. THC, 0,000 r / n.c. NMHC n
4,153 r / Bhp-hr CO. VYnaensHbIN pacxon
TOIUIMBA HAa TOPMO>XKeHHE ObuUT Ha 2% BBI-
11e, YeM y JBUTATEIS C O0CTHECHHBIM 05KO-
rom, oTkanuopoBanHoro Ha 2 r / ja.c. NO Xx.
TmrarensHbIE WCTIBITAHUS CMECEH BOJOPO-
71a ¥ TIPUPOJTHOTO Ta3a B KaUYeCTBE TOILIMBA
Obumn BRIMOJIHEHBI Munshi et al. [3]. Uc-
MbITAaHWE JTUHAMOMETPOB Tokazaio 50% -
Hoe cHmxkeHne NOX s CcTalmoOHapHOU
paboTel U 56% -HOE cokpalleHue mnepe-
XOJTHOTO IMKJIa, KOTJa JBUTaTeNlb ObLT 3a-
mpaBJieH BogopoaHou cMmechio 20 00.% Ilo
CpPaBHEHUIO C TPHUPOJHBIM Ta3oM. TpaH-
3UTHOE areHTCTBO Sunline MpoBeso UCIbI-
TaHUS JIBYX aBTOOYCOB C ITHUMH JBUTATE-
JSIMHA C HU3KUM TIOTPEOJICHHEM TOILIUBA.
ABTOOYyCHl ycnemHo 3aepmuian 24 000-
MUJIbHBIC TTOJICBBIC UCTTHITAHUS.

O0bem HacTosIIe paboThI 3aKITI0YAETCS B
UCCJICIOBAHUH BJIMSIHUSL JOOABIIEHUS BO-
70poja, KOTja JBUTATENb paboTaeT cTe-
xuomerpuuecku ¢ EGR u Tpexkommo-
HEHTHBIM KaTaji3aTopoM. JTa padbora Oy-
JIET CpaBHUBATH PE3yibTaThl ¢ OE3HAIEK-
HBIM PEKUMOM TOPEHUS B OTHOIIICHUH BBI-
opocoB NOx, HC u CO, a takxxe BIUsIHUE
Ha 3(PPEKTUBHOCTH TOPMOXKECHHUS U H3MeE-

HCHUA IUKJIa Ha IIUKII.
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extra water droplet trap mounted after
the intercooler. This was not suffi-
cient as misfire occurred in the cylin-
der where the droplets probably ended
up. The problem was most evident
when the hydrogen mixture was used
because of the greater amount of wa-
ter in the exhaust gas.

Figure 2 shows the emissions of NOX,
HC and CO at a load of 10 bar BMEP
as a function of excess air ratio, X.
From X = 1.0, the NOx emissions in-
crease by X because of the amount of
oxygen being available. The maxi-
mum NOXx emission is reached at
around X = 1.2, thereafter it decreases
as the combustion temperature falls.
The lean limit was defined as the
point where the coefficient of vari-
ance in IMEPnN exceeded 10% in one
cylinder. At the leanest points, it can
be seen that the NOx emissions are
markedly lower for the 25 vol% hy-
drogen mixture, and at the same time
the CO and HC is kept the same or
even lower compared to the natural
gas case.

HC emissions

The emissions of unburnt hydrocar-

bons have the opposite trend to NOx

PE3VJIbTATHI

BBIBPOCHKI IIEPE/] KATAJIM3ATOU
N3-3a BBICOKOM CKOpPOCTH JaMHHAPHOTO
IJIAMEHU W HA3KOW MUHUMAJIbHOM SHEPTUH
BOCIUIAMEHEHUSI BOAOPOA OKUIACTCS, YTO
OH CMOJXKET YBEJIUYUTh KOJUYECTBO H30bI-
TOYHOIr0 BO3ayxa M konuuectBo EGR 06e3
yBennuenus: BbiopocoB HC u CO npu wuc-
MOJb30BaHUU 25% BOJOPOAHON CMECH.
DKCIEPUMEHTBI MOKa3bIBAIOT CIIOCOOHOCTh
yBEIMYUBATh JIIMOJIa TIPU HCIIOJIB30BAaHUN
BOJIOPOJTHOM CMECH, HO BO3MOKHOCTh yBE-
muueHust koimmdectBa EGR He nokasana.
DTO CBsA3aHO ¢ MpoOJIeMaMH YIIaBIMBAHUS
Karneiab BOJbI BO BIYCKHOM BO3JyXe C
oonpmM konmaecTBOM EGR. Tlapsr Bosb
U3 PEUUPKYJIUPOBAHHBIX BBIXJIOMHBIX Ta-
30B, CKOHJICHCUPOBAHHBIX B MPOMEKYTOU-
HOM OXJIaJuTeJIe, XOTS U MPEAnoJiarajioch,
YTO OHM OBUIN YJaJEHBI C TOMOIIIBIO CIMBA
BOJIbl B HM)KHEW 4YacTH TPOMEKYTOUHOTO
OXJIAAUTEIISI M JONOJHHUTCIBHON KallCib-
HULIBI I8 BOJIBI, YCTAHOBJIGHHOW TMOCIIe
MHTEpKyJiepa. ITOro OBLJIO HEIOCTATOYHO,
MMOCKOJIBKY B IUJUHJIPE IPOU3OIIET Oce-
YeK, IJie, BEPOSITHO, 3aKOHUYMJIUCH Karliu.
[IpoGiiema Obuta HambOJICE OYEBHIHOM,
KOTJla CMECh BOJOpPOJa HCIOJIb30BaIaCh
n3-3a OOJIBIIIEr0 KOJIMYECTBA BOJBI B BEI-

XJIOITHBIX I'a3ax.
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in the lean burn cases. Emissions de-
crease with lambda as the available
oxygen for oxidation increases, but
start to increase at around lambda 1.2
as the lower flame temperature reduc-
es the combustion efficiency.
Because of the above-mentioned
problems with water entrapment, the
EGR levels did not reach the "natural™
dilution limit of stable combustion.
The high HC emission for natural gas
at 10 bar BMEP is clearly caused by
misfire due to water entrainment as
the COV in IMEPN is over 50% in the
cylinder that most probably received
the water droplets. In all load cases
the HC emissions are less for the hy-
drogen enriched gas. Part of the ex-
planation is that there are fewer hy-
drocarbons in the fuel, but as 25%
hydrogen by volume only represents
about 8.4% by energy and 3.7% by
mass, the reduction is more than the
reduction in hydrocarbon in the fuel.
The trend is shown for both the lean
burn and the EGR cases. Figure 8
shows the HC emissions as mass HC
per mass of natural gas supplied. This
clearly shows that the addition of hy-

drogen improves the HC oxidation.

Ha pucynke 2 moka3zanbl BeIOpockl NOX,
HC u CO npu Harpy3ke 10 6ap BMEP B
3aBUCUMOCTH OT M30BITOYHOTO COOTHOIIIE-
Hus Bo3ayxa X. M3 X = 1.0 BeiOpocsr NOx
yBEIMUYMBAIOTCSI Ha X U3-32 KOJUYECTBA
kuciopoaa. MakcumanbHas smuccust NOx
JIOCTUTAETCS MIPU TEMIEepaType 0Kojao X =
1,2, mocie 4yero oHa yMEHBIIAETCS C IO-
HUOKEHUEM TeMIiepaTypbl ropenus. Huk-
HUW TIpeies Onpeeisuicsl Kak TOUKa, B KO-
Topoit Koadduiment nucnepcuu B IMEPn
npessiman 10% B onHom nunuHape. B ca-
MBIX CKYAHBIX TOYKAaX BUJHO, YTO BBIOPO-
cel NOX 3ameTHO HMXKe 1d 25% -HOU BO-
JIOPOIHON cmecH, u ogHOBpeMeHHO CO u
HC coxpansitoTcsi 0AMHAKOBBIMU UJIU JIAXKE
HIKE 110 CPAaBHEHUIO C Ta30M.

Bosi6pocst CH

BrIOpockl  HecropeBImx YriieBOJ0POIOB
MMEIOT TPOTHUBOMOJIOKHYIO TEHICHIIUIO K
NOx B ciyyasix CKygHOTO oxora. Beibpo-
Chl YMEHBIAIOTCS C JSIMOOM, TTOCKOIBKY
JTOCTYMHBIM  KUCIOPOJ [IJIsi  OKHUCJICHUS
YBEIIMYMBAETCS, HO HAUYMHAET YBEJIUYH-
BaTbCsl NpUMEpHO Ha JaMmOna 1.2, mo-
CKOJIBKY OoJiee HHM3Kasl Temreparypa Iijia-
MEHHU CHIKaET 3P(HEKTUBHOCTH CTOPaHUSI.
N3-3a BBIIEYyOMSHYTBIX TTPOOJIEM C yJIaB-
nuBaHueM BoJibl ypoBHU EGR He nocturinm

«CCTCCTBCHHOI'O» IIpcaciia p8,36aBJ'I€HI/I$I
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The CO emissions are very high for
lambda 1 and the EGR cases (opera-
tion at lambda 1). This is because the
lambda was set to slightly rich for the
catalyst to work. In gasoline engines
where the three-way catalyst is ap-
plied, the X oscillates between slight-
ly rich and slightly lean to create both
oxidizing and reducing conditions in
the catalyst. The lambda control sys-
tem used in these experiments did not
oscillate. To be able to reduce NOX,
the lambda had to be set to slightly
rich and as the CO emissions are very
sensitive to lambda at this point, ra-
ther large emissions were formed.

No effect of hydrogen can be seen in
the CO emissions for the EGR cases,
but a decrease in CO is observed for
the lean burn cases at constant load.
EMISSIONS AFTER CATALYST
The real advantage with EGR running
with stoichiometric mixtures is that
the three-way catalyst can be applied.
Figure 11, Figure 12 and Figure 13
show the emissions of NOx, HC and
CO after the catalyst.

As mentioned above, the catalyst effi-
ciency is very sensitive to lambda as

the lambda control system is not an

IUI YCTOMYMBOTO CropaHus. BbICOKHI BbI-
opoc HC nns npupoanoro raza npu 10 6ap
BMEP, oueBnaHO, BhI3BaH IIPOITYCKOM 3a-
JKUTAHUSI U3-3a YBJICUCHUS BOJIbI, IOCKOJIb-
Ky COV B IMEPn cocrasiser 6onee 50%
B LWIWHJIPE, KOTOPBINA, CKOpPEE BCETrO, IO-
Jy4WJI Karejdbku BoJbl. Bo Bcex ciydasix
Harpy3ku BbeIOpockl HC menbie s 060-
raleHHoro BOJOpoAOM raza. Yacte 00b-
SCHEHUSI COCTOMT B TOM, YTO B TOIUIMBE
MEHBIIIE YTIEBOJOPOJIOB, HO TOCKOIBbKY
25% Bomopoaa MO OOBEMY COCTaBJISIET
nuiib okojio 8,4% mo sHepruu u 3,7% mo
Macce, 3TO COKpallleHue OOJIbIlIe, YeM CO-
KpallleHUE COJIepKaHusl YrIeBOJOPOJIOB B
ToruMBe. TeHaeHIus MoKa3aHa Kak s
CKYJIHOIO 0ora, Tak u 1y ciaydaeB EGR.
Ha pucynke 8 moka3zanbl BeiOpockl HC B
Busie maccel HC Ha Maccy mocTaBiisieMoro
MPUPOJIHOTO Ta3za. DTO SICHO TMOKAa3bIBaET,
41O J00aBlieHWe BOJOPOJA  YyIydIlaeT
okucnenue HC.

Briopocer CO ouenb Beauku ajist jisimoaa-1
u caydaeB EGR (pabora Ha nsmoOma-1).
DTO OO0BICHICTCS TEM, YTO JIMOaa Oblia
HEMHOTO OOoraIrieHa KaTaau3aTopoM st
paboTel. B OCEH3WHOBBIX IBUTATENSIX, TIIE
MIPUMEHSIETCS TPEXKOMITOHEHTHBINA KaTalu-
3atop, X KoieOJIeTcss MeXIay clierka oora-

TBIMHU M CJICTKA O6€)1H€HHLIMI/I, yTOOBI CO-
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oscillating one. The lambda was ad-
justed to have a good reduction of
NOx and HC, but then some CO
emissions had to be tolerated. Still,
the CO emissions are for most cases
lower than the CO emissions for the
lean burn cases before the catalyst.
The NOx and HC emissions are very
low compared to the lean burn cases
at all loads, even though the catalyst
efficiency is poor at some points
where lambda has floated a bit off the
set point. This would probably be
avoided if the engine had an oscillat-
ing lambda control system.

Figure 14 shows how the three-way
catalyst operates. The NOx reduction
only functions near lambda 1. At
higher lambdas the NOx reduction is
practically zero. The non-zero value is
probably due to natural variation as
the NOx emissions before and after
the catalyst are not measured simulta-
neously. In this case the exhaust sam-
ple line is switched to collect sample
gas before and after the catalyst. The
HC emission is also poorly reduced at
higher lambda, but a catalyst designed
to operate under lean conditions

would probably be able to reduce HC

3/1aTh KaK OKHCJIMTENIbHBIC, TAK M BOCCTa-
HOBUTEJIBHBIC YCIOBUS B KaTaJIW3aTope.
JIsmOpa-cuctema ymnpaBiieHUs], UCIOJIb3Y-
eMasi B 3THX JKCIEpPUMEHTaX, He KoJieOa-
nack. UToOBI UMETh BO3MOYKHOCTh YMCHb-
muTh BEIOpockl NOX, msM0/1a J0JKHA ObI-
Ja ObITh HEMHOTO OOraTtoil, U IMOCKOJBbKY
BbIOpochl CO O4YeHb YYBCTBUTENBHBI K
asMO0J1a B 9TOT MOMEHT, ObIH CHOPMHUPO-
BaHBI JIOBOJILHO OOJIBIIIAE BHIOPOCHI.

B BwiOpocax CO mis cmydae EGR ne
HAOII0/TAeTCSl HUKAKOTO BIIMSHUS BOAOPO-
na, Ho HaOmomaercs yMenbinenue CO s
CJIy4aeB CKYJIHOTO 0XOTa MPHU MOCTOSTHHOM
Harpyske. BbIGPOCHI [TOCJIE
KATAJIM3ATOPA

Peanvnoe mpeumymectso ¢ EGR, pabora-
IOIAM CO CTEXHOMETPHUECKHUMHU CMECSIMH,
3aKJIFOYAETCS B TOM, YTO MOXKET IpUMe-
HATBCS TPEXCTOPOHHUM Karaiuszatop. Pu-
cyHok 11, Pucynok 12 u Pucynok 13 mo-
ka3piBatoT BeIOpockl NOx, HC u CO nocne
KarajauszaTopa.

Kak ymomunanoch Bbiie, 3¢ (HEKTUBHOCTh
Karaju3aTopa O4YCeHb YYBCTBHUTEIbHA K
asMOa, TTOCKOJIBKY CHUCTEMa YIpaBIICHUS
asMOna HE SBISETCS  OCIHMIIHUPYIOIISH.
JIamOna Obl1a CKOPPEKTHpPOBAHA C TEM,
9TO0BI UMETh Xopotiee cHuxkeHue NOX u

HC, Ho 3areM HeoOxoaumo OBLIO JOMYC-
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more efficiently. The CO is efficiently
reduced over the whole lambda spec-
trum.

Figure 15 illustrates that the three-
way catalyst is able to reduce CO, HC
and NOx efficiently when the engine
IS operated at lambda 1 with EGR. An
oscillating lambda control system
may result in an even better reduction.
The results show that it should be
possible to meet Euro 5 emission leg-
islation with the stoichiometric +
EGR and three-way catalyst approach
both for natural gas and the 25 vol%
hydrogen mixture. The emission lim-
its for the Euro 5 transient cycle are 2
g/kWh NOx, 1.65 g/lkWh THC and 4
g/kWh CO. For this engine, the lean
burn approach will not be able to meet
Euro 5, even when using the 25 vol%
hydrogen mixture. Even if the NOx
was kept under 2 g/kWh, the HC
emissions are far too high without af-
ter-treatment. It should be noted that
the Volvo engine used in these tests is
not the cutting edge in gas engine
technology. The combustion chamber,
called "Turbine" cf. [4], is a rather
slow burning low turbulence chamber.
CONCLUSIONS

KaTb HekoTopbie BbIOpockl CO. Tem He
MeHee, BbIoOpockl CO B OOJBIIMHCTBE CITY-
yaeB HIKe, 4eM BbhIOpochl CO st cyxux
CIydaeB O)Kora TIepel KaTaJIu3aTOpOM.
Beiopocet NOx u HC ouyeHp HuU3KH 11O
CPAaBHEHUIO C JKECTKHUMH OKOraMu IpH
BCEX Harpys3kax, Jake HECMOTpsS Ha TO,
9710 3(DPEKTUBHOCTH KaTau3aTopa B HEKO-
TOPBIX TOYKAaX, I/I€ JIMOJa HEMHOIO OT-
KJIIOHWJIACh OT 33JIaHHOM TOYKH, IIJIOXO pa-
O0otaeTr. DTOro, BEPOSTHO, MOXKHO H30e-
»KaTh, €CIIM OBl JABUTATEIIh MMEI KoyieOa-
TEJbHYIO CUCTEMY YIIpaBJICHUS JISIMOI0H.

Ha pucynke 14 mokaszaHo, kak paboTaer
TPEXIMO3UITMOHHBIN KaTanu3atop. CHIke-
Hue NOX JefcTByeT TOJIbKO BOJM3H JIIMO-
na 1. Ilpu Oosee BBICOKHX JIIMOaAX
ymenbiieHue NOX MpakTHYECKH pPaBHO
nymo. HeoOs3atenbHoe 3HaueHue, BEPO-
SATHO, CBSI3aHO C €CTECTBCHHBIM M3MCHCHH-
€M, TIOCKOJIbKY BbIOpockl NOX 110 u mocie
Kartaqm3aTopa HE H3MEPSIOTCS OJHOBpE-
MEHHO. B 3TOM ciydae TUHUS BBIXJIOTTHBIX
ra3oB IIepeKIIFoYacTcs Ha cOOp MpoOHOTO
rasa Jio M Iocjie KaraiuzaTopa. BeiOpochl
HC Ttaxxke cnabo cHmkaroTcs mpu Oojiee
BBICOKOM JIsIMO/Ia, HO KaTalu3aTop, Mpe-
Ha3HAYCHHBIH I pabOThl B  YCIOBHUAX
oOemHEeHHUs, BEPOSTHO, OyIeT CrImocoOeH

oosiee dP(HEKTUBHO CHUXKATh KOHIIEHTpA-
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The addition of hydrogen to natural
gas narrows down the difference be-
tween the emission levels for lean
burn operation and stoichiometric op-
eration with EGR and a three-way
catalyst. However, it was not possible
to get close to the very low NOx and
HC emissions found with EGR opera-
tion when using lean burn operation
with this engine.

With this lambda control, the CO
emissions for the EGR and catalyst
case are in the same range or lower
than the CO emissions of lean burn
operation without catalyst both for
natural gas and the 25 vol% hydrogen
mixture. The CO and HC emissions
for the lean burn cases are lower for
the 25 vol% mixture at the same X,
also when corrected for the reduced
HC content in the 25 vol% hydrogen
mixture. But a large effect of hydro-
gen addition to CO and HC is first
seen at excess air ratios higher than
the lean limit of natural gas operation,
where the 25 vol% mixture has still
not crossed the defined lean limit.
The ability to reduce NOx without in-
creasing HC emissions by the addition

of hydrogen to extend the lean limit is

nuio YB. CO sdpdekTuBHO CHUMKAETCS I10
BCEMY JIIMOJ1a-CTIEKTPY.

Ha pucynke 15 mokazaHo, 4TO TpexcTo-
POHHMII KaTanu3aTop cnocodeH 3¢dek-
tuBHO cHmWXkath CO, HC m NOx, korma
nBuraresib paboraer Ha ysiMOaa-1 ¢ EGR.
Ocnuumpyromnias CUCTeMa  YIPABJICHHUS
JIMOJION MOYKET TPHBECTH K eIie O0Jib-
€My CHUKEHUIO.

Pe3ynpTaThl 1MOKa3bIBAIOT, YTO JOJDKHO
OBITh BO3MOKHBIM COOTBETCTBOBATH 3aKO-
HOJATEILCTBY O BbIOpocax B EBpo 5 co
crexuomerpuueckum + EGR u tpexcro-
POHHHUM KAaTaJM3aTOPHBIM TOJIXOJIOM Kak
JUTSI TIPUPOTHOTO Ta3a, TaK U JJIT BOJAOPOI-
HON cMecu 25 00.%. Ilpenensl BEIOpOCOB
711 mepexoaHoro mukna Euro 5 cocras-
ot 2 T/ kBt.a NOx, 1,65 v/ kBta THC
u 4 v/ xBru CO. Jlnsg sroro aBuraress
MOIXO0/1 ¢ 0OCTHEHHBIM 0KOTOM HE CMOKET
COOTBETCTBOBATh €BPO S5, JaKe €CIU HC-
nosib3yercst 25 00.% BomopoaHoit cmecw.
Haxe eciu conepkanre NOX ObLJIO HUXKE
2 r / kBTy, BBIOpOCH YB CIUIIKOM BBICOKH
0e3 mocnenyrwiieir obpadotku. Cremyer
OTMETHUTbh, YTO JBUTATENH VOIVO, UCTIOb-
3yeMbIil B 3THX HCIBITAHUAX, HE SIBIISICTCS
MepeI0BOM TEXHOJOTUEH Ta30BBIX JIBHTa-
TEJIEH.

Kamepa cropanusi, Ha3biBaeMas

«TypOunay, cp. [4], sBIAETCS IOBOJBHO
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confirmed. No consistent trend can be
seen in NOx emissions at the same X
with or without hydrogen addition
with the ignition timing strategy that
was employed.

The maximum brake thermal efficien-
cy is higher for lean burn operation
than for EGR operation, both for natu-
ral gas and hydrogen enriched natural
gas. Slightly higher efficiency for
EGR operation may have been possi-
ble if the engine could handle higher
EGR levels as an increasing trend
with the EGR level is observed for
most load cases. Higher efficiency is
observed for the 25 vol% hydrogen
mixture in most load cases, both for
lean burn and EGR operation.

A better solution for water removal in
the inlet stream is necessary to
achieve higher EGR levels and deter-
mine the possibility to extend the lim-
it of dilution by hydrogen enrichment.
Also, more tests near the lean limit for
lean burn operation would be benefi-
cial to more accurately determine the
lean limit and quantify the extension
due to the addition of hydrogen at dif-
ferent loads.

MEJIJIECHHOM KaMepou ¢ HH3KOM TypOy-
JIEHTHOCTBIO.

BbIBO/1bI

JloGaBneHnue BojOpOAa K MPUPOJHOMY ra-
3y Cy)KaeT pas3HUIly MEXAYy YpPOBHSIMU
AMUCCUU JUIsI peKHMMa OOCTHEHHOIO CXKH-
raHusl U CTEXMOMETPUYECKON pabdoToi C
EGR © TpeXKOMIOHEHTHBIM KaTajau3aTo-
pom. Tem He MeHee, ObUIO HEBO3MOXKHO
MPUOIN3UTHCS K OUYEHb HU3KUM BBIOpOCaM
NOx u HC, obHapyXeHHBIM MpU padoTe €
pELUpPKYISALKEe 0TpabOTaBIIMX Ta30B MpHU
UCIIOJIb30BAaHUU PEKUMA CXKUKEHHOTO TO-
PEHUS C ITUM JIBUTATEIIEM.

C momoipio 3TOro JsMOAa-ynpaBieHUs
BbIOpockl CO mist EGR u xopryca karanu-
3aTOopa HAxXOMSITCS B TOM JK€ JIMarna3oHe
Wi HUxke, yeM BbiOpockl CO B pexume
00eTHEHHOTO CKUTaHMs 0e3 Karamu3aropa
Kak JUIsl IPUPOJHOTO rasa, Tak u s 25% -
HOU BomopoaHo# cmecu. Bribpocst CO u
HC nna cnydaeB CKUTaHUS 0XOra HUXKE
s cMmecu 25 00.% Ha tom ke X, Takke
P KOPPEKTUPOBKE ISl YMEHBIIIEHUS CO-
nepxanust HC B 25% -Ho BOgHOM cMecH.
Ho OGombmmoit addexr modaBiaeHus BOIO-
poaa k CO u HC BnepBbie HabOmogaeTcs
MIPU U30BITOYHBIX COOTHOIICHUSIX BO3ayXa
BBIIIIE, YeM OOCIHEHHBIM mpenesl padoThI

NPUPOIHOTO rasza, korga cmecb 25 00.%
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Bce eme He mepecekana OIpeneCHHBIN
MMOCTHBIN TIpEeAe.

[loaTBepkaeHa CHOCOOHOCTH  CHHUXKATh
BbIOpOoCckl NOX 0e3 yBenuueHus: BIOpOCOB
VYB 3a cyer moOamieHus BOAOpOAA IS
yBeIMYEHHS cyxoro mnpezena. He nabiro-
JaeTCsl TIOCTOSTHHOM TEHJCHITUU K BBIOPO-
cam NOx Ha ToM ke X ¢ 100aBJI€HHEM BO-
aopoja win 0e3 HEero ¢ MCHOJIb30BaHUEM
CTpaTeruy BPEMEHHU 3a)KUTaHUs, KOTopas
ObLJ1a UCTIOJIb30BaHA.

MakcumanbHast 3p(HEKTUBHOCTh TEpPMHUE-
CKOTO TOPMOYKEHHSI BBIIIE ISl PEXUMA
0€3BOJHOTO CKUTAHMS, YeM JUIsl pabOThI
EGR, kak mig nmpupoaHoro rasa, Tak U i
0OOTraleHHOro0 BOJIOPOAOM MPUPOTHOTO
raza. BepostHo, Oonee Bbicokas 3ddek-
TUBHOCTh paboTsl EGR Morna ObITh BO3-
MOKHOM, €CJIM JBUTATeIh MOT paboTaTh C
oonee BbicokuMH ypoBHsIMH EGR, mo-
CKOJIbKY BO3pacTramomiasi TEHJICHIUS C
ypoBaeM EGR HaGmromaercs nmnst 0ouib-
IIMHCTBA CJy4aeB Harpy3ku. boiiee BbICO-
kas d(QekTUBHOCTh HAOMIOZAeTCA IS
25% -HOM BOJOPOIHOM cMecH B OOJIBIITHH-
CTBE€ CJIy4aeB HArpy3KH, KaK JJi MOCTHOTO
oxkora, Tak u 1t pabotsl ¢ EGR.

Jlyumiee penieHue i yJiajaeHus BOJbI BO
BXOJIHOM TIOTOKE HEOOXOIUMO JIsi JOCTH-

xKeHusi Oosiee BbicOkuX ypoBHe EGR u
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ONpECICHUSI BO3MOXKHOCTH  TIPOJICHHS
npenena pa3daBieHusl myTeM 00OTaleHus
BojioposoM. Kpome Toro, Gonpiee KOJIH-
YECTBO TECTOB BOJIM3H CyXOT0 mpesena Js
0e3aBapuitHOTO peKrMa rOpPeHUst ObLIO ObI
MIOJIC3HO /ISt 60JIee TOYHOTO OIpeaeTICHHUS
mpenesia CyXOCTH U KOJUYECTBEHHOTO
OTIpE/ICTICHUS] PACITUPEHUS M3-3a J100aBIIe-

HHUS BOJOPOJIA IIPU PA3HBIX HATPY3Kax.

1.6 3akiroueHue 1Mo HepBOﬁ I'1aBC ITIOCTaHOBKH Hp06JIGMI>I HCCJIICOOBAaHU

Kpurtnuecknii 0030p M3BECTHBIX MUCTOYHHKOB MOKa3aj, YTO ISl CHUYKEHUS
KOHIIEHTpPALlMU MPOJYKTOB HEIMOJHOIO CrOpaHus B OTpabOTaBIIMX Ta3ax IpUMe-
HAIOTCS pa3iauuHble MeToAbl. OTHUM M3 HauboJiee MEePCIEKTUBHBIX SIBISETCS Me-
TOJl BO3JEUCTBUA HA pabouuil mpouecc yepe3 A00aBKy B TOIUIMBO MPOMOTHPYIO-
LIETO AJIEMEHTAa, 4 UMEHHO BOJOPOJA B KOJWYECTBE 10 5-6% OT Macchl TOILIUBA.
JlaHHbI croco0 MO3BOJIUT MOBBICUTH CTAOMIJIBHOCTH MPOLECCAa CTOPAHUS U €ro

3¢ (HEKTUBHOCTH, YTO OCOOEHHO BaXKHO HA PEXHMaX ITyOOKOTO APOCCETUPOBAHUS.
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['JIABA 2 OGopyznoBaHue, HCTIOIb30BAaHHOE B IKCIIEPUMEHTE

JUist u3ydeHus: yCJIOBHM U XapakTEPUCTHK BIMSHHUS J0OAaBKM BOJOpPOJA B
OCH30BO3AYIIHYIO CMECh JJIs CHUKEHHSI KOHLIEHTPAIIMU TPOJYKTOB HEMOJHOTO
CropaHusi B 0TpaOOTaBIIMX Tra3ax, IPUMEHSIIUCh CTEHIOBbIE UCCIEAOBAHUS HA OJI-
HOLMIMHAPOBOH ycranoBke YUT-85 mpu wactote Bpamienns 600 u 900 mun
MO3BOJIIONIEH CHU3UTh HEPABHOMEPHOCTh U MOBBICUTH TOYHOCTH IMPOBOJMMBIX
UCCIIEIOBAaHU U B MOTOPHOM cTeHJie ¢ nBurarenem BA3-2111 npu crenenu cxka-

i 9,9 u 7,5 Ha pexxume X0JI0CTOro Xoaa.

2.1 Onucanue ogHoUUIUHApoBOrO ABuratens Y UT-85

Ha pucynke 2.1 mpencraBieHa cxeMa U Ha PHUCYHKE 2.2 caMa yCTaHOBKa
YUT-85 310 "eThlpexTakTHasi YCTAaHOBKA C OJHUM LIIJIUHIPOM U KapOrOpaTopHOu
CUCTEMOU MUTAaHUs, B KOTOPOU UMEETCS CTapTep-TreHepaTop AJIs MOIJIepKaHUS T0-
CTOSIHHOM 3aJJaHHOM YacTOThI BPAIlICHUS, C U3BMEHAEMOMN CTENIEHbIO CoKaTus OT 4 110
10 1 nomorpeBaeMbIM TPyOOTIPOBOIOM JIJIs TOMOTEHU3AIMHU TOTUTMBHO-BO3AYIIIHON
CMECH, a OXJIAXKIAIOIIAsl KUIKOCTh UMEET MOCTOSAHHYI0 Temrneparypy 100 rpamy-

coB Llenbcus.

9

Pucynok 2.1 — Cxema 1opab0oTaHHOM 3KCHEPUMEHTAILHON YCTaHOBKHU
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bl

Pucynok 2.2 — O6mwmit Bun YUT-85

Ha pucynke 2.1 moka3aHo. 4TO B OJHOLMIUHAPOBO# ycranoBke YUT-85 (1),
IPUBOJ KOJICHYATOTO Bajla MPUBOAMUTCS OT aCMHXPOHHOrO 3sekTpoMoTopa (12),
YTO MO3BOJIET MOJJAEPKUBATH TTOCTOSHHBIA CKOPOCTHOM PEXHM C MOMOIIBIO 00-
paTHOM CBSI3M OT JlaT4yMKa TMOJIOKEeHHs KojeHuyatoro Bana (11). TomnuBHO-
BO3JIYIITHAsI CMECh MOCTyNaeT B kapoOropaTop (2) u3 cuctemsl (4), moaaromien u u3-

MEpSIOIIEN pacxo] TOIUIMBA, U CUCTEMBI (3), MoAaromEed U U3MEPSIOLIEN PaCXO]
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BO31yXa. J{JIs OIEHKM TOKCUYHOCTH OTPAOOTAaBIINE Ta3bl OTOUPAIOTCS U3 CHCTEMBI

BBIITyCKa W MOJIat0TCA B razoananuzarop (10).

1
i |
1

JHLUUGLﬁUQUuuUUﬁUUUUWQQQQQULNuu

0) B) r)
Pucynok 2.3 - Ocumiutorpamma jaasiienus B apurareie YNUT-85 (a) u nmpu-
MEHSEMbIE HOHU3AIMOHHBIEC 30HIbI: 3-X DJIEKTPOAHBIN C yTIyOJECHHBIM IIEHTPAITh-
HBIM 3JIEKTPOAOM (0); 2-X 3JCKTPOAHBIM C JaTYMKOM JaBJICHUS (B), TaTYHK PSIOM

CO cBevel 3axuranus (T).

Ha pucynke 2.3 mnpeacraBieHa OCUMJUIOIpaMMa JaBJICHUS B JIBUraTese
YUT-85 (a) u nmpuMeHsieMble HOHU3AIMOHHBIC 30HBI: 3-X DJIEKTPOAHBIN C yriayo-
JICHHBIM IICHTPAIBHBIM 3JICKTPOAOM (0); 2-X 3JICKTPOIHBIM C JATYMKOM JaBJICHUS
(B), matuuk psAOM co cBedei 3axwuranus (r). M3 ocruiorpaMMbl MBI MOKEM BH-

ACTh BBICOKYIO paBHOMCPHOCTD IMPOTCKAHUS [IUKIIOB.

64



2.2 Ommcanue nsurarens BA3 ¢ M3MeHAEMON CTEIIEHBIO CHKATHS

Mortopsslii crenn ¢ asurareiie BA3-2111 npencrasnen Ha pucyHke 2.4a, a
Ha pucyHKe 2.40 mpencTaBiieHa TUTACTHHA JIsl U3MEHEHUS CTETICHU CXKaTHUsl M pac-
HIMPEHHUS] BO3MOXKHBIX BapHAHTOB PETYJIUPOBaHUSA paOOThl JBUTaTeNsi U TOMCKA
BO3MOKHOCTEM CHI)KEHUSI KOHUEHTPALUU MPOJYKTOB HEMOJHOTO CrOpaHus B OT-

paboTaBIIMX Ta3ax.

Pucynok 2.4 - JIpuratens BA3-2111 ¢ pacnpeneneHHbIM BOPHICKOM TOIUIMBA (a), U

MJIACTUHA JIJISL PETYJIUPOBaHUSI CTENeHU cxkatust (0)

UccnenoBanus BiausiHUs 10OABKM BOJIOPOJIa HA TOKCHUYHOCTD MO MPOJAYKTaM

CropaHusa INpOBOAUIMCH Ha PCXKHUMAX XOJIOCTOIO Xoda MJIA ABYX CTCIICHEH CXKaTHs
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7,5 1 9,9 nmyTeMm CHATHSA PEryIMPOBOYHBIX XapaKTEPUCTUK MO cocTaBy cMmecH. Co-
CTaB CMECH BapbUpOBaics oT Ko3(pduimenta n3dpiTka Bo3ayxa o = 0,8 1o makcu-
MaJbHO BO3MOKHOI'O OOCTHEHHSI CMECH. YTOJI ONEPEKECHUSI 3aKUTaHUs BRIOUpAICS

OIITUMAJIbHBIM, U3 YCIIOBHUA MUHHUMAJIbHOI'O pacxXxo/a TOIJIMBA.

2.3 BBIBOJIBI 11O BTOPOU TJ1aBe

[TokazaHo 4TO MpUMEHsIEMOe 000PY/IOBaHNE COOTBETCTBYET TEME U 3a1a4am

HCCICAOBAaHUS U ITO3BOJIACT ITOJTHOCTBIO BBIIIOJTHUTD ITOCTABJICHHBIC 1ICIIN pa6OTBI.
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I'JTABA 3 PE3VYJIbTATHI OKCIIEPUMEHTOB 1 UX AHAJIA3

3.1 Pe3ynbraThl 3KCIEPUMEHTAIBHOTO MCCIIEIOBAHUS 110 BBISIBIICHUIO BIIUS-

Hus 1o6aBku Bojopoaa Ha CH u CO B oTpaboTaBIIMX rasax

PCBYJILTaTI)I OOCHKH TOKCUYHOCTH II0 IIPOAYKTAM HCIIOJIHOT'O CropaHusd IIpU

n00aBKe BOJIOPOJIa B OCH30BO3YIIHYIO CMECh C OIEHKOM IMOTPEIIHOCTH Ompe/ie-

JICHHs BApbUPYEMbIX TapaMeTPOB MpHUBeAeHa B Tabmuie 3.1

Tabmuua 3.1 - TOKCHYHOCTH MO TPOAYKTaM HEMOJHOrO0 CrOpaHusl mpu J00aBKe

BOJOpO/Ia B OEH30BO3IYIIHYIO CMECh C OLIEHKOM MOTIPEUIHOCTH OIpPEEIICHHs Ba-

ppupyeMbix apameTpoB B YUT-85

Crenens | VYroza one- Yacrota [Horpem-
COKaTUs peXeHMsl | BpallleHUs, HOCTh

Koadpduument | ons Bo- 3aKUTaHUs M orpee-

n30bITKA BO3- | J0poja 1Mo nenus CO

Iyxa macce,% | CH,ppm | CO, % u CH, %
1,04735 0 0 - 7 13 900 5
1,0004 0 0 5 7 13 900 S
1,07986 0 1801 5 7 13 900 S
1,14487 0 1641 - 7 13 900 5
1,2171 0 1321 5 7 13 900 S
1,3435 0 1241 5 7 13 900 S
1,27488 0 1601 5 7 13 900 S
1,43379 0 2082 - 7 13 900 S5
0,92456 0 3763 5 7 13 900 S
0,95345 0 3843 - 7 13 900 5
1,00402 0 4043 - 7 13 900 5
0,98596 0 120 0,045 7 13 900 3)
0,92095 0 150 2,8 7 13 900 5
1,10875 0 67 0,075 7 13 900 5
1,1557 0 70 0,075 7 13 900 5
1,25863 0 80 0,085 7 13 900 5
0,89619 3,88695 80 2,1 7 13 900 3)
0,98604 4,31576 50 0,05 7 13 900 5
1,07992 4,77223 40 0,05 7 13 900 5
1,19134 5,32553 60 0,05 7 13 900 5
1,31098 5,93416 150 0,05 7 13 900 5
1,30652 4,70894 250 0,07 7 13 900 5
1,21768 4,35634 1300 0,07 7 13 900 5
1,07158 3,78763 200 0,06 7 13 900 5
0,9882 3,46915 150 0,07 7 13 900 3)
0,91885 3,20754 190 2 7 13 900 5
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IIponomxenue tadmura 3.1

0,96623 2,63516 100 0,5 7 13 900 5
0,93802 2,55366 115 1,51 7 13 900 5
1,01613 2,78005 63 0,075 7 13 900 5
1,09039 2,99738 50 2,05 7 13 900 5
1,19744 3,31432 70 0,05 7 13 900 5
1,25569 3,83712 70 0,06 7 13 900 5
1,40813 4,35005 110 0,05 7 13 900 5
0,9526 5,13142 110 0,25 7 13 900 5
1,01816 5,52998 70 0,05 7 13 900 5
1,18004 6,54298 75 0,05 7 13 900 5
1,13559 6,26067 70 0,05 7 13 900 5
1,0116 2,05537 40 0,05 7 13 900 5
0,91428 1,84914 100 2,1 7 13 900 5
1,16228 2,37845 40 0,05 7 13 900 5
1,27625 2,62592 130 0,05 7 13 900 5
1,00672 0,79141 105 0,05 7 13 900 5
0,93057 0,73053 102 2,25 7 13 900 5
1,05161 0,82738 30 0,05 7 13 900 5
1,15838 0,91316 40 0,05 7 13 900 5
1,30444 1,42747 60 0,06 7 13 900 5
1,2832 1,98255 100 0,06 7 13 900 5
1,14916 1,76694 150 0,05 7 13 900 5
1,02044 1,56185 55 0,05 7 13 900 5
0,93064 1,41986 105 1,55 7 13 900 5
1,00763 0 114,6814 - 7 10 900 5
1,1232 0 118,8047 - 7 13 900 5
1,20626 0 139,9669 - 7 23 900 5
1,31461 0 151,4727 - 7 27 900 5
1,39407 0 168,1225 - 7 32 900 5
1,0100912 0 130,00 - 7 11 600 5
1,09221243 0 50,00 - 7 12 600 5
1,19897004 0 60,00 - 7 16 600 5
1,30299027 0 50,00 - 7 25 600 5
1,39332363 0 30,00 - 7 28 600 5
1,29972412 1,042105 180 - 7 21 600 5
1,38244054 0,979971 210 - 7 25 600 5
1,18905831 0,998642 260 - 7 15 600 5
1,08919721 1,10243 550 - 7 10 600 5
1,02982917 1,040887 100 - 7 10 600 5
1,39104081 2,00809 110 - 7 23 600 5
1,28931313 2,070022 110 - 7 21 600 5
1,02680248 2,11193 500 - 7 10 600 5
1,22352384 2,083685 520 - 7 16 600 5
1,13330173 2,049962 300 - 7 9 600 5
1,07159589 2,810637 140 - 7 9 600 5
1,1162317 2,9357 270 - 7 9 600 5
1,20998112 3,038081 230 - 7 14 600 5
1,2943462 3,107125 150 - 7 20 600 5
1,01900838 2,930868 0 - 7 9 600 5
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[Tponomxenne Tadbnuna 3.1

1,4024075 3,085904 300 - 7 22 600 5
1,10231036 3,976785 250 - 7 8 600 5
1,31616939 4,021034 180 - 7 19 600 5
1,19908444 4,004368 130 - 7 13 600 5
1,00891788 4,081816 0 - 7 9 600 5
1,39863318 3,959984 0 - 7 21 600 5
1,49413319 3,953864 840 - 7 23 600 5
1,09912034 5,00766 60 - 7 10 600 5
1,20793369 4,980206 400 - 7 12 600 5
1,31116964 4,906614 590 - 7 18 600 5
1,00862143 4,917582 140 - 7 8 600 5
1,40008585 4,959257 0 - 7 20 600 5
1,50317405 5,020487 400 - 7 22 600 5
1,32206656 6,095932 90 - 7 17 600 5
1,21444507 6,015635 90 - 7 11 600 5
1,09678587 5,937369 150 - 7 9 600 5
1,02038494 6,08179 0 - 7 8 600 5
1,40957418 6,063812 80 - 7 19 600 5

1,4846185 5,922662 300 - 7 21 600 5
1,61481916 6,031999 210 - 7 25 600 5

0,99679 0 60 0,075 7 6 900 5
0,99679 0 60 0,07 7 9 900 5
0,99679 0 101 0,035 7 16 900 5
0,99679 0 70 0,05 7 19 900 5
1,31461 0 55 0,075 7 16 900 5
1,31461 0 70 0,08 7 19 900 5
1,31461 0 80 0,08 7 26 900 5
1,31461 0 100 0,06 7 30 900 5
1,40129 0 200 0,075 7 16 900 5
1,40129 0 170 0,06 7 19 900 5
1,40129 0 150 0,06 7 26 900 5
1,40129 0 150 0,06 7 30 900 5
1,310106 4,609744 190 0,075 7 16 900 5
1,310106 4,609744 175 0,075 7 19 900 5
1,310106 4,609744 190 0,075 7 26 900 5
1,310106 4,609744 200 0,06 7 30 900 5
1,369835 4,843571 220 0,055 7 16 900 5
1,369835 4,843571 245 0,06 7 19 900 5
1,369835 4,843571 200 0,06 7 26 900 5
1,369835 4,843571 197 0,06 7 30 900 5
1,395255 4,943783 285 0,055 7 16 900 5
1,395255 4,943783 290 0,05 7 19 900 5
1,395255 4,943783 260 0,055 7 26 900 5
1,395255 4,943783 240 0,06 7 30 900 5
1,295344 3,205805 70 0,08 7 16 900 5
1,295344 3,205805 70 0,08 7 19 900 5
1,295344 3,205805 70 0,08 7 26 900 5
1,423922 3,437451 106 0,06 7 16 900 5
1,423922 3,437451 98 0,06 7 19 900 5
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IIponomxenue tadmura 3.1

1,423922 3,437451 90 0,06 7 26 900 5
1,423922 3,437451 90 0,06 7 30 900 5
1,416138 2,024476 130 0,06 7 16 900 5
1,416138 2,024476 135 0,06 7 19 900 5
1,416138 2,024476 105 0,06 7 26 900 5
1,416138 2,024476 100 0,06 7 30 900 5
1,357504 1,936878 140 0,075 7 16 900 5
1,357504 1,936878 150 0,075 7 19 900 5
1,357504 1,936878 135 0,075 7 26 900 5
1,357504 1,936878 150 0,06 7 30 900 5
1,418022 1,13163 240 0,01 7 16 900 5
1,418022 1,13163 210 0,075 7 19 900 5
1,418022 1,13163 190 0,065 7 26 900 5
1,418022 1,13163 182 0,065 7 30 900 5
1,282138 6,033709 180 0,075 7 16 900 5
1,282138 6,033709 190 0,06 7 19 900 5
1,282138 6,033709 200 0,06 7 26 900 5
1,282138 6,033709 198 0,055 7 30 900 5
1,395441 6,053174 160 0,055 7 16 900 5
1,395441 6,053174 160 0,055 7 19 900 5
1,395441 6,053174 150 0,06 7 26 900 5
1,395441 6,053174 150 0,06 7 30 900 5
1,487269 5,889655 190 0,055 7 16 900 5
1,487269 5,889655 190 0,055 7 19 900 5
1,487269 5,889655 160 0,06 7 26 900 5
1,487269 5,889655 140 0,055 7 30 900 5
1,025685 0 170 0,2 7 9 900 5
1,025685 0 75 0,25 7 16 900 5
1,025685 0 85 0,02 7 19 900 5
0,848719 0 185 6 7 9 900 5
0,848719 0 200 6,25 7 16 900 5
0,848719 0 210 6,5 7 19 900 5
1,17376 0 50 0,1 7 9 900 5
1,17376 0 67 0,05 7 16 900 5
1,17376 0 70 0,05 7 19 900 5
1,17376 0 80 0,051 7 26 900 5
1,089573 3,744284 90 0,05 7 9 900 5
1,089573 3,744284 90 0,03 7 16 900 5
1,089573 3,744284 89 0,025 7 19 900 5
1,089573 3,744284 90 0,025 7 26 900 5
1,133158 2,529765 101 0,055 7 9 900 5
1,133158 2,529765 90 0,05 7 16 900 5
1,133158 2,529765 100 0,05 7 19 900 5
1,133158 2,529765 103 0,045 7 26 900 5
1,155069 1,400822 105 0,075 7 9 900 5
1,155069 1,400822 110 0,05 7 16 900 5
1,155069 1,400822 100 0,045 7 19 900 5
1,155069 1,400822 100 0,045 7 26 900 5
1,060876 4,967651 130 0,05 7 9 900 5
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[Tponomxenne Tadbnuna 3.1

1,060876 4,967651 120 0,045 7 16 900 5
1,060876 4,967651 130 0,045 7 19 900 5
1,060876 4,967651 125 0,045 7 26 900 5
0,910643 4,195552 270 2,6 7 9 900 5
0,910643 4,195552 270 2,7 7 16 900 5
0,910643 4,195552 275 2,75 7 19 900 5
1,000794 2,727598 110 0,15 7 9 900 5
1,000794 2,727598 120 0,15 7 16 900 5
1,000794 2,727598 130 0,25 7 19 900 5
1,033945 1,575357 140 0,1 7 9 900 5
1,033945 1,575357 125 0,1 7 16 900 5
1,033945 1,575357 130 0,1 7 19 900 5
0,98235 3,108496 225 0,8 7 9 900 5
0,98235 3,108496 220 0,6 7 16 900 5
0,98235 3,108496 223 0,8 7 19 900 5
0,914304 6,282921 215 2,6 7 9 900 5
0,914304 6,282921 222 2,5 7 16 900 5
0,914304 6,282921 215 2,6 7 19 900 5
1,13013 6,334273 100 0,06 7 9 900 5
1,13013 6,334273 99 0,05 7 16 900 5
1,13013 6,334273 98 0,05 7 19 900 5
1,13013 6,334273 100 0,05 7 26 900 5
1,210251 3,999873 80 0,06 7 9 900 5
1,210251 3,999873 89 0,05 7 16 900 5
1,210251 3,999873 90 0,05 7 19 900 5
1,210251 3,999873 100 0,05 7 26 900 5
1,26366 1,951143 75 0,1 7 9 900 5
1,26366 1,951143 85 0,07 7 16 900 5
1,26366 1,951143 90 0,065 7 19 900 5
1,26366 1,951143 105 0,07 7 26 900 5
0,914304 0 60 0,075 7 6 900 5
0,914304 0 60 0,07 7 9 900 5
0,914304 0 101 0,035 7 16 900 5
1,13013 0 70 0,05 7 19 900 5
1,13013 0 55 0,075 7 16 900 5
1,13013 0 70 0,08 7 19 900 5
1,13013 0 80 0,08 7 26 900 5
1,210251 0 100 0,06 7 30 900 5
1,210251 0 200 0,075 7 16 900 5
1,210251 0 170 0,06 7 19 900 5
1,210251 0 150 0,06 7 26 900 5
1,26366 0 150 0,06 7 30 900 5
1,26366 4,609744 190 0,075 7 16 900 5
1,26366 4,609744 175 0,075 7 19 900 5
1,26366 4,609744 190 0,075 7 26 900 5
0,712 0 510 - 7 16,91 600 5
0,786 0 425 - 7 15,80 600 5
0,849 0 450 - 7 16,58 600 5
1,013 0 300 - 7 16,47 600 5
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IIponomxenue tadmura 3.1

1,118 0 315 - 7 16,47 600 5
1,162 0 280 - 7 16,47 600 5
0,723 0 580 - 7 15,91 600 5
0,805 0 560 - 7 16,13 600 5
0,902 0 320 - 7 15,58 600 5
1,294 0 360 - 7 16,91 600 5

0,74 3 500 - 7 16,80 600 5
0,844 3 440 - 7 16,47 600 5

1,05 3 292 - 7 16,47 600 5
1,281 3 340 - 7 15,91 600 5
1,393 3 420 - 7 15,91 600 5
0,754 5 463 - 7 17,02 600 5
0,893 5 370 - 7 16,91 600 5
1,031 5 304 - 7 16,80 600 5
1,262 5 270 - 7 15,91 600 5
1,423 5 280 - 7 15,91 600 5
0,7303 0 257 - 59 17,45 900 5
0,8266 0 203 - 5,9 16,63 900 5
0,9089 0 186 - 59 15,8 900 5
0,9093 0 180 - 59 16,3 900 5
0,9881 0 130 - 5,9 15,8 900 5
1,0102 0 123 - 59 19,39 900 5
1,2265 0 120 - 5,9 15,97 900 5
1,2036 0 150 - 59 17,98 900 5
1,1263 0 140 - 5,9 16,8 900 5
1,3072 0 125 - 5,9 16,63 900 5
1,4425 0 310 - 59 16,63 900 5
1,5281 0 3000 - 5,9 18,3 900 5
0,7603 0,0237 220 - 59 16,63 900 5
0,834 0,0225 210 - 5,9 16,47 900 5
0,9582 0,022 150 - 59 19,92 900 5
1,2348 0,0315 90 - 59 15,97 900 5
1,3559 0,0308 106 - 5,9 18,86 900 5
1,4431 0,0305 185 - 59 15,47 900 5
0,7566 0,0391 190 - 5,9 18,33 900 5
0,8341 0,0381 180 - 59 19,74 900 5
0,9493 0,0366 160 - 5,9 17,62 900 5
1,1483 0,0546 94 - 59 16,13 900 5
1,2364 0,0511 100 - 59 17,63 900 5
1,3507 0,052 130 - 5,9 15,8 900 5
1,4239 0 570 - 59 25,8 900 5
1,3036 0 170 - 5,9 27,33 900 5
1,2084 0 159 - 59 25,56 900 5
1,1318 0 136 - 5,9 23,8 900 5
1,0496 0 144 - 5,9 23,97 900 5
1,0068 0 165 - 5,9 23,97 900 5
0,9715 0 180 - 5,9 24,13 900 5
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Tabnuna 3.2 - TOKCMYHOCTH TO MPOIYKTaM HEMOJHOTO CrOpaHHs MpHU J00aBKe

BOJIOpOJia B OEH30BO3AYIIHYIO CMECh C OIIEHKOW MOTPEIIHOCTH OMpeesieHUs Ba-

pPBUPYEMBIX TTapaMeTpoOB B MOTOpHOM cTeHae BA3-2111

Crenenb | VYroxa one- Yacrora [Torpem-
COKaTUs peKeHUsl | BpallleHus, HOCTh

Koadpduuuent | ons Bo- 3aKUTaHUs M orpesne-

n30bITKA BO3- | J0poja 1Mo nenust CO

ayxa macce,% | CH,ppm | CO, % u CH, %
1,2 0 970 0,3 9,9 27 850 S
1 0 940 1,18 9,9 30 850 S
0,95 0 760 1,88 9,9 26 850 S
0,9 0 640 5,36 9,9 25 850 S
0,8 0 1080 19,9 9,9 30 850 S
0,8 0 1250 20,42 9,9 30 880 S
0,9 0 940 4,74 9,9 30 880 S
0,85 0 710 11,98 9,9 30 880 S5
0,95 0 790 2,52 9,9 27 880 S5
1 0 850 1,35 9,9 26 880 S
1,05 0 600 0,59 9,9 25 880 5
1,1 0 580 0,4 9,9 24 880 5
1,2 0 780 0,32 9,9 25 880 5
1,2 0 650 0,36 9,9 25 880 5
1,3 0 820 0,34 9,9 27 880 S)
14 0 1030 0,34 9,9 30 880 5
0,748713 2,598212 1900 36 9,9 30 880 5
0,827152 3,334756 570 8,43 9,9 25 880 5
0,869196 3,580636 500 4,23 9,9 28 880 S)
0,907244 3,780776 550 2,09 9,9 30 880 5
0,988797 4,153928 450 0,65 9,9 27 880 5
0,988797 4,135786 630 0,46 9,9 27 880 3)
1,078552 4,218697 540 0,2 9,9 25 880 5
1,168307 4,218697 480 0,2 9,9 25 880 5
1,254995 4,266212 440 0,18 9,9 25 880 5
1,321715 4,246602 580 0,18 9,9 22 880 5
1,39997 4,208947 660 0,19 9,9 22 880 3)
1,476949 4,099619 900 0,18 9,9 25 880 5
0,784856 0,749499 1630 17,95 9,9 35 880 5
0,879762 0,90752 1110 4,11 9,9 32 880 5
0,927479 0,938086 1100 1,74 9,9 30 880 5
0,975782 0,94558 1190 0,86 9,9 30 880 5
0,975782 0,976791 960 0,87 9,9 30 880 5
1,073049 0,970783 1170 0,27 9,9 27 880 5
1,169947 1,001587 1210 0,17 9,9 25 880 3)
1,267197 1,036673 1250 0,15 9,9 26 880 5
0,8 0 1580 15,21 9,9 35 880 3)
0,785263 0,747134 1510 19,18 9,9 35 880 5
0,880336 0,831062 1350 3,68 9,9 32 880 5
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IIponomxenue tadauma 3.2

0,976448 0,902332 1260 0,9 9,9 30 880 5
1,073732 0,957048 1180 0,38 9,9 27 880 5
1,170662 0,970783 1160 0,28 9,9 25 880 5
1,268275 0,966819 1220 0,3 9,9 26 880 5
1,365888 0,972778 1280 0,28 9,9 30 880 5
1,521067 0,921354 1450 0,27 9,9 30 880 5
0,720981 4,027321 1260 62,17 9,9 25 880 5
0,859775 6,013663 560 3,11 9,9 28 880 5
0,943224 6,210872 450 0,99 9,9 25 880 5
1,022441 6,363914 420 0,47 9,9 25 880 5
1,105671 6,421453 480 0,35 9,9 27 880 5
1,191057 6,494856 530 0,32 9,9 33 880 5
1,32346 6,256667 670 0,31 9,9 35 880 5
1,395227 6,482821 80 0,32 9,9 35 880 5
0,8 0 720 44,5 7,5 40 880 5
0,9 0 610 10,9 7,5 39 880 5
0,95 0 570 4,7 7,5 40 880 5

1 0 490 2,13 7,5 35 880 5

11 0 910 0,42 7,5 35 880 5
1,15 0 870 0,32 7,5 35 880 5
1,2 0 1040 0,3 7,5 35 880 5
1,25 0 1060 0,29 7,5 35 880 5
1,3 0 1600 0,28 7,5 38 880 5
0,9 0 560 16,3 7,5 35 880 5
1,35 0 1920 0,32 7,5 40 880 5
0,751006 2,4503078 1380 55 7,5 45 880 5
0,833283 3,0848963 700 19,45 7,5 40 880 5
0,914214 3,5738792 550 3,17 7,5 40 880 5
0,914214 3,5738792 550 3,17 7,5 40 880 5
1,000778 3,8266087 360 0,76 7,5 40 880 5
1,082878 3,9877496 350 0,27 7,5 38 880 5
1,174038 4,0647763 340 0,26 7,5 35 880 5
1,26382 3,9793709 360 0,24 7,5 35 880 5
1,413839 3,8763099 630 0,24 7,5 42 880 5
1,413839 3,8763099 630 0,24 7,5 42 880 5
0,829194 5,4906439 360 5 7,5 40 880 5
0,829194 5,4906439 360 5 7,5 40 880 5
0,861663 5,9012369 310 1,5 7,5 40 880 5
0,941222 6,183833 300 0,52 7,5 40 880 5
0,941222 6,183833 300 0,52 7,5 40 880 5
1,022441 6,2244796 240 0,34 7,5 40 880 5
1,022441 6,2244796 240 0,34 7,5 40 880 5
1,111983 6,1973228 350 0,31 7,5 42 880 5
1,111983 6,1973228 350 0,31 7,5 42 880 5
1,15669 6,1172556 400 0,31 7,5 42 880 5
1,15669 6,1172556 400 0,31 7,5 42 880 5
1,197364 6,1041117 410 0,32 7,5 42 880 5
0,991477 6,7650826 310 0,8 7,5 40 880 5
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Pe3ynbTaThl OLIEHKHM TOKCUYHOCTH MO MPOAYKTaM HEMOJIHOTO CrOpaHus Mpu
n00aBKe BOJIOpOAAa B OCH30BO3AYIIHYIO CMECh C OLEHKOW MOTPEIIHOCTH OIpee-
JICHUSI BapbUpYyEeMbIX napameTpoB jiis qeuratens BA3-2111 npuBenena B Tabnuie
3.2

AKTYaJbHOCTh MCCIEAOBAHHUM MPOLIECCOB TOPEHUS TPAAUIIMOHHBIX YTIIEBO-
JIOPOAHBIX TOIUIMB U allbTEPHATUBHBIX, ¢ 100AaBKOM BOAOpO/ia, 00yCIOBIIEHA TI10-
OAIbHBIMU TTOJTMTHKO-KOHOMUYECKUMH TIPOIIECCAMHU, CBSI3aHHBIMU C HEPTIHBIMU
pecypcaMu M 3KOJIOTUYECKHM COCTOSIHUEM OKpYyKarouien cpennl. McciaegoBanus
OCOOCHHOCTEM cropanusi TOIUIMBHO-BO3AyHIHONM cMmecu (TBC) mpu HeOGonmbmux
n00aBKax BOJOPOJA, MO3BOJISIT JYUIlEe OLICHUTH MOJOXKUTEIHHOE BIUSIHUE BOJIOPO-
Jla Ha MPOIIECC CTOPAaHUs YIIEeBOJAOPOIHBIX TOIIUB U CTIOCOOCTBOBATH €0 Mepexo-
Ty OT UCCJIEIOBAHUHN K MPAKTUYECKOMY TPUMEHEHUIO.

Ha pucynkax 3.1, 3.2 u 3.3 npuBeeHO CpaBHEHUE BIUSHUA JOOABKU BOJIO-
poaa Ha paBHOMEPHOCTH Ipoliecca cropanus mpu padote asurarens BA3-2111 na
CTereHu cxaTtus 9,9 B yCIoBUSX YTyOOKOTO JPOCCEIMPOBAHUS MIPU COCTABE CMECH
OJIM3KOM K cTexuomTpuueckoMmy. M3 mpencTaBieHHbIX PUCYHKOB Mbl BHJIMM, YTO
nobaBka BoJioposia B pazmepe 4% OT MacChl TOTUIMBA 3HAYUTEIBHO CHUXKAET He-
PAaBHOMEPHOCTh U YMEHBIIIAET KOJUIMYECTBO MPOIMYCKOB 3KUTAHUS, a B TOXKE Bpe-
Ms 1o0aBka yxke 6% BOJOpO/Ia MPAKTUYECKH MOJTHOCTHIO YCTPAHSET MPOITYCKH 3a-
YKATaHUs, KaK 3TO IPOWIIOCTPUPOBAHO Ha pucyHke 3.4 u 3.5, rae mokasaHo, 4To
MaKCUMAaJIbHOE JJaBJICHUE B ITUKJIE C TIPOITYCKOM 3aKUTaHUs O€3 BOJ0pOo/Ia OOJIbIIIE,
4yeM B IUKJIE ¢ J0JIek Bogopoaa 6%, 4To TOBOPUT O OOJIBIIIEM KOJIMUECTBE paboueit
cMecHu B nuiuHape asuratess. CiaeqoBaTeabHO I COBEPIICHUS] TOWXKE pabOThI
pu 700aBKe BOJIOp/Ia TPeOyeTCsl 3HAUUTEITLHO MEHBIIE TOIJIMBA, YTO OTPAKACTCS
HE TOJBKO Ha SKOHOMHMYHOCTH HO M Ha CHM)KEHHU MAcCCOBON TOKCUYHOCTH aBTO-
MOOWJIS B 1I€JIOM, YTO HEMAJIOBAXXHO TMPHU OIIEHKHU COOTBETCTBUSI TOKCHUYHOCTH CO-

BpeMeHHbIM HopMam EBPO 5 u 6.

75



Pi,

Ko {} i

3000

2000

I
<A =

1000

OWWL\.JQK

0 200 400 600 800 1000 1200 1400 1600 1800 t, mc

Pucynox 3.1 - OcrmmmorpaMMa JaBiaeHUS Ha PEKUME XOJIOCTOTO X0/a mpu padboTe

Ha OCH3UHE.
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Pucynok 3.2 - OciuorpaMmMa JaBjieHUs! Ha peKUME X0JIOCTOro X0/a npu padore

Ha OeH3uHe ¢ 1o0aBKkoi 4% BoOpO/IA.
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Pucynox 3.3 - OcumimiorpaMmma IaBJieHUs Ha PEKUME XOJIOCTOTO X0/a MpH padoTe

Ha OeH3uHe ¢ 100aBKoi 6% Bo0OpO/IA.
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Pucynok 3.4 - UnaukaTopHOE JaBJICHHE Ha pacCMaTPUBAEMbIX IUKJIaX MpU padoTe

Ha OEH3HHE.

Pis
KMa Il umkn /\
2400 / \}(“ |
2000 : / \
1600 ™, Il yukn

E’ICKpa \

1200 — - \<

800 \

400 \\\

\§
0 T T

220 240 260 280 300 320 340 360 380 400 420 440 460 o @,
MNKB

Pucynox 3.5 - UnaukaTopHOE AaBJIeHHE Ha pacCMaTPUBAEMBbIX LIMKIIAX MpHU padboTe

Ha OeH3uHe ¢ 100aBKoit 6% Bogopoaa.
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3.2 Bnusiaue no6aBku Bogopoa Ha koHueHnTpauuio CH B O

Ha pucynke 3.6 npezacrasiena 3aBucuMocTsh KoHeHTpauu CH B OI' ot co-
CTaBa cMecH Mpu pabote OeH3WHEe U npu 100aBke B OeH3WH 4 u 6% Bogopoaa, s
neuratenst BA3-2111 co crenenbto cxatus 9,9 B pexxume xonocroro xonaa (XX)
npu 880 o6/mun u YO3=38, 34 u 30 rpaxa. [IKB nnsa 6en3una u 6eH3uHa ¢ 100aB-
kol 4 u 6% BomOpO/a COOTBETCTBEHHO. M3 pucyHKa BUAHO, HA CKOJBKO 3HAYM-
TEJIbHO CHIKaeTcs: TokcMuHocTh 1o CH mpu no6aBke Bojgopoaa B OEH30BO3TYIII-
HYI0 cMech Ha pexxnme XX. [Ipu 3ToM ciaeayer OTMETUTh IUPOKUHN THAna30H MU-
Humyma o CH npu gobaBke 6% BoJ0opojia B OEH30BO3AYIIHYIO CMECh, HAUMHAs
or a = 1.1 10 a = 1.8, 4TO O3BOJISIET TOBOPUTH O 3HAUUTEILHOM BIUSHUU BOJIOPO-
Jla Ha YCTOMYMBOCTh M KQ4E€CTBO IIPOTEKAHMS IIPOLIECCA CTOPAHUS HA peknMax XX
npu TIyOOKOM JpOCCENUPOBAaHUHM, M COOTBETCTBEHHO Ha PEXHMaX YaCTUYHBIX
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Pucynok 3.6 - 3aBUCHMOCTH KOHIIEHTPALlMU HECTOPEBILIUX YTIEBOJIOPOIOB
CH B otpaboraBunx razax asurarens BA3-2111 npu crenenu cxartus 9,9 Ha pe-
xuMme XX oT o rpu padboTe Ha OeH3uHe ¢ noneit Bogopoaa 0, 4 u 6%, nmpu n = 880

-1 o
MuH - 1 YO3 - onTUMaNIBHBINA 10 pacxoay OCH3UHA
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Ha pucynke 3.7 npeacTtaBieHa 3aBUCUMOCTH KOHIIEHTPAI[MM HECTOPEBIIHX
yraeBogoponaoB CH B orpabGortaBmux razax asuratens BA3-2111 na cremnenu
cxkatus 7,5 Ha pexxume XX oT o mpu pabote Ha OeH3uHe ¢ goJiei Bojgoposaa 0, 4 u
6%, ipu N = 880 Mus"" 1 YO3 - ONTHMAIBHBII [0 pacxo/y Torusa. IlomydeHHbIe
pe3ynbTaThl 10 CHUKEHUIO KOHIIEHTPAIIMU YTIEBOAOPOIOB, B OTPaOOTaBIIUX ra3ax
MPE/ICTaBIICHHbIE HA PUCYHKE 3.7 TOKAa3bIBAIOT, YTO J00aBKa BOJOPO/Ia MOBBIIIAET
CTaOMJILHOCTh U MHTEHCUBHOCTH NMPOTEKAHMS TPOIECCa CropaHus. Y MEHBIIICHHUE
KOJIMYECTBA MPOMYCKOB 3aXHTaHus Mpu padore Ha OensuHe ¢ 6% Bomopona
[2,3,9,10] oOecnieunBaeT B cpelHEM CHUXKEHHE TOKCUYHOCTU 1O YTIE€BOJOPOJIaM B
nBa pasa. [Ipy 3TOM MOBBIIIEHHE KOHLIEHTPALMK YTIEBO0POJIOB, B OTPaOOTaBIINX
razax npu obemHeHun cmecu 6osee o = 1.15 oObsicHsAeTCA yXYIIIEHHEM YCIOBHI
CrOpaHusi, IPUBOASAIINX K YBEJIMUCHUIO HEPABHOMEPHOCTH LIMKJIOB U KOJIMYECTBA
MPOITYCKOB 3aKUTaHUs MPOTOPIMOHAIBHO KaK JUIg O€H3MHA TaK U /I OEH3MHA C

6% BomOpOSA.
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Pucynox 3.7 - 3aBuCUMOCTH KOHIIEHTpAIIMK HECTOPEBIUX yriieBoopoaoB CH B
oTpaboTaBimx razax asurarens BA3-2111 na crenenu cxxatust 7,5 Ha pexume
XX ot o mpu pabote Ha GersuHe ¢ goieit Bogopona 0, 4 u 6%, mpu n = 880 Mum"

1 YO3 - onTUManbHbIN MO pacxoly TOILTMBA
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PaccmarpuBast BausiHue 700aBKH BOJOPOIa HA KOHIIEHTPAITUN HECTOPEBIITUX
yraesogopoaoB CH B orpabGortaBmux razax myis ycranoBku YUT-85, MoxHO OT-
METHUTh, YTO J0OaBKa BOJIOPOJA HA PEKMMAX YACTUYHBIX HArPY30K U CTAOUIIbHBIM
CTOPAHUSAEM HE CTOJIb 3HAYUTEIBHO CHMXXKAET TOKCUYHOCTh MO HECTOPEBIIMM BO-
JI0pOJiaM, TI0O CPABHEHUIO C TEMAKOKOE BJIMSIHUE Mbl HATIOAAIH ISl PEKUMOB TTY-
O0oKOro JApoccenupoBaHus. Pe3ynbTarbl SKCIIEpUMEHTANBHBIX UCCIECOBAaHUMN BIU-
SIHUSI U3MEHEHHsI JO0JM BOJOpPOJa B OCH30BO3MYIIHOW CMECH Ha KOHIICHTPAITUIO
HecropeBiux yrieBogopoaoB (CH), nmpoBenennbie Ha yctaHoBke YUT-85 mpu
CTEIEHU CxkaTus € = 7, yrie onepexenns 3axuranus Y3 = 13°1IKB u yacrore
BpalllcHUA KojeH4daToro Baia n = 900 MuH", MIPEICTABJICHBI HA pUCYHKE 3.8.
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Pucynok 3.8 - 3aBUCHMMOCTb KOHIIEHTpALlMK HEeCropeBIuX yriieBogopoaos CH B
oTpaboTaBIIMX Tra3ax /s ycranoBku YUT-85 ot o mpu pabote Ha OEH30BO3IYIITHON
cMmecu ¢ noneit Bogoponaa 0, 5, 10 u 15%. Pexxum paboter: YO3 = 13°I1KB, ¢ =7; n
=900 mun™"

PaCCManI/IBaﬂ BJIMSIHUC OOJIM BOAOPOJa B KOMIIO3UTHOM TOINIMBC HA KOHIICH-
Tpalunuo CHs OTpa6OTaBHII/IX ra3ax, MOXHO OTMCTHUTB 3HAUYUTCIIbHOC €€ CHNKCHUC

-1
BO BCEM paCCMATPHUBACMOM JHAIIa30HE COCTAaBOB CMCCHU IIPUMEPHO Ha 20-30 M
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IpY YBETWYCHUU JOJIM BOJIOPOJA Ha Kaxaple 5%, a Takke, 4To mpu paboTe Ha
Oensune B 30He o = 1.4 HaOmromaercsa nosbiieHre BeIOpocoB CH, 4uTo roBopuT 0
Haguuuu HeporopeBiux CH 3a ¢poHTOM MmiIlamMeHu M, cieAoBaTEIbHO, 00 yXYI-
IICHUH TIOJTHOTHI CTrOpaHus, IpHU 3TOM ¢ Aojeit Bogopoaa S, 10 u 15% Ttakoro a¢-
dhexTa He HaOII0IaeTCs.

Ha pucynke 3.9 npuBenena 3aBucumocth KoHreHTparuu CH B OI' ot co-
CTaBa CMECH IPH Pa3IMYHBIX J00aBKaxX BOJOpOAa B OCH30BO3AYIITHYIO CMECH JJIS
YUT-85, nokassiBaromas cHmkeHue Tokcuunocty mo CH npu go6aBke Bojopoia
U CMEIICHUE MUHUMYMa 10 TOKCUYHOCTU B 001aCTh O€THOM CMECH, TAK MUHUMYM
JUIs. OEH30BO3YIIHOM cMecu cooTBeTcTBYeT 0=1,13, npu nobaske 1%, 3% u 5%
oH cmemaercs a0 0=1,155, a=1,2, 0=1,25 coorBeTcTBEeHHO. UTO rOBOPUT O IOBHI-

IIEHUU TOJHOTHI CrOpaHus IpH 100aBKe BOJOpOAa Ha OETHBIX CMECSX.
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Pucynok 3.9 - 3aBucumocts konneHTpauuu CH B OI' oT coctaBa cMecH npu pas-
JUYHBIX T00aBKaxX BOJOpOaa B O€H30BO3AYIITHYIO cMech aiisa Y UT-85, pexum pa-

60161 N1=600 1/Mun, YO3=13°, e=7.
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VYBenuuyeHue yria onepeKeHus 3aKUranus sl CKopocTHOro pexxuma 600 u

-1
900 MuH =~ IIPUBOAUT K POCTY CKOPOCTH PACHPOCTPAHEHHMS IUIAMEHH, YTO CBHUJE-
TENbCTBYET O NMPOTEKaHUM IPOLECCa CropaHUs MPU MEHbIIEM 00bEeME KaMepbl

CropaHus u, KaK CIeACTBUE, IPH 00Jiee BEICOKOI TeMIeparype.

3.3 BausiHue 100aBKM BOJIOPO/Ia B Ha KOHIIEHTPAIIUIO YyTapHOIO ra3a B OTpa-

ooraBmux razax /IBC ¢ HCKpOBBIM 3aKHUTaHUEM

Ha pucynxke 3.10 mpuBenena 3aBucumocts koHneHtpanuun CO B O ot co-
CTaBa CMECH IPH Pa3IMYHBIX J0OaBKaxX BOAOpPOJa B OCH30BO3MYIIHYIO CMECh IS
YUT-85, pexxum padotsl: 900 06/mun, YO3=13° I[IKB, noka3siBaroiias CHUKCHHE
tokcuuHocT 1o CO mpu no6aBke Bojmopona. CHmkeHue TokcuyHoctu nmo CO B
OI' mpu no6aBke 4 u 6% BogOpoJa B OCH30BO3IYIIHYIO CMECh HaOII0aeTCs Ha
oorateix (pucynok 3.10a) mpumepHo Ha 5-7% U Ha OeAHBIX CMeCSX (PUCYHOK
3.106) ¢ 0,04 mo 0,02%, mo konmeHTpanuu Co B OTpabdOTaBIIUX Ta3aX, 4YTO CO-
ctaBiisieT cHuxkeHue Ha 50%, B TO k€ BpeMsl Ha CTEXUOMETPUUYECKOM COCTaBE CMe-
cu 100aBKa BOJIOPOJia HE MPUBOJUT K YMEHbIIEHNIO TokcuyHocTH 1o CO. Takxke
YCTAaHOBJICHO, YTO HET 3HAYUTEIbHOro paznuuus B KoHueHTpauu CO B Ol npu
nobaske 4 nuim 6% Bomopoa.

[Tomy4yeHHbIE pe3yabTaThl IO CHUKEHUIO TOKCMYHOCTH Ol o HEeCropeBIUM
YTAEBOAOPOIaM M YrapHOMY Ta3y B 00jacTH OETHBIX CMECEH IMOKa3bIBAIOT, YTO
n00aBKa BOJOPO/Ia MOBKINIAET CKOPOCTh PACIIPOCTPAHCHHUS IJIAMEHU W WHTEHCHB-
HOCTh TMPOTEKaHUs Tpoliecca cropaHus. MHTEHCUBHOCTH MPOTEKaHUs Tpolecca
CrOpaHusi MOKHO OIIEHUTH MO DJIEKTPOMPOBOTHOCTH TUIAMEHH, T.K. OCHOBHBIM M C-
TOYHHKOM MOHHOTO TOKa MPOBOIUMOCTH SIBJISTFOTCS MOHBI yIiIepo/a, a Mpu 100aB-
K€ BOJOpOJa MPOUCXOJUT CHUKCHHE KOHIIGHTpaluu aToMoB yriepoaa B TBC,
CJIEIOBATEILHO, XapaKTePUCTUKA M3MEHEHUS MOHHOTO TOKA TUIAMEHH IMO3BOJIHUT
OLICHUTh U3MEHEHUE MHTEHCUBHOCTU MPOTEKAHUSI XUMUYECKUX peakluii BO (PpoH-

T€ TUIaMEHU Ipu J00aBKe BOAOPO/IA.
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Pucynok 3.10 - 3aBucumocts koHuentpauu CO B OI' ot coctaBa cMecu npu pas-

JUYHBIX T0OaBKax BOJOpOaa B O€H30BO3AYIIHYIO cMech it YUT-85, pexxum pa-
6otbl N =900 1/mMun, YO3 = 13°, ¢ = 7: a) — BO BCEM HCCIEAYEMOM TMaNa30He OT

a=0.7 no 1.6; 6) — B nuanazone 6eaH0# cmecu oT o = 1.0 10 1.6.
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Ha pucynke 3.11 mpuBesnena 3aBucumocts koHuentpamuu CO B OI' ot co-
CTaBa CMecH Ipu paboTe HAa OCH3UHE U MpHU 100aBKe B OCH30BO3AYIIHYIO cMech 4
n 6% Bomopona, mis npuratens BA3-2111 B pexkume xosnoctoro xona npu 880
o6/mMua 1 YO3=38, 34 u 30 rpan. [IKB nns Oensuna u O6en3uHa ¢ q00aBKO 4 U

6% BO1I0pPOJIa COOTBETCTBEHHO.
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Pucynox 3.11 - 3aBucumocts konnenTparuu CO B O ot cocTaBa cMecu TpH pa-
0ote Ha OeH3uHe U npu Jo06aBke 4 u 6% Bomopona, 1 auratens BA3-2111 B
pexxume XX npu 880 06/muH, € = 9,9 u YO3=38, 34 u 30 rpaz. [IKB nns 6ensuna
U ipu go6aBke 4 u 6% BOOPOIa COOTBETCTBEHHO: a) — B Auana3one ot o= 0.7 110

2.1; 6) — B quamnaszone 6enHoi cmecu ot o = 1.0 1o 2.1.
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Pe3ynbTaThl SKCHEPUMEHTAIBLHO HUCCIIEIOBAHUS MMOKA3aJId YTO BJIUSHUE J10-
0aBkH BOAOPO/a B OCH30BO3AYIIHYIO CMECh Ha TOKCHYHOCTh TT0 CO 1151 1BUTATE-
11 BA3-2111 cxoxe ¢ pe3ynpTaTaMH NMOJIYYEHHBIMA Ha OJHOLIMIIMHAPOBOW HCCIIE-
JOBATENbCKOM ycTaHoBke YIT-85.

Camxenune TokcuaHoct o CO B OI' mpu nobaBke 4 u 6% Bojopoaa B O¢H-
30BO3/YIIHYI0 CMECh HaOIroaeTcst Ha 6oraTeix (pucyHok 3.11a) mpumepHo Ha 7-
10% u Ha 6emnabIX cMecsax (pucyHok 3.1106) ¢ 0.02 mo 0.01%, 4To cocTaBisieT CHU-
xenue Ha 50%, B TO e BpeMs Ha CTEXMOMETPUYECKOM COCTaBEe CMECH JoOaBKa
BOJIOpOJIa HE MPUBOJUT K YMEHbIIEHNUIO TokcuuHOCTH 110 CO. Takxke ycTaHoBIie-
HO, YTO HET 3HAYUTENBHOTO pasznnuusd B KoHueHTpauuu CO B OI' npu noGaske 4
unu 6% Bogopoa.

[IpoBenénubie UcCaeAOBAHUS MO3BOJISAIOT PACIIUPUTh TOHUMAHHUE BIIUSIHUS
n00aBKM BOJOPOJia B OEH30BO3AYIIHYIO cMech Ha TokcuyHocTh JIBC, mo Hecro-
PEBILIUM YTJIEBOJIOPOJAaM U yrapHomy rasy. [losydeHHbIe pe3yabTaThl MOTYT OBIThH
WCIIOJIB30BaHbI 11 MOJCJIMPOBAHUS Mpoliecca CropaHusi Ipu pa3paboTKe HOBBIX
croco0oB opranmzaiuu padodero nporecca [IBC, npu pabore Ha albTepHATHUB-
HOM TOTUIMBE O€3UH C 100aBKOM BOJOPOIA.

JloGaBka BOJIOpOJia B OCH30BO3IYIIHYIO CMECh CHUXACT TOKCUYHOCTH IIO
CH npu mogHOCTBIO OTKPBITOM Apoccene Ha 15-25%, a Ha pexume XX Ha 50-
60%. IIpu 5TOM MUHUMYM O TOKCUYHOCTH CMEIIAeTCsl B 00JaCTh O€IHBIX CMecei
IIpY TOJIHOCTBIO OTKPBITOM Jpoccene Ha YUT-85 mo a = 1.38, a Ha pexume XX
BA3-2111 o a=1.8.

Taxxe mo0aBKka Bo1opo/a B OEH30BO3IYIIHYH0 CMECh CHIXKAET TOKCUYHOCTD
o CO Ha 6emHbIX cMmecsax Ha 50%, pu 3TOM CHHKEHHUE TOKCHYHOCTH B 00JIaCTH

OoraTeiX 1 CTCXNOMETPHUYCCKHX cMeceld HE3HAUYUTEIILHO.
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OCHOBHbDIE PE3VYJIBTATBI 1 BbIBO/IbI

OcHOBHBIE pe3ylbTaThl PabOThl MOTYT OBITh MPEACTABICHBI CICAYIOIUMU
BBIBOJIAMU:

1. lo6aBka Bo1opoaa B OCH30BO3IYIIHYI0 CMECh CHUKAET TOKCUYHOCTb I10
CH npu nojHOCTBIO OTKPBITOM Jipoccesie Ha 15-25%, a Ha pexume XX Ha 50-
60%. ITpu 5TOM MUHMMYM 10 TOKCUYHOCTH CMEILAETCs B 00JaCTh OETHBIX CMeceil
IIPU TIOJTHOCTBIO OTKPBITOM npoccene Ha YUT-85 mo o = 1,38, a Ha pexnme XX
BA3-2111 noa=1,8.

2. Taxxe nobaBka BOJIOpO/Aa B OEH30BO3AYIIHYIO CMECh CHUKAET TOKCHY-
HocTh 0 CO Ha OenHbIX cMmecsx Ha 50%, Mpu 3TOM CHUKEHUE TOKCUYHOCTHU B 00-
JacTu OOraThIX U CTEXMOMETPUUYECKUX CMECEN HE3HAYUTENbHO.

3. Tloka3aHO CHUXEHHE KOHIIEHTpAIMM YIJIEBOAOPOJOB, B OTPadOTaBIIUX
razax MpUMEpHO B JIBa pasa 3a CUET MPUMEHEHHs JTOOABKM BOAOPOJA CHIKAETCS
KOJIMYECTBO MPOIYCKOB 3aKUTaHMs M YBEIUYMBAECTCS PAaBHOMEPHOCTh LIMKJIOB Ha

PEKHUME XOJIOCTOI'O X0A4a.
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