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BBEJIEHUE

Hayunasi o0mactb, K KOTOpPOW OTHOCSITCSI MaTepHalibl, W3JI0KEHHBIE B AMCCEpTAllUH —
ra3zoda3zHble MPOIeCChl B HEPABHOBECHBIX yCIOBUAX. OOBEKT HCCIe0BaHUN — IIEMHbIE Ta30(a3HbIe
IPOLIECCHI, IPOTEKAIOLIUE MTPU BO3ACHCTBUN UMITYJIBCHOTO 3JIEKTPOHHOIO ITy4Ka Ha CMECh I'a30B.

CoBpemeHHOE KPYIHOTOHHAaXXHOE€  XUMHYECKO€  IPOU3BOCTBO, UCIIOJIB3YIOLIEe
TPaIULIMOHHBIA TOAXOJ — TEPMHUECKYIO aKTHBAIIMIO XMMHUYECKUX IPOILIECCOB, CTAKUBAETCA C
npobiieMoil sHeprocoepexenus. JlanpHeiilee pa3BUTHE MPOMBIIUICHHON 0a3bl BIeYeT 3a cOOOM
HapalluBaHue 00beMa OT/ENbHBIX MTPOU3BOJICTB, HEOIIPABIAHHBIE 3aTPAThl PECYPCOB Ui CO3AAHUS
000pyI0BaHNs1, UCTOLIECHHUE MTOJIE3HBIX HCKOMIAEMBIX, METAJUIOB U TOIUIMBA.

EcTecTBEeHHBIM BBIXO/IOM U3 CIOKUBLICHCS CUTYyalluu, OYEBUAHO, JOJKEH OBITh Mepexo/1 Ha
HOBBIE€ TEXHOJIOTUYECKUE PELICHUS B METaJUIypruu, XUMUU, SHEPTETUKE U PANE APYTUX OTPACICH.
KayecTBeHHBIC M3MEHEHUS BO3MOXKHBI IIPU PE3KOM TOBBIIICHUU YACIBHON MPOWU3BOAMTEIBHOCTH
000pya0OBaHus, T. €. NPOU3BOAUTEILHOCTH HAa €IMHHUILy 00beMa pPEeakIUOHHOHN 30HbI. [ 3TOrO
HEOOXOJMMO 3HAUUTEIbHOE YyBEIMYEHUE TeMIepaTypbl B 30HE pEaKIHMH, TaK Kak IMPU HTOM
XUMHYECKHI TpoIlecc B paMKaX KIACCHYECKOW KHHETHKH OSKCIOHEHIHUATbHO YCKOPSAETCS B
COOTBETCTBUM C 3aKOHOM AppeHuyca. HarpeB peakTopa M peareéHTOB IO BBICOKMX TeMIIEpaTyp
TpeOyeT TaKKe YBEIWYCHHUS pPACXOofa SHEPrOHOCHUTENEH, TOATOMY HEOOXOAWMBI HOBBIC ITyTH
yBEJIMYEHUS POU3BOAUTEILHOCTH U CHIXKEHUS YJIEIbHBIX SHEPro3aTpar.

CoBMellIeHHE PEAaKIMOHHOW 30HBI C Ta30pa3psaHON TO3BOJISIET JIOKAIBHO HArpeBaTh
peareHThl 0 BBICOKHUX TeMIlepaTyp 0e3 HarpeBa CTEHOK PEaKTOpa, YTO 3HAYUTEIHHO COKpallaeT
HETPOU3BOUTEIbHbIE MOTEPU HEPTUu. J[aHHBIE YCIOBUS JIETKO pealu3yloTcs NMpH BO30YKICHUN
peareHTHOM ra3oBOil cMecH HENpPEpBIBHBIM 3JIEKTPOHHBIM IIYYKOM, B JIyTOBOM paspszae u ap. Ilpu
9TOM CHIKEHHUE Oapbepa peaklMM JTOCTUraeTcsl TakkKe 3a CUET Y4acTHsl B peakluu CBOOOJHBIX
paauKaioB ¥ aTOMOB, KOTOpbIe 3(h(heKTHBHO HapaOaTHIBAIOTCS B Ta30BBIX pa3psiax.

Cnenyroluil mar 1o CHWKEHUIO DHEpPro3arpaT Ha IPOBEJEHUE XMMHUYECKOIro Ipolecca -
UCIIOJIb30BaHUE HEPABHOBECHBIX IMPOLIECCOB, XAPAKTEPU3YIOIIMXCS 3HAUUTEIbHBIM MPEBbIIICHUEM
SHEPruu Ha BHYTPEHHHMX CTEMEHSIX CBOOOABI MOJIEKYJ] [0 CPaBHEHHUIO C TEPMOJUHAMHYECKU
PaBHOBECHBIM COCTOsIHMEM. B 3ToM ciyuae Temmneparypa rasa moxer He npeBbimiaTh 300-400K,
YTO CHMIKAET ITOTEPU DHEPIUU HA HArpeB CTEHOK PEaKkTOpa, UCXOIHBIX KOMIIOHEHT Ia30BOH CMECH,
a TaKKe 00JIeryaeT 3akajiKy (CTaOMIM3aINI0) MTPOIYKTOB XUMHUYECKOTO TIpoIecca.

3a mocnenuue 30-40 ner B Poccum m 3a pyOEXOM BBITIOJHEHO MHOTO HCCIIEIOBaHUH,
MOCBSIIEHHBIX MPUMEHEHUIO HHU3KOTEMIEpaTypHOU TMa3Mbl MJis TPOBENEHUs Tra30o(a3HbIX
XUMHUYECKHX TpoueccoB. Ilpu ¢opmMupoBaHHM HHM3KOTEMIEPATYpPHOH IJIa3Mbl HMITYJIbCHBIM
AJIEKTPOHHBIM ITYYKOM, B OTJIMYME OT MHOTUX APYTHX METOJOB, B psAlE ClydyaeB OOHApyKEeHO

3HAYHUTEBHOE CHI)KEHUE SHEPro3arpar Ha KOHBEPCHIO ra30(a3HbIX COCTUHCHUN. AHAIN3 KCIICPH-



MEHTAJBHBIX PadOT, MOCBAIICHHBIX Pa3JIOKEHUIO npuMecen paznuuHbix coeauHeHuit (NO, NO,,
SO,, CO, CS; u ap.) B BO3AyXe UMITYJILCHBIM JJICKTPOHHBIM IMYyYKOM TOKa3aJl, 9YTO HEPro3aTpaThl
3JIEKTPOHHOTO MyYKa Ha Pa3JIOKEHUE OJTHOM MOJIEKYJIbl ra3a HUXKE €€ SHEPruH IUCCOLUAlUU. ITO
00yCTIOBJICHO TEM, YTO NpPU BO3ACHUCTBUM Iyuyka (OPMHUPYIOTCS YCIOBHUsS, OJaromnpHsTHBIC s
npoTekaHusi I1enHeix TmpoimeccoB [1]. Tlpm Hu3koW TemmepaType, KOTa TEPMHYECKOE
WHULAAPOBAHUE PEAKIUU HE NPOUCXOIWUT, MPU BO3IACHCTBUM IUIa3Mbl BO3HHMKAIOT AKTHBHBIC
HEHTPBI - CBOOOJHBIC paJWKalbl, HOHBl WM BO30Y)KIEHHBIE MOJIEKYJbl, KOTOPbIE MOTYT HaudaTh
HEeMHYI0 peakiuio. Takas LenmHas peakuus OyAeT NpOXoauTh npu Temreparype Ha 150-200
IpagycoB HUXKE TEMIEpaTypbl OOBIYHOTO TEPMHMUYECKOTO IpoLecca ¢ TOM ke CKOPOCTbIO, TaK Kak
BO3/ICIICTBHE TIa3Mbl 00JIETYMII0 Hanbosiee SHEPTOEMKYIO CTAUI0 - TEPMHUUECKOE HHULIMUPOBAHUE
peakiuu. Ilpu gocraTouHoi AnuMHE 1eNu dSIeKTpodu3nueckas yCTaHOBKA oOecrednBaeT
HE3HAYUTEJIbHYI0 YacTh IOJIHBIX 3aTpaT dHEPIrUU Ha XUMHYECKUi npouecc. OCHOBHOM MCTOYHHUK
HEPrUM B ATOM CIIy4ae — TEIUIOBas HHEPrusl MCXOJHOTO raza WIH DHEPrHsl dK30TEPMHUUYECKHX
XUMHYECKHX PEaKIHil IeHOro mpolecca (HalpuMep, peakiui OKUCICHHS W MOJMMEPHU3aIiH).
BaxxHo OTMETHUTH, UTO IPOBEICHUE XUMUYECKOIO IMpoliecca MpU TEMIIEpaType HUKE PABHOBECHOM
MO3BOJISIET CHHTE3MPOBATH COCJMHEHUS, HEYCTOHUMBBIE MpHU OoJiee BBHICOKUX TEMIIEpaTypax WU
CEJIEKTUBHOCTh CHMHTE3a KOTOPBIX IpPHU BBICOKMX TemIepaTypax Hu3ka. CHUKEHHE TeMIlepaTypbl
LEMHOT0 XMMHUYECKOT0 Mpoliecca IpU pauallMOHHOM BO3JEHCTBUN aHAJIOIMYHO KaTaTUTHYECKOMY
s dexty. Ho memHoit mpoiiecc MOKET MPOTEKaTh MOJHOCTHIO B Tra30oBoM (ha3e, YTO 3HAYUTEIHHO
YBEIMYUBAET CKOPOCTh PEAKIMU IO CPABHEHHUIO C TeTepodasHbIM KATAIUTUYECKHUM IPOLIECCOM.
BBICOKYI0 CKOPOCTH peakiuu, HEOOXOIUMYIO JUIsl MPUMBIIUICHHBIX TEXHOJIOTHH, 00ecreunBaoT
pa3BeTBIIEHHBIE LENHbIE Mpouecchl. Ho WX CyllecTBEHHBI HENOCTATOK CBS3aH C B3PHIBHBIM
IIPOTEKAaHUEM IIPOLIECCA, YTO 3HAYMUTEIBHO MOBBIIIAET MPOU3BOJCTBEHHYIO OMACHOCTh. JlaHHBIN
HEJOCTAaTOK YCTPaHAETCS WHUIIMHUPOBAHUEM IIETHOTO MpoIecca BHE 00JIACTH CaMOBOCILUIAMEHEHUS
IIPY BHELLTHEM BO3AECUCTBUH.

[lepeuncnenHble OCOOEHHOCTH MPOTEKAHUA Tra30(a3HbIX XHMHUYECKHUX IPOIIECCOB B
YCIOBHUSIX  BO3ACMCTBUS  IIa3Mbl  MMITYJIBCHOTO  JJIEKTPOHHOTO ~ ITydyKa  IOKa3bIBAOT
NEPCHIEKTUBHOCTh WX NPUMEHEHUS B KPYNHOTOHHA)KHOM XHMHYECKOM THIPOU3BOJACTBE [2].
BonbmuHCTBO HCcaenoBaHUN LEMHBIX Tra30(a3HbIX IMPOLECCOB, B TOM YHUCIIE NPU BHEIIHEM
BO3/ICIICTBUM, BBIIOJHEHO POCCHUICKUMHU YYEHBIMH, U OHH SBISIOTCA HPOAOKEHHEM padoT
naypeara HoGenesckoii mpemun H.H CemenoBa. B cBoeit HOOeneBCKOW pedd OH OTMEYall, YTO
MIPOHMKAIOLIEE U3JTyUEHHE HailIeT MPUMEHEHHE JIJI1 MHULMUPOBAHUS LEMHBIX MMPOIIECCOB.

JliuccepTanusi COCTOUT U3 BBEJIEHUS, IISITH IJ1aB U 3aKJIFOUEHUS.

B mnepBoii rinaBe guccepranuy BBINOJIHEH JUTEPATYPHBIA 0030p 3KCHEPUMEHTAIbHBIX

pa60T, IMOCBAIICHHBIX HCCICAOBAHHUIO ICIMTHBIX INIa3MOXUMHYCCKUX IIPOLECCOB. PaCCMOTpeHBI



pe3yibTaThl 3KCIEPUMEHTOB IO PA3JIOKEHUIO MPOMBINUIEHHBIX Ta3oB (SOz, CS,;, NO, NO»),
OpPraHMYECKHUX BEHIECTB (CTUPOJ M Ap.) IPU BO3JIEHCTBUM HMMITYJIBCHOTO 3JIEKTPOHHOTO ITyuKa.
AHanu3 mokasal, 4TO BO MHOTHX CIIydasX JHEpro3aTparbl 3JEKTPOHHOIO IydKa Ha Pa3jIokKEHHE
OJTHOW MOJIEKYJIBI Ta3a HIXKE €€ dHepruu aucconuanuu. [lomydeHHble pe3ynbTaThl aBTOPbI padoT
OOBSACHSIOT C MO3ULIMHU OPTaHMU3ALMU LETHBIX IA3MOXUMHUYECKHUX MPOLIECCOB MO BO3AEHCTBHEM
JIEKTPOHHOTIO ITy4Ka.

IlepepaboTka mPUPOIHOTO U MOMYTHOTO YIIIEBOJOPOJHOIO rasa sSBiseTcss Haubosee BaxHON
3a/la4eil COBPEMEHHOM XMMHM Ta30B. B mocienHue roabl MHTEHCUBHO HCCIENYETCS KOHBEPCHS
MeTaHa B PAa3JIMYHBIX BHJAX pa3psioB (JIyroBOM pas3psii MOCTOSIHHOIO M IEPEMEHHOIO TOKa,
UMITYJIbCHBIN pa3ps]l aTMOC(HEPHOrO JaBJIE€HUS, CTPUMEPHBIN U KOPOHHBIN pa3pssl U Ap.), a TAKXKe
IIpU BO3ACHCTBUM HENPEPBIBHOTO M MMIIYJIbCHOIO 3JEKTPOHHOIO ITydyka. B mepBoil riaBe
paccMOTpeHbl Takke paboThl MO IUIA3MEHHOMY MHPOJU3y METaHa, I1a3MOXMMUYECKOMY
napluyuaJbHOMYy OKHCIIEHHIO METaHa, MapoBOM M YITIEKUCIOTHOM KOHBEPCHMU METaHa B YCJIOBMSIX
ra3oBoro paspsaa. Ilapamerpom, KOTOpbIi Haubojiee Bake€H A NPOMBIIIJIEHHOTO BHEIPEHUS
IUIA3MOXUMHUYECKONH KOHBEPCUM METaHa, SIBJIAIOTCS JHEPro3arparbl Ha pas3jiokKEHHE METaHa.
[lokazaHo, 4TO TOJIBKO MCHOJIB30BAHUE LEMHBIX IPOLIECCOB IO3BOJISIET CYLIECTBEHHO CHHU3MTH
DHEPTo3aTpaThl JICKTPOPHU3NUECKON YCTAHOBKM HAa KOHBEPCHIO MeTaHa. B »TOM ciydae 3aTpaThl
SHEpPI'uHU pa3psja Ha pa3jioKeHUe MeTaHa He IpeBblmaoT 1 3B/Morek.

Bo BTOpOIl riaBe guccepTali OMUCAH SKCIEPUMEHTAJIbHBIA CTEHJ, Ha KOTOPOM
BBITNIOJIHEHB! HccienoBanus. lIpencraBieHbl UCHOIB3yeMblE METOAMKHM HMCCIENOBAaHUS Ipoliecca
KOHBEpPCHH Tra30()a3HbIX COCJUHEHUH M CBOMCTB MpPOAYKTOB CHHTE3a. B MaHHON riaBe U3I0XKEH
pa3paboTaHHbBIN aKyCTHUECKUH METOJI U3MEPEHMSI CTENIEHU KOHBEPCUU T'a30(pa3HbIX COCIMHEHUH.

B Tperbeil riaBe auccepTalMM ONMCaHa KOHCTPYKUUS W PE3YJIbTAaThl HMCCICIOBAHUSA
apaMeTpOB UMITYJIbCHOTO 3JIEKTpOHHOro yckoputens TOY-500, cnenuanbHo pa3paboTaHHOTO 1ist
IPOBEICHUS IUIA3MOXMMUYECKUX MporeccoB. OTINYUTENbHOM 0COOEHHOCTHIO KOHCTPYKIMU
YCKOPUTEINS SIBISIETCS MCIIOJIb30BAHME IOBBIIIAIOIIETO0 TpaHC(HOPMATOpPa, BKIOYEHHOIO MEXKITY
nBoiHo# hopmupyromein muauei (JIDJI) n nnogom. Haceimenue cepaednuka Tpancopmaropa BO
Bpems 3apsaaku J®PJI nmo3Boamio 3HAUYUTENBHO YMEHBUIMTH AMIUIMTYAy IPEAUMITYJIbCa M €ro
BIMSAHHE Ha pabory nauona Oe3 mNpUMEHEHHs OOOCTPSIOMIEro pa3psAIHHUKA. BbIMOIHEHHBIE
UCCJIEIOBaHMs [OKa3ajld, 4YTO B Cllydae IPEIBApUTEIbHOTO pa3MarHUYMBAaHMS CEpACYHUKA
corjacyromiero Tpancgopmaropa hopma UMIyJIbCa HAMPSDKEHHS, HOPMUPYEMOT0 HAHOCEKYHTHBIM
redepatopom (ADJI u tpanchopmarop), 6:113ka K ONTUMATBHON, KOMIIEHCUPYIOIIEH YMEHBIICHHE
UMIIEIaHCa MO/ 3a CYET pas3jieTa B3pbIBOAMHCCHOHHOW IUIa3Mbl. DTO IO3BOJISIET COIVIACOBATH
JIMO] C TEHEPaTOpOM B TeUCHHE (POPMHPOBAHUS IEKTPOHHOTO Iy4Ka. BEIMONHEHBI HCCIeI0BaHUS

MPOLIECCOB MIa3MO00PA30BaHMSI U OCHOBHBIX XapaKTEPUCTHK AJIEKTPOHHOTO MyUKa, (hOpMUPYEMOTO



UMITYJIbCHBIM 3JIEKTPOHHBIM YCKOpHUTEIEM (pacIpelesieHue IUIOTHOCTH JHEPTUU 10 CEYCHUIO
My4Ka, COIEKTP KUHETUYECKOI 3HEPTUHU AJIEKTPOHOB B UMITYJIbCE, IIEPBEAHC U UMIIEIAHC IUOAA).

B uyerBepTOii T1aBe JUccepTallMM  W3JIOKEHBI PE3yNbTaThl AKCHEPUMEHTATHHOTO
UCCIICIOBAaHMS LICTIHBIX TPOLIECCOB NMPH BHEIIHEM Bo3neicTBuu. [lepBas yacTh riiaBbl MOCBSIIEHA
UCCIIC/IOBAaHUIO OCHOBHBIX MapaMeTpoB (TIEpUO] MHAYKIWHU, MPEIENbl BOCIIAMEHEHUS, CTEICHb
BBITOPAHUS U JIp.) LIEMHOT0 Pa3BETBICHHOIO Mpollecca OKUCIEHUS BOAOPOa MPH UHULUHUPOBAHUN
BOCIUIAMEHEHUS ~ HUMITYJIbCHBIM  JJIEKTPOHHBIM  My4koM.  lIpencTtaBieHbl  pe3yibTaThl
OKCIIEPUMEHTAILHOTO  HMCCIEOBaHMUSA  KHMHETUKM  MpoIlecca  OKUCIEHUS  BOJOpoJa B
CTEXHOMETPUYECKON CMECH C KHCIOPOJOM IPHU BO3JEHCTBUU HUMITYJIBCHOTO 3JEKTPOHHOTO IMy4yKa
Ha CMECh B 3aMKHYTOM CTaJlbHOM pe€akTope. BhINOoIHEHHbIE 3KCIEpUMEHTAbHBIE HCCIET0BAHUS
MoKa3ajgl, YTO WMITYJIbCHOE BO3JCHCTBUE OJIEKTPOHHBIM MYYKOM MPHUBOJUT K CHUIKEHHUIO
TEMIIEPaTypHOTO Tpejesa BOCIUIAMEHEHHS CTEXMOMETPHUYECKOW KHCIOPOI-BOJIOPOIAHON CMecH ¢
673 K 1o 300 K u camxenue nepuoaa unaykuuu ¢ 100-200 mc g0 2 - 3 mc.

B derBepToil riaBe paccMOTpPEHBI TaKXKe OCOOEHHOCTH IIETHBIX MPOLECCOB MUPOJIN3a U
OKHCJICHHS MeTaHa TMpH HHU3KOM JaBJICHUHM B YCJIOBHUAX BO3JACHCTBUS ONTUYECKUM U
HMOHU3UPYIOUIMM H3IydyeHueM. llpuBeneHbl pe3yibTaThl HCCICNOBAHUN 10  Pa3oKEHUIO
¢Topunnbix coenuHeHuir (SFs, WFg) u Tterpaxiopuaa KpeMHHS B IIa3M€ HMITYJIBCHOTO
AIEKTPOHHOIO IMyYKa.

B nATOl riaBe auccepTaluy pacCMOTPEHBI OCHOBHBIE 3aKOHOMEPHOCTH IpOliecca CUHTE3a
HAHOJMCIIEPCHBIX OKCHJIOB KPEMHHUs M THUTaHa (KMHETHKa Ipoliecca, OanaHc SHEPTUU U Ap.) U
OCHOBHBIC XapPaKTEPUCTUKU CHHTE3UPOBAHHBIX OKCHIOB (F€OMETpPHUYECKUI pa3mep, Mopdonorus
YacTHUI], KPUCTAIUTMYECKAsI CTPYKTYpa U XUMHUYECKUH COCTaB). BBITIOIHEHBI HCCIIEIOBAHUS BIHSHUS
pexuMa cuHTe3a (TMapIuaIbHBIA COCTAB MCXOIHOW PEAKIIMOHHOW CMECH Ta30B, 00IIee HavYalbHOE
JaBJICHHE U Jp.) Ha XapaKTEePUCTUKA CHHTE3HPYEMBIX IOPOIIKOB. B  HepaBHOBECHOM
TUTA3MOXUMHUYECKOM  TpOIlecce, HWHUIMHPYEMOM HMITYJIbCHBIM JJIEKTPOHHBIM — IIYYKOM, W3
razoasznoii cmecu kucimopona, Bogopoaa u TiCly moimydeH KpUCTAUIMYECKUH HAHOAMCIIEPCHBIN
Ti0O,. IlomyueHHbIE OKCHUIBI UMEIOT OJHOPOIHBIM COCTaB, a YaCTHILI - (GOpPMY C OrpaHKON 0e3
BHYTpEeHHUX TonocTeld. M3MeHeHMe cocTaBa HMCXOJHOM CMECH TMO3BOJISIET  M3MEHSTh
KPUCTAUTMYECKYIO CTPYKTYpy, (hopMy W pasmep yactull cuHtezupoBaHHoro TiO,. [IpuBeneHs
pe3ynbTaThl HCCIENOBaHUS Ipollecca CHHTE3a U CBOWCTB KOMIIO3MIIMOHHOTO HaHOPa3MEpPHOTO
nopotika (Ti0,)x(S10;);x. McxogHas cMech COACPKUT KUCTOPO, BOAOPOI U CMECh TETPaxXJIOpHIa
TUTaHa W TeTpaxjopuaa KpeMHus. [IpuBeneHbl pe3yibTaThbl HCCIEAOBAHUS BIUSHUSA PEXKUMA
CHHTE3a Ha pachpeeNieHre YacTHIl 10 pa3Mepy U BETUYMHY CPEAHEUHCIOBOTO pa3Mepa MOpOIIKa.
Brmonaen penTreHodas3oBblii 1 peHTreHO(IyOpeHCIICHTHBIH aHamu3 nmopomkoB. [Tokazano, 4To

nporecc CHHTE3a HOCHT OOBEMHBIM XapakTep. BBIONHEH pacder 3arpar dHEpPruu



ANEKTPOU3NIECKON  YCTAHOBKM Ha CHHTE3 HAHOMOpOIIKa. VIcronb30BaHME — IEMHBIX
IUIA3MOXUMHUYECKHUX IPOLIECCOB I CHHTE3a HAHOAMCIIEPCHBIX OKCUIIOB SIBIIIETCSI HOBBIM METOA0M
HOJY4YEeHUsl MOPOLIKOB ¢ pazMepoM uacTul MeHee 100 HM. Ero oriamuutenbHON 0COOEHHOCTBIO
SIBIIIETCSA  CYIIECTBEHHOE CHIJKEHUE TEMIEpaTyphl CHHTE3a 4YacTHL C KPUCTaNIMYECKOU
CTPYKTYpOil.

B 3ak/r04eHnn c(hopMyJIUpOBaHbBI OCHOBHBIE PE3YJIbTAThl BBHIIOJIHEHHBIX HMCCIEIOBAHUH,
000CHOBBIBACTCSI X JOCTOBEPHOCTH U alpoOaIysi, OTMEYAETCs IMYHbIM BKJIaJ aBTOpa.

Hay4ynasi HOBU3HA padoThI 3aKJII0YA€TCH B TOM, YTO:

1. [Ipn BO37€MCTBUM HMMITYJbCHOIO 3JEKTPOHHOTO Iy4Ka C MapamMeTpamMu: SHEpPrus
anekTpoHoB 450-500 k3B, minotHocTh TOKa myuka 0.2-0.4 KA/CM?, JUINTEIBHOCTD HUMITyJIbca Ha
nosyBeicoTe 60 HC, NPOMCXOAWUT CMEILEHUE IpPEeJesia BOCIUIAMEHEHHUS CTEXHOMETPUYECKON
KucaopooBogopoanoit cmecu ¢ 673 K 1o 300 K u cumxenune nepuona naaykuuu ¢ 100-200 mc no
2 -3 Mmc.

2. VYcraHoBieH KoJeOaTeNbHBIA  XapakTep TMpollecca OKWCICHUS BoJopoAa B
CTEXHOMETPUYECKOM CMECH € KHCIOPOJOM IPU WHULMHPOBAHUU HMILYJIbCHBIM 3JIEKTPOHHBIM
IIy4KOM, KOTOPBIH COIPOBOXKAAETCS HEPABHOBECHOW KOHJIEHCALMEH IapOB BOJBI IIPU OKHMCIICHUH
6omee 99.5% Bonopoaa.

3. Pa3paboTan HOBBIM METOJl CHHTE3a HAHOAMCIIEPCHBIX OKCHIOB METAJJIOB, B TOM
YUCJIe KOMITO3UIIMOHHBIX, TIPH BO3JIEHCTBUH UMITYJIBCHOTO AJIEKTPOHHOTO myuka (450-500 k3B, 5-7
KA, 60 HC) Ha ra3odasHyi0 cMeCh KHUCIOPOJa, BOJOPOJA U TaJOreHuaa MeTallia, OTINYaoIMics
HU3KMMH DJHEproszarpaTaMd W HHU3KOM TEMIIEpaTypod CHHTE3a YacTHUIl C KPUCTAJUIMYECKOU
CTpyKTypoil. CHHTE3 OKCHJIOB pealn3yeTcs B LIETHOM I1JIa3MOXUMUYECKOM IPOILIECCE.

4. Pa3paboran akycTHYecKWil MeTOJ HW3MEpPEHUs CTENEHHW KOHBEPCHH Ta30(ha3HBIX
COEJMHEHU, TO3BOJIAIOUINM CEJIeKTMBHO KOHTPOJMpOBaTh (pa3oBelii mepexon. B peakuun
NUpoNu3a pa3pabdOTaHHBI MeTox mMo3BoisgeT ¢ TouHocThio 10 0.1% ompenensaTs CcTeneHb
pa3oKeHusi MeTaHa Ha BOAOPOJ U yriepoa. M3mepeHne 4acToThl aKyCTUYECKUX BOJIH ITPOBOAUTCS
C MOMOUIBIO NbE301aTYHUKA, BpeMs U3MEpEHUs 1 00paboTKM curHana He npesbiimaeT 0.2 c.

5. VY CTaHOBJIEHO CHMXKEHHE aMIUIUTYIbl npenummyibca ¢ 45 kB no 10-15 kB (npu
aMIUIUTyl€ OCHOBHOro wummyiasca 450-500 kB) npu npuHyAUTENPHOM pa3MarHUYMBAaHUU
CepIeYHNKa aBTOTpaHC(POpMATOpa AIEKTPOHHOTO YCKOPUTENS B TEUEHHE 3apsAIKd IBOWHOU
dopmupyromeii mmHnn. OGecredeH pecypc paborst Gomee 10° HMIyIbcoB mpu  BBIBOZE
3JIEKTPOHHOIO MyYKa € MJIOTHOCTHIO ToKa 0.2-0.4 KA/eM” 1 HUMITyJIbCHOM MOIIHOCTBIO 2-3 I'BT u3
0o0acTH TeHepalMd B IUIA3MOXUMHUYECKUH peakTop mpu 3PQPEKTUBHOCTH Mpeodpa3zoBaHus

SHEPTUHU, TTOJABOIUMON K TUOAY, B KHHETHUYECKYIO SHEPTHUIO 3JIEKTPOHOB Oosee 90%.



Hay4Ho-npakTnyeckasi 3HAYHMOCTb Pa0oThI 3aKJII04YAETCSI B TOM, YTO:

Ha ocHOBe BBINOJHEHHBIX MCCIEJOBAHUN pa3pabOTaH METOJ CHHTE3a HaHOPa3MEPHBIX
OKCHJIOB THUTaHa, KPEMHHMS M KOMIIO3MLMOHHBIX MOPOLIKOB, KOTOPBIA MO3BOJSET 3HAYMTEIHHO
CHHM3HUTb SHEPro3arparbl d3JEKTPOPHU3NUECKOM YCTAaHOBKM 3a CYET OpraHu3aluyd LEmHOTro
TUIa3MOXUMHUYECKOTO Tporecca. [IpoayKThl CHHTE3a — HAaHOAMCIIEPCHBIC MOPOIIKU MPEICTABISIOT
NPaKTUYECKYIO LIEHHOCTh JJIsl IPUMEHEHUS B IPOMBILIUIEHHOCTH.

PazpaboTana KOHCTPYKIMs, UCCIIEAOBAH U ONTUMH3UPOBAH PEKUM pabOThl UMIYJIbCHOTO
CHJIBHOTOYHOTO 3JIEKTPOHHOTO YCKOpHUTENs, obOecreunBaounii (HopMUpOBaHHE 3IIEKTPOHHOTO
MydKa ¢ TpeOyeMBIMH mapamMeTpaMu (IIOTHOCTh Toka 0.2-0.4 KA/CM’, HMITY/IbCHAS MOLIHOCTb 2-3
I'BTt, mutomaapr cedenus myuka oonee 15 CMz).

Pazpabotan akycTHdyeckMid MeTOJ KOHTpOJis (a30oBOro Imepexoja IpU KOHBEPCUHU
ra3o(a3HbIX coeqUHEHUH. B peakuuu muponusa MeTaHa METOJ MO3BOJIsIET ¢ TOYHOCThIO 10 0.1%
ONpEAeATh CTENEHb pa3JIoKEHHWs METaHa Ha BOAOpoA M yriepod. PaszpaboTaHHBIE MeTOX
MO3BOJISIET ONEPATUBHO M 0€3 0TOOpa MPOOBI KOHTPOJIUPOBATH TEXHOJIOTHIECKUN MTPOIIECC CHHTE3A
BOJIOPOJIA U yTJIepoJia U3 MeTaHa.

PazpaboTana MeTo/1MKa BEICOKOpA3peIIaroiieil J03MMETPUH SIEKTPOHHOTO MTyYKa Ha OCHOBE
nosumerpudeckoit wieHku [IOP, koTopast mo3BosisieT 3HAaYUTENHHO YIIPOCTUTD U aBTOMaTH3UPOBATh
npoiiecc 00pabOTKU PE3yIbTAaTOB IKCIIEPHUMEHTOB.

IoJ10:keHNs1, BBIHOCUMbIE HA 3aIIUTY:

1. [Ipr BO37EHCTBUU HUMITYJIBCHOTO 3JEKTPOHHOIO Iy4Yka Ha CTEXMOMETPHUYECKYIO
KHCJIOPOI0BOIOPOIHYI0 cMech (maBneHue oT 2 a0 60 klla) ocymiecTBisieTcss cMelIeHue mpesena
BocruiameHeHus ¢ 673K no 300K u cHmxenue nepuona nHAykuu 1o 2—-3 mc. Iponecc okucnenus
BOJZIOPO/Ia HOCHT KOJIeOATEIbHBIM XapaKTep M COMPOBOXKIACTCS HEPABHOBECHON KOHJIEHCAIIUEH
napoB BOJBI MIpU OKUCIIeHUH 6osee 99.5% Bomopoaa.

2. Konsepcus ranorennsioB (Bosib(hpama, cepbl, KpEMHHs) B CMECH C BOJOPOJIOM TIpU
BO3/ICHICTBUM MMITYJIbCHOT'O 3JIEKTPOHHOIO IMyYKa ¢ MapaMeTpamu: IUIOTHOCTh Toka myuka 0.2-0.4
KA/CM’, JUTHTEILHOCTh MITYITbca 60 HC OCYIIECTBIISETCS B LEMHOM IIa3MOXHMHUUYECKOM MPOIECCE,
OCHOBHBIE MCTOYHHMKM 3HEPTUU KOTOPOTO - 3K30TEPMUYECKHE peaKlUH TajoreHa M KOHJEeHCAlus
aTOMOB BOCCTAHOBJICHHOTO BEI[ECTBA.

3. [Ipu BO3AEHCTBUM WMIYJIBCHBIM 3JEKTPOHHBIM ITy9KOM Ha ra3odasHylo CMech
rajoreHuga Metauia (WM CMECH TallOTeHHJIOB), KUCJIOpona M Bojopoaa (B moisix 5-20:25:50)
peanu3yercss LEMHOM MIa3MOXMMHMYECKHH CHHTE3 HAaHOPa3MEpHBIX OKCHUIOB, B TOM YHCIE
KOMIIO3UIMOHHBIX, ¢ pa3mepoM dactul 20-300 HM, sHEpro3aTpaTaMu Iyyka Ha KOHEYHBIN IPOAYKT

0.1-0.15 kBt uac/kr.
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4. AKYCTHYECKMM  METOJ  KOHTPOJsSI ~ KOHBEpCHMM  razo(asHbIX  COEIMHEHUH,
NpEHA3HAYECHHBIM JJI CEJIEKTUBHOIO M3MEPEHMs CTEeNeHHU (pa30BOro Mepexojia MpH pasiokKeHUN
UCXOJIHOTO coellMHeHMs. MeTo | MO3BOJISIET B peaklui MUpoJu3a MeTaHa ¢ ToyHocThio a0 0.1 %
OTIpENIeNIATh CTETIEHb €T0 PAa3JIOKEHU Ha BOJOPOJI M YTIIEPO/I.

3. [IpumeHeHne cornacyomero TpaHcdopMaTopa MEXITy JABOWHOW (GopMUpyromei
JVUHHEH W DJICKTPOHHBIM JUOJOM C MpPHUHYAWUTEIBHBIM pPa3MarHUUYMBAaHUEM CEplIeYHUKA
TpaHchopMmaTopa B TeUeHHE 3apsiiKM JBOWHOW (opMmupylomeil JMHUM 00ecrednBaeT pecype
paboThI AMEKTPOHHOr0 yckopuTens Gomee 10 uMIyIbCOB ¢ 3(HEKTHBHOCTBIO MPEOOPa3OBAHHS
NOJIBOAMMOMN K AMOAY PHEPrMH B KMHETUYECKYIO IHEPIHI0 3JeKTpoHOB Oosiee 90% mpu BbIBOXE

My4Ka ¢ MIOTHOCThIO Toka 0.2-0.4 KA/cM u3 BaKyyMHOT'O THOJ1a B ra3o(a3Hylo cpemy.
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I''TABA 1. INTASMOXUMHWYECKHUE ITPOLHECCHI, HTHUIIUUPYEMBbIE
VMITYJIbCHBIM ITYYKOM SJIEKTPOHOB (IATEPATYPHBIN OB30P).
HccnenoBanust mpoueccoB Bo30yXIeHHs OOJNBIIMX Ta30BbIX OOBEMOB 3JIEKTPOHHBIMHU

My4YyKaMH CBsI3aHbl HE TOJIBKO C MpoOJeMOil co3JaHMs MOIIHBIX Ta3oBBIX JazepoB. Ocobyio
IPUBJIEKATEILHOCTh BBI3BIBAET BO3MOXKHOCTH IMPUMEHEHHS IIyYKOB JJIEKTPOHOB MJIsl yJaJICHUS
TOKCUYHBIX NpUMeEcEN U3 ra3o00pa3HbIX OTXOJ0B PA3JIUYHBIX MPOMBIIUICHHBIX MPOU3BOACTB. B
cBsa3M ¢ 3tuM B 1990-¢ roxpl M3y4eHHMIO XMMHMYECKHX IIPOLIECCOB B IUIa3Me, CO3AaBacMoOu
BBICOKOHEPTETUYHBIMH TOTOKAaMH JJIEKTPOHOB B CMECSAX a30Ta C KHUCIOPOAOM U J100aBKaMu
Pa3IUYHBIX TOKCUYHBIX MPUMECEH, YIENAaoch OONbIIOE BHUMAHUE. OKCIEpUMEHTAJIbHbIE
UCCIIEIOBaHMUsl Tra30(a3HbIX IJIa3MOXMMUYECKMX IPOLIECCOB IOKa3add, 4YTO HMMITYJIbCHBIN
JIEKTPOHHBIA IY4YOK, B OTJIMYHE OT HENpephIBHOTO, 3((HEKTUBHO HHUIMHUPYET IIETHbIE
IUIA3MOXUMHUYECKHE Mpoluecchl. To €cTh, MCHOJIb30BAHUE HMEHHO HUMILYJbCHBIX 3JEKTPOHHBIX
MYYKOB, 3a cyeT noadopa HMX ONTUMAIbHBIX MapaMeTPOB MO3BOJIAET 3HAYUTEIBHO COKPATUTh
3aTpaThl YHEPTUU HA KOHBEPCUIO UCXOAHBIX MPOILYKTOB. TO OOCTOATENBECTBO OCOOEHHO BaYKHO IIPU
VCIIOJIb30BAaHUU TAKOW TEXHOJIOTMM Ul OYMCTKH JBIMOBBIX I'a30B TEIUIOBBIX JIEKTPOCTAHLUH, Y
KOTOpBIX 3aTpaTbl PHEPrMM Ha OYHUCTKY HE JOJDKHBI MpeBblmaTh 1-2% 0T reHepupyemoit
MOIIIHOCTH.

IIpn ananu3e BO3MOXHOIO MEXaHMW3Ma KOHBEPCHHM B YCIOBHMAX HHM3KOTEMIIEpAaTypHOU
IUTa3MBl, CO3/1aBAEMOM ITyYKOM 3JICKTPOHOB, 3aTpaThl SJHEPTUU HA PA3JI0KEHNE UCXOIHBIX MOJICKYJI
HEOOXOMMO CpaBHUBaThb C MX JHEprued AUCCOLMAllMM, a He C TeIUIOBBIM 3(dekTom Bcero
nporecca. B paBHOBECHBIX yCIIOBHSX 3aTpaThl SHEPTUH IIEPBOM HEPrOEMKOM CTaJMel Ipolecca —
JIMICCOIMALINN YaCTUIHO KOMITIEHCUPYIOTCS TEIUIOBBIM 3(PPEKTOM MOCTIETYIOIMNX IK30TEPMHUECKIX
peakuuid. JTO NPUBOAMUT K COKPAILECHUIO IIOJHBIX JHEPro3arpaT Ha IPOBEACHHE XUMUYECKOTO
npouecca. B HEpaBHOBECHBIX YCIOBHUSAX JUISl MHULMHUPOBAHMS XHMHUYECKOM pEaKkLHUU Takke
HE0OXOIMMO 3aTPaTHTh SHEPTUIO HA Pa3I0kKEHHUE UCXOAHBIX MoseKyl. Ho sHeprus mociemyrommx
IK30TEPMHUUYECKUX PEAKINM, KaK MpaBUiO, MPUBOJUT K MOBBIIMICHUIO TEMIEPATYphl ra3a, uTo Hpu
BBICOKOM CTEIIEHH HEPAaBHOBECHOCTH B YCJIOBHMAX OTHOCHTEIBHO HHU3KOM TEMIIEpAaTyphl Ia3a He
BBI30BET JOMNOJIHUTEIBHOIO Pa3I0KEHUS UCXOAHBIX MOJIEKYI.

1.1. Oxuciienne AByokucu cepbl SO, B ILIMOBBIX ra3ax.

[Ipobnema yTunmu3zanuu OOJBIINX 00HEMOB MPOMBIIICHHBIX BRIOPOCOB, B TIEPBYIO OYEPEIh
BBIOPOCOB TEIUIOBBIX 3JEKTPOCTAHLMN, WHTEHCH(ULIMpPOBaAJAa HCCICIOBaHHUA IO Pa3I0KEHUIO
JUOKCHZIa CEpbl INOJ IEHCTBUEM ITyYKOB 3JEKTpPOHOB. B [3] mokazaHo, 4TO IpH ONpPENEIEHHBIX
3HAUEHUAX IUIOTHOCTU TOKA 3JIEKTPOHHOIO IIyYKa OKHMCIEHUE JUOKCHIA CEPBbl MOXKET IPOUCXOAUTH
¢ sHepro3aTpaTtamu MeHee | 3B/Monek. B pe3ynbraTe IEIHOro Mporecca ¢ MOH-MOJICKYIISPHBIMU

peaKIUsIMU TPOJOJDKEHUS IENU. JKCIIEPUMEHTBI OBUTH BBITOTHEHBI 11 Ta3oBoi cmecu 1% SO, +
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3.4% H,0 + 19.6% O, + 76% N,, nonnoe nasnenne cmecu 740 Top, Temmnepatypa cmecu T = 298
K. Bpu1 ucnonap30BaH UMITYJIbCHBINA AJEKTPOHHBIA My4OK MIUTENIbHOCTHIO 300 He. [TnoTHOCTE TOKa
nyudka u3Mmensuach ot 0.015 no 10 Alem>.

JlanbHeiiee pa3BUTHE SKCIIEPUMEHTATBHBIX HCCICIOBAHUMN LEMHBIX IMIa3MOXUMUYECKUX
MPOIIECCOB B IUIa3Me, CO3[aBa€MOW HMMITYJIbCHBIMU IyYKaMH JJICKTPOHOB, OBUIO MPEANPHUHSTO
rpymmoii  FO.H. HosocenoBa B HuctutyTte amektpodmsukun YpO PAH. B paborax [4, 5]
MPEJICTABICHBl PE3YyJbTaThl KOMIUIEKCHBIX JKCIEPUMEHTATbHBIX HCCIEAOBAHUN BO3JIECHCTBUS
UMIYJBCHBIX IYYKOB JJIEKTPOHOB Ha CMECH, MOJCIUPYIOIINE ABIMOBBIC Ta3bl. B YacTHOCTH,
pPacCMOTPEHO BJIMSIHUE TTAPAMETPOB IMyUYKa 3JIEKTPOHOB, BHEITHETO JIEKTPUUYECKOTO OISl M COCTaBa
ob0mydgaemoro rasa Ha mporecc ero oductku ot SO,. [lokazaHo cymiecTBOBaHHE ONTHMATbHBIX
3HAUYEHUH TIOTHOCTH TOKA AJIEKTPOHHOTO MyYKa, JUINTEIHHOCTH €r0 MMITYJIbCa U HANPSKEHHOCTH
BHEILIHETO 3JIEKTPUUYECKOTO TMOJIsI, MPU KOTOPBIX SHEPreTHUECKUE 3aTpaThl HAa YAAJIEHHE OIHOU
Mosiekysibl SO, muHuUManbHbl. OmpeneneHa TpaHUIA pa3[eieHUs IEMHOTO U PaJAUKaIbHOTO
MEXaHM3MOB OYUCTKM MO KoHUeHTpauuu SO,. B skcnepuMeHTax HCHOIB30BAIUCH HECKOJIBKO
YCKOPUTENEH ¢ HIMPOKUM HaOOPOM MapaMeTPOB MYyUKOB 3IEKTPOHOB KakK IO TUIOTHOCTH TOKA, TaK U
N0 JUIMTEIIbHOCTH UMITYJIbCOB, COCTaB MCCIIEAYEMbIX CMECE BapbUpPOBAICS B CIEAYIONINX
npenenax: (75-90)% N, + (10 -20)% O, + (0.1-5)% H,0 + (0.1-1)% SO..

B cooTBeTcTBHMM € MOJENbIO IIEMHOTO MEXaHHU3Ma HOHHO-MOJIEKYJSPHBIX pPEaKIHii,
koHBepcust SO, B HOHHM30BAaHHOM JIBIMOBOM Ta3€ MNPOUCXOAMT B MPUCYTCTBUU MApPOB BO/IBI

I/IHI/II_[I/II/IpOBaHI/Ie HCITHOT'O IMMpoLecCa HU3KOOHCPICTUIHBIMUA 3JICKTPOHAMMU

e+ 0+ M — (02) +M, (1)

e+0, >0 +0 (2)
Pa3Burtue LCMHOTIO IMporLecca:

(02) +SO; —» (SOy) + 0, 3)
Oy+e—> (0y) +e 4)
(SO2)" +(02)" > (SO4) ™. (5)
(SO4)” +(02)" — SO; + (03)” (6)
0O +0,+0;,—> (03 +0, (7)
(03) + S0, — (SO;3) + 0, (8)
(SO3)” + H,0 — HSO4 + ¢ (9)

OcBobOoauBmniics B peakuuu (9) 3IEKTPOH, KOTOPBIH HECET BBIICIUBIIYIOCS B ATOU
peaKIy SHEPTHUI0, COBMECTHO C TEPMOIM30BAaHHBIMU JIEKTPOHAMU ITyUYKa MOXKET IPUHATh y4acTHE

B pCAKIUAX TPEXUACTUIHOT'O IIPUIIUIIAHUA (1), 3aMKHYB ICIIb IIJIa3MOXUMHUYCCKHUX peaKL{Hﬁ.
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Hocurenem nenu B 3Toit Monenu siBasiercs 31ekTpoH. Koneunsiit npoxykt HoSO4 moxer
OBITh y/1aJIeH U3 ABIMOBBIX T'a30B IpU 100aBICHUN aMMHaKa ¢ 00pa30BaHUEM COJIM AMMOHHUS.

IIpy pagualiluOHHOM pA3JIOKEHUM PA3JIUYHBIX COCIMHEHMH BEJIMYMHA PaJAUALMOHHO-
XMMHUYECKOTO BBIXOJa MPOAYKTOB CJIA00 3aBUCUT OT KHHETHYECKOW SHEPruM DJIEKTPOHOB U
COCTaBJIsieT HeCcKoJbKO Moisiekyd Ha 100 »B [6]. DHeprozaTparbl Ha pa3iloK€HHE HCXOIHOU
MOJIEKYJIBI COOTBETCTBEHHO paBHbI 20-40 3B. Eciu nipu Bo31€MCTBUM UMITYJIBCHOTO 3JIEKTPOHHOTO
My4YKa MEXaHU3M PaJHoIN3a TUOKCHIA Cepbl ObLT OBl TE€M K€, UTO M MPH PAAMOJIN3E HENPEPHIBHBIM
YYKOM, TO yBEIHYEHHE JIUTEIHHOCTH HMMITyJibca (WM IUIOTHOCTH TOKA) JOJDKHO TPUBECTH K
YBEJIMUEHUIO CTENEHW OYUCTKU. ODHepro3aTpaThl Ha pasioxkeHue SO, MpU 3TOM HE JIOJIKHBI

MEHSATBHCS. 3aBUCUMOCTb YHEPro3aTpaT OT IJIUTEIbHOCTH UMITYJIbCa MpecTaBieHa Ha puc. 1 [4].

K a) g, 9B/Mo. E,SBB,«’MD:L 6)
0.6 2 —10 |
. — & 4 -
0.4
3 6 _
024 C 4 2
_ ~ 2 |
0 T T T T 1 0 S SN TR S B B E—
40 80 120 T, MKC 2 4 6 j, MA/cm2

Puc. 1. BausHue [IMTEITbHOCTH UMITYJIbCA (@) U INIOTHOCTH TOKa (0) MyyKa Ha CTETEHb
ounctku K (1, 2) u 3atpatsl sHepruu ¢ (3). Conepxkanue SO,: 1 —0.1%, 2 — 1%.

MunuMansHOe 3HadeHue sHeprosarpar (~ 1.5 sB/monek.) Habmomaercs pu 7 = 10 MKc.
YBenuueHue JIUTENbHOCTH UMIyJbca 6onee 90 MKC MPUBOAMT K BO3PACTAHUIO HHEPro3aTpart Ao 8-
10 »B/monek., 6iu3koi K HaOM0JaeMOil B AKCIEPUMEHTaX C HENPEPHIBHBIMU AIIEKTPOHHBIMHU
MyYKaMH. 3aBUCHUMOCTh TapaMeTpoB K W & OT JUIMTEIHHOCTH HMMITYJbCa 3JIEKTPOHHOTO ITy4Ka
o0yCIIOBJIeHa MPOTEKaHHEM B MOHM30BAHHOM ra3e KOHKYpHUpPYIOLIUX mporeccoB. llone3nbiMu c
TOUKH 3pEHUS yAaleHUS OKUCIOB Cepbl ABIAIOTCA peakiuu (4)-(6), KOTOpble MHULUUPYIOTCA
otpunatensHbiMu noHamMu (O3) . OgHAKO 3TU MOHBI, TaK XK€ KaK M oOpasyromuiics B peakuuu (6)
noH (O3), MOTYT BcTynmaThb M B ApPYTHE PEAKIMH, B YaCTHOCTH WOH-UOHHOW DPEKOMOWHAINH C
nonoxutensHeIME HoHaMHI (O)" 1 (N2)". OLEHKH TT0Ka3bIBAIOT, YTO B YCIOBUSAX IKCIIEPHMEHTOB
[4, 5] xapakTepHoe Bpemsi pekomOunanuu ¢ yuyactueM (O,) cocrasisier 10-20 mke. [Ipu 6ompmmx
BpeMeHax yObulb HMOHOB Oy pe3ko Bo3pacTaeT. ABTOpPHI OTMEUYalOT, YTO MPUMEHEHHE IYYKOB,

AJIUTCIIBHOCTE  HMMITYJIbCA KOTOPBIX HNPECBBINACT 3TO XAPAKTCPHOC BpEM:A, IIPUBOAUT K
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HENPOAYKTUBHBIM MOTEPAM HOHOB (0O;), YTO CHM)KAET BEPOSITHOCTh BO3HUKHOBEHHS IIEMTHOIO
MEXaHM3Ma. 3aTparbl HHEPruu Ha pasyoxkeHue SO, MpU HW3MEHEHUHU IUIOTHOCTH TOKAa TaKkKe
CYIIECTBEHHO MeHstoTcs (cM. puc. 1). Bun 3aBucuMOCTH 5HEpro3arpar OT IJIOTHOCTH TOKA MMEET
APKO BBIPAKCHHBIH MHUHEMYM. [IpH ONTUMAIBHOM TIOTHOCTH TOKa j = 4 MA/cM’ U 100ABICHUN B
cMmech 5% mapoB BOBI 3aTpaThl 3HepTun coctapisitot 0.7 3B/Mornekyy.

ABTOpBI TpPENINONIaraloT, YTO NpPU ONTHUMAJIbHOM IUIOTHOCTHM TOKa Iy4YKa peanusyercs
MaKCcHUMaJbHas JUIMHA [EMH Peakiuii, Koraa ocBOOOUBIIHICS B peakiuu (9) 3MeKTpOH y4acTByeT
B mnpouecce okuciaeHus SO, HeCKOoNbKO pa3. B obiactu mansix rioTHOCTel Toka yaainenue SO,
IPOUCXOJUT B OCHOBHOM IO PaJUKaIbHOMY MEXaHU3MY, ITOCKOJIbKY KOHIIEHTpAIUs 3JIEKTPOHOB B
ra3e Majla U COOTBETCTBEHHO Majla KOHIEeHTpanus uoHoB (O,). BepostHocTh peanuszanuu
mexanusma (1)-(6) uuska. [Ipu mIOTHOCTH TOKa BbIIE ONTHUMaIbHOU peakiuu (1)-(6) mpoTtekaroT
npu M30BITKE BJIEKTPOHOB, HUAYT TIpolecchl pa3pyuieHuss HOHOB (0O;) B KOHKYPUPYIOUIUX
mpoleccax, B 4aCTHOCTH OTPBIB 31eKTpoHa 0T (O2) 3JEKTPOHHBIM YAAPOM.

HccnenoBanusi KOHBEPCUU [HUOKCHAA CEpbl NMPU HAIOKEHHUU DIIEKTPUUYECKOTO MO Ha
00J1acTh B3aUMOJCHCTBUSL UMITYJIBCHOTO 3JIEKTPOHHOTO IyYyKa CO CMEChIO Ta3oB, TO €CTh IpHU
3KUTAaHUH HECAMOCTOSATEIBHOTO paspsia, mokazanu [4, 5], 4To yxe npu cIadbIX HAMPSHKCHHOCTSIX
MoJisi BEJIMYMHA »JHEpro3arpaT Ha KOHBEPCHIO 3HAYUTENBHO CHMIXKaeTcs. B orcyrcrBhe
JNEKTPUYECKOTO TIOJISI TPH HUCHOIB3YEMOM B ONUCHIBAEMBIX OINBITaX IJIOTHOCTH TOKa H
JUINTENIFHOCTH UMITYJIbCA TOKA ITy4Ka 3aTpaThl SHepruu coctaBisuia 4.2 3B/monek. C yBennueHrneM
HanpsHKEHHOCTH ToJst £ BenmunHa € cHkaetcs u ipu 20 -120 B/cm cocrasnsier 1.5-2.0 sB/Mornex.
JlanbHeliee yBeTUUYEeHUE HAIMPSDKEHHOCTH 3JIEKTPUUYECKOTO MOJI BBI3BIBAET POCT &, U npu E >
1000 B/cm 3atpatel sHeprum mnpeBbimaioT 20 sB/monek. XapakTepHO, YTO B ONTHMAaIbHOM
JUarna30He HAMpSHKEHHOCTH TOJIs YBEJIMUEHUE YHEPTUH, BKJIAJBIBAEMON B ra3 3a CUET 3a)KUTAHUA
HECaMOCTOSTEIILHOTO pa3psijia, He MpeBbImacT 4%, a BeJIMUMHA € CHIDKAeTcs 0ojee 4eM B 2 pasa.

B cmecu (75-90)% N+10% O,+5% H;O+(0.1-1)% SO, wuccrnenoBanoch BIMSHUE Ha
3¢ eKTUBHOCTh OUMCTKH coaepkaHus rnpumecu SO,. IlomyueHo, 4TO 3aBUCUMOCTH 7] U € UMEIOT
HENUHEWHBIN xapakTep [4, 5]. 3aTpaTbl PHEPrUM & CHHKAIOTCA MPH YBETUYCHUU KOHIEHTpPALUU
SO,. Tlpy HU3KHMX KOHULEHTpanusx 3HaueHue & ~ 10-14 sB/monek., 4To XapakTepHO U I
HENPEPBIBHBIX AJIEKTPOHHBIX ITyYKOB C MaJloOil IJIOTHOCTBIO TOKa. BeposTHO, B 3TOM ciyuae
OCYIIECTBIIACTCS  HEUEMHOW MeXaHu3M oOkucieHuss SO;. Pacuerbl W AKCIEPUMEHTHI
CBUJIETEJILCTBYIOT [4, 5], uTO mpoTekaHuio peakiuii okuciaeHus SO, N0 pajuKalbHOMY HELEHOMY
MEXaHU3MY COOTBETCTBYET MUHUMAaJIbHOE 3HaueHue sHepro3arpat 10-12 sB/monek. HaGmronaembie
3HaueHus: npu [SO;]p>0.1% HmKe 3TOro YpOBHSA, UTO YKa3bIBACT Ha PEATU3AIMIO IIETTHOTO
MexaHu3Mma. HalokeHrne BHEIIHEro IMoJis MPUBOAUT K JOIMOJIHUTEIbHOMY CHIDKEHHIO 3aTpar

OHCPIHUH.
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[IpoBeneHHBIE SKCHEPUMEHTHI TO3BOJIAIOT CAENATh BBIBOX O TOM, YTO IPH HW3MEHEHHUH
conepxxkanusa SO, B Bozayxe oT 0.01 10 0.1% OCHOBHBIM MEXaHW3MOM OYUCTKH SBJISIETCA HELEITHOU
panukanbHblid. [Ipu MOBBIIIIEHUH MPOLIEHTHOTO coaepkaHus SO, peanu3yercs LEeMHON MeXaHU3M.
C poctom [SO;] yBenuuuBaercsi ckopocth peakuuu (1), a Takxke peaxiuit (4)-(6), 9T0 IPUBOIUT K
6osee 7 (PeKTUBHOMY UCIIOJIB30BAHUIO PJICKTPOHOB IMyYKa B peakiusax okucieHus SO,.

B paGote [7] mpuBenensl pe3ynbrarhl mporecca ynaneHus SO, mpu o6paboTke ra30BoOi
CMECH HECaMOCTOSITENIbHBIM OOBEMHBIM  Pa3psAIOM, TMOJACPKHUBAEMBIM  MHKPOCEKYHIHBIM
AJIEKTPOHHBIM MMy4koM. OOHApy»KeHO CMEIIEHUE ONTHMAIBHOW BEIHYMHBI HAMPSIKEHHOCTH
AIIEKTPUYECKOTO IMO0JIsl, COOTBETCTBYIONIEH MUHMMAJIbHBIM SHEpro3aTpaTraM Ha OYHUCTKY, B 00JIaCTh
6osee cupHBIX TToie (ot 30 B/cm no 100 B/cm) npu cHmkeHnn HavaabHOUM KOHIIEHTparuu SO, oT
1% no 0.01%. i oObsACHEHMs MOJYYEHHOI'O pe3ylibTaTa MPOBEACH AAJbHEWIIMHA aHamu3 u
KOHKpeTU3alusi Mexanuzma okuciienust SO,, pacCMOTpeHHOro B [4].

B pabGorax [7, 8] mpuBemeHbl pe3yiabTaThl IKCIEPUMEHTAIBHBIX HCCICIOBAHUMN BIWSHUSI
n00aBOK OKCHJA a30Ta Ha KOHBEPCHUIO OKCHIOB Cepbl B HOHM30BAHHON Ta30BOM cMecH,
MOJICTIUPYIOMIEH COCTaB OTXOMAIIMX Ta30B TEIJIOBBIX JJIEKTPOCTAHUIUH. ODKCIEPUMEHTHI
BBITOJIHSUTMCH HA YCTAHOBKE, CO3JJaHHON Ha OCHOBE MMITYJIbCHOTO YCKOPUTENS JIEKTPOHOB C IUIA3-
MEHHBIM KaTOJOM. B OTCYTCTBHM OKCHIOB a30Ta B MOHHU30BAHHOW HMMITYJIbCHBIM 3JIEKTPOHHBIM
MyYKOM CMECH peaJn3yeTcsi IeMHOM MeXaHW3M yAaJeHHs [HOKCHIA Cepbl, CBSI3aHHBIM C
obpaszoBannem nMoHOB (SO;) . Hanuume B ra3oBoil CMECH OKCHJIOB a30Ta MPHUBOAHWT K Pa3BUTHIO
KOHKYPUPYIOIIEH peakluy mepe3apsaKku, KOTopas YMEHBIIAeT BEPOSTHOCTh yyacTusi HOHOB (SO;)
B LenHoM mpoiecce. [Ipu stom crenens ounctku cmecu or SO, cHuwxkaercsa. [lpu panpHeiem
yBenuueHuu cojepxkanuss NOx B cMmecu Bbime 0.1% nenHoit MexaHW3M KOHBEPCHU JTMOKCHIOB
cepbl mepectaeT paboTaTh U UX yJaJeHHE NMPOUCXOIUT B peakuusx okucieHuss SO, cBOOOIHBIMU
paaukanaMu u MojekynamMu NO,, 4To TPUBOJUT K HEKOTOPOMY BO3PACTaHHUIO CTETIEHU OUHCTKH.

1.2. lecTpyKIiusi OKCHI0B a30Ta B ra3000pa3HbIX 0TX01aX.

Oxcunpl azota NO m NO; SBISIOTCS OCHOBHBIMH KOMIIOHEHTaMH BBIXJIOITHBIX Ta30B
JBUTATENel BHYTPEHHETO CropaHusi, a TaKKe TEIUIOBBIX JJIEKTPOCTAHLMH, paboTalolux Ha
OPUPOJTHOM Tasze, MOATOMY MpoOsieMe MX KOHBEPCHHM TOCBSIIEHO 3HAYUTEIHLHOE KOIUYECTBO
HKCIIEPUMEHTANBHBIX HccienoBanuil. B [9] nmpuBeneHs! pe3yabTaThl SKCIEPUMEHTOB I10 yIAJICHUIO
mosiekyl NO u NO, u3 moaenbHON cMmecH, 00dyyaeMOW HMIYJbCHBIM 3JIEKTPOHHBIM ITyYKOM
MUKPOCEKYHHOW JIUTENbHOCTU. MccnenoBaaich XapakTepUCTUKH MTPOLECCa OUUCTKU BO3AYLTHON
CMECH OT MPUMECH B 3aBUCHMOCTH OT €€ KOHILIEHTpaluu. Vcrmonp3oBaics yCKOPUTENb IEKTPOHOB
C JAIuTeNbHOCThIO ummyibca 40 Mkc, sHeprued snekTpoHoB 250-300 k3B m makcumanbHOMU
IUIOTHOCTBIO TOKa | MA/cM’. OGIydeHMIO MOABEPraiach MOJIEIbHAS CMech, comepxkamast 10%

Kuciopona, 10 87% azora, 3% napoB Boabl 1 okcuaoB azota oT 0.05 1o 0.6%. [Tonydeno, uro npu
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Maibix KoHIeHTpausx NO BennuuHa >Hepro3arpar 3HauntenbHa U ais [NOJy ~ 0.1% 3arpaTsr
sHeprum cocTaBisitoT ~ 50 sB/monek. YBenuuenue [NO]y MPUBOAUT K CHHKEHHUIO DHEProsarpar.
[Ipu HayanbHOI KOHIIEHTpaluu MOHOOKcHaa a3ota 0.55% BenuunHa € cHUXkaeTcs A0 2 3B/Mornek.
Jl1 cpaBHEHHSI MOYKHO yKa3aTh, 4TO 3Heprus auccounannu monekyisl NO paBHa 6.5 3B, sneprus
JUCCOITMAIIMN MOJIEKYJISIPHOTO Kuciopoza - 5.12 3B [10]. D10 yka3bIBaeT Ha peaqu3aiyio [MemHOro
MexaHu3Ma pasznoxkenus: NO.

B [11, 12, 13] mpuBeneHbl pe3yJibTaTbl 3KCIEPUMEHTAJIBHBIX MCCIECIOBAHUN BIHSHUS
IUIOTHOCTU TOKa M JJIMTEIBHOCTH HMMIIyJbCa Ha IPOLECC YAAJIEHUS OKCHUIOB a30Ta. DHEprus
371eKTpoHOB Tyuka paBHa 280-300 k3B, mioTHOCTH TOKa My4ka moria u3MeHsThes oT 0.2 mgo 1.2
MA/CM?, ITHTENBHOCT UMITYJIbCA (Ha IOIYBBICOTE) - OT 32 10 90 MKc. OOIYYCHHIO OBEPTaiCh
ra3oBbI€ CMECH C COOTHOIIEHNEM OCHOBHBIX KOMIOHEHT [N2]: [O2] = 90 : 10 u npumecsio NOy.

PesynpTaTsl n3MepeHUil BEIMUMHBI SHEPro3aTpar MpH INIOTHOCTH TOKa, paBHOU 0.7 MA/cM?,
U Pa3IMYHON JUIUTENIEHOCTH MMITYJIbCA AJIEKTPOHHOTO My4YKa, KOTOPHIM 00JIydasiach McciemryeMast

CMECh, IPEACTABIICHBI HA pUC. 2a.

g, 3B/Mon. a n, % g, aB/mon. 6 n, %
60 — o
—30
40 —
—20
207 - 10
0 I | I 0
20 40 60 80 t, MKc 0.2 04 06 08 j, MA/cm?

Puc. 2. BnusHue IIUTETLHOCTH SJIEKTPOHHOTO My4Ka (a) U TUIOTHOCTH ToKa (0) Ha BETMUUHY
3arpat sHeprud ¢ (1) u creneHs OYUCTKY # (2) Ipu KOHIEHTpauu okcu1oB azora 0.1%.

BunHo, uTo yBenMueHUE JINTENBHOCTH UMITYJIbCa BBI3BIBAET CHUKEHHUE CTEIIEHU OUUCTKU U
YBEJIIMUYECHUE 3aTPAT SHEPIrUM Ha yIAJIICHUE OJHOW TOKCUYHOW MOJIEKYJIbl. AHAJIOTUYHBIN BUJT UMEIOT
3aBUCHUMOCTH 3TUX BEJIMYUH OT IJIOTHOCTH TOKa 3JEKTPOHHOTrO Myuka (cM. puc. 20). 3aBUCUMOCTH
Ha pucC. 20 TMOJyYeHbl NMPU OJUHAKOBOM JUIMTENBHOCTH Iy4YKa, paBHON 32 MKC. MUHUMalbHBIC
3HAUEHUS 3aTPaT PHEPrUM Ha Pa3I0kKEHHE B ITUX OMbITAX COCTABIISAIN BelnyuHy 3—4 5B Ha ogHy
MOJIEKYJIy U COOTBETCTBOBAJIM MHUHUMAJIbHBIM 3HAUEHUSAM JUITUTEILHOCTH MMITYJIbCa M IUIOTHOCTU
TOKa JJIEKTPOHHOTO Iy4Ka, KOTOpPhIE MOXHO OBLIO peamu30oBaTh HA HCIOIB3YEMOW B OMBITaX
YCTaHOBKE. AHAJIOTMYHO SKCIIEPUMEHTAM IO pasjokeHuto npumecu SO, B BO31yXe, CHUKECHHE

CTENEHH OYMCTKHU U POCT DHEPros3arpaT MpH YBEIMUEHUU MOIJIOIIEHHON 03Bl (MpU YBEITUYEHUU
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JUINTEIBHOCTU MMITyJIbCa WM IUIOTHOCTH TOKA), a TaKKe HU3KUE DHEPro3arparbl YKa3blBalOT Ha
peanu3aiuio HOBOIo MeEXaHW3Ma pa3jioKeHHUs IPUMECH.

Astopsl [11, 12] otmeuatoT, uto Mexanu3M KoHBepcur NOx, pa3paOoTaHHBIN Ui YCIOBHIA
CTallMOHAPHON MOHU3AIMH ra3a U OCHOBAHHBIM Ha PEAKIMAX C y4acTUEM CBOOOJHBIX pPaJUKaJIOB,
HE OIHUCBIBAET HKCIEPUMEHTAIbHBIX PE3YJIbTATOB, MOJYYEHHBIX C HMCIOJb30BAHUEM HMITYJIbCHBIX
AJICKTPOHHBIX My4KOB. B paborte [12] moka3aHO, YTO MPOIECCHI OYHUCTKH ABIMOBBIX Ta30B OT
OKCHJIOB 230Ta UMITYJIbCHBIMU 3JIEKTPOHHBIMH ITyYKaMU CBSI3aHBI B OCHOBHOM HE C OKHCIIEHHUEM, a C
mucconuaiueit NOyx, koTopast 0co0eHHO 3((HEKTUBHO MPOTEKAECT B CMECAX C MaJIbIM COACPKAHHEM
KHCJIOpOJIa.

B pabGore [14] mpencraBiieHBl pe3yJbTaThl HMCCICIOBAHUS PA3JIOKCHHS OKHCIIOB a30Ta
UMIYJIBCHBIM 3JIEKTPOHHBIM IYYKOM TPHU COBMECTHOM HCIIOJNB30BAHUM AJIEKTPOHHOTO MydyKa U
¢dorokaranuzaropa (TiO;). [lapameTpsl UCMOIB3yEMOT0 B 3KCIEPHUMEHTAaX AJICKTPOHHOIO IydYKa:
KUHETUYeCKasi FHeprust 3JeKTpoHoB 95 k3B, Tok myuka 120 A, nautensHOCcTh uMIynbea 0.9 Mkce,
sHeprus B ummyibce 4.8 JIxk. Mcxonnas cmech No+0.02% NOy. [ cMecu OKHCIIOB a30Ta ¢ a30TOM
sHepro3aTpaTel Ha paszioxkeHue coctaBuau 0.4 wmxMonb/[x (26 sB/monek.) mpu creneHu
xousepcun 40%. B ciywae wucnonb3oBaHus TOKpeITHs u3 TiO, Ha CTeHKax peakTopa
3¢ (EKTUBHOCTh Pa3IOKEHUsT OKCHIOB a3ora Bo3pocna. Jims cmecu O,+N, +NOy 3HEprosarparsl
3JICKTPOHHOTO MMy4yka CHU3WIHNCH 10 0.925 mxmons/[Ix (10.8 3B/Monek.) npu cTerneHn KOHBEPCUH
25% u 0.71 mxmonw/Ix mpu 96%. Ilpu orcyrcTBum Katamuzatopa st cmecu O, +Np+NOy
9HEpPro3aTpaThl SJCKTPOHHOTO TMy4YKa HA pa3lOoKEeHHEe OKUCIOB aszora paBHsumch 0.15-0.2
MKMonb/Jlk. DHepro3arpaTtsl Ha ynaneHue NOy, moiydeHHble B pabote [14], Obun OOM3KU K
3HAUEHUSIM, MOJIYYEHHBIM IpH yaaneHUH NOy HeNpepbIBHBIM IYYKOM [4] M 3HAUMTENHHO BBILIE,
4eM IS UMITYJIbCHOTO 3JIGKTPOHHOTO IydKa Oosblel mimutenbHocTH [9, 11, 12]. D10 yka3wsiBaeT
Ha BaKHOCTb JUIS yJIaJCHHUs] OKCUIOB a30Ta ONTHUMAJIbHOM JUIUTEIHHOCTH UMITYJIbCA AJIEKTPOHHOTO
nyyka. Xapaktep 3aBHCUMOCTH H¢dekTUBHOCTH YyaaneHus NO aHaJOrMyeH pe3yJsibTaTaM,
nojay4eHHbIM Tpu paznoxkeHnd SO, u NO UMIYJIBCHBIM JJIEKTPOHHBIM ITYYKOM C OOJIBIION
SHEpPrueu B UMITYJIbCE.

B [8] mokasano, urto nmobaBineHue oKcHaa cepbl CHIKaeT 3P(GEeKTUBHOCTH pasznoxkeHus NO
UMITYJIbCHBIM 3JICKTPOHHBIM TyuykoM. B paGorte [15] mpezncraBieHbl pe3yibTaThl HCCIEIOBAHUS
pasnoxenust NO UMITyJIbCHBIM 3JIEKTPOHHBIM ITydkoM (8 MB, 5 kA, 30 uc). Mcxomanas cmech 0.01 -
0.1% NO-+N,. OcHOBHbIE MPOAYKTHl Pa3JOKEHUS - a30T W KUCIOPOJ, IUOKCHJI a30Ta
3aperucCTpUPOBaH B TMPOAYKTaX paguoiin3a B HE3HAUUTEIBHOM KOJNUYECTBE. Pe3ynbTaTsl
uccnenoBanus pasznoxkeHust NOx B KOPOHHOM paspsizie mocTossHHoro Toka (dc corona discharge)
npeactaBieHsl B [16]. DHeproszarpaTsl Ha pa3lioKEHHE OKCHJOB a30Ta B ATUX SKCIEPUMEHTaX

coctaBuiu 620 sB/Mornek. npu crernenu KoHBepcuu 66%.
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B [17] npuBeaeHsl pe3ysIbTaThl UCCIIEIOBAHNS KOHBEPCUM MOHOOKCH/IA a30Ta B OapbepHOM
paspsae (60 I'm). CocraB ucxomHoit cmecu atmochepHoro nasieHus 17.6% 0,1+4.35% COx+
0.055% NO+N,. ITonyuyeHno, uto B mia3mMe OapbepHOTO pa3psaa MOHOOKCH] a30Ta OKHUCISUICS 10
TUOKCcHIa a3oTa 0e3 pasnmokeHus Ha a30T u kucinopon. [Ipu temmeparype cmecu 150-200 °C u
sHeprosinage 100 k/DK/M®  CTCHeHb KOHBEPCHH cOCTaBHia 60%, 9TO COOTBETCTBYET
JHEpro3arparaM IUIa3MEHHON PHEPTrUM Ha OKHUCJICHHE MOHOOKcHaa azoTa 70 s3B/monex. Hapsay c
BBICOKMMHM 3aTpaTaMd 3Hepruud Ha KoHBepcuio NO B miasme 0aphepHOro paspsiia, MOHOOKCH
az0Ta He pasjlarajcs Ha a3oT M KHUCIopoJ, a okucisuicsa 10 NO;. DTo yKa3bpIBaeT Ha peaiu3aliio
JPYyroro MexaHu3ma KOHBEPCUH, YeM IPU BO3JEHCTBUM UMITYJILCHOTO AJIEKTPOHHOTO ITyYKa.

B [18] mpencraBieHsl pe3yJbTaThl HcclenoBaHUs KoHBepcun NO B mjia3Me AyroBoro
pazpsaa (50 ', 1-10 kB). Ucxognas cmech Np+NO atMocdepHOro naBieHus. ABTOPbl OTMEYAIOT,
41O B npoaykrax koHBepcun NO cozpepkanue NO, He3HaUUTEIbHO, TO3TOMY YObUIb MOHOOKCHA
azota npoucxoaut B peakimu N + NO = N, + O. IIpu sueproskiazae paspsaa 800 [Ix/m moixydeHo
paznoxenue 0.06% NO, uTo cooTBeTCTBYET 3Hepro3arparaMm Ha kKoHBepcuio 6osee 3000 sB/mouek.

B [19] onucansl onbiTel o koHBepcuu NO B umiynscHoM paszpsize (40 kB, 50 He, 3a30p 1
cMm) ¢ (dotompenuonuzamueii (photo-triggered pulsed discharge). Mcxonnas cmeck razoB NO+N;
npu paBinenun cMecu 0.46 atm. Ilpu sHeproBiiage 92 JUx/n B peakrope oGbemoM 50 cM® mpu
naeineHun cMmecu 0.46 atm nosyuyeHo pasnoxeHue 0.6% NO, 4To COOTBETCTBYET 3Hepro3arparam
paspsaa Ha pazioxenue NO 70 sB/monek. [Ipu go6asnennn 2% H,O B ucxoaHyio cMech CTENEHb
KOHBEPCHM MOHOOKCHJA a30Ta COKpaTWiIach M JHepro3aTparsl Bo3pociau Ao 140 sB/monek.
[IpoayxThl pa3noxeHus - KUCIOPOI U a30T.

B [20] ana paznoxeHus: MOHOOKCH A a30Ta IpUMEHsICs OapbhepHbii paspsn (15 kB, 20 MA,
60 I'm). Ucxonnas cmech razoB - cyxoil Bo3ayx u 0.02% NO. Ilpu momuocta pazpsaa 6 Bt
koHueHTpauuss NO ymensmmnach ¢ 0.2% no 0.022%, 4To npu CKOpOCTH IPOTOKAa CMECH ra3oB 8.7
J/MHH COOTBETCTBYET »JHeprosarparaM Ha pas3liokeHHe MoHookcuaa azora 470 sB/mornek.
OcHoBHOM TIPOYKT KOHBepcuu - NO,.

BrimotHeHHBIN 0030p paboT MO pasoKeHHIO IPUMECH (B BO3yXE U a30T€) OKCHUIOB a30Ta
B IJIa3Me MOKa3aJl, YTO MUHUMAaIIbHBIE YHEPro3aTpaThl HA KOHBEPCUIO TIOTYUYEHBI PU BO3JICHCTBUU
UMIYJBCHBIM DJICKTPOHHBIM ITyYKOM. DHEprosarparbl Ha pasznokeHne NO mpu 3TOM CHIIBHO
3aBUCST OT BEJTMYHUHBI MOLTHOCTHU MOTJIOLUIEHHON 03Bl (IVIUTENbHOCTh UMITYJIbCA, TNIOTHOCTh TOKA).
[TosrydeHHbIe SKCIIEpUMEHTAIbHBIE JaHHBIE YKA3bIBAIOT HA PeANIU3alluIo APYTroro (1o CpaBHEHUIO C
HENPEPBHIBHBIM PaTUOIU30M) MexaHH3Ma KoHBepcuu. KoHBepcHs MOHOOKCHAA a30Ta MpU ITOM
UJCT IO MyTH Pa3lIoKEHUs Ha KUCIOPOJI M a30T, a He oOpa3oBanue NO, mgake NpH HATHYUU B

HCXOI[HOﬁ CMECH 3HAYUTCIIHHOM KOHLCHTpPAUX KUCJIOpOaa, YTO OUYCHB BaXHO JIA OKOJIOTUH.
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1.3. KonBepcus cepoyriaepona CS; B atmocepHom Bo3ayxe.

IlertHOM MexaHW3M TpOTEeKaHUs peaknuii oOHapyxkeH rpynmnoi FO.H.HoBocemoBa mpwu
UCCIIEIOBAaHUU PA3JIOKEHUs cepoyriiepoja noJ JecTBUEM UMIYJIbCHOTO 3JIEKTPOHHOI'O MyYKa U B
HECaMOCTOSITEIbHOM OOBEMHOM paspsijie, MHUIMHUPYEMOM 3JIEKTPOHHBIM myukoM. B [21, 22, 23,
24] npuBeleHBbl pe3yibTaThl 3KCHEPUMEHTANbHBIX M TEOPETUYECKUX HCCIEIOBAHUN IPOLIECCOB
BO3/ICHCTBUS UMITYJIbCHBIX AJIEKTPOHHBIX Iy4YKOB HAHO - U MUKPOCEKYHJIHOW JUIMTEJBHOCTH Ha
a30THO-KHMCJIOPOJHYIO CMECh aTMOC(EPHOTO JIaBJIECHUS C MPUMEChIO cepoyriepona. OOHapysKeHbl
JIBa peKMMa KOHBEPCHH MPHUMECH, 3aBUCSIIME OT THIA HCIOJB3YEMOro IyYKa M OTIMYAIOLINecs
KaK MEXaHHW3MOM, TaK U KOHEYHBIMU MPOJYyKTaMH. DKCIIEPUMEHTAIFHO MCCIICAOBAHO BIUSHHUE HA
KOHBEPCHIO BHELITHETO MIEKTPUUYECKOTO TOJIS.

Bce skcmeprMeHTHI BBINONHSAINCH B MOJEIBHBIX Ta30BbIX CMECSIX Ha OCHOBE a30Ta U
kucaopoza. I[Ipu aToM copepxanue azora u3MeHsaa0ch ot 89 no 99%, kucnopona - ot 0.1 1o 10%.
Conepxanne wuccienyemoit mpumecu CS, usmensmioch ot 0.005 mo 1%. s obOmydenus
MOJICJIBHBIX Ta30BBbIX CMECEM HCIOJIb30BAIUCH [JBAa YCKOPUTENS DSJIEKTPOHOB C pa3HbIMU
napamerpamu. s GopMupoBaHHs HAHOCEKYHIHBIX UMITYJIbCOB MCIIOJIB30BAJICSA MajorabapUTHBIN
yckoputens PAJIAH. T'eHepupyeMblii UMM @y4yOK 3JIEKTPOHOB MMEN IapaMmeTphl: 3HEPIUs
anekTpoHoB 180 kB, manuTenbHOCTH MMIyJIbCAa Ha MOIYBBICOTE 3 HC, IJIOTHOCTH TOKa mydka 800
A/CMZ, 4acToTa cieI0BaHus UMIyabcoB a0 10 I'm. B psae skcnepuMeHTOB B 00JIydaeMoM 00bemMe
3a)KUraJICs HECAMOCTOSATENBHBIA pa3psi, HMHULUUPYEMbI HAHOCEKYHTHBIM ITy4YKOM 3JIEKTPOHOB. B
MHUKPOCEKYHIHOM JMara3oHe BPEMEHHU HCIOJIb30BAJICS YCKOPUTEND C IUIa3MEHHBIM KaTol0M. DTOT
yckopuTens (GOpPMHUPOBAT PagHaNbHO PACXOAIIMHACS MyHOK SIEKTPOHOB cedeHHeM ~ 1.5 M°, ¢
sHeprueil anekTpoHoB 280-300 k3B, mIoTHOCTHIO ToKa 0.1—10 MA/CM’, IUTHTEIBHOCTHIO NMITYJIbCA
48 mkc. O6nyuenuro moxasepraics oobem 170 i1, B 3TOM ke o0beme mnpu jumHe 3a3opa 10 cm
3aKUTajics HECaMOCTOSTENbHbIM OOBEMHBIM pa3psijl, MOANCPKHUBAEMBIH SJIEKTPOHHBIM ITyYKOM.
MaxkcumanbpHast HAPsHKEHHOCTD TOJIS B IJ1a3Me 00bEMHOT0 paspsijia cocTaBisiia 5 kB/cm.

[Ipu 0oOnaydeHMM cMecH HAHOCEKYHIHBIM ITYYKOM JJIEKTPOHOB IOJyY€HO, YTO HavajbHAas
koHueHTpauuss CS, ciabo BAMsET Ha Yrojl HAKJIOHA 3aBUCHUMOCTH €ro KOHILIEHTPalUH OT
KOJINYECTBA UMIIYJbCOB 00Iy4YeHHs. MUHMMaibHOE 3HAUE€HUE 3aTpaTr sHepruu Obuio paBHO 0.8
»B/MoneK., 4TO CyIIECTBEHHO MEHbBILE SHEPTHH IHCCOLMAIIMN MOJIEKYJIbI CEpOyIieposa, paBHOU
7.6 3B. HUccnenoBan Takxke mporecc KouBepcuu CS; B HECAaMOCTOATEILHOM OOBEMHOM paspsijie,
MHULIMMPYEMOM HAHOCEKyHIHBIM IydykoM. Ha puc. 3a mpezacraBieHa 3aBHCHMOCTb BEIMYHHBI
3aTpaT PHEPIUM OT HANpPSDKEHHOCTH Moyid B cTosn0e oObeMHoro paspsna. IlomyuyeHo, uto B
UHTEpBaJIC HAINPSDKEHHOCTH 3JiekTpuyeckoro noist or 0 go 1.5 xB/cm 3nHauenume sHeprozarpar
W3MCHSCTCS HE3HAUYMUTEIbHO M HaxomuTcs B mpenenax 0.6 - 0.9 sB/Monek. D10 3HAYUTEIIBHO HIKE

SHEPTUU JAUCCOIMALINU KaK CEpOyIJIepoa, TaK U KHCIOpO/a.
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Puc. 3. a) 3aBUCMMOCTb 3aTpaT SHEPrUU Ha YyAallEHUE OJHOM MOJEKYJbl MPUMECH OT
HaIpPSKEHHOCTH MOJIsl £ B €TI0 HECAMOCTOSITEILHOTO pa3psiia, MHUIIMHUPYEMOTO HAHOCEKYHIHBIM
My4YKOM DJIEKTPOHOB,

0) 3aBucuMOCTH 3aTpat sHepruu ¢ (1) m xommuectBa yaaneHHbIX Mojiekyna A[CS;] (2) ot
HAYaJIBLHOTO colepXkaHus cepoyriepona B cmecu [CS;]o mpu ee 06mydyeHUU c1abOTOYHBIM MyYKOM
3JIEKTPOHOB MUKPOCEKYHIHOU JUTUTEILHOCTH.

VYBenuueHne HanpsHKEHHOCTH IOJI NMPUBOAMUT K 3HAUUTENBHOMY POCTY 3aTpaT 3HEPIHUH,
BeJIMYMHA KOTOPHIX Ipu £ > 10 xB/cm npeBrimaet 35 3B/monex. Huskue 3HaueHHs 3aTpat SHEPTUn
Ha KOHBEPCHUIO OJHOM MOJIEKYJIbI YKa3bIBAIOT HA BO3MOKHOCTb OCYILECTBICHHS LIEITHOTO MPOLecca.

B pexume o0iyueHus cMecu CIaOOTOYHBIM ITyYKOM MHUKPOCEKYHIHOM JJIUTEIbHOCTH
TaKke 3apUKCHPOBAHO JIMHEHHOE CHIDKeHHE KoHIeHTpauuu CS; ¢ pOCTOM 4YMCIa HMMITYJIBCOB
00yuyeHusl. 3aBUCHUMOCTH KOJIMYECTBA YJAJICHHBIX MOJIEKYJ M 3aTpaT SHEPrud OT HayalbHOU
koHueHTpanuu CS, noka3ansl Ha puc. 30. B unTepBane HavanbHbIX KoHIeHTpauui [CS;]p = 0.3 -
1% 3aTpatThl SHEPIUU Ha KOHBEPCHUIO cepoyriepoia cocTaBistoT 1.8 - 1.2 3B/monek.

B ombiTax ObUTO0 MMOKa3aHO, YTO MPH CPABHUMBIX BEIMYMHAX YAEIbHON SHEPTUU, BBOAUMOI
B ra3 IyYKOM OJJIEKTPOHOB, PEXHUMbl OOIYUYEHHS CYLIECTBEHHO pa3jMyaloTCsi KOHEYHBIMU
nponykrtamu  KoHBepcuum  CS,. Ilpu  00myyeHMM  CHIIBHOTOYHBIM  ITyYKOM  3JIEKTPOHOB
HAHOCEKYH/THOHM JUINTEILHOCTH B KaU€CTBE OCHOBHBIX NMPOIYKTOB 3a(MKCUPOBAHBI OKCHU/IBI CEPHI U
yraepoaa. ITociae oOpabOTKM MCXOIHOW CMECH DIEKTPOHHBIM ITyYKOM MajoOl MJIOTHOCTH TOKa U
MUKPOCEKYHIHON JTUTEIHHOCTH B IUIA3MOXHMHYECKOM peakTope oOHapy>KeHbBl TBephas (asa, a
TaKXKe Bs3Kasg JKUAKOCTb. AHaIM3 II0Ka3aj, YTO OSTU BEIIECTBA COOTBETCTBYIOT O0OLIEMY
aneMeHTHOMY cocTaBy (-CS-),, Ipu 3TOM B CJI€JOBBIX KOJIM4YeCTBaX oOHapysxkeHo npucyrctaue SO;.

CornacHo NpOBENEHHOMY aHAIM3Y, NP MOHU3ALUU CUJIBHOTOYHBIM IyYKOM 3JIEKTPOHOB
HAaHOCEKYHIHOW JUIMTEIBHOCTH pEealIu3yeTcs LENHONM MexaHu3M okucieHus CS;, B KOTOpoM
VMHULMHPYIOUIUM PEAareHTOM SIBIISIETCS aTOMAPHBIA KHCIOPO/I:

CS, +0=CS + SO (11)
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SO+CS=CO+S, (12)

0+S,=SO+S (13)
SO +0,=S0,+0 (14)
S+0,=80+0 (15)

HapaboTka aToMapHOTo KHCIIOpoAa MPOUCXOUT MOJI AEHCTBUEM IydKa Yepe3 FIEKTPOHHbIE
cocrostrmst Oy M B PEaKIHsIX ¢ YIIEKTPOHHO-BO30Y KICHHBIMI MOJIEKy/IaMH a30Ta N
e+0,— 20 (16)
N, +0,=N,+20 (17)
[Ipu noctatoyHOM MHTEHCUBHOCTH 3JIEKTPOHHOTO IMy4YKa HapaOOTaHHOTO B peakiusx (16),
(17) xonmuectBa panukanoB O AoCTaTOYHO IS 3amycka IermHoro mexanusma (11) - (15). Ilpu
CHIDKeHUU KOHIeHTpanuu CS, HUXKe KpUTHYECKOW IEMHOW MEXaHW3M MpephIBaeTCs, aTOMapHBIN
KHUCTIOPOJl TepecTaer HapadateiBaThesi B peakmusax (14), (15) u okucneHuwe cepoyriepoja
npekpamaercs. CoraacHo pacueTaM, OCHOBHBIMU MPOIYKTaMH paznoxkeHust CS; sSBISIIOTCS OKCUIbI
cepsl SO, u yraepoga CO, B HeOonmpmux koymuecTBax obpasyrorcss NO, SO u S;, 4T0 U OBLIO
3a(UKCUPOBAHO B 3KcriepuMeHTax. [IpucyTcTBIE B cMecH a30Ta MPUBOAUT K moTepe paaukaioB O B
PeaKIMsIX CHHTE3a OKCHJIOB a30Ta:
Na(v) + O — NO +N (18)
N+0O;,—-NO+O (19)
3nech Ny(V) — KosiebaTenbHO BO30YXKACHHBIE MOJICKYJIBI a30Ta.
Jlpyroii MexaHH3M KOHBEPCUH CEpOyTepojaa peaiu3yercs mpu Bo3OyxkaeHuu cMmecu N —
0O, — CS; c1a00TOYHBIM IyYKOM 3JIEKTPOHOB MHUKPOCEKYHIHOW [UIMTENBHOCTU. B 3TOM citydae
My4OK He 00JasaeT J0CTaTOYHOW MHTEHCUBHOCTHIO U TNIOTHOCTH AJIEKTPOHOB IJIa3Mbl 371€Ch Ha JIBa
nopsika Huke. KoHLeHTpauus co3qaBaeMbIX C1a00TOYHBIM MYUYKOM 3apsKEHHBIX YacTHUI] Maya U
cousMepuMa C KOHIEeHTpanueil cBoOoaHbiX paaukanoB O. Ilpu 3ToM LemHON MeXaHuU3M He
BO3HHKAET, XOTs OKHCJICHHUE U MPOMCXOJUT: 10 pacueraM KoHIeHTpauusi SO, OKa3bIBacTCa Ha TpU
NOpsiIKa MEHBIIE, YeM B CHWJIBHOTOYHOM pexHume oOiydyeHus. B ciayuae crnaborodHoro myuka
JJIEKTPOHOB TIOTEPH HOHOB 3a CYET 3JIEKTPOH-MOHHOM PEKOMOMHAIIMHM PE3KO CHIDKAIOTCS U B
IIa3Me CO3JAI0TCsl OMaronpusiTHeIE yciaoBus st koHBepcun CS, uepe3 o0pa3oBaHHe KIACTEPHBIX
HOHOB. KOHIIGHTpamus TakuxX HMOHOB COCTaBIfeT BelIHMuuHy [A] ~ 10° cm”. CHmkenne
koHnenTpamuu CS) MPOUCXOAUT B GHICTPHIX peakiusax obpasoBaHus kiacTepos Tuma A“( CSy), ¢
MOCJICTYIONIEH TOTMMEpHU3aluel cepoyriiepoaa u oopaszoBanueM moiekys (-CS-),. CkopocTh 3THX
MPOIIECCOB 3HAYUTENBHO BBIIIE CKOPOCTU peakluii ¢ ydacthueMm cBOOOAHBIX paaukanoB O. beuio
YCTAHOBJICHO, YTO KIACTEPHHIMH HOHAMH B pPacCMaTPUBAEMBIX JKCIEPUMEHTAX SBISIOTCS
oTpunatenbHble HOHBI Oy , CKOPOCTh 00pa30BaHUs KOTOPBIX MOYTU MOJTHOCTBIO KOHTPOJIUPYETCS

MPOLECCOM TPEXYACTUYHOTO MPHIIUIIAHUS JIEKTPOHOB K MOJIEKYJISIPHOMY KHCIIOPOJTY.
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[Ipn 3axuranuu oOBEMHOro paspsijia, HHULUUPYEMOIO  3JEKTPOHHBIM  ITyYKOM
HAaHOCEKYHJTHOM JJIUTEIbHOCTH, BIMSHHME HANPSKEHHOCTU IEKTPUUYECKOrO IMOJIS HMPOSBISETCS B
MOHOTOHHOM CHMKEHMM KOJIMYECTBa KOHBEPTUPOBaHHbIX Moiiekyl A[CS,], 4uro mnpuBOoIuT K
YBEIMUEHUIO 3aTpaT 3Hepruu. OcHOBHOM npuumHON yMmeHblieHus A[CS;] saBisercs ycKopeHHe
NOTEPH ATOMApPHOro Kucjiaopoga B peakuuu (18), MOCKOIBKY € POCTOM HampsKEHHOCTU
JIEKTPUUYECKOTO TOJIS B Pa3psle YBEIUUHUBACTCS CKOPOCTh KOJIEOATENBHOIO0 BO30YKIEHUS a30Ta B
peakiuu: € + Ny — e + Na(v).

Bonee cnoxHbIN XapakTep BIMAHUS 3JCKTPUYECKOTO IMOJISI OOHApYXKHMBAETCS B paspsie,
MO/I/IEPKUBAEMOM CIIA0BIM JIEKTPOHHBIM IydkoM [25]. Ha puc. 4 ToukaMu moka3zaHa 3aBUCUMOCTD

KOJIMYECTBA YJaleHHbIX MoJieKyd CS, OT HanpsyKEHHOCTHU 3JIEKTPUUECKOTO MOJIS.

0.7
'E 0.6
[ ]
=
= 05
)
=
< 04
03 . | |
0 50 100 150
E, Viem

Puc. 4. 3aBrucuMocTb KordecTBa MoJieKyJ1 cepoyriiepoaa A[CS;], ynaneHHbIx 3a 30 UMITYJIbCOB
ITy4Ka 3JIEKTPOHOB MUKPOCEKYH/IHOM JIIMTEIBHOCTH (TOYKN) U pacueTHasi 3aBUCUMOCTb CKOPOCTH
Vi TeHEepalluu OTpUIaTeIbHBIX HOHOB (O;) (CIUTIONIHAS KPUBasi) OT HAMPSHKEHHOCTH
ANEKTPUIECKOTO TOJISI B HECAMOCTOSITEIILHOM pa3psie.

[Tockonbky yOBUIb MOJEKYJT CEpOyriaepoia B ATOM pEKHMME CBsi3aHa C O0Opa3oBaHUEM
KJIaCTEPOB, a KJIACTEPHBIMM MOHAMM SBIIAIOTCS MOHBI O, , Xapakrep ndmeHeHus A[CS;]| nomxeH
ONpEAENAThCA CKOPOCThIO 00pa3oBaHMsl KIACTEPHBIX MOHOB B PpEaKIMHU TPEXUaCTUYHOIO
npumunaanss ¢ + M + O, — M + O, . 3aBUCHMOCTh CKOPOCTHM ATOr0 Mmpolecca Vv; OT
HANPSOKEHHOCTH BHEIIHETO TOJISl UMEET SIPKO BhIpaXCHHBIH HEMOHOTOHHBINM XapakTep, U MOoKa3aHa
Ha puC. 4 CIUIOMIHON TUHUEH. BUIHO, 4TO CYIIECTBYET KOPPENALUs MEXKIY SKCIIEPUMEHTAIbLHBIMU
TOYKAMM U PacuETHOM CKOPOCTBIO TPEXUACTUYHOTO NMPWINIAHus v;. KolnuecTBEHHOE CpaBHEHUE C
sKcepuMeHTOM 10 3¢ dekTUBHOCTH KoHBepcuu CS, MpOBECTH HE YIAlOCh W3-3a OTCYTCTBHS
HEOOXOJMMBIX JTaHHBIX MO KOHCTaHTaM CKOPOCTEHl MOHHO-MOJIEKYJISIPHBIX peakiuii oOpazoBaHus

KIIaCTEpOB € Yy4YaCTHEM 027. I[JIH aHaJIn3a MCXAaHU3MOB KOHBCPCHUU CSZ ObL1a cO3aaHa MOJICJIb

23



MIa3MOXUMHUYECKUX MPOIECCOB, UHUIIMUPYEMBIX B UMITYJIbCHBIMU ITyYKaMH 3JIEKTPOHOB B a30THO-
KHCJIOPOJHOM CMECH C IPUMECHIO cepoyriiepoaa [26].

1.4. Pa3zno:keHne OpraHuv4ecKux coeJUHEHMI.

I'pynmoit KO.H.HoBocenoBa ObuIH BBINOJIHEHBI UCCIEIOBAHUSA MO PA3JIOKEHUIO0 HEKOTOPBIX
OPTaHWYECKUX COCIUHEHUH B IJIa3Me, CO3aBa€MO UMITYJILCHBIM ITyYKOM 3JIEKTPOHOB. B padoTax
[27, 28] nmpencraBieHbl pe3yJbTaThl SKCIEPUMEHTOB MO yAAJICHUIO MApOB CTHUpOJAa U3 BO3JyXa C
MOMOIIbI0 HMMITYJIbCHOTO JJIEKTPOHHOTO Iy4YKa HAHOCEKYHJHOW [JIMTENBHOCTH, a TakKkKe
HECaMOCTOSITENILHOTO OOBEMHOTO pa3psa. B ombITax HCMONB30BAIUCH MOJEIBHBIE CMECH Ha
OCHOBe a3ora W kuciopoma N,:O, = 80:20 mpm armochepHOM HaBICHUU H KOMHATHOMN
TEMIIepaType, KOHLIEHTpalus napoB ctupoia uzMensuiach ot 0.005 no 0.1%.

DKCHEepUMEHTAILHO TOTY4YeHO, YTO MOJA JCHCTBHEM HMITYJIbCHOTO SJEKTPOHHOTO IydYKa
npoucxXoauT 3(PGEeKTUBHOE pa3JOKEHUE CTUPOIA. ODHEpro3aTpaThl Ha pPAa3lOKEHHE CTHPOJIA
yMmeHbImanuch oT 10 mo 2 s3B/monek. mpu yBenmdenun koumeHtpamuu ot 0.01 mo 0.1%. Ilpwm
HAJIOKEHUH BHEIIHETO AJIEKTPUYECKOIr0 MOJIS Ha 00JIy4aeMblil SJIEeKTPOHHBIM ITyYKOM MTPOMEKYTOK
(B HECAMOCTOATETILHOM O0BEMHOM pa3psizie) FHepro3arpaTsl U3MeHsuck. [1pu nanpsxernoctu 0.5
kB/cMm HabmoaeTcss MUHUMYM 3aTpat SHepruu. KoHeUHbIM MPOAYKTOM KOHBEPCHH ITAPOB CTHPOJIA
SBJISICTCSI TIOJUCTUPOJ, 3aUKCHPOBAHHBIM B OIBITaX B BUJE TOHKOW IUJICHKH, TMOKPBIBAIOIICH
CTEHKM Ta30BOil KaMmepbl. B HE3HauWTENbHBIX KOJIMUYECTBAX 3apErHCTPUPOBAH TaKKe MPOAYKT
OKHUCJIEHHs cTHhpojia - OeH3ambpaerui. llpuumHoii ero oOpa3oBaHUs SABISETCS B3aUMOJICHCTBUE
CTHPOJIa C 030HOM M aTOMAapHBIM KHUCIIOPOJOM, T€HEPHUPYEMBIM MO ICHCTBUEM AIIEKTPOHOB IMyUKa.

DKCNEPUMEHTAIBHOMY HCCIEAOBAHUIO PA3JI0KEHUS MMapOB CTUPOJa B BO3AYXE C MOMOUIBIO
CTPUMEPHOTO0 KOPOHHOTO paspsaa TocBsmieHa pabdorta [29]. s mpoBeacHHS WCCICAOBAHUN
UCIIONIB30BAJICSL paspsii C JUIMTENbHOCTBIO HMMITyJbCa HANpsDKEHUsT Ha monyBbicoTe 60 He,
amrutynod Toka 100-120 A u nHanpsokenust 70-100 kB. B onbiTax MCnonab30Baiuch MOJEIbHBIE
cMecH Ha OCHOBe a3oTa u kuciopoja (N»:O, = 80:20) npu armochepHOM TaBICHUU U KOMHATHOU
TEeMIEpaType, KOHIEHTpanus mnapoB ctuposa usMmeHsiiacb oT 0.01 nmo 0.6%. Ilomydeno, uto
SHEPro3aTpaThl KOPOHHOTO pa3psiaa Ha pa3ioKeHue cTuposa npessimanu 370 3B/Mornexk.

Pe3ynbTathl ncciaenoBaHus pasioxkeHus napos metuamerakpuinata (MMA) B cMecsx azota
C KHMCJIOPOJIOM IOJI IEMCTBUEM UMITYJIBCHOTO IIy4YKa 3JIEKTpPOHOB IpeacTasieHbl B [30]. B kauecTse
HMCTOYHHMKA OBICTPBIX AJICKTPOHOB HCIIONB30BANICA HAHOCEKYHIHBIM yckoputenb PAJIAH. Jlns
cmecu mapoB MMA c¢ azotom um kuciopoaoM (N,:O, = 80:20) mpu OJMHAKOBOW BEITHMYHUHE
BBeJeHHOW B Ta3 sHepruu 2 JDk/n1 B obOmacTu moBbimieHHONW KoHIeHTpauuu (C,=0.09%)
DHEpPro3arpaThl AJIEKTPOHHOTO Iydka cocTaBwin okono 1.8 sB/monek. Ilpu ymeHbIIeHHUN

HavanpHOW KOHIeHTpamuu a0 0.02% 3arpaTel 3Hepruum Bo3pocid 10 S5 3B/Monek. ABTOpPHI

24



OTMEYaloT BBICOKYIO 3¢ dekTuBHOCTD ymanenns MMA wu3 3arps3HEHHOTO BO3JyXa C MOMOIIBIO
MMITYJIbCHOT'O 3JIEKTPOHHOTO ITy4Ka.

B [31] npencTaBieHsl pe3yiabTaThl SKCIEPUMEHTAIBHOTO UCCIEOBAHUS PA3JI0KEHHS MAJIbIX
konmyectB akponenHa (CH,=CHCOH) B Bo3myxe, 00iy4aeMOM HMITYJIbCHBIM 3JIEKTPOHHBIM
My4ykoM. /{71 mpoBeeHUsT ONMBITOB MCIOJIb30Bajach yCTaHOBKAa Ha OcHOBe yckoputens PAJIAH.
[Toka3aHo, 4TO yMEHbIIEHNE KOHIIEHTPALIMA IPUMECH B 3aBUCUMOCTH OT BBEJIEHHOM B I'a3 SHEPTUH
YAOBIIETBOPUTENBHO OIUCHIBAETCA SKCIOHEHLIHMAIBHBIM 3aKoHOM. [lomydeHo »smmnupudeckoe
BBIPQXKEHHE, TO3BOJISIONIEE MPOTHO3MPOBATH BEIMYMHY JHEPreTHUECKUX 3aTpaT MpU 3aJaHHOU
HAYaJbHOM KOHLEHTpallMu akKpojeruHa u TpedyeMol crerneHu OuyucTKU. [lpu HauvanbHOMI
KoHUeHTpauuu akponeuHa 0.1% wu crenenu ounctku 8§0% 3HAYEHMS SHEPro3arpar 3JIEKTPOHHOTO
Iy4yKa Ha OJHY MOJIEKYJy COCTaBWIM 2.9 3B, 4TO Takke HMKE HPHEPruU pa3OKEHUs aKpOJICHHA
(3.9 3B [10]). BaxxnHo oT™MeTUTh, YTO B MCXOMHOH cMecH cojnepsxkanock Bcero 0.1% akpoinenHa, a
pacyeT BBIIOJIHEH U3 YCIOBUS UCIIOJIb30BaHUs BCEH SHEPIHHU ITyYKa Ha €ro KOHBEPCHUIO.

1.5. KonBepcusi MeTaHa B HU3KOTeMIIePaTyPHOil IJIa3me.

[lepepaboTka MNPUPOAHOTO M TOMYTHOTO YTIEBOJOPOAHOTO Tra3a sBIAETCS Haubolee
BAKHOM 3a/laueii COBPEMEHHOW XHMMHUHU Ta3oB. [ €0JIOTMYECKHE HCCIECIOBAHUS IMOCIEIHUX JIET
MOKa3ajM, YTO JOMHUHHUPYIOIIYIO pOJib B 0Opa30BaHUM CYIIECTBYIOLIUX 3alacoB MPUPOIHOIO rasa
UTPAIOT HE TOJIbKO OMOTEHHBIE MpoIlecchl 00pa3oBaHUs MeTaHa, HO U MPOJOJIKAIOIIAsICS AeTa3alus
Haiel tanetsl [32]. B pesynbTaTe 10 2 TpIH. M° rasa, a 9To YPOBEHb €0 COBPEMEHHON MHUPOBOI
MOOBIUM, €XKETOJHO TOCTyHaeT B 3€MHYIO KOPY, M 3aT€M YacTHYHO Tepsercs atMocdepoil. IT1o
MO3BOJIIET PacCMATPUBATh MPHUPOAHBIN Ta3 KaK YaCTUYHO BO30OHOBISIEMBIH pecypc, YTO B KOpHE
MEHSET €ro MOJIOKEHHE KaK SHEPIeTUYECKOro pecypca.

Ha Hacrosmmii MOMEHT BBIIIOJIHEHO MHOIO 3KCHEPUMEHTAIBHBIX W TEOPETHYECKHUX
MCCJIEI0BAHUI KOHBEPCUM METaHa B PAa3HbIX BUJAX pa3psia U MpU BO3ACHCTBUU HENPEPHIBHOTO U
UMIYJECHOTO JJIEKTPOHHOTO IydYKa. JTO MO3BOJSET BHISBUTH CHENUGUKY MPOTEKAHUS pEaKIuit
pa3oKeHusl METaHa B HU3KOTEMIIEpaTypHOH IUIa3Me paspsija.

1.5.1. Il1a3MeHHBIH NUPOJIHU3 MEeTaHa.

CuHTe3 aleTuiieHa U3 METaHa, a TAK)KE€ U3 CMECH Ta30B, COJAEPKAILEH METaH, IPEACTABIISIET
co0O OMH U3 NMPUMEPOB OPraHUYECKOTO CHHTE3a B 3JIEKTPUUECKOM paspsijie, OCYIIECTBICHHOIO
Ha MPaKTUKE B 3HAUUTENBHBIX MAcIITa0ax M yCIENIHO KOHKYPUPYIOIIETO ¢ OOBIYHBIM, KapOHIHBIM
METOJOM IOTY4YEHUs alleTUIICHA.

B crannapTHBIX yCIOBHSIX Ha TPOBEACHUE PEAKIIUU

2CH4 +3.6 3B = CH, + 3H, (20)

TpeOyroTCs HEepro3aTpartsl 1.8 3B Ha ogHy MOJIeKyTy MeTaHa.
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Ha Hacrosiee Bpemsi Haubojee TOJHO H3YYeH U TEXHOJIOTMYECKH OTpaboTaH
IUIa3MOXUMHUYECKUN TPOLECC CUHTE3a alleTWIeHA INpH IMUPOJIM3E€ METaHa B IUIa3Me JyrOBOIO
paspsa IOCTOSHHOIO TOKA. 31eCh MONIy4YeHa CTENeHb KOHBepcuM MeTaHa 95-98% mnpu
CEJIEKTMBHOCTH cuHTe3a auetuwieHa 90-95% [33]. Ilponecc cuHTE3a ImpOTEKaeT B PaBHOBECHBIX
ycioBusix. B pabdore [33] mokazaHo, 4TO B 3KCIIEpUMEHTAIBHBIX ycloBusax (Temreparypa 2000 °C,
crenenb KoHBepcuu MeraHa 100%, cenmekTuBHOCTH Mo auetwieHy 98.5%) sHeprozarparbl Ha
npoBesenue peakiuu (20) MoryT coctaBisaTh 2 3B/Monexk CHy, uTO sIBIsieTCS HUOKHUM IpeesioM
JHEpro3aTpaT Ha MHUPOJIM3 METaHa B PaBHOBECHBIX ycloBUsAX. ABTOpHI [33] mpuBoasaT 0030p
HKCIEPUMEHTAIbHBIX JAHHBIX CHHTE3a alleTUJIeHa U3 METaHa, MTOJyYEeHHBIX Ha IPYIHMX yCTaHOBKaXx.
[lpy onTumuzanuu pexumMa KOHBEPCHMM MeETaHa B alETHJIEH B IUIa3Me JyroBOro paspsja
MOCTOSIHHOTO TOKa MOJy4eHO [33], 4To sHepro3arpaThl Ha pa3jiOKEHUE METaHa COCTaBIAOT 4.2
sB/mornexk.

C menplo cUHTE3a BBICOKOMOJICKYJISIPHBIX YTJIEBOJIOPOJIOB TPH THPOJHM3E METaHa ObLIO
BBINOJIHEHO MHOT'O MCCIEIOBAaHUN IO €ro pas3joKEHHI0O B MMIYJbCHBIX paspsnax. M3BecTHO, 4TO
OCHOBHAsl YacTb YHEPIHU IEKTPUUECKOrO pa3psja COCPEJOTOUCHA B MOCTYNATEIbHOM JBHKEHUU
AJIEKTPOHOB IUIa3Mbl. [Ipy B3auMOIEHCTBUM 3JEKTPOHOB C MOJIEKYJIaMHU pPEAareHTHOIO rasa, B
YaCTHOCTH C METAHOM, 3Ta JHEPrus IepeaeTcsi Ha BHYTPEHHHME CTENEHH CBOOOABI MOJEKYI -
BO30YKJIeHHE 3JIEKTPOHHOM MOJCHCTEMBI, KOJIeOATENbHbIX IBUKEHUH aTOMOB B MHOIOATOMHBIX
Monekynax u ap. Ilpu 3Tom peanusyercsi HEpaBHOBECHOE BO30Y»KIEHHE MOJEKYJ METaHa, 4YTO
MOYKET U3MEHUTh XapaKkTep MPOTEKAIOIUX XUMHUECKUX MPOLIECCOB [0 CPAaBHEHUIO C PABHOBECHBIM
TEPMUYECKUM paszioxeHueM. B [34] npezacraBien 00630p padoT 1Mo KOHBEPCHMH METaHA B Pa3HbIX
BUJAX pa3psala U SKCIEPUMEHTAIbHbIE JaHHbIE U1l UMITYJIbCHOTO paspsaa. CKOpocTh NMpOTOKa
ME€TaHa B JSKCIEPUMEHTaX H3MEHsIach OT 5 cM’/MuH 10 27 oM’/muH. OCHOBHBIC MPOAYKTHI
KOHBEpCHUM MeTaHa - BOJOPOJ, AlleTWIEH, 3THJIEH M 3TaH. MUHHMMajbHblEe >HEpro3arpaTbl Ha
KOHBEpCHIO MeTaHa cocTaBwin 9.1 aB/Mosek. pu yacToTe cienoBanus uMIryabcoB 50 I

TeopeTnueckoMy aHamu3y U HKCHEPUMEHTAIbHBIM HCCIEIOBAaHUSIM IHPOJIM3a METAHA B
UMITYJIbCHOM pa3psiie TOCBSAIIEHb padoThl [35, 36]. B [35] BBINMOIHEHBI 3KCIIEPUMEHTATBHBIC
UCCIIeIOBAaHMS MUPOJIM3a METaHa B JIByXOCTPUMHOM peakTope M KOAKCUAIbHOM LMIMHIPUYECKOM
peakTope. ABTOpPBI OTMEYAIOT, YTO B MpoLecce paspsiia GopMHUPYETCss UMITYJIbCHASI KOPOHA U 3aTeM
UCKpOBON 1poOoi. OCHOBHOI 3HEProBKJAJ B ra3 MPOUCXOJUT Ha CTaJUU HCKPOBOIO MPOOOS.
Jly4mme pe3ynbTaThl MOJIyYeHBbl B ABYXOCTpuHOM peaktope. IIpu sddexTuBHOCTH KOHBEpCHU
MmeTaHa 2.73 MkMouib/JIx 3HEpro3arparsl Ha pa3jioxeHue coctaBwid 3.8 sB/Monek. Dta BenuunHa
Onmu3Kka K pe3ysibTaTaM, MOJYYEHHBIM INPH NMHUPOJHM3e MeTaHa B ayroBoM miadmarpone [33]. Ho
CTENeHb KOHBEpPCUM MeTaHa cocTaBmiia 23.5% MNpu CelNeKTUBHOCTH CHUHTe3a auetuwieHa 85%, 4to

XYK€ pe3ybTaToB, IPUBEACHHBIX B [33].
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UccnenoBanusi pas3nokeHus MeTaHa B OapbepHOM, KOPOHHOM U HMCKPOBOM paspsax
onucanel B [37]. DHepro3arpaThl Ha KOHBEPCHIO METaHa B OapbepHOM paspse M KOPOHHOM
paspsiie ObUIM OJMHAKOBBHI M paBHBI 52 5B/monek. B HCKpoBOM paspsiae sHeprosarparbl Ha
pasnokeHue MeTaHa ObLTH CYIIECTBEHHO MEHbIIEe U cocTaBwin 6.1 s3B/monek. B uckpoBom pazpsiae
OCHOBHBIM TPOJYKTOM KOHBEPCHH OBUT aleTWICH, a B 0apbepHOM W KOPOHHOM paspsaax
CHHTE3UPOBAJICS IMHUPOKUNA HaOop yriieBomopogoB C, ¢ HHU3KOW CEIEKTUBHOCTHIO. ABTOPBI
OTMEYAIOT, YTO TeMIepaTypa B 00JIACTH HCKPOBOTO pa3psija, orpeaeieHHass METOIOM ONTHYECKON
cnekrtpockonuu, He mnpesblmaeT 460K, nosTomMy pa3iokeHHME MeETaHa IPOUCXOJWIO B
HEPaBHOBECHBIX YCJIOBHUSX TMOJ ACHCTBHEM 3JIEKTPOHHOro yaapa. Ho BbicOKMe sHeprosarparsl,
3HAYUTEIBHO MPEBBIIIAIONINE 3aTpaThl HEPTUM HA MHUPOJIU3 METaHa B AyroBoM paszpsae [33],
yKa3bIBalOT Ha TO, YTO HEPABHOBECHBIE YCIIOBHS, PeaTu3yeMble B HCKPOBOM pa3psie, HE MPUBOASAT
K CHIDKEHHUIO 3aTpaT SHEPrUu Ha pa3ioKEHUE METaHa.

[TepcieKTUBHBIM HANPABICHUEM YIPABIICHUS Ta30()a3HBIMH XUMHUYCCKUMH IPOIECCAMU
SBJISICTCSI MCTIOJIb30BaHUE KOJEOATeNIbHOTO BO30YXKICHHsI HCXOMHBIX Mosiekyn [38]. B [39]
MPEJICTaBJICHBI PE3yJIbTaThl Pa3NIOKEHUsI METaHa B CMECH ¢ a30ToM B minasme BU-paspsna (13.56
MI'm). OcHoBHOE BHUMaHUE OBUIO YJIEJICHO WCCIICJOBAHUIO BO3MOXXHOCTH HCIIOJIb30BAHUS
KOJIEOATEIBPHOTO BO30YXIEHHUS MOJIEKY) Ny B Iia3Me paspsiia Jjisi HEpaBHOBECHOTO Pa3JIOKECHUS
MeTaHa. ABTOpPBI OTMEYAIOT, YTO IpPH CoJep:kaHuu a3oTa B cMmecH Bbime 80% sddexTuBHOCTH
pasioKeHusl MeTaHa BhIIIE, YeM JJIs yucToro MetaHa. s oObsicHeHus: MexaHu3ma cunreza HCN
NpeJIOKEH IEMHOW MEXaHU3M C ydacTHeM KoleOaTenbHO BO30YXICHHBIX MOJEKyn azora. s
cMecu Mertana (50%) ¢ azorom, moiHocTH paspsiaa 300 Bt crenens konBepcun cocrasisier 70%.
DTO COOTBETCTBYET 3aTpaTaM SHEpruM Ha KOHBepcmio Merada 3.5-10° »B/momek. Ilpu 10%
KOHIIEHTpalMuu MeTaHa B cMmecu, MomHOcTH 300 BT um crenenn kouBepcuun 90% ynenbHbIE
SHEpro3aTpaThl Ha pasnokeHue MmeTaHa coctaBimsuid 2700 sB/monek. Ctonb Oomnbline 3HAYCHUS
3aTpaT »HEPruM Ha KOHBEPCHI0 MeTaHa B 1iasmMe BUY-pa3psga yka3plBaloT Ha HHU3KYIO
3P PEKTHBHOCTH BIUSHHS KOJIeOATEeIbHON HEPABHOBECHOCTH HA Pa3JIOKECHHUE METaHa.

B [40] mpuBeneHsl pe3ynbTaThl MCCIEAOBAHMUS KOHBEPCUM METaHAa B CMECH C aprOHOM B
I1a3Me BBICOKOYACTOTHOTO cKomb3simero paspsga (13.56 MIn, 20-60 Top). OcHoBHBIMHU
MPOJyKTaMH KOHBEPCUHM B 3THX OMNBITaX SBIISUIACH MpEAeNbHbIEC YIIIeBOA0poAbl Co, KOHIIEHTpALIUS
KOTOpbiX cooTHOocuinack kak [C,H,] > [C,H4] > [CyHg]. Tlpu xoHUEHTpauu MeTaHa B MCXOIHOU
cMecu 5% u creneHn KoHBepcuu 75.3%, 3aTpaThl JHEPIUU HA Pa3yIOKEHUE METaHa cocTaBuin 11.6
sB/Monex. [Ipu noBeimennn nasiaeHus 1o 60 Top cTemeHb KOHBEpCHH yMeHbLIMIAch 10 32.7%,
IIPY 3TOM SHEPro3aTpaThl TAKXKE YMEHBIIMIUCH 110 5.2 3B/Mornek.

B paGortax [41, 42] mpencraBiieHbl SKCIEPUMEHTAJbHBIC JaHHBIE IO KCCIICIOBAHUIO

IJIa3SMCHHOTI'O KaTajIn3a I[P KOHBEPCUHU METaHa B YIJTICPOJa U BOAOPOT U IPCIIO0KEH €TI0 MCXaHU3M.
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[pensapurensro Harpetsiid 70 700—1100K meTan oOpabaTpiBasicsi B T€YEHHE KOPOTKOTO BPEMEHHU
HUMITYJIbCHBIM MHKPOBOJIHOBBIM pazpsigoM (dactora 9 I'T, momHocTs B uMmmyisce a0 100 kBT,
JUINTENILHOCTh UMIYyJbca 1 MKC, 4acTOTa MOBTOPEHMs MMITYJbCcoB 1 KI'II), 4TO BBI3BIBAIIO PE3KOE
YBEIIMYEHUE €ro CTENEeHW KOHBepCHH. Bbulo MoKazaHo, 4YTO AaHHBIA 3PQPEKT HEe MOXKET OBITh
00BSICHEH TEPMHUUYECKUM JIEUCTBUEM paspsia U pojib MJIa3Mbl 3aKJIIOYAETCS B T€HEpallMi aKTUBHBIX
YacTUl], YCKOPSIIOIMX Iporecc KoHBepcuu. Ha puc. 5 mnpuBeneHbl HKCHEpUMEHTANIbHbIE

3aBUCHUMOCTH CTCIICHHU KOHBCPCHUU MCTAaHa B IJIa3MC CBI{—pa:sp;ma OT TCMIICPATYPHI.

K
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| | I |
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Puc. 5. 3aBHUCHUMOCTH CTETICHH KOHBEPCUH METaHa OT TeMIlepaTypshl: | - pa3nokeHune MeTana 0e3
BO3JIEUCTBUS IU1a3Mbl; 2, 3, 4- BO3AEHCTBUE IJIa3Mbl Ha ra3, IpeABapuUTeNbHO HarpeThlil 1o 750, 850
n 950K cooTtBercTBenHo [41, 42].

Bemmmunna sHeproszatpar CBU-paspsina Ha pa3iiokeHHe MeTaHa IIPUBE/ICHa Ha puc. 6.
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Ep,, 5B/moin. CHy

Puc. 6. 3aBucHUMOCTb 3HEPro3aTpar Ha MOJIYyYEHUE MOJIEKYJIbl BOJIOPOJA OT BIOKEHHOM
r1a3MeHHoU sHepruu [41, 42].

BaxHO OTMETUTB, YTO MPOAYKTHI TIa3MeHHOro nuponusa (H, u HanonucnepcHslit rpaduT)

OTJIMYAIUCH OT MPOoaAyKTOB nuposin3a CHy B paBHOBECHBIX YCIOBUSX (ALIETUIICH, ITHJICH U 3TaH).
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B paborax [43, 44, 45] paccMoTpeH cmoco0 YCKOPEHHs IEMHOTO Mpolecca MUPOJIN3a
YTJEBOJOPOAOB MyTEM BBEACHMS AKTHBHBIX PaJUKaJOB -aTOMAPHOTO BOJOPOJAa B PEAKIMOHHYIO
cpeny U3 IJIa3MEHHOTO UCTOYHHKA - TYyroBoro miasmMoTrpoHa (Hanpspkenue 30-70 B, tok 50-150 A,
MOIIIHOCTb, BJIO>)KEHHAs B ra3-Hocutelnb 1.8-2 kBT). [laBnenue B peakrope 9.3 klla.

[Tokazano, yto mpu TemmepaType B LeHTpaibHOM obmactu paspsana 2300K ocHOBHBIM
MIPOLIECCOM SIBJISIETCS Pa3JIOKEHHUE METaHa 10 PeaKINU:

CH4 — (CH3)*+H* (21)
C TOCJIEAYIONIeH PeKOMOMHAIIMEH PaUKAIOB B 3TUIICH 110 PEaKIUH:
(CH3)* + (CH3)* = C,H4+tH> (22)
U J1aJiee TpU BBICOKOI TeMIiepaType pacnaj dTHUJIeHa B alleThiieH. [0 enHbIX MpoIeccoB TUMA:
(CH3)* +CH4 = C2H6 + H*, (23)
CH;+H* = (CH3)* + H,
IIpH JAaHHOU TeMIIepaType HEBEJIHKa, 110 IIEITHOMY MeXaHu3My oOpasyercs 20% npoaykra.

[Ipu Temmeparype, cooTBeTcTByIOIIeH nepudepun paspsaa (1730K), menHbie MexaHU3MBI
UTparoT OOJNBIIYI0 posib. B AaHHOM ciy4ae IIeMHOW MpoliecC KOHBEPCHH METaHa B ATHIIEH TaKKe
uzet no peakuusaMm (23). CKopocTh nepepaboTKU MeTaHa 3TOU IETMbI0 COMOCTaBUMa CO CKOPOCTHIO
TEPMHUECKOTO pa3NIo’KEHUs MeTaHa B peakuuu (21). [nuHa nenu peakuuil LIEMHOTO pacmajaa
MeTaHa coctaBisieT 1.5-2. OCHOBHOW paauKa, MPUCYTCTBYIOIIMKI B peakiimoHHo# cpene - (CHs)*.
DTO CBsA3aHO C TeM, 4To paBHOBecue peaknmii oomena CHy+H* < (CHj3)* + H, cmemeno B
cTtopoHy oOpazoBanus (CHj3)*. JlnuHa wnenum peakuuii oOmeHa coctaBiser mnpumepHo 10.
Pe3ynbraThl KCIIEPUMEHTOB MOKa3aJId, YTO MPU HAIWYMU B IUIA3MEHHOW CTpye aTOMOB BOAOPOJA
IpOLECC KOHBEPCUM METaHa B yrieBoJopo bl C; (Takue Kak 3TaH, 3TWIEH U alleTUIIeH) UAeT 0oJiee
ycKkopeHHO (B 2 pasa mpu 3HeproBkiane 2 3B Ha mosekyny mertana). Paznuumst mmponmsa,
CTUMYJUPOBAHHOTO J00ABKOW aTOMapHOIO BOJIOPOAA, M MPOIIECcCa YUCTO TEPMUUYECKOTO MUPOTU3a
B AaproHOBOM CTpye TEIUIOHOCUTENs Oojiee 3aMEeTHbl Npu OOJbIIEM pacxoge MeTaHa H
COOTBETCTBEHHO OoJiee HU3KHMX SHEproBkiagax. I[lpm OombmmMX 5SHEProBKIIAAAX BO3JCHCTBHE
aprOHOBOM W BOJOPOJHON CTPYH CpPaBHUBAIOTCSA. ABTOPHI OTMEYAIOT, YTO 3(P(HEKTUBHOCTH BO3-
NEHCTBHUS BHEUTHUX PaJUKaioB Ha MPOLECC MUPOIN3a B 3HAYUTENBHOMN CcTeNeHn 00yCIIOBICHA TEM,
YTO TPOLECC MHUPOJHM3a MIAET IO paAJAUKAJIbHO-IIETHOMY MEXaHW3My. BenuunHa MOJHBIX
HHEPro3arpaT Ha paslioKeHHE MeTaHa (Ha caxy W yriaeBojopoasl C;) yMEHbIIMIACH (C YUETOM
CTENEHN KOHBEPCHUM) TIPH BBEJICHUU aTOMapHOro Bojmopojaa ¢ 15 3B/monek. no 11 sB/monek. Ilpu
MUPOIM3E B OOJACTH BBICOKHUX TeMmmeparyp (Maniblii pacxoJl MeTaHa) dHEpPro3arpaThl COCTABHIN
npuMepHo 15 sB/Mornek. mpu HaJMYUM aTOMOB BOJIOpPOJAa U B Cllyyae MX OTCYTCTBHA. Bennunna
CHIDKEHHSI HEPro3arpar Ha KOHBEPCHIO METaHa MPH BBEJCHUHM aTOMAapHOTO BOAOPOJAA MPHUMEPHO

paBHa »HHEPrUM JAUCCOLMALMM MOJIEKYJBl BOAOPOJa, MO3TOMY 3((eKT HepaBHOBECHOCTH,
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peanu3yeMblii Mpu BBEIEHUM aTOMapHOrO BOJOpOJa B HArpeThlii METaH, HE JAajl 3aMETHOro
BBIMIPBIIIA 110 SHEPro3aTpaTraM Ha pas3jioKeHUE METaHa.

B [46] npuBeneHs! pe3yibTaThl UCCIEJOBAHUS PA3JIOKEHUSI METaHA U MPONAaHOOYTaHOBOM
cMmecHu B OapbepHOM paspsae (35 kB, 1.5 kI, peaktop kKoakcHalbHON KOHCTPYKIUH). KoHeuHbIe
IPOAYKTHl KOHBEPCUU - KUAKHE YIJIEBOAOPOABbI M BOJOPOJ. ODHEPro3aTpaThl Ha paslioKEHHE
MeTaHa JyIsl pa3HbIX PeKUMOB cocTaBuin 12-33 sB/moexk.

HccnenoBan pannoin3 MPUPOAHBIX M MOJENBHBIX cMecell razoodpasHbix ankaHoB C;-Cs.
OOnyyeHne TPOBOAWIM HENPEPBIBHBIM JJIEKTPOHHBIM IYYKOM C KHHETHYECKOH SHepruen
atektporoB 400 k3B mpum u30bITouHOM naBieHWM cMecu 0.3 atMm. B crajapbHOM peaktope [47].
Hcnonb3oBasics UUPKYISIIMOHHBIM PEKUM 00JydeHHs - ra30Basi CMECh B LIMKJIE MOCIIEI0BATEIbHO
oOiydanach M OCBOOOXkAajgach OT KOHJACHCHUPYEMBIX MPOAYKTOB M HM30BITOYHOTO BOAOPOAA.
KonneHncarsl, cuHTE3UpYEMBbIE B IpOLecce O0IydeHUs, UMENU CPEeIHIO MOJbHYI0 Maccy 100-128
r/MoNIb W TipeacTaBisui coboii cmecu Oomee 100 m3zomepoB Cy-Cip. Beixom konHmeHcata mpw
HOPMAJIBHBIX YCJIOBUSIX IIJISI CHIPbS CO CPEIHEH MOJEKYJSIpHOH Maccoil 35-45 1/Moib COCTaBIsuI
0.12-0.23 xr/kBT14, 4TO COOTBETCTBYET HSHEpro3arpaTaM OJJIEKTPOHHOTO Iydka Ha pa3lioKeHHe
ucxonHoro ceipbsi 3.2 — 10 sB/monek. ABTopsl paboThl [47] OTMEHYalOT, YTO MpPHU YBEIMYCHUU
TEMIIEPATYpPbI BBIXOJ KOH/IEHCATa BO3PACTAET.

BeimonHeHHsIi aHanu3 paboT MO IJIa3MEHHOMY IHMPOJIW3y MeETaHa [oKas3all, YTo
MHUHMMAaJbHbIE HHEPro3aTpaTsl M MaKCHUMajbHas CTENEHb KOHBEPCUM METaHa IIOJIYy4YEeHbI B
pPaBHOBECHBIX YCJOBUSAX - B JyrOBOM paspsjae mnocrosHHoro toka (3 »sB/monek. u 90%
COOTBETCTBEHHO). lcrosnb30BaHME pPA3NMUYHBIX THUIIOB HMMITYJBCHOIO pas3psza A pas3iloKeHUs
MmeTtaHa (0e3 no0aBIIEHUS KHCIOPOACOACPKAIINX COCTUHEHUH) TpPHU BO3MOXKHOHN pear3aiuu
HEPAaBHOBECHBIX IPOLIECCOB HE AT CHIKEHUs YAEIbHBIX HHEPro3aTpaT U IOBBIIIECHUS CTEIEHU
KOHBepcuH. Jlydime pe3ynbTaTsl HOIYUYEeHbl B UMITYJIbCHOM HUCKpOBOM paspsze (3.8 a3B/monek. u
28.5% COOTB.), HO OHU XYX€ pe3yJbTaTOB IMHPOJIM3a METaHa B IIJa3Me€ IYrOBOIO pas3psja.
OCHOBHBIMU TPOAYKTAMU pa3OKEHHs] METaHa SBJSIOTCS YrieBoJoponbl C,, KOHLEHTpauus
alleTUIeHa IPEBBIIIAET OCTAIbHBIE.

HepaBHoBecHBIN XapakTep BO3JeMcTBUS IMiIa3Mbl OOHapyxeH Toiabko B CBY-paspsge B
METaHe, MPEIBAapUTEIbHO HAarpeToM 10 TeMIEepaTyphl Hadaja TEPMHUYECKOIro pasyiokeHus. llpu
BozaeiictBun miua3Mbl CBU-paspsna Ha MmetaH, Harperslii 1o temmeparypsl oT 400 no 1200K
9HEpro3aTpatsl IUIa3MEHHOW SHEPrMM Ha MHUPOJIHM3 HE MpeBblaan 1 3B/Mosek., 4To 3Ha4YnuTEeNbHO
MEHbIIIE SHEPro3arpar B PaBHOBECHBIX ycIOBHAX. IIpu BBOJE aKTHBHBIX paJMKaJIOB B HArpeThId
metaH (o1 1500 o 2300K) suepro3arparsl Ha nupoiu3 npesbicuau 10 3B/Monek., 4To yka3biBaeT
Ha MHOTO()aKTOpHOE BO3/JCHCTBHE HU3KOTEMIIEPATYpHOH IUIa3Mbl Ha MPOIECC MHUPOJIHM3a METaHa.

ﬂJ’IH opramu3alvi LEIMHOIO0 MEXaHHW3Ma ILUIa3MCHHOI'O IHPOJIHM3a MCETaHa BaXXHa OITHMaJIbHas
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HauvalbHas TeMIepaTypa rasa, odecreunBaromas pazsutue mnenu. Hanbonee a3ppexTHBHO BHEIIHEE
MHUIIMMPOBAHUE LIEMIHOTO IIpollecca MHPOJIM3a MeTaHa IMpH HU3KOW TemrmepaType, Korjaa
TEPMHUECKOE MHUIIMUPOBAHKUE HECYIIECTBEHHO.

1.5.2. ITapunanbHOe OKHUCJIEHUE METAHA.

[Ipu mapumanbHOM OKHCICHHWH METaHa JOTOJHHUTENBHBIX YHEPro3aTpaT He TpeOyercs, Tak
KaK peaklys OKUCICHUS UIET C BbIACIEHUEM SHEPTUHU:

2CH4 + Oy + (N2) =4H, + 2CO + (Ny) + 0.7 5B

Ho mpu oTCyTCTBUM BHELIHEro BO3JEHCTBUS MPOLECC MAPLUUATBLHOTO OKHUCICHHS METaHa
MPOTEKAECT MPHU TEMIIEPATYPE BBILIE 450°C u mapnenunu Boiure 7.5 MIIa [32]. OGecreueHue Takux
yclioBui TpeOyeT OOJIbIINX 3aTpaT SYHEPTUU Ha HATPEB U MOBBILICHUE AABJICHUS, TPU 3TOM MOJHBIH
OanaHC SHEPruu Bce paBHO OyAeT oTpuuare’dbHbIM. Kpome Toro, mpu coiep>kKaHUU KHCIOpOAa B
HCXOJIHOM cMecH ra30B Bbilie 10% CKOpoCTh peakiuu napiuaibHOr0 OKUCICHHS PEe3KO NaJaeT, yTo
OTpaHUYMBAET CTETIEHb KOHBEPCHUHM ChIPbS 3a OJMH MIPOXO]l PEAKIIMOHHOM 30HBI.

B [48] uznoxeHsl pe3ynbTaThl KOHBEPCUU MeTaHa B cMecu ¢ kuciopogoMm (CHa:0, =2:1)
Mo JIEHCTBUEM HHU3KOPHEPIreTUYHOTO HEMPEPBIBHOTO JNeKTpoHHOro mydka (14 k3B).
MakcumManbHasi CTETIeHb KOHBEPCHUU MeTaHa cocTaBuia 6% Mpu 3aTparax dHEPrHH HA MONyYCHHE
Bojopona 2 MJlx/mome H,. Ilpu cremenun koHBepcunm MeTaHa 4%, CKOPOCTH IMPOTOKA Taza 5
cM’/MuH AHEPro3arpaThl HA KOHBEPCHIO MeTaHa ObLIM paBHBI 19 3B/Monek. OCHOBHBIC MPOMYKTHI
koHBepcuu - CO,, CO u Hy. Ilpu napiimanbHOM OKHCICHHM METaHa MO ACHCTBUEM JIEKTPOHHOTO
My4yKa, B OTJIMYKE OT MapOBOW M YIIEKUCIOTHON KOHBEPCHH METaHa B TEX € YCJIOBHUSAX, MOTyUeH
BBICOKHIA BBIX0J] MeTanoua (18% ot o0bemMa mpoayKTOB KOHBEPCUN).

B pabore [49] uznmokeHBbI pe3ynbTaThl KOHBEPCHM METaHAa B CMECH C KHUCIOPOIOM B
OappepHOM paspsne npu arMmochepHom naeinenun u Temneparype 300K. Jlns mpemorBpaimieHus
BOCIJIAMEHEHUSI CMECH Ta30B BHYTPEHHUH OHaMeTp peakTopa He mpeBbiman 2 MMm. CKOpocTh
mojaun razoB 30 CM’/MHH., MOIIHOCTB paspsana 3-4 Bt, temneparypa creHok peakrtopa 380K.
Manelii BHYTpEHHUH AuaMeTp peakTopa MNpeJOTBPAIla] 3HAYUTENbHBIM HarpeB rasa H, Kak
yKa3bIBalOT aBTOPHI, OOecreurBajl HEPaBHOBECHBIN XapakTep mpoliecca KoHBepcuu MmeTaHa. Ho
BBICOKHE DHEpro3arpaThl Ha pa3jioXeHHe MeTaHa, MpeBblaromme 5 3B/Monek., yka3plBalOT Ha
HELEMTHON XapaKTep Mpolecca KOHBEPCHH.

B [50] npuBenens! pe3yabTaThl SKCIIEPUMEHTAILHOTO UCCIIEJOBAaHUSI KOHBEPCUU METaHa B
CMECH C KHCJIOPOJIOM HJIM BO3yX0oM B OapsepHOM pazpszae (20 kB, 30 xI'm). L{easo paboTs 06110
MONydeHHe METaHONA. DHEProBKIaj paspsga B CMeCh TasoB COCTaBmsul 3.3 kBr-uac/m’.
MakcuManbHblii BbIXoA MeraHosa 2.9% mnonyueH npu 30% conepikaHuM KUCIOpPOJa B CMECH,
CTENEeHb KOHBEPCHM METaHa MpuU 3TOM cocTaBmwia 24%. DTO COOTBETCTBYET SHEpro3arparam

paspsaa Ha pasznoxkeHue meraHa 11 sB/monex. MakcuMamnbHBIA BBIXOJ MeTaHOJA, paBHbIN 3%,
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NOJIyYeH IpU celeKTUBHOCTU 22%, cTeneHn KoHBepcuH 14% U sHEproBkiaae paspsiia B CMECh
rasoB 6.7 kKBr-4ac/M>. DTO COOTBETCTBYET (C Y4ETOM CTCIICHN KOHBEPCHH METaHa) SHEpro3arparaMm
Ha pasznoxeHue meraHa 40 »B/monex. IIpu noGaBieHun a3ota B CMECh METaHa W KHUCIOpPOJA
MaKCHMaJbHBI BBIXOJ METaHoJIa CHM3WICA 10 2% INpu CTeneHu KoHBepcuu MeraHa 15% u
SHEProBKJIae GAPHEPHOTO Paspsiaa B CMeCh Ta3os 3.3 KBT-uac/M’. DHEPro3aTpaTsl Ha PasIOKEHHE
MeTaHa mpH 3ToM coctaBmim 20 sB/monek. B [50] BbImoHEHO Takke MOJCIMPOBAHUE KOHBEPCHUH
METaHa B CMECH C KHUCIIOPOJIOM MJIHM BO3IyXOM B YCJOBHUSAX TEPMOIAMHAMHUYECKOTO PaBHOBECHS.
[TokazaHo, 4TO I 3KCIIEPUMEHTAIBHBIX YCIOBUH OapbepHOTO pa3psla MaKCHUMAaJIbHBIH BBIXOJ
MeTaHona cocrtaBisieT 23%. ABTOpbl OTMEUalOT, 4YTO OapbepHBI paspsa  oOecneunBaeT
HEPaBHOBECHBIN XapaKTep Ipoliecca NapuualbHOro OKUCIeHNs MeTaHa. OJTHaKO BBICOKHE 3aTpaThl
SHEprMM Ha pa3ioKeHUE MeTaHa M OYeHb HU3KMH BBIXOJ METaHOJa YKa3blBaeT Ha HU3KYIO
3P PEKTUBHOCTh HEPABHOBECHBIX MPOIIECCOB B IUIa3Me OaphepHOTO pas3psia.

B pabortax [51, 52, 53, 54] BBINOIHEHO JKCMEPUMEHTAIHHOEC H3YUYEHHUE MapIUaIbLHOTO
OKHCTIeHUsT MeTaHa B AByX Tumnax CBUY-paspsga: uUMITyIbCHO-TIEPHOAMYECKOM (CTPUMEPHBIN
IICEB/I0-KOPOHHBIN pa3psl; JUIMHA BOJHBI 3 cM, UMIyjdbcHas MoiHocTh 10 300 xBt, cpenmss
MomHocTh 10 300 Br, miurensHOCT, uMIyibca 1 Mkc, yactora noBropeHus | xl'm) u
HETIPEPHIBHOM (KOAKCHAIIbHBINA (hakeNbHBIA pa3psn, dacrora 2.45 I'T'm, mommuocts 1-5 kBT).
Ucxonubie pearentsl HarpeBanch a0 800-1200K u mnomaBanuchk B paspsaHyl Kamepy,
COBMEIIIEHHYIO C 30HOM TOpeHUs MeTaHa. ABTOpPbI OTMEYAlOT, 4TO Hucnoiab3yembiii CBU-paspsin
JecTByeT Ha CHUCTeMy B JBYX HampaBieHHMAX. Bo-mepBblXx, OH 3()()EeKTUBHO BBOAMT
JIOTIOJTHUTEBHYIO TEIUIOBYIO SHEPIHIO Ja)XXe B CHIJIBHO HAarpeThle PeareHThl 3a CUeT BBICOKOU
TEMIEpaTypbl IUIa3Mbl. Bo-BTOpBIX, IUIa3Ma CO3/4a€T aKTUBHBIE YaCTHIIbI, CIIOCOOCTBYIOIIHE
OKHCJICHMIO METaHa B LIEMHBIX PEAKLUAX, U UTPAET PoJib MHULIMATOpa ropeHus. Ha puc. 7 nokazaHsl
3aBUCUMOCTH CTENEHM KOHBepcuM MeTaHa B 1uiazMe CBUY-paspsma [52]. [ns  peaxkuun
NapLyaJbHOrO OKHUCIIEHUsT MeTaHa sHeprosarparsl CBY-paspspa cocraBimsuin Benuuuny 0.25
sB/monek. mpu creneHn kKoHBepcun Metana 70% u Bospactanu a0 0.5 s3B/Monek npu cTpemieHnn
crenenn koHBepcuu k 100%. ITpu 3TOM »HEproBkiazg 3a cUeT TEIJIOBOTO HarpeBa COCTaBIs (C
y4eToM cTeneHu KoHBepcuu) 2.6 -2.8 sB/monek. (cMm. puc. 7). HarpeB cmecu razoB MO3BOJIWII
3HAYUTENbHO YBEJIMYUTh UIMHY LENHU pPeakluu OKHCICHHS M NpU BHEUIHEM HHULUUPOBAHUU
LENHOr0 IMpolecca CYIIECTBEHHO YBEIMYUTh CTENEHb KOHBEPCUM MeTaHa IpU JaHHOU
TeMIepaType.

ABTopamu pa0oThl [55] Ha OCHOBE CaMOCOIJIACOBAaHHON MOJAEIM TMPOBEICH YHCICHHBIN
aHaJM3 KMHETUKHU TUIA3MOXMMHUYECKUX PEaKUui, MHUIMUPYEMbIX B HU3KOTEMIEpaTypHOIl Iuia3Me
razoBoro paspsina B cmecu CHy+0O, armocdepnoro nmasmenusi. PaccMOTpeH IemHOW MeXaHU3M

o0pa3oBaHMs pPaJMKaIOB B HMOHHO-MOJIEKYJISIPHBIX IpOIlECCax C y4acTUEM MOJIEKYJT BOABI U
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KHUCJIOPOJla, KOTOPBIM IO3BOJSET 3HAYUTENBHO COKPAaTUTh 3aTpaTbhl SHEPrUU Ha IMOJIy4YEHHE

MPOAYKTOB OKUCIICHHUS.

K
0.60-1 !
i 3
0.50—
4
1 2
0.40—
0.30

| | | | | |
3.5 40 45 5.0 E, Ix/cm3

Puc. 7. 3aBHCUMOCTH CTETICHH KOHBEPCHHU METaHa OT SHEPTroBKiaaa: 2, 4 - 3¢deKT oT Bo3pacTaHus
TEIIOBOTO SHEProBKiIana; 1, 3 - apexT oT Bo3pacTaHus MIa3MeHHOTo sHeproskiaaaa (1, 2-
SKCTICPUMEHT; MUKPOBOJIHOBBIHN pa3psia arMocdepHoro nasieHus hakenpHOro THma; 3, 4 -
pe3yabTaThl MOJEIBHBIX pacueToB) [52].

[Tokazano, 4To B YCIOBHSX HECAMOCTOSTENBHOTO pa3psjga aTMOCHEpHOTO HaBIICHUS,
UHHULMUPYEMOTO BJIEKTPOHHBIM ITYYKOM, 3HEpro3arpaTrbl Ha oOpa3oBaHHE MOJIEKYJbl METaHOJIA
MOTYT OBITh B 4-5 pa3 MEHbIIE, YeM B CaMOCTOSTEIBHOM pa3psjie, ¥ COCTABISATh HECKOJBKO
3EeKTPOH-BOJLT. Oco00e BHUMaHME YJEIEHO MOHHO-MOJEKYJISIPHBIM MpoIleccaM, KOTOPhIE MOTYT

IMPUBCCTH K IIOABJICHHUIO TaAKUX PATUKAJIOB. B HJaCTHOCTH, LCIIOYKa peaKI_[I/Iﬁi

—>H20 H™ —%} HO; 4+ ¢

. . 1

—— E/N —
naet paaukansl OH, HO; u 27€KTpOH, KOTOpBI MOXET MHOIOKPAaTHO y4acTBOBaTh B UX
00pa3oBaHmM, MMOJTydasi HEOOXOAUMYIO JIJIsl ATOTO dHEPTuto oT nouis. [Tpu Hanmumm mogo6HOI Henn
CYILIECTBEHHO CHUKAIOTCSI SHEPro3aTpaThl HA 00pa30BaHUE KOHEYHBIX MPOAYKTOB PEAKIIHIA.

B pabore [56] mpoBoaMIOCH YHCIEHHOE MOJEIIMPOBAHNE MJIa3MOKATATUTHYECKOTO P deKTa
npu okuciaeHun merana B cMecu CH4+O; aTMocdepHOro naBieHus 1Mo ASHCTBUEM MMITYJIECHOTO
3JIEKTPOHHOTO Ty4Ka, cojaepxanue O, BappupoBasioch B mpezenax 3-7%. [IpoBeneHHbIe pacueTsl
MOKa3ajaM, YTO MEXaHW3M KOHBEPCHU METaHa MOJ JCHCTBHEM 3JEKTPOHHOIO MyYKa B OCHOBHOM
COBMAJIa€T C W3BECTHHIM IIEMHBIM MEXaHU3MOM aBTOOKHCJICHHs HACBHIIICHHBIX YTJIEBOJAOPOJOB B

cMeciaxX ¢ KuciaopogoM. OOmydeHHe CMeCH JJIEKTPOHHBIM IyYKOM CYIIECTBEHHO BIMAET Ha
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HAvyaJbHYIO CTAJHUIO Ipoliecca OKUCIEeHUA. JlomoNHuTeNbHAsT TeHepalys paAuKanoB MPUBOJIUT K
YBEJIMUYEHUIO BbIX0/1a OCHOBHBIX MPOAYKTOB OKUCJICHHS METaHa.

1.5.3. Yriekucj10THasi KOHBepCUsl MeTaHa.

KonBepcuss MeraHa B CMeCHM C YIJIGKUCIBIM Ta30M pacCMaTpUBACTCS MHOTHMH
UCCJIEIOBATENSIMU KaK ajJbTepHATUBHBIM crioco® ytuiauzanuu CO; ISl CHUKEHHS HMapHUKOBOIO
a¢dexTa U cUHTE3a MOJIE3HBIX MPOAYKTOB. B paBHOBECHBIX YCIOBUSAX pEaKIUs YTIEKHUCIOTHOM
koHBepcun CHy + CO;, + 2.5 3B = 2CO + 2H; ocymiecTBisieTcs: Ipu UCIIOJIb30BAHUN KaTalN3aTopa
(N1) mpu remnepatype 850 °C u naBnenun 2-3 MIla [32].

B [57, 58] mpencraBieHbl pe3ysbTaThl HCCIEAOBAHUS PA3JIOKEHHUS METaHa B CMECU C
yriekucibiM razoM (CH4/CO, = 1) B mutazme 6apbepHOTO pa3psiga KOaKCHATIbHONW KOHCTPYKITUU TIPH
aTMoc(pepHOM JaBIIGHUHM CMECH Ta30B. DBBIMONHEHBI HCCIEAOBAHUSA 3aBUCHMOCTH CTEMEHU
KOHBEPCHMH METaHa OT aMIUIUTYJbl HMMITYJIbCOB HANpSDKCHUs, YacTOTHI CJIENOBaHUS M (HOPMBI
uMItyibcoB (4-12 kB, 0.4-2 k[, omHOMONISIpHBIE W JBYIOJISIpHBIE MUMIYJbCh). [lomydeno, yto
CTeNeHb KOHBEPCHM METaHa 3aBUCHUT TOJBKO OT YIEJIbHOTO SHEProBKIada pas3psia U W3MEHEHUE
MOTJIONICHHON JI03bI 3a CYeT HM3MEHEHHS HaMpsDKeHUs (MMITyJIbCHAas MOIIHOCTB) M YacTOTHI
CJICZIOBAHUS UMITYJIBCOB (CpeIHssI MOIIHOCTH) OJMHAKOBO BIIUSET HA KOHBepcuio. [Ipu n3MeHeHun
SHEpProBKIaza paspsga oT 16.3 10 69.2 Jx/cM® cTemneHb KOHBEPCHH METAHA NPH ABYIIOJISAPHOMN
dopme wummynbca ypenuumiaack ¢ 9.8 g0 22.8%. DHepro3arpaThl Ha KOHBEPCHIO MeETaHa
YBEITUYIIUCH TTpH 3ToM OT 38 10 70 3B/Monexk.

B [58] BoimonHeHo cpaBHeHHE 3()()EKTUBHOCTH KOHBEPCUM METaHa B CMECHU C YTIEKUCIBIM
ra3oM B IUIa3Me OapbepHOro pas3psga IpPH HUCIOIb30BAHUM BBICOKOBOJBTHOTO T'eHEpaTopa
nepemenHoro HanpsbkeHus (10 kB, 2-20 xI') u umnynscHoro oumnosnsgpHoro reseparopa (10 kB, 2-
40 xI'm). bunmonspHeiii TeHepatop obOecmeunBan Ooisiee 3PGEKTHBHYIO KOHBEPCHUIO METaHa.
CenextuBHocTh cunTe3a CO cocraBmsuia 55-68% mnpu otHomenuun H,/CO = 1.03-1.06. Ilpu
pa3I0KeHUU METaHa B CMECH C YIJIEKHCIIBIM T'a30M B IJIa3Me€ UMITYJILCHOTO OapbepHOro paspsia
npu MoHocT paspsnaa 40 BT crenens koHBepcuu coctasuina 25%. [lpu ckopoctu npotoka cMecu
rasoB 30 cM’/MHH 3TO COOTBETCTBYET 3aTpaTaM DHEPTUM Ha paszioxeHue Merana 73 sB/monek. C
yBEIMYEHUEM MOILTHOCTH OaprepHoro paspsiaa o 140 BT Bo3pacraeT u creneHb KOHBEPCHUU IO
65%, HO PHEPro3arparhl MPU 3TOM COCTABISIOT BenuunHy 100 3B/Mosek. ABTOpBI OTMEYAIOT, YTO
OapbepHbIN pa3psa MO3BOJSET CYIIECTBEHHO COKPAaTUTh 3aTpaThl SHEPrUU [0 CPABHEHHUIO C
TEPMHYECKOM YIJIEKHCIOTHOM KOHBEPCHEH METaHa 3a CUeT CHUXKEHHSI TeMIepaTypbl IMpolecca
KoHBepcuHd. Ho monydeHHble »Hepro3arpaThl 3HAUYUTEIBHO OOIBIIE 3aTpaT Ha pPAaBHOBECHYIO
YIIIEKUCIOTHYIO KOHBEPCUIO METaHA.

Pesynbprarel uccnenoBaHUs YIIEKUCIOTHOW KOHBEPCUM METaHa B IUIa3Me OapbepHOIo

pazpsaaa usnoxeHsl B [59]. Mcnonb3oBaincs paspsia ¢ aMIDIUTY0 UMITYyJILCOB Hanpsbkenus 20 kB,
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yactotor cnepoanuss 30 k[’ mpu Temmeparype peakimuoHHoW cmecu 150 C. BbimonHeHb!
MCCJIETOBaHMSI BIMSIHMSI SHEPrOBKIIaJa pa3psijia, COCTaBa CMECH U JIaBJICHUs Ha CTETIEHb KOHBEPCUU
MeTaHa M COCTaB MPOAYKTOB KOHBepcuu. [Ipu yBearueHnu MOITHOCTH, BBOAUMOM B Ta3 OT pa3psiia,
¢ 200 Bt no 700 Bt crenenp koHBEpcUU MeTaHa Bo3pacTaer ¢ 35% 1o 75%, HO 3aTpatTbl SHEpruu
Ha pa3JIoKEHUE METaHa BO3PACTAIOT MpH 3ToM ¢ 52 3B/monek. no 85 a3B/mornek.

B [60] mpuBenensl pe3ysibTaThl HCCIEAOBAHUS pa3iokeHus MeTaHa B cmecu ¢ CO; B ruiazme
OapbepHoro paszpsiia. OcCOOCHHOCTBIO KOHCTPYKLMH HCIOJNB3YEeMOrO pPEaKkTopa  sBISETCS
NPUMEHEHUE IUIaTUHOBOTO BHYTPEHHETO 3JIEKTpOoJa. ABTOPbl OTMEYAIOT, YTO 3TO IO3BOJIUJIO
YBEIUYUTh CEJICKTUBHOCTh MONy4YeHUs: Bojgopona moutd g0 100%. BeimosnHeHbl ucciaeaoBaHUs
3aBUCHUMOCTH CTEIIEHU KOHBEPCUU U SHEPro3arpar Mnpu u3MeHeHuu KonmeHnTpauuu cmecu CH4+CO,
B renuu ot 1.1% g0 5.0%. Crenenp koHBepcun meTtaHa coctaBuwia 11.9% npu BennunHe BhIXOAA
Bojoposa 1 monp Ha 1 kBtuac. CoorHomenue H,/CO B mpoaykrax KOHBEpCHHM PaBHAJIOCH 1.5.
DHepro3arparsl Ha pa3joKEeHNE MeTaHa cocTaBwin 156 sB/Mornex.

ABTOpBI [61] mpuBOAAT pe3ysbTaThl UcciienoBaHus pasnoxenus cmecu CH4+CO, B miazme
GapbepHoro paspsga (25 k', 70°C, aTM. naBieHue). BBIMOMHEHB! MCCICIOBAHMS 3aBHCHMOCTH
CTENEHW KOHBEPCHUU M COCTaBa MPOAYKTOB OT MapUUAIBHOTO COACpP’KaHUS METaHa B HCXOIAHOU
CMECH W SHEProBKJIaaa paspsaa. ABTOpPBI paOOThl OTMEUYAIOT, YTO MoJibHOE cojepkanue CO B
MPOAYKTaX PaBHSUIOCh MOJIbHOMY cojaepkaHuto CO, B HMCXOAHOM CMECH, YTO YKa3bIBaeT Ha
pa3aenbHOE pa3ioKeHUE METaHa M YIVIEKHCIIOro raza B paspsane. Ilpu mommuoctu paspsaa 35 Bt
CTETNeHb KOHBEPCHUU MeTaHa cocTaBuia 15%, 4TO COOTBETCTBYET dHEpro3arpaTaMm Ha pasliosKeHUe
metana 35 sB/monek. YBenuuenue MmomrHocTH paspsza o 100 BT mpuBoauT K yBENTWYEHHUIO
cTerneHu KoHBepcuu 10 32%, HO sHEpro3arpaThl HA PA3I0KEHNE METaHA MPU ITOM BO3PACTAIOT 0
48 >B/monek. Ilpu yMeHbIIeHMH COJEp)KaHUS METaHa B UCXOJHOW cMmecHu 10 26% (MOIIHOCTH
pa3psaa 50 Br) crenenp koHBepcuu Bo3pocna 10 48% W sHepro3aTparhl Ha Pas3lioKEeHHUS METaHa
coctaBunu 16 s3B/mornexk.

PesynbraThl ncciefOBaHN KOHBEPCHH MeTaHa B cMecH ¢ yriekucibiM razoM (CH4/COy=1)
MoJ JACHCTBHEM HHU3KOPHEPTETHYHOTO HETMPEPHIBHOTO ITydyKa 3JeKTpoHOB (14 k3B) m310keHBI B
[19]. IIpu MonIHOCTH, BBEIEHHOW B CMECh T'a30B 3JIEKTPOHHBIM IMy4ykoM, paBHou 0.27 BT, crenenn
KOHBEPCHM METaHa B CMECH C YIVIEKHCIIBIM ra3zoM cocraBuia 5%. OTo npu CKOPOCTH IMPOTOKA ra3oB
B peakTope 5 cM’/MuH COOTBETCTBYET dHEpro3arparaM Ha KOHBepcHio MeTaHa 15 3B/momnek. [Ipu
YBEIMYEHUU MOIIHOCTH myuka g0 0.46 Bt cremeHp KoHBepcuM yBenuuwiach 10 6.6%, Takxke
yBenmuuuinch 0 20 sB/Monek. u sHepro3aTpaThl Ha KOHBEPCHUIO METaHa.

B [62] onucano uccnenoBanue paznoxenus CHy B cmecsx ¢ CO;, B CTaTUYECKUX YCTIOBUSX
npu aTMOC(EPHOM MAABJIEHUU MOJ JEHCTBHEM HMMITYJIbCHOIO KOPOHHOTO pa3psja B HHTEpBaje

temnepatypbl 35-170 °C. Iloka3zaHo, 4to ckopocTh pasznoxkenusi CHy yBenmumBaercs ¢ pocToM
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TEMIEpaTypbl. ABTOpPbl OTMEYAIOT, YTO IO MPEIBAPUTEIbHBIM SHEPIETUYECKUM OLIEHKAM
SHEPro3aTrparbl Ha pPas3joKeHHE yriaeBofopoaoB B atmMochepe CO; MOTYT COCTaBUTH OKOJIO 85
sB/Monek., HO 3Ta BeIMYMHA MOKET OBITh CYIIECTBEHHO CHIKEHA, €CIIM MPOLECC BECTH MpH
BBICOKOM TeMIIepaType.

BrlinonHeHHbIE UCCIeI0BaHUS Pa3ioKEHNs METaHa B CMECH C YIJIEKUCIIBIM a30M MOKa3allu,
YTO BEJMYMHA 3aTpaT PHEPrMHM Ha pa3joKEHHEe METaHa 3HAYuTEeNbHO mIpeBblmiaeT sHepruto C-H
CBSI3W M SHEPIUI0 JAMCCOLMALMM MOJIEKYJIbl METaHa. DTO yKa3blBaeT Ha HU3KYIO 3((eKTHBHOCTH
pasioKeHusT METaHa B HEPABHOBECHBIX IIpolieccax, peajnsyeMblx B Iutazme. CoBMeCTHas
KOHBEpCHsI METaHa U yTJIEKUCIIOro rasa B Ija3Me He J1aeT dHepreTudeckoro BeMrpbia. Hanbonee
BeposiTHA pasnenbHas koHBepcus CO, B CO, a CHy B yrunesomopoasr (C,Hg, CoHs, CoH, u ap.).
Bonbmioe BiusiHME Ha cocTaB MPOAYKTOB mpouecca koHBepcun cmecu CH4 + CO, B GapbepHOM
paspsizie OKa3bIBaeT MaTepHajl 3JIEKTPOJOB, YTO yKa3bIBAET Ha HU3KYIO 3((HEKTUBHOCTH OOBEMHBIX
IPOIIECCOB, U BBICOKYIO KaTAIUTHIECKYIO 3()(PEeKTUBHOCTH 3IIEKTPOIOB.

1.5.4. IlapoBasi KOHBepcUsI MeTaHA.

[TapoBass kKOHBepCHS METaHa M3 BCEX METOJIOB KOHBEPCHM OOECIEeYMBAET MaKCUMAIIbHBII
BBIXOJ1 BOJIOPO/Ia HA OJJUH MOJIb ME€TaHa, II03TOMY OHa IEPCIEKTUBHA JUIsl BOAOPOAHON SHEPreTUKU
Y MHTEHCHUBHO HCCIIEYETCS B IOCJIETHUE Tojbl. B paBHOBECHBIX YCIIOBHUSX MapoBas KOHBEPCHUS
Metana uzaet no peakuun CHs + H,O + 2.1 3B = CO + 3H; npu temneparype 1000-1600 °C u
naiaennu P<0.5 MlIla [32].

B [63] npuBeneHsl pe3yibTaThl UCCIENOBAHUS PA3IOXKEHHS METaHa B CMECH C BOJIOH B
wiazmMe ckonb3simero (gliding) paspsima. OcoOEHHOCTBIO KOHCTPYKIIMH pPEaKTOpa  SIBIISETCS
BpallleHHe TUTa3MEHHOTO KaHaja BHEUIHMM MarHuTHeIM mojeMm. OtHomenue H,/CO B omblTax
COCTaBJISUIO 5.5 W mpu 100aBICHUM B UCXOJIHYIO cMech 5% Kuciaopoaa yBenuuuBayioch a0 10.
IKCIIEPUMEHTHI BBIOTHEHbI MpH Temmepatype cmecn 150 °C u atmocdeprom masmennu. Ilpu
MouHOCTH paspsanga 1 kBt, ckopoctu nmomaun cmecu ra3zos 30 i/muH u cootHomennu CH4/H,O =
0.67 nonyuyena crenenb koHBepcuu 50%. Y enbHble PHEpro3arpaThl Ha pa3joKEHUE METaHa MHpu
stoMm coctaBwin (.92 sB/Monek., mpu 3TOM yaenbpHash MOIIHOCTh, HEOOXOAUMas JJIsl TIOJyYCHHS
BOJIOpOJa, paBHsUIach 1-2 BT/m, uTo cooTBeTcTBOBaO ylenbHbIM 3Heprozarparam 0.8 — 1.6 5B Ha
monekyiny H,. OcHOBHBIMH TNpOJyKTaMu KOHBEepcHM sBIsUMCH Boxoponx H, (55%) m okuck
yraepona CO (10%).

KonBepcusa meraHa B cMecHu € BOJIOM B IIa3M€ MCKPOBOIO pa3psijia uccienoBaiach B [64].
OKCIIEpUMEHTBI BBINOJIHAJIUCH IIpU TemmepaType cmecu 100 °C u aTMOC(EepHOM [JTaBJICHUH.
BolnosHeHb! UCClIEJ0BaHNS 3aBUCUMOCTH CTENIEHM KOHBEPCHM M COCTaBa MPOAYKTOB OT YaCTOTHI
cinenoBanust ummysbcoB (20-300 I'm) m mapuwmaneHOTO cocTaBa ucxonHou cmecu. Ilpu 55%

KOHBEpPCUU MeETaHa, MOIIHOCTU pa3psna 2.1 Bt, ckopoctu mpotoka cmecu merana 10 cM’/MuH
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PHEpro3aTpaThl HA KOHBEPCHIO MeTaHa cocTaBmin 5.3 3B/mornek. OTanuuTenbHONH 0COOEHHOCTHIO
MapoBOM KOHBEPCHMM METaHA B IUIa3M€ HUMITYJbCHOIO paspsiga, OTMEUEHHOW B [64], sBiseTcs
otHomenne H,/CO, paBHoe 4-4.5. DTO mpeBbIIIA€T BEIUYHMHY, XapaKTEPHYIO JUIsl MapoBOH
KOHBepcHH B paBHOBeCHbIX ycioBusx (Hy/CO = 3). CkopocTs nomyuenust Bogopona cocrasuia 0.4
MMOJIB/MHH TP MOIIHOCTH paspsiaa 2.1 BT, 4To cOOTBETCTBYET 3aTpaTaM SHEPrHU Ha MOJTyUYCHHE
H; 3.2 3B/Monek. CenekTUBHOCTh CHHTE3a BoAopona mpesbimaet 90%. ABTOpBl OTMEUYAIOT, YTO
3¢ (GEeKTUBHOCTh HCIIONB30BaHMUS SHEPIMU HUMITYJIBCHOTO pa3psla Ha cuHTe3 Bojxopona u CO
nocrurana 60%.

B [65, 66] MeTo10M YHMCIEHHOTO MOJAEIUPOBAHUS OMPEIEICHbl KOHIIEHTPAIMH MPOAYKTOB
KOHBEpCcUHM MeTaHa (OKCHreHaTtoB M yrieBojopoaoB C,-Cs) B muasme OaphepHOro paspsiaa u
UMITYJIbCHOTO HECAMOCTOSATEILHOTO 0OBEMHOI0 pa3psaa, UHUIIMUPYEMOTO 3JIEKTPOHHBIM ITyYKOM B
cmecu CH4-H,O. B 060oux cimyyastx OCHOBHBIMU MPOAYKTaMu ObLTH yriaeBoaopoabl Cr-Cy, mpuueM
OCHOBHBIM NPOAYKTOM ObLIT 3TaH (65%), 1 3aBUCUMOCTH HUX BbIXOJA OT YJIEIbHOI'O SHEProBKJIaaa
HOCWJIM NTPUMEPHO JIMHEHHBIN XapakTep. st OapbepHOro paspsia Moly4eHo yAOBIETBOPUTEIBLHOE
corjlacMe pe3yJbTaTOB UHMCIEHHOIO MOJENUpOoBaHus ¢ »KcnepuMeHToM. IlokasaHo, uTo B
HECaMOCTOSITEJILHOM pa3psjie MPOUCXOAUT YBEINYEHHUE BbIXOa MPOAYKTOB (yrieBoaoponos Co-Cy)
Ha EIUHMILY BJIO)KEHHOM HHEPruM NpPHUMEPHO B JBa pa3a, 4To 0ObACHAeTcs Ooyiee HU3KUM
3HAYEHUEM HAINPSHKEHHOCTH 3JIEKTPUYECKOI0 MOJIS B IPOMEKYTKE U YBEJIIMUEHUEM IIOTEPh SHEPTUU
JIEKTPOHOB B mporeccax auccounanun H,O, nmeromux 6onee HU3KYIO SHEPIHIO aKTUBALMM, YEM
npoueccel aucconuanmu CHy4 anextpoHHeiM ynapoM. llpm ycnoBum, uro 100% mnpomykroB
KOHBEPCHH - 9TaH, IPH SHEPrOBKIAje paspsaa 5 JHK/CM® SHEpPro3aTparsl Ha PasIoKEHHE METaHA B
HECaMOCTOSITETIHHOM paspsijie CoCTaBisIoT 7.2 3B/Mornek., a B 6apbepHOM paspsizae - 14 sB/monex

B paGore [48] mpuBeneHbl pe3yiabTaThl MCCICIOBAHUS TAPOBOM KOHBEPCHUU METaHA
HU3KO3HEPreTUYHBIM HENPEPBIBHBIM 3JeKTPOHHBIM mydkoM (14 kB). CkopocTe mpoToka cmecu
meTaHa ¢ nmapamu Bojsl (CH4/H,O = 0.5) cocraBuia 15 CM’/MUH, TeMIiepaTypa B peakrope 110 °Cu
nasienue 1 atm. Ilpu momrHOcTH 3nekTpoHHOro myuka 0.42 BT creneHb KOHBEPCHMM METaHa
cocraBuna 1.6%, 4YTO mnpH CKOPOCTH NPOTOKA CMECH ra3zoB 15 CM’/MUH COOTBETCTBYET
9Heprosarparam Ha pasyiokeHue MeTaHa 24 3B/monek. OCHOBHBIE IPOYKTHI KOHBEpCHH - 3TaH, CO
U Bogopoxa, npu cootHomenun H,/CO Gonee 3.5. ABTOpBI OTMEUalOT, YTO SHEPro3arparbl Ha
CHUHTE3 BOJOpO/ia MpU MapOBOW KOHBEPCUM METAaHA B IIa3ME IEKTPOHHOIO IMy4ka B 4 pa3a HUXE,
YeM IIpU NapLUUaIbHOM OKHCICHUH METaHA U YTIEKUCIOTHON KOHBEPCUH.

B [67] mpencTaBneHsl pe3ysbTaThl UCCIEI0OBaHUS MApOBOM M Mapo-BO3IYIIHONW KOHBEPCHH
MeTaHa B KOMOMHHPOBAHHOM PEAaKTOPE, UCIOIb3YIOIIUM BHICOKOBOJIBTHBIN pa3ps aTMOC(hepHOro
nasieHus U karanusaTopsl (N1 win Fe;Os). JlobaBienue Bo3ayxa B UCXOAHYIO CMECHh 3HAUUTEIBHO

CHIDKAET SHEpro3aTparbl Ha MOJy4YeHUE BOAOPOAA, HO MPH 3TOM MPOMOPLUOHAIBHO CHHXKAETCS
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BBIXOJ BOZOpoa npu ManoMm uaMmeHeHnu cojepxxkanuss CO u CO; B npoaykTrax. DTO MOKa3bIBACT,
YTO B O0OMX CIIydasx dHEpProsarparhbl MJIa3MEHHOI SHEPruu Ha pa3joKEeHUE BOJOPOJICOAEPIKALIUX
npoayktoB (CHs unu H,O) oguHakoBbl. ABTOPBI OTMEYAIOT, YTO HUCIONIb30BaHUE Ni-KaTanuzaropa
Synetix PRICAT 400 2.5 mm (15.7% Ni Ha Al;O3) npu nmapoBoii 1 mapoBO3IyLIHON KOHBEPCHH
MeTaHa MO3BOJWIO B 2.5 pa3a CHU3UTH 3aTpaThl SHEPIUU pa3psjaa Ha moiaydeHue Bopopoxa. Ilpu
ucnoab3oBaHnun Fe,Os-kaTanuzaTopa sHEpro3aTpaThl Ha MOJyYEeHHE BOAOPOAA YBEIUUUIUCH 10 1.8
sB/Mornek. nmpu BeIxoie BogopoAa B npoaykrax 47%.

PesynpTarhl HccinenoBaHus KOHBEPCUU METaHAa B CMECH C IIapaMM BOJBI NIPEACTABICHBI B
[68]. DxcniepumenTsl poBoauianch Ha CBY-masmorpone, padoTatomumii Ha BoinHe HO1 ¢ wacTtoToit
915 MI'u npu ypoBHe momHocTH A0 200 xkBT. Pa3psigHas xamepa mia3MOTpoOHa BBINOJHEHA W3
KBap1eBoil TpyOs! nuameTpom 110 MM u anuHoi 860 mm. leprnieHIUKYIApHO K pa3psaHON kamepe
C JIByX CTOPOH CUMMETPUYHO nNojBoawsoch CBY-u3nyueHue 1o npsiMOyrojbHbIM BOJIHOBOJAM
ceueHueM 220 MM Ha 104 MM. DKCHiepUMEHTHI MPOBEACHBI MIPU TEMIIEpaType MPEABAPUTEIHHOTIO
HarpeBa cMecu razoB 500-570°C, oTHOIIEHHUE MOITHOCTH pa3psiaa K TEIUIOBON MomtHoctu Wp/ Wy
paBHsTOCh 5-10%, OTHOIIEHWE pacXOJOB METaHa W MapoB BOABI MeHsnIoch oT 1/1 go 1/2.
l'azoo00pa3apiMu mipogykTamu mporiecca Obut cuHTe3 - ra3 (Hp,+CO) u, 9acTuyHO, TUOKCHU]
yraepoaa CO,. ABTOpBl OTMEYAIOT, YTO CyMMAapHbIE 3HEpPro3arparhl Ipolecca MpH BKIOYEHHUU
paspsina ymensmatorca Ha 30-60% mpu W,/Wr He 6onee 5%. Ilpu cymmapHOM sHeproskiazae 2
Thx/em’ KOHIIGHTpalusi IOJIY4YEHHOro Bojopoaa cocraBwia 11%, dYTO COOTBETCTBYET
JHepro3aTparaM Ha CUHTE3 Bojaopoxaa 4.2 s3B/monek. Ilpu ycnoBum, 94To Bech BoI0Opoa oOpa3yercs
IpY KOHBEPCHH METaHa, SHEPro3arparbl Ha KOHBEPCHIO MeTaHa cOCcTaBisioT 2.1 3B/Monek.

[TapameTpom, KoTOpblii  Hambosiee  BaXKEH Ui MPOMBIIIICHHOTO  BHEAPEHHS
IUIA3MOXUMHUYECKOW KOHBEPCHUH METaHa, SIBISIOTCS DHEpPro3arparbl Ha pas3jioXKeHHe MeTaHa.
Jlyuymire 3HaueHUs BEIMYMHBI 3aTpaT dSHepruu (¢, 3B/Moyek. MeTaHa), MOJNYYEHHBIX MpPH
UCTIOJIb30BaHUM PA3IMYHBIX pa3psiioB, MOKa3aHbl B Tabmume 1. 37ech e MpUBENEHbl 3HAYCHUS
CTENIEHH KOHBEPCUM MeTaHa (77, %) MpH 3TUX dHEPro3arparax.

Bce Buabl paspsanoB Mo sHeprozarparaM Ha KOHBEPCHIO METaHa, CTENEHH KOHBEPCUU
MeTaHa M CEJICKTUBHOCTU MPOIYKTOB MOKHO Pa3Ae€NUTh Ha 2 TPYMIBI: HEOJHOPOIHBIE pa3psiibl
(TyroBo#l paspsi, UCKPOBOW pas3psl, CKOJB3SAIMUN pa3psa) U oObeMHBIE paspsnbl (OapbepHbIi
paspsiz, KOpOHHBIN pa3psia). B HeogHOpOAHBIX paspsaaax 3G (HeKTHBHOCT, KOHBEPCHH METaHa BHIIIE.
DHepro3aTparbl Ha pasjiokeHre MmeTaHa MeHbiie 10 sB/mornek., cTerneHh KOHBEPCHH B JTyTOBBIX
paspspax npesbimaeT 90%, CENeKTMBHOCTb CHHTE3a OTIEIbHBIX MPOAYKTOB mpesbimact 90%
(aueTHiIeH MpH IUIa3MEHHOM Nupoin3e, Bogopoa u CO npu mapoBoil KOHBEPCUN).

B o0bemHBIX pa3psaaax BeICOKas creneHb KoHBepcuu (6onee 50%) nocturaercs TONbKO Npu

BBICOKHX DHEpro3arparax paspsja Ha pa3noxxeHue merana (Boie 40-50 sB/momnex.).
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Taoauua 1.

CH4 CH4+0O, CH4+CO, CH4+H,O
Tun pa3psna
e n € n e n e n

Hyrosoit pazpsg DC 3-5 95 [33, 34]
Jyrosoii pa3psn + H* 11-15 | 14 [43, 44]
Uckposoit pazpsia 3.8 29

61 60 53 55 | [37, 64]
NmnynbcHBIN paspsig
(240 T) 29 [34]
NmnynbcHblii pazpsn (8
KT'n) 8.5 15.5 [34]
NmnynbscHsiii pa3psaa (10
KT'n) 3.8 23 [35]
MMy nbCcHBIN paspsn
+Ni-Karajau3aTop 0.6 30 L67]
Ckonp3aumii pazpsag 0.9 50 [63]
BY ckonw3simmit paspsia, | 5.2 33 40
CH4tAr 1.6 |75 [40]
HenpepsIBHBIA ~ 3JIEKTP.
ny4ok 400 k3B 3:2-10 [47]
HemnpepsiBHBIN ~ 3JIEKTP. 15 5
nygox 14 1B 19 |4 20 6.6 24 1.6 (48]
BapbepHhblit pa3psin 52 i 38 10 [37, 46,

1233 |20 [>T 127 THoo [es | M i S7]
bapbsepHbIit paspsn
CH,+He 156 12 [60]
bapeepHbiii  paspsag  + 59 40
KaTaJu3aTop
KopouHsrii pa3psia 52 20 85 [37]
MMy ibCHBIN KOPOHHBIN 24-66 [34]
paspsiz
CBUY - pa3psig + Harpes 2.8 |70 [S1 -

1.5 90 3 100 2.1 53]
BY - paspsan CHs N, 2700 |90 [39]
HecamocrosTenbHbii
pasps 4-6 7.2 15 [65]
Tneromuit paspsan 18 [34]
OHOpOIHBIM
MMIYJbCHBIM  Tieromuid | 9.1 [34]
paspsan (50 ')
NmmynbCcHBIN 100- 0.1 | 100
AJIEKTPOHHBIN ITy4OK 130

IIpu >TOM CHUHTE3UpYETCS IIMPOKUN CIEKTP IPOAYKTOB C HM3KOH CEJIEKTUBHOCTHIO.
KonBepcusi MeraHa B CMeCH C KHCIOPOJOM B OOBEMHBIX pa3pslax TIO3BOJISET CHHU3HTH
JHEPro3aTpaTbl Ha pA3IOKCHHE METaHa, HO MX BEJIMYMHA 3HAYUTEIBHO IIPEBBIIIACT 3aTPAThI

OHEPIrun HEOAHOPOAHBIX pPA3PAA0B Ha KOHBEPCHUIO. CreneHb KOHBEPCHUHU MCTAHA B CMECHU C
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KHUCJIOPOJIOM HHU3Kas, CIEKTP MNPOAYKTOB pa3JIOKEHUS IIUPOKHM € HHU3KOM CENEeKTUBHOCTBIO
OTIENbHBIX MPOAYKTOB. CyIIECTBEHHOE CHHXCHME HHEPIUU pa3psiia Ha pasjIokKeHHe MeTaHa
peanu3yercsl IpU OpraHM3alliy LENHOro Ipolecca KOHBepcuu. B aToM ciywae 3aTpaTbl SHEpruu
paspsiza Ha pas3jloXeHHe MeTaHa He mpeBblmalT 1 3B/monek. IlepcnieKTHBHBIM HampaBlieHUEM
IUIA3MOXUMHUYECKOH KOHBEPCHM METaHa SIBJISIETCS KOHBEPCHSI METaHa B cMecH ¢ Boou. Ilpu sTom
9HEpro3aTpaThl CKOJB3AIIETO pa3psaaa Ha pasiiokeHue MeraHa Huxke sHeprun C-H cBsi3u, sHeprun
pa3JIoKEHUs] MeTaHa U SHTAJBIIMU MapOBOM KOHBEPCHUU METaHa B PABHOBECHBIX YCIOBHUAX. BbIxon
BOJIOPO/Ia 3HAUUTENFHO MPEBBIIIACT paBHOBECHBIE 3HaueHus, u otHomeHue Ho/CO cocrasmsier 5-10
MIPH CEJIEKTUBHOCTH CUHTE3a BoJopoAa Beiie 90%.

1.5.5. AHa;m3 JuTEPaTYpPHOro 063o0pa.

AHau3 SKCHePUMEHTATIbHBIX Pa0OT, MOCBSIIEHHBIX Pa3I0KEHUIO PA3IUYHBIX COSAMHEHUM
(NO, NO,, SO,, CO, CS u np.) UMITyJIbCHBIM 3JIEKTPOHHBIM TYYKOM TOKa3aj, YTO BO MHOTHX
CIIy4asiX 3HEprosarparbl 3JIEKTPOHHOIO Iy4ykKa Ha pPa3jIoKEHHE OJHOM MOJIEKYJbl ra3a HUXKE ee
SHEpPruM JUCCOLUALMU. DTO yKa3blBAE€T HAa NMPOTEKAHUE LEMHBIX IIA3MOXUMHUYECKUX IPOLIECCOB,
UHHULUUPYEMBIX JIEKTPOHAMH ITyUKa.

AHanu3z nurepaTypHOro 063opa paboT MMO3BOJISET CAENATh CIEIYIOIINE BHIBOJIBL:

1. Bo3znelicTBue MMIyIbCHOIO 3JIEKTPOHHOIO Iyyka Ha ra3ogasHble COEIMHEHUs, B
OTJIMYUE OT MHOTHX JIPyT'MX METOAOB (POPMUPOBAHMS IUIA3MBbl, CO34aeT OJArONpUSATHBIE YCIOBUS
JUI LIETTHOTO MeXaHu3Ma KOoHBepcHU. CyIeCTBEHHOE CHMKEHHME SHEPTUU pa3psizia Ha pas3iioKeHHe
METaHa peau3yeTcsi TOJIbKO NPU OpPraHM3alMU LEMHOTo MIpolecca KOHBepcuu. B sToMm ciyudae
3aTpaThl SHEPTUU Pa3psiaa Ha pa3iokKeHne MeTaHa He npeBbimaioT 1 3B/mMonek. CHy.

2. OTCYTCTBYIOT 3KCIEPUMEHTAIbHbIE UCCIEOBAHMS U3BECTHBIX LIEMHBIX ra30(h)a3HbIX
IpoIEcCOB (OKUCIEHUE BOJIOPOJA, METAHa U JIp.) B YCIOBUSAX IJIa3Mbl UMITYJIBCHOTO 3JIEKTPOHHOIO
MyyKa.

3. Ha HacTosmmii MOMEHT HE H3y4YeHa BO3MOXKHOCTh OpraHHM3alMd IIETTHBIX
IUIA3MOXUMHUYECKHUX MTPOLIECCOB MO/ BO3AEHCTBUEM UMITYJILCHOTO JIEKTPOHHOI'O ITyYKa B IIHPOKOM
KJlacce XMMUYECKUX COCAMHEHUH - rajoreHugax MeTauioB. IIpomyKTsl pa3ioskeHus rajloreHu10B
(aromapHbIil TOp, XJIOp M Ap.) MOTYT BCTyNaThb B 3K30TEPMHUYECKUE PEAKIMU C BbIIEICHUEM
SHEPTUH, KOTOpasi MOXKET MCIIOJIb30BaThCS HA TUCCOLMAIIMIO MOJIEKYJI IO IIETTHOMY MEXaHHU3MY.

4. He uccnenoBana BO3MOXKHOCTh OpraHM3alliy LEMHOIO MPOLIECcCa Pas3iokKeHUs razo-
(Ga3HBIX COEIMHEHMH METAuIOB Ipu KiacTtepooOpazoBaHuu. He wH3ydeHa BO3MOXKHOCTb
UCIIOJIb30BAaHUS SHEPTHH, BBIACIAIOUICHCS NpU KOHJCHCAUH (IPOAYKTOB PEAKIIUU MM UCXOAHBIX

MOJIEKYJI) Ha pa3/IoKEHNE MOJIEKYJI HCXOJHOW CMECH.

40



I'VTABA 2. OKCIIEPUMEHTAJIBHAS YCTAHOBKA U HCIIOJIB3YEMOE
JUATHOCTHYECKOE OBOPYJOBAHHE.

[lepBple  OJKCIEpUMEHTANBHBIE  MCCIEAOBAaHUSA  IJIA3MOXMMUYECKHMX  IPOLIECCOB,
UHHULAUPYEMBIX HUMITYJIbCHBIM 3JICKTPOHHBIM ITYYKOM, OBLIH BBINONHEHBI Ha yckoputene TEMII,
nepeo0OpyIOBAaHHOM B JJIEKTPOHHBIA pexkuM [69, 70]. Ha ocHOBe MNOMYyYEHHBIX ITAHHBIX O
TpeOyeMBbIX mapamMeTpax 3JIEKTPOHHOIO Iy4Ka U IUIa3MOXUMHUYECKOro peakropa ObL1 pa3paboTaH u
U3rOTOBJIEH Ja00paTOpHBIM cTeH 1 Ha 6a3e yckoputens TOY-500.

Ha puc. 8 nokazan BHemnuit Buj yckopureins TOY-500 [71, 72]. IlpunnunuansHas cxema u

paboTta ycKopuTesi moJpoOHO MPEICTABICHHI B 3 TiaBe.

Puc. 8. Buennuii Bujg yckoputensi.

[TapameTps! yckopuTess:

SHEPTHUA JICKTPOHOB 450 -500 x»B
BBIBEJICHHBIN TOK 3JICKTPOHOB: mo 12 kA
JUIUTEIHHOCTh UMITyJIbCa (Ha MoNMyBbIcOTe): 60 HC
4acTOTa CIEJOBAHMS UMITYJIbCOB 110 5 umiIn./c
SHEPTHs B UMITYJIbCE 1o 200 [Tx

OcHOBHast 4YacTb SKCIEPUMEHTOB BBINOJIHEHA C PEAKTOPOM, MPEACTaBISIONUM COOOH
IWIMHAP U3 KBapLEBOTO CTEKJIA C BHYTpeHHUM nauamerpoM 140 MM u oObemom 6 mutpos. Ha

BbIXoHOM (uianiie [IXP umeercs psaa marpyOKOB, HCTIONB3YEMbIX IS TIOJIKITIOYEHHS 00pa3ioBhIX
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MaHOMETpa M BaKyyMMeETpa, Mbhe30JaTunhKa, HAIyCKa HCXOJHON pPEareHTHONW CMEeCH W OTKaYKd

peakTopa nepen HarmyckoM rasa. Ha puc. 9 mokaszana ¢otorpadus [IXP o6bemom 6 TuTpOB.

Puc. 9. ®ortorpadus mia3sMoOXUMHUYECKOTO peakTopa 00BEMOM 6 TUTPOB.

JIJ1s IMarHOCTUKY MOJIHOTO TOKA JIEKTPOHHOIO My4YKa, IPOIIEIIIET0 B PEaKTOP, Ha BBIXOJIE
[IXP ycranaBnuBasics uunuHap Papanes. [lpu npoBeleHHM SKCIEPUMEHTOB CTEHKH pEaKTopa
IporpeBaauch 10 temneparypsl 80-150 °C, MIO3TOMY JUIsl YIUIOTHEHHS pa3beMHBIX YacTEeH peakTopa
WCIIOJB30BaJM TEPMOCTONKYI pe3uHy. Harpe kopmyca IIXP ocymecTBisuics HUXpOMOBOU
CIUpaJbIO, TEMIepaTypa KOHTpOJMpOBajach TepMmonapoi. s oOecriedeHHuss BO3MOMXKHOCTHU
paborel IIXP mnpu nmaBnenmsx Beime 760 Top mepen aHomaHoW (oOJbroi ycTraHOBJIEHA
HOJIEP’KUBAIONIAsl CETKa W3 HepxKaBerolel cranu, Kod(Q(UIMEHT NPO3payHOCTH KOTOPOH paBeH
70%. ITporu6 anomuoi (onbru He mpesbiman 0.5 MM mpu 3a3ope aHoa-kato 11-15 mm.

Koncrpykuus [TXP oGecrieunBana mpoBeieHNE UCCIICAOBAHUNA B JHaria3oHe AaBJICHHA OT 1
1o 1000 Top, Temneparype raza mgo 150 °Cu MIPY HAJIMYUHU arpeCCUBHBIX COECIUHEHHUN B MCXOAHOM
pEareHTHOW CMECH UJIM B MIPOJIYKTaX PEAKIUU.

2.1. MeToasbl HCCIeI0OBAHUS XaPAKTEPUCTUK HAHOAUCIIEPCHBIX OKCH/IO0B.

Jlnsa ompeneneHuss pasmepa YacTUL[ MCIOJIB30BAJICS MPOCBEUMBAIOIIMM AIEKTPOHHBIN
mukpockort JEOL-II-100 ¢ yckopsitomum  HampspbkeHuem 100 B. Tlomydennsle crmaisl
CKaHMPOBAJIMCh C BBICOKHM paspernieHueM Ha ckanepe HP Scanjet 3970™ mnpu ucnonb30BaHUH
peXuMa CKaHUPOBAHMS CJAIOB C anmapaTHbIM IPOCTPAaHCTBEHHO-I[BETOBBIM pazpemieHuem 1200

dpi RGB. C nomomsio nporpammbl Photoshop BpyuHyro n3Mepsicsi T€OMETpUYECKH pa3mep
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yactull ¢ BelOOpkoi Oonee 1000 wacTtui, U pe3ynbTaTbl U3MEPEHUN BHOCHUIIUCH B NPOTrpamMmy
Microcal Origin, rie cTponsiack THCTOTpamMMa.

Jlns onpeneneHus: 3IEMEHTHOTO COCTaBa HAHOPa3MEPHOT'O MOPOIITKA UCTIOIB30BAICS METOT
CHEKTPOMETPUU PEHTICHOBCKOTO M3iIydeHus. l3mepeHust ObulM BBINOJIHEHBI HAa 3HEPro-
JUCTICPCHOHHOM peHTreHO-(hyopectienTHOM criektpomerpe «Oxford ED2000». JlanHas ycTaHOBKa
MO3BOJIIET PETUCTPUPOBATH BJIEMEHTHI C MOPsAKOBEIM HoMepoMm Ooiiee 10 (Na u BbllIe), HOITOMY
HET JIaHHBIX 10 COJIEP’KaHUI0 KHCIOPO/Ia U XJIopa.

Jlis aHanmM3a XUMHUYECKOTO COCTaBa HAHOOKCHIOB HCIIONIb30BAllM TAaKKE ONTHYECKUUN
CHEKTp TOTJIONICHUsI B HH(ppaKpacHO! obsacTh. Vcrmonp30BaHHe 3TOTO METOA ISl HCCIIEeIOBAHMUS
HAHOJMCIEPCHBIX YaCTHUI[ MO3BOJSET BHIIOJHUTH OOBEMHBIM aHAINU3 BELIECTBA, TaK Kak IIyOHHa
npoHukHoBeHUs: UMK-uznmyueHuss (HECKOJIbKO MHKPOH) TMPEBBIMIAET TEOMETPUUYECKUN pa3mep
yactui. J[ns mpoBemeHus 3Toro ananusa ucnoibizoBaics UK-Dypee cnextpomerp Nicolet 5700.

TexHu4ecKue XapakTepUCTHKU CIIEKTPOMETpA:

CnekTpanbHblid 1Hana3oH 400-4000 cm™!
Pazpemienne 0.09 cm™!
CootHomenne curHan-myMm He xyxe 40 000:1
CKOpOCTh CKAHMPOBAHUS: 50 ckan/c

Jnia  ompeneneHusT  KPUCTAJUIMUECKOM — CTPYKTYypbl  HAHOPa3MEpPHOIO  IOPOIIKA
UCIIOJIb30Bajach CTaHJApTHas METOAMKA PEHTTeHO(a30BOro aHaiu3a. AHAJIN3 CUHTE3UPOBAHHOIO
HAaHOPAa3MEpPHOTo TOpoIIKa TmpoBoawics Ha ycraHoBke «J/[pon» (rad. Co, A=1.7901 A).
BblieneHHbIE MUKM CPaBHUBAIUCH C COOTBETCTBYIOLIUMM TaOJIMYHBIMM JaHHBIMHU (21-1272 nns
aHatasza u 21-1276 nns pytuna).

Jlnsa ompeneneHuss cocTaBa MCXOJHOM pEareHTHOM cMecu M MpOAYKTOB 00paboTKu
WCITOJIB30BaJIN Ta30BbIi Xpomartorpad - macc-cnekrpomerp TRACE DSQ. On npennasHaveH aJis
UCCIIIOBAaHHUS MOJIEKYJIIPHOTO COCTaBa CIIOKHBIX OPraHMYECKHX M HEOPraHUYECKUX COEMHEHUH,
uMeroIux Temnepatypy kunenus Huwxe 500°C. OTnnauTenbHoi 0COOEHHOCTBIO TPUOOopa ABISETCS
BBICOKAsI YyBCTBUTEIFHOCTh, MO3BOJISIONIAs ONPEACISATh BEIIECTBA C COACPKAaHMEM OT 1 MKI/i B
nuamnaszose 1 - 1050 a.e.m.

2.2. AKycTHYeCKHii MeTO/l KOHTPOJISI KOHBEPCHH.

[Ipu nuccumanuy >HEPrUH MMITYJBCHOTO HMCTOYHHMKA BO30YykIeHHs (uMmmyibcHbi CBU-
paspsia, UMIYJIbCHBIA CUIBHOTOYHBIM AJIEKTPOHHBIN My4YOK, ra30BbIA pa3ps] U 1p.) B 3aMKHYTOM
IUTa3MOXMMHUYECKOM pEakTope B pe3yjibTaTe paJualoHHO-aKycTHiyeckoro sddekra [73]
00pa3yroTcsi aKyCTHYeCKHe KoJjiebaHusi, OOYCJIOBJIICHHBIE HEOIHOPOJHOCTHIO BO30YXKIeHUS (U
COOTBETCTBEHHO HarpeBa) peareHTHHIX ra3oB. M3MepeHue mapaMeTpoB 3ByKOBBIX BOJIH HE TpeOyeT
CJIO)KHOTO 000py/IOBaHMSA, HO JaeT MHPOPMALUIO O XMMHYECKHX Mpolleccax, MPOTEKAIOUNX B

MIa3MOXUMHUYECKOM peakTope [74, 75].
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Cxema u3mepeHuit nokazana Ha puc. 10. Peructpanuio curHana ¢ npe301aTdyuka mpoBOININ

npu oMoty ocrutorpada Tektronix 3052B (500 MT'w, 5-10° orcu./c).

MaHOMeTp BaKyyMeTp
;; ; ; 3. NYYOK
Nnbeso
AaTYNK peakTop <
] -
-
OTKauka Hanyck
rasa

Puc. 10. Cxema skcniepruMeHTa.

HpI/I HU3MCPCHUU [aBJICHHUA B PCAKTOPC IMbC30AATYUKOM MbI PETUCTPUPYCEM CTOAYUC
3BYKOBBIC BOJIHBI. 3J'ICKTpI/I‘IeCKI/II71 CHUTHaJl C IIbE€30JaTYHKa HE Tpe6yeT JOITIOJITHUTCIIBHOI'O

ycuJieHHs. XapakTepHas oCIUUIorpaMMa CUrHaia nmpuBeieHa Ha puc. 11.

U, mB

400

200 A

-200

-400

I ' I ! I ' I
0,05 0,10 0,156 tc
Puc. 11. Ocunsiorpamma curHana ¢ npe3onaryuka. Peakrop anusoi 39 ¢M U BHYTpEHHUM
nuametrpom 14.5 cm. Apros, 1 atm.

TecToBBIC HU3MCPCHHA BBIIIOJHCHBI Ha HWHCPTHOM TIase, I-ITOGBI npeaoTBPaTUTh BKJIA/
XUMHWYCCKUX npeBpameHHﬁ moxq HeﬁCTBHeM OJICKTPOHOB ITIYYKa B U3MCHCHHUEC YaCTOThI 3BYKOBBIX
BoiH. Jlyis nmanpHeimer oOpaOOTKM CHUTHalla HEOOXOIMMO €ro mpeoOpa3oBaHHEe B HU(PPOBYIO

¢dopmy. Ha puc. 12 npusenen cnextp, noixydeHHslid @ypbe-npeoOpa3oBaHreM cursana puc. 11.
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Puc. 12. CnexTp yacToT curHana ¢ npezoaaryuka. 415 ' cooTBETCTBYIOT IPOAOIBHBIM 3BYKOBBIM
BosiHaM, 1100 I't — monepedHbIM.
B Hammx skcrnepruMeHTaIbHBIX YCIOBUSIX TOYHOCTh U3MEPEHHSI 4aCcTOThI cocTasisieT 1.5 '
B 3aMKHyTOM peakTope C JKECTKUMHM CTE€HKaMH [0Clieé AMCCUIALMU HUMITYJIbCHOTO
3JIEKTPOHHOIO My4Ka (POPMHUPYIOTCS CTOSIYME 3BYKOBBIE BOJIHBI, YACTOTa KOTOPBIX Ul MJI€AJIbHOTO

rasa paBHa [76]:

n RT
f= 25 (24)
2-1 y7i

I7Ie 1 — HOMEp TapMOHMKH, / — JUIMHA peaKkTopa, Y — MoKa3arenab aguadarel, R — yHHUBepcalbHas
ra3oBas IOCTOSIHHAsL, 7 M L — TEMIIEpaTypa U MOJIIpHAsi Macca ra3a B peakTope.
3aBUCUMOCTh 4aCTOTHI 3BYKOBBIX KojeOaHMii OT mapamerpa (7y/ M)o.s JUIsl UICCIIEIOBAHHBIX razoB (Ar,
N», Oz, CHy4) noka3ana Ha puc. 13. TOUukr COOTBETCTBYIOT 3KCIIEPUMEHTAILHBIM JaHHBIM, NIPSIMBbIE
JUHUHE — pacder 1o gopmyne (24). M3 pucyHka BHIHO, YTO B HCCICAYEMOM JHAIa30HE YacTOT
3BYKOBBI€ KOJICOAHUS XOPOIIO ONUCHIBAIOTCS COOTHOLLICHUEM JJISl JI€AJIbHBIX Ta30B.

B nmnazmoxumHyecKux IMporeccax HCIOoJb3yITCsl MHOTOKOMIIOHEHTHBIE T'a30Bble CMECH, U
NPOAYKTHl PEAKLUHU TAKXKE COCTABISIIOT CcMeCh ra3oB. IIpu pacdere 4acTOTHI 3BYKOBBIX KOJeOaHUN

HY)KHO YYUTHIBaTh BECOBOM KOI(D(OUITMEHT Ka) 10 KOMIIOHEHTHI [77] 1 pacdeTr BecTH 1o hopmyIe:

(25)

IJie my — CyMMapHasi Macca BCeX KOMIIOHEHT Ta30BOW CMECH; M, Vi, ki - COOTBETCTBEHHO Macca,

MoKa3aTelb ainadaThl ¥ MOJISIpHAsl Macca 1-i KOMITOHEHTHI.
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Puc. 13. 3aBucuMOCTh 4aCTOTHI 3BYKOBBIX Koniebanuii B peaktope muHou 11.5 (1) u 30 cm (2) ot
OTHOIIICHUS MTOKa3aTesl aanadaThl K MOJISIPHON Macce rasa.

0.05 0.10 0.15 0.20

Y4uuThIBasi, 9TO Macca i-if KOMITOHEHTHI PaBHA:

PV

m, =1.66-107" 1. N, = Ku,

0

2

rae N; — 94icIo MOJIEKYIN i-if KOMIOHEHTHI; P — ee mapluanbHOe JaBlieHue; V- 00beM peakTopa;
Py=760 Top; K - xoncranra, To ¢opmyry (25) MOXHO 3amucaTb B yAOOHOM Ui 00pabOTKU

HKCIIEPUMEHTANIbHBIX JIAHHBIX BUAEC [69, 74]:

JRT [> 7. P,
= d , 26
fw=— Sar (26)

3aBUCUMOCTh 4YacTOTHI 3BYKOBBIX KoJjieOaHW#, Bo3HUKapmmx B I[IXP mpu wumxexiun

AJIEKTPOHHOIO My4YKa B IByX- U TPEX-KOMIIOHEHTHbIE CMECH T'a30B OT IMapameTpa ¢:

noka3aHa Ha puc. 14. Touku COOTBETCTBYIOT SKCIIEPUMEHTAIbHBIM 3HAUEHUSAM, JIMHUS — PACUETY
no ¢opmyie (26). BeimonHeHHbIE U3MEPEHHS] YacTOThI 3BYKOBBIX KOJICOAHMIA, BOZHHKAIOIINX B
[IXP npu mmxexknuu COIl B 1ByX- U TPEXKOMIIOHEHTHBIE CMECH, MOKa3ald, 4TO IPU pacuere Mo
dopmyiie (26) pacxoxkIeHHUE pacueTHBIX M 3KCIEPUMEHTAIbHBIX 3HaueHuil He mpesbimaer 10%, a

Ha yactoTax Hroke 400 I'u — meHee 5%.
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I I T I
Puc. 14. 3aBUCHMOCTb 4acTOTHI 3BYKOBBIX KoJieOaHuil B peakrope anuHoi 30 cM oT mapamerpa ¢
11l CMECH Ta30B.

[IyTem HeCIIOXKHBIX BBIKJIAJOK MOYHO MOKa3aTh, YTO JI1 XUMUYECKOU pPEaKLUU, Y KOTOPOU
MCXOJIHAs CMECh PEareHTOB M KOHEYHAsl MOCJIE PEaKIMU CMECh MPEACTABISIIOT OO0 Tra3 U cymMma
MoKasaTesied aauadaThl MCXOJHOM peareHTHOM CMECH paBHa CyMMeE IIOKa3aTeled aanadaThl
MPOAYKTOB PEaKIUH, MOCIe peaklMy 4acToTa 3BYKOBBIX KOJieOaHUI paBHA 4acTOTe KoyeOaHWl B
ucxoaHou cmecu. Ho ecinu B pe3ynbrare peakiuu 00pa3yroTcs TBEpAbIE WIH KUAKUE TPOAYKTHI, TO
4acTOTa 3BYKOBBIX BOJIH OYy/I€T MEHSTHCS.

N3 cootnomenutii (25), (26) BUIHO, UTO YACTOTAa 3BYKOBBIX BOJIH 3aBHCHUT OT TEMIIEpaTypPhl
raza B peakTope, MOITOMY TeMIepaTypy TakKe HeoOXOIWMO KOHTpOIMpoBaTh. Ompenenum, ¢
KaKOW TOYHOCTBIO HEOOXOAMMO H3MEPSITh TEMIIEPATyPy, YTOOBI MOTPEITHOCTh U3MEPEHUS CTETICHU
KOHBEPCHUU HU3-3a €€ M3MCHEHHUS HE MPEBbIIIAJIa MOTPEITHOCTU W3-3a U3MEPEHHUs] 4acTOThl. Jliis
MOTIEPEYHBIX 3BYKOBBIX BOJH B aproue (y=1.4, u=40, [=0.145 M) nmonyuum u3 cooTHomeHus (25),
YTO fip = 64.2<(T)™. Drta 3aBHCHMOCTH MOKA3aHA HA puc. 15. PacueTHast 3aBUCHMOCTb 4acCTOTHI
IIONIEPEYHBIX 3BYKOBBIX BOJH OT TeMmIeparypbl Ui auanazoHa Ttemmepatyp 300-350K
anMpoKCUMHUPYETCS 3aBUCHMOCTBIO fpacy = 570+1.8-7. Orcroma ciemyer, 4ro INpH TOYHOCTH
U3MEPEHUs] YacTOThl 3BYKOBBIX BOJIH 1.5 'l HE0OOXOIUMO KOHTPOJIMPOBATH TeMIIEpaTypy rasa c
touHocThio 0.8 rpamyca. [Ipu u3smMepeHun crekTpa 3ByKOBBIX BOJIH B PEAKTOPE, HMEIOIIEM Pa3HYIO
TeMIeparypy no obwemy, mpoduib crnekTpa pacmupsercs. Ho 3To He MemaeT omnpeneiuTh
CPEIHIOI0 YaCTOTY ISl JaHHOW TapMOHUKH.

st peakiuu uponnza metana CHy = 2H; + C yObI1s MeTaHa Ha BemnuuHy AP MpuBeneT K
oOpazoBanuto P; =2AP Bogopona. O6o3HauuM creneHb KoHBepcuu MmeTaHa G=AP/Py. Torma u3

COOTHOIIIEHUS (26) TOTyYUM:
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B \/RT -\/yl(l—a)+27/2a
S = ) 27)
21-\/y1(1—a)+2,u205

Tac Y1 U (g — 1oKa3areijib aI[I/Ia6aTI)I U MOJIsIpHadg MacCa METaHa, Y» U Uy — IMOKA3aTCJIb aI[I/Ia6aTI)I n

MOJIIpHAs Macca BOJOPO/Ia.
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Puc. 15. PacueTHast 3aBUCMMOCTb YaCTOTHI IIONIEPEUYHBIX 3BYKOBBIX BOJIH OT TEMIIEPATYPHI
peakropa. Todyku — SKcrIepUMEHTaIbHBIE JAHHBIC.

s peaktopa ¢ BHYTPEHHHM IuameTpoMm 14.5 c¢M 3aBUCUMOCTbh CTENEHU KOHBEPCHH OT

YaCTOTHI ITONICPCUYHBIX 3BYKOBBIX BOJIH B PEAKTOPC IIOKA3aHa Ha pUC. 16.

K, % CH,=C+2H,

" e
y //
10_- 0.06 %/MTy /

e
: /

17

1400 1450 1500 1550 1600 1650 1700 f, [y

Puc. 16. 3aBucuMoCTb CTENIEHU KOHBEPCUU METaHA B PEAKIIUHU MUPOJIN3A OT YACTOThI MONEPEUHBIX
3BYKOBBIX BOJIH.
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[Ipu TOuHOCTHM M3MEpeHus 4YacTOThl 3BYKOBBIX BONH 1.5 I'l m temmneparypsr 0.8 rpamyca
pa3paboTaHHass METOJMKA IO3BOJSET KOHTPOJIMPOBATh CTENEHb KOHBEPCHMM METaHa YIJIEPOA C
TO4HOCTHIO 0.1%.

Pazpaborannas Meronuka TpeAHA3HAYeHAa IS ONEPAaTUBHOTO  KOHTPOJIS — XOJa
TEXHOJIOTMYECKOr0 TpoIlecca W MOXET ObITh HMCHOJIb30BaHA TAKXKE /AJIs KOHTPOJIS IPOLECCOB
BOCCTAHOBJICHMsI TaJIOTCHUJOB PAa3JM4YHBIX COeAUHEHHH. DTOpHIHBIE COCIUHEHHUS IIUPOKO
UCIIOJB3YIOTCS B TEXHOJOTMYECKMX IEpelenax IPOM3BOACTBA PENKO3EMENBHBIX METAJIOB,
U30TONHOTO oOoramieHus. [Ipy BOCCTaHOBIEHUH TaTOT€HUI0B 00Pa3yIOTCsl COSAMHEHUS C BBICOKOU
xumuueckoi aktuBHOCThIO (F2, HF, HCl u np.). IIpu peructpamnuu 3ByKOBBIX BOJIH HE TpeOyeTcs
JIOCTYII B 30HY pEaKI1H, 4TO MPEJOTBPAILACT pa3pylleHUe JUArHOCTHUECKOro 000py10BaHHUS.

JlaHHBI MeTOJ JaeT cpeiHee 3HAYeHHWE CTENEeHW KOHBEPCHHU IO 00bEeMy peakTopa, uTo
NO3BOJIsIET M30€XKaTh MOTPEUIHOCTH, CBS3aHHOM C JIOKAJIBHOCTBIO OTOOpa MpoObI, MpHUCyIIeH
IpyruM metonaMm. Bpems usmepenus u o0paboTku curHaia He mpesbimaer 0.2 ¢, 4To MO3BOJISET
pa3paboTaHHBII METOJ MCIOJIb30BaTh B  CHUCTEMax aBTOMATU3UPOBAHHOIO  YIIPABICHMS
TEXHOJIOTMYECKUM IpoueccoM. M3MepeHne 4acToThl aKyCTUYECKMX BOJIH IIPOBOJUTCS C IIOMOILBIO
bE30/IaTUYMKA U HE TPEOYET CI0KHOTO 000PYAOBAHHUS.

2.3. luarHocTNKa KJI1acTepoodpa3oBaHus B 00beMe peakTopa.

Hannuue B ra3e yacTull, pa3Mepbl KOTOPBIX 3HAYUTEIBHO OOJbIIE Pa3MEPOB MOJIEKYJI rasa,
BBI3bIBACT YBCJIMYCHHME 3aTyXaHHUs 3BYKOBBIX BOJIH, pacmnpocTpaHswoomuxca B rasze. C Takum
3¢ dexToM MBI CTalKMBaeMcs, HaOdro1as 3aTyxaHue 3ByKa B TymaHe. PacmpocTpaHeHue 3Byka BO
B3BECAX MHUKPOYACTHUI[ B raze HCCIENOBaHO B pabore [78] mpu pacnpoCTpaHEHUH B OTKPHITOM
npocTtpancTBe. 1 KOHTpouIs mpoliecca 00pa3oBaHUs 4acTULl B 00bEME PEaKTOpa MOKHO U3MEPSATh
3aTyXaHHE aKyCTHYECKUX KOJIeOaHMH, HO AJI 3TOr0 HEOOXOIMMO OLEHMBATh 3aTyXaHHE 3ByKa B
peaxkTope B Cllydae OTCYTCTBHSI MUKPOYACTHLL MJIM a3PO30JIsl.

Tak kak ¢opma 3BYKOBBIX KoyieOaHMH, F€HEPHPYEMBIX B peakrope npu umkekuun COII,

0JIM3Ka K TApMOHUYECKOM, TO U3MEHEHHE SHEPTUU 3BYKOBBIX BOJIH U3-3a MOTJIOLIEHUS paBHO [76]:

E(t)=E,e ™
r7ie O - BpeMeHHOU K03()(PUIIMEHT MOTIIOEHHS.
[Ipu pacnpocTpaneHHH 3BYKOBOH BOJHBI B 3aMKHYTOW ¢ 00euXx CTOpoH TpyOe Kod(hduimeHt
MOTJIOLICHHS paBeH [76]:
o=07+tdy+ o3+ 0y
rae o) —Ko3((UIMEHT MOTJIOIMIEHUS 3BYKa MPH PACIPOCTPAHEHUH B HEOTPAHWYCHHOM Tase, Oy —

K03(p(PHUIIMEHT MOTJIOMICHNSI IPU OTPAKEHUH OT OOKOBBIX CTEHOK TPYOBI MpPU PACIpPOCTPAHCHHUU
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BIOJb TPYOBL, O3 — KO3(PPUIMEHT NOIJOWEHUS NPU OTPAKEHUH Ha TOpHAx TPyObl, O4 —

K02(pPHUIIMEHT MOTIIOMIEHUS W3-32 TPEHUS O CTCHKH TPYOBI.

Pacuer ko3(ppunueHTa NOIrJIOLIEHUA 3BYKA IIPU PACHIPOCTPAHEHUH B HEOTPAHNYEHHOM rase.
Koa¢dduuument nornouieHns sHepruy 3ByKOBOM BOJHBI B ra3e M3-3a TEIUIONPOBOAHOCTU U

C/IBUI'OBOI1 BSI3KOCTH Ta3a MOXKHO paccuuTaTh 1o popmyne Ctokca-Kupxroda [76]:

Qzf,)]|4 11
Oy =~——7"|\ N+ X| 55 ) (28)
2pC; |3 c, C »
rae M - kodhPUIHEeHT cIBUTOBOM BSI3KOCTH rasa (T/cM-c), y - KOIPPHUIMCHT TETUIONPOBOIHOCTH
(xan/cm-crpan), Cy, m C, —TEMIOEMKOCTb Ta3a MpH IOCTOSSHHOM OO0bEeME U JaBJICHUU
COOTBETCTBEHHO (Kaj/T-rpan).
Pacuer ko3(ppuniueHTa NOTJIOIIEHUS NPUA OTPAKEHUH OT OOKOBBIX CTEHOK TPYObI.

Jlis HU3KOYacTOTHOW 3BYKOBOM BOJIHBI, PACIpOCTpaHsIONIENics MO Kpyriiod TpyOe, mpu

BBINIOJIHEHUHU yCioBUs A > 1.7d (rae A - nnuHa BOJIHBL, d — tuaMeTp TpyObl) (PPOHT BOJIHBI TUNIOCKUMN

U KOO(QOUIMEHT 3aTyXaHHsl SHEPTUH 3BYKOBOM BOJIHBI NPU PACIPOCTPAHEHHUU BJIOJIb TPYOBI C

U/1eaIbHO TEIUIONPOBOSAIIMMHI CTEHKaMH MOXKHO paccuuTath o ¢popmyne Kupxroga [79]:

i€ o — paanycC TPyOBI.
VYuuteiBas, uyto p = ppP/Py, e P — AaBieHHe raza B PeakTope, Po — IUNIOTHOCTh ra3a IpH

HOpPMAaJIbHBIX yCIOBUAX, Py=760 Top, momyunm:

K
a, =— S , (29)

r, \ P

P
K = [ (r=1) A+ |
pO ycp

Pacuer ko3¢ punmenTa norjomeHns Npyu OTPakeHNH Ha TOPLUaxX TPyObI.

DHEpruio 3ByKOBOW BOJIHBI, OTPAXKEHHOW OT CTEHKH, MOXKHO 3amucaTh B Buae: £ = Ey(1-90),
rae O - Ko3(UIMEHT TOTJIOMEHHUS YHEPTHH 3BYKOBOW BOJIHBI IIPU OJJHOKPATHOM OTpPa)XeHUH, Ej-
SHeprus najaroiei BoiHbl. [locie n orpakenuit E, = Eo(1-0)". Ilocie n oTpakeHHl B T€UCHHE

BpPEMEHHU ¢ 3BYKOBasi BOJIHA MpoiieT pacctosiHue L = n:-/ = Cyyf, TO3TOMY MOXKHO 3aIHCaATh:

C, t
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Toraa n3MeHeHne PHEPTUH 3BYKOBOW BOJIHBI IPU OTPAXKEHUHU Ha TOPLAX TPYObI
C,t

E(t)=E,(1-6) ! G0

Ecnu nu3MeHnenue sHeprun 3ByKOBOM BOJIHBI IPU OTPAKEHUHU Ha TOpLIax TpyObl 3anucaTh B BUJIE:
_ —a3t
E(t)=Ee (31)
T0 u3 cootHomeHu (30) u (31) monyuum:
C,.In(l-0
o, = Cal1=)

[Ipyn HOpMaJIBHOM MaJE€HUM IUIOCKOW BOJIHBI HA METAJUIMYECKYHO CTEHKY, SBIIIOLIYIOCS XOPOIIMM

(32)

MIPOBOJTHUKOM Teru1a, KOG OUIIMESHT MOTJIONIEHUS YHEPTUH 3BYKOBOM BOJIHBI paBeH [79]:

5=4(y-1) TIwk , (33)
yC, P

Ho ecau mb1 Oyzem paccMaTpuBaTh TOJIBKO HOPMAJIbHOE MaJIeHUE 3BYKOBOM BOJHBI Ha TOPLIBI
peaxkTopa, MbI TOJDKHBI TIpeHeOpeyb TOTJIOMEHHEM SHEPTHH 3BYKOBOW BOJHBI TPU OTPAKEHHH OT
OOKOBBIX CTEHOK peakTopa (T.e. ap=0). [lormomenne 3Byka mpu 3ToM OyaeT 00yCIOBICHO TOJIBKO
TEIUIONPOBOAHOCTBIO M BSI3KOCTBIO Ta3a M IOIVIOIIEHUEM IIPH OTPAXKEHMHU OT TOPLIOB PEAKTOpa
(popmyner 28 u 32). Kak OyneT mokazaHo jaainee, IKCIEPUMEHTAIbHO U3MEPEeHHBbIE K0P PHUITESHTHI
MOTJIOIIEHHUSI SHEPrUM 3BYKOBOM BOJHBI B pPEAaKTOpE B HECKOJBKO pa3 Ooublie 3HAYCHHIH,
paccuntanHbeix 1o popmynam 28 u 32. [lodTOMy mHpU OTpaK€HHH OT TOPIIOB PEAKTOpa HYKHO

YUUTBIBATH 3aBUCHUMOCTH Koaq)(l)I/IHI/ICHTa MorjiaomeHusd OT yrjla naacHusd MW pacde€T BECTU 110

dopmyne [79]:

5= |Lelo30(-1) [ L 403705 | . (34)
y P C,

W3 ypasuenntii (32) u (34) momyuum (yuuTsiBasi, 4To nipu 0 << | Bexmumnna In(1-6)=0):

_K, [1. .

a
oy \re

K,=C,[0.39(y-1) L+0.37\ﬁ ,
7C, /4
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VYder moTepb SHEPTHH 3BYKOBO BOJHBI M3-32 TPEHHUS O CTEHKM BaKEH B CIydasx, KOTJa
JaMeTp TPyOBl CPaBHUM C JUTMHOW CBOOOIHOTO MpoOera MOJEKYJ Tasa, T.e. Ui KalmuuisipoB. B
HAIllEeM CITy4ae Mbl MOKEM JIOIYCTHUTH 0l4~0.

YucneHHbIe OLEHKH BKJIaZa Pa3HBIX MEXaHH3MOB TIOTJIONICHHS 3BYKOBBIX BOJH B PEaKTOpE
MIOKa3bIBAIOT, YTO BIHMSHUE OOBEMHOTO MOJIOIIEHHS (M3-32 TEIUIONPOBOJHOCTH U BS3KOCTH Ta3a)
OYCHb HE3HAYUTETbHO. Tak A 3BYKOBBIX BOJH, T€HEPHPYEMBIX B peakTope umHOM 30 oM,
HaIOJIHEHHOM a30ToM Iipu aasienuu 500 Top 1=1.8-107 ¢!, 0,=5.9 ¢, 03=7.7 ¢’".

CymMapHbIii KOX(QQHUIMEHT TMOTJIOMIEHUS, YYUTHIBAIOMIMK TOJBKO HOPMAJbHOE TaJeHHUe
3BYKOBOiI BONHBI (T.e. 0,=0, 03=1.2 ¢') ropasgo MeHbIIE DKCICPUMEHTAILHO H3MEPEHHOTO
k03 GHUIMEHTA TOTTOMEH s 3ByKa JUTst 9THX ycioBwmii (14.7 ¢).

Torma cymmapHbIii KOX(QQHUIMEHT TOTJIOMIECHHUSI YHEPTUU 3BYKOBOW BOJHBI B 3aMKHYTOM

peakTope MOKHO 3anucathb B Buae [69, 74]:

Kl +K2 f36
7, [ P

a = , (36)

rae K; u K, paccuntsiBaem no hopmynam (29) u (35), rou/—B cMm, f:; BI'11, P B Top.

3navenus ko3pduuuenton K; u K, 11 uccneoBaHHbIX ra30B CBEJCHBI B TAOIUIIE 2.

Tadauna 2
ras K,y Ks
N, 25 218
0, 27 189
Ar 32 254
WFq 6.5 52
SiCly 59 45.7

BaxxHO OTMETUTB, YTO IIPH PACHPOCTPAHEHUH 3BYKOBBIX BOJIH B 3aMKHYTOM PEaKTOPE OCHOBHOM
BKIa1 (60-80%) B morionieHne BHOCUT BSI3KOCTh ra3a. BemuunHa BTOporo ciaraemoro B (hopmyiax
(29) u (35) Gonbmie mepBoro B 3-9 pa3 (s pa3HbIX ra3oB). Bkiag OOKOBBIX CTEHOK peakTopa U
TOPIIOB B MOTJIOUIEHUE YHEPTUH 3BYKOBBIX BOJIH IPUMEPHO OJUHAKOB JUIS OOJIBIIOTO PEaKTOpa.
Bennuuna ko3¢ ¢uipienTa MOTJIOMEHUs] YHEPTUU 3BYKOBBIX BOJH B PEAKTOpE Ui pasHbIX

rapMOHHK IOKa3aHa Ha puc. 17.
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0 5 10 5 . 20 . 25 30 \/fT
Puc. 17. 3aBrucumMocTs K09 UIMEHTA IOTIOMCHAS YHEPT U 3BYKOBBIX BOIH B peaktope oT V.
l"az-aprow, 1- 400 Top, 2- 500 Top.

DNEKTPOHHBIN My4YOK WHKEKTUPOBAJICS B peakTop AMMHOM 30 cM, HAIOJHEHHBIN aprOHOM MpU
pazaom gasienun 400 Top (1) u 500 Top (2). U3 puc. 17 BunHO, 4TO BennuuHa KOAPPUITUEHTA
HOTJIOIIEHHSI TPONOPIIMOHATIbHA KOPHIO KBAJPAaTHOMY YaCTOTHI 3BYKOBBIX BOJIH, B COOTBETCTBUH C
cooTHotieHueM (36).

2.4. 3aka0uennue.

Pa3zpaborannsbiii 1abopaTOpHBIA CTEHJ Ha 0a3e MMITYJIbCHOTO 3JIEKTPOHHOTO YCKOPHUTENS
TOVY-500 oOecnieuynBaeT NpPOBEIEHHE HKCIEPUMEHTANBHBIX MCCIEOBAaHUI HEPaBHOBECHBIX
IUIA3MOXUMHUYECKHUX MPOLIECCOB € XOPOIIEH BOCIPOU3BOAMMOCTBIO U TOCTATOUYHON AMArHOCTUKOMN
pexuMoB paboThl. Mcnone3yeMoe AuarHocTuyeckoe 000pyA0BaHUE MMO3BOJISET BHIMOIHUTD aHAIN3
OCHOBHBIX CBOWCTB CHHTE3MPOBAHHBIX HAHOJAUCIEPCHBIX YAaCTUIl — TEOMETPUYECKHI pasmep,
MOP(OJIOTHIO, XUMUYECKHI COCTaB U CTPYKTYPY.

Jlng  mpoBeneHUs HCCIENOBaHUIM  HMCIONB30BAJIOCH COBPEMEHHOE JIUArHOCTHUYECKOE
o0opysOBaHUE, TO3BOJSIONIEE  BHINOJHUTH  HCCIENOBAaHUS C  BBICOKOW TOYHOCTBIO U
JIOCTOBEPHOCTHIO. lcmonp3yemble METOIbI HCCIEIOBAHUN XapaKTEPUCTUK CHHTE3UPOBAHHBIX
HAHOAMCIIEPCHBIX OKCHJIOB METaJVIOB, KHHETUKM IIpOlecca CHHTE3a W peXuma padoThI

SJICKTPOHHOT'O YCKOPUTCJIA SABJIAIOTCA O6HIerI/IH$ITI)IMI/I B COBPECMCHHBIX HaYyYHBIX HCCJIGI[OBaHI/Iﬁ.
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I'JIABA 3. CWIIbHOTOYHBIIA UMITYJIbCHBIN YCKOPUTEJIb 3JEKTPOHOB C
COI'JIACYIOIIUM TPAHC®OPMATOPOM TIY-500.

Hcnonb30oBaHWEe  HMMIYJIBCHOTO  3JIEKTPOHHOIO  Mydka  JuId  MHUIUHPOBAHUSA
IUIa3MOXUMHYECKUX TPOLECCOB, HAKAYKW Ta30BBIX Ja3zepoB, reHepaimu CBY-uznyueHus u B
JOpyTUX 00NacTsx TpedyeT pa3padOTKH SKOHOMHUYHOTO 3JIEKTPOHHOTO YCKOPUTEINS, 00Jalaloiero
OOJIBIITUM  pecypcoM palbOThl W BBICOKOM CTaOMJIBHOCTBIO paboumx mapameTpoB. JlioObie
HENpPOU3BOJUTEIbHbIE TOTEPU HHEPTUU BEAYT K HArpeBy M MNPEXICBPEMEHHOMY pa3pyLICHUIO
KOHCTPYKLIMOHHBIX Y3JIOB ycKopHTens. K yCKOpUTENnsM 3JIeKTPOHOB, IpeIHa3HAuYEHHBIX s
UCTIONIb30BaHUSI B YCTAaHOBKAaX W TEXHOJOTHMUYECKUX JIMHUSAX IMPOMBIIUICHHOTO TPOHM3BOJCTBA, B
OTJIMYHUE OT MCCIEI0BATENbCKUX, IPEABABISIIOT 0COObIe TpeOoBaHMs. [IpoMBIIIIIEHHBIN yCKOPUTETDH
JOJDKEH UMETh!

o JIOCTAaTOYHO OOJIBIIYI0 MOLIHOCTb BBIBEACHHOTO B arMoc(epy IMydyka 3JIEKTPOHOB,
YTOOBl 00€CHeuuTh 3aJaHHYI IPOU3BOAUTENIBHOCTh PaJWAlMOHHO-XUMHUYECKOM YCTaHOBKH,
OTBEYAIOIYIO YPOBHIO COBPEMEHHOI'O IPOMBIIIJICHHOTO IPOU3BOCTBA;

o BBICOKYIO CTENEeHb HAaJeKHOCTH BCEX Y3JIOB, YTOOBI oOecmeuuTh OecrepeOorHyro
paboTy YCTaHOBKU B COOTBETCTBHH C 33aHHBIM I'pauKOM pabOTHI;

o KOMITAKTHbIE COOCTBEHHYIO KOHCTPYKLIHIO M PaTUAllMOHHYIO OHOJOTHYECKYIO
3aIIUTY, MO3BOJISIONINE Pa3MeNIaTh YCTAHOBKH B THIIOBBIX MPOU3BOACTBEHHBIX MTOMEIICHHSX;

o BBICOKHI K03()(UIIMEHT mpeoOpa3oBaHUsl AIIEKTPHUECKOW HSHEPIHH B SHEPTHIO
AJIIEKTPOHHOTO My4YKa (K.IT.J. YCKOPUTE);

[lepeuncrienHsle BbIle 3a7a4u 00yCIaBIUBAIOT HEOOXOJUMOCTb IOUCKA ITyTEH MOBBILICHUS
3¢ (GEeKTUBHOCTH TpeoOpa3oBaHUsl AIIEKTPUUYECKONW SHEPrMM B SHEPTUI0 3JIEKTPOHHOrO ITydKa,
pa3paboTKK HAAEKHBIX KOHCTPYKIIMOHHBIX Y3JIOB YCKOPUTENs, 00Nagaromux OOJBIINM pecypcoM
paboTHI M BEICOKOM CTaOMIIBHOCTHIO Pa00UMX MapaMeTPOB.

3.1. O030p cymecTBYOIIMX KOHCTPYKIMI 3J1eKTPOHHBIX YCKOPUTeIeH.

VIMIy/IbCHBIE TyYKH SJEKTPOHOB C BBICOKOH MIOTHOCTBIO Toka (Gomee 100 A/cwm®)
(GOpMUPYIOT B OCHOBHOM YCKOPHUTEIH CO B3PBIBOIMUCCHOHHBIM KaTonoMm (BOK). Yckopurenu c
BOK momyunnm Gonplioe  pacnpoCTpaHEHHE TakKe Onarofapsi TPOCTOTE KOHCTPYKIUH,
BO3MOXHOCTH TIPUMEHEHHUS AJIEKTPOAOB MpPAKTHUYECKH J1000M KOH(UIypaluH, IIUPOKOMY
MAIa30Hy TOTy4YaeMbIX IIOTHOCTeil Toka (10" — 10° A/em?).

KoMnakTHbI CHJIBHOTOUHBIH HAaHOCEKYHIHBIH YCKOPUTENIb C IOJyHPOBOJHUKOBBIM
npepeiBaTeseM Toka Obul pa3padoraH B HHCTUTYTe DnekTpodpusuku YO PAH i sxcnepuMeHTOB
N0 YJAJCHUIO TOKCHYHBIX OPraHWYECKHX MpuMeceil u3 Bo3myxa. (OCHOBHBIE TapaMeTpsl
YCKOPHUTEJISI: dHEprus 3JeKTpoHoB - 10 400 k3B; Tok myuka - ot 0.25 mo 1.1 KA; IIUTETBHOCTD

umiynsca - 30 - 40 Hc; yacToTa MOBTOPEHMS] UMIYJIBCOB - JIUTENbHBIN pexuMm o 200 I'm, 30
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ceKyHIHbIN pexkum 10 1 k['1r; pasmepst myuka 80 Ha 850 mm”. TInoTHOCTS TOKA 10 16 A/em”. B
Tabnuie 3 mpeACTaBICHBI TapaMeTPhl APYTUX HAHOCEKYHIHBIX YCKOPUTENIEeH Ha ocHOBE T.II.T. [80].

Taoauna 3. [Tapamerps! pazpaboTtannsix B MDD YpO PAH yckopureneii 31eKTpOHOB ¢
HOJIYIPOBOJIHUKOBBIM IIPEPHIBATEIEM TOKA

YcranoBka U, kB W, JIx Ty, HC YacroTa ciaeqoBaHusi UMITYJIbCOB, [T
Manaxur 250 3 50 300 — mocTosHHO, 3 000 — mayka
TexHoJIOrHUeCKuit 350 7 25 100 — mocTosTHHO
KoHTtposib 30-120 0,2 15-20 100 — mocTosaHO, 10 000 - mayka
YPT-0,2 200 1,75 35 250
YPT-0,5 500 6,25 50 200
YPT-1 900 25 60 50
b/u 400 7 40 200

U — maxcumanvroe unu yckopsawowee Hanpsixcenue, W — snepeus 6 umnyibce Ha Hazpy3ke (8 nyuke
anekmpornos), T,, - OnumenbHocmb UMNYIbCA HA noyevicome, b/n — 6e3 nassanus.
DNEKTPOHHBIE MyYKH, GopMUpyeMble ycKopuTeasiMu ¢ cucteMoil nuranus ¢ [T, umerot u
HenocTaTku. CaMbIM CEpbE3HBIM M3 HUX SIBIIICTCS WX HEMOHOXHEPTeTUYHOCTh. BBI3BaHO 3TO TeM,
yTo yckoputenu c cuctemoil mutanus ¢ [T sBusroTcs ycKOpUTEIsIMH MPSMOTO JOEHCTBUS U
SHEPrus

YCKOPSCMEBIX JJICKTPOHOB 3aBUCUT OT MPUIIOKCHHOIO K IMPOMECKYTKY KATOA—aHOI

UMITyJIbca HampsDkeHHWs. B cmektp  ¢GopMmupyeMoro Imydka BKJIFOYAIOTCS  AIIEKTPOHHI,
(dopmupyrommecs: Ha GpOHTE U CHaje UMITyJIbca HanpskeHus. Hanndue STHX HU3KOAHEPTeTHUHBIX
JJIEKTPOHOB TPUBOJUT, Kak MpaBWJIO, K HEraTUBHBIM MOCIEACTBUSAM. B cuiny MeHbliel
NPOHMKAIOIIEH CIIOCOOHOCTH, OHU CHJIbHEE IOTJIOMIAI0TCS B BBIXOJHOW (DOJIBIE YCKOPHUTENS U
MIOBEPXHOCTHBIX CJOSX 007TydaeMoro oOBEKTa, BBI3BIBAS YBEIMUCHHE TEPMHUECKOW HArpy3KH Ha
(Gonbry u u3MeHss pacupeseseHre MOrJOLIeHHOM 103kl B MaTepHalie MUIlIeHH 1o riyoune. Kpome
TOTO, B JIaHHBIX YCKOPHUTENISIX B OCHOBHOM HCIIOJIb3YIOTCSI KAaTOJbl, 00€CIeunBaloLIie MIOTHOCTh
Toka He Gonee 40 A/cm’.

[TapaMeTpsl JpyTHUX TUIOB UMITYJIbCHBIX 3JICKTPOHHBIX YCKOpUTENEH npuBeneHs! B Tadmmie 4 [81].

Taouauna 4. [TapameTpsl UMY ILCHO-NIEPUOANYECKUX YCKOPUTEIICH

Tox Yacrora
Tun JHeprus JimTenbHOCTD
ny4Ka, nosropenus, | Jlureparypa

YCKOpHTEJNs | 2JIEKTPOHOB, K3B KA HMITYJIbCA, HC '

SINUS-200 350(200)* 3.5(2) 3 0.1(1000) [82]
SINUS-700 1000(800) 10(8) 30 0.1(200) [82]
SINUS-7 2000(1500) 20(15) 40 0.1(100) [82]
CHUHYC-5 700 6 50 100 [83]
CHUHYC-6 400 8 25 100 [83]
6/H 700 5 10 100 [84]
PUTA-150 150 0,5 10 15 [83]
PAJIAH-220 200 - 3 10 (50) [85]
PAJTAH-303 300 6 4-5 10 (100) [85]
RHEPP II 2 000 25 60 120

*3HadyeHus A1 KPaTKOBPEMEHHOI'O pexXrMa pabOThl.
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[Ipu pa3paboTke CUIBHOTOUHBIX UMITYJIbCHBIX YCKOPUTENEH 3JIEKTPOHOB C MOJIHBIM TOKOM
nydyka Oosiee 10 KA cymiecTBEeHHOH MpoOJeMOil SBIISICTCS COTJIACOBAHWE HMMIIEAAHCA TUOMIa C
HU3KOOMHBIM BOJHOBBIM COIMPOTUBICHHEM OJWHOYHON WM ABOWHON (opmupyromei IUHUN
yckoputenst [86]. Jlms THX 1eneil UCIoNb3YIOTCs Mepeaarue Tpanchopmupyromiye TuHuu [87,
88]. B pabore [89] nccnenoBana cxema ¢ UCHOIB30BAHUEM WHIYKTOPHON CEKIIUH, YCTAaHOBJICHHOM
Mexay nBoiHor Gopmupyromieit muauei (IADJI) n snexrporasiM nuogom. CeKius BKIIOYAIACh O
CXeMe MOBBIIIAIONIET0 COTNACYIOIIero aBToTpanchopmaropa ¢ koddduinrenramu Tpanchopmanuu
2. ABTOpBI OTMEUAIOT BBICOKYIO BEJIMUMHY INpEANMMITyJbca Ha auone npu 3apsake [PJI, urto He
MO3BOJISIIIO O0ECTIEYUTh BBIBOJ IyYKa 4Yepe3 TOHKHE pazaenuTenbHble (onsru B artMochepy. 3a
BpeMs Tay3bl MEXIy MPEAUMITYJbCOM M OCHOBHBIM HMITyJbcoM Hampspkenus (300-500 uc)
B3PBIBOSMUCCHOHHAS TMJla3Ma 3aloJIHAET aHOJ-KAaTOAHBIM MPOMEXKYTOK M MpU (OPMUPOBAHUU
OCHOBHOT'O MMITyJIbCA HANpPSDKEHUS HA TMOJI€ PUBOAUT K KOHTPArMPOBAHMIO JIEKTPOHHOTO IIy4yKa
B aHOJ-KaTOJHOM TIPOMEXYTKE W JYyroBOW CTamuu paspsna (opmupytomeid nuaud. [Ipu sTOoM
MPOUCXOAUT CHUJIbHAs 3pO3Usl MaTepuala TOHKOW aHOMHOM (oJjbru, 4YTO NPUBOAUT K €€
pa3pyILICHHIO U BBIXOY U3 CTPOSI JIEKTPOHHOTO yckoputens. KpoMe Toro, Hanuuue npeIuMIryibea
CHIDKAeT 3(PQPEKTUBHOCTh NEpeaud SHEpruu (OPMHUPYIOMIEH JUHUM B SHEPTHIO 3JIEKTPOHHOTO
Iy4YKa B T€YEHHE F€HEPALMU OCHOBHOT'O MMITYJIbCA HAIIPSKEHUSI.

3.2. KoHcTpyknMss ¥ OCHOBHBIe MapaMeTpbl CHJIbHOTOYHOI0 MMIIYJIBCHOIO
yckopureas TIY-500.

Jns uccienoBaHus MPOLIECCOB KOHBEPCUHM, MHUIIMHUPYEMBIX HUMITYJIBCHBIM 3JIEKTPOHHBIM
YYKOM, ObUT pa3paboTaH CHIIBHOTOUHBIA UMITYJIbCHBIA YCKOpUTEINb 35ieKTpoHoB TOVY-500 [71, 72].
g cornacoBanus (GopMUPYIOIIEH JIMHUU C JUOJOM HCHOJIb30BAaH MMITYJIBCHBIM COIVIACYIOIIMM
aBTOTpaHcGOpPMATOp C MPUHYAUTEIbHBIM pa3MarHUYMBaHUEM (EPPOMATHUTHOIO CEpACYHUKA B
nporecce GopmupoBaHusi pabodero mmmynbca. Ha puc. 18 mokasana npuHIMNHANbHAS CXeMa
yckopurens. ['azoHanonHeHHbIi reHeparop ummynbcHoro Hampspkenus (IMH) 1, coOpannslii no
cxeme ApkaapeBa-Mapkca, COAEpKUT ceMb cTyrneHer koHnnaencaropo K75-74 (40 kB, 47 u®) no
nBa B Kaxaou crynenu. CoocrBerHas nHayktuBHOCTh [ IH ~ 1.5 MkI'H. [IBoiiHast popmupyromias
JUHMS 2 ¢ IEMOHU3MPOBAHHOW BOJOM B Ka4eCTBE AMAJIEKTpPHUKA UMeeT eMKocTh mied Cp = C, = 6.5
H®. Cymmapnas emxoctb JIDJI paBHa Beixoanoit emxoctu ['MHa. JIBoiiHast popmupyromas JHHUAS
KOMMYTHPYETCS Fa30BbIM pa3psiiHUKOM 3 (3a30p 11 MM, JaBieHne A0 8 aTM. TEXHUYECKOIO a30Ta).

OTnuuuTenbHO ~ OCOOEGHHOCTBIO  KOHCTPYKIHMHM  pa3pabOTaHHOTO  HUMITYJBCHOTO
3JIEKTPOHHOI'O YCKOPUTENS SBJISIETCS comacyroumuil aBToTpaHcgopmarop. OH obecrneunBaer
COIJIACOBAHME HU3KOOMHOH BOASHOM JBOWHOW (opMHpyIOmEel JHHUM C BBICOKOOMHBIM
MMIIETAaHCOM B3pBIBOAMHUCCHOHHOTO MaHapHoro nuoga [90]. Cornacyromuii Tpancpopmarop

MOMEIIeH B MaciasHoM oObeme 4 u coaepkur ueThipe cepaeunmka S5 (K360-150-25 wus
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nepmasuioeBoil snentsl SOHIT-0.01). Bokpyr cepaeyHMKOB YJ0Ke€HO 12 OJMHOYHBIX BHUTKOB 6,

KOTOPBIE PABHOMEPHO (TI0 a3UMYTY) pacrhasHbl K BHyTpeHHeMY diekTpoay JDJI.

L [

| =
10" L gj
J/ + 7

Puc. 18. [IpunnunuansHas cxema yckopurens TOVY-500.

Ceplle4HUKH U BUTKH KPEISATCS ¢ HOMOIBIO AUIIEKTPHUUECKON BTYJIKU U OOKOBBIX IUIACTHH,
pacroyioxKeHHbIX Ha Karojonepxatene 7. K aHon - kaTomHOMY IpoMexXyTKy auozaa (9- xarox, 10-
aHOJ) JOTOJHUTEIBHO K BUTKaM 6 aBTOTpaHc(hOpMaTOpa MOJKIIOYEH BUTOK, 0Opa30BaHHBIN
KarojojepxkarenieM 7 W KopmycoM yckoputens 8. Takum oOpa3zom, Ao (aHOI-KAaTOIHBINA
IPOMEKYTOK) OKa3bIBaeTCs BKIIOYEHHBIM I10 aBTOTPAHC(POPMATOPHOH CXeMe€ C TOBBIILICHUEM
HaIpsDKEHUs B 2 pa3a OTHOCUTEIBHO BbIXOAHOTrO HanpspkeHus A dJI.

Jns  HaceimeHus  (EppOMarHUTHOTO — CEpPACYHHMKA  TpaHCpopmaropa 1O  CTaIUH
(OpMHpOBAaHUS  OCHOBHOTO  MMITyJIbCA  HANpPSDKEHUs  BBEIEH  y3€l  MPUHYIUTEIBHOTO
pasmMaranuuBaHusa. OH cocToMT U3 KoHAeHcaropa 11, Ttupucropa 12, HWHIYKTUBHOCTH
pa3MarauuvBaHus 13, pa3BA3bIBaIOIIEH MHIYKTUBHOCTU 14, NIyHTUPYIOLIETO CONPOTHBIECHUA 15,
3alMUTHOTO uoaa 16 u npoccens HachieHus 17.

VYckoputens paboTaer cileAyromMM 0o0pa3oM: HAayaJbHOE MAarHUTHOE COCTOSTHHE
CeplieyHUKa COIJacylollero TpaHcopMaTopa 3ajgaeTcsi TOKOM, IPOTEKAIOUIMM MO Ienu
uHAyKTUBHOCTEH 13 u 14, xaromonepxkarens 7 W BUTKOB 6 Mpu paspsane KoHaeHcatopa 11.
Kongencarop 11 mnpenBapuTenbHO 3apspkaeTcss OT BHEUIHETO MCTOYHMKA [0 HaIpsDKEHUS,
o0ecreunBaroIero mpoTekanue Toka pazMarauuuBanus BennuuHoit 150 — 200 A. Tlocne 3apsiaku
KOHJCHCATOpa Ha YIpaBJAIOIIKNA BbIBOJA 18 Tupuctopa 12 y31ma pa3sMarHMYMBaHMS IOAAETCS
UMITyJIbC 3alycka ¢ OJIOKa yNpaBJICHUS YCKOpPHUTENIEeM. THPUCTOP OTKPBIBACTCS M HAuMHAETCS

IPOLECC pa3psAKK KOHJeHcaTopa. B MOMEHT nepexoaa Toka W3 1enu Tupucropa 12 B 1ens auona
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16 (cm. puc. 18), apoccens HacelieHus 17 (QopMHpYyeT HMITyJIbC Ha 3allyCK TeHepaTopa
UMIYJBCHOTO HAmpsDKEHUs, Tociae cpaldaThlBaHUA KOTOPOro HayuHaercs (OpMUPOBaHUE
OCHOBHOT'O MMITYJIbCA HAIPSKEHUSI.

Jnis m3MepeHus TOKa, MPOTEKAIOUIero B Harpy3ke HAHOCEKYHIHOTO TeHepaTopa, ObLI
ucnonb3oBaH nosic Poroeckoro (I1P) ¢ oOparHeiM BUTKOM. BenmunHa moCTOSHHOW BpeMeHH Tosica
PoroBckoro 3HaunTeapHO OOMBIIE ITUTEIBPHOCTA PETHCTPpUpYyeMoro ummyisbea Toka (100 He), uTo
obecrneunBaet ero paboTy pexxume TpaHnchopmaropa Toka 0e3 UCKAKEHHs pErHCTPUPYyeMOoi popMbI
uMIlyiabca TOKa. Jiis W3MepeHus  HampsOKEHUsT MCIHOJb30BAIM  €MKOCTHOM  JIETUTENb,
pPacHoJIOKEHHBI B MAaclOHAaNoJHEHHOW kamepe. EciM eMKOCTHON JenuTenb pa3sMEeCTUTh B
BaKyyMHOM 00be€Me JTMOJIHOI KaMepbl, TO HE3HAUUTEIbHbIE YTEUKH TOKA Jal0T OOJbIINE MOMEXHU
curHany c¢ genutens. [lo3ToMy OH pasMelieH B MAaclissHOM OObEME U PETUCTPUPYET CyMMY
HaIpsOKEHUs1 Ha quoje (M1 aKTUBHOW Harpys3Kke) W HampsDKeHHUs Ha Katojonepxkatene. [enurens
pacIoIOKEH CUMMETPUYHO KaToJoAepk aTeno U umeeT eMkocTh 22 HD. Harpy3koil eMKOCTHOTO
JIETTUTEIST SIBIIIETCSI BOJTHOBOE COMpOTHBIIeHWE Kabens, paBHoe S50 Owm. IloctossHHas BpeMeHH
eMKkocTHoro aenutens paBHa 1100 Hc, uTo obOecreynBaeT CHM)KEHHUE HANpsOHKEHHUS H3-3a paspsaa
€MKOCTH JISJUTENs 33 JUIUTEIhbHOCTh uMmyibca (100 HC o OCHOBaHMIO) HA BeNHUUHY HE Oornee 7%.
EmMkocTHOU npenuTens uMmeeT Oojiee MIUPOKYIO TOJIOCY MPOMYCKaHUS, YeM PE3UCTHUBHBIN HIH
CMEIIaHHbIN AenuTenb [91, 92], 4TO OYeHb BAXKHO MPU H3MEPEHUU CUTHAJIOB JJIUTEIbHOCTHIO
menee 100 He.

3.3. UccaenoBanue 3¢ peKTHBHOCTH PadOTHI Y3J10B YCKOPHUTEJIS.

Bricokass HafeXKHOCTH M pecypc pabOThl  MOIIHOTO  3JIEKTPOHHOTO  YCKOPHTEIS
OTIPENIENIAIOTCS, TIPEXKIE BCETO, €r0 KOAPPHUIIMEHTOM MOJIE3HOTO JAeHCTBH. JIFoObIe moTepu SHEprun
BEyT K HArpeBy M MPEXKIECBPEMEHHOMY pAa3pPYLIECHUIO KOHCTPYKLIHMOHHBIX Y3J0B YCKOPHUTEI.
O dexTuBHOCTH pabOTHl YCKOPUTEIIS OLIEHUBAJIN 10 SHEPTUH B pa3HbIX ero y3nax [93]:

. SHEPTHsl, HAKOTUIEHHAs] B TEHEPATOPE UMITYJIbCHOTO HANPSIKEHUS;

. SHEprusi, HAKOIIJICHHAs B IBOMHON (hopMupyIOIIe THHHH;

. BBIXOJIHAsl SHEPIHsl HAHOCEKYH/IHOI'O T€HEpaTopa;

. TIOJIHAsl PHEPT Ul SJEKTPOHHOTO My4Ka B UMITYJIbCE.

B paspaboraHHOM yckopuTele B KauecTBE HAaHOCEKYHJIHOTO TeHepaTopa HCHOJIb30BaHa
IBOMHAsE (opMupyIOIIas JHHUS C JIEMOHM30BAHHOW BOJOWM, HAarpy>Ke€HHash Ha COIVIACYIOIHMA
Tpanchopmarop. IPGPEKTUBHOCTH pabOThl HAHOCEKYHIHOTO TEHEpaTropa Mbl OIICHHMBAIM Kak
OTHOIICHHUE BBIXOJHOW dHepruu reHeparopa Qucr K 3Hepruu, HakomieHHoW B DIl Onen.
Ouepruto [1PJI paccuntsiBasiu 1o hopmyIe:

C +C,)-U?
Qﬂ@ﬂ:( 1 22) ,
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rae C; u C; — emxoctu JADJI, U — nanpsoxenue 3apsiaku DI

Benmnunny emkocteit JIPJI paccuuThiBaIym UCXOAs W3 TEOMETPUYECKHX pPa3MEpPOB JIMHHM.
3Ha4yeHne eMKOCTH BHYTPEHHEH JIMHUM ObUIO TAK)Ke SKCIIEPUMEHTAIBHO ONPEAENICHO M0 BEIUYHHE
3apsija, TEPEeHOCMMOIro 4Yepe3 pPEe3WCTUBHYIO Harpysky, Impu pabore yckopurens 0e3
aBTOTpaHc(hOpMATOpa Ha COTJIACOBAHHYIO DPE3MCTHUBHYIO HArpy3ky. PacxokaeHue pacdeTHBIX U
SKCHEPUMEHTAIBHBIX 3HaueHU He mpeBbluano 10%. BpIXogHyr0 S3HEpPrui0 HAHOCEKYHAHOTO
reHepaTopa PACCUUTHIBAIM U3 OCLUWJIOTPAMM HAIpPSHKEHHS C €MKOCTHOTO JENUTEeNs U Tosca
Porosckoro. Ilpu pabote yckopurens 0e3 tpanchopmaropa [ADJI narpyxansack Ha AMOA yepes
obocTpsromuit npenpaspsaaauk. B oboux pexxumax ['MH 3apspkancs 10 0IMHAKOBOTO HAIPSIKEHUS
u sHeprus, HakoruieHHas B ['MH, cocrtaBmsuia 380 J[x. DKCEpMMEHTaNIbHO MOJYyYEHO, YTO
UCIIONb30BaHue TpaHchopMaTopa Ha BBIXOJIE HAHOCEKYHJIHOTO TeHepaTopa Mo3BOJISET 3HAUUTEIHHO
(Oonee yeM B 2.6 paza) MOBBICUTH BBIXOJHYIO MOIITHOCTh U HEPTUI0 HAHOCEKYHJIHOTO T'eHepaTopa
MIPU OJTHOM M TOM ke 3Hepruu, nocrynaromeit u3 'MHa (cM. Tabnuiry 5).

D¢ heKTHBHOCTh PabOThl HAHOCEKYHAHOTO T€HEpaTopa OMPEIEsIeTCs HE TOJBKO IOJTHOM
JHEpruei, mepegaBaeMoil B Harpy3Ky, HO W OTHOLICHHEM OJHEprHH, MepeaaBacMod B AHOJ B
TE€YEHHE OCHOBHOT'O MMITYJIbCa, K ITOJIHOM 3HEPTUU Ha BBIXOJI€ T€HepaTopa. DHEPrUI0 IeHepaTopa,
nepeaBaeMyl0 B JHOJ B OCHOBHOM HMITYJIbCE, PACCUUTHIBAIM HHTETPUPOBAHUEM BPEMEHHOMN
3aBHCHMOCTH BBIXOJHOW MOIIHOCTH T'€HEpaTopa B T€UEHHWE OCHOBHOI'O UMIMyJibca. Mcnonb3oBanue
TpaHcopmaTopa MO3BOJUIO TAKKE YBEIUUUTH JIOJIF0 BBIXOIHOM 3HEPIHMH B OCHOBHOM HMITYJIbCE C
60-65% (6e3 Tpanchopmaropa) 10 93-96%. DT0 00YCIIOBIEHO COIJIACOBAHUEM BBIXOJHOTO
CONPOTHBIIEHUSI HAHOCEKyHIHOI'O Te€HepaTopa C MMIIEJAaHCOM JHOJa K MOMEHTY Havaia
(GopMUpOBaHUS OCHOBHOIO HMITyJibca HampsbkeHus. Kpome Toro, omntumanbHas CKOPOCTh
CHIDKCHUS HaNpsDKEHUST Ha JuoJie B TedeHHe (HOPMHUPOBAHMS B3PHIBOOMHCCHOHHOW ILIa3Mbl
MO3BOJIIET CKOMIICHCHPOBATh CHIDKEHHWE HUMIIEJaHCa AHOJa MPU YMEHBIICHUW BEIMYUHBI a-K
IPOMEXKYTKa paszjieraroleics miasmon [90].

WccnenoBanus mokasanu, 4To pa3paOOTaHHBIM HAHOCEKYHJHBIH I'e€HepaTop oOecreunBaeT
BBICOKYI0 3((QEKTUBHOCTh TE€HEpalMU BBIXOJHOTO HampspkeHus (k... Ooxee 80%). K.
reHepaTopa MPaKTUYECKU HE MEHSIETCS B ITMPOKOM JIHAINa30He SHEPTUU BBIXOJHOTO UMITYJIbCa.

s ananmza 3¢ (heKTHBHOCTH peoOpa30BaHusl SHEPTUN B PA3IMYHBIX Y3J1aX JIEKTPOHHOTO
yckoputenst TOY-500 nonyyeHHble pe3yabTaThl 000011eHb! B Ta0auIe 5 1 Ha puc. 19.

Taduauna S. Pacnpenenenue sHeprum B UMIYJIbCE B Y3JIaX 3JEKTPOHHOTO YCKOpUTEs, Ik

Yckopurenn I'MH JA®JI | HCT'1 | HCI2 DNEKTPOHHBIN
IIy40K
Ges Tpancopmatopa | 380+£10 | 29010 | 90+5 | 58+5 1542

¢ TpaHCHOPMATOPOM | 380+10 | 290+10 | 260+5 | 250+5 180+5

3nmecs HCT'1 cooTBeTCTBYET MOTHON BBIXOAHOM PHEPTUM HaHOCEKYHIHOTO TeHepaTopa, a HCI'2 — BexomHOI
SHEPTrUM HAaHOCEKYHIHOTO TeHEepaTopa B OCHOBHOM HMITYJIbCE.
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Puc. 19. Pacripenienenue sHepruy B pa3HbIX y3/1ax yCKopHUTess 0e3 aBToTpancopmaropa (1) uc
COTJIaCyIOITUM aBTOTpaHchopmatopom (2).

W3 nuarpamMMmbl BHAHO, YTO KCIOJb30BaHHE aBTOTpaHcpopmaTopa B pa3pabOTaHHOM
JMIEKTPOHHOM  YCKOpHUTEJEe TIO3BOJMIO 3HAUUTENBHO TMOBBICUTH A()(PEKTUBHOCTH  PabOTHI
HAaHOCEKYHIHOI'O FeHepaTopa U yCKopuTens B 1ienoM [94]. JlanbHelinee CHUKEHUE OTEPh SHEPTUU
U TIOBBIICHHWE K.II.J. YCKOPHUTENS BO3MOXKHO IPH HCIOJB30BAHWUU pa3psAHUKA (hopMupyromen
JMHUM C BHEIIHUM 3aIlyCKOM (CHM)KEHHE MOTEpb SHEPTUU U3-3a CpabaThIBaHUS pa3psaHUKA HE MPU
MaKCHMaJIbHOM HAMPsKEHUH) U ONTHUMH3AINH Y3712 BBIBOJA SJICKTPOHHOTO IMyYKa U3 AUOAA.

3.4. UccnenoBanme cTa0MJILHOCTH PA0OTHI YCKOPHUTEJIS.

[Ipu wmccnenoBaHnM CTAaOMIBHOCTH PAaOOTHI CHIBHOTOYHOTO HMMITYJIBCHOTO YCKOPHUTEIS C
COTJIACYIONTUM TpaHC(OPMATOPOM B YACTOTHOM PEKHMME M3MEPsUTH BbIXoAHOe Hampspkenue ['MH;
BBIXO/IHOE HAIpsDKEHHE HAHOCEKYHIHOTO TeHepaTopa; TOK, MOCTyMawmuid B Harpy3ky (Tok I[1P);
TOK BBIBEJCHHOTO 3JEKTPOHHOro IMydka. OCHHIUIOTpaMMbl PErHCTPUPOBAIM € MOMOIIBIO
ocummorpaga Tektronix TDS3052. OcumsutorpaMMbl CHUIMAJH € OCIIIIUIOTpada Ha BHICOKaMepy,
3aTeM M3MEepSIN MaKCHMalIbHOE 3HaAUEHUE KaXKIOW OCIMIIJIOTPaMMBbl U 3aHOCWIIM B Tabmuiry. [Janee
ompefensgach HECTaOWJIBHOCTh AaMIUIUTYAbl OT UMIylbca K HMIYJIbcy o. BenuuumHa o
COOTBETCTBYET OTHOCHUTEIBHOMY OTKIOHEHUIO Umax OT CPEIHEro 3HAYCHHUs MPHU aIlpOKCUMAIUU
ructorpamMMsl 3akoHoM I'aycca. B nuanason ot Ugp-6 10 Uy td yknaasiBasocs 70% Bcex 3HaueHMI
M3MEPEHHOT0 HanpsokeHus (B Makcumyme). [Ipu pacyetax uicnoib3oBasiock 6osiee 500 cremyronmx
JPYT 32 IPYTOM UMITYJIbCOB.

Pesynbpratel uccienoBaHusl CTaOWIBHOCTH PabOTHI ANEKTPOHHOTO yckopurens TOY-500

npu yacTote ciuenoBanus uMmyiabcoB 0.2 I'mu 0.5 ' nmpeacraBieHst B Tabmuie 6.
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Ta6anna 6. OTHOCHTENBHOE OTKJIIOHEHHE ITapaMeTpa OT CPEIHErO 3HAYCHMUS.

Tapaverp YacToTa MMITyJIbCOB, UMIL./C.
0.2 0.5
Brixognoe Hanpsbxkenue I'MH 3% 2.2%
Brixognoe nanpsbkeane HCTP 5% 6.7%
Tok nosica Porosckoro 8.8% 11.9%
TOK 3JIEKTPOHHOTIO ITy4YKa 4.5% 11%

[IpoBeneHHBIE HCCNEAOBAHUS MOKA3aJId, YTO OCHOBHBIM HECTAOWJIBHBIM Y3JIOM SIBISIETCS
HAHOCEKYH/IHBII TeHepaTop U AMOAHBIN y3€J, KOTOPbIe BHOCSIT OCHOBHOW BKJIAJ] B HECTAOMIIBHOCTh
TOKa 3JICKTPOHHOTO ITyYKa.

Ha puc. 20 mnpencraBieHbl THUCTOTPAMMbl PACNpECICHUs] 3HAYEHUW HaNpsHKEHUS,

dopmupyemoro HCI' mpu pasznuuHOW dYacToTe ClIE€OBAaHUS HMMITYJbCOB. JlaHHBIE CBEICHBI B

Tabnuity 7.
y d A wiedn  su R Mean sd Area
35617 12.88 520,00 345,55 23.413 396,30 30,120 11800
204 ' ' ’ 30 -
2ry Y 5Ty 10 'y
| 30 4
7 1
154 )
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20

10
7] [4
\ 7
7 10 7%

10

1 - - 1/ A g 7l
7 7l
-+ / g
; 0 / ! Kl 0 M Q , . E

0 t ' 1
250 300 250 400 450 500 280 300 350 400 450 500 250 300 350 400 450 500

Ud, B Ud, kB Ud, kB
Puc. 20. ['ucrorpamMmMsl pacrpeneiieHus: HarpspkeHus1, GOpMUPYyEeMOro HAaHOCEKYHIHBIM
TCHEPATOPOM.
Tadauua 7
Yacrora, I'ng Uy, kB Pasbpoc, kB Pazbpoc,%
2 355 12.8 3.6
5 346 23.4 6.8
10 396 30.1 7.6

C pocToM YacTOTBl CIIEAOBaHMUS pa3dpoc aMIUIUTYAbl HMMIIYJIBCOB, (POPMHUPYEMBIX
HAHOCEKYH/IHBIM T'€HEpaTOpOM Ha Harpyske (IUlaHapHbIH quof) yBenuuuBaercs ¢ 3.6% no 7.6%.
Cpennee 3Ha4eHHME aMIUIMTY/Abl UMITyJIbCAa IIPU 3TOM yBenuuuBaercs Ha vactore 10 I'm Ha 11%.
OTO MOXET OBITh CBS3aHO C HATPEBOM ra3a B OCHOBHOM pa3psAHUKE, YTO MOKHO YCTPAHUTh IyTEM
NPOAYBKHU pa3psAHUKA.

Hcnonb30BaHue OPUHYIUTEIBHOIO  pa3MarHM4MBaHUS — CEpJEYHUKA  COIJIACYIOLIETO
TpaHcopmaropa B Hayajge Imporecca (OPMHUPOBAHUS MMITYJIbCAa HANPSOHKEHUS IO3BOJIMIIO

SHAYUTCIBbHO CHU3UTDL aMIUIMUTyady HNpCAUMITYJIbCA. HpI/I YBCIIMUCHUHN TOKA pasMarHu4dvBaHUs OT 0
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no 150 ammep ammiauTyna npeaummyibca cHusuiach ¢ 45 kB no 10-15 xB npu ammmryze
OCHOBHOTO MMITyJibca HanpspkeHus 550 kB. Ilpu yBenuuenun Toka pazmaranuuBanus 6osee 150 —
200 ammep aMIUIMTyJa MPEAUMITyJIbca HE MEHSAETCA. OKCIEePUMEHTaJbHO HAMHU MOJIYYeHO
yBeNIM4eHue pecypca paborsl yckoputens ¢ 10 + 15 ummynbcoB 10 (1+2)-10* UMITYJIbCOB 0e3
paspyuieHuss aHoaHod Qonbru. Kpome TOro, sKCIEpUMEHTAIbHO IOJYUYEHO YBEJIWYEHHE
s¢dexTUBHOCTH mepeAaund >HEpruu (HOpMUPYIOIIEH JIMHUM B SHEPTUIO AJIEKTPOHHOIO MyyKa B
TEUCHHE TEHEepallMd OCHOBHOTO UMIyJbca HampsbkeHus ¢ 90% (0e3 mnpuHYAUTEIHHOTO
pa3MarHuuuBaHug) 10 98%. B cioyuae OTCyTCTBHMSI NIpEIBAapUTEIBHOTO pa3MarHUYMBAaHMS Ha
dbopMHpOBaHNE OCHOBHOTO HUMITyJIbCa pacxoayercss He Oonee 75% oHeprum, HaKOIICHHOW B
dbopMupyIOIIEH JTUHUH.

Pa3paboTanHblii HAaHOCEKYHAHBIH T'eHEpaTop OO0eCIeuynBaeT BBICOKYIO 3 (HEKTUBHOCTH
reHepaluu BBIXOJHOTO HampspkeHus (k... 6omee 80%). K.m.ja. reHeparopa NpakTHYECKHd HE
MEHSIETCSl B IIMPOKOM JIMANa30HE AHEPrUM BBIXOAHOIO MMITysbca. K.M.J. B3phIBOOIMHUCCHOHHOIO
avona mpu 3ToM gocturaet 60% miig BBIBEAECHHOIO 3JEKTPOHHOrO Myuyka. Eciin y4ecTh, 4TO 4acTh
JMIEKTPOHOB  My4YKa TOIJIOMIAeTCS  MOAJEpXKUBAIOLIEH  pemieTkoil, To  3((PEeKTUBHOCTD
npeoOpa3oBaHUsl PHEPrUM, MOJBOJUMON K AMOAY B TEUCHHE TEHEpPAIlMH ITyyKa JJIEKTPOHOB, B
KUHETUYECKYIO SHEPIHUI0 AJEKTPOHOB, gocturaetr 90%. C yBennyeHreM SHEpPruu HaHOCEKYHIHOTO
reHeparopa, MOABOAUMON K 1uoay, d(DQPeKTUBHOCTH pabOThI AMOJA PACTET, YTO MOXKET OBITh
00yCIJIOBJIEHO CHI)KEHUEM NOTEPh SHEPTUHU AJIEKTPOHHOTO IIyYKa B aHOJIHOM (oJbre.

[TpoBeneHHBIE HCCIEAOBAaHUS CTAOMIBHOCTH pPaOOTHl YCKOpHUTEIS B paboueM pexume
MOKa3aJli, YTO OCHOBHBIM HECTAOMJIBHBIM Y3JIOM SIBJISIETCSI HAHOCEKYH/THBIN T'€HepaTop U JAUOIHBIN
y3€J, KOTOpble BHOCAT OCHOBHOM BKJaJ B HECTAOMJIBHOCTb TOKA 3JIEKTPOHHOTO Iydka. bonbiioi
pa3bpoc B 3HAUEHUAX TOKa, [epeJaBaeMoro B  HAarpys3Ky, BEpOSITHO, CBsI3aH C
HEMPOU3BOAUTENHHBIMU MTOTEPSMHU YHEPTHUH B KOHCTPYKIIMOHHBIX Y3JIaX YCKOPHUTETIS.

3.5. UccnenoBanne BAX nmiianapHoro amoaa ¢ B3pbIBO3MHCCHOHHBIM KATOIOM.

Breimonmaennsie  uccienoBanus dG(EKTHBHOCTH pabOTHl  pa3iuuHbIX y3710B TOVY-500
MOKa3ajM, YTO JUOJHBIN y3el 3JEKTPOHHOTO YCKOPUTEIS SIBISETCS Haubosee SHEProHanpsKeHHbIM
y3J7I0M, OMPEICNAIONIMM B OCHOBHOM ero pecypc. Ilostomy pexkum paboThl JUOIHOTO Y3Ia
uccieloBaH HaMu HaumOosee TiiarenbHo. MccnenoBanuss BAX nmuona ¢ B3pBIBOIMHUCCHOHHBIM
KaToJOM TIpPOBOJATCSA, HauumHasg ¢ 1970-x romoB. YCTaHOBIEHO, YTO JJICKTPOHHBIA TOK
OTPaHUYMBAETCS SMUCCUOHHOM CHOCOOHOCTBIO KaTrofa M OOBEMHBIM 3apsiioM B aHOA-KaTOAHOM
3a3ope [95, 96]. OdeBHOHO, YTO pPEXKUM OrpaHUUEHHs TOKa OOBEMHBIM 3apsaoM Oosee
NPEANOYTUTENICH C TOUYKH 3PEHUs CTa0MILHOCTH paboThl H0oAa. B 3TOM peskume 37eKTPOHHBIN TOK
OTpesIeNIIeTCsl TOJBKO T'€OMEeTpUel AuoJa M HE 3aBUCUT OT AMHCCHOHHOM CIIOCOOHOCTH KaToja.

Kpome Toro, B 3TOM pexuMe pacrpezesieHue ToKa M0 CEeUEHHUI0 IMydka OyaeT 6ojiee 0AHOPOIHBIM.
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[Hoatomy npu uccnenoBanuu BAX nuosia oCHOBHOM 1L€NbI0 OBLIO ONPEEICHNE HCTOUHUKA TTOTEPD
U yCIOBMM paboOThl AMOAA, MNPH KOTOPOM BIUSHME HMHCCHOHHOW CIIOCOOHOCTH KaToja
HE3HAUUTENBHO U TOK Iy4YKa OrpaHMYUBAETCS TOJIBKO OOBEMHBIM 3apsiIoM B a-K 3a30pe.
OKBHMBAJICHTHAs! CXeMa JMOJHOTO y3Jia 3JEKTPOHHOTO YCKOPHUTENS IpU paboTe B pekHuMe
reHepaluy Mmy4yka nokasaHa Ha puc. 21. MccnenoBanus ObUIM BBIOJHEHBI JJ11 Haubosee MpocTou
koH(purypamuu nuoxa. Ilnockuit katon auametpom 43 - 60 MM. B kadecTBe aHO1a HCTIOIB30BAJICS
rockuit kosuiekrop LM, koTopoit oTkaunBasics BMeCTE C JUOJAHOW KaMEepOU 10 JABJICHUS HE BBILLIE
5107 Top. [l NOBBIIEHHs] JOCTOBEPHOCTU BBIIIOJHEHHBIX U3MEPEHUN OJHOBPEMEHHO U3MEPSIIN
MOJIHBIA TOK, MOTPEOJIIEMbI TUOIHBIM y3J0M, U TOK 3J€KTpoHHOro myuka. Ilo morpebisemomy
TOKY ONpENEsUIA MMIIEJAaHC JHOAAa M CPaBHUBAIM €r0 C PAcUYECTHBIM 3HAYECHHEM JUIsl JaHHOU
KOH(UTrypamu 1uoja (InaMeTp Karoja, aHOA-KaToIHBIN 3a30p). [Io mOJTHOMY TOKY 3JIEKTPOHHOIO

IMy4dKa OMpCaACIIAIN IICPBCAHC JUO0AAa U TAKKEC CPaBHUBAJIN €T0 C PAaCUCTHBIM 3HAYCHHUCM.

Uspe (1 L

*—

=C R(t)

4

Puc. 21. DKBUBaJICHTHAsI CX€Ma JTMOJHOTO y3JIa YCKOPHUTEIIS MPU paboTe Ha TUOJ.

MHuorouucnenasle uccienoBanuss BAX auonoB ¢ pasHeIMM  KaToJaMu  (IUIOCKHH,
OCTPUMHBINA, MHOTOOCTPUHHBIN, KOJBIIEBOW M JIp.), 0030p KOTOPBIX NPHBEACH B MOHOTpaduu
Mecsua I'.A. [96] nokazanu, 4TO 3JIEKTPOHHBIM TOK OMUCHIBAETCS COOTHOLIEHUEM:

I, , = A-U”%F (37)

0
roe A = 2.33-10°¢ A-B'3/2, U- HampspkeHue Ha auoze, B, S — miomans katona, dy - aHOI-KaTOTHBIH

3a30p, F - ¢opm-akrop, BBEOCHHBIM M COTIACOBAaHMSA OSKCIIEPHUMEHTAIBHBIX JaHHBIX C
M3BECTHBIM COOTHOLIEeHHEM Yaitia-JIenrmropa..

[Ipn DmOCTOAHHOM CKOpPOCTHM pasjieTa KAaTOJHOM IUIa3Mbl, PaBHOM V, peajbHas BEIWYMHA
3a30pa aHOJ-KaToa OyJeT YMEHBIIAThCS CO BpeMeHeM Mo 3akoHy d(f) = dy - vt [96], Torma
nepBeaHc MmiaHapHoro auona (F=1) c yuetom pasnera B3pbIBOIMUCCHOHHOM IJ1a3Mbl paBEH:

I 23310° 7]
_U3/2 - (a’o—v-t)2

BSpBIBOBMHCCI/IOHHaSI miasMa paclrpsaACcTCd MW B HANPABJICHUU IIONCPCK 3a3opa, 4YTO

P

MPUBOANT K YBEJIMUCHHUIO TUIOIAN SMUCCHOHHON TOBEPXHOCTH. Toraa nepBeaHc A1ojia paBeH:
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P:2.33'10_6‘7Z'(VO +V't)2 (38)
(dy—v- 1)’
Jnga a-k 3a30poB or 10 mo 17 MM OTMEYEHO HE3HAYUTEIBHOE YBEJIUYECHHUE TOKa,

noTpedasieMoro AMOAOM, MPH HCIOJIb30BAaHMM B KAYECTBE aHOJA PEIIETKH BMECTO CIUIONIHON
IUTACTUHBL. DTO yKa3bIBaeT Ha claboe BIUSHUE aHOJHOW IMJIa3Mbl Ha KOMIIEHCALUI0 OOBEMHOTO
3apsiia B aHOJ-KaTOJAHOM MPOMEXKYTKE B HAIIMX HKCIIEPUMEHTAIBHBIX YCIOBUSIX.

3.5.1. UccaenoBanne BAX nmiiaHapHOro aimoaa ¢ rpapuToBbIM KaTOAOM.

['padut yamie BCero MCHOIb3yeTCs MPU M3TOTOBJICHUU B3PHIBO3IMUCCHOHHBIX KaToJ0B. B
pabote [97] npu uccreqoBaHUKM U3MEHEHHS TIEpBeaHca MIaHAPHOTO AHoJa ¢ TpaUTOBBIM KaTOJOM
B TeueHUE (HOpPMHPOBAHUS SIEKTPOHHOTO MydyKa TOJIY4YEHO, YTO OH PaBeH CyMME IepBeaHca
TUTOCKOM YacTH KaToja M TepBeaHca nepudepuitHoil obmactu. [lepBeaHc MIOCKOW 9acTH Karoja
onuchIBaics cooTHoeHnueM (38). J{ns coriacoBaHusi SKCIIEPUMEHTAIbHBIX U PACUETHBIX JTaHHBIX
aBTOPBI JENAIOT PsIJl JOMYILEHUMN:

a) SJIEKTPOHHBIN TOK ¢ nepudepun karoaa coctasiseT 40 — 50% MOIHOTO TOKA AIEKTPOHOB;

0) CKOpOCTh pazjieTa KaTOAHOM IJIa3Mbl MEHSIETCS NIPU U3MEHEHUHU aHOJ-KaTOJHOTO 3a30pa
B quamnasone (1.8-2.5)- 10° em/c;

C) TIpH 3a30pe MEHbIIE 3.5 MM aHO/HAs TUIa3Ma BBI3BIBACT YBEIMUEHUE MEepBeaHca JU0/a B
TE€YEHHE FeHEepalluy 3JIEKTPOHHOrO0 mmy4ka (60 He).

WccnenoBanus BBIMONIHEHB! NPU W3MEHEHUU UMIEAaHca IulaHapHoro nuona ot 11 Om u
BBILIIE 711 HAHOCEKYHIHOTO TI'e€HepaTropa € BBIXOJHBIM compotuBieHueM 4.7 Om [97], T. e. B
peXuMe paccoriacoBaHus FeHEpATopa U Harpy3KH.

Panee Hamu Obimo momydeHo [98], 4to mpu paboTe TUIaHAPHOTO AMOAA C TPadUTOBHIM
B3PBIBOAMUCCUOHHBIM KaTOJAOM HM3MEHEHHE HMMIIEJaHCca B Hayajle MMIYJbCa YIOBJIETBOPUTEIHHO
OIMCHIBAETCSI COOTHOIIEHHWEM, MOJIYYEHHBIM NPU YCIOBHUM OIPAaHUYEHHUS MNOTPEOSIIEMOTo TOKa
00BEMHBIM 3apsIOM B aHOJ-KaTOAHOM NpoMexyTke. Ho CKOpoCTh yMEHbIIEHUS HMIIeaHca B
TEUEHUE UMITYJIbCa 3HAYUTENIBHO MPEBBIIIANIA BEIMYUHY, PACCUUTAHHYIO U3 YCJIOBHS YMEHBIICHUS
AHOJI-KAaTOJTHOTO 3a30pa PACIIUPSIONICHCsS KaToaHOH mua3Moil. McciaenoBanusi ObUTH BBITIOTHEHBI
npu OONBIIMX aHOA-KAaTOAHBIX 3a3opax (15-22 MM), 4YTO COOTBETCTBYET paccOIIaCOBAaHUIO
BBIXOJITHOTO CONPOTUBIIEHUSI T€HEPATOPA C HATPY3KOU.

[Tpu ananuze BAX anoza pacdet uMreaanca BBITIOTHEH MPU YCIOBHH, YTO AUOJ paboTaeT B
peKHMe OrpaHHYCHHs] TOKa OOBEMHBIM 3apsoM, BEIUYHMHA aHOJA-KATOJAHOTO MPOMEXYTKa
YMEHBILIAETCS, a IUIOab 5SMHCCHUOHHONW IOBEPXHOCTH YBEJIMYMBACTCS 3a CUET pasiera
B3PBIBOAMUCCHOHHOM T1a3Mbl. Pacder BBIITOJIIHEH 110 COOTHOLIEHUIO:

_ (dy—v-t)
2.33-10° 7+ (r, +v-1)* - /U,

(39)

64



Pacuer OKCIICPUMCHTAJIBHBIX 3HAYCHHI IepBCaHcCa quo/Ja BBIIIOJIHCH IO COOTHOIICHHIO:

Perv = L, I
U _L'i 3/2
( eMK dl‘)

3KCH€pI/IMeHTaJH)HLIC SHAYCHUA UMIICJaHCa Aroaa OIPCACIAIN IO COOTHOIICHHIO!:

dIﬂ
U&’l/lK - L ’ 71’
RJKCVI = dt
1

np

(40)

(41)

CKOpOCTb pa3iera IUIa3MBbl IPU PacdeTax 1o COOTHOIeHu o (39) npuHIMany paHoii 2.5-10° cm/c.

Ha puc. 22 MMPUBCACHBI OCHUJIJIOTPAaMMbI HANPSAXKCHUA, ITPUIIOKCHHOTO K OUOAY, U TOKa

JIEKTPOHHOIO Iy4Ka, u3MepeHHoro L{D.

U, «B I, KA
04 +0
2
-100
L4
-6
-200
-8
-300 -10
T T T ¥ T 4 T X ¥ -12

20 40 60 80 100 t, HC

Puc. 22. OcunsmiorpaMmsel TOKa 3JIEKTPOHHOTO my4ka (1), monHoro Toka auoja (2) v HalpspKEeHus,

MIPUJIOKEHHOTO K TuiaHapHoMy auoay (3). Karoa- rpadur, auametp 45 mm, 3a30p 10 Mm.

OCHHHHOFpaMMBI YCPECAHCHBI 110 10 MNOCJICAOBATCIIbHBIM HMITYJIbCAM, CJIICAYIOINIUM C

gacroroil 0.5 I'u. I[Inanapuslii tnoa ¢ rpadUTOBBIM KaTOAOM TUaMETpoM 45 MM U 3a30pOM aHO-

KaTronq 10 MM wuMeer UMIICJaHC, Omu3KkHMii K BBIXOJJHOMY COIIPOTUBJICHUIO HAHOCCKYHIHOI'O

reneparopa (35 Owm). Ha puc. 23 mnpuBeneHbl SKCHEPUMEHTAIBHBIC M PACUCTHHIC 3HAYCHHS

UMIenaHca auoja. B TedeHue MEPBLIX 10 BC TOCHE MPUIIOKCHUSA HAIIPSDKCHUA K OUOAY

AJIGKTPOHHBIN TOK OYEHb Maj (CM. puc. 22), 9YTO OOBACHICTCS 3aJACPKKON MIa3M0O00pa3oBaHUs Ha

IIOBEPXHOCTU Ipa)UTOBOrO Karojaa IUIaHApHOro auoja. B Teuenwe 20 HC ¢ Hayana MMITyJbca

HaNpsDKEHUsl UMIIEeIaHe AuoAa OOJIbIIe pacueTHOro, YTO OOYCIOBICHO MpoleccoM (pOpMUPOBAHUS

O,I[HOpO,HHOﬁ M1a3MeHHOMN IMOBCPXHOCTHU Ha KATOJC. B teuenwne storo BpEMCHU U0 pa60TaeT B

pEeXUME OrpaHHYCHHS AIEKTPOHHOTO TOKa YMUCCHOHHOM CIIOCOOHOCTBIO KaToa.
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Puc. 23. DkcniepumenTtanbhbie (1) 1 pacueTHble (2) 3HaUeHHUS UMIIEJaHCca IJIAHAPHOTO IUOAA.
Kpugas 3 — nanpspkenue. Karon - rpaput, auametp 45 mm. 3azop 10 mm.
Ha puc. 24 mnpuBeneHsl SKCIEpUMEHTAJbHbIE 3HAUYEHUS IMepBeaHca M JHOoAa C
rpaUTOBBIM KATOJOM M pacUeTHbIE MO COOTHomeHuto (38) mpu pa3HO CKOpPOCTH pasiera

B3pI)IB03MI/ICCI/IOHHOI71 IJIa3MBI.

UeMK ! KB PV '\ﬂl{A/BM2

T T T T J 100
L7
: 4

0 - L
v/\ v /———80

; \ ------- Pv e 3
-100 - 57 |

pacuyeT
200

' Ta. v
1 A" |
3004 ;f X
A 20
_ F
E

o~ I

L, ; \‘U’\'

‘400 T T T T O
20 40 60 80 100 t, HC

Puc. 24. DxcniepuMeHTanbHbIE 3HAYEHMSI IEpBEaHca M1aHapHoro auoza (1) u pacueTHsle Mo
cooTHoOIIEHUIO (38) MpHu CKOPOCTHU pasiera IIa3Mbl 2- 10° em/c (2) m 2.5:10° em/c (3). Kpusas 4 —
ocnmuiorpamma HampspkeHus. Katon rpagur, 3a3op 10 mwm.

BI/II[HO, 4TO0 AJOCTUTHYTAd TOYHOCTb U3MCPCHHUA NCPBCAHCA AUOJA IMO3BOJILACT OMPCACIUTDH

CKOPOCTh pasjieTa B3PBIBOIMHUCCHOHHON IIa3MbI ¢ IOTpemHOCThI0 He 6oee 10%. pu cHmkeHnn
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aMIUIMTYAbl UMITyJbca HanpspkeHus: 1o 300 kB 3anepikka BbIXoaa aAMOAa B PEXUM OTpaHUYEHUS
00BEMHBIM 3apsJIoM Bo3pacTania 10 35-40 Hc.

Ha puc. 25 nokazaHbl 3KCliepUMEHTaIbHbIE M pacueTHbIC 3HAUEHUs IepBeaHca JUOAa MpH
3a30ope aHoA-katoh 15 MM. B skcnepuMeHTax IpW M3MEHEHHU aHOJ-KaTOJHOTO 3a30pa 3HEPIHUs,
3amacaemas B J®JI, mopnepxuBanach oauHakoBoi. Ha puc. 25 moka3aHo Takke H3MEHEHHE
UMIIeJaHca IM0Ja B TEYEHUE T'€HEepaly 3JIEKTPOHHOIO IIy4yKa IPU paccoriacoBaHUM MMIIEAAHCA
moaa (~80 OM) ¢ BBIXOAHBIM CONPOTHUBICHHEM HaHOCEKyHIHoOro reneparopa (35 Owm). Ilpu
W3MEHEHUN 3a3opa aHoi-katox oT 10 mo 17 MM umnenanc auona mensuica oT 30 o 100 Owm.
CoBnazieHre IKCIEPUMEHTAIbHBIX U PACUETHBIX 3HAUEHUI MepBeaHca Juo0Ja MOKa3bIBaeT, YTO MpHU
W3MEHEHUHU aHOA-KaTogHOro 3azopa oT 10 mo 17 MM SJI€KTpOHHBIM TOK IJIAHAPHOTO JIHOJA C
rpaUTOBBIM KaTOJIOM OTPAaHUYMBAETCS OOBEMHBIM 3apsIoM B 3a30ope (kpome HaudanbHbIX 10-20
HC). C yBelIMYeHHEM aHOJ-KaTOJHOTO 3a30pa MPOAODKUTENBHOCTh Iepuoaa (OpMHPOBAHUS

CIUIOIIHOM IJIa3MEHHOM MOBEPXHOCTH Ha KAaTO/E PacTeT.

U kB R, Om, Pv, mkA/B*?

eMK

100

10

500 o . . .

20 40 60 80 100 t, HC

Puc. 25. DxcnepumenTanbhbie (1) u pacueTHbie (2) 3HaYeHHs UMITeJaHCa, SKCIIEpUMEHTaIbHbIe (3)

U pacueTHble (4) 3HaUEHHUs NIepBeaHca IIaHapHOro 1Mo/ia pH 3a3ope aHoA-katof 15 mm. Kpusas 5
— ocuusuiorpamma Hanpsbkenus. Karog nuamerpom 45 mm, rpadur.

3.5.2. UccanegqoBanne 11042 ¢ MHOTOMI0JILYATHIM KATOA0M.

Bonbmoii maTepec mpexacraBiser padoTa JUOAa C MHOTOOCTPUHHBIM KarojnoM. Hammuue
HEOJIHOPOJHOCTEH Ha MOBEPXHOCTU KaToJa BEJET K JIOKAJbHOMY YBEIMYEHHUIO HaNpsSKEHHOCTU
JMEKTPUYECKOTO  TOJS W 3HAUUTENBHOMY  COKpAlleHHI0  BpeMEeHH  00pa3oBaHUA
B3PBIBOAMUCCHOHHON Tu1azMbl [99]. B paborax [100, 101] mokazano, uro BAX cucremsl c

IJIOCKHUMHU DJICKTpOAAMU U OJWUHOYHBIM KAaTOAHBIM (I)aKCJ'IOM, BO3HHUKIINUM Ha MECTEC UCKYCCTBCHHO

co3mpanHoro mukposeicTymna (U, = 20 - 40 kB, d = 0.3 -1 MM), onuCchIBaeTCS COOTHOIIIEHUEM:
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2

I, ,=44.4-10°-U. Zl—'t (42)
0

DTO COOTHOIIICHHE TOJIydaeTcss u3 ypaBHEHHUs (37) mpu yCIOBUHM, YTO ILIOMIAIL KaToda
paBua m(v1)>, a dopm-bakTop F = 6. JIsi MHOTOOCTPHHHOTO KAaTOAA, Y KOTOPOrO PACCTOSHHE
MCKAY UrjIaMu MHOI'O 60JIBH.I€ MNPOU3BCACHUA CKOPOCTH PACHIMPCHUA IUIA3Mbl Ha NIUTCIBHOCTH
HUMITYJIbCa HAIPSKCHUA, OTACIbHBIC UTJIBI MOKHO pacCMaTprUBAThL KaK HC3aBUCHUMbBIC SMHUCCUOHHBLIC
HneHTpbl. Torga u3 cooTHomeHus (42) MOXy4YUM BbIpaK€HUE JJII CYMMAapHOTO IepBeaHca Iroja
TPU YCIIOBHH, YTO IUIOMA1b OJMHOYHOrO SMHUCCHOHHOTO LEHTPa paBHA m(v+f)’, 3a30p aHOA-KAaTON
COKpalllaeTcsl ABMXKYILEWCS IUIa3MOM, CKOPOCTh pACIIMPEHUS IUIa3Mbl ITOCTOSSHHA BO BCEX
HANPaBJICHUSX B TEUYCHHUE (POPMUPOBAHUS DJIECKTPOHHOTO IyYKa. 3a30p MEXKIy aHOIOM U
SMHUCCHOHHOM MOBEPXHOCTHIO OYJIET YMEHBIIATHCS CO BPEMEHEM I10 3aKoHy d(f) = dy - v:t. B aTom

CJIy4dac MnepBeaHc nuona € N urnamu PaBCH:
I F-N-23310°-7-(v-1)°
U (dy—v-t)’

Pacuet skciepuMeHTaIbHBIX 3HAaYEHHUH NepBeaHca 110/1a BBIIOJIHEH 110 cOOTHOLIEHHIO (40),

P

(43)

YUUTBHIBAIOIIEMY [aJIeHUEe HANpsDKEHHWE Ha MHIYKTUBHOCTU JIMOJHOTO y37a. DKCIEpUMEHTAIbHBIC
3HaUEHUs UMIIeIaHCca AMOJa OMpelnessuid Mo cooTHolueHuto (41). Pacuer mmmenaHnca BBIMOTHEH
Py YCJIOBUH, YTO JHOA PabOTAeT B peXMME OIpAaHMUYCHHS TOKa OOBEMHBIM 3apsIOM, BEIMYMHA
aHOA-KaTOJHOI'O MMPOMECIKYTKaA YMCHBIIACTCA, a IIomaib SMHUCCHUOHHOMN IMOBEPXHOCTHU
YBEITUYMBACTCS 32 CUET pa3jieTa B3PhIBOIMUCCHOHHOM IJIa3Mbl (COOTHOIICHHE 39).

Bouin  BBIMONHEHBI JKCIEpUMEHTaNbHBbIE HccienoBanus BAX mmanapHoro muoma ¢

UTOJIBYAThIM KaTo1oM, uMeromuM 140 Boab(ppamMoBbIX Ura nuamerpoM 1 mwm (puc. 26).

mm?lfrrr memnlmmmImnm TI

Puc. 26. D010 MHOTOOCTPUIHOIO KaToa ¢ BOJb(PaMOBBIMHU UIJIAMHU.
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Bricora urn 11 mm, paccrosiane mMexay HUMH 4 MM. OOmmii tuameTp MHOTOOCTPHHHOTO
katona paBeH 43 mMm. Ha puc. 27 npuBeeHbl OCHMILIOIPAMMBI TOKa U HANPSKEHUs, a Ha puUC. 28
MOKa3aHbl JKCIEPUMEHTANbHBIE 3HAYEHUS TMEepBeaHca AMOAA B TEUYCHHE TeHEpalud IydKa Hu

PACUCTHBIE [0 COOTHOLICHHIO (43) ipu F =6 1 v = 3.5-10° cm/c, kpusasi (2).

-100

200
L6

-300 -8
L 10

-400 T T T T : T .
20 40 60 80 100 t, HC

Puc. 27. OcunnnorpaMMsl OJTHOTO TOKa Anoa (1), Toka 3JIeKTpOHHOTO MydKa (2) U HalpsHKEHHS
(3). Uronwpuatsiii katom, 3a30p 12.5 mm.

UEMK ; kB PV, |'\J"|K)6\."IB:5If2
: : . . - — 100
‘ T T T T T 7z
0 -
- 80
-100
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-200
- 40
300 -
-400 T 0

T
40 60 80 100 t, HC

Puc. 28. DxcniepumenTanpabie (1) u pacyeTHbIe (2, 3) 3HaUSHUS TIEpBEaHCca IJIAHAPHOTO TUOA C
UT0JIbYaThIM KaTOAOM IIpH 3a3ope 12.5 MM. KpuBas 4 - HanpsikeHue.

3aBUCHUMOCTh (3) COOTBETCTBYET pacdeTy MO COOTHOIIEHHI0 (38), OMUCHIBAIOIIEMY MOBEACHUE
UTOJIbYATOr0 KaToJa Kak OJTHOPOJHON AMUCCHOHHOM MOBEPXHOCTU (C HAYaJNbHBIM JTHUaMeTpoMm 43
MM), KOTOpas pACIIHPSEICS C MOCTOSHHOM cKkopoctbio 3.5-10° cm/c. Jlmst cormacoBanms

SKCTICPUMEHTAJIBHBIX M PACUYETHBIX NaHHBIX BBeAeH (popm-paktop F = 1.6+£0.05 B cooTHOIICHNE
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(38). Buano, uTo onucanue MOBEACHUS MUTOJIbYATOTO KaToJAa CyMMON HE3aBUCHUMBIX SMHCCHOHHBIX
IICHTPOB B HAIIEM Clly4yae JaeT 3HAYUTEITHHOE PACXOXKACHUE C IKCIIEPUMEHTATLHBIMU 3HAYCHHUSIMU
nepBeaHca TuoJa.

[Ipu M3MEHEHNN aHOI-KaTOAHOTO 3a30pa MEePBEAHC AHOAA C UTOJIBYATHIM KAaTOJIOM XOPOILO
OIIMCHIBAETCS COOTHONICHHEM (38) MpH MOCTOSHHON CKOPOCTH pasiera miasmbl 3.5:10° cwm/c n
F=1.6£0.05. Ha puc. 29 mokazaHO W3MEHEHHE TNIEpBEaHCa IUO0Ja B TeueHHe (GopMUpoBaHUS
AJIGKTPOHHOT'O TyYKa IMPH Pa3HBIX 3HAYEHUSX aHOA-KaTomHOTro 3a3opa. [Ipu ckopocTu pasiera
KaTOIHOI TIa3Mbl 3.5-10° cM/c coceIHIe IMUCCHOHHBIE LEHTPBI MEPEKPOIOTCs TOJbKO uepe3 40 He
10CJIe TIPWIIOKEHUS HaNpsDKEHUs K auoay. Ho skcrepuMeHTanbHbIe M pacdeTHBIC 3HAYCHHS (VIS
CIUTOITHOW YMHCCHOHHOM IMOBEPXHOCTH) MEPBEaHca JUO0/Ia C UTOJIbYaThIM KaToJ0M COBIAAAIOT (B

npeJenax TOYHOCTH u3Mepenust) yxke yepes 10 He (em. puc. 28 u puc. 29).

U ,kB Pv, MkA/B*”
Fe

100

80

0

20 40 60 80 100 t, HC
Puc. 29. DxcniepumenTanbabie (1, 2) u pacuetHsie (3, 4) 3Ha4eHUS MEpBEaHca MIAHAPHOTO AUOJIA C

UTOJIhYATHIM KaTogoM mipu 3a3ope 10 mwm (1, 3) u 16 mm (2, 4).

3.5.3. UccaenoBanue BAX miiaHapHOro Auoaa ¢ KaToA0M M3 YIJIEPOAHON TKAHM.

I'paduToBsiii KaTOA UMEET OOJBIION pecypc padOThl U MAIIYI0O CKOPOCTh pasjieTa IIa3MBbl.
Ho nnst oO6pazoBaHus CIUIONTHOW SMHUCCHOHHOM MOBEPXHOCTH Ha rpadute Tpedyercs O6omee 20 Hc,
YTO YCIOXKHAET PadoTy AMOAa MPHU TeHEpalud KOPOTKUX HuMmyibcoB. B [102] mpenmoxkeHO
MCIIOJIb30BaTh YIVIEPOIHYIO TKAHb B KAUECTBE XOJIOIHOTO KaToa.

BolnosnHeHHBIE HaMM HCCIENOBAaHUS [OKA3ajld, 4YTO IPUMEHEHUE YTJIEPOAHOM TKaHU
MO3BOJIIET 3HAYUTEIHLHO YCKOPUTH 00pa30oBaHKE CIUIOUIHOW IUIa3MEHHON MOBEPXHOCTH HA KaToJE.
UccnenoBanust ObUTM BBITIONHEHBI JUIsSl TJIAHAPHOM KOH(HUrypalud AHOJa, B KadyecTBE aHoHa

ucnons3oBaics kouiekrop L@ nmamerpom 92 mm. Ha puc. 30 mpuBeneHbl ycpeaHEHHbIE
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OCIII/IJ'IJ'IOFpaMMI)I HaprDKeHI/Iﬂ W TIOJIHOI'O TOKa 3J'I€KTpOHHOFO nyqKa JJISL cepI/m 10 I/IMHy.]'IBCOB,
ciaenayomux ¢ gactoto 1 wmmm/c. BumgHo, 4Tto uIsi Karoja, MOBEPXHOCThH KOTOPOTO MOKPHITA
YTIEPOAHON TKaHBIO, 711 00pa30BaHUs B3PHIBOIMUCCHOHHOM TIIa3Mbl TPEOYETCs MEHbILIee BpeMms,
4yeM Juis TpaUTOBOTO KaToa.

U, KBI

S MY PR R YA
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-350 — ' . . . ;
0 20 40 60 80 100 120 t, HC
Puc. 30. OcunmiorpaMMbl HallpsKEHUS, TPUIIOKEHHOTO K IIaHapHOMY auony (1) u Toka
aneKTpoHHOTO Tyuka (2). Katon - rpaduroBas Tkanb, auametp 45 mm, 3a30p 10 M.

Ha puc. 31 npuBeneHbl 3HaUeHUs] TIEpBEAHCa AMOJIa, PACCUYUTAHHbIC MO AaHHBIM puc. 30.

Pacuet nepBeanca 11o/a BBIIOTHEH 1O COOTHOIIEHHIO (38).
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Puc. 31. DxcniepuMeHTaNbHbIE M pACUETHBIE 3HAUEHNUS IIepBeaHca IiaHapHoro nuoja. Karox -
rpadguToBas TKaHb, TUaMeTp 45 MM, 3a30p 10 MM.

o 6
CKopocTh paziera Iia3Mbl IPH pacdeTax NMpuUHUMaIM paBHOW 2.5:-10° cm/c, Takke Kak W IJiA
rpadura. BhIMOTHEHHBIE HCCIEAOBAaHUS MOKa3aiH, YTO YK€ 4Yepe3 5 HC TOocie MPUIOKEHUS

HaIIpsAKCHUA K JUOAY OH BBIXOJUT B PCIKUM pa6OTI>I OrpaHHUYCHUS SJICKTPOHHOI'O TOKa 00BbEMHBIM
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3apsI0M B aHOA-KaTOIHOM TpoMexyTke. [Ipu muamerpe katona w3 rpaduTOBOW TKaHU 45 MM H
3a3ope 10 MM mIaHapHBIM JU0a 00€CIIeUYnBACT COTJIACOBAHHBIN PEXUM pabOThl HAHOCEKYHIHOTO
reHepaTropa ¢ Harpy3Kou.

BrinonHenHbie uccneoBaHus IEpBEaHCa MIAHAPHOTO JUO/a ¢ MHOTOOCTPUMHBIM KaTOJ0M
U3 pa3IUYHBIX MaTepUaliOB TOKa3ajld, YTO IMPH COTJIACOBAaHUU HMMIIEJAAHCA TUOAA C BBIXOIHBIM
CONPOTUBIIEHNEM HAHOCEKyHAHOro reHeparopa BAX nmona ynoOBIE€TBOPUTENIBHO OIKCHIBAETCA
cootHomeHuem Yaitnga-Jlearmiopa npu yuere pasnera miuasMel U (opm-dakropa. Bemuunna
CKOPOCTH pa3jieTa B3PBIBOOMHUCCHOHHOW TuIa3Mbl H  (GopM-(PaKkTopa OMPENesIFOTCS TOJBKO
MaTepuaIoM KaToja U MOCTOSHHBI IPH U3MEHEHUHU aHOJ-KaTOIHOTO 3a30pa U AHaMeTpa kKaroaa. B

Tabnuie 8 MpUBECHBI MOJTYyUYCHHbIC 3HaUeHUs vV U F.

Tabauna 8.
Katon dopmMm-pakTop CkopocTh paznera mia3Mbl

I'pacduroBsiii crutomHoit D45 1 60 MM 1+£0.05 6

p 2.5-10" cm/c
N3 yrnepoanoit Tkanu K45 Mmm 1.7+0.05
MHoOTOUTroIbYaThIN BOJIb(PPaMOBBIT 1.6+0.05 3.5:10° em/c
MenHEbIN CIUIONIHOMN 1+0.05 6

4-10° cm/c

MenHblii MHOTOOCTPUHHBIN 1.3+0.05

Hanuune MUKpOHEOTHOPOAHOCTE Ha MOBEPXHOCTH MHOTOOCTPUMHOTO KaToJa CHUYKAET
BpeMsi, B T€UEHUE KOTOPOTO TOK JIMOJIa OTPaHUYMBAETCS AYMUCCHOHHOM CIOCOOHOCTBIO KaToaa, €
30-40 HC 10 5-10 HC. DTO MO3BOIsET 00ECIEUUTh O0JIee CTAOMIIBbHBIN PEKUM pabOThl YCKOPUTEIIS.

3.6. MHcciaenoBanue 1oOTEepb MMIYJbCHOIO JJIEKTPOHHOIO0 My4YKa TMNpPH  ero
(opmupoBaHuM 1 BHIBO/IE U3 INOIHOMH KaMepbl YCKOPHUTEJIsI.

BrImtoTHEHHBIE AKCIIEpPUMEHTAIbHBIC UCCIEOBAHUS M aHAW3 paboT Apyrux aBTOpoB [80,
103] nmokazanu, 4To pecypc pabOThl YCKOPUTES B OCHOBHOM OMpEENseTcss TUOAHBIM y3ioM. [Ipu
BBIBOZIC JICKTPOHHOTO IyYyKa M3 BaKyyMHOro oObeMa IHMOJHON KaMephl B peakTop HaumbOoee
KPUTUYHBIM Y3JIOM SIBIISIETCS] BBIXOHOE OKHO, COJIEpIKAIee aHOAHYIO (POJIBrY U OMOPHYIO PEUIETKY.
K HUM npeabsBisiOTCS B3aUMOUCKIIOYAIOIINE TPeOOBaHUS — BBICOKAsi MeXaHW4ecKasi TPOYHOCTh U
BBICOKAasl MPO3PAYHOCTh ISl 3JEKTPOHHOrO IMy4ka. OnNTUMHU3ALMS KOHCTPYKLIMHM JUOJHOIO y3ia
TpeOyeT OLIEHKH OCHOBHBIX HCTOYHHKOB MOTEPh BBIBEIEHHOTO AJIEKTPOHHOT'O ITyYKa.

Hanuune Henmpou3BOIUTENBHBIX MOTEPh B JUOJHOM Y3JI€ MOXHO OIpPENEIUTh MO OanaHcy
TOKOB. [IoNHBIM TOK, MOCTYyHalIMM B JUOJHBIA y3€Jl OT HAHOCEKYHIHOTO TIe€HepaTropa, paBeH
CyMMe TOKa BBIBEICHHOTO 3JIEKTPOHHOTO IMy4Ka, TOKa Mepe3apsiku eMKOCTH JUOTHOTO y3Jia ¥ TOKa
napasuTHBIX ToTepb. lloTepu B TedyeHHMEe TeHepalMu DSJICKTPOHHOTO IIydyka MOTYT OBITh
00yCIJIOBJIEHBI pACChIIaHUEM D3JIEKTPOHOB Iy4Ka IO IyTH OT Karoja 1O KOJUIEKTOpa IMJIMHIpA
@dapanes, yredkaMM MO IOBEPXHOCTH M30JIATOpPAa WIM NapasUTHBIMHU pPa3psgaMd B BaKyyMHOM

00BeMe JIMOJTHOM KaMCpPhI. O,Z[HI/IM N3 OCHOBHBIX HMCTOYHUKOB IOTCPb B OHUOAC (HpI/I OTCYTCTBHUU
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BEJYIIET0 MAarHUTHOTO TIOJIsI) SIBIISIETCS pacchimanue 3ekTpoHoB [104]. B pabore [97] moka3zaHo,
YTO OJJEKTPOHbl B AaHOJ-KaTOJHOM 3a30p€ IMpH OTCYTCTBHMM BHEIIHErO0 MAarHUTHOTO IOJIA
pacchinatorcst Ha yrona 6onee 80°.

3.6.1. AHaIM3 MOTEPb TOKA 3JIEKTPOHHOI0 MYy4YKAa MPH BbIBO/IE U3 TUOAHOI KaMepbl.

WccnenoBanuss ObUIM BBINOJHEHBI JUIsl IJIaHAPHOM KOH(UIypaluu JuUoJa C KaToAo0M
auaMeTpoM 45 MM, BBINIOJHEHHBIM W3 TrpaduTa WIM YIJIEpOJAHOW TKaHM. B kauecTBe aHona
MCIIONB30BAIH IUIOCKYIO PEIIeTKY C Mpope3sMu MIMpUHOM 6 MM U mpo3padHocTbio 70%. TlomHbIi
TOK BBIBEJICHHOTI'O 3JIEKTPOHHOIO IMyd4Ka u3Mepsuid uuiauuapoM Papazes. PaccrosHue Mexy
aHOMHOU pemeTko u koymekropoM LD cocraBinsano 5 mMM. B naHHOM cepuM 3KCIEPUMEHTOB

UCIONIB30BaM aHoiHyt0 (poaery (Al, 130 mxm). banmanc TokoB B 1uojie moka3aH Ha puc. 32.

tek16
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Puc. 32. OcunnnorpaMmsl HanpsbkeHus (1), MOTHOro TOKa, MOTPedIIEMOro AUOAHBIM y3II0M (2),
TOKa BBIBEJIEHHOT'O 3JIEKTPOHHOTO MyyKa (3) 1 TOKa 3apsJIKU eMKOCTH AuoAHoro y3ina (4). Katox -
rpadur, nuametp 45 MM, 3a30p 10 Mm.

Toxk nepe3apaaku EMKOCTU AUOAHOTIO Y3Jia PACCHUTBIBATIN 110 COOTHOLICHUIO!

I =C- AUes (44)
dt

[InanapHblif 1uoa ¢ TPa@UTOBBIM KAaTOJOM TUAMETPOM 45 MM M aHOI-KaTOAHBIM 3a30pOM
10 MM UMeeT UMIIeIaHe, OJM3KUI K BEIXOJHOMY COIPOTUBIICHUIO HAHOCEKYHIHOTO reHepartopa (35
OM), uTo 00OecreurnBaio COTIaCOBAaHHBIA PEXUM PaOOTHI TUOAA.
Ha puc. 33 noka3ano u3MeHeHHe MOTePh B AUOJHOM y3Ji€ YCKOPUTEINSI B TeUEHHE TeHEpalliu
aMeKTpoHHOro Mmyuka. [TonHbie moTepu (KpuBasi 1) pacCUMTHIBAIM 10 COOTHOIICHUIO
K= IOOW, % (45)
np

rae [np — NOMHBIN TOK, /. — TOK BBIBEICHHOTO IIy4Ka, /. — TOK II€pe3apsaaKu €EMKOCTH JUOJHOIO y3ia.
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Jnis ompeneneHus MOTEPh AIIEKTPOHHOTO ITydKa B OMOPHOW PEIIeTKE OBUIM BBITIOJHEHBI
W3MEPEHHUsI, aHAIOTUYHBIC JTaHHBIM pHUC. 32, HO 0€3 pa3IeauTeIbHOU (POJIbIU MEKIY PEIIeTKOW U
[[®. Ilotepm B OMOpHOW pemIeTKE B TEYCHHWE T'EHEPALUH SJIEKTPOHHOTO Iy4yKa, KOTOpHIC
paccUuTHIBAIM MO COOTHOIIEHUIO (45), mokazanel Ha puc. 33, kpuBas 2. Kosddumuent norepsb
3JIEKTPOHHOI'O TOKA IPU 3TOM BBIIIE ONTHYECKON HENMpO3payHOCTH aHOAHOU pemeTku (30%), uto

MOJKET OBITH BHI3BAHO BKJIaJIOM JPYI'UX UCTOYHHUKOB IIOTCPD.

Uqi » KB K% 140
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Puc. 33. I3mMeHeHue noTepb TOKa 3JEKTPOHHOTO ITyyYKa MPU BBIBOJE U3 AMO/A B TCUCHHE
TeHEpALH JIEKTPOHHOTO MTy4Ka: |- TOJHBIE MOTEepH, 2 — MOTEPH B PeUIeTKe, 3 — MOTepH B (OIIBTE.
Karox nuamerpom 45 mm, rpacut, 3a30p 10 mm.
[Torepu »>7E€KTPOHHOrO TIydYkKa MpH TEHEpalMd W Ha IyTH OT 3MHUCCHOHHOW IOBEPXHOCTHU
rpaUTOBOrO KaTo/a 0 BHIXOAHOTO OKHA JIUOIHOW KaMepbl He npeBbimaroT 10%.

[losnyueHHble naHHBIE MO3BOJSIOT PACCYUTATh MOTEPU AJIEKTPOHHOIO ITyyKa B aHOIAHOM
(onbpre Kak pa3HOCTb MOJHBIX MOTEPh TOKA ITyYKa U MOTEPb B aHOAHOH pemieTke (KpuBas 3 puc.
33). lna nuona ¢ rpaduTOBBIM KaTOJOM XapaKTEpHO OOJbIIOE BpeMs 3alep>KKU (pOPMHUPOBAHUS
HYMHUCCHUOHHOMN TUIa3MBbl M 3JEKTPOHHOTO IyYKa OTHOCHTENBbHO (pOHTa HampspkeHus [96], cMm. puc.
32. B teuenue mepuona oOpa3oBaHUS IUIa3Mbl Ha IMOBEPXHOCTH I'papUTOBOTO KaTOJa MMIICIAHC
nuoaa oueHb 0ousbinol, nmpesbimaeT 200-300 OM. HaHocekyHIHBIN TeHEpaTop Mpu 3TOM paboTaeT
B PEXHME XOJOCTOrO XOJa W BBIXOJHOE HANpsDKEHHE PE3KO pacTeT, YTO XapaKTepHO IJis
reHeparopa C corjacyrommm TpaHchopmaropoM Ha Bbixonxe [71]. Ilpu BbIBOAE 3IEKTPOHHOIO
My4yKa 4Yepe3 pa3/IeiHuTeNbHYI0 (OIBry 3TO MO3BOJISIET CHU3UTH MOTEPH 3a CUYET CHIKCHHS JOJU
HU3KO3HEPTUTHUYHBIX IEKTPOHOB.

Hcnonp3oBanue katona U3 yrJIepoOAHON TKAaHM CHIDKACT 3aJIepKKy I1a3M000pa3oBaHUs U

Ha4dajia reHepalu 3JICKTPOHHOI'O ITy4YKa, HO IPUBOAUT K YBCIMYCHUIO ITOTCPL 3JICKTPOHOB ITYYKa B
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aHogHoOU Qosbre. CpaBHEHHE TMOTEPh PHEPTUU B JUOMAE IS CEPUU DKCIEPUMEHTOB C Pa3HBIMU

KaToJaMH TIPUBECHO B TabuIe 9.

Tabmumna 9.

Marepuan [Tonnas OHeprus 3. yyka [Torepu Ha [Torepu B
Katozna SHEPrus 0e3 gosbru | ¢ Qoabroi penieTke ¢onbre
Tpadur 255-264 JIx | 151-165 Ix 124 JIx 104-113 JIx | 18-36 JIx

100% 57-64% 47-49% 36-43% 6-11%
Vrnepoanas | 229-248 JIx 154 Jlx 112-118 JIx | 75-94 Ix 17-61 JIx
TKaHb 100% 62-67% 45-51% 33-38% 12-13%

BrimonHeHnHble nM3MepeHus OajaHca TOKa B IJIAHAPHOM JAMOJE C B3PbIBOIMHCCHOHHBIM
KaTOJOM IOKa3alii, 4TO NMpH (HOPMUPOBAHMM JIEKTPOHHOI'O TOKA M BBIBOJE €r0 U3 BaKyyMHOI'O
o0beMa JHOAHOIN Kamephl OCHOBHOM MCTOYHHUK MOTEPh — MOJICP/KUBAIONIASl PEIIETKA BBIXOJHOTO
okHa. Mcnonp3oBanue rpaduTOBOrO KaToja TMO3BOJISIET CHHU3UTH MOTEPH AJIEKTPOHHOTO MydyKa B

BBIXO/IHOM (OJIbIe 110 CPAaBHEHUIO C KaTOJIOM M3 YIJIEPOIHOM TKAHU.

3.6.2. AHa1M3 MoTepb TOKA B JHOJAHOH Kamepe.

OKCIEpUMEHTAJbHbIC JIaHHBIE, TMPEACTABICHHbIE Ha puc. 33, BKIOYAIOT MOTEPHU
AMIEKTPOHHOTO TOKa MPHU ero (OpMHPOBAHUH U HA MYyTH OT SMUCCHOHHOMN MOBEPXHOCTH KAaToOAA 0
BBIXOJJTHOTO OKHA. BbIonHEHHBbIE U3MEPEHUs MOKA3alM, YTO 3TH NMOoTepu He mnpesbimaoT 10-15%,
YTO CPAaBHUMO C TOYHOCTHIO BBITIONIHSAEMBIX H3MepeHui. s ompeneneHuss MpUYUHBI TOTEPh U
0oJiee TOYHOM OLIEHKH X BKJIa/1a OBbLIM BBIIOJIHEHBI HCCIIE0BAaHUS MTPH UCIIOJI30BAHUN B KAU€CTBE
aHona tiockoro kojuiekropa LId nuamerpom 92 mm. Ha puc. 34 mpuBeneHBl OCHUILIOTPaMMBbI
HaMpSOKEHUs, TMPWIOKEHHOTO K JHMOAY, M TOKa D3JIEKTPOHHOTO Iy4ka, u3MmepeHHoro L.

OctorpaMMsl yepeTHeHb! 1o 10 uMmImysscam, ciaeayonmm ¢ yactotoi 0.5 umm/c.
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1

Puc. 34. OcumorpaMmmbl OTHOTO Toka Anoja (1), Toka 3JIeKTpOHHOTO IyuKa (2) U HanpsKeHus,
MIPUIIOKEHHOTO K IiaHapHoMy nuony (3). Karox nuamerpom 45 MM, rpadur, 3a3o0p 10.5 Mm.
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[Ipu ananmse OamaHca TOKOB B JHOIHOM Y3JI€ YCKOPHUTENS JUIsl pacdeTa eMKOCTHOTO TOKa
HEOOXOJAMMO BBITIOJIHUTh JU(PEpEHIIMPOBAHUE CUTHANIA C JCIUTENs HAmpsDKEHHS  (CM.
cootHoteHnue 44). Ho npu auddepeHnnpoBaHum SKCIIEPUMEHTATBHBIX OCIUJLIOTPaMM BO3HHUKAET
OobII0H pa3dpoc, YTO CHUKAET TOYHOCTh U3MEPEHHN U yCIIOKHIET HHTEPIPETAIHIO NaHHbIX. s
ycrpaneHus: nudepeHpoBanns ObUT BBIIOJHEH pacyeT M3MEHEHHUs 3apsga B JHOJHOM Y3Ie
YCKOpHTENsS. YBEIWYCHUE 3apsija, IOABOAMMOTO K JHOJHOMY Y31y OT HaHOCEKYyHIHOTO
reHeparopa, ¥ 3apsja, MePeHOCHMOTO JJIEKTPOHHBIM ITYYKOM, PACCUMTHIBAIN HHTETPUPOBAHHEM
IIOJIHOT'O TOKa, HOTpCGHHeMOFO AUOOHBIM Y3JIOM, W TOKa BBIBCACHHOI'O J3JICKTPOHHOTO ITy4YKa
COOTBETCTBEHHO. 3apsii B €EMKOCTH JHOJHOTO y3J1a PABCH MPOU3BEICHUIO €MKOCTH Ha BEIMYUHY
HaIpsHKCHUSI.

Ha puc. 35 noka3an 6anaHc 3apsijia B TeUCHHE T'€Hepaluy 3JIeKTPOHHOTO MMyUKa.

Uemk' KB Q. MKK.H
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Puc. 35. bananc 3apsaa B AMOIHOM Y3J1€ B TEUEHUE T'EHEPAIMH JIEKTPOHHOTO Imy4Ka: 1 — 3apsf,
MOCTYTMAIOMINI OT HAHOCEKYHHOTO TeHEepaTopa, 2 — 3apsl, IEPEHOCUMBIN AIEKTPOHHBIM ITy4YKOM, 3
— 3aps] B EMKOCTH JUOAHOTO y37a, 4 - motepu 3apsaa. 3aBUCUMOCTh 5 — HanpsbkeHue. Katox
auaMeTpoMm 45 mm, rpagut, 3a3op 10.5 mm.

Jlns olieHKH BJIMSIHHSI MaTepuaja KaTojJa aHalOTWYHbIE M3MepeHus OanaHca 3apsaa ObLin
BBITIOJTHEHBI IS ANOJIa ¢ KaTOJAOM U3 YTICPOJIHON TKaHH.

Ha puc. 35 moka3zanbpl Takke NOTEpU 3apsja B JAUOIHOM Y3Ji€, PaBHBIE Pa3HOCTH 3apsja,
MOCTYTAIOMIETO0 OT T€HEPaTOpa, 3apsiI0OB BHIBEICHHOTO JIEKTPOHHOTO IyYKa ¥ €MKOCTH JIHOJHOTO
y3na. [lng onpezenenus UCTOYHHUKA MOTEPh 3apsaa ObUIM BBIMOJIHEHBI U3MEpEeHUs OanaHca 3apsijia
IpU pa3HBIX 3HAYEHHUSAX aHOI-KaToAHOro 3azopa. Ha puc. 36 moka3aHbl 3aBUCUMOCTH MOTEPh

3apsaa B JUOJAC B TCUCHUC T'CHCPALIUHA SJICKTPOHHOI'O ITyYKa IIPH pa3HbIX 3a30pax.
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Puc. 36. I3meHeHue noteps 3apsiia B TEUCHUE TEHEPAIMH 3JIEKTPOHHOTO My4Ka, 171l Pa3HbIX aHO/-
KaTOJHBIX 3a30poB: 1 — 10.5 MM, 2 — 12 MM, 3 — 15 Mm. 3aBucumocts 4 — HanpsikeHue. Karox
auameTpom 45 MM, rpadurt.

Benuunna norteph 3apsiia HOpMHPOBAaHA HA BEIMYMHY IOJHOTO 3apsja, MOJBEIEHHOIO K
MOy OT TeHepaTopa K KOHILy UMITyJibca. B pesxume coriaacoBaHMs HMIEIaHCa TUOJia C BBIXOIHBIM
COINPOTHUBIIEHUEM HAHOCEKYHIHOTo reHeparopa (3azop 10-12 mm) BenuumHa moTepb 3apsia He
npesbimiaer 12%. AHalOrMyHble 3aBUCMMOCTH M3MEHEHHS MOTEph 3apsja B TEUEHHE IeHepaluu
JIEKTPOHHOI'O ITy4yKa IOJy4YeHbl I KaTOJOB, BBIIOJIHEHHBIX W3 YIJIEPOJHOM TKaHH, MEIH,
MHOT'OOCTPUMHOTO MEIHOTO M BOJb(PaMOBOI0 KaTo0B. B Teuenune GpopMupoBaHus 351€KTPOHHOTO
ny4yka TIOTepU 3apsijia JIMHEHHO YBEJIMYUBAIOTCS, IO3TOMY OHH MOTYT OBITh CBSI3aHBI C
pacchlllaHueM JIEKTPOHOB MyUKa.

Jlis  ompeneneHus HMCTOYHUKA IOTEPh B JUOJHOM Y3JI€ YCKOpHUTENs Takxke ObLIM
BBINOJIHEHBl M3MEPEHUsl MOTeph 3apsAja K KOHIY HMMIYJbCa HANpsDKEHHs (MIOJIHBbIE MOTEpH) s
pa3HbIX aHOA-KaTOAHBIX 3a30poB [105]. Ha puc. 37 noka3zaHa 3aBUCMMOCTb MOJIHBIX TIOTEPH 3apsaa
B JINO/IHOM Yy3JI€ OT BEJIMUYMHBI aHOJ-KAaTOIHOTO 3a30pa Ul AUOAOB C pa3HbIMU KaTonamu. [lotepu
TakKe HOPMUPOBaHbl HA BEJIMUYUHY 3apsAa, MOCTYNMBIIETO B AMOAHBIM y3€1 OT HAaHOCEKYHJIHOTO
re"eparopa. IloiaydeHo, uTo notepu 3apsaa NOSABISAIOTCS TOJBKO MPU YBEJINYEHUH aHO-KaTOIHOTO
3a3opa Ooznee 9 MM. VYBenuueHHe MOTEPh 3apsia C YBEIMYEHUEM AaHOA-KAaTOAHOIO 3a30pa
IIOKA3bIBAET, YTO 3TU IIOTEPU CBSI3aHBl C PACCBHIIAHUEM 3JIEKTPOHOB ITyyKa, a HE C IPOLECCOM
reHepanuu nmydka. JlonoJHUTeNbHbIE IOTEPH 3apsiia B JUOJHOM Y3JIe YCKOPUTEINS, KPOME MOTEPh

H3-3a PAaCChIITIaHU SJICKTPOHHOT'O ITy4YKa, HE3HAYNUTCIIbHBI.
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Puc. 37. 3aBucuMoCTb MOJIHBIX OTEPH 3apsi/ia B AUOJHOM y3JI€ OT BEIMYMHBI aHOI-KATOIHOTO
3azopa. Juametp karoaa 45 MM, matepuan rpadur (m) u yriepoaHasi TKaHb (@).
HccnenoBanus pacnpeneiacHus IIIOTHOCTH SHEPIUU B IONEPEUYHOM CEYEHHH C MTOMOLIBIO
no3umeTpudeckor mieHkH [106] mokazanu, 4To cpenHssa IIOTHOCTh SHEPTUU AJIEKTPOHHOIO IMy4Ka
Ha BBIXOJIC IJITAHAPHOTO HOoAa (32 aHOAHOM PEIIETKOM) MEHSETCS] HE3HAYUTENbHO. JlomyCcTiM, 4To
CpeIHss IUNIOTHOCTD JIEKTPOHOB TOXKE OJMHAKOBA IO BCEH IUIOIIAAH MONEPEYHOr0 CCUCHUS IydYKa
U Yroin paccessHuss f He MEHseTcs Ha IyTH JIEKTPOHAa OT SMHUCCHOHHOM IIOBEPXHOCTH M0
koiuiekropa nunuHapa ®apaned. Torma yMeHpIIEHHE 4YHCIAa SJIEKTPOHOB, MOMAJAKOIIUX Ha
kostekTop LD, ¢ yBenuueHneM paccTosiHus KaTto-kojuiekrop LI® d nmponopiroHanasHO pasHOCTH
IUTOINAAM CEYCHHs DJCKTPOHHOrO Tydka (TpH pPAaCcHIMPEeHHHM Ha YroJl paccesHus [ Tocie
MIPOXOXKICHUSI paccTosiHuA d) u miomiaau kojuiekropa L{d. [ToTepu 3apsiaa mpu 3TOM paBHBI
AQ=q-AN=q-j-AS=gq-j-(z-(r +d-1gB) -5,,)
IZie g-3apsij 3JIEKTPOHA, j — IUIOTHOCTh 3JIEKTPOHHOTO Iy4Ka B IIONEPEYHOM CEYEHHH (B MJIOCKOCTU
xosutekropa LId), r, — paguyc karona, S,¢ — miaomans koyekropa L.
[TonHbIi 3apsa 37EKTPOHHOIO Iy4Ka, peructpupyemsiii L{D, MokHO 3anucars B BULE:
Qe - q ) .] ) Su(])

OTtHocuTeNnbHASI BEIMYMHA [TOTEPH 3apsiia AIEKTPOHHOIO MTyyKa paBHa

2
AQ_E-(I’k+d-tgﬂ)2—Sw_ v, +d-tgf 1
Qe Sudl r14¢

rie rygy — paguyc xkomiexropa L{d. Toraa

1
l‘gﬂ=g- T Al 1|7 (46)
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Ha puc. 38 noka3ana 3aBUCHMOCTb yIJla pacCesHUs JIEKTPOHOB ITyUKa OT PACCTOSHUS aHOJI-

KaToJ VTS Pa3HBIX KATO/IOB.
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Puc. 38. 3aBucumMocThb yria paccesHusi 3IEKTPOHOB OT BETTMYHUHBI aHOA-KaTOAHOTO 33a30pa.
Karonsr: rpadutoBsiii, nuametp 45 MM (m) u 60 MM (*), MHOTOOCTPHUITHBII MEIHBIH, TraMeTp 43
MM (0), U3 YIIIepOJHON TKaHU, fuaMeTp 45 MM (A), UronpuyaThiid, fuametp 43 MM (O).

Pacuer BbIMoOsHEH 1O cooTHomeHUIO (46). JlanHbie pUC. 38 COOTBETCTBYIOT IHONY C
KarogoM auaMerpoM 43-60 MM, BBIIOJHEHHBIM M3 pa3HbIX MaTepuanoB. CHUXKEHUE yria
paccessHUSI C yBEIMUYEHUEM aHOJ-KAaTOIHOTO 3a30pa MOXKET OBITh OOYCIOBIEHO YMEHBIICHHEM
MCKQKEHMSI CHJIOBBIX JIMHUW 3JIEKTPUYECKOTO TI0JIS B/IaJi OT KaTo/1a.

V3MeHeHne TpaeKTOpUH JIBUKEHUS 3JIEKTPOHOB B aHOJI-KaTOIHOM 3a30p€ IJIOCKOTO JHOJA
MOJKET OBITh BBI3BAHO HCKaXXCHHEM D3JIEKTPHUUECKOTO MOJiA Ha Mepudepur Iuoja, COOCTBEHHBIM
MAarHUTHBIM TIOJIEM TOKa TMyYKa M SJEKTPOCTATHUYECKUM pPACTATKUBAHHUEM OHJICKTPOHOB ITydKa.
HccnenoBanus mokasaim, 4TO YroJl pacTBOpa IMydKa 3JEKTPOHOB HE 3aBUCHUT OT BETUUYHHBI ITOJTHOTO
3apsifia 3JIEKTPOHHOTO MyyKa, MOATOMY OCHOBHOM MCTOYHMK PAaCCHIIaHMs 3JIEKTPOHOB B JAUOAHOM
y3J1€ — UCKaKEHHE AIEKTPUIECKOTO MOl Ha Tepudeprn KaToa.

BrimonHeHHble HccnenoBaHusl OamaHca TOKa W 3apsiia TUOJHOTO y37a JIIEKTPOHHOTO
YCKOPHUTEJSI TTOKA3aJId, YTO OCHOBHBIM MCTOYHHKOM IMAPA3UTHBIX MOTEPH AJIEKTPOHOB B IIAHAPHOM
IUoJie  SBJISETCSl MX pacChlllaHME€ B aHOJA-KaTOAHOM  3a30pe, BbI3BAHHOE HCKaKEHHEM
JNEKTPUYECKOro Mo Ha mepudepun karoma. B pexume coriacoBaHusi HMIIEIAaHCa TUOMA C
BBIXO/JHBIM COTNPOTHBJIICHHEM HAHOCEKYHJHOTO TeHEeparopa BEJIMYMHA TMOTEePh 3apsga He
npesbiiaeT 12%. BenanunHa NOJI0BUHHOTO yIJia pacTBOpa My4yKa AJIEKTPOHOB cocTaBisieT 68° npu

MaJIbIX aHOJ-KaTOJHBIX 3a30pax U YMEHbBIIAETCS C yBeIHMUeHUEM 3a3opa a0 60 rpaaycos. 3HaueHuUs
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yriaa pacTBOpa TONYYEHBI TPH YCIOBUM OJHOPOJHON IUIOTHOCTH DJEKTPOHHOTO TOKa W
COOTBETCTBYIOT MAaKCHMaJbHOMY yIiy paccbimanus. [Ipy yMeHbIIEHWM IIJIOTHOCTH TOKa K
nepudepun ANEKTPOHHOTO IMyYKa OCHOBHAS YacTh 3JEKTPOHOB pacIpOCTpaHSETCs B Mpeaenax
MEHBIIEro yria pactBopa. IlodydeHHBIE 3HAa4eHHMS YyIVIa PacTBOpPA IIydKa DJIEKTPOHOB MOXHO
UCTIOJIB30BaTh MPH NMPOSKTUPOBAHUH aHOJHOTO Y3JIa YCKOPUTEIIS.

3.6.3. bananc 3Heprum B THOAHOM Y3Ji¢ YCKOPHTEJIs.

BrinonnenHbli aHanu3 0anaHca TOKa U 3apsija B AUOJHOM y3Ji€ YCKOPUTENS HE TO3BOJSET
ONpCACIMTL MOTCPHU, HC BbI3BIBAIOIHUC HW3MCHCHUA KOJHUYCCTBA DJJICKTPOHOB: CBA3AHHLIC C
OMHYCCKUMMU IMOTCPAMH B TOKOBCAYIIUX ACTAJIAX, C IPOIECCCOM HJ'I3_3M006paSOBaHI/IH " JpYyTuMHU. B
JAHHOM pa3zfiesie MPUBEIACHBI Pe3yJIbTaThl SKCIIEPUMEHTANBHBIX HCCIIEIOBaHUI OalaHca 3HEPruu
IUTAHAPHOTO JTMOJIa C B3PHIBOOMUCCHOHHBIM KaTOJIOM B TE€UEHHE T'€HEpaIluU AJIEKTPOHHOTO MyuKa.
HccrnenoBanust ObLIM BBIOIHEHBI JUIS IJIAHAPHOM KOH(MUTYpalWU AUOJA C IJIOCKUM KaTOJOM
nuamerpoM 43-60 MM, B Ka4eCTBE aHOJA MCIOJIb30BAJICS TUIOCKUM KoyiekTop LD auamerpom 92
MM [107].

Ha puc. 39 nokazan OamaHc SHEpruM B JuOJE C TPaQUTOBBIM KaTOJOM U Pa3HOCTh

HOI[BOI[PIMOﬁ SHCPTHUU U SHCPIUU BBIBCACHHOI'O U3 TUOAHOTO y3JIa 3JICKTPOHHOTI'O ITy4Ka.
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Puc. 39. 3menenune sHepruu, MOABOIUMOMN K THOAHOMY Y31y (1), sHEpTUM 31IEKTPOHHOTO ITydKa

(2) u moteps >Heprum (3) B TeueHue GopmupoBanus umnyibca. Kpusas 4-nanpsoxenue. Karon-
rpadut, nuametp 45 MM, 3a30p aHOA-KaToa 12 MM.

BunHo, 4TO mMOTEpW 3HEPrUU B MHUOJHOM Y3JI€ TPOUCXOAT B TEUCHHE BCETro IMEepHoaa
TeHepaluu 3JEKTPOHHOTO MydkKa. DTHU MOTEPHU IHEPTHH MOTYT OBITh CBSI3aHBI ¢ OOpa30BaHHEM

B3pBIB03MI/ICCI/IOHHOﬁ IJ1a3Mbl Ha TTOBCPXHOCTU KATOJAd W HAKOIUICHUEM SHCPIrUuM B CMKOCTH U
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WHAYKTUBHOCTH JMOJHOTO y3ha. [lnsg aHanu3a KMCTOYHMKA MOTEPh SHEPTUUM B JHOAHOM Y3Ie
yCKOpUTEIs ObLIO PACCUUTAHO U3MEHEHHE SHEPTUH B PEAKTUBHBIX AJIEMEHTaX JIUOJHOTO Yy3Ia.

AHanu3 OanmaHca OSHEpPrUud B JAMOJHOM Yy3JI€ YCKOPUTENs T[OKas3al, YTO OSHEeprus,
HaKariuBaeMasi B PEAaKTHBHBIX JJIEMEHTaX JAHOJHOTO Y3Ja (EMKOCTH U WHIYKTUBHOCTH),
UCTIONB3YETCsl B JalbHEHmeM uisi (OopMHUpOBaHMS 3JIEKTPOHHOTO IMydyKa, T. €. MPOUCXOIUT €e
pekynepanusa. CHMKEHUE MOTEph SHEPTUHU B KOHLE UMITYJIbCA CBSI3AHO C BBIJECJICHHEM JHEPIUH,
HaKOIJIEHHOM B pEaKkTUBHBIX 3JieMeHTax. Ho, K cokaleHuro, 3TOT MIpolecc peKynepanuu He
SIBJISICTCSL TIOJIC3HBIM TIPH BBIBOJE JJCKTPOHHOTO MyYKa W3 JUOJHOTO y3la 4epe3 (oibry, Tak Kak
SHEpPrusi B PEaKTUBHBIX 3JIEMEHTaX HaKaIUIMBAeTCs MPHU OOJBIIOM YCKOPSIOIIEM HAalpsyKEHUU Ha
KaTojie, HO Mpeo0pa3yercss B KUHETUYECKYI0 SHEPIHI0 HU3KOOHEPI€TUYHBIX 3JIEKTPOHOB, KOTOPHIE
OyIyT morjouiaThCsi B aHOAHOM (oIIbre.

JIJis OTIEHKM BIMSHUSL MaTepualia KaTo/a aHAJIOTUYHBIC M3MEPEeHHs OallaHca SHEepPruu ObLIn
BBITTOJIHEHBI JIJISI TMOJa ¢ KaTOAOM M3 yTJeponHON TKaHH. Tak ke, Kak U MpHu padoTe IIaHapHOTO
auoja ¢ rpaduTOBBIM KaTOAOM, JUIsl JUOJAa C KAaTOAOM M3 YIJIEPOJHOM TKaHM HaOmIomaercs
peKyrepanusi SHEpPruy, HAKAIIUBA€MOM B PEAaKTHBHBIX 3J€MEHTax IuoAHoro ysna. Iloutu Bes
DHEprus, HaKaIiuBaeMasi B EeMKOCTH U WHAYKTHBHOCTH, MPEOOPA3yeTcsi B YHEPTHIO IJIEKTPOHHOTO
nyuka. Ho HeoOpaTumble mOTEpH SHEPruM B AMOJHOM Y3JIe€ pacTyT B TEUEHHE BCEro Mepuoja
TreHEepaIy 3JIEKTPOHHOTO ITy4YKa. BBINOIHEHHbBIE UCCIIeI0BaHUs MT0KAa3aid, YTO NOTEPU SHEPTUHU B

JIMOJIE MPOINOPIMOHATIBHBI BEJIUYMHE aHOA-KaToaHOTO 3a30pa. Ha puc. 40 moka3aHa 3aBUCUMOCTb
noreps sueprun By = E - E - E - Eyy; 0T BeTM4InHBL a-K 3a30pa.

E/E, %
30 4>

25

20 L

15 1

10

a1

8 10 12 14 16 d, MM18

Puc. 40. 3aBucUMOCTb OTEPH SHEPTHH B AUOJHOM Yy3J1€, HOPMUPOBAHHON Ha MOJHYIO SHEPIHUIO,
MO/IBEJICHHYIO K AUOAY, OT BEJIMUNHBI aHO/A-KaTOAHOTrO 3a30pa: ¥ - KaToA U3 yriepogHON TKaHU, B
— KaToA u3 rpadura.
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Ha pucynke npeacraBieHbl pe3yiabTaThl JUIsl JUOJA C KAaTOAOM JuaMeTpoM 45 MM,
BBIMOJIHEHHBIM U3 Tpadurta win rpadguroBoil Tkanu. OOmMil XapakTep 3aBUCUMOCTH JIJIsl KaTOJI0B
U3 Pa3HOro MaTepuallia YKa3blBa€T, YTO MOTEPU SHEPIMM B JUOJE CBA3aHBI HE C MPOLIECCOM
(dbopMHpOBaHUS B3PHIBOSMUCCHOHHOHN IJIa3Mbl, a C IPOLECCOM TPAHCIOPTHPOBKH 3JIEKTPOHOB
Iy4YKa B aHO/I-KaTOJHOM IPOMEXKYTKE.

BrimonHeHHbIe nccieioBaHus padoThI IUIAHAPHOTO AUO/A C B3PHIBOOMUCCHOHHBIM KaTOJIOM
MOKa3aJid, YTO IOTEPU DSHEPruud B JUOJHOM Yy3Ji€ CBA3aHbl, B OCHOBHOM, C pPAaCCHIIaHUEM
3JIEKTPOHOB NepupepuitHON 00IaCTH MydYKa HA IyTH OT YMHUCCUOHHOM MOBEPXHOCTH /10 KOJUIEKTOpa
munHapa @apanes. Ilpu pabore B cornacoBaHHOM pexume OHM He mpesbimatoT 10% ot
MOJBEICHHOM HEPTUM U yBeInduBaroTcA 10 30% ¢ poCcTOM BETUYMHBI aHOJ-KaTOIHOTO 3a30pa.

3.7. UccaenoBanue NJIaHAPHOIO M0 B Pe:KMMe OrpaHUYeHUs] IMHCCUH.

B paznene 3.5.1 npuBeaeHsl pe3ysibTaThl SKCIIEPUMEHTAIBHBIX UCCIE0BAaHUM IJIAHAPHOTO
JIM0J1a C B3pPBIBOOMUCCHOHHBIM KaTOJIOM M3 IpaduTa B yCIOBUSAX COIVIACOBAHMS UMIIEIaHCca AUOA C
BBIXOJHBIM CONPOTHUBJIIEHUEM HAHOCEKYHIHOTro rereparopa. Ilomydeno, uto uepe3 10-15 HC mocie
npuiiokeHus: ummyibca HampsbkeHus (400 kB, 60 HC) kK AMOAY TOK AIEKTPOHHOTO MyyKa
OTPaHUYMBACTCS TOJBKO OOBEMHBIM 3apsA0M B aHOA-KaToHOM 3a3ope 1 BAX nuozaa omnuceiBaeTcs
cootHoweHueM (40) npu F=1. MccnenoBanus nokasanu, YTO CKOPOCTh pas3ieTa Mia3Mbl IOCTOSHHA
B TE€UYEHUE TEHEpPalUM HUMIYJIbCa 3JIEKTPOHHOTO TOKAa M COCTABJISET 2.5-10° cm/c V1A Kartojza
nuameTpoMm 45 n 60 MM U TIpU pa3HBIX aHOJ-KATOJIHBIX 3a30pax.

M3MeHeHne BeIMUYMHBI 3JEKTPOHHOTO TOKa B TUIAHAPHOM JHOJIE B TeUeHHE 00pa3zoBaHU
CIUIONIHOM AMHCCHOHHOW TOBEPXHOCTH MajousyueHHo. B paborax [108, 109] BwimonHeH
TEOPETUYECKUM aHAJIN3 U3MEHEHUS CPEIHEN IUIOTHOCTHU 3JEKTPOHHOTO TOKa B IJIAHAPHOM JIHOJIE C
JUCKPETHOM SMHCCHOHHOM MOBEPXHOCTHIO HAa KAaTOJE€ B TEUEHHE €€ 3BOJIIOLMH OT OTACIBHBIX
SMUTTEPOB /10 CIUIOLIHOM MIIa3MEHHON MOBEPXHOCTH.

JlomycTum, 4TO 3JIEKTPOHHBIM TOK OrpaHUYMBACTCS OOBEMHBIM 3apsOM B aHOJI-KaTOIHOM
3a30p€ ¢ MOMEHTA MOJaud HANpPSOHKEHHUs] HA MO M POCT TOKA 3JEKTPOHHOrO Iyuka OOYyCIIOBJIEH
YBEIMYEHUEM SMUTHPYIOUIEH MOBEPXHOCTH KaToaa oT 0 10 reoMeTpuYecKou IUIOmanau MIOCKOro
Karona. Takoi MOAXOJ HCIONIb30BaH aBTOpamu pabotThl [108] mpu MoaenupoBaHUM W3MEHEHUS
CpeHEN MJIOTHOCTH JIEKTPOHHOI'O TOKA B TEUEHUE IME€HEPALMU JIEKTPOHHOIO MyYKa B INIAHAPHOM
JMOJE C JUCKPETHOM SMHCCHOHHOM TOBEPXHOCTBIO KaToda. Toraa BEJIWYHMHY IUIOLIAIH
SMUTHPYIOUIEH MOBEPXHOCTH KAaTOAA MOXHO pacCUUTaTh M3 OTHOLIEHUS SKCHEPUMEHTAIBHBIX

3HAUEHMH TOKa QJICKTPOHHOTI'O ITy4YKa K PACUCTHLIM 110 COOTHOLICHUIO (40)

I I -1 -(d,—v-t)
S(f):SOI ¢ :AeUg/z( 0 )2
q_J1 ) (ry+v-i)

2
rae Sy — reoMeTpudeckast miomaas KaToaa, paBHas m-(rg)”.
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TonydeHHbIe 3aBECHMOCTH TpH v = 2.5-10° cM/c mokasans! Ha puc. 41.

U kB S, cm
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Puc. 41. MI3meHeHue naomaayu SMUTUPYIOLIEH TIOBEPXHOCTH KaToAa B TEUEHUE FEHEPALIUU
MMITYJIbCA SJICKTPOHHOTO TOKa ISl KaToza auamerpoM 45 M, S =16 cm? (1) 1 60 mm, S =28 cm
(2). KpuBas 3 — ocumsuiorpaMma HanpspKEHUS.

2

[Tonyvyeno, uro nans rpadUTOBBIX KAaTOIOB C pPa3HBIM AHUAMETPOM B Hayajie TeHEepaluu
AJIIEKTPOHHOIO MyYKa MPOLIECC YBEIMUEHUS IMUTUPYIOIIECH TUIONIaAN UAET OAUHAKOBO. [ KaToaa
C MCHBIINM JUAaMETPOM 3a JUIMTEILHOCTh MMITYJIbCa HAMPsHKCHHUS B3PHIBOIMHMCCHOHHAS IIa3Ma
yCIIE€BAET 3aIllOJTHUTh BCIO MMOBEPXHOCTH Karoxda. s rpaduToBOro Karoaa miomaaso 28 e 3a 80
HC SMHTHPYIOIAs IMJIa3MEHHas MOBEPXHOCTh B HAIIMX IKCIEPUMEHTATIbHBIX YCIOBHUSX YyCIIEBAET
chopmupoBatbes TONbKO Ha 80-85% muomany kaToa.

C yBenMYeHHEM aHOA-KaTOIHOTO 3a30pa CKOPOCTh 00pa30BaHUs TUIA3MEHHOMN MOBEPXHOCTH
Ha KaToJIe MEHSETCS HEe3HAYMTENbHO. Halmune MUKPOHEOTHOPOIHOCTEH Ha MOBEPXHOCTH KaToda
quameTpoM 60 MM, BBIMIOJTHEHHOTO U3 YITIEPOJHOW TKAHM, 3HAYUTENIBHO OOJEerdaer W yCKOpSeT
oOpa3oBaHHE CIUIOIIHONM ASMHUCCHOHHOW TOBEpXHOCTH. CremyeT OTMETUTh, 4YTO CKOPOCTh
YBEIUYCHUSI SMUTHPYIOIICH TUIOMAAM Ha KaTOJEe OIpEAeNseTcsl CBONCTBAaMM KaToaa, a He
napamMeTpamMu HaHOCEKYHJIHOTO TeHepaTopa.

[Ipu MoaenupoBaHUM U3MEHEHHS TUTOMIAIN AUCKPETHOW SMUTHPYIOIEH MOBEPXHOCTH ObLIN

IMPUHATEI CJICAYOMHNE JOITYIICHUSA:

. SMUTHPYIOLINE HEHTPBI PACHIOJIOKEHBI HA OJUHAKOBOM PACCTOSIHUU APYT OT JIpyra
. OHHU (OPMUPYIOTCS OTHOBPEMEHHO
o YHCII0 YMUTUPYIOLIMX LIEHTPOB OCTAETCS HEU3MEHHBIM B TEUCHHE BPEMEHU
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CrnenoBaTenbHO, HAaMOOJEE JOTUYHOE PACIOIOKEHUE IMUTHPYIOIIUX ILIEHTPOB Ha KaTOJE
COOTBETCTBYET COTOBOM CTpYyKType. KomnuecTBO SMUTHPYIOMIMX HEHTPOB MOKXHO OMPEACIUTH IO
COOTHOHICHUIO TIOIIAaAN KaToda K IUTOmaaAu OJHOTO IIECTUT'PAHHHUKA. HJ’IOHlaI[L MEeCTUrpaHHHUKa

Se= 6-h*tg30°=6-0.58-h* = 3.46h* = 3.46-(v1,)*

Torma KOJIM4YECTBO SMUTTEPOB
TR 0.91 R?
3.46-(v 1) (v-t,)
rae R- paauyc Katona, | — BpeMs COMPUKOCHOBEHHSI COCETHUX YMHUCCUOHHBIX IIEHTPOB.

[nomane OAMHOYHOTO SMUTUPYIOLIErO LEHTPA PaBHA IUIOLIAJAN OKPY>KHOCTH C PaguycCcoM,
PaBHBIM IMPOU3BCACHUIO CKOPOCTH pPaA3JIiCTa B3pI)IB03MI/ICCI/IOHHOI\/JI I1a3Mbl Ha BpEMA C MOMCHTA
o6pazoBauus nentpa: S, = m(v£)’. Ho JaHHAsS 3aBUCHMOCTD MOXET CYHTATHCS KOPPEKTHOM TOJIBKO
0 TE€X MOp, MOKa SMUTHUPYIOUIUI HEHTP HE MEPEKPBIBACTCA C COCEIHHM IIEHTPOM, TO €CTh HE
BBIXOJIUT 3a TPAHUIIBl IIECTUTPAHHUKA, B KOTOPBIM OH BmmcaH. Jlajgee HE0OXOMUMO W3 TUIOMIAIN
OKPYKHOCTHU BBIYCCTH ILIOIIAAb 6 CCITMCHTOB, KOTOPLIC 6YIIYT BBIXOJUTb 3a MPCACIIbI
niecturpannuka. [lnomanp cermenra paBHa

s=0.5-r"-(a—sina)
TJIe 7- Painyc OKPY>KHOCTH, ¢ - ICHTPAIbHBIN YToll (B paAHaHax).
h=r-cos(a/2) = (vt) cos(a/2) = vt
Ortcrona momy4nm @ = 2arccos(t;/t). Takum oOpa3omM, cyMMapHasi SMATHPYIOIAS TUIOMIAIb OyIeT

BBIYUCIIATLCS 110 POpMYyJIE:
2 2 ) .
Spacq =N|:7T(Vt) —6s]= N[;z'(vt) _605(Vt) (a—SIIla)]
S =N-(v-t)2-[7z—3-(a—sina)] (47)

pacy

Ha puc. 42 nokasaHa pacyeTHass 3aBUCUMOCTb W3MEHEHHMs CyMMAapHOH IuIoIaau
JUCKPETHON SMUCCHOHHON MOBEPXHOCTH. PacyeT BBINOJHEH MO COOTHOUIEHUIO (47) s Karona
mmametpoM 60 MM, cKopocTH pasiera miasmsr 2.5:10° em/c n £,=70 ne. Ha puc. 42 mokasaHo Takxke
U3MEHEHHE BEeIWYMHBI (POpM-(akTopa, PaBHOIO OTHOLICHHMIO SKCIEPUMEHTAIbHBIX 3HAYCHUH
3NEKTPOHHOrO TOKA K PACUETHBIM MO cooTHomenmio (37) mpum v=2.5-10° cm/c. B HauambHblit
NIEPUOJ BPEMEHHU, KOIZa OTHOIIEHHE paJnyca 3MHCCHOHHOTO LIEHTpa K PACCTOSHUIO MEXAY
cocenanMu nieHTpamu menee 0.14 (¢ < 20 uc puc. 42), BenuunHa GopM-(pakropa mocTossHHA (B
npejenax TOYHOCTH HM3MepeHMs) U paBHa 6. C yBenuueHHEM pa3Mepa SMHCCHOHHOTO LIEHTpa
BeIMYMHA F yMeHblIaeTcs 10 1, YTO COOTBETCTBYET CIUIOIIHOM SMHCCHOHHOM IMOBEPXHOCTU

rpaUTOBOrO Karoaa. AHaJIOrMyHOe U3MeHeHue GpopM-(pakTopa IMoIydeHo U ISl PYTUX 3a30POB.
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Puc. 42. DxcnepumenTtanbhbie (1) u pacuetHsie pu F =1 (2) 3HaUEHUS TUIOIIAIA IMHTUPYOIIEH

MOBEPXHOCTHU KaTo/la B TEUEHUE T'eHEepallii UMITYJIbCa AIEKTPOHHOIO TOKA JJIsl TpaduTOBOrO
Karona nuamerpoM 60 MM nipu 3a3ope 12 mm. Kpusas 3 — usmenenue popm-gaxropa B TeueHue
reHepanuy UMITyJIbCca.

BrinosHeHHbIE UCCETOBAHMS MMOKA3AIM, YTO dKcrepuMeHTanbHas BAX manapHoro avonaa
Cc rpaduTOBBIM KaTOJAOM B HAYalbHBIM NEpUOA BpeMeHH (TMpU IUCKPETHOW HSMHUCCHOHHON
MOBEPXHOCTH KaTo/a) YAOBJIETBOPUTEIHHO OIMHUCHIBACTCS MOJU(PHUIMPOBAHHBIM COOTHOILICHUEM
Yaiinga-JIearMoopa 0pu yCIOBUUA OJTHOBPEMEHHOI'O BO3HUKHOBEHHS OTACIIBHBIX 3MUTTEPOB M
YBEJIMUYEHUS UX pajinyca C MOCTOSSHHON CKOpPOCThIO. B HayallbHBIN epuoa BpeMeHH, KOT/ia paauyc
SMUTTEpPA ropas0 MEHbIIIE PACCTOSHUS MEKIY COCEAHUMH SMHUTTEpPaMH, BelndnHa GhopM-(pakTopa
COOTBETCTBYET 3KCIEPUMEHTAIIbHBIM 3HAUYEHUSIM, IOJYYEHHBIM IIPU HCCIIEIOBAaHUM OJMHOYHOIO
AMUCCHOHHOTO meHTpa. C pocTOM pasmepa SMHTTEPOB BeaudnHa (GopM-(hakTopa CHUXKAeTcs 10 1,
41O cooTBeTCTBYeT BAX A1oaa co CIuionmHoN YMUCCUOHHON MOBEPXHOCTHIO HAa KATOIE.

3.8. MHccienoBanue NPOCTPAHCTBEHHOr0 pacnpeae]eHHs IUIOTHOCTH JHEPrum
HMITYJIbCHOI0 3JIEKTPOHHOI'0 My4Ka.

Ha puc. 43 npencraBieHO THUINHMYHOE JIBYXMEpPHOE pacHpeleeHHE IJIOTHOCTH SHEPruu
UMITYJICHOTO 3JIEKTPOHHOTO IMy4YKa (OAMH HMITYJIbC), MOIYYEeHHOE MO pa3pabOTaHHON METOIMKe
U3MEpPEHHUs] TPOCTPAHCTBEHHOTO pacmpeneneHus odSHepruu mnyudka [106]. AwnonmnHas ¢onbra

YCKOPHTENS JIOKUT Ha OMOPHOM pelieTke C Mpope3siMu IIHMpUHOW 5 MM. Marepuan karona -

rpa¢ur.
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Puc. 43. JIsymepHoe n3o0paxeHue pacrnpeesieHus TNIOTHOCTH SHEPTUH UMITYJIbCHOTO
AJIEKTPOHHOTO IyYKa B IMOMIEPEYHOM CeueHUH. Marepuan karoaa - rpadur.

Ha puc. 44 npencraBieHbl NONEPEUYHbIE CEYEHHSI IBYMEPHOTO PACHPEACIICHUSI TUIOTHOCTH

OHCEPIUH DJICKTPOHHOI'O ITyYKa.

i Mowdom? i, Dorécm®
T 3 T ] T T T
A = f 5 o -
A = ar -
4+ = 4+ -
ir — 3 _
2r — 9 _
1 — 1+ _
| l l I I
0 0
0 4 f B 1] 2 4 ¢ 3
¥, Ch . CM

Puc. 44. Pacripeenenue NI0THOCTH SHEPTUU 3JIEKTPOHHOTO ITyYKa 110 CEYEHUSM IByMEPHOTO
n300pakeHus puc. 43: a) BIOJIb MPOPE3U B MOAJICPKUBAIOIICH pelieTke, 0) monepek nmpopesei.

Ha puc. 44 mnpuBeneHbl cedeHHs] JBYMEPHOTO pacHpelesieHus IUIOTHOCTU SHEPruu

3JIEKTPOHHOIO ITyYKa BJOJIb MPOPE3U B PEILIETKE U Momepek pedep xecTKocTh. OTUETINBO BUIHBI

obmactu pedep KECTKOCTH MHOJIEP)KUBAIOIIEH PELIETKH IIUPUHOM 2 MM, KOTOpBIE 3aKpBIBAIOT

JO3UMETPUYECKYIO IUIEHKY OT BO3ACHCTBHUS HMITYJILCHOTO 3JIEKTpOHHOro mydka. Ha puc. 45

IPUBEIEHO TMPOCTPAHCTBEHHOE pAacHpe/elieHne IUIOTHOCTU JHEPrUM SJIEKTPOHHOTO IyuKa,

dbopMUpPYyEeMOro IMOI0M C KaTOJOM U3 YTIEPOAHON TKAaHU.

86



G

Puc. 45. [IpocTpaHcTBEHHOE pacipeeeHre MIOTHOCTH SHEPTUU UMITYJIbCHOTO AJIEKTPOHHOTO
ny4ka. Martepuai karoga - yriiepoiHas TKaHb.

U3 puc. 43 u puc. 45 BUAHO, YTO UCIOJB30BaHUE no3uMeTpuueckor mieHku [IOP s
BU3yaJIU3allMd  CUJIBHOTOYHOTO MMIYJbCHOTO 3JEKTPOHHOTO IMy4Ka I[I03BOJISIET TOJYYUTh
MPOCTPAHCTBEHHOE pa3pelieHue Jydme | MM, XapakTepHO HaJIMYUE€ MHUKPOCTPYKTYPBI
JJICKTPOHHOTO TydYka, (OPMUPYEMOTO JIMOJOM C B3PHIBOOMUCCHOHHBIM KaTojoM. [lpwm
MCIOJIb30BaHUU TPaUTOBOIO KaToAa pacipeeieHne YHEPTUH 3JIEKTPOHHOTO My4YKa B MONEPEYHOM
cedeHuu Oojee OTHOPOTHO, YeM TSI KaToja U3 rpaduTOBOM TKaHHU.

3.9. BeiBoanbl.

B pesynbTare TpOBEACHHBIX HCCIEAOBAHUN pa3paboTaHa KOHCTPYKIUS W H3TOTOBIICH
CUJIBHOTOYHBIA UMITYJIbCHBIA 3JIEKTPOHHBIM YCKOPHUTENb, MNpPEeAHA3HAYCHHBIN ISl MpPOBEACHUS
IUIA3MOXUMHUYECKHX TPOIECCOB B Tra3odasHbIX cpefax. DBBIMONHEHB JKCHEPUMEHTATbHbBIE
uccienoBanus 3PHEKTUBHOCTH PAOOTHI OCHOBHBIX Y3JIOB UMITYJIBCHOTO AJIEKTPOHHOTO YCKOPHUTEIS
¢ coriacyromuM TpaHchopmaropoM. BeiOpaH ONTHMAambHBIA PEXHM PabOTHI, 00SCIICUNBAIOIINI
TE€HEpaLMIO 3JIEKTPOHHOTO MyYKa C MIOTHOCTHIO ToKa (0.2-0.4 KA/cM?, MMITYJIbCHOW MOIIHOCTBIO 2-
3 I'Br. OGecneuen pecypc paboTsl Oonee 10* uMmnyiascoB u K.arjg. 40-50% mpu BeIBOZAE
ANEKTPOHHOTO My4YKa U3 00JIACTU TeHEPAINH B TUTA3MOXUMHUYECKUI pPEakTop.

Brimonnensr uccnenoBanus BAX mmanapHOro amoja ¢ B3PBIBOIMUCCHOHHBIM KaTOIOM,
W3TOTOBJICHHBIM U3 Pa3HbIX MaTepHalioB, B TOM YHCJIE€ MHOTOOCTPUHHBIM. OmpeneneH pexum

paboThl yCKOPUTENS U XapaKTEepUCTHKH AMOAA, NMPH KOTOPHIX OH paboTaeT B Oosee CTaOMIBHOM
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peXHUMe - MPU OrPAaHUYEHHUH DIJIEKTPOHHOIO TOKA OOBEMHBIM 3apsOM B JAHUOAE. DOMUCCHOHHAS
CHOCOOHOCTh KaToAa IpPH 3TOM HE3HAYUTEIbHO BIMSET Ha BEJIMYMHY HJIEKTPOHHOI'O TOKA.
Otxnonenne BAX oT pacueTHON BelWYHMHBI, 0OYCIIOBIEHHOE BJIMSHUEM Iepudepun karona, He
npesbiiaet 10%.

HccnenoBanus 6ananca TOKa, 3apsaa M SHEPTUH JUOJHOTO y3JIa YCKOPHUTEINS IMOKA3aIH, YTO
OCHOBHBIM MCTOUYHUKOM NOTEPH JIEKTPOHOB B IUIAHAPHOM JIUOJIE SIBJISETCS UX PACCHIIAHUE B AHOJ-
KaTOJHOM 3a30p€, BBI3BAHHOE HCKa)KEHUEM JJIEKTPHUUYECKOro Mojs Ha nepudepuu karoga. B
peKHMME COTJIaCOBaHMS MMIIEAHCA JUOJAa C BBIXOJHBIM CONPOTHUBICHUEM HAHOCEKYHIHOTO
reHepaTopa BeJIMYMHa MOTEPh 3apsaaa He npesbimaeT 12%.

Pazpaborana denomeHonornueckass Mojaelb (HOPMUPOBAHUS IMHUCCHOHHOW IJIA3MEHHOM
MIOBEPXHOCTH Ha B3pBIBO3IMUCCHOHHOM KaToje. BAX mnanapHoro auoaa ¢ rpauTOBBIM KaToAOM B
HAyaJbHBIM NEepuoA BpeMeHM (IpU  JUCKPETHOM SMUCCHOHHON IOBEPXHOCTH  KaToja)
YOBJIETBOPUTENILHO OIMUCHIBAETCS MOAU(DUIMPOBAHHBIM cooTHoweHueMm Yaitnga-Jlenrmiopa npu
YCIOBHM OJIHOBPEMEHHOI'O BO3HHMKHOBEHMS OTJEJIBHBIX 3MUTTEPOB M YBEIWYEHUS MX pajuyca c
HOCTOSIHHOM CKOPOCTBIO. B HauanbHbIM nepuoa BpeMeHH, KOTAa pajnyc SMUTTEpa ropas3/io MEHbIIEe
paccTosiHUS ~ MEXAYy COCEOHHMMH SMUTTEpaMM, BeluuuHa (GopM-(pakTopa COOTBETCTBYET
AKCIEPUMEHTATIbHBIM 3HAUYECHUSAM, MOJTYYEHHBIM IPU HCCIEIOBAaHUM OJMHOYHOIO SMUCCHOHHOTO
nerrpa. C pocToM pasmepa S3MUTTEpOB BelnMuMHA (opM-pakTopa CcHMXKaercs A0 1, 4TO

cooTBeTcTBYeT BAX Anoaa co CruiomHoN SMUCCUOHHON TOBEPXHOCTHIO HA KaTOJIE.
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I'TABA 4. UCCJIEJOBAHUME HEITHBIX XUMHWYECKUX ITPOLUECCOB IIPU
BHEIIIHEM BO3JEVICTBUM.

OcHOBHBIE 3aKOHOMEPHOCTH pa3BUTHs Ta30(a3HBIX IIEMHBIX MPOIECCOB, TAKUX Kak
OKHCJIEHUE BOJIOPOJA, KPEKUHI YIJIEBOJOPOIAHBIX Ta30B, MaplUalbHOE OKUCIEHUE METaHa W
JIpyTHUe, B PABHOBECHBIX YCIOBHUSAX XOPOIIO H3y4eHO. VHHUIIMUpOBAHWE W Pa3BUTHE LEMHBIX
MIPOLIECCOB B YCIIOBHUSX BHEIIHETO BO3JIEHCTBUS CTa0 OOBEKTOM CHCTEMATHUYECKHUX HCCIeAOBaHUN
Tonbko B mociuennue 10 mer. V3meHeHHWe yCIIOBUIM pa3BUTHS IIEMHOTO TpoIlecca HHTEPECHO,
MIPEXJI€ BCETO, C TOYKU 3PEHUSI CHHTE3a HOBBIX TPOYKTOB.

4.1. HccnenoBaHue LENHOI0 MpoUecca OKHUCJIEHHMS BOJOPOAa IPH BO3ACHCTBHH
HMITYJIbCHOTO 3JIEKTPOHHOTO My4Ka.

OpuuM u3 Hambosee M3yUEHHBIX IEMHBIX MPOIECCOB SBIAETCA ra3odazHOe OKHCICHUE
BOJIopoa. B naHHOM pasferne npeactaBieH 0030p TEOPETUUECKUX U IKCIIEPUMEHTAIBHBIX paboT 1Mo
MHUIMMPOBAHUIO BOCIUIAMEHEHMSI KHCJIOPOJABOJAOPOAHON M BO3AYLIHO-BOJOPOAHOH CMecU
Ja3epHbIM WIM MOHU3UPYIOIKM H3iydyeHueM. [lokazaHo, 4To UMITyJIbCHOE BO30YXACHHUE ra30BOM
CMECH JJICKTPOHHBIM IYYKOM IO3BOJISIET CMECTUTh MEPBBIN Mpeaen BOCIUIAMEHEHHUs B 00JIacTh
temneparyp Huwxke 300K npu naBnenunm cmecu 100-120 Top. M3mepeHus NOIVIOMIEHHON O3Bl
AJIEKTPOHHOI'O IMy4Ka IMOKa3aJy, YTO TEMIIEPATypHOE CMEILIECHUE MIEPBOro Mpejieia BOCIUIAMEHEHUS
IpU HMITYJIbCHOM DPaJHOJIU3€ 3HAYUTEIHHO TPEBOCXOAUT BEIUYHHY, MOJYyUYEHHYIO APYyTUMU
aBTOpaMHU YHUCJICHHBIM MOJEIUPOBAHUEM MMITYJILCHOTO PpaJHojN3a CTEXHOMETPHUYECKON cMecu
Kuciaopona ¢ BogopoaoMm. IIpeacraBrneHbl pe3ydbTaThl AKCIEPUMEHTATBHOTO HMCCIEIOBAHUS
KMHETHKU TIpoLecca OKUCIEHUST BOAOPOJAa NPH BOCINIAMEHEHHM HWMITYJIbCHBIM 3JIEKTPOHHBIM
nyukoMm. [lokazaHo, 4TO mpolecc HMMEEeT KOJIeOaTeNbHBI XapakTep, AHAIOTHYHBIA PEXUMY
XOJIOJHBIX TJIaMEH MPU OKUCICHHUU YIIIEBOAOPOJOB. BhINonHEeH aHaIn3 BO3ZMOXKHBIX MEXaHH3MOB
aBTOKONIeOaHMIi Tpoliecca okucieHus: Bogopoaa. [lokazano, uto konebaHus MaBICHUS B peaKkTope
HE MOTYT OBITh CBSI3aHBI C (POPMHUPOBAHUEM CTOSUYHMX aKyCTUYECKHX BOJNH. Hambonee BeposTHas
IPUYMHA - HEU30TEPMUUYECKUIN XapaKTep MPOTEKAIOIIETOo LIETHOT0 Ipoliecca U HapyLIeHUE YCIOBUN
pa3BUTHA LENU C POCTOM TeMmieparypbl. I[IpuBeneHbl pe3yJabTaThl HCCIEAOBAaHUS CTENEHU
BbIropanusi cMecu 2H; + O, 1 HEpaBHOBECHOM KOHIEHCALIMM TAPOB BOJBL.

4.1.1. UccnenqoBanue nepuoaa MHAYKUMH BOCIJIAMEHEHUS MPH BHENIHEM BO3/1€eliCTBUHU
HA KHCJIOPOABOJAOPOAHYIO CMECh.

XapakTepHOil 0COOEHHOCTBIO LIETIHBIX MPOLECCOB SBISETCS HAIUYUE 33JCpPXKKHU (Tepuoa
WHAYKIMHA) Pa3BUTHs Tporiecca mociie (GOpMUPOBAaHUS YCIOBUN BOCIIaMEHEHHs. 3aBUCUMOCTHU
nepuojia MHAYKIUU OT MCXOAHOTO JAaBJIEHUSI CTEXMOMETPUYECKON CMECH KHCIOPOJa M BOJOpOAA

JUIsl pABHOBECHBIX YCJIOBUM NOKa3aHbl Ha puc. 46 [110].
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Puc. 46. CBsi3b Mex 1y IEPUOJIOM UHAYKIMU BOCIUIAMEHEHUS U AaBieHueM cmecu 2H, + O, npu
pasnuuHbIX Temrepatypax: 1 - 435 °C; 2 - 445 °C; 3 - 458 °C. Cromnble KpuBble — pacuet [110].

Jis yMeHbIIeHHsT Tiepuo/ia WHAYKIUH BocruiameHeHus cmecu 2H,+0, B pabore [111]
NPEIO’KEHO MCTIOI30BaTh UMITYJIBCHOE JIa3epHOE BO30YKIEHHE CMecH ra3oB. B paboTe mokazaHo,
yTOo BO30YyXIeHue MoJiekysl O, pe30HaHCHBIM JIa3epPHBIM HM3IyueHHEeM C A=762 HM NPUBOJIUT K
MOSIBJIICHHIO HOBBIX KaHanoB oOpazoBanust O, H u OH u yckopeHHIo BOCIUTAMEHEHHUs UCXOAHON
cmecu Bojopona. s sneprum nasepnoro msnyuyenus 0.082 sB/monek. nmpu temnepatype 300K
nepuoa MHAYKIUM 1no pacuetam coctasisier 0.2 c. Ilpu temneparype 735K u naBnenun 1 klla
Nepuo MHAYKIHUU BOCIJIAMEHEHMsI KHUCIOPOIBOJAOPOIHON CMECH COKpallaeTcs MpU BO3AECUCTBUU
Ja3epHoro uznyueHus ¢ saeproskiiagom 0.082 sB/moznek. ¢ 150 10 5 mc. B paBHOBECHBIX yCTOBHSIX
JUI BOCIUVIAMEHEHHUS! KHCJIOPOAOBOJIOPOTHON CMECH NMPHU TaKOM JaBJICHUM HEOOXOIUMO HarpeTb
cMech ra3oB 70 TemriepaTypsl Boie 758K (cM. puc. 46), 4TO COOTBETCTBYET IHEPrOBKIIALYy OoJiee
0.13 aB/Moek. kucmopoaa Wi BOJIOPOa.

Bnusinue navanpHOTO naBieHus cmecu 2H,+0, Ha BemuuMHY 3a7ep>KKU BOCIUIAMEHEHUS B
cirydae BO30OYKIEHHS MOJIEKYJ KHUCIOpOAa M3IydeHHEM C A=762 HM MpH Pa3IHYHBIX 3HAYCHUSIX
IUTOTHOCTH H3Iy4eHus uccienoBano B [111]. PacueTsl moka3siBarOT, 4TO BO3OYKICHUE MOJICKYII
KHCJIOPO/1a Ja3€PHBIM U3yUYEHUEM IPUBOIUT K 3HAUYUTEIbHOMY YMEHBIICHUIO MEPUO0/Ia UHIYKIIUH.
Hampumep, npu sneproiiazne 0.15 sB/monek. u Temneparype 400K BenumurHa neproa WHIYyKIIUA
npu aasnenuu 10 x[la B 600 pa3 meHbIe, yeM MpU OTCYTCTBUH U3Ty4YeHUs. BakHO OTMETUTH, UTO
BEJIMYMHA SHEPTUH, UAYIIEH HA BO30YKIEHUE OJHON MOJIEKYJBl KUCIOPOAa, 3HAYUTEIHHO MECHBIIIE
ee sHepruu auccounanuu. [ns aucconumanuu Mosiekyiabsl O2 B OCHOBHOM 3JIEKTPOHHOM COCTOSIHUU
(3TOT TmpoIlecC HMHHUIMHPYET IEMHOW MeXaHWu3M BociulameHeHuss cmecu Hp+O, BcemenctBue

oOpa3zoBanus aromoB O) HeoOXxoauMO 3aTpaTuTh 5.8 3B [10].
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B pa6orax [112, 113] TeopeTrueckn pacCMOTPEHbI OCOOCHHOCTH MHUIIMHPOBAHUS TOPEHHS
cMmeceit 2H,+0, ¢ nobasnennem 5% H,O npu Bo30yXIeHUH aCUMMETPUYHBIX KOJICOaHUH MOJICKYJT
BOJBI PE30HAHCHBIM HH(}paKpacHbIM Ja3epHbIM u3IyudeHHeM (4=2.66 mkm). [lokazaHo, 4TO
BCJIC/ICTBHUE KOJIEOATENLHOTO BO30YXKIIEHUS MOJEKYJ BOJbI BO3HUKAIOT HOBBIE WHTCHCHBHBIC
KaHaJbl 00pa30BaHUs XMMHUYECKH aKkTUBHbIX atoMoB O, H u pamukano OH. Drto mpuBogut k
WHTeHCH (KA 1emHoro mexanusMa ropenms cmeceir Hp,+O,+H,O wu, kak cneactBue, K
CYILIECTBEHHOMY YMEHBIIIEHUIO BpeMeHN MHAYKUuU. Ha puc. 47 nmpuBeneHbl cxeMbl (OPMUPOBAHUS

HCITHBIX MPOICCCOB.

O) JlazepHoe manyueHHe

a) @ =266 MKM
jl +H, (V=0)

M H,+ 0,+H, H,0(001)—= H, (V=1)
on X 0+H o
+O ML H + OH- OH+ HO, H,0,+0
+HO, + N O ' (ju ' M¢ ~H
/H\\x 2 10, H,

H,0,+ 0, 20H O;+ OH +HO, HO, OH+O

2t %H\NOE ! S

H,0,+ 0, 20H O, + OH

Puc. 47. Cxemsl (hopMupoBaHUs IIEMTHOTO Mpoliecca mpu Bociamenennu cmecu Ho+0,+H,0 B
ciy4ae OTCyTCTBUS Bo30yxaeHust monekyn H,O (a) u B cimydae Bo30yKI€HUSI aCHMMETPUYHBIX
konebanuit H,O nznydenuem ¢ 4 = 2.66 Mxm (0).

B pa6ote [114] npoBeneH ananu3 ocoOeHHOCTEN KMUHETUKU TOpeHus cmeceit Hy - Bo3ayx ¢
HeOompmMu (<1%) mobaBkamMu 030HA TpU BO3OYXKACHWU aCUMMETPHUYHBIX KOJICOAHWN MOJIEKYII
O3 nazepusiM uznyueHuem CO,-nmazepa ¢ JiuHOM BOJHBI 9.7 mMkMm. IlokazaHo, 4To BO3nmECTBUE
U3TyYeHUs TPHUBOJUT K YCKOPEHHMIO CTOJKHOBHUTENBHOH auccormarnuu  molekyn Os,
WHTCHCH(HUKAIIMN IIEITHOTO MEXaHW3Ma BOCIIAMEHEHHS, YMEHBIICHUIO MEePUOJia HWHIYKIUU U K
CHIDKEHUIO TEMIIEpaTyphl BOCIUIAMEHEHU. ABTOPBI OTMEUAIOT, YTO BO30YKACHUE aCHMMETPUUYHBIX
konebanmii Momekyn Os msmyuenmem COs-masepa B 10-10° pa3 Gomee sbdexTHBHO, HeMm
paccMaTpuBaeMblii B HACTOSIIIEE BpeMs METOJ WHHUIIMHPOBAHUS TOPEHUS, OCHOBAHHBIN Ha
JIOKaJIbHOM Harpese cpeabl u3nydenneM MK-nuanazona.

B pa6otax [115, 116] TeopeTndyecku moka3zaHO, YTO NMPH MHUIIUHPOBAHUN BOCIUIAMEHEHHS
BOJI0PO0-BO3ayIIHOM cMmecu (5%H,+B0o31yX) MMIYJIBCHBIM CHJIBHOTOYHBIM paspsiioM B ¢dopMme
BBICOKOCKOPOCTHOW  BOJIHBI ~HOHHU3AlIMM  CYIIECTBEHHO COKpAIAeTCsl TMEPUOJ  HHAYKIUU

BocruiameHeHus. [lo pacueram, mpu masnenuun 76 Top, temneparype 770K u sueproskmane 2.3
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moB/monek. (0.1 Jix/cM’) mepros HHAYKIHE cokpamaercst ¢ 10° ¢ (Ipy OTCYTCTBUM BO3ICHCTBIS)
10 5:10% c.

B pabore [117] TeopeTnyecku MCCIEAOBAaHO MOBEACHUE CTEXUOMETPUUYECKOH BOIOPOAHO-
BO3QYIIHOM CMECH IIpU BO3JCHCTBUM Ha HEE HENPEPHIBHOTO HOHU3UPYIOLIETO H3JIy4YEHUS.
[TokazaHo, 4TO C PpOCTOM MHTEHCUBHOCTU OOJIYYEHHS WU JABJICHUS NEPUOJ] UHAYKLUHUU PEAKIHUH
okucnenus H, ymenbiaercs.

B paborax [118, 119, 120, 121] mpencrtaBieHbl 3KCHEPUMEHTAIbHBIE HCCIEIO0BAHUS
W3MEHEHUsl NEPUOAA MHAYKIMHM IPU BOCIUIAMEHEHHUU CTEXMOMETPUYECKOW CMECH KHUCIIOpoAa U
BOJOPOJa HMITYJIbCHBIM 3JEKTPOHHBIM IydykoM. PaOoTbl BBINOJIHEHB Ha CHJIBHOTOYHOM
3JEKTPOHHOM yckopuTese TOY-500. DieKTpOHHBIN My4OK HHKEKTUPOBAJICA B 3aMKHYTBI PEAKTOP
- HWIMHAP U3 Hep)KaBeIIIeH cTanu ¢ BHYTPEHHUM auaMmerpoM 9 cMm u oObemom 1.6 mwutpa.
JlaBneHue B peakTOpe KOHTPOJIMPOBAIM MAJOMHEPLMOHHBIM JaTYUKOM JaBieHus [74, 122].

W3meHeHue naBieHus B peakTope Mocie BBOJIA IyUYKa 2JIEKTPOHOB MTOKa3aHOo Ha puc. 48.

P, Top
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Puc. 48. VI3mMeHeHue 1aBICHUS B pEaKTOpe, 3alIOJTHEHHOM CTEXHOMETPHUYECKON CMEChIO KUCIOPOaa

U BOJOPOJa, MOCIIE€ NHKEKIIMU UMITYJIbCHOTO IEKTPOHHOIO IIy4Ka P BOCIuIaMeHeHnu cMecu (1)
U IIpY OTCYTCTBHUH BOCIIJIaMEHEHHUS (2).

Hauvanbpnas Temneparypa razoBoil cmecu cocrasisuia 300K. IIpu HavyaabHOM J1aBIEHUU B
peakrope 110 Top (kpuBas 1) Bo3nelcCTBHE 3IEKTPOHHOIO Iy4YKa MHULIUUPYET LEMHYIO PEaKIHIO
OKHCJIEHHUS, KOTOpasi COIIPOBOXK/IAETCS BBIJEIIEHUEM SHEPTUU U HarpeBOM rasa, YTO BBI3BIBAET POCT
JABJIEHUs] B 3aMKHYTOM peakTope. VIMIyJIbCHBIH pajuoiu3 MNPUBOAUT K 3HAYUTEIbHOMY
COKpallleHUIo niepuoja MHAykuuu. Ha puc. 49 npuBeaeHsl oCLMIUIOrpaMMbl U3MEHEHUS! 1aBJICHUS B
3aMKHYTOM pE€aKTOpEe, 3allOJIHEHHOM CTEXMOMETPHUYECKOM CMECBIO KHUCIOpOJa U BOJIOpPOAA, B

HadaIbHBIN nepuoa MmocCjC MHKXCKIUK 3JICKTPOHHOI'O ITydKa. MOMGHTy HWHXXCKIHUHU 3JICKTPOHHOI'O
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nyuka (¢ = () CcOOTBETCTBYeT BBIOPOC HA OCIWULIOTPaMME, OOYCIOBICHHBIA DJICKTPHUSCKUM
CUTHAJIOM B PETUCTPHUPYIOIIEH armaparype nmpu cpabaThIBaHUH UMITYJILCHOTO YCKOPUTEIIS.
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Puc. 49. 3menenue naBieHus (HayajabHas 4acTh) B pEaKTOpeE, 3amojiHeHHOM cMechio 2H>+0, pu
pa3HBIX UCXOAHBIX JaBlIeHUAX cMecu. HauanbHas Temneparypa cmecu 300K.

U3 puc. 49 BuIHO, 4TO BpeMs 3aJEPKKH MEXIy MOMEHTOM HWHXXEKIUH HMITYJIbCHOTO
ANEKTPOHHOTO MydYka B peakTop co cMechio 2H, + O, u HauaaoM CyIIeCTBEHHOTO YBETUYECHHUS
JIaBJIEHUs B peakTope (Mepruo MHAYKLNN) COCTABIIAET €INHULIBI MUJUIUCEKYHA. JTO CYIIECTBEHHO
MEHBIIIE PACYETHBIX 3HAYEHUN MepuoJia UHAYKIUHN B OJM3KUX YCJIOBUSX BHEIIHErO BO3JECUCTBHUSA.
Hamnpumep, nms sueprum nazepuoro manydenus 0.082 sB/monex. (morsiomenHas no3a 260 kI'p) npu
temnepatype 300K nepuon naayknuu no pacueram cocrasisut 0.2 ¢ [111].

AHaJOrMYHO NPOIECCAM CAMOBOCIUIAMEHEHUS! CTEXMOMETPUYECKOM CMECH KHCIopoaa U
BOJIOpOJia B paBHOBECHBIX ycinoBusAX [110], mpu BO3IEHCTBUU UMIYJBCHOTO 3JIEKTPOHHOTO Iy4yKa
oOHapy»XeHO M3MEHEHHe Mepuoia MHAYKIHMU MpU U3MEHEHHH HAdajJbHOTO JABJIEHUS CMECH Tasa.
Ha puc. 50 mpuBeneHa 3aBHCHMOCThH MEpPHOJA WHAYKIMH OT MCXOJHOTO JaBIEHHUS peareHTHOM
cMecH. 3aBUCHUMOCTb UMeeT (popMy, XapakTepHYIO JJIs LEMHBIX MPOIECCOB - yBEIMYEHUE MEPUOIa
WHIYKIMA BOJIM3M TIPEACNIOB BOCIUIaMEHEHHsS (cM. puc. 46). YBenuueHue oObema peakTopa
CHID)KAeT HMHTUOMpyIollee ACWCTBUE CTEHOK peakTopa Ha pa3BUTHE LEMHOrO IMpolecca, 4TO
YBEIMYUBAET CKOPOCTHh Pa3BUTH IEMMHOTO MPOLIECCa U COOTBETCTBEHHO BBHI3BIBACT YMEHBIICHHE
nepuojia MHAYKUMU (cM. KpuByto 2 puc. 50). DT0 MOATBEPKIAET, UTO B YCIOBHUSX BO3ICHCTBUSA
UMIYJBCHOTO 3JIEKTPOHHOIO IyYyKa HA CTEXMOMETPUYECKYIO KHCIOPOJOBOJOPOAHYIO CMECh

OKHCJICHHE BOJIOPOa OCYIIECTRISICTCS B IIEITHOM IpoIiecce.
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Puc. 50. 3aBucuMocTh nepruoa HHAYKIUU OT HCXOTHOTO JABJICHUS CMECH I'a30B B PEAKTOpE IS
pa3HBIX peakTopoB: oobeMoMm 1.6 mutpa (1) u 3.2 nutpa (2).

Ecan IIPpU MHXKCKIHUU SJICKTPOHHOI'O ITyYKa B ra3oBOM CMECH HeE IMPOUCXOAUT XUMHUYCCKUX

peaKHHﬁ, TO BCA DHCPIrUA 3JICKTPOHHOI'O ITy4YKa, MOIJIOMICHHAd ra3oM, pacxoayCTCsa Ha €TI0 HAarpeB.

IIo n3meHeHmIo JaBJICHUSA B PCAKTOPEC MOKHO OLICHUTL SHCPTHIO ITydKa 3JICKTPOHOB, IMOTIOIMCHHYIO

razoM. Ha puc. 51 mokazano Oosiee moapoOHO M3MEHEHHE NABJICHUS B PEAKTOpE IOCIEe BBOJA

3JIEKTPOHHOI'0 MyYKa B cly4yae OTCYTCTBUS BOCIUIaMeHeHUs (KpuBas 2 puc. 48).

P, Top
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»

64

Vot Yaia'

60

L

56

0.00

C0.04

1 0.08

8 . 1
012 ¢
Puc. 51. 3MeHeHue qaBieHHs B PEaKTOpE, 3alI0JTHEHHOM CMEChIO KUCIIOPOIa U BOJAOPOAA, MOCIIE
HWHKCKIIUU UMITYJIbCHOTO 3JICKTPOHHOTO ITy4YKa ITPU OTCYTCTBHUU BOCIIJIAMCHCHUS.

BunHo, 4TO yMEHbIIEHHE AABICHUS B peakTope (M3-3a OXJIAXKIEHUS ras3a) IMocjie pPe3Koro

YBCIIMUCHUA TPOUCXOAUT OOCTATOYHO MCIAJICHHO H 6I)ICTpOI[eI\/JICTBI/I€ JaTdyuKa JaBJICHUSA

JIOCTATOYHO JIJIsl pETUCTPALIMU MOJHOTO0 U3MEHEHUS naBieHus B peakrope. g cmecu 2H,+0; npu
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MH)KEKIUU 3JIEKTPOHHOIO Iydyka B peakTop oO0beMoMm 1.6 51 mpu OTCYTCTBUM BOCILIAMEHEHUS
(HavanmpHOE JaBiieHHEe Ta3oBoil cmecu Py = 57 Top) u3meHeHue maBieHus coctaBuiio 8 Top (cM.
puc. 51), HawanmpHast Ttemmeparypa 7o=300K. OToMy HU3MEHEHHIO [aBJIEHUS COOTBETCTBYET
muccunanus 6.5 J[x 371ekTpoHHOro nmyuka. Macca ra3oBOM CMECH B PEaKTOpE IPU 3TOM paBHa
0.057 r. Torna moryomieHHas 103a JIEKTPOHHOTO Mmyuka coctaBuT 114 x/Dx/kr wmm 114 x['p. Ora
BEPXH:IS TPAHUIA BEJTMUMHBI OTJIOIEHHOMN J03bl JIEKTPOHHOTO MTyYKa, TaK KaK €CIH IEKTPOHHBIN
OYyYOK HWHHUIMUPYET PEaKIHI0O OKHCICHHMS YacTH BOAOPOJAa B CMECH, TO DSHEprusi OSToH
IK30TEPMHUUECKOI peakliiy AacT BKJIaJ B HATPEB CMECH I'a30B B PEAKTOPE.

[Ipn nDOCTOSSHHOW TJIOTHOCTH 5SJIEKTPOHHOTO ITydyKa Ha BXOJE pEaKTopa BeEIMYMHA
MOTJIOIIEHHON JI03bl CJIa00 3aBUCUT OT JAaBJICHHWS CMECH Ta3oB B peakTope (B 00JIaCTH HHU3KHX
JlaBJIeHUH). ITO0 00YCIIOBIEHO T€M, YTO MPHU HU3KHUX AABJICHHSX 3HAUUTENbHAS YaCTh HJIEKTPOHOB
my4yKa IMPOXOAMT Yepe3 BeCh peakTrop Oe3 paccestHMs Ha MoJekyjax rasa. [Ipu moBelmieHUn
JTaBJICHUSI B pEAKTOPE J10JI1 SJHEPTUU JIEKTPOHOB ITy4Ka, MOTJIOLUIEHHON B rase, yBenuuusaetcs. Ho
HOIJIOIIEHHAs /1032 (OTHOLIEHHE IOIVIOIIEHHOW SHEpruM K Macce ra3a B PEaKkTope) OCTaeTcs
noctosHHOW [122]. [losToMy mpu MHUIMUPOBAHUU BOCIUIAMEHEHHUS! JJIEKTPOHHBIM ITyYKOM
MIOTJIONICHHAS 1032 TaKXke He npeBbimaeT 114 kI'p. 3aBUCUMOCT SHEPTHUH, MOTIOMIEHHOH B 00beMe

peakrTopa (3aloJHEHHOM a30TOM) OT JaBJIEHUs a30Ta MoKa3aHa Ha puc. 52 (kpuBas 1).
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Puc. 52. 3aBUCUMOCTb MTOJTHOW YHEPTUU JEKTPOHHOTO MTyUKa, MOTJIOMEeHHOH a3oToM (1)
TIOTJIOIIEHHON 710361 (2), OT TaBJICHHS B PEAKTOPE.

[TomyueHnHble 3HAYEHUS TIOTJIOMICHHON 036l B a30Te (16.5+0.5 xI'p) Onu3ku K 3HAYCHUSIM,
npuUBEeIEHHBIM B JApyrux pabdorax. [ns yckopurens “Tepex-1P” (1.5 M»sB, 15 kA, 35 Hc)

noryomenHas no3a pasasuiack 10.2 xI'p (3 3B nHa 1 momnekyiny). Mcnons3oBaHne MarHUTHOU
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“npoOKu” B KOHIIE peakTopa MO3BOJWJIO MOBBICUTH HoriouieHHyro no03y ao 18 xI'p [123]. Ha
YCKOpHTEIIe, MPeHA3HAYCHHOM JIJIsl HaKauKH MOIIHBIX Ta30BbIX JiazepoB (2 M»aB, 80 kA, 65 Hc),
MOTJIOIIEHHAs 103a paBHsuiach 18.5 kI'p [124].

Jns  cpaBHeHUS J(PGEKTUBHOCTH pA3HBIX BHIOB BO3ACHCTBHS HAa WHUIMUPOBAHUE
BOCIUIAMEHEHUS! KHMCIIOPOJBOJAOPOIHON (MM BOJOPOABO3AYLIHONW) CMECH 3HA4YeHMsI Mepuoja

WHIYKIWW JUTIsl OJTU3KUX YCITOBUHM TIpuBeeHBI B Tabautie 10.

Ta6auna 10.
Bun BHemHero | Cmech ra3oB HNasnenue | Temme | Duepro- | Ilepuon
BO3/ICHCTBHSI - BKJIQJI, UH]TYKI]
parypa | 3B/mMone | umn
K

be3 BoznelicTBus 2H, + O, 7.6 Top 730K 0 0.15¢c | [110]
be3 Bo3neiicTBus 2H, + O, 25 Top 730K 0 02c [110]
Jlazep, A = 762 HM 2H, + O, 7.6 Top | 300K 0.082 02c |[111]
Jlazep, A = 762 M 2H, + O, 7.6 Top 600K 0.082 0.0lc |[111]
Jlazep, A = 762 HM 2H, + O, 100 Top | 400K 0.082 02c |[111]
TMasep, h=2.66 mxm | 2HrtOn + 5% H,0 | 7.6 Top | 300K [111132]’
Mmmy mecrbii 5%H,+B03IyX 76 Top | 770K 0 100c | L4l
paspsin
Mmmy mecrbii 5%H,+BO3IyX 76 Top | 770k | 023 | s10%c |14
paspsin
WMy ieCHBIN o [115 -
paspAI 5%H,+B03MyX 7.6 Top 400K 23 0.1c 116]

117
Heppnes | Coommeress| sty | oo | (0]
Y O AOPOA 0.05 MTla (20 kT'p)

yUCHUE BO3/yIITHAS CMECh

MMy nbCHBII 0.013 [118-
AJIEKTPOHHBIN 2H, + O, 100 Top 300K (114 0.003 ¢ | 121]
My40K k['p)

B o0macti BBICOKMX TemIeparyp, KOrja BOCIUIAMEHEHHE KHCIIOPOJIOBOIOPOIHON CMeCH
BO3MOXXHO U MPH OTCYTCTBHM BHEIIHETO BO3JCHUCTBUS, Ja3epPHOE WM MOHU3HMPYIOIIEE M3ITyYCHUE
BBI3BIBACT PE3KOE YCKOPCHHE BOCIUIAMCHECHHS W COKpAICHHWE Iepuoja WHAyKnuH. B obmactu
HU3KHX TEMIIepaTyp BHEIIHEE BO3JACHCTBHE C HU3KMM YHEPTOBKIIAIOM, HE TIPEBBIIIAOIINM ¢IHHHUIT
NPOIICHTOB OT SHEPrUM JAUCCOIMAIMM WCXOIHBIX MOJICKYJ, WHHIMUPYET BOCIUIAMEHEHHE.
BrimonHeHHBI aHANW3 TEOPETHUECKUX M JKCIEPUMEHTANBHBIX JIAaHHBIX TIOKA3bIBaeT, YTO B
CPaBHHMBIX YCJIOBHSX HWOHHM3HUpYIONIee HIIydeHHE Oosiee A(PQPEKTUBHO I WHUITUUPOBAHUS
BOCIUIaMeHeHuUs, yeM jaszepHoe. [Ipu temneparype 400K npu BO3A€CTBHM JTa3€pHOTO U3TyUYEHUS
(A=762 um) HeoObxoaum 3Hepropiian 6onee 0.08 sB/Monek. 1is HHUIIMUPOBAHUS BOCIUIAMEHEHHUSI.
[Ipu HEpepHIBHOM WU MUMITYJIHCHOM PaJIMOJIM3€ BOCIUIAMEHEHHE MIPOUCXOANT MPH SHEPTrOBKIAIC

ke 0.01 sB/monek. IMITy TbCHBIN paguon3 JIeKTPOHHBIM ITyYKOM IPU 3TOM MPHUBOJHT K Oosee

3HAYUTEJIbHOMY CHIXEHHIO NEepHUOAa MHIYKIMH, YeM HENpephIBHOE MOHU3HMPYIOUIEEe H3IyUYECHHUE.
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[Ipu Gonee HKU3KOM TeMIiepaType U MEHbBILIEM HCXOJHOM JIABJICHUM MPU BO3AEHCTBUHN UMITYJICHOTO
3JIEKTPOHHOTO My4YKa MEePUOJ MHIYKIMU cocTaBmwi 3 Mc, uto o4ty B 1000 pa3 meHble, yeMm A
HEMPEPBHIBHOTO U3My4yeHus (cM. Tabmuiry 10).

4.1.2. HccaenoBaHme cMelleHHs] TMpeNAeJOB BOCIJIAMEHEHHSI CTEeXHOMETPHYECKOM
KHCJIOPOJA0BOAOPOIHOI CMeCH NPHU BHELIHEM BO3/1eiiCTBUH.

CyllecTBEHHBIM HEAOCTATKOM (U1 TEXHOJOIMYECKOro IHMPUMEHEHMs) LENMHOM peakuuu
OKHCIICHHS BOJOPOJAA SBISETCA TaKXKe BBICOKAs TeMIepaTypa BOCIUIAMEHEHHs, MpeBbIIIArOIIas
700K [110]. B pabote [111] mokazano, uro Bo30yxaeHHe MoieKya1 O, pe30HAHCHBIM JIa3ePHBIM
U3Jy4YEHUEM MPHUBOJIUT K MOSBICHUIO HOBBIX KaHanoB oOpazoBanuss O, H u OH u cHmxeHuto
TEMIIepaTypbl CaMOBOCIUIAMEHEHUs. TeopeTMdecKui aHalnM3 [oKas3all, 4YTO MpH Ja3epHOM
BO30YykaeHnH (4 =762 HM, 7 = 1MC) MOJIEKyJ KUCJIOpoAa ¢ moriomenHoi gozoi 260 xI'p (0.082
sB/monekyny) npu nasiaenun 100 Top TemmepaTypa BOCIIIIaMEHEHUS] CMECH JIOJIKHA CHU3ZUTHCS 710
300K. TemnepaTypy BOCIUIAMEHEHHUS B MEPBOM MPUOIMKEHUN aBTOPBI ONPENEISUIN U3 PAaBEHCTBA
Nepuo/ia MHIYKIUU U BpeMeHu nudy3un aTOMOB BOJIOpoia U3 00J1acTH BO3OYKICHHS.

B pabGote [112] TeopeTHuecku paccMOTPEHBI OCOOEHHOCTH WHHUIIMHPOBAHUS TOPEHUS
cmeceir Hy+0O,+H>O mpu Bo30yKIEHUN aCUMMETPUYHBIX KOJIEOaHUI MOJIEKYJ BOJbI PE30HAHCHBIM
MH(paKpacHBIM Jla3epHBIM U3TydeHneM. [lokazaHo, 4To BCIEACTBHE KOIEOATEIbHOTO BO30YKICHNUS
MOJIEKYJI BOZHUKAIOT HOBbIE HHTEHCUBHBIE KaHAJIbl 00pa30BaHMUs XUMUYECKU aKTUBHBIX aToMOB O,
H u pagukano OH, 4To mpwBOAMT K WHTEHCHU(UKAIIMU IICTTHOTO MEXaHW3Ma TOPECHHsI CMeceu
H,+0O,+H,O u, kxak cneacTBue, K YMEHBIICHUIO TEMIIEpaTypbl BocIUIaMeHeHMs. Jlaxe npu
HEeOOJIBIION YHEPTUU U3ITYUYCHHUs, IOJBEACHHOMN K Tazy (2.5 Jix/em?), TeMIIepaTypa BOCIUIAMEHEHUS
crexuomerpudeckoir cmecu Hpy+0,, comepkameit Bcero 5% H,O, Moxer ObITh yMeHbIIeHa 10 300
K. Ilpu nmiotHOCTH JNazepHOro u3nydeHus | Thx/em? TeMrepaTypa BOCIIAMEHEHHUS CHUYXKAETCS 10
540K mo cpaBuenuto ¢ 750K mpu oTCYyTCTBUU BHEIIHETO 0OTyUEHUSI.

B pa6otax [115, 116] TeopeTndyecku moka3zaHo, 4TO NMPH UHUIIMHMPOBAHUU BOCIUIAMEHEHHS
BOJIOPO/I0-BO3AYIITHON CMECH MMITYJIbCHBIM CHIIBHOTOYHBIM Pa3psiioM B GOpMe BRICOKOCKOPOCTHON
BOJIHBI MOHH3aluH npu sHeprorimage 810 k['p (0.1 Jix/cm’) u manenmu 100 Top, mpenern
BOCTJIaMEHEHUSI MOXKeT ObITh nmoHMmkeH Ha 300-500 rpamycoB (Hau. Temnepatypa 800-2500 K).

B pabore [117] Takxke TEOpETUYECKH HCCIIEJOBAHO IMOBEJACHHE BOJIOPOIHO-BO3MYITHON
CMECH ITIpU BO3JCHCTBUM HA HEE HENPEPHIBHOIO MOHU3UPYIOLIEro H3NydyeHus. Pacuersl
MOKAa3bIBAIOT, YTO NpH HadaiabHOUM Temmeparype cmecu 300K u pasmepe obmactu oOmydeHust 5 cm
PaBEHCTBO MEPHOAA MHAYKLUU M BpeMeHH Tuddy3uu aToMOB BOJOpoJa (YTO paccMaTpuUBaeTcs
aBTOpaMU KakK TeMIIEpaTypHBIN Mpefell BoclIaMeHeHust) focturaercs i aasienus 0.1 MIla npu
uHTeHcuBHOCTH M3nydenus 0.1 x['p/c, ans nasnenust 0.03 MlIla npu maTencuBHOCcTH 10 KI'p/c n

st gainerns 0.01 MITa mpu 500 xI'p/c.
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B pabore [125] meromoM 4YMCIEHHOrO MOJAEIUPOBAHUS U3Yy4ajoCh BIUSHUE HayalbHOU
KOHILIEHTPalMl CBOOOJHBIX DPATUKAIOB M CKOPOCTH PAJUOIM3a MOJEKYJSPHOTrO BOIOpOJA U
KHCJIOpO/ia Ha CMEILEHHE MPEeIoB BOCINIAMEHEHUSI CTEXMOMETPUUYECKON KHUCIOPOAOBOIOPOTHON
razoBoi cmecu. PaccumTaHbl 3HaU€HHS MUHUMAJIbHOM HayajdbHOM KOHLEHTpPAUUU (UMITYJIbCHBIN
paavonn3) ¥ MUHUMAJIBHON CKOPOCTH I'€Hepaluu (HEMpepbIBHBIM paauoiin3) aTOMOB BOJOPOJAA U
KHCJIOPO/a, ¢ KOTOPbIX HAYMHAETCSl YMEHBLICHWE TEMIIEpaTyphl BOCIUIAMEHEHMs I'a30BOM CMECH.
[TokazaHo, yTo Hambosee YyBCTBUTEIBHOM K CKOPOCTH PaJuOM3a MOJEKYJSPHOTO BOAOPOAA U
KHCJIOpO/ia SBISICTCS TEMIIEpaTypa BOCIUIAMEHEHHMS B OOJIACTH TEPBOTO M BTOPOTO IPEIEIIOB.
PesynpraTthl unciaeHHoro MonaenupoBaHus [125] mokasanu, 4To 3aMETHOE CMEIICHHE IPENEIOB
BOCIIJITAMEHEHUSI IIPU UMITYJIbCHOM PAJHOJIM3€ HAUMHAETCS C BEIMYMHBI HAYaJIbHOM MOJIBHOM J0JIH
aTOMOB BOJOpoAa B cMecu [H]y > 107, [Tpu [H]p = 0.002 Temmeparypa BocILIaMEHEHHs B 001acTH
NEPBOro Ipeena JojkHa yMeHbuThesa Ha 100-140 rpaxycos.

Paccuntaem mOINIOMIEHHYIO 103y 3JIEKTPOHHOIO Iy4Ka IMpPH HayajdbHOW MOJBHOW J10JI€
aTomoB Bojiopoaa (B cmecu 2H,+0,) [H]p = 0.002. IIpu paguaiimnoHHOM BBIXOJIE aTOMOB BOJIOPO/A,
paBHoM 14.2 na 100 3B [6] nyis HapaboTku B 1 Mosie (mpu HopManbHbIX ycaoBusax) 0.002 - Ny = 1.2
- 10*" atomoB BOJIOpO/Ia HEOOXOAMMa SHEPTHSI AIIEKTPOHHOTO Mmyuka, paBHas 1352 J[x. Jlns maccel
raza B 1 mone 12.2 r moryomenHas no3a paBHa 110 kI'p. DTo BenMuyuMHA MOTJIOUIEHHOW O3Bl
JIEKTPOHHOI'O ITy4yKa, 3aTPadyeHHOM Ha pa3JIoKEHHE TOJIBKO MOJEKyJl Bojxopoja. B cmecu
KHCJIOPO/ia C BOAOPOAOM HMHKEKTHPYEMBIH AJIEKTPOHHBIN My4OK OyHeT paccenBaThCsl HE TOJIBKO
MOJIEKYJIaMH BOJIOpPOJa, HO U Kuciopoja. J[isi OlleHKM MOJHOM MOTJIOUIEHHOM J03bl y4TeM, YTO
IOTEPU SHEPIUU OJHOIO AIIEKTPOHA ¢ KMHeTHueckoil sHeprueit 0.5 MaB B Bogopone paBHbI 4.2
MbsB-em’/r, a B kucinopoze — 1.8 MsB: cm’/r [126]. Torma s CTEXHOMETPHYECKOH CMecH
KHCJIOpOJa M BOJIOPOJA MOTEPU IHEPTUM dJeKTpoHa ¢ sHeprued 0.5 M»sB Ha 1 cm myTtu 3a cuer
paccessHUsL Ha MOJIEKyJIax Kuciaopoaa B 3.4 Gonblie, 4YeM MpU paccCesHUU Ha MOJIEKYJIax BOAOPOAA
(c y4eTroM IUIOTHOCTH KOMIIOHEHT Ta3oBoil cMmecH). [losToMy mormiomieHHas 703a 3JIEKTPOHOB
Iy4Ka, HeoOXOMMas sl HapaGOTKM OTHOCHTEIBHOI MOJBHOIM JOIM aToMOB Bomopoxa 2-107 B
CTEXMOMETPUUYECKON CMECH BOJIOpoa U Kuciaopoaa Oyaet paBaa 480 kI'p.

B paborax [118-121] mpenacTaBieHbl OSKCIEPUMEHTAIBHBIE  HCCIEIOBAaHUS IO
UHULMMPOBAHUIO  BOCIUIAMEHEHHMS  CTEXMOMETPHUYECKOM  KHCIOPOJOBOJOPOJHON  cMecu
UMIYJbCHBIM 3JIEKTPOHHBIM Iy4KOM. PaOOThl BBINOJHEHBl HAa CHUIBHOTOYHOM AJIEKTPOHHOM
yckoputene TOVY-500. Ilpu uHKeKIuu 3JIeKTpOHOB (TOTJIONICHHas n03a He Oomee 114 kIp)
BOCIIJITAMEHEHHE CMECH Tra30oB IMPOUCXOIUT YK€ IMpH KOMHATHOM Temmeparype (cM. puc. 48).
TemnepaTypHOE€ CMEIIEHUE MIEPBOrO MpefAeia BOCIUIAMEHEHUS 3HAUYUTENbHO IPEBOCXOIUT
pacyeTHbIC 3HAuYCHUWsS, NpUBEICHHBIE B pabdore [125] mpu oreHke (METOIOM YHCIEHHOTO

MOJIEJTMPOBAHUS) BIMSIHUSI UMITYJIbCHOTO paJHoin3a Ha CMEIIeHUE MIpeiesioB BociiameHeHus. [lpu
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HavyaJIbHOW MOJILHOM J0Jie aTOMOB BoAopojaa, paBHor 0.002 (mormomieHHas 103a 371eKTpoHOB 480
k['p) HIDKHAA IpaHUIAa TeMIIepaTyphl BOCINIAMEHEHHS T0JKHA YMEHBIIUTBCS, COTJIACHO pacdyeTaM,
Ha 100-140 rpagycoB u cocraBusats 600K.

PacxoxaeHre pacueTHBIX M JKCIEPUMEHTAIBHBIX JAaHHBIX MOXET OBITh 0O0YCIIOBIIEHO
pa3HBIMH YCJIOBUSIMU JKcrnepuMmeHta. B pabGorte [125] pacyeT BBINOMHEH ISl THUPEKCOBOTO
chepuyeckoro cocyna nuamerpom 7.4 cMm. Ham peaktop mpeactaBisieT coO00M MUTUHAPUYECKYIO
TpyOy amameTrpoMm 9 cM, U3rOTOBJIEH U3 HepkaBeromled cranu. [lepBblil mpeaen BoCIIaMEHEHUS
cmecu 2H,+0; B paBHOBECHBIX YCJOBUSAX ONpEIENseTcs MPOILEccCOM OOpbIBa LNl Ha CTEHKax
peakropa (ko3¢ dunmenTom akkomoaanuu Marepuana creHkn) [110]. Koaddunment akkomomammm
st mapexca (1:10™) mourn B 10 pa3 Menbine kododdHUIHEHTa AKKOMOJALMA ISl HEP/KABEIOLICH
ctanu [38]. [Tosromy mipu BO30YKIECHUH SJEKTPOHHBIM MTyYKOM CMECH KHCIOpOAa C BOJOPOAOM B
peakTope M3 HEepXKaBerollled CTalu BOCIUIAMEHEHHE JOJDKHO NPOUCXOAUTH MpH OoJiee BHICOKOM
OTHOCHUTEJIbHOM KOHIIEHTPAIMK aTOMOB BOJOPO/Ia, YEM B PEAKTOPE U3 MUPEKCA U, COOTBETCTBEHHO,
npu 60siee BRICOKOM MOTJIOMICHHOM /103€, YeM pacCuuTaHo B padote [125].

Bo3moxHas mpu4rHa BOCIUIAMEHEHHUS CMECH KHUCIOpOAa ¢ BOAOPOJOM IPH BO3ACHCTBUU
UMIYJIbCHBIM  DJIGKTPOHHBIM IMMYYKOM — JIOKaJbHOE 3aXUTaHWE B OOJNACTH  Pa3BUTHUSA
HEYCTOWYHMBOCTH ITy4yKa (MMMHYEBAHUE ITy4Ka U Ap.). JMccHumanus SHepruy SIEKTPOHHOTO MydYKa B
JIOKAJIbHOM 00JIacTU CMECH Ta30B MpPH STOM BBI30BET TEPMUYECKOE 3aKUTaHUEe M 3aTeM
pacnpocTpaHeHue ¢GpoHTa MIIaMEHHu 10 BceMy 00beMy peakTopa. [[jist 3akuranusi cMecu KUciopoaa
u Bojopoaa npu naBieHund 110 Top HEoOX0aUMO HArpeTh CMeCh ra3oB JI0 TEMIIEPATyphl BBIIIE
800K. OuenuMm Maccy razoBoil cmecu 2H,+0;, KOTOPYI0O MOXKET HArpeTh 3JIEKTPOHHBIA My4OK JI0
800K. B nammx sKcriepuMEHTaJIbHBIX YCIOBUSAX B Ta30BOM cMecu moromaercs 6.5 JIx sHepruu
3JIEKTPOHHOTO MyYKa, 4TO AOCTaTOYHO i Harpesa a0 800K 4.5:10* moms CTEXHOMETPUUYECKOMN
CMeCH KHCIOpoaa ¥ Bogopoxa wix 10 cM’. MHHHMATsHOMY BPEMEHH PacpoCTpaHeHHs (poHTa
IUIAaMEHH COOTBETCTBYET 3a)KUI'aHME B LIEHTPE peakTopa Mo Bcel ero jumHe. Tornma Bcst ra3oBas
cMech BBITOPHT 3a MHHEMAanbHOE Bpems. Ilpu mmmHe peaktopa 25 cM obbem B 10 o
COOTBETCTBYET AUaMeTpy o0nactu 3akuranusi 7 MM. [Ipu skcriepuMeHTalIbHBIX UCCIEI0BAaHUSX MBI
U3MEPSUTH AUAMETP AJIEKTPOHHOTO My4yKa MpU TPAaHCTIOPTHPOBKE BAOJIbL PEAKTOpa MO OTMEeUaTKy Ha
nosumerpudeckoi 1uieHke. Ilpu m3menenun nasienus rasa B peakrope or 10 Top go 1000 Top
JUaMeTp My4yKa U3MEHSJICS HE3HAUUTEIbHO U cOoCcTaBisl S5 cm [127].

OneHnM CKOpOCTh TOPEHHSI CTEXHOMETPUUECKON CMECH KUCIIOpOAa M BOJIOPOAA TS Cirydast
JIOKAJIbHOTO TEPMHUYECKOTO 3a)KMraHus. J[omycTum, 9To 3a)KHraHUE CMECH Ta30B MPOUCXOAMT IO
OCH peaKkTopa, JMaMeTp KaHaja 3aKUTaHWsS 3HAYUTEILHO MEHBIIE BHYTPEHHETO IuaMeTpa
peakropa. Torga cpeHIO0 BEIUUYHUHY CKOPOCTH (DPOHTA IUIAMEHHU, KOTOPBIM pacrpocTpaHseTcs Mo

paanycy, MOXHO OLIEHUTh KaK OTHOIIEHHME pajuyca peakTopa K IUTEIbHOCTH (PPOHTA CKauka
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JIABIICHUSI B PEaKTope. DKCHEPUMEHTAIbHO HAaMHU TIOJYYEHO, YTO JUIUTENFHOCTh (POHTA poOCTa
JaBJICHUs B peakTope cocTarisuia 1-1.2 Mc 1 ciabo 3aBucesia OT UCXOJHOTO JABJIICHHS B PEAKTOPE
(cMm. puc. 48 u puc. 51). Torga ans UCHOIB3YEMOT0 peakTopa (C BHYTPEHHUM JUAMETPOM 9 cM) Mpu
YCIIOBHHU 3a)KUTAHUSI CMECH T'a30B [0 OCH PEaKTOpa CKOPOCTh PaCHpOCTpaHeHus! (pOHTA MJIAMEHU B
pazuanibHOM HampaBJICHHWW JOJDKHA mpeBbimath 40 M/c. B cimywae pacmpocTpaHeHHs TUTaMEHH
BJIOJIb PEAKTOpa CKOPOCTh TOPEHHS OJDKHA TpeBbImaTh 125 m/c (mmHa peaktopa 25 cw,
3a)KUTaHHE B LIEHTPE).

Hopmanbhas (pyHaaMeHTanpHasl) CKOPOCTh pacHpocTpaHeHus (poHTa IUITAMEHH B
JaMUHAPHOM TIOTOKE CTEXMOMETPUUYECKOM CMECH KUCIOpoJa U Bojopoa npu aasieHuu 760 Top u
ucxonuoi remneparype 300K cocrasuser 8.8 m/c [128]. HopmanbHasi CKOpOCTh pactipoCTpaHEHUS
¢ poHTa MIaMeHU 3aBUCHUT OT JaBIIEHUS MO COOTHOMIEHuIo [129]:

m

p
V(p ) - VO ’
Po
TJIe Vo — HOpMaJIbHAsI CKOPOCTh TOPCHHUS TIPH IABJICHUH P).

st 61cTpO TOpsMX cmecedt m > 0.25 ipu v > 8 m/c [129]. C yyeTom 3TOT0, 17151 peaKIuu
TOPEHUS]  CTEXHOMETPUYECKOM CMEeCH KHUCIOpoJa U BOAOpPOJa HOpMalbHas CKOPOCTb
pacnpocTpaHeHus (PpoHTa IUIaMEHH MpH HadainbHOM faBieHuu 110 Top He Oyxaer mpeBbimats 5.4
m/c. Ecnii ropeHne cMecH ra3oB B PeakTope MPH WHKEKIMH MMITYJIECHOTO 3JIEKTPOHHOTO IMy4Ka
MHUIMHPYETCS JIOKAJbHBIM 32)KUTaHUEM, TO CKOPOCTh pacipocTpaHeHus: (ppoHTa MiIaMeHH AO0KHA
MPEBBIIIATh HOPMAJIbHYIO CKOPOCTh TOpeHHsI B 7+23 pasza, uTO MallOBEPOSTHO Na)xe MpU ydeTe
JBIDKEHUS ra3a repel (QpPOHTOM IUIAMEHH H3-3a TepMHUYecKoro pacmmpenus. Kpome Toro,
JIOKQJIbHOE IMOBBILICHUE [aBJICHHUS B 3aMKHYTOM pEaKTOpE MAOJKHO BbI3BATh (DOPMUPOBAHUE
CTOSYUX 3BYKOBBIX BOJIH, KOTOpPbIE MBI PETUCTPUPOBAIU TMPU HHKEKIUU HMITYJIbCHOTO
3JIEKTPOHHOTO ITydyKa B PEaKTOp ¢ HMHEPTHbhIM rasoM [122]. Bo Bcex 3KclepuMEHTax o
VMHUIMMPOBAHUIO BOCIUIAMEHEHHUS! CMECH KHCJIOpOJa U BOJOPOJAa MMIYJBCHBIM 3JIEKTPOHHBIM
MyYKOM Mbl HE PETUCTPUPOBAIN CTOAYMX 3BYKOBBIX BOJH B peaktope. [loaromy oxucinenue
BOJIOpPOJla B peEakTope TMpU BO3ACHCTBUM HUMIYJbCHOTO JJIEKTPOHHOTO Iydka IyTeM
pacrnpocTpaHEHHs TJIaMEHU OT JIOKAJbHOM 00JIaCTH TEPMUYECKOTO 3aKUTaHUs TI0 00bEMY peakTopa
ManoBepoATHO. llomyueHHble 3HAUY€HUS CKOPOCTHM TOPEHMS 3HAYUTEIBHO MEHBIIE CKOPOCTU
JETOHAIMU B CTEXHOMETPUYECKOW CMECH KHCIopoja W Bojoponaa (2.8 km/c mpu atMochepHOM
nasieHuu [128]), mosToMy 3KCIEpUMEHTAIBHO PETUCTPUPYyEMasi CKOPOCTh YBEITUUCHUS JAaBJICHUS B

peakTope He MOXET ObITh 00bSCHEHA Pa3BUTHEM JIETOHALIUU IIPU TOPEHUH BOJOPO/IA.
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Hns cpaBHeHUs 3()(PEKTUBHOCTH BIMSHUS PA3TUYHBIX BUIOB BO3JCHCTBHS Ha CMEICHHE
IPEJIENIOB BOCIUIAMEHEHHS 3KCIIEPUMEHTANIbHBIE U TEOPETHUYECKHE JaHHbIE I OJIM3KUX yCIOBHUH

npuBeneHbl B Tabmuie 11.

Taoauna 11.
Bun BHemHero | CMmech ra3os JaBnenue | DHepro- Temre-
BO3JICUCTBUSA BKJIaJ, parypa
sB/Monek

bes Bo3nelicTBus 2H; + O, 7.6 Top 0 710 K [110]
be3s Bo3melicTBusg 2H, + O, 25 Top 0 755 K [111]
Jlazep, A = 762 Hm 2H, + O, 7.6 Top 0.017 500K [111]
Jlazep, A = 762 uam 2H, + O, 7.6 Top 0.082 300 K [111]
Jlazep, A = 762 Hm 2H, + O, 100 Top 0.082 400K [111]
Jlazep, A =2.66 mxm | 2H,+0,+5% H,0 7.6 Top 2.5 I[)K/CM2 300 K [111132]’
WmnynbscHeli paspsan | 5%H,+Bo3ayx 76 Top 0.23 770K [114]
NmnynbcHbiil paspsan | S%H,+Bo3myx 7.6 Top 23 400K [114]
H C 117

eMpePHIBHOE TEXUOMETPHUUEC 380 Top 0.003 [117]
HOHU3HUPYIOIICE Kasd BOJOPOJHO- 400K

(20 xI'p)

W3IIy4eHUE BO3JIyIITHAsI CMECh
NmnynbCcHBIN 0.05 [125]
paom3 2H, + O, 100 Top (460 KI'p) 680 K
NmnynbCcHBIN 0.013 (114 [118 -
AJIEKTPOHHBIN ITy4OK 2H+0; 100 Top xI'p) 300K 121]

Taioke Kak U I Nepuoja MHIYKIMU, HOHU3UpYIoIIee Bo3aehcTBHe Oojee 3(h(HeKTUBHO
CHWKAET TMpeiebl BOCIUIaMEeHeHUs, yeM ytazepHoe. [Ipu HavaneHOM maBieHuu cmecu 2H,;+0, 100
Top mpu BO3ACHCTBUU PE30HAHCHOTO JIa3epHOro m3nydeHus (4 = 762 M) ¢ sneprosiiagom 0.08
sB/Monek. TemmepaTypHblii mpenen BociuiameHeHus cmemaercs Ao 400K. Ilpu Takom ke
HAYaJIbHOM JaBJICHUHM TPH BO3JCHCTBUU HMMITYyJBCHOTO 3JIEKTPOHHOTO IyYKa C 3HEProBKIAIOM
0.013 »B/monek. mpoucxoaut BociiameneHune cmecu 2H,+0, mpu remnepatype Hmke 300K.

4.1.3. UccienoBanne Ko0/1e0aTeJLHOI0 Xapakrepa Bocimiiamenenns cmecu 2H,+O; npun
HHUIHHPOBAHUH UMIYJIbCHBIM JI€KTPOHHBIM IYYKOM.

MHorue XMMHUYeCKHe MPOLECChl MPOTEKAIOT B HECKOJIIBKO CTAIMid U MPH CYIIECTBOBAaHHH
00paTHOM CBSI3W MEX]Iy HUMH (aBTOKATaIN3, aBTOMHTMOMPOBAHKE) BO3ZMOXKEH aBTOKOJICOATEIbHBIN
peXuM mpoiiecca. XOpoIIo M3yueHHbIE aBTOKOJIeOaTeNbHbIE XUMHUUECKHE PEaKLUUU — OKUCICHHE
OpOMMAaJIOHOBOW KHUCJIOTHI OpPOMaToOM B BOJHOM PacTBOPE, OKUCIICHHE YTJIEBOIAOPOJIOB B Ta30BOM
daze [130, 131]. Ilpm wuccnenoBaHUM OKHUCIEHHUS YTJICBOAOPOAOB B ra3oBoi (aze ObuIO
00Hapy’KEHO SIBIIEHUE BCHBIIIEK XOJIOJHOTO IUIAMEHH. B Xoie peakiuy OKHCICHHs MPOIUIICHA
[130] Ha mIaBHBIA POCT NIaBJICHUS B OINpPEICICHHbIE MOMEHTHI BPEMEHHM HAKJIAJbIBAIOTCA PE3KHE
MUKH, 00YCTIOBIIEHHBIEC TIOBBIIIICHUEM TEMIEPATypbl B MOMEHT BCIBIIIKUA XOJOJHOTO TUIAMEHHU (CM.

puc. 53).
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Puc. 53. Kunetuka u3meHeHMs 1aBIeHUS B peaKIIMM MEUIEHHOTO OKHCJIEHUS IPONIIEHA
kucinoponom. HauaneHoe gaBinenue cmecu 320 Top; Temneparypa 600K. Tpu nuka Ha KpuBon
COOTBETCTBYIOT TPEM IOCJIEA0BATEIbHBIM T1ameHam [130].

ABTOpBI TIHIIYT, YTO B pPE3yJbTaTe CAMOYCKOPEHHS B XOJE€ pPEaKIMH HACTyHaeT TaKou
MOMEHT, KOI'Jla BBIIEIIEMOE peakiiel TeIUI0 He yCIEeBAaeT OTBOAUTHCS K CTEHKAM PEaKIMOHHOI'O
cocyna. TemnepaTtypa pe3ko BO3pacTaeT, 4YTo MPUBOJUT K YBEITMUEHUIO CKOPOCTH Pa3BETBIISIOIIEIO
npouecca ROOH — RO + OH u cOOTBETCTBEHHO K YBEIMUYEHUIO KOHIEHTPALMU pPAJUKalOB, B
pe3ynbTare 4ero BCHBIXMBAET XoJogHoe IulaMsa. OnHako [ajdbHEMIIMN pocT TeMIepaTypsl
IOPUBOAUT K 3aMEUIEHUI0 00pa3oBaHMs TUIPONEPEKUCEH Kak BCIEICTBUE CMELICHHS BJIEBO
paBHoBecust R + O, — ROO, Tak u BcieacTBUE TOro, UTO CKOPOCTH JPYTUX peakuuil paaukaira R
(B wactHocTH, peakuuu R + O, — onepun + HO,) HaumHAIOT pacTu OBICTpEE CKOPOCTH
o0pa3oBaHMs TUAPONEPEKUCH. DTO MPUBOAUT K YMEHBIIEHUIO CyMMapHON CKOPOCTH peakluu, YTO
HaXOJUT OTPaKEHUE B OTPULIATEIBHOM TEMIIEPATYPHOM KO3((PUIIMEHTE, U K TOTYyXaHHIO IJIAMEHHU.

B monorpaduu [132] npuBenen 0630p pe3yabTaToOB UCCIEIOBAHUS OKUCIEHUS MeTaHa. [Ipu
okuciennn Merana (cmech 2CH4+0,) B cTrarnyeckux ycnoBusix mnpu Temmeparype okosno 800K u
nasyieHnn 800 Top ObUTI0 OOHAPYKEHO BO3HUKHOBEHUE MTMKOB HAa KPUBOMW MPHUPOCTA AaBICHUS. DTU
IUKU - OCLIIISLUN CONPOBOXKJIAINCH IOdyObIM cBeueHHUEM. VIHTEHCUBHOCTH XOJIOJHBIX IUIaMEH
ObL1a TeM OoJtbIlie, YeM OOJIbIIe JIaBlieHHe cMecH. B pabote ObLIM ompe/eneHbl 001acTH XO0I0IHBIX
IUIaMEH, MEJICHHOT'O OKMCJEHHS U Tropsdero BocmiiamMeHeHus. [Ipu TeopeTHueckoM aHanlu3e
BOCIJITAMEHEHHH METaH-BO3AYyIIHOM cMmecu [133] oOHapykeHO pa3BUTHE XOJOJHOIUIAMEHHOTO
npoiiecca (M3MEHEHUsT TeMITepaTyphl) MPOJAOHKUTEIBHOCTHIO 10 MKC.

Bo3HMKHOBEHHE aBTOKOJICOAHUI BO3MOXKHO TaKKe IPU PA3BUTUM LIEMHOrO Ipolecca B
HEM30TEPMUYECKUX YCIOBUSX C OTPULATEIbHBIM TEMIEPAaTYPHBIM KO3((UIMEHTOM peakuui
npoponkeHus 1enu. B pabore [134] nns HecTanMOHApHO NPOTEKAIOUIEH IEMHOM peakuuu
pa3zpaboTaHa TEOpHUSl LIEMOYEYHO-TEIIOBOTO B3pbIBA, TEPMOKHHETUYECKMX aBTOKOJIEOAHUU H

JIPYTUX TEPMOKHHETHYCCKUX SIBJICHHUH JIJIs ETTHBIX PEaKIINil JIF0OO0H CI0KHOCTH.
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[Ipu npoBeneHNH SKCIEPUMEHTAIBHBIX HCCICIOBAHUHN Tpolecca ra30(ha3HOro OKUCICHHS
BOJIOpPO/Ia paHee He ObLIO0 OOHAPYKEHO aBTOKOJIEOATEIBHBIX MPOIECCOB. DTO MOXKET OBITH CBSA3aHO
C TeM, YTO BaXHbIM YCIIOBHEM OJKCHEPUMEHTAIBHOTO HAOMIOJEHUS KOJIeOaTeNbHOTO XapakTepa
pa3BUTH Tpoliecca SIBIAETCS OJHOPOAHOCTh YCIOBHM BO BCeM O0BEME PEaKTopa, Tak Kak IpH
HEOJHOPOJHOM BOCIUIAMEHEHWHM W TOPEHHUM CMECH JaBlIEHHE B peakrope (WM Apyrou
UHTETpaJIbHbI  mapamerp) OyAeT [daBaTh YCpPEIHEHHYIO KapTHHY pas3BUTHUS Ipoliecca.
Bo30yxenue ra3oBOoil cMecH KHCIOpOAAa C BOAOPOJOM HMITYJIbCHBIM 3JEKTPOHHBIM ITYYKOM
NO3BOJISIET CO3JaTh YHUKAJbHbIE YCIOBHS JUISI W3y4YeHHs mpolecca ropeHus. [IMTensHOCTh
Bo3aeiicTBus (MeHee 100 HC) 3HAUMTENBHO MEHBIIE MNEPUOAA HHIYKLMH, a HE3HAYUTEIbHOE
MOTJIONICHUE DSHEpPTruM Iydka MoJekyinamu cMecu (He Oonee 10%) mo3BosisieT oOecrneuuTh
onHopoaHoe Bo30OyxneHue. Kpome Toro, BO30YyXKIAEHHE ODIEKTPOHHBIM YAapOM MO3BOJISET
3HAYUTEIbHO CHHM3HUTH TEMIEpaTypy BOCILUIAMEHEHHS M TPOBOAMTH HCCIEAOBAHHUS C Ta30BOU
CMEChI0, OJTHOPOJHOM MO COCTaBy BO BCEM OO0BeME peakTopa (HieaabHOE IEpEeMEIINBaHUE).
BeimonHeHHbIE  MccleoBaHUS  MpoIllecca  OKHCIEHUS — BOJAOpOJa NpU  BO3OYXKIECHUU
CTEXHOMETPUYECKOM CMeCH KHCIOPO/ia U BOJOPOAA UMITYJIbCHBIM 3JIEKTPOHHBIM ITyYKOM MOKa3aJlu,
YTO B ATHUX YCIOBHSAX IPOIECC TOPEHUs BOAOpPOAa HOCHT KojebarenbHbld Xapakrep. Ha puc. 54
NOKa3aHa XapakTepHas BPeMEHHasl 3aBUCHMOCTH JABJICHUS B 3aMKHYTOM pPEaKTOpE, 3aIlIOJTHEHHOM

razoBoil cmecbto 2H; + O,, nmocne HHKEKIUH UMITYJIbCHOTO 3JIEKTPOHHOTO MTyYKa.

P, Top
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Puc. 54. I3meHenue aBieHus B 3aMKHYTOM peakTope 00beMoM 1.6 nuTpa, 3aroiHeHHOM
CTEXHMOMETPUYECKOI CMEChI0 KUCIIOPOJIa M BOAOPO/IA, 1OCIIE MHKEKIUH IEKTPOHHOIO IMyYKa.

KonebaTenbHblil XapakTep HW3MEHEHHUS JABIICHUS B PEaKTOpE IMPH OKUCICHHH BOIOPOJA

HaAOII0IAJICSI IPU Pa3HBIX MCXOHBIX IAaBIECHUSIX CMECH KUCIOpoJaa U Bogopoa (cM. puc. 55).
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Puc. 55. VI3meHeHue naBieHus B peaktope 00beMoM 1.6 auTpa mociae HHKEKIMU JIEKTPOHHOTO
My4Ka P pa3HbIX UCXOHBIX AaBleHusx cmecu 2H, + O,: 1 — 78 Top, 2 — 63 Top, 3 —43 Top.

Bo3morkHasi mpuyMHa K0Je0aTeIbHOTO U3MEHEHHUs JaBJICHUS B 3aMKHYTOM peakTope IpHu
TOPEHUU KHUCIOPOJ0BOJOPOJHON cMecH — (OPMUPOBAHME CTOSAYMX AKyCTMUYECKMX BOJIH MpHU
UMITYJILCHOM BBIZICICHUU JHepruu. B pabore [74] mokazaHo, YTO HEOJHOPOJHBIN HArpeB rasa
UMITYJIbCHBIM 3JICKTPOHHBIM ITYYKOM HHHUIIMHPYET 0Opa3oBaHWE aKyCTWYECKHX KoneOanmid. s
CTEXMOMETPUYECKONM CMECH KHCJIOpoAa W BOJOPOJAa B peakTope IIMHOM 23 CM yacroTa
MPOJOTBHBIX 3BYKOBBIX BOJIH, PACCUMTAHHAS MO COOTHOIIeHHIO (26), paBHa 1170 I'm. B ciyuae
OTCYTCTBUS (Pa30BbIX NpEBpalleHUN (KOHICHCAIIMM MapoB BOJBl B JTAHHOM cllyyae) B Ta30BOU
CMECH YacTOoTa 3BYKOBBIX BOJIH HE OyJeT MEHATbCS NpU M3MEHEHHM aAaBieHus [69, 135, 136].
CpenHsis yacToTa CIEKTpa, noiaydeHHoro Mdypre-npeodpazoBaHUEM OCLHMIIIOIPaMMbl U3MEHEHUS
JIaBJICHUS] B pEeakTope MpHU OKUCIEHUU BoJopoja (B obmactu konebanuil puc. 54), cocrasmia 950
I'n, uto HWXKe pacueTHbIX 3HaueHUil. Kpome TOro, BBIIOJHEHHBIE HIKCIEPUMEHTHI [IOKA3alu, YTO
IpY YBEJIMYCHUH JUIMHBI PEaKTOPa YacToTa 3TUX KoJeOaHUil He MEHSETCs, B TO BpeMs KaK 4acToTa
aKyCTHUYECKHUX BOJIH JOJDKHA yMeHbUIMThbes. Ha puc. 56 mokasaHbl OCHMIIOTPaMMbl M3MEHEHUS
JIABJICHUs] B peakTopax pazHoW umHblL. CleoBaTeNIbHO, KOJICOATENbHbIM XapakTep H3MEHEHUs
JIABJICHUS B 3aMKHYTOM PEAKTOPE, 3al0IHEHHOM cMechio 2H, + O, nmocie nHXEKIUU UMITYJIbCHOTO
3JIEKTPOHHOT'O Iy4Ka He CBsI3aH ¢ (POPMUPOBAHUEM CTOSUMX 3BYKOBBIX BOJH B PEAKTOpE.
Pacuer BTOpOro npenena BoCIJiaMeHeHHs.

Bocmiamenenre  KMCIOpPOJOBOAOPOJHOM CMECHM MPHU  BO3ACUCTBUM  UMITYJbCHBIM
JNEKTPOHHBIM ITyYKOM IIPOUCXOAUT HEU30TEPMHUYECKH, IIOITOMY C POCTOM TEMIIEpaTypsl B

peaKkTope YCIOBUS Pa3BUTHs LIETHOIO IPOLECCa OKUCICHUS BOAOPOJAa MOTYT Hapywuthcsa. He
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paccMaTpuBasi KOHKPETHBIH MEXaHHW3M OOpbIBa ILIEMH C POCTOM TEMIepaTypbl W IaBICHHUS B
peakrope, J0IMyCTHUM, YTO KaX/10il MepBoil Touke neperruda COOTBETCTBYET BbIXO/ YCIOBUM TOPEHUS

CMECH BOJOpOJA U KUCJIOPO1a Ha BTOpOi npezen BocriaMenenus [110].

P, Top
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Puc. 56. VI3meHeHue 1aBieHus IpU BOCIUIAMEHEHUN CTEXHMOMETPUUECKOM cMecH KHCIopoa U
BOJIOpO/Ia B peakTopax anuHoil: 23 cm (1) u 46 cm (2).
Bropast u cinenyromue Touku neperunda Takxke OyJyT COOTBETCTBOBATH BBIXOJy TOPEHMS Ha
BTOpOH Mpejes, HO MPU 3TOM HEOOXOJUMO YYMTBHIBATH MHTHMOUpYIOLIEE BIHMSHUE MOJIEKYJ BOJBI
[110]. 13 ypaBHEHMS COCTOSHMS JUIsl MI€AIBHOTO ra3a Uil KaKIOM TOYKM Iepernda paccuuTaem

TEMIIepaTypy B peakTope mo ¢popmyse:

T
T=T+2(P-P)
1 0 1 0
5
rae To u Py — COOTBETCTBEHHO TEMIIepaTypa M JABJICHHE CMECH B PEAKTOPE Mepe] MHKEKIHUEH

ny4kKa, P;- JaBlieHe B peakTope, COOTBETCTBYIOIIEE NEPBOM TOUKe nepernoa.

[ns 3Hauenuit Py u 7T, COOTBETCTBYIOLIUX Pa3HOMY Ha4aJIbHOMY JABJICHUIO Pj B peakTope
nepe] BO3ACHCTBHEM ITydKa, MOCTPOuM 3aBUcCHUMOCTh Pj(7)), KoTopas moka3zaHa Ha puc. 57.

[Ipn mcnonb30BaHNMN ypaBHEHUSI COCTOSIHMS MAECAIBHOIO rasa Julsl pacuera TeMIEpaTyphl B
NEepBOil TOuke mepernd6a HEOOXOAMMO YUYHMTHIBATh YMEHBIIECHHE YHUCIIA MOJEKYJ] B 3aMKHYTOM
peakTope M3-3a INPOTEKAaHUs XUMUYECKOW peakuMu OkucieHus. OLeHuM, Kakas 4acTb MOJIEKYII
BOJZIOPOJA YCIIella BCTYIIUTh B PEAKLMIO K MOMEHTY IIEpPBOrO CpblBa Ipolecca okucieHud. [lpu
YCIIOBUH, YTO HAarpeB ra3a B peakTOpe NMPOMCXOAUT aauabaTUUYEeCKH, SHEPIHsl 3K30TEPMUUYECKOU
peaKIy OKHCICHHS PACXOAYeTCsl TOJIbKO Ha HarpeB 00pa30BaBILUXCSA MApOB BOABI U OCTaBIIMXCS

MOJIEKYJI BOJOPOa U KUCIIOpOo/1a, Ui nepBoii Touku neperuda Py = 120 Top (cm. puc. 54)
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Puc. 57. 3aBucumMocThb JaBieHUs B peaKTope OT TEMIEPATyphl U1 epBoil Touku neperuda (1).
Kpusas 2 - Bropoii mpezen BoCIJIaMEeHEeHuUs 11 CMeCH KHuciiopoaa u Bogoposa [110].

OHeprus, KOTopas BbLAEINIACH IPH 00pa30BAHUY /11 MOJIEH BOJBI B PEAKIUHU:
H, + 0.50, = H,O + 241.8 k/I>x/mo1b Q=E,m.
OTa 3Heprus pacxoAyeTcsl Ha HarpeB OCTaTKa CMECH KUCIOpOJa M BOAOPOJAa C MOJISAPHOH

Maccout mo — 1.5-m, rie mg - ICXOaHAsA Macca CMECH I'a30B B PEAKTOPE.

42 1.6 -
m, =—— ——=4-10" Mo
760 22.4
TennmoemkocTh BogopoJa W KHciaopoja npuMepHo paBHbel C; = 29 Jlx/(Monb-Tpan),

TEIUIOEMKOCTH mapoB Bobl C; = 24 JIx/(MOJIb Tpam), Toraa
O=E,; m=Ciy(mo—15m) AT+ Cy-m - AT
Orcrona

C -my-AT

m= =0.25 mmons
Ep +C,-1.5-AT-C,-AT

DTa BeIMYMHA COCTABIAET OT UCXOIHOM MaccChl raza m/mgy = 2.5- 10'4/(4- 10'3) =6.3%

Jna 3nauenut kpuBoil puc. 54 (Py=42 Top, P1=120 Top) mMacca MOJEKy1 BOJBI,
00pa3oBaBIIMXCSI K MOMEHTY TEepBOro rneperubda, He mpesbimaeT 6.3% MCXOTHOW Macchl Ta30B B
peakrope. [1o3ToMy MOrpenIHOCTRIO M3-32 XMMHUYECKHUX MPEBpALICHUI B peakTope MpH pacyere

TEMIICPATYPHI 110 YPABHCHUIO COCTOSITHUSA MOKHO npeHe6peqL IIpU HAIIUX OLCHOYHBIX pacucTax.
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3HavYeHUs] TEPMOJMHAMHYECKUX TapaMeTpoB (TemmepaTypbl W [aBJICHUS) B PEAKTOPE,
COOTBETCTBYIOIIUE IIEPBOMY CpPBIBY LIEITHOI'O IPOLECCa OKUCIEHUS BOAOPOJA, OTIMYAKOTCS OT
3HaYeHUH BTOPOro IMpejesia BOCIUIAMEHEHUs (KpuBast 2 puc. 57), MOJYYCHHBIX NpPH aHAIU3E
PaBHOBECHBIX IIPOLIECCOB OKUCIIEHUSI BOJOPO/Ia B CTEXHOMETPUUECKON cMecH ¢ kKuciopoaom [110].
OT0 MOXeT OBITh O0YCJOBICHO HW3MEHEHHEM YCIOBHW OOpBIBa LENei Impolecca OKHUCICHUS
BOZIOpO/a TIPU BO3JACHCTBUUM HUMITYJIbCHOTO SJEKTPOHHOro my4yka. Ho oO0mmii xapakrep
3aBHCUMOCTH [JaBJICHUS OT TEeMIIepaTypbl B NEpBOH TOUKe mHepernda aHAJIOTMYEH 3aBUCHUMOCTU
BTOPOTO IpeJiesia BOCIUIAMEHEHHUS, MOJIYYSHHOW sl cepuuecKkoro cocyna auaMmerpom 7,4 cM,
nokpeiTom KCI1 [110].

AHanu3 BO3MOXHBIX MEXAaHHU3MOB AaBTOKOJICOAaHUI Ipolecca OKUCIEHHs BOAOPOAA B
CTEXHMOMETPUYECKOI Ta30BOM CMECH C KUCIOPOJOM MPH BO30YKIACHUU UMITYJIbCHBIM 3JIEKTPOHHBIM
MYYKOM TII0Kazaj, 4YTO KojeOaHWs JaBJeHUs OOYCIIOBJIEHbl HEU30TEPMHUYECKHUM XapaKTepoM
IPOTEKAIOLIEro LENHOro Mpolecca W HapyLIEHUEM pa3BUTHSI LIEMH C POCTOM TEMIEpPaTypHl.
JlanpHelie uccieoBaHus IOMOTYT BbISIBUTh KOHKPETHBIE XMMUYECKHE PEAKIIMHU, BBI3BIBAIOIINE
OOpbIB BOCIUIAMEHEHMsI U KoOJIeOAaTeNbHbIM XapakTep OKHUCIeHHs Boaopoaa. OOHapyKeHHBIN
3pQeKT MOo3BONAET TPU  HCIOJB30BAaHMHM LEMHOW pEaKUMd OKHUCICHHS BOJOpOJa B
TEXHOJIOTHYECKOM TIPOILIECCe 3HAYMTENBHO CHU3UTH TPEOOBAaHHMA K MEXaHHMUYECKOW MPOYHOCTH
IUIa3MOXUMHUYECKOT0 PEaKTopa.

4.1.4. UccienoBanne BLITOPAHUSI CTEXHOMETPHYECKOI KHCJIOPOABOAOPOAHOI CMeCH.

[Ipn TepMuyeckoM pacmnpocTpaHeHHH (POHTA IJIAMEHHM B PEaKTOpe CTENEHb BBIMOPAHHUs
cmecu 2H; + O, He Moxet npeBbimath 90-95%. D10 00yCIOBICHO OXJIAXICHUEM CMECH Ta30B
BOJIM3M CTEHKH PEAKTOpa W HAPYIICHUEM YCJIOBUS TEPMHUUYECKOTO PA3I0KEHUS NCXOIHBIX MOJICKYII
Kucinopoaa win Bojgopoja. C unensto onpeaeneHus >PPEKTUBHOCTH OKHUCIEHHsSI BOAOPOAA IpHU
BO3/IEUCTBUH JIEKTPOHHOIO ITyyKa ObLIN MPOBECHBI HCCIeI0BaHus BeIropanus cmecu 2H; + Oy.

Wcexonuplii cocTaB M M3MEHEHHME XUMHUYECKOIO COCTaBa CMECH Ta30B B pEaKToOpe INpu
BO3/ICIICTBUM HMITYJIbCHOTO 3JEKTPOHHOIO IydyKa H3MeEpsau Macc-cnekrpomerpomM MX-7403.
BrixogHo# curHan Macc-cieKTpoMeTpa nepenanaics Ha kommnberotep yepe3 AL ¢ ransBanndeckon
pasBsizkoil. CoziepkaHne KOMIIOHEHT Ta30BOM CMECH OLIEHHMBAIM IO IUIOMIAJN COOTBETCTBYIOLIETO
nuka. Ha puc. 58 mpuBeneHbl Macc-CIEKTPbl UCXOJHOM CMeCH KHCIOpOoJa M BOJAOPOJA M CMECU
ra3oB II0OCJIE€ HMHXKEKLIHMU DJIEKTPOHHOTO Iyuka. /[ cpaBHEHUS Macc-CHEKTPOB /10 U TOCHe
BOCIIJITAMEHEHHS B UCXOAHYIO0 CMECh I'a30B ObUI BBEJIEH MHEPTHBIN ra3 (aproH), o IUIOIAAM MUKa
macc-cnekTpa (m/e=40) KoToporo HOpMHUPOBAIMCh Bee creKTpbl. Ha puc. 59 nokazan macc-cekTp
CMecH KHCIOpoja M Bojopoja B obmactm uoHOB Bojopoma (Hy)' (wacte puec. 58). ITocie
BOCIUUIAMEHEHHUsI KOHIeHTpamus Bojopoaa coctaBuia 0.45% ot ucxomnoi. OIEHKY CTeNeHH

BBITOPAHUS 10 TTMKY MOJICKYJIIPHOTO KHUciopoza (m/e = 32) 3aTpyIHsII OOJBINON ypOBeHB (OHA.
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Puc. 58. Macc-criekTp UCX0THOM cMecH Ta30B B peakTope (1) u Macc-CIeKTp CMECH ra3oB IMOcye

MHXEKIIUN UMITYJIbCHOT'O 3JIEKTPOHHOTO ITyuKa (2).
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Puc. 59. Macc-criekTp UCXOTHOM cMecH Ta30B B peakTope (1) u Macc-CIeKTp CMECH ra3oB
M10CJI€ MH)KEKIIMH UMITYJIbCHOTO 3JIEKTPOHHOTO IyuKa (2).

Konnenrparnust kucnopoga cocrasuia 6.2% OT UCXOAHOM, ecau HE Y4UThIBaTh QoH. [Iux
azoTa Takke oOycnosieH ¢onoMm. [locnme Bocmmamenenus [N;] = 73%, [Oz] = 27%, uyto
COOTBETCTBYET COJIEP’KaHHUIO a30Ta M KUCIOPOa B BO3IyXE.

4.1.5. UccienoBanne KOHICHCAIlMH NIapOB BOJbI.

[Tpu MOJTHOM BBITOPAHUH CTEXMOMETPHUECKON CMECH BOJOPO/Ia C KUCIOPOAOM B 3aMKHYTOM
peaktope, cornacHo peakuuu 2H,; + O, = 2H,0 u3 Tpex MoOjieKya HMCXOAHOW ra3oBOM cMecu

BOJIOPOJIa € KHCIOPOAOM OOpasyercss ABE MOJEKYJbl BOJABI, YTO JOJDKHO IpHUBECTH (TOCIie
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OXJXKJCHUS JI0 HCXOJHOW TemmepaTypbl) K YyMeHblIeHHIO JaBieHuss B 1.5 paza. Ilpu
WHULMMPOBAHUU BOCIUIAMEHEHUS CTEXMOMETPHYECKOM CMECH BOAOpPOJa €  KHCIOPOAOM
UMITYJIbCHBIM 3JIEKTPOHHBIM ITy4YKOM B 3aMKHYTOM PEaKTOpe JaBJeHHE CHHXaJoch Oosee 4eM B 6

pa3. Ha puc. 60 noka3ansl ocLMIUIOIpaMMBbl H3MEHEHHUS JaBJICHUS B PEAKTOPE.
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Puc. 60. 13menenue nasienus cmecu 2H, + O, B peaktope o0bemom 1.6 nutpa npu
MHHUIUHPOBAHNH BOCIUIAMEHEHHS UMITYJILCHBIM DJICKTPOHHBIM ITyYKOM (2 OCIMIIOTPaMMBI).

Ha puc. 61 mpuBeneHa 3aBUCHUMOCTb CTETICHH CHIKCHHS JaBJeHUS (ITOCJIE OKOHYAHUS

nmpomnecca OKI/ICHGHI/IH) OT UCXOOHOTO NaBJICHUA CMCCH I'a30B B PECAKTOPC.
K™ o
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O 1
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P, Top

Puc. 61. 3aBucumMocTh OTHOLIEHHS UCXOAHOTO naBieHus cMecu 2H, + O, B peakTrope K JaBICHHUIO
[0CJIE OKOHYaHMS PEAKIIMU OT UCXOJHOIO IAaBICHUS B PEAKTOpE.
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JaBnenue cHmkaock 6osee yeM B 6 pa3. DTO MOXKET OBITh 00YCIIOBJICHO KOHACHCAITUEH MOJIEKYJ
BOJIbI, QHAJIOTMYHO TpoIlleccaM TEHEpalMHu a’po30Jisi U3 HEHACHIIICHHBIX MapoOB OPraHMYECKHX
COEIMHEHMH B IJ1a3Me KOPOHHO-cTpuMepHoro pazpsaa [137, 138]. IloarBep:kaeHneM KOHIEHCALUH
MOJIEKYJI BOJBI TIOCTIE OKHUCIICHHS BOJOPO/Ia B HAIIUX YCIOBUSX SIBISETCS YMCHBIICHUE BEIIMIMHBI
nka macc-criekrpa HoO (m/e = 18, cM. puc. 58) 1o cpaBHEHHIO ake ¢ HAYaIbHBIM 3HAYEHUEM.

4.2. PainaninoHHO-TEPMUYeCKHI KPEKHMHI MeTaHa.

MHorouuciaeHHbIE UCCIEAOBAHUS PA3I0KEHHUS YTIIEBOAOPOIOB MPU HArpeBaHUM MOKA3allH,
YTO MPOILECC pealn3yeTcs KaK LEMHON (TepMHUUYECKUI KPeKHHT). Peakiuyn TepMUYecKoro KpeKuHra
HOPMAaJIbHBIX aJKaHOB MPOTEKAIOT MPHU BBICOKUX TEMIIEpAaTypax, Ui MapoB TrenTaHa, HaIpuUMep,
800-900K [139]. ITo uenHoO# TeOpHH KPEKUHTA ITOT MPOLIECC COCTOUT U3 TPEX CTATUM:

1) MHULIMKMPOBAHMUE PEAKIUU pagUKaIaMH, MOTYYAIOIIUMUCS MPU TEPMUYECKOM pacraje
MOJIEKYJIBl UICXOHOTO TPOAYKTA;

2) mpoJOIKEHWE IEeNH, KOTOPOE COCTOMT M3 B3aMMOJACHCTBHUS CBOOOIHBIX PaIUKaIOB C
UCXOAHBIMU MOJIEKYJaMH ¢ 00pa3oBaHMEM MOJIEKYJbl CTAOMIBHOTO MPOAYKTA PEaKlIUd U HOBOTO
panukana;

3) oOpbIB 1IETH.

Craauss MHUIIMMPOBaHUS TpeOyeT sHeprun aktuBanuu 3.5 3B/monek (80 kkai/Moib) T. €.
pEaKIUsI MOKET MPOTEKATh C 3aMETHOM CKOPOCTHIO TOJIBKO Tpu Temriieparype Boiie 900K. Cranus
MIPOJIOJDKEHUS 1IeTh TpeOyeT sHepruu aktuBanuu okoso 0.87 sB/monek. (20 kkan/mMoib), modTOMy
JUTSI €€ OCYIIECTBIICHUS JOCTATOYHO OoJiee HU3KOM TeMIepaTyphl.

[Ipu HU3KUX TemmepaTypax, KOrja B OTCYTCTBHE U3IYUYSHHS] TEPMHUECKOE UHUIIMUPOBAHUE
peaku He TPOHMCXOIWT, IMPH pPATUANMOHHOM OOJYYEHUH BO3HHKAIOT AKTHUBHBIC LEHTPHI -
CBOOOJHBIE paIMKaJbl, KOTOPbIE MOTYT HauaTh LEMHYIO PEAKINI0 KPEKUHTa YyIiIeBo0po10B. Takas
[enHas peakuus OyJeT MpoxoauTh mpu Temmeparype Ha 150-200 rpamycoB HUXKE TeMIlepaTypbl
OOBIYHOTO TEPMHUYECKOTO TpoIIecca C TOH ke CKOPOCThIO, TaK KaK M3JIyueHHe 00Jerduio Hanboiee
HPHEPro€MKYI0 CTaJHMI0 - TEPMHUYECKOe WHULMUpOBaHME peakiuu. B pabore [6] Bbiaeneno 4
TEeMIEepaTypHble 00JacTH  paJualMOHHO-TepMHUYecKoro KpekuHra. Ilepas oOmacte -

panualnoHHas, B KOTOPOH paJuKaibl FeHEpUPYIOTCS TOJIBKO paJuaIlei:

RH + ¢ (3.53B) » R* + H* (47)

Y HE MPOTEKAET PEAKIUSA TEPMHUUECKOTO MPOJOJLKEHUS LIETH
R* + RH + 0.87 3B— ctabunbHbIi npoaykT + R * (48)
B »s1o0ii obnactu mporecc HeuenHoil. Bropas obmacth — paauanumoHHO-TepMuueckas. B stom

MHTEPBAJIE TEMIIEPATyp CTAHOBUTCS BO3MOYKHOM peakuus (48) u mpouecc NepexoanuT B LIEHOM ¢

sHepruer akrupamnmu 0.87 3B/Monek., xapakTepusyromei peakuro (48).
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Tpetbst 06nacTh-TepMOpaIUaIIIOHHAs - MPOSIBISIETCA TOT/1A, KOrAa paaukan R, repmudecku
HECTAaOWJICH M MOJKET pacmaJaThCs Ha JBa aKTHBHBIX paauKaia mo peakmuu R;* — R,* + R3*. B
9TOM TeMIepaTypHOM JHama3oHe IIeMHONW MpOIEecC CTAHOBUTCS Pa3BETBICHHBIM (PHEPTUS
AKTUBALIMU B ATOW 00aCTU MOPSIKA COTCH KUIIOKOYJICH HA MOJIb).

UYerBepras obsiacth — TepMHuueckas. B Hell CKOpOCTh reHepaluy aKTUBHBIX PaJUKaIoOB IO
peakuuu

RH +t°(3.53B) —» R* + H* (49)
MPEBBIIIAET CKOPOCTh F'€HEpAllMU 3a CYET PAJAMAIIMOHHOIO M3JTy4deHUs Mo peakuuu (47). DHeprus
aKTUBALlMK B ATOW 00JIaCTH TeMIIepaTyp OMNPENENIeTCs YUCTO TEPMUYECKUM IPOLIECCOM U paBHA
3.5 3B. CxopocTh LEMHOr0 MpoIecca 3aBUCUT OT CKOPOCTH Te€HEPAIlMU PaJIUKaIoOB, KOTOpPas B CBOIO
ouepe/ib 3aBUCUT OT MOITHOCTH JI03bl. 3aKOHOMEPHOCTHU BIUSHUS TEMIIEPATypbl U MOIIHOCTH J03bI
Ha pPa3BUTHE IIETTHOTO IpOIEcca PacCMOTPEHbl B MOHOrpaduu [6] Ha mpuMepe paauariOHHOTO
OKHCJIEHUS yTJIEBOIOPO/IOB.

Ha ocHoBe aHanm3a HKCHEPUMEHTANbHBIX JaHHBIX O PAaTUOIU3€ KUAKUX YIIIEBOAOPOJOB
napauHOBOTO psAa MOIy4YeHO [6]:

1. Beixox peakiuu oOpa3oBaHUS paAMKaloB MpH )y - paauonuze u Temmeparype 300K
coctaBisieT 7-10 panukanoB. CuuTasi CpeIHIO BEIMYMHY DHEPTUU CBsI3M 3.5 3B, JIerko BUIETH,
YTO Ha XHUMHYECKYI0 peakuuio pacxongyercs He Oonee 30% MOIMOIIEHHOW 3HEpPrUH
MOHM3UPYIOUIETO H3JIy4eHHUs, a OCTajbHas SHEPrusi TeM WIM HUHBIM CIOCOOOM pacxoayeTrcsi Ha
Harpes (MyTeM CTOJIKHOBEHMI U TIEpeauu SHEPTUH ).

2. B BeIxoae npoaykTtoB paguonusa npu 300K okosno 80% cocTaBisitoT MpOAYKThI pa3pbiBa
cBs3u C - H u rmaBHBIM 00pa3oM MOJEKYJISpHBIA BOAOPOJ U AMMEPHI HCXOJIHBIX YTIE€BOIOPOAOB, U
okou0 20% - mpeaesbHbIE U HENpPeAeIbHbIE TPOAYKTHI pa3pbiBa cBs3u C - C.

3. C nossimennem temmnepatyps! Bbie 600K paananinoHHO-XMMHYECKHE BBIXOJABI PE3KO
Bospacraiot, gocturas 1.5 -10% momexy/100 5B mpu 600K mpotus 10 mMonexy:/100 5B mpu 300K,
IIPUYEM COCTaB MPOAYKTOB MPHUOIMKAETCS K COCTaBy MPOAYKTOB TEPMUUYECKOTO KPEKUHTA.

IlertHOM Tpollecc pa3lioKeHUsT MeTaHa (paJHallMOHHO-TEPMHYECKUN KPEKHHT) MOXKHO
ONMCcaTh CJIEIYIOIIMMHA OCHOBHBIMH yYpaBHeHUsIMU [ 140]:
3apokeHUE LIETIH IPU TEPMUUECKOM BO3AECHCTBUU

CH4 +3.53B = (CH3)* + H*
3aposKIeHHUE LENU NMPU PaJUallMOHHOM BO3JIEUCTBUM

CH4 + e = (CH3)* + H*

[Iponomkenue uenu
CH4+ H* = (CH3)* +H,
(CH3)* + CHy= CyHg + H*
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OO6psIB LIETIH

(CH3)* + H*=CHy4

(CH3)* + (CH3)* = CoHe

H*+H*=H,

B paborax [141, 142] mpencraBicHBl Pe3ybTaThl IKCHEPUMEHTAIBHOTO HCCIICIOBAHUS
MJIA3MEHHOTO THUPOJIN3a TPHU BO3JEHCTBUM HMMITYJIBCHOTO JJIGKTPOHHOTO Iy4ka. McciemoBaHus
BBITIOJTHEHBI Ha CIEIUANTU3UPOBAHHOM UMITYJILCHOM 3JeKTpOoHHOM yckoputene TOVY-500. Peaktop
— OWIMHAP W3 KBapLEBOTO CTEKJIA ¢ BHYTpEeHHMM auameTrpoM 14 cMm u oobemom 6 1. CocraB
NPOIYKTOB IUIA3MEHHOTO MUposn3a MeTana aHanusupoBanmu Ha MK-cnexkrpomerpe Nicolet 5700 B
nuamnaszode ot 400 mo 4000 cm’!. TasoBas kioBera ¢ okHamu u3 KBr HamosHsiack HCCIIETyEMbIM
razoM npu aasneHuu 1 atM. Ontuueckas anuHa 10 cM, uncno usmepenuit 100 ¢ nocnegyrommm
yCpeqHeHreM. AMIUTUTY1a MUKOB KaIMOpOBalach MO 3TAJOHHON CMECH METaHa C alleTHIICHOM.
OCHOBHBIMH TIPOJTyKTaMU IMUPOJIM3a METaHA MTPH BO3JCHCTBUN UMITYJILCHBIM 3JIEKTPOHHBIM ITyYKOM
ObuTH STHUIEH M aneTwieH. Ha puc. 62 mpuBeaeHBI 3aBUCUMOCTH MAacChl CHHTE3MPOBAHHOTO W3
MeTaHa STUJICHA U alleTHIEHa OT YKCIia UMITYJIbCOB AIEKTPOHHOTO MyYKa.
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Puc. 62. 3aBucuMocTbh Macchl CHHTE3UPOBAaHHOTO aretuiieHa (1) v =730 cm™ 1 oTHICHA (2) v=949
cM' OT YHCITa IMITY/TECOB HTIEKTPOHHOTO My UKa.

[Ipu ycnoBuu, 4To BCS SHEPIHsl IMydKa 3JIEKTPOHOB PACXOJYETCsl HA KOHBEPCHIO METaHa, a
IPOAYKTaMH KOHBEPCUH SIBIIAIOTCS AleTUIEH W ATUJIEH, PHEPro3aTpaThl Ha pa3iokKEeHHE MeTaHa
cocraBisAoT 125 sB/Monek. Ho peanbHo nornomaercs B raze He Oonee 15% sHeprum myuka [122],
TOT/Ia PHEPro3aTpaThl JIEKTPOHHOTO ITyUKa, MOTJIOLIEHHOTO B Ta3e, COCTaBAT okojo 18 3B/mornek.

MCTaHa.
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4.3. UcciienoBaHue LEMHOro nMpouecca OKUCJIeHNs MeTaHa NMPHU BHEIIHEeM BO3/1elCTBUH.

N3BecTHO, YTO OKHCIICHHE YTJEBOAOPOJOB TPEICTABIsACT COOOM IEMHON BBIPOXKICHHO-
pa3BeTBieHHBIH mporecc [132, 133]. Haumbonee sHeproeMKHM 3BEHOM SIBIsSIETCS OOpa3oBaHHE
NEPBUYHOIO pajuKajia, T. €. MHUIMMPOBaHHE LIENHU. B paBHOBECHBIX YCIOBMSIX HWHULMHUPOBAHHE
LENHOro Ipolecca MPOUCXOAUT B pe3yibTaTe TEPMUYECKOrO paclaja BaJleHTHO-HACBHILIEHHON
MOJIEKYJIbl WIIA IIPH B3aUMOJEHCTBUM IBYX BAJICHTHO-HACBILICHHBIX MOJIEKYJI.

OcranbHble 3BEHbS IENM OCYIIECTBISAIOTCS € Y4YacTHeM CBOOOJIHBIX pajuKajoB, YTO
3HAUUTENIBHO CHUKAET UX DHEPrHI0 AKTHBALMM IO CPABHEHMIO C MOJEKYJSPHBIMU PEAKLMSIMH.
Takum oOpa3oM, HU3KOTEMIIEpaTypHas IpaHUla OOJACTH OKHUCIIEHHUS YTJIEBOJIOPOAOB AOKHA
paccMaTpUBaThCA KaK TpaHUIA MUHUMAJIBHBIX TEMIIEPATyp, IPU KOTOPBIX B JAHHBIX YCIOBHUIX
JABJICHUsI, COCTaBa CMECH, COCTOSHHSA IIOBEPXHOCTH pEaKTOpa €Ie MOXKET IPOUCXOAUTH
VMHULMMPOBAHUE LIEMTHON peakluu OKuCieHud. JlanbHelilee CHUKEHUE TEMIEPATypbl IPUBEIET K
IPAKTUYECKON JIMKBUAALMH PEaKLMU MHUIMHPOBAHUS U IO 3TOW NMPUYMHE K MCUE3HOBEHUIO BCEl
OCTaJbHOM YacTh 1enu. [pyrumu cimoBamu, MOXHO Tmpeanosararb [132], 4To moa HUKHUM
TEMIIEpaTypHbIM TpeeloM OOJIACTH OKUCJIEHUS 3BEHbs LENH, MpeJCcTaBisione colboil ee
pa3BUTHE, NMPEKPAILAIOTCA HE MO NMPUYMHE HEIOCTATOYHOM TEMIIEPATypbl, @ TOJBKO B PE3YJbTaTe
MOJIaBJICHUS NIEPBUYHOIO aKTa MHUIMUPOBaHUs 1enu. OTCro/1a €CTECTBEHHO MPENIOIOKUTh, YTO B
cilydae, €cii Obl yJIaloCh OCYIECTBUTh HHUIIMUPOBAHUE CBOOOJHBIX PaJAUKaIOB IPU TEMIIEpaType
HIDKE, YeM TeMIlepaTypa Ha HWXKHEH rpaHMile 00JacTH MEIJIEHHOTO OKHCICHHMs, TO U JajlbHelIiee
IpeBpalleHue YyIIeBOA0PO1a MOIJIO Obl HOTYUYHUTh CBOE MPOIOJIKEHUE 1aXKe B ITUX YCIOBUSIX.

[Ipn TakoM OKHCIMTEIBHOM IPEBPALEHUHN YIJIEBOJOPOJA IPU HU3KHX TEMIIEpaTypax
BO3MO)KEH CHHTE3 HOBBIX COEIMHEHUH. B Cl0OKHOM LIEMHOM Ipolecce JUIsl y4acTBYIOUIMX B HEM
pasnKagoB OOBIYHO BO3HUKAIOT BO3MOXHOCTH JAJIbHEHIIEr0 BCTYIUICHHS HE B OJIHY, @ B JBE WM
HECKOJIBKO peakini. CylecTByeT KOHKYPEHIMS paJMKalbHBIX peaklUuii, U UIMEHHO TeMIEparypa
OKa3bIBAET pEIAIOIIEe BIUSIHNUE HA UCXOJ 3TOM KOHKypeHUuu. [Ipu 3Tom, 4em Huke Temmneparypa
npoluecca, TEM MEHbILIAsk pa3HULA B SHEPTUAX aKTUBALMU KOHKYPHUPYIOUINX paJUKaJIbHBIX peakuuit
JIOCTAaTOYHA JUIsl ONPEJEIICHUs MPEUMYINECTBEHHOr0 HamnpasiieHus. Hampumep, npu temmeparype
400K pa3HocTb 3Hepruit akTuBanuu AByX peakuuii B 0.04 sB/Monek. npuseaer K ToMmy, 4to Ha 93%
peakuus MOMAET MO MyTH C MEHbIIEW 3HEpruel akTUBaLUM (TpU YCJIOBUU PABEHCTBA CEYEHMMU
B3aUMOJICUCTBUS).

OcyuiecTBiIeHHE OKHUCJIECHUS NpU TEeMIeparypax HMKe OOBIYHOM (NIpH BHEIIHEM
UHULMUPOBAHUM), JIOJDKHO, OYEBUIHO, HMETh CBOMM IIEPBBIM CIJIEJICTBUEM 3HAUUTEIBHOE
YMEHBILIEHNE OTHOLIEHHSI KOJIMYECTB YIVIEBOAOPOJIA, YXOIALIUX B Pa3JIOKEHNUE U B OKHCIEHUE. JTO
CJIETyeT U3 TOT0, YTO U3 JBYX BO3MOXKHBIX PEAKIUI aJIKUJIBHOTO paJKala - pacnaaa u OKUCIEHUs

1. Pacmag R — npoaykTel pasnoxkeHusi;  dHeprus aktupamuu 1.1-1.7 aB/monexk.
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2. Oxkucienue R + O, — RO, sneprus aktuBanuu 0.02-0.09 sB/mornek.

Py TEMIEpaType OKHUCIEHHUs YriaeBoaopooB 450K MOKHO mpeamnonaraTh MPaKTHYECKH MOJIHOE
OTCYTCTBHE KPEKHHTA.

BropeiM cnencTBMEM  CHIDKEHHMS  TEMIIEpAaTyphl peakiMM  sBIsSETCS  00pa3oBaHHE
3HAUUTENIbHBIX KOJIMYECTB MEPOKCHIOB B pe3ysbTare JajbHEHIIEro MpeBpalieHus NepOKCUIHOTO
paaukana RO, AByMs KOHKYPHUPYIOUIMMH IMYTSMHU - €r0 JaJlbHEUIIUM pacmagoM ¢ o0pa3oBaHHEM
aNbJIETH/IOB U CIUPTOB U €ro B3aMMOJCHCTBHEM C HCXOJHBIM YIJIEBOAOPOJIOM C OOpa3OBaHUEM
IKWITUIPOTIEPOKCHIA. DHEPIUsl aKTUBAIMK pa3iokeHus cocraisier okoyo 0.8 — 0.9 sB/mornek.
OHeprus K€ aKTHBallMM OuMOJIEKyJsipHOro B3aumojeiictBus RO, ¢ yrmeBomopoaoM (c
obOpaszoBaHueM ankwirgapornepokcuaa) He npesbimaer 0.2-0.3 sB/monek. Otcroma mist cMmecu
cocraBa 150 Top RH + 150 Top O; u npu temneparype 450K oTHOIIEHHME CKOPOCTH peakLuu
pacmaga RO, k peakuuun oOpa3oBanus ankuiaruaponepekucu cocrasut 0.53. B cnyyae npoBeneHus
okucnenus npu 400K aro otHomenue yxe pasHo 0.043. Takum 006pa3oM, CHUKEHHUE TEMIIEpaTyphbl
OKHCJIEHHUS JOJKHO CIIOCOOCTBOBATH MPEUMYILIECTBEHHOMY 00pa30BaHUIO aJIKMITHIPOIIEPOKCHIOB
U COOTBETCTBEHHOMY YMEHBIICHUIO BBIXOAA ajbJACTHAOB U CIHPTOB, SBISIOIIUXCS, COTJIACHO
IPUHATOMY MEXaHU3My, IPOAyKTaMM pacnajaa paaukana RO, [132].

MoskHO TakKe IMpeanosiaraTb, YTO MPU HU3KOM TeMIiepaType OKHUCICHHsS 00pa3yroluics
ANKWITHAPOTIEPOKCUA OyAeT B MOJABISIIONICH CBOEH YacTH MEPOKCUAOM H30-, a HE HOPMAJIBHOTO
cTpoeHus. Pa3Huna B sHeprusx paspbiBa NEPBUYHONU U BTOpUUHOU C-H-CBsi3eil COCTaBISIET OKOJIO
0.17 sB/monex. Kak Mbl Buaenu BbIIIE, TaKOE pa3iuyuMe MPHUBEAET K TOMY, YTO HPU HHUBKHX
TEMIIEpPaTypax B OCHOBHOM OyJIeT IPOUCXOANTH OTPHIB aroMa Bogopoaa u3 rpymisl CH, (a He CH3)
yTIEBOI0pOAa U 00pa3yroIuiics NepoKcul OyJeT UMETh U30MEPHOE CTPOCHUE.

B o0miem cienyer oXuaath, 4TO 3HAUUTEIBHOE CHUKEHHE TEMIEPATyphbl PEaKUi BHI30BET
U3MEHEHUE OKHUCIUTEIBHOTO TMPEBpAIllEHUS B CTOPOHY MPEUMYIIECTBEHHOTO 00pa3oBaHuUs
QIKMITUIPOTIEPOKCHIA C COOTBETCTBEHHBIM IIOJABJIIEHUEM KaK IyTH pa3ioXkKEHUs, TaK U IMyTH
o0Opa3oBaHMs albAETUA0B M CcHUPTOB. CHIKEHHE TEMIEpaTypbl OKHUCIEHUS MOXET ObITh
JOCTUTHYTO OOJIETYeHHEM T'e€HEpUPOBAHUS MEPBUYHBIX CBOOOJHBIX PAIUKANIOB. ITO MOXKET OBITH
OCYIIECTBIIEHO JMOO TMOJBOJAOM aKTHBHBIX pAJWKAIOB H3BHE, THOO J00aBKAMHM HEKOTOPBIX
BEIIIECTB, KOTOpPbIC Y€ NPH HHU3KUX TeMIieparypax (T. €. HW)Ke TpaHUIlbl OObIYHOW objacTu
MEJJICHHOTO OKHUCJICHHSI YTJIEBOIOPO/IOB) pacIaiatloTcsi C 00pa3oBaHUEM CBOOOIHBIX PaUKAIIOB.
OxmucieHue MeTaHA B PABHOBECHBIX YCJOBHAX PH HU3KOM /JaBJICHHH.

[Tporiecc okucneHUss MeTaHa B PAaBHOBECHBIX YCIOBHSIX JOCTATOYHO XOPOIIO HM3yYeH U
omcan B MoHorpadumsx I[lrepra B.A. [132] u ApytionoBa B.C. [133]. DkcnepuMeHTanbHBIE

WCCJICIOBAHMS TTOKA3aJld, YTO MpU HU3KOM JnaBieHun (Hmwke 10 atm.) ucxomnon cmecu CHy + O,
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MPOIIECC OKUCIIEHUs MPOTEKAeT O4YeHb MeuieHHOo. Ha puc. 63 mpuBezeHa 3aBUCUMOCTb BPEMEHHU

PCaK OKHCIICHHA METaHa OT IaBJICHUA.
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Puc. 63. 3aBucUMOCTb BpEMEHH PEaKIIMN OKUCIICHHS METaHa OT JaBJICHUS CMECH MPHU TeMIIepaType
650K [133].

Ha ocnoBe Bcero wumeromerocss B IJUTEPAaType OSKCHEPUMEHTAIBHOTO MaTepuaia Io
okucinennto MeraHa H.H. CemenoB [143] B 1958 romy mnpemioxuin cieqyrollyl pagukaaibHO-
LEMHYI0 CXEMY 3TOr0 Ipoliecca B 001acTH HU3KHUX JABJICHUM:

0. CH4 + O, — CH*; + HO,*; O =- 2.4 3B/mornek.

1. CH3* + O, — HCHO + OH*;

2. OH* + CH4 — CH*; + H,0;

2'. OH* + HCHO — H,O + HCO*;

3. HCHO + O, — HCO* + HO»*; O = - 1.4 3B/mounek.

4. HCO* + O, — CO + HOy;

5. CH4 + HO* — H,0, + CH3*;

5'. HCHO + HO,* — H,0, + HCO%*;

6. OH — crtenka — 0OpBIB.

Ha puc. 64 mnokazaHa o001acTh CaMOBOCIUIAMEHEHHS METAaH-BO3JYIIHOM CMECH B

paBHOBECHBIX ycnoBusix [133].

T, K
1000
900+
800+ 1
700

2
600

I 1 I I |
0 5 10 15 20 P, atm

Puc. 64. O6HaCTI/I CaAMOBOCIINIAaMCHCHHUSA U XOJIOAHBIX IIJIAMCH cMecen er'IeBO,I[OpOI[OB C BO3,Z[}/'XOM.
1 — 13% CHy; 2 - 10% CyHq [133].
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BuaHo, 4TO LENMHOM HPOLIECC OKHUCICHUS METaHa MPOUCXOJIUT MPU TEMIIEpaType BBIIIE
800K. Ha puc. 65 u puc. 66 npruBeaeHbl KHHETUYECKUE KPUBbIE HAKOTUICHUS MPOAYKTOB OKUCIECHHUS

Metana [132].

P’ TOp AP, TOp

100 —

|
0 50 100 {, MHH
Puc. 65. Kuneruka okMcaeHHs: METaHa M0 U3MEHEHUIO OOILEro JaBIeHUs, pPAaCX010BaHHIO

HCXOJIHBIX M HAKOTUICHUIO KOHEYHBIX IPOyKTOB peakiuu [132]. Cmech CHy + 207; Pyay = 235
Top; T=723K. 1 -CHy4; 2 - 02,3 - HyO;4 - CO; 5 -CO»; 6 - AP.
AP, TOp —
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Puc. 66. Kunernka HakorieHus: popMalibAeriia U MePeKcH BOIOPO/Ia PU OKUCICHUU MEeTaHa
[132]. Cmecb CH41+203; Pyay = 235 Top; 7= 723K. 1-nepokcun; 2- hopmanbaeru.

OnpITHl MPOBOJWINCH B CTATUYECKUX YCIIOBUSX, B KBAPLEBOM COCYJE, B TEMIEPAaTypHOM
unrepBaie 723-813K co cmecaimu CH4+20,;. OCHOBHBIMU TPOAYKTaMH OKHUCJIEHHS METaHa B
paBHOBecHbIX ycnoBusx Obutn CO,, CO m HyO. dopmanbierus mpu BBICOKMX TeMIlepaTypax
OKHUCJIIETCS O OKHCH yTIiepoAa M BOJbI, IO3TOMY B MpPOAYKTaX pEaKkLUHUU €ro colep)KaHue
HE3HAYUTENbHO. MeAJIeHHOE OKUCJIEHHE MeTaHa B PpABHOBECHBIX YCJIOBHUAX TIpU HU3KOH
TeMIIepaType XapaKTepu3yeTcsl HU3KOH cTeneHblo KoHBepcuu. [Iponecc okuciaeHus npekpamaercs

3aJ10JIT0 J10 MOJTHOM BBIPAOOTKH MCXOIHBIX MPOIYKTOB (CM. puc. 65, kpusbie 1 u 2).
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NuununpoBaHue OKUCIEHUSI METAHA BHEIITHUM BO3/1eiiCTBHEM.

B  wmonorpapum  [132] BemoONHEH ~ 0030p  pabor 1Mo  (POTOXMMHYECKOMY
CCHCUOWJIM3UPOBAHHOMY PTYThIO M OpOMOM OKHCIICHUIO YIJIEBOIOpOonoB. [Ipu KOMHaTHOMU
TeMIeparype HauOojee TMOAPOOHO UCCIEIOBAIOCh (OTOXMMHUYECKOE OKHCIECHUE TPOTaHa.
OCHOBHBIM TIPOJyKTOM OKHCJICHUS ObLJIa THAPOTIEPOKCH]T U30TIponiIa (CM. puc. 67).

AP, Top
0.157

0

I I
300 400 500 T, K
Puc. 67. 3aBUCUMOCTb BbIX0/1a MPOIYKTOB (POTOXMMHUYECKOTO CEHCUOUIM3UPOBAHHOTO

PTYTBIO OKUCJIEHHMS ITporaHa oT Temnepartypsl [144]. Bpems konTakra 30 c. 1- nepokeun; 2 -
anetanpaerun; 3 - popmanbaerun, 4- anetox, 5 - CO.

bbin onpesneneH KBaHTOBBIN BBIXOJ peakuuu. OH BBIYUCISUIICS, KAK OTHOIIEHHE KOJIUYECTBa
00pa30BaBIIMXCS 332 €IUHHILY BPEMEHH MOJIEKYJl THAPOMEPEKUCH U3OMPONHIA K YUCITY KBAHTOB
CBETa, TOTJIOMIEHHBIX 3a 3TO BpeMmsi cucTemoil. Oka3aioch, YTO HIKHHHI Mpees KBaHTOBOTO
BBIXO/Ia PABEH ABYM, T. €. JUIMHA LIETIH OKUCIICHHS POINIaHa B U3YUYEHHBIX YCIOBUSAX OYEHb Maja. Bo
BCEX OMbBITaX, MPOBEJCHHBIX MPH KOMHATHOW TemmepaTtype, He 6onbiie 0.5% mpomaHa BCTymaio B
PEaKIINI0 OKUCIICHUSI.

Nzydenne ¢GoToOXUMHUECKOTO OKMCIEHUS MeTaHa W dtaHa HamGamnsa A.b. m ®ox H.B.
IIPOBOJIMJIN KaK MPHU KOMHATHOM, TaK U IPU MOBBIIIEHHBIX TEMIIEpaTypax. bputo HalIeHO, YTO NpH
KOMHATHOM TeMIIepaType INIABHBIMHU MPOAYKTaMU SIBJIIFOTCS COOTBETCTBYIOIIUE THIPONEPOKCUIBI.
C MNOBBIIIEHUEM TEMIEPATyphbl, HApsAY C NEPEKUCAMH, HAYMHAIOT MOSBISATHCS U aJbACTUJIBI.
Hauunas ¢ 500K, Beixoa nmepekucel magaeT, a BRIXOA albJACTUI0B MpoaoikaeT pactu u pu 600K
TJIaBHBIMH TIPOJyKTaMu cTaHoBsATCs anbaeruasl, CO u CO,. Kunernueckue KpuBblie 00pa3oBaHMs
NEePEKUCEN U aJbJETUI0B aHAJOTUYHBI KPUBBIM, ITOTYUYEHHBIM IIPU OKUCIICHUH MTPOTaHa.

UccnenoBanue GOoTOXUMUYECKOTO OKUCICHUS YTIIEBOAOPOIOB IMOKA3aJI0, YTO:

1) OGneryeHne WHUIUUPOBAHUS JCHCTBUTEIBHO JENIaeT BO3MOXKHBIM OKHCJIICHHE IPHU
HU3KUX TEeMIEpaTypax, BIUIOTh 10 KOMHATHON TEMIIepaTyphI.

2) OCHOBHBIM  MPOAYKTOM TaKOro  HHU3KOTEMIIEPATYpPHOTO  OKHUCIIEHUS  SIBIISIETCS
COOTBETCTBYIOIINI aJIKUITUIPOTIEPOKCHU/I.

3) CreneHb KOHBEPCUU OYEHBb HU3KAsl, IPOLIECC OKUCTIECHUS UIET MEJICHHO.
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Manass nnMHa Uenu B 3TUX YCIOBUSX JEJIaeT, OAHAKO, TaKO€ HU3KOTEMIIEpaTypHOe
OKHCJIEHHE YTJIeBOJ0POI0B Manod((EeKTUBHBIM B OTHOILIEHUHU BBIXO/I0B 00pa3yOMIUXCs IPOAYKTOB
U CTETIEHU KOHBEPCHHU.

B 1928 romy S.C. Lind oOmy4wmn o-dacTHIIAMH KHUCIOPOAHBIE CMECH METaHa, JTaHa,
npornaHa u Oyrana. [Ipu 3Tom B cimydae MeraHa Obutu mosrydeHbl Toibko CO, m H,O. B ToT *)e
nepuon J. Mc. Lennon u J. Glass uzyuyanu nefictBue ObICTPBIX SJEKTPOHOB HA OKHCIICHHE METaHA
(emecu CH4+0; 11 3CH4+0s; T = 320K; Pyae = 100-200 Top). beumn naitnensr CO, CO,, Hy, H,O n
Hebompimue kommuectBa HCOOH.

B 1958 r. okucnenue metana (cmecu 4CH4+0;, u CH4+05) moa neficTBueM Imyuka ObICTPBIX
3JIEKTPOHOB TMPU KOMHATHOW Temmeparype usdydanu b.M. Muxaiinos ¢ cotp. [145]. MomHOCTb
1036l (TIpU Pyaq = 760 Top) coctasnsana 2,7 - 10'® 5B/cm’cex (mnsa cmecu CH4+O, MOIIHOCTD 10361
cocraBisieT 4 kl'p/cek). ICTOUHMKOM OBICTPBIX 3JEKTPOHOB CIY>KWJIa AJIEKTPOHHAs TpyOka mpu
HanpspbkeHuu yckopsitoniero noist 120 kB u cune Toka Ha Beixoze 100 MkA. OnbIThl TPOBOAUIUCH B
CTaJILHOM cocyJle, BpeMsi obmydenusi coctaBisuio 30 muH. Beixox peaknuu mns cmecu CHy + O,
okazajcs paBHbIM 7 Moiekynam O, u 6.2 monekynsl CH4 Ha 100 »B. Ha puc. 68 nokasano

N3MCHCHHC JaBJICHHUA B O6quaeMOﬁ MGT&HO-KHCHOPOHHOﬁ CMCCHU B TCUCHHUC PCAKIINU.

P, TOP,

760

740

720 [ | | | | [
0 2 = 6 8 t, MUH

Puc. 68. 3meHeHue naBiaeHus cMecell MeTaHa ¢ KUCIOPOJIOM U a30Ta B HaYaJIbHbBIN IEPUOJL
00JTy4eHus Mpu KOMHATHOHM TeMnepaType IMy4yKoM ObICTpPbIX 37eKTpoHOB [31]. 1- CH4:0, = 4:1; 2-
CH4:0,=1:2;3-CH4:0,=1:1;4 - N,.

Hauanpubiii ckauok ngaBneHus Ha npoTskeHun 20 - 30 c¢ cBsizaH ¢ pazorpeBoM. [lanee
JIaBJIeHUE B Te€YeHUE 3-4 MUH yMEHBILAETCS, M1OCJIE Yero HaOMI0AaeTCs NPSIMOJIMHENHBIN y4acToK,
MPOAOKAIOIIUKCS BIUIOTh IO U3PACXOJA0BAaHUSI OJJHOTO U3 UCXOJHBIX KOMIOHEHTOB cMecu. [locre
9TOr0 TMaJleHUuE MaBJICHUs 3aMenassieTcs. bbUlo HailleHO, YTO CKOpPOCTh pEeaKlHUHh pacTeT C

YBCIIMUCHUCM MAapUUAIIBHOTO HABJICHUA MCTaHa U O6IJ_[€FO JaBJICHUSA. Pacxon MCTaHa U KUCIIOpOJa
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NPOTIOPIIMOHATICH BpEeMEHH OOIy4eHus. BaXHO OTMETHTh, YTO CKOPOCTh PEAKIMH OKHUCICHUS
METaHa MPU 00JYyUYCHUH JIEKTPOHHBIM ITyYKOM 3HAYHUTEJIBHO BBIIIE, YEM B PABHOBECHBIX YCIOBHUIX
(cM. puc. 65), XoTa TemmepaTypa cMecu razoB Obuia 3HauuTenbHO Hike (300K mpu obmydenuu,
723K B paBHOBECHBIX YCIIOBUSX).

[Ipyn kKoMHaTHON TemmepaType M HadyajdbHOM AaBieHuu cmecu 760 Top meraH moaseprcs
npespauiennio Ha 32% (cmecb CH4+0;). DTO 3HAUUTENBHO MPEBBIIIAET CTENEHb KOHBEPCUM MPU
CEHCHOMIIM3UPOBAHHOM PTYThIO (oToxummuueckoMm uuuuuposanuu (0.5% s nponana [132]). B
npoaykrax Hahgensl CO m CO, B Omm3kux kommuectBax, H,O, H,, HCOOH wu HebGonbpmime

konuuectBa CH3OH u nepokcumoB. @opmManbsaeru HalfIeH B BUIE CIeA0B (CM. puc. 69).

fm, MMOJIb
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Puc. 69. 3aBucuMOoCTb BBIXOa MMPOTYKTOB OKUCIICHUS METaHa OT BPEMEHH OOJIyUYCHHUS ITy9IKOM
ObICTpBIX AMEKTPOHOB. CMech CHy + Oy; Pyay = 760 Top.; T=300 K. 1 - H,0; 2 - H,; 3 HCOOH; 4
—COuCO;, 5 - nepekucu 1 COUPTHI.

Oxkono 50% u3pacxoI0BaHHOTO METaHa MEPEXOAUT B KUAKYIO (ha3y, OCHOBHBIM MPOAYKTOM
xotopoi siBisiercss HCOOH.

HOJ’Iy‘-IeHHBIe JaHHBIC CBUACTCIBCTBYIOT O TOM, YTO IpPU paaXMallMOHHOM HHHUIUHUPOBAHUU
OKHUCJIGHHS MeTaHa IIpM KOMHATHOM Temmeparype, B OTJIHYHE OT TEPMHUYECKOIO0 U
doToxuMHUYECKOTo, cTerneHb KoHBepcuu Bbille (32% mnpu oOmyuyenun u 0.5% B paBHOBECHBIX
YCIIOBUSAX). ABTOpBl CYHMTAIOT, 4YTO Tpu OomOapaupoBke OBICTphIMU dJeKTpoHamMu 50%
MOJBEPIIIErocsl BO3JACHCTBUIO METaHA IMpeBpaliaeTcss B BO30YXKACHHBIE MOJEKyibl, a 50% - B
MOHBL. Macc-CeKTPOCKOMMYECKUE JTaHHbBIE MOKAa3bIBAIOT, YTO OOJbIIEe BCEro 0Opa3yeTcs MOHOB
CH," m CH; wm mumb nemsoro nonoB CH,'. MoHB HeHTpammsyoTcs ¢ 0Opa3zoBaHHEM
BO30Y>KJICHHBIX YAaCTHI], KOTOPbIE MOTYT paclajaThbcsi Ha HEWTpadbHbIe CBOOOIHBIC PATUKAIBl U
aTOMBI:
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CH4+ +e— CH4*;

CH;+ + e — CH;3*

CH4* — CH3* + H;

CH;s* — CH,+H.

Hcxons u3 manoro Beixona peakuuu (6.2 monexkyinsl CHy Ha 100 3B), aBTOpBI NpUXOIAT K
BBIBOJLY, YTO M3YUYEHHAs peakius 100 HelenHas, 0o 1enu OYeHb KOPOTKHE.

B pabGote [146] mnpeacraBieHbl pe3yJabTaThl SKCIEPUMEHTAILHOTO HCCIEIOBAHUS
NapLUHUaJbHOTO OKHUCIIEHHS METaHa IPU BO3JACHCTBUM HMITYJIBCHOTO 3JIEKTPOHHOTO ITyuKa.
UccnenoBanusi BBIMOTHEHB HA WMITYJIBCHOM AJIEKTpOHHOM yckoputene TOVY-500. Cocras
MCXOJHOM peareHTHOM CMECHU W M3MEHEHHE COCTaBa CMECH Ta30B B PEAKTOpE MPU BO3JCUCTBUU
UMIYJIBCHOTO 3JEKTpOoHHOro myuyka Ha cMmech CH4+Or+H, u3mepsinu kBaapynoidbHBIM Macc-
crnekrpomerpoMm MX-7403. M3MeHeHHEe cOAep:KaHUsI KOMIIOHEHT Ta30BOM CMECH OLIEHMBAJIHU MO
M3MEHEHUIO IUIOUIad COOTBETCTBYIOIIEro nuka. IIpu BO3IEHCTBUU MMITYJIBCHOIO 3JIEKTPOHHOIO
My4Ka Ha CMECh MeTaHa, KHCJIOpoa u Bojopoaa (cymmaproe nasienne 350-500 Top) peanuzoBan
HEPAaBHOBECHBIM PEXUM MaplMaIbHOTO OKUCIEHHS MeTaHa. [Ipoliecc HEMOMHOTO OKHCIICHUS
MmeTaHa 3((peKTUBHO MpOTEeKasl MPU BBHICOKOM KOHIEHTpauuu kuciopoaa (Beiaie 30%) B UCXOIHOU
cmecu. Ha puc. 70 mpuBeneHBl 3aBUCUMOCTH OT MCXOJHOTO NapLUaIbHOIO JaBJICHMSI METaHa

Ijiomaay MMKOB OCHOBHBIX IIPOAYKTOB PAa3JIOKCHUA METaHaA.

S, oTH. ea.
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Puc. 70. 3aBUCHUMOCTb OT UCXOIHOTO JaBJICHH MeTaHa Tutomaan mukoB CO, (1), CO (2) mu Hy (3)
MAacC-CIIeKTpa CMECH Ta30B TOCIIE BO3JACUCTBHS UMITYJIbCHOTO 3JICKTPOHHOTO ITy9Ka. SHAYCHHUS
TUTOIIA I MUK BOJIOpO/Ia yBenudeHbl B 10 pas.

BrInoTHEHHBIE MCCIIEIOBAHUS TTOKA3aJIM, YTO TMPHU YBEIWYCHUH HCXOJHOTO MapIUaIbHOTO
naBieHuss MetaHa B cMmecu TrazoB CHy+O,+H; m MOCTOSIHHOM MaBIEHUU KUCIOPOAA B KOHEYHBIX
MPOAYKTaX BO3pAcTaeT MO MOHOOKCHIA YTJepoja W BOJOPOAA. DHEPro3arparhl AICKTPOHHOTO
My4yka Ha KOHBepcuio MeraHa He mpeBbimanu 0.05 3B/monek. [lpu Bo3melcTBUM UMITYJIHCHOTO

QJICKTPOHHOTI'O ITyYKa MPOUCXOJUNIIO IMMOJIHOC PA3JIOKCHUEC METaHa 3a OJUH UMITYJIbC.
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4.4. Paznoxenne GropuIHbIX COCTUHEHM .

@DTOpUIHBIE COECOUHECHMS INHPOKO HCIOJIB3YIOTCI B TEXHOJIOTMYECKHX IIEpefesax
IPOM3BOJICTBA  PEIKO3EMENbHBIX METaIoB, M30ToNmHOro oboramenus [147]. Haubonee
PHEpProeMKas CTagusl TaKoro TIIpolecca - BOCCTAHOBJIIGHHE MeTaula U3 €ero (QTOpUIHOTO
coenuHeHus. IlepcrnekTUBHO MCIOIb30BaHNE HEPAaBHOBECHBIX MPOILIECCOB, MO3BOJIAIOIINX CHU3UTh
HENPOU3BOACTBCHHBIE TIOTEPH.

OKcIepUMEeHTAIbHbIE MCCIEIOBAHUS IO PA3JIOKEHUIO (PTOPUIOB Cepbl U BoJb(ppaMa ObuIH
BBINIOJIHEHBI Ha 3JEKTpOHHOM Yyckoputene TOVY-500. JlaBieHue B peakTope M HSHEProBKIAJ
AIIEKTPOHHOTO MyYKa B ra3 KOHTPOJIMPOBAIM MaJOWHEPUUOHHBIM TU(PEpEeHIHATHHBIM JaTYHKOM
napieHusi. CocTaB MCXOJHOM pEareéHTHOM CMECH M M3MEHEHHME COCTaBa CMECH Ta3oB B PEAKTOpE
IIPY BO3JIEHCTBUU MMITYJIbCHOTO 3JIEKTPOHHOTO ITydKa M3MEPsUIM Macc-criekrpomerpom MX-7403.
BbixoqHOW curHan macc-clieKTpoMeTpa nepeaaBancs Ha kommbroTep udepe3 AL «Jlan-7» ¢
raJbBaHUYECKON Pa3BA3KOW. M3MeHeHue colep:kaHus KOMIIOHEHT ra30BOM CMECH OLEHUBAIU IO
M3MEHEHUIO IJIOMAM COOTBETCTBYIOIIETO IMUKA MACC-CIEKTPA.

4.4.1. PaznoxkeHune rekcapropuia cepbl B CMeCH € 230TOM.

BrlnosHEHHBIE AKCIIEPUMEHTAIBHBIE HCCIIEN0BAHUS IOKAa3alM, YTO B YCJIOBUAX IUIa3Mbl
UMITYJIBCHOTO 3JIEKTPOHHOTO Ty4yka 3((EKTUBHO MPOUCXOAMT pa3okeHHe rekcadropuaa cepsl
[148, 149]. Hna cmecu SFetNo+Ar moaydeHo, 4TO SHEpPro3arparbl AJIEKTPOHHOIO Iy4Ka Ha
JccolManuo ogqHol moiiekynbl SFg coctaBmim 5 3B. Apron ucnosib30BaJIv Jjisi HOPMHPOBAHUS
MaccC-CIIEKTPOB.

B Hamewm ciyuae 3a cueT AucCOLUAIMK NPSIMBIM 3JIEKTPOHHBIM y1apOM:

SF6 +e—> S+3F
WJIM JUCCOLMATUBHOTO 3aXBaTa HU3KOIHEPIreTUYECKUX AIEKTPOHOB:
SF¢+e — SF¢ — S + 3F,
oOpa3yercs (pTop, BCTYNAIOMUN 3aT€M B IK30TEPMUUYECKYIO PEAKIIMIO C MOJIEKYJISIPHBIM a30TOM:
N, +3F,=2NF; +2.6 5B

OHeprus, KOTopasl BBIAEIAETCS B DK30TEPMHUYECKOM pEaKLUU, MOXKET pacxoJoBaTbCs Ha
pa3oKeHne UCXOHOTO TeKcadTopHIa Cephl.

Ha puc. 71 npuBeneH macc-crieKTp cMmecu ra3oB B peakrope mnocie 200 uMIynbcoB

AJIEKTPOHHOIO IMyYKa.
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Puc. 71. Macc-cnektp cmecu SF¢ + N, + Ar nocie Bo3A€HCTBUS AJIEKTPOHHOTO MyYKa.

B Macc-criekTpe cMecH ra3oB ITOCJIe BO3JICHCTBHUS AJICKTPOHHOTO Iy4YKa TMOSBHINCH HOBBIC
nuku ¢ m/e 44, 68, 83, 102 u 106. [Tuk, cooTBeTCTBYIOLINI aTOMaM cepbl (m/e = 32), uMen Malyio
WHTCHCUBHOCTh. Ha puc. 72 mpuBejeHa 3aBHCHUMOCTH IUIOMIAA MHKOB, COOTBETCTBYIOIIUX a30TY

N, (m/e=28) u ockonounomy 1Ky SFs' (m/e=127) OT uncia HMITYJICOB SIEKTPOHHOTO MyYKa.

S, OTH. ed.
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Yuecno umnynscos
Puc. 72. 3aBUCUMOCTb IIJIOIIAIN TTHKOB, COOTBETCTBYIOMUX TekcadTopumy cepsl (1) u azoty (2), oT
YHClia UMITYJTBCOB 3JIEKTPOHHOTO MTyYKa.

[Ipu pasnoxenun rexkcaTopuna cepbl B CMECH C a30TOM IOJ JEHCTBHEM HMITYJIbCHOTO
AIIEKTPOHHOT'O My4YKa 3aMKCUPOBAHO 00pa30BaHNE TOHKOW TUIEHKU Ha CTEHKaX PeakTopa.
MaremaTu4eckoe MoAeTHPOBAaHHE HU3KOTeMIepaTypHo#i miia3mbl N; 1 SFgrazoBbix cpen.

MaremaTnueckoe MOAEIMPOBAHNE PA3JI0KEHUS (PTOPUIHBIX COETUHEHUIN OBLIO BBIMOIHEHO
¢ noMouipto nporpammbl « TERRA». Ilpunuunsl, nonoxxeHHsle B 0oCHOBY nporpamMmbl « TERRA»

[150], 6a3upyroTcss Ha MPEATNOIOKEHUH, YTO CBOOOJA BCEX YACTHIl, YYACTBYIOIIUX B IpoIeccax
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XUMHUYECKHX TPEBPAIICHUA, HE OrpaHWYEHA M IOITOMY IIPOCTPAHCTBEHHBIC TPATUCHTHI BCEX
napameTpoB (B TOM YHCJI€ KOHIICHTPAIIWA ) PaBHBI HYJIIO.

[lpr TepMOIUHAMUYECKOM MOJCITUPOBAHUU ITUIA3MOXUMHUYECKUX IMPOIECCOB CYIIECTBYET
BO3MOXXHOCTh BKJIFOYATh B YHCJIO PAacCMaTPUBAEMBIX COCIUHEHUN KOHJIEHCHUPOBAHHOE BEIIECTRBO.
Hampumep, mpu MopenupoBanuu mpeBpamieHuid B cucreme (SFet+Ny+e) cymectByer
MOTEHITHATbHAS BO3MOXKHOCTh paccMOTpeTh mnoBeneHue S(c). Takas BO3MOXHOCTH 00YCIIOBICHA
TEM, YTO KOHJCHCUpOBaHHas (a3a B paccMaTpHBaeMOM IPOIIECCE HEMPEPBIBHO 00pasyercs U
CYIIECTBYET B BHUIE MEIKOAWCIEPCHBIX uacTull. s BBemeHus S(C) B YHUCIO YYUTHIBAEMBIX
COCIMHEHUH MOXKeT OBITh TPHUMEHEH CIEAYIONUH MpHEM: MOJICKyJe KOHICHCHUPOBAHHOTO
BEIIECTBA IMPHITACHIBAIOTCS CBOMCTBA Ta3a, HO MPHU ATOM ra3 o0pa3yeT KJacTepbl, COCTOSIINE U3
OOJIBIIOrO YKciIa MOJICKYN. Takoe JOMyHIeHHE MO3BOJSET ¢ MO MOTPEIIHOCTBIO ONPEACITHTh

CBOMCTBA BCIICCTBA. B YaCTHOCTHU, OJId SHTPOIIMHU HWHAWBHUAYAJIBHOI'O ra3006pa3H0ro BCIICCTBA

CIIpaBCJIMBO BBIPAKCHUC!

S, = :%dT( R, Pd—p( ="~ R, In2r
0 P=po P D, -1, 2 .

UYem Oostbliie MOJISIpHAsi Macca raza, TeM MEHbIIE CO3AaBaeMOe UM HapIuaibHOE JIaBJICHUE.

B mpenene npu p—0 SHTpoONHUS CTAHOBUTCS 3aBUCAIICH TOJIBKO OT TEMIIEPATypPhI TaK ke, Kak U Yy
KOHJICHCHPOBAHHBIX BEHIECTB (3/1€Ch BE3/Ie MOJIaraeTcs, YTo ra3 uieaabHbIi, a KOHICHCUPOBAHHBIC
BEIIIECTBA HEC)KMMaeMbl). JlJI1 MpOBEPKU CIPaBEIIMBOCTH TAaKOro JOMYLIEHHUs ObUIM IPOBEIEHBI
CpaBHUTEJbHBIE pacyeThl apaMeTpoB paBHOBeCHOro coctosHus B cucreme (SFg + Ny + e) npu
nasinenuu 0.05 MIla u temneparype 300-5000 K. CpaBHuBanuch pe3ynbTaTbl TOYHOIO pacyeTa U
TPEX pacyeToB B MPHOIMKEHUN «OOJBIIMX MOJICKYJD» C pa3mepamu kiactepoB k=10, 20 u 40

MOJIEKYJI. Pe3ynbTaTel cpaBHEHUS IPUBEACHBI B Ta0uIe 12.

Ta6auna 12. MonbHasi paBHOBECHAasi KOHLIEHTpauus S(c), MOJIb/KT

T, K «boJbIIEEe MOJIEKYJIBI» Tounbit
k=10 k=20 k=40 pacuer
800 0,7195 0,6849 0,6655 0,6421
900 0,9019 0,8737 0,8571 0,8361
1000 1,0023 0,9863 0,9761 0,9627
1100 1,0429 1,0357 1,0308 1,0241
1200 1,0576 1,0544 1,0522 1,0491
1300 1,0658 1,0652 1,0648 1,0592
1400 1,0668 1,0665 1,0663 1,0634
1500 1,0672 1,0670 1,0669 1,0653

Kax BHUJAHO H3 Ta6J'II/II_IBI, pa3sMep KiraCTtepa B 40 MOJICKYJI ABJISICTCA BIIOJIHC JOCTATOYHBIM.
Ero nanLHei/'Imee YBCIIMYCHUC HCKCIIATCIIbHO, TAK KaK IIpyU 3TOM MOI'YT BO3pacCTH OIINOKH

OKpYTJICHHUA 3a CYCT UCIIOJIB30BaAHUA OUCHDb OOJIBIINX YHCEII.
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Pacuets! BbmonHsmch st uHTepBaia temmneparyp 300-10000K u mHTepBana aaBiieHUi
ucxonuoi cmecu 0.01-0.1 MIla. KoneyHbIM pe3ynbTaTOM pacdyeToB ObLIM 3HAYEHHUS PABHOBECHBIX
MOJIbHBIX KOHIIEHTpPAIMi XUMUYECKUX COCAMHEHUN (MOJB/KT), 00pa3oBaHUE KOTOPHIX B JIAHHBIX
YCIIOBUSAX TEPMOIMHAMHYECKA BO3MOXKHO. Ha WX OCHOBe MOCTpOoeHBbI TpaduKh 3aBUCUMOCTEH
MOJIBHBIX KOHIICHTPALUA OOpa3yIoIUXCsl XUMUYECKHX COCIUHEHUU HCCIIETyeMOM CUCTEMBI OT
TeMnepaTypbl U AaBieHus. Pacuersl npoBoauiauchk misa cmeceid N, u SFg B ClIeyIOMMX MOJIBHBIX

cootHowmeHusax: S:F:N-32:114:28 [151]. YacTe naHHBIX pacu€ToB NpeACTaBiIeHa Ha puc. 73.
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Puc. 73. PacueTHble 3HaYCHUS MOJIBHBIX KOHIIGHTPAIMNA CEPBI M TPUPTOPHUIA a30Ta B
HU3KoTeMIeparypHol mwiasme N, u SFe.

B o0mactu HUM3KUX TemmepaTyp CTaOMIBHBIMU MPOAYKTaMHU sBIstoTCA coeanHeHue NFs,
MOJICKYJISIPHBIN a30T M KOHJIEHCHpOBaHHAas (a3a cepbl. Pacu€Thl Moka3pIBaloOT, YTO B UCCIIETYEeMON
cucreMe o0pazoBaHue TPU(PTOPHIA a30Ta TEPMOAMHAMUIECKH BO3MOXKHO.

DHepro3arparbl 3JEKTPOHHOTO ITydyKa Ha pasjiokeHue rexcadropuja cepbl B CMECH C
a30TOM ObUIM MEHbILIE CTaHJApTHOM 3HTanIbIUU oOpa3oBanusi SFe, paBHoit 1207 k/[x/mons (12.4
sB/Monekyny) [10]. DTo ykaspiBaeT Ha pealn3alMi0 IEMHOTO MpoIecca, HHHUIMHPYEMOTO
UMIYJIbCHBIM 3JIEKTPOHHBIM ITyukoM. lIpu pannonnse UMITyJIbCHBIM 3JIEKTPOHHBIM IyYKOM CMECU
rekcadTopuza cepsl ¢ a30ToM He 3adUKCHpoBaHa yObUTh a30Ta. [109TOMY MCTOYHMKOM SHEPTHH Ha
paszioxeHue rexcadTopuaa cepbl ObUIa HE SK30TepPMHUUECKasl peakiusi CHHTe3a TPUPTOpHaa a30Ta,
a Jpyrue 5K30TepMHYECKHE Tpouecchl. BeposTHO, uTo Hamboyiee CyIIECTBEHHBIN BKJIag B
pasnoxkeHue rexkcaropuga cepbl BHOCUT HMOHHO-KJIACTEPHBI MEXaHU3M LENHOW pEeaKIHH.
Hanuume atomoB cepel u OydepHoro rasza (aszora, rexcadropuma cepsl M Ip.) CIOCOOCTBYET
(bopMUPOBAHHUIO KJIACTEPOB.

4.4.2. Paznoxenue rekcagropuaa cepbl B CMeCH € BOJIOPOI0OM.

Ha »skcnepumeHTanpHOM  CTEHJE Takke ObUIM  BBINOJHEHBI  UCCIEJOBAHUS IO

BOCCTAHOBJIEHUIO cepbl U3 SF¢ mpu BO3AEHCTBUM HMITYJIBCHOTO AJEKTPOHHOIO IIy4ykKa Ha
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razodasnyto cmech 50 xlla SF¢ + 50 kIla H, + 8 kIla Ar [152]. Ha puc. 74 npuBeneH Macc-CreKTp
ra3a B 00beMe peakropa Mmocje BO3JICHCTBHS dJIEKTPOHHOTO Iyuka. OCHOBHBIC IMUKHU, XapaKTepHBIC

JUTSL IPOTYKTOB auccouuanuu SFe, cooTBeTCTBYIOT m/e = 64 (aumep cepsl), 68 u 86.
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Puc. 74. Macc-cnextp cmecu SF¢ + Hy + Ar nmocie o6mydenust

Ha pHuc. 75 moka3aHO U3MEHEHHUE MJIOIIAIN IMUKOB, COOTBCTCTBYIOIINUX reKca(bTopI/Iz[y CCPHI,

BOJIOPOJlY U JIUMEPY CEPBI, C YBEIUUEHUEM ITOTJIOLIEHHOM J103bI JIEKTPOHHOTO ITyYKa.
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Yucno MMNYNBECOB
Puc. 75. 3aBucuMoCTb MJIOIIAAM TUKOB OT YUCJIa UMITYJICOB 3JIEKTPOHHOTO IMyyKa: 1)
rexcaTOpu cepsl SF5+, 2) H2+, 3) aumep cepbl 2S". 3HaYeHus IONIAIHN [THKA BOJIOpOJA
yBenudeHsl B 20 pa3, numepa cepsl — B 50 pas.

[Tocne okonvanust 00ay4deHus razoa3Hoil cMecH Ha MOBEPXHOCTU CTEKJIA, HAXOAUBIIETOCS

B peaktope, c¢opMHpOBalach IUIGHKAa CBETJIO-KOPUYHEBOTO IBETa. TOJNIIMHA IUICHKH,

00pa30BaHHOM MPU UCCOIMAIIMN TeKcadTopuaa Cephl B CMECH C BOJIOPOJOM, ObljIa 3HAYUTEIBHO
0oJbIle, YeM TOJNIIMHA TUIEHKH, 00pa3oBaHHOM npu pasnoxkenuu SFq B cMecu ¢ azotoM. Ha puc. 76

noka3aHa ¢ororpadus MOBEPXHOCTH CTEKIIA, TOMEIIEHHOTO B peakTop co cMechio SFe+Hy+AT.
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Puc. 76. ®otorpadus mieHku, cGOpMUPOBAHHON HA TTIOBEPXHOCTH MPEIMETHOTO CTEKIIA,
MIOMEIIEHHOTO B PEAKTOP.

B namem ciyuae 3a c4eT JUCCOIMAIMU MPSIMBIM AJIEKTPOHHBIM ynapom SFq + e — S + 6F
WU JUCCOIIMATUBHOTO 3axXBaTa HU3KOIHEPreTHYECKUX 3JIeKTpoHoB SF¢ + ¢ —> SF¢ — S + 6F
oOpa3zyeTrcs aToMapHbIii (PTOp, BCTYyNAIOMIUK 3aT€M B 9K30TEPMHUECKYIO PEAKIHIO C MOJIEKYJIIPHBIM
BopopogoMm Hp, + F = HF + H + 1.47 3B. DHeprus, kotopasi BBLACIAETCS B K30TEPMHUYECKON
peaKIuu, MOXKET PACXOJ0BAThCS HA PA3JI0KEHHUE UCXOIHOTO TeKcadTOpUaa CEphl.

OreHUM PHEpro3arpaTsl JICKTPOHHOTO MyYKa Ha pa3ioKeHUE TeKcapTopuaa cepbl B CMECH
¢ BogoponaoMm. Jlomyctum, yto 20% »SHEprum 3IEKTPOHHOrO Iy4yKa IOIJIOIIAeTcs B Tra3e u
pacxoxyercsi Ha pasznoxeHue SF¢ (ouenka cBepxy). Ilpu paznoxenun 22% HMCXOIHOTO
rekcadropuaa cepbl 3a 150 ummynbcoB (cMm. puc. 75) sHepro3aTparbl ANMEKTPOHHOTO My4Ka Ha
JUccoIMaIuio ogHoi Mosekynsl SFq He npesbianu 2.1 3B.

Pacuer Huskoremmeparyphoil 1masmel H, m SFg¢ Obll mpoBeneH Ha KOMMbBIOTEpPE C
HCIIOJIb30BAaHWE ABTOMATHU3MPOBAHHOM CHUCTEMbl TepMoauHaMuueckux pacuetoB «TERRA».
Pacuets! BemonHsuneh 11 uatepsana temnepatyp 300-10000 K u unTepBana 1aBaeHu HCXOIHOM
cmecu 0.01-0.1 MIIa. KoneuHnbIM pe3ysbTaTOM pacueToB ObUIM 3HAYEHUS] PABHOBECHBIX MOJIBHBIX
KOHIICHTPAllU XUMHUYECKUX COCIUHECHHM (MOJB/KT), 00pa3oBaHWE KOTOPHIX B JIAHHBIX YCIOBHUSIX
TEPMOJMHAMHYECKH BO3MOXXKHO. Ha MX OCHOBe mOCTpoeHbl TpaduKU 3aBHCUMOCTEH MOJIBHBIX
KOHIIEHTPAUK 00pa3yomuXcsi XUHMHUECKUX COCIUHEHUHN UCCIIeTyeMON CHCTEMBI OT TeMIIepaTyphI
u nasnenus. Pacuers! npoBoaunuck st cmeceit Hy u SFg B cieyromux MOJbHBIX COOTHOIICHUSIX

u S:F:H-32:114:2. Yacte nanHbIX pacy€TOB MpeACTaBiIcHa Ha puc. 77.
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Puc. 77. PacueTHble 3HaueHus1 MOJIbHBIX KOHLEHTpauui cepsl B mia3me Hy u SF

B cnydae mnasmel Hy u SF¢ B oOnacTu HU3KHX TeMIeparyp CTaOWIBHBIMH MPOAYKTaMU
pasnoxkeHusi rekcadropuna cepbl B cMmecu ¢ Bogoponom siBisitorcst HF, HoF, u SF4. Pacuers
MOKa3bIBAIOT BO3MOXKHOCTh 00pa30BaHMsI KOHJIEHCUPOBAHHOM (Da3pl MOHOMEpA CEphI, TUMEpa CEphbl
U JIpyrux KJIacTepoB. B paBHOBECHBIX YCIIOBUSX B O0JIACTH HHU3KHUX TEeMIIEpaTyp AUMEp Cephbl U
JIpyTHE KIACTephl pacnaaarTcs (cM. puc. 77).

BrlinonHeHHBIC UCCIIEIOBAHUS PA3IOKEHHS TeKcadTOpUAA CEPhl B CMECH C BOJOPOIOM IO
JIEUCTBUEM HMITYJILCHOTO SJIEKTPOHHOTO Iy4YKa TOKAa3aJld, YTO B HAIUX SKCIEPUMEHTAIBHBIX
ycnoBusX paauonu3 SFg mporekaeT mo uenHoMmy Mexanusmy. lIpw pacdere 3arpar sHepruu
AMIEKTPOHHOIO My4YKa Ha pa3liokeHue rekcadTopuaa cepbl Mbl HE YUYUTHIBAIU MOTEPh PHEPTHU HA
BO30Y>KJICHHE MOJIEKYJI aproHa, Ha HarpeB peareHTHoro rasza. [loaToMy peanbHble 3HAYCHHS 3aTPAT
SHEPTHH JJIEKTPOHHOIO Tydka Ha pasznoxkeHue SFg menwiie 2 5B M, COOTBETCTBEHHO, MEHBIIE

CTaHJapTHOW SHTANBIUU oOpa3zoBanus SFe, paBHoit 1207 x/[x/moinb (12.4 3B/monekyy) [10].

4.4.3. UccaenoBanue pasiio:keHusi rekcagropuaa Bojb(ppama B mjiazMe UMILYJIbCHOTO
3JIEeKTPOHHOT0 My4Ka.

B cBsi3u ¢ OnacHOCTBIO PaJHMOaKTHBHOTO 3apakKeHUsI IpU padoTe ¢ rekcadTOpUaIoM ypaHa,
Ha CTaJuu oTpabOTKU TexHoioruu nepepadotkn UFg Mbl ncnonp3oBanu rekcaropus Bojbppama.
[To cBOMM XMMUKO-(PU3MYECKHM CBOMCTBaM rexcapTopu] BoJib()pama aHAIOTHYEH rekcadropumy

ypaHa. B Tabnune 13 npusenens! ocHoBHbIE XxapakTepucTuku UFsu WFq [153, 154].
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Taoauma 13

XapakTepucTUKa UF; WEFg
[TnoTHOCTS Ta3a, p 15.7- 107 r/em’ 13.3 - 107 r/em’
Temnepatypa kunenus ipu 760 Top 56.5°C 17°C
[Toka3zarens aguabdarsl, y 1.1 1.1
Momnsipaas macca, | 352.02 297.84
KoadduimeHT ciBUroBoii BA3KOCTH, M 1'9_'1 10 1
I CM - CeK

KoaddumumenT teronpoBoaHoCTH, ) 2_1'5 10_15 1

KaJl-CM -CeK -Tpaj
Temnoemkocts, C, 166.7 JIx - mos ™ -rpax’ 120'_? -1

Jx - monb " -Tpan
DHeprust AUCCOLMALINI 4.7 »B/moiexk. 4.5 sB/Mouiexk.
CKopocTb 3ByKa 96 M-cex’'
E;EJ;O;ELS)}?:;B; g((; %22 exona 28.7 x]JIx MOJIB ! 26.13 xJIx MOIB !

[Ipy wmHXEKuMM DSJIEKTPOHHOIO IIydyKa B IUIA3MOXMMUYECKUN PEaKTOp, HAIOJIHEHHBIN
cmecbio WFet+Ny+Ar, 3admkcnpoBaHo oOpa3oBaHue IUICHKH HA CTeHKax peakTopa. [locne Hamycka
BO3JlyXa OHa IpuoOperana TEeMHO - CUHUN 1BeT. ToNlMHA MJIEHKH, OMNpEeJesIeHHas METOAO0M
BTOPUYHONM HMOHHOM MAacC-CIEKTPOMETPUHU, COCTABIISUIA OKOJIO OAHOTO MHUKPOHA, IO3TOMY LIBET
IUICHKM B OCHOBHOM OIPEIEIUICS €€ XMMHYECKMM COCTaBOM, a HE €€ TOJIMHON. OKcuipl,
dbTopuapl U okcudropumbl Boibppama, Kak W OONBIIMHCTBO COSAMHEHHUN TMOJIMBAJICHTHBIX
METaJIJIOB, UMEIOT pa3HOOOpa3Hyro okpacky. I'ekcadropun Bombdpama Gecniserer, WF4 — kpacHo-
kopuuHeBblii, WOF, — yepnoro usera; WOF, — 6ecuseren. M3BectHo coeaunenue WO, 96F0 04
MMeEIolee TEeMHO-CUHUI 1BET [154].

PeHTreHoCTpyKTypHBIM aHaIM3 BEIIECTBA IUIEHKH ITOKa3aj, 4yTo 3T0 W20Osg (onpenenenne
no 9-11 mmxam). CrnemoBarenbHO, MPU HAMYCKE BO3AyXa B PEAKTOP MPOUCXOIUT OKHCIICHHE
ocakeHHoro BoJbdpama 10 W;0Oss. Jljis KOMIakTHOTO BOJbpamMa B MPHUCYTCTBUH KHUCIOPOIA
XapaKTepHO OKHUCIIEHHWE 110 Juokcuaa Bolb(ppama [155]. Ho BbIMONHEHHBIE HCCIIEIOBAHUS
pasnoxkeHusi rekcadropuna Boibdpama u TeTpaxiopuna kpemuus [156, 157, 158] umnynbcHbIM
AIIEKTPOHHBIM ITyYKOM IOKA3aJId, YTO B HAIIWX YCIOBHAX METAJUIBI U3 Ta30()a3HBIX COCIMHEHHUN
BOCCTAHABJIMBAIOTCA B OCHOBHOM C 00pa30BaHUEM YJIbTPAIUCIEPCHBIX YaCTHUII.

Cpenssisi MIOTHOCTh TMOKPBITUS, O0pa3yeMOro Ha CTEHKaX peakTopa IMOCie WHKEKIUU
3NEKTPOHHOrO My4YKa, COCTaBisiia 6+0.5 r/cM® IpH IUIOTHOCTH METAILIHYeCKoro Bobhpama 18.6-
19.1 r/em® [157]. 1o Takke YKa3bIBa€T Ha BBICOKYIO JUCIEPCHOCTh 00pa3yeMoro MOKpBITHS.
VYbTpaguciepcHble MOPOIIKK BoJb(ppaMa, uMeromme pasmepsl MeHee 10 MM, mHpoQOpHBI U

CroparoT Ha BO3JIyXe ¢ 00pa3oBaHuEeM BbIcIIero okcuma [155].
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[lo n3MeHeHuUIO NaBieHUsl B peakTope 00BbEMOM 3 JIMTpa MOCHE MHXKEKIMU 3JIEKTPOHHOIO
nyuykaB cMmecb 120 Top WF¢ + 120 Top N, + 360 Top Ar um3mepeHbl »Hepro3arpaTbl Ha
nuccormanuio rekcadropuaa Boabppama. MakcumanbHoMy u3MeHeHuto AaBieHust AP = 40 Top B
3aMKHYTOM PEaKTOpPE COOTBETCTBYET (M3 ypaBHEHHUS COCTOSTHUS) HAarpeB ra3oBoit cmecu Ha AT = 20
OC (ucxozmnas Temmeparypa +20 °C).

Homyctum, YTO »HHEprus SJIEKTPOHHOTO Iy4yKa paclpeaensercs B CMECH TIa30B
IPONOPLUMOHAIBHO TEIJIOEMKOCTH UM MOJIIPHOM JI0JI€ KaXJA0H KOMIIOHEHTBI CMECH. OTO
CIPaBEJIMBO IPU YCIOBHMM, YTO BPEMS OXJIAXKJEHHUS raza B peakTOpe I0C/IE€ MHKEKIHMH Iy4yKa
oompie BpemeHu V-T penmakcanuu ¥ BPEeMEHH MEXKMOJEKYISIPHOTO OOMEHa MOCTyHaTeIbHOU
sHeprueil. i1 noctynaTenbHOro JBUKEHHUS BpPEMsl pejakCcallii HEPaBHOBECHOTO pacCIpeiesICHUs
paBHO 4/Z, Tae Z - 4HMCIO cOyOapeHHil MOJeKyl B cekyHay. IIpu xkoMHATHOH TemmepaType |
atMocheproM jaBinennn Z mopsaka 10'® [130]. Bpemsi penakcamuy KoneGaTeqbHOM SHEPrum
BO30Y’KJCHHBIX MOJIEKYJ ropa3/io OOJbllle BPEeMEHU MOCTYNAaTeIbHON pellakcal, HO U OHO JJIs
CMECH ra3oB He MPEBBIIIAET eAuHuLl MUITUceKkyH [130].

Pacuer sHeprum, 3aTpauyeHHOI Ha HArpeB peareHTHOM CMECH T'a30B, BeIeM 10 Gopmyie:

Qs = Z C;m AT
i

b

rae Cj — TEeII0eMKOCTh 1-TOH KOMIIOHEHTBI CMECH TPH MOCTOSTHHOM 00BheMe, m; — MOJIIpHasl Macca

1-TOM KOMIIOHEHTHI cMecu. Pacuer cBeieH B Tabnuiy 14.

Taoauua 14
l'a3 Cy, Jlx -Moub™ -rpaJ:I'1 m, MOJIb Q, Ix
WFq 109 0.02 43.6
N» 20.7 0.02 8.3
Ar 12.5 0.06 15

CymmapHas sHeprus paBHa 66.9 J[x. DHeprus 3J1eKTPOHHOIO My4YKa, MHKEKTHPOBAHHOTO B
[TXP 3a ogun BeIicTpen, coctaBmnsiia 70 Jx (13 uamepenuii npu nornomenuu B [IXP, nanonmneHHOM
UHEPTHBIM razoM). Jlomyctum, uto pasHocth 3Hepruu (AE = 3.1 J[k) Obuia 3arpadyeHa Ha
pasnoxenue rekcapTopuaa Boiabppama.

Yosute WF¢ U3 pabouelt cmecu, ompeneicHHAs pagiallMOHHO-aKyCTHYCCKHUM METOIOM,
cocraBmma 1.2 T 3a 28 BBICTPEIOB, 9YTO COOTBETCTBYeT pasioxkenmio 2.4 - 10" momexyn
rekcaropuza Bodbdpama. 3aTpaThl SHEPTUU SJICKTPOHHOTO IMyYKa HA PA3JIOKEHUE OJHOMN
Mosekysibl WFg Torna cocraBistoT B Hammx yciaoBuax 0.24 3B. DTu pacdeTsl BBINOJHEHBI MPU
YCIIOBUH, YTO paszjoxkeHue rekcadTopuaa Bolibppama MPOUCXOTUT B TEUEHUE KaKAOW 3 28

I/IH)KGKI_[I/Iﬁ 9JICKTPOHHOT'O ITy4YKa B I'a3.
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[IpyunHONl aHOMalbHO HHU3KUX DJHEpro3arpar (CyLIECTBEHHO MEHbBIINX HHTAJIbINU
obpasoBanus rexcadropuga Bonsppama — 17.8 3B [10]) Ha BoccTaHoBienune Bosbhpama u3z WFg
IPpY BO3JICHCTBHH WUMITYJIbCHOTO 3JIGKTPOHHOTO Iy4YKa SIBJISICTCS MPOTCKAHUE IICTIHBIX PEAKIMid B
IUIa3MOXHUMHUYECKOM IIPOLECCE.

HccrnenoBanmne 3aTyxaHusi 3BYKOBBIX BOJIH, (POPMHPYEMBIX B PEAKTOPE IMPH HHKEKIHH
AJIEKTPOHHOTO ITy4YKa, ITOKa3ajo, YTO KOA(PQHUIMEHT IMOTJIOMICHUSI 3BYKOBBIX BOJIH TIPH BBOJIEC
AJIEKTPOHHOTO Ty4yKa B TrazodasHeiii rekcadropua Bonbdpama B 14-15 pa3 Bbllie, 4eM pacdyeTHOE
S3HAYCHUC C Y4YCTOM 3aTyXaHHUd TapMOHHUYCCKUX KOHe6aHI/II71 B 3aMKHYTOM HWJIMHIAPUYCCKOM

peaxtope [74]. Ha puc. 78 noka3zana 3aBUCUMOCTh K03(p(PHIIMEHTa MOTIOMIEHUS] YHEPTUN 3BYKOBBIX

KoJIeOaHMi O B PCaKTOPEC OT AABJICHUSA IJIA PA3HBIX I'a30B.

a/K
0'8 ] -“\_.\
"‘.-.._-_‘_
| 2
0,6 -
0,4 -
0,2
) 1
| . . R
DID T T T T T
20 40 60 80 100 120

P, klMa
Puc. 78. 3aBucumMocTs HOpMUPOBAHHOTO KO3 duIeHTa noriaoueHus 3syka (o/K) B peaktope ot
nasieHust: 1) Np, Ar, O,; 2) WFg

Jns  conocraBieHuss KOA(p@HUIMEHTOB TOTJIOMIEHUSI B Pa3HBIX Tra3ax BEIMYUHY O
HOPMHPOBAJIU Ha KO3(PPUIIUEHT, YIUTHIBAIOIINHN TerIopu3nueckue cBoiicTBa razoB [74]. Touku Ha
puc. 78 COOTBETCTBYIOT SKCIIEPUMEHTAIBHBIM JaHHBIM, KpuBas 1 — pacuer mno Qopmye,
YYHUTHIBAIOIICH TIOTJIONICHHE TMPU OTPAXCHHH OT TOPIIOB peakTopa U OOKOBBIX CTEHOK MIpH
pacrpocTpaHeHuu BAOJb peaktopa [69]. s a30Ta, aproHa U KUCJIOPO/ia paCX0XKIEHNUE PACUYETHBIX
U OKCIEpUMEHTANBbHbIX 3HaueHWd He mnpesblmaeT 30%. Touku 2 COOTBETCTBYIOT
9KCIIEPUMEHTAIbHBIM 3HAa4eHHUsIM KO3 (UIIMEeHTa MOTJIOUIEHUS 3BYKOBBIX BOJIH B MapodasHoM
rekcadropuae Boib(pama. 3HAYUTETBHOE YyBEIHMUEHHE KOA(P(UIMEHTa MOIJIOUICHUS IMPHU 3TOM
MOXET OBITh OOYCIIOBJICHO OOpa30BaHMEM KJIACTEPOB B PEAKTOPE MPH HHXKEKIUU 3JICKTPOHHOTO

Mmy4Ka.
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4.5. PazoxkeHne TeTpaxJa0puaa KpeMHUsl.

HccnenoBanus MPOLECCOB Pa3IOkKEHUs Ia30-(a3HOro TETPaxjopuia KPEMHHUS B CMECH C
BOJIOPOJIOM M aproHOM NPOBEIEHbl NPH BO3IACHCTBUU HMIYJIBCHOTO 3JIEKTPOHHOI'O IydKa CO
CIEIYIOIIMMU IapaMeTpamu - 3Heprust 31ekTpoHoB 300 k3B, TOk myuka B MakcuMyMe 6 KA,
JUINTEIBHOCTh UMITyJIbCa Ha MOJyBbIcoTe 60 HC, INIOTHOCTh TOKA Ha BXO0J€ peakropa He Ooisee 0.4
kA/cm® (yckopurens TEMIT). Ipu BosaeiictBun Ha cMech SiClytHy+Ar ¢ yBenmdeHneM 4mcia
UMITYJIbCOB 3apErMCTPUPOBaHa yObUIb TETPaxaopuaa KpeMHUS U HapaboTKa XJIOPUCTOrO BOAOPOAA.
W3MeneHne cocTaBa CMeCHU ra3a B peakTope ¢ yBEJIIMYEHUEM YHCiIa UMITYJIbCOB IPUBEJCHO HA PHC.

79. CoctaB cMecH ra3oB OIPEACIIsIN M0 MOKa3aHusIM Macc-criekTpomeTpa MX-7304.

60 1=
- \
50

. SiCl,
\II'\

40

30

HCl| ]
| ——m H2

20

10

’ 0 I 5 I 10 I 15 I 20 I 25 I 30
TCTO HMITYIILCOD
Puc. 79. 3aBucumMocThb coepkaHusi KOMIIOHEHT CMECH B PEaKTOPE OT MOTJIOIIEHHOM 10361 (Uncia
UMITYJIbCOB) JIEKTPOHHOTO MyYKa.

B o6wveme peakTopa 00pa3zoBbIBajICS MOPOIIOK TEMHOTO I1IBETA, KOTOPBIA MOCJE HAaITycKa
BO3/yXa B peakTop nmpuoOperan Oenbrii 1er. [Ipu 3TOoM 3HEpro3arparbl JIEKTPOHHOTO Mydyka Ha
nuccormaruio Moiekyiabsl SiCly coctaBunmu 1.9 5B (omeHka cBepxy, HE YUYUTHIBAIOMIAS IOTEPHh
SHEPTUU DJIEKTPOHHOTO IMy4Ka Ha BO30YXKICHHE aproHa M BOAOPOJA). ITO CYIIECTBEHHO MEHbIIE
SHEPrUM JUCCOLMALNU TETpaxJopuaa KpeMHHUs, paBHoH 6.6 3B [159].

[Iporiecc  pasnoxeHHs TETpaxyiopuaa KPEMHHS TPH  BO3ACUCTBUH  UMITYJIBCHOTO
AEKTPOHHOIO IMy4yKa UMell psl ocoO0eHHocTel. HarpeB mpoayKTOB I1a3MOXHUMHUYECKOTO Mpoliecca
(KOHTPONUPYEMBIA MO HW3MEHEHHUIO JaBJICHHS B 3aMKHYTOM pPEaKTOpe) MPOUCXOANI O
TEMIIEPATYpPbl, 3HAYUTEIHHO MPEBBIMIAIONINI HATPEB TOJBKO JIEKTPOHHBIM IyYKOM. 3aBUCUMOCTD
SHEPTUH, 3aTPAYCHHOM Ha HAarpeB raza B peakTope MPU MHKEKIMH 3JIEKTPOHHOTO My4Ka, OT MacChl
uccieayemMoro rasa nokasana Ha puc. 80. Kpusas 1 coorBerctByer mapodasHomy SiCly mmm ero

CMECH C aproHOM M BOZOPOAOM (B 3TOM CiIy4ae m — HapIpaibHas Macca TeTpaxJIopuaa KpeMHHUS),

KpHBas 2 — aprony u azoty. [l npeporBpamienus konaeHcanuu SiCly Ha cTeHKax IpU JaBiIeHUU

131



Bbiiie 200 Top (maBneHue HachimeHHbIX HapoB mpu 30 °C) peakTop HarpeBajiu 1O TEMIIEpPaTypbl

60°C (temnieparypa kunenus: SiCly mpu HopmanbHbIX yenoBusx 57 °C [159]).

Q, Tk

800+
600+
400+

200+

0
0 ‘ 01 ' 02 " M, MOJIb

Puc. 80. 3aBucuMOCTb 3HEpruH, 3aTPaueHHON Ha HAarpeB raza B peakTope MpH UHKEKIUU
AJIEKTPOHHOTO IyYKa, OT MacChl Tasza B Ila3MoxXumMuaeckom peakrope - SiCly (1); aprona, azora -
(2). DOHeprus 31eKTPOHHOrO ITyuka B umiyJibee 90 [Ix.

3aBUCUMOCTb YHEPrOBKIIA/1a JIEKTPOHHOTO Iy4Ka OT Macchl raza [yl a30Ta U aproHa uMeeT
OOBIUHBIN BHUJI - pocT B obmactu HuU3kux nasienuid (200-600 Top B ucmonb3yeMoM peaktope, AJs
anekTpoHoB ¢ sHeprued 300 k9B), korma mpoOer JNEKTPOHOB Iyyka U DJICKTPOHOB
MOHM3AIIMOHHOTO0 KackaJa MpeBbIIIAeT JJIMHY peakTopa. YacTh 3HEpruM Iydka B 3TOM Cllydae
MOTJIONIAETC s 3aiHel cTeHKou peakTopa. Korma nasnenue Boime 600 Top (macca 6onee 0.08 moss)
JIEKTPOHHBIN IyYOK MPAKTHUYECKH IOJHOCTBHIO IOIJIOUIaeTcss B raze M Ha KpuBoil 2 (puc. 80)
HaOroaeTcst wiaro. MakcuManbHasi SHEprus, 3aTpayeHHas Ha HAarpeB ra3a M M3MEpEeHHas I10
CKauKy JaBiieHusi, coctanisier 70 [Ix.

Pacuer 3HaueHUi1 SHEprun, 3aTPaueHHON Ha HArpeB TETPaxXJIOPUIa KPEMHHUSI U €ro CMECH C
JPYTUMU Ta3aMU [IPU UHKEKIMU 3JIEKTPOHHOrO Mmydka (kpuBast 1 puc. 80) mo nokaszaHusIM JaT4nKa
JABJICHMs II0Ka3aj, YTO B 3TOM CJIy4yae BBIJECIICHUE SHEPIUM Ha IOPSAJOK IMPEBBIIIAET MOJIHYIO
SHEPTrUIO My4YKa U HE MOXKET ObITh OOBSICHEHO TOJBKO IMOIJIOIIEHUEM 3JIEKTPOHHOTO IyYKa B Tase.
Kpome Toro, xox 3aBucuMocTu 1 B McclieyeMOM JMaria3oHe JaBjeHUH (M Macc ra3a) OTIMYaeTCs
oT KpuBo# 2 puc. 80, 4TO TakKe CBUIECTEILCTBYET O Jpyrom ucrouHuke HarpeBa SiCly, kpome
HarpeBa 3JIEKTPOHHBIM ITyYKOM.

[TprumHO# HU3KKX 3aTpaT PHEPTUU IMydyka Ha pasznoxkeHue SiCly (CylecTBEHHO MEHBIINX
SHEPrMM JUCCOLMALMM TEeTPaxJopuia KpeMHMs) M 3HAUUTEIbHBIA HarpeB rasa sBJSIETCS
IPOTEKAHUE LIETTHBIX PeaKii B IIIa3MOXUMHUYECKOM IPOLIECCE C BbIJEICHUEM YHEPTUU.

B yciioBusix onMchbIBaeMbIX 3KCIEPUMEHTOB, 3a CUET JAUCCOLMALIMU TETpaxJopuia KpeMHUs
anektpoHHbM yraapom SiCly + ¢ — Si + 2ClL, + e wiM AWCCOIUATHBHOTO MPWIHUIIAHUS

HU3KO3HEpreTuuHbIX 3ekTpoHoB SiCly + e — (SiCly)” — Si + 2Cl, + e oOpasyeTcst aToMapHBbIi
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XJIOp, KOTOPBIH B CMECH C MOJIEKYJSPHBIM BOJOPOJIOM HWHHIMUPYET MNPOTEKAHWE PEaKIHi,
BOKHEUIIINE W3 KOTOPHIX (AHAJOTMYHO HHU3KOTEMIIEpATypHOW TOMOTEHHOW PEaKIMu XJjopa C
Bopopoaom [110]):

Cl+H,=HCl+H+0.0553B

Cl+Cl+M=CL+M+255B

H+CL=HCI+Cl+253B

H+HCl=H,+Cl-0.05>B

Bo3MosxHOW npuunHON YOBUIM TeTpaxjopuaa KpPEeMHHS SBISIETCS CUHTE3 TPHUXJIOPCUIIAHA.
3amemenne xyopa B SiCly Ha BOZoOpoa ¢ oOpa3oBaHHEM TPHUXJIOPCHUIAHA IPOUCXOAUT TPHU
temriepatype 400°C B NpUCYyTCTBUHU KaTaIu3aToOpoB (aIFOMUHUN WK TWHK) [159]. [Ipu umkekumn
CDII B cMech TeTpaxyiopuaa KpeMHHUS ¢ BOJAOPOIOM TeMIlepaTypa ra3a MoBbIlIaiack He 0ojiee 4yeM
Ha 50 °C, moaromy ¢ukcupyemas yobutb SiCls B peakmu SiCly + Hy = SiHCl; + HCl wmm SiCly + H
— SiHCI; + HCI B ycnoBHsAX ONHCHIBaEMBIX 3KCIIEPUMEHTOB ManoBeposiTHa. Kpome Toro, B raszo-
(da3HBIX TPOIYKTaX pEaKIHid, MpoTeKamux cpasy mnocie wumkeknun COII, obpazoBanue
TPUXJIOPCHJIaHA, COOTBETCTBYIOIIEE YOBUIM TOTO e KOJIMYECTBA TETPaxJIopuja KpEeMHHUS He
o0OHapy’keHO (M3MepeHHe Macc-CIEKTPOMETpoM U Xpomatorpadom). DdpdekTuBHOE 00pazoBaHUE
SiHCl;, SiH,Cl, u cumaHoB, Kak T[OKa3add BBIMOJHEHHBIC WCCICIOBAHMS, MPOUCXOIUT B
CKOHJICHCHUPOBAaHHBIX MPOYKTAX PEaKINU (M3MEPEHHE METOOM BBITTAPUBAHHUS).

4.6. CuHTe3 OKCHIO0B a30TA.

Oxkucnenne atmoc(hepHOro azoTa B IJIa3Me MOMUMO OOJBIIOTO MPHUKIAJHOTO 3HAYEHUS,
UHTEPECHO TIOTOMY, YTO OHO MOXeT J3(PQPEKTHUBHO CTHUMYJIUPOBATHCS  KOJEOATEIBHBIM
BO30YKIICHHEM pearupyromux MOJeKyJd. OKCIepuMEHTaJIbHbIe HccienoBanus cuHTe3a NO B
HEPABHOBECHOM M1a3Me MpoBoAWIM ¢ Hadana 30-x rogoB B TietomeM paspsae. KII/ cunresa azora
OCTaBaJICSl B ATHX CHUCTeMax HHU3KUM. OTHOCHUTENBHO 0OJiee BBICOKHE 3HAYCHMS SHEPreTHUYEeCKON
3 PEKTUBHOCTH OBLIM IOJyYeHBbl MPU aTMOC(HEPHOM JIABICHUU B HECAMOCTOSITEIBHOM paspsje,
MOJ/ICP’)KUBAEMOM  CHJIBHOTOYHBIM ~ ITyYKOM  PENATUBUCTCKHX DJIEKTPOHOB, HOHEPro3aTpaThl
cocTasisui okoJio 7 3B/monek. NO. Haubonee Huskue sHeproszarpatsl (~3 3B/Moiiek.) 1oCTUTHY ThI
B HepaBHOBecHOM CBUY-paspsine ¢ MarHUTHBIM MOJeM, pabOTAIOMIUM B YCIOBUSAX 3JIEKTPOHHO-
LHUKIIOTPOHHOTO pe3oHaHca [38]. B [38] mokaszaHo, 4To mpoliecc CUHTE3a OKCHJIOB a30Ta U3 CMECU
a30Ta M KUCJIOPO/Ia MOXKET NMPOUCXOAUTH B BUJIE PAa3BETBICHHOTO IEMMHOTO MPOIecca MPH yCIOBUU
K0JIe0aTEeIbHOTO BO30YKICHHUST MOJIEKYJ a30Ta. YKa3aHa MOCJIeI0BaTeIbHOCTh IIEMHOI0 IMpoliecca
OKHCJICHHUS a30Ta.

B [160] ormeuaercs, 4TO OOCTUIHYTass B OSKCIEPUMEHTAX C TJICIOIIMM, HCKPOBBIM U
MyYKOBBIM pa3psiiaMy BEJIMYMHA HEPro3arpar Ha CHHTe3 okcuaa azora coctarisier 30-100 r/kBtu

(3.3-11 »sB/mozek.) npu KOHIEHTpalMu OKUCH a3oTa MeHee 1%. B 6aprepHOM paspsizie B Bo3ayxe B
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pe3ynbTare MPOBEIEHHBIX JKcrepuMeHTOB [160] oOHapyxkeHa HOBas 001acTh 3()PEKTUBHOTO
0o0pa3oBaHMsl OKMCH a30Ta. BBUIO HaliIeHO, 4TO B ATOW 0O0JacCTH JHEPro3aTparbl JOCTUTAIOT
BennuuHbl 11 3B/Mornek. nmpu KoHIEHTpanuu okcuaa a3ora 1%. B »Tolt 06macTi 030H W BhICIINE
OKHCJIBI a30Ta MIPAKTUYECKH OTCYTCTBYIOT.

B pabore [161] paccmarpuBarOTCsi TUIa3MOXMMHUYECKHE MPOIIECCHl OKUCICHHUS a30Ta M
obpaszoBaHus 030Ha, comnpoBoxnaomue CBU-paspsig B CyXxomM BO3IyXe M CMECSX a3oTa ¢
kucaoposioMm. Mcnonb3oBanoch umiynbcHoe CBU-u3nydenue ¢ AnMuHOM BOJTHBI 2.5 ¢M, MOIIIHOCTBIO
50-200 kB, myurensHOCThIO MMITyJbca 5-100 Mke u wactoTtoit nocelok 0.1-50 I'u. CBY-pa3psn B
ra3oBoi cMecH BbIcOKOTO naBiienus (70-760 Top) mHUIIUUpPOBAIICS AUAIICKTPUUECKON TUTACTHHOMU C
MOHWKEHHBIM TIOPOTOM MOBEpXHOCTHOro mpobos. [lomydeHo, yTo BenMuYMHA HSHEpro3aTpar Ha
CHUHTE3 MOHOOKCHJA a30Ta MHUHHUMAajbHa MpPH PABHOM COJACpPXKAHHUH KOMIIOHEHT B a30THO-
KHCJIOPOIHOM CMECH U COCTaBIIsIeT pH 3ToM 75 3B/Monek. NO.

B 1masme, QopmupyemMoil CHIBHOTOYHBIM HMITYJIbCHBIM — DJICKTPOHHBIM  ITyYKOM,
BBITIOJTHEHBI MCCIIEIOBAHMS CUHTE3a okcuua azora [162, 163]. MccienoBanusi mpoBOAWINCH Ha
aMekTpoHHOM  yckoputene TOVY-500. H3menenue coctaBa CMeCH  KOHTPOJIHMPOBAIOCH
KBaJIpYNOJIbHBIM Macc-criektpomerpoM MX-7304. B skcriepuMeHTe MCIIONIb30BaJlach CMECh Ia3oB
H,+0,+N; armocdepHoro napneHusi. B kauecTBe KamnOpPOBOYHOTO Ta3a (I Macc-CIIEKTPOMETPa)
UCIOJIb30BasIcs aproH (ue 6osee 5%). [Ipu Bo3elicTBUYM 37IEKTPOHHOTO IMy4YKa HAa CMECh B pEaKkTope
MHUIMUPOBAiach LIEMHAas peakuusi OKUCICHHS BOJOPOJa, DHEPrHsi KOTOPOM pacxojioBajiach Ha
CUHTE3 OKcHJIOB a3oTa. Ha puc. 81 mpencraBieHbl Macc-CIIEKTPhI COCTaBa CMECH 0 M IOCIe

BO3/ICICTBUS 3JEKTPOHHOIO Iy4Ka IpU NOJHOW sHepruu mydka 90 Jx.

[10 peakumm
nocne peakuum
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MaccoBble 4Ynucna
Puc. 81. Macc-criekTpbl 00;1ydaeMoi CMeCH Ta30B J0 U MOCJIE PEAKIMK MPU CyMMapHOM JIaBJICHUH
cmecu 400 Top.
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[Ipyn BO3mEWCTBUM UMIYJBCHOTO 3JEKTPOHHOTO Iy4yKa Ha KHCIOPOA-a30T-BOJOPOJIHYIO
CMeCh I'a30B MPOUCXOAMT IUIA3MOXUMMUECKasl peakius ¢ 00pa30BaHUEM OKCHJIOB a30Ta, IpUYEM
peanu3yercsl pexXuM NapLUualbHOro okucieHus. KoneuHsle NpoayKThl peakuuu - okcuabl azota NO
u NO. Jluokcun azora NO, B NpOAyKTax peakuuu He 3adukcupoBaH. DHeprosarparhl Ha
okucnenne a3zora coctaBisitoT 0.11 sB/Mornek., 4To 3HAYMTENBHO HUXKE 3HAYCHUH, TOCTUTHYTHIX
JPYyTUMHU METOJJaMH CUHTE3a OKCHJIA a30Ta.

4.7. 3aka0uenmue.

1. WMnynbcHOE BO3AECUCTBUE JJIEKTPOHHBIM IIyYKOM IPUBOJUT K 3HAYUTEIBHOMY
CHIDKCHHIO TEMIIEpaTypHOro IIpejesia BOCIUIAMEHEHUS CMECH KHUCIOpoJa C BOJOPOAOM U
COKpallleHUI0 nepuojia HHAyKuu. Ho TeopeTnueckue 3HaueHus NOMIOMEHHOHN 103bl UMITYJILCHOTO
JIEKTPOHHOI'O  ITyyka (JIMTepaTypHble JaHHbIE), TpeOyeMble [UId CMEIIEHUs IpeesioB
BOCIUIAMEHEHUS, 3HAUUTEIBHO IIPEBOCXOIAT IKCIIEPUMEHTAIBHO U3MEPEHHBIE 3HAUCHHUS.

2. Ilpouecc OkucieHHs BOJOPOAA NPU BO3AECUCTBUM HMMITYJIbCHOI'O 3JIEKTPOHHOTO ITydKa
HOCUT KOJIeOaTeNIbHBIA XapakTep. AHaJIN3 BO3MOXXHBIX MEXaHHU3MOB AaBTOKOJIEOAHMH mpolecca
OKHCJICHHS BOJIOPOJia B CTEXHMOMETPUUYECKOM Ia30BOM CMeCH C KHUCIOPOAOM IpHU BO30YKICHUU
UMITYJIbCHBIM ~ 3JIGKTPOHHBIM ~IYYKOM IIOKa3ajd, 4YTO KoOJieOaHUs JaBICHHUS OOYCIIOBIICHBI
HEU30TEPMUYECKUM XapaKTEPOM IMPOTEKAIOLIETO LIEMHOI0 MIPOLEecca U HApYILIEHUEM Pa3BUTHS LIETIN
C POCTOM TEMIIEPaTyphI.

3. CreneHp BBITOpaHUS CTEXHMOMETPUYECKOW KHUCIOPOIOBOJOPOJIHON CMECH B 3aMKHYTOM
peakTope Mpu MHULUHPOBAHUU BOCIIJIAMEHEHUS] UMITYJIbCHBIM 3JIEKTPOHHBIM ITyYKOM IpPEBBILIAET
99.5%, 4TO yKa3bIBAaeT HA paJIMKAJIbHOE PA3BUTHUE LIEITHOTO MIPOLIECCA, a HE TEILUIOBOE.

4. Ilpu OKMCIEHMH BOJAOPOAA B CTEXHOMETPUYECKOM CMECH C KHUCIOPOJIOM B YCIOBHSX
MHULMMPOBAHUS BOCIUIAMEHEHHUSI UMITYJIbCHBIM JIEKTPOHHBIM ITy4KOM IPOMCXOJUT HEPABHOBECHAs
KOHJIEHCAllUsl MOJIKYJ BOJbl, XapakTepHas s IPOLECCOB KOHJEHCALUMU B IPHUCYTCTBUU
3apsKEHHBIX YaCTHLL.

5. DBbINOTHEHHBIE AKCIEPUMEHTANBHBIE HUCCICAOBAHHUS —PA3NIOKEHHsT Trekcadropuaa
BoJIb()paMa U rekcad)Topuaa cepbl MoA JEHCTBUEM HMILYJIbCHOTO 3JEKTPOHHOIO IydKa IOKa3aiH,
YTO peaju3yeTcs LEMHOW MEXaHU3M pas3lioKeHUs (pTopuia. DHeprozaTpaThl JNEKTPOHHOIO MyyKa
Ha TIPOLIECC BOCCTAHOBJICHUS 3HAUUTENBHO HIDKE »dHeprun juccouuauud WFe u  SFe.
HepaBHoBecHbII1 XxapakTep Npoliecca BOCCTAHOBIEHHsI 00€CIIeYMBAET CTAOMIIN3ALIMIO0 JUMEpPA CEpBI
1I0CJI€ OKOHYAHMs IIpoliecca pas3jioKEHHs, 4YTO He HaOIIoAaeTcss IpU TEPMOJMHAMHYECKOM

paBHOBECHUMU.
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I'JIABA 5. HEPABHOBECHBIH IJIASMOXUMHWYECKW CUHTE3
HAHOJUCHEPCHBIX OKCHUJ0OB METAJIJIOB

OtkpsiBiiuecs B 90-e Tobl 3HAYUTENbHbIE MEPCIEKTUBBI UCIOIB30BAHUS 0COOBIX, HHOTA
YHUKATbHBIX (PU3UUECKUX, XUMUYECKUX, MEXaHUIECKUX, OMOIOTUYECKUX CBOMCTB HAHOPA3MEPHBIX
YacTUI] U MATEPHAJIOB HA MX OCHOBE TO3BOJIMJIM MPHU3HATH MX NMPUMEHEHHUE HOBOW «KIFOYEBOI
texHonorueil XXI Beka, CpaBHUMOW MO 3HAYMMOCTH C YK€ Pa3BUThIMU pPaHEE KOMIIBIOTEPHO-
nHGOPMAIIMOHHON U OMOTEeXHOJIOTUSIMU. OCHOBHYIO YaCTh MPUMEHSEMbIX HAHOYACTHUI] COCTABIISIOT
okcuabl (61.3% B 1996 rony, 73.4% B 2000 roay). [Ipu »TOM Hanboee MIMPOKO UCTIOIB3YIOTCS
okcusl Si0; (28.5%), A1,03 (22,1%) u TiO; (8.8%) [164]. lllupokoe npuMeHEHNE YHUKAIbHBIX
CBOMCTB JMCHEPCHBIX M KOMIAKTUPOBAHHBIX HAHOMATEPHAJIOB YacTO CJIIEPKHUBAETCS BBICOKOM
CTOUMOCTBIO UX TonydeHus. [loaTromy B HacTosiee BpeMs BeIyTcsl OOIIUPHBIE UCCICTOBAHUS 110
pa3paboTKe HOBBIX TEXHOJOTH UX cuHTE3a [165].

5.1. MeToasbl cHHTe3a U CPaBHEHHE CBOIICTB HaHOAUCIIEPCHOT0 nopomka TiO,.

Jlmokcun TuTaHa SBISETCS OJHUM M3 BaXKHEMIIMX HEOPraHWYEeCKUX MaTepHalioB.
Hanopa3smepHblii TOPOIIOK JUOKCHIA TUTAHA UCIONB3YETCS KAaK MUTMEHT, B (DOTORIEKTPUUECKUX
COJTHEYHBIX JJIEMEHTaX, Kak (oToKaTamm3aTrop, Ta30BBIA [aTYMK, OWUONATYMK M ONTHUYECKUN
Marepuai, MOTOMY 4YTO OH HMEET BBICOKHMHI TOKa3aTellb mpelomMiIeHus (>2,5), XOopolryio
($OTOKATATUTUYECKYI0 AaKTUBHOCTb, BBICOKOE COMPOTHBICHHE XHWMHUYECKUM BO3JCUCTBUSAM U
Tepmudecku ctadbmieH. Muposoe norpebdsienne TiO; B 2001 1. mpeBbicwiio 4 MitH. T. B HacTosmiee
BpeMsl OH XOpOIIO HW3Y4YeH W CHHTE3MpPOBAaH MHOTMMHU crnocobamu. I[losTomy ocHOBHBIE
3aKOHOMEPHOCTH Pa3HBIX CIIOCOOOB MOJYYCHUS HAHOJUCIIEPCHBIX MAaTEPHAIOB MOXHO CPaBHUBATH
10 XapaKTePUCTUKAM CHHTE3UPOBAHHOTO IUOKCH/Ia TUTAHA.

W3BecTHO, YTO IMOKCHJA THUTaHAa - 3TO MaTepHall C HECKOJbKHUMH KPHUCTaNIMYECKUMU
dopmamu, 4eTblpe W3 KOTOPBIX HaiiieHbl B mpupoze: pyTwi, aHara3, Opykur u TiO(B).
Hanokpucranudeckuii aHaTa3 MCIOJIB3YeTCsS Kak (OTOKATAIHM3ATOP U B COJIHEYHBIX DJIEMEHTaX.
HanoaucnepcHbiii KpUCTAaUIMYECKUM AUOKCHJ TUTaHA CO CTPYKTYpOM THUMNA PYTHI IIHPOKO
UCIIONIb3YEeTCSl B KayecTBE NHUIMEHTa B JIAKOKPACOYHOM NpOMBINUIEHHOCTH. Kpucraminueckas
CTpYKTypa pyTui Hambojee TepMudecku crabunpHas (aza TiO,, coxpaHsiomas CBOIO CTPYKTYPY
BILJIOTH J0 TEMIEPATYPhI IJIABICHHUS.

Bce MeTonpl cuHTEe3a HAaHOAMCIIEPCHOTO JMOKCHA TUTaHA YCIOBHO MOYKHO pa3JeliuTh Ha
razoa3Heie U XKuIKo(a3HbIe (30J1b-TeIb METOM). XJIOPHBIN MPOIIECC ABJSETCS HanbOoyee MHUPOKO
UCTIONB3yeMbIM Tra3odaszHeiM MeTogoM mnonyueHuss TiO,. OH TO3BOJsSET CHHTE3UPOBATH
KPUCTATMYECKHUI JTUOKCH] TUTaHA C 3aJlaHHBIM COOTHOIIICHHEM (a3 pyTui U aHartas. B xiopHOM
IIPOLIECCE TETPAXJIOPU] TUTAHA OKUCIISETCS] KUCIOPOJOM:

TiCly(raz) + Oy(ra3) = TiOy(1B.) + 2Cly(Ta3)
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B pabore [166] mpuBeneHbl pe3yJbTaThl HCCIEAOBaHUS (POTOKATATUTHUYECKUX CBOWCTB
HaHOJMCIIEPCHOTO AMOKCHAA TUTaHa, cuHTe3upoBaHHOTO M3 cmecu TiCly+Hy+O, B auddy3Hom
wiameHn npu temneparype 2000K. Cpennuii pasmep uactuy coctaBistt 15-30 HM npu
COJIEpKAHUU YacTUll co cTpykTypoi anara3 ot 40% no 80%. Ho Bbicokasi Temmneparypa CUHTE3a
(1700 - 2000K) ycnoxxHseT TexHonoruueckui npouecc [166, 167].

C 1enbI0 CHIDKEHHS TEMIIEPATYPhl U YMEHBIIIEHUS pa3Mepa 4acTHI] TopoIika B padote [167]
BBITIOJTHEHBI UCCIIEIOBaHUS ra30(a3HOr0 TUAPOIHN3a TETPaxXJIOpUaa TUTAHA 110 PEaKIINU:

TiCly (ra3) + 2H,0 (ra3) = TiO; (1B.) + 4HCI (ra3)

[Tomyueno, uro npu temneparype cuatesa 560-700K obpasyercs amopdusiii TiO,, a mpu
temnepatype 700-900K - kpucramnumyeckuil ¢ pemieTkod Tuna anatas. [IpomomKuTenbHOCTH
npeObIBaHMsl CMECH Tra3oB B peakrope m3Mmensuiach oT 0.3 ¢ mo 1 waca. Ha puc. 82 mpuBeneHsl

peHTreHorpamMmmsl nopoika TiO,, mony4eHHOro Ipy pa3HoM Temmeparype.

798 K

SN W_Sr

10 20 30 40 50 60 20, rpan

Puc. 82. PentrenorpaMmMbl AMOKCHAA TUTaHA, CHHTE3UPOBAHHOTO MPHU pa3HoU Temmneparype [167].

ABTOpBI OTMEYAIOT HU3KYIO arjioMepupyemMocTb nopoika. CpeaHuil pasmep 4YacTull,
M3MEPEHHBIA C MOMOIIBIO MPOCBEUMBAIOIIETO 3JIEKTPOHHOTO MHUKpockona u mo meroxy bOT,
coBnagaer. CpeaHuil pazMep 4acTHll JAMOKCHAA THUTAHA YMEHBIIAETCSA C POCTOM TEMIEPaTyphl
curresza ¢ 120 um (560K) mo 18 um (mpu 825K). Ha puc. 83 mokazana ¢otorpadusi mopoiuka,
II0JIy4YEHHAas Ha MPOCBEYMBAIOIIEM 3JIEKTPOHHOM MUKPOCKOIE. B cTaThe npHBeIeHbI TAKKE JaHHbIE

CPaBHEHMSI pa3HbIX METOJIOB MOIYUYEHHS] HAHOAMCIIEPCHOIO JUOKCHIa TUTaHa (cM. Tabnuiy 15).
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Tadauna 15

. Krnaccuuecknii . [Tuponuz
XJTOpHBII N ITimamenHEIN Koupencamnus B
Cylb(haTHBIN TUTAHOPTAHHYECKUX 30J1b-reb METOJ
Merton cunTe3a rnpouecc CHHTE3 . uHepTHOM rase (PVD) o
o po1iecc . COEIMHEHNH (>xuKoda3HBbIi)
(razodazneplii) . (razodaznepiii) .
(>xuakohazHebIii) (razodasublii)
Ucxonnbie . . TiCl4 + O Ti(OC4H . Ti(OC4H
8 TiCly+ 0, | TiOSO4+ H,0 402 (OC4Hs)s, Ti (OCHs),
MaTepUalIbl +H,0 Hanpumep Hanpumep
Xapaxrep . . . N N N
mpomecca [Tocrosunsbiii | [lepuonnueckuii | [locTossHHBIM [TocTrosaHHbBII [Tepuoanueckuit [Tepuoanueckuit
Temmepatypa CHHTE3 HIie I'unponus vHuxe 100
patyp 1400-1500 100, Beue 1000 900 AP ’
cuntesa (°C) oTkur BbIie 600
Orxwur Beire 700
Pasmep vactu
p H 100-400 100-400 30-60 <100 5-15 15
(M)
Arno - a
[IOMHPHPYe cnabas CHJIbHAs Crabast wm cnabas cnabas CUJIbHAA
MOCTb CUJIbHas
Brixon . . . JlaGopaTtopHblii JlaboparopHsrit JlaGopaTtopHblii
KOMEpPUYECKU KOMEpPUYECKUI KOMEpPUYECKUI
MPOAYKLIUU macmTad MmaciTab macmTab
[To6ounbie H,SOy4, kucnas C4HoOH u opr.
CL, 2504 Cly+HCI C4Hg i C4HyOH — o P
MPOJTYKThI Boza, SO,, SO;3 pacTBOpUTENH
0oJbIKe . .
00JBIIION pa3bpoc| Joporoit mpexypcop, .
OcHoBHbIE CHJIbHAs JHEPro3aTparthl, . Hoporoii npexypcop u
. YaCTHII 10 coziepkanue yriepoja| OueHb HU3KUN BbIXOJT
po0IIEMbI KOppO3Hst bonpuioit pacxon . pacTBOPUTENH
BOJbI pasmepy B yactuiax Ti0,

138




B paborax [168, 169, 170] BBINOJHEHB HWCCICIOBAHUS CHHTE3a HAHOIUCIIEPCHOTO
JMOKCUA TUTaHA MPU TEPMUUECKOM razo(pasHoM pas3lioKEeHUH METaNIOPraHudecKoro npexypcopa,
B KayecTBE KOTOPOI'O UCIOJIb30BaJICS TeTpaOyToKCUTHUTaH (titanium tetraisopropoxide) (C4HoO)4Ti.
Temmneparypa pasznoxenus: terpadytokcuturaHa Humxe 800K, HO Tompko mpu TemmepaType B
peaxtope Boie 800K orMevaercss Hauano (GOPMUPOBAHUS YACTHUI] C KPUCTAUTUIECKOH (a3oii Tuna
aHara3, u npu temueparype Bbiiie 900K Bce qacTuipl UMEIOT TaKy KPUCTAIIMUECKYIO CTPYKTYPY.
@dopMHUpOBaHUE KPHUCTAUIMUYECKOM CTPYKTYypbl THUIIA PYTWJ HadMHAeTCsl IpU TemIeparype

paznoxenus Boie 1500K [168].

Puc. 83. [I9M - ororpadust HaHOIMCTIEPCHOTO AMOKCHAA TUTaHA. TemrepaTtypa cunreza 710K.

B pa6ote [169] paznoxenue TeTpaOyTOKCUTUTaHA B CMECH C KUCIIOPOOM (JIaBIICHUE CMECH
30 Ila) mpoBonmnocs B minazme BU-paspsna. HecMoTpss Ha BBICOKYIO TemIiiepaTypy B o0jacTu
paspsina, npu pasioxenuu (C4HqO)4Ti oOpazoBbiBach aMop(dHbIe YaCcTHIIBI JUOKCUAA TUTAHA CO
cpenauM pasmepom 25 HM. Ilpu mnocnemyromem omxkure npu temmeparype 900-1100K
(dopMupoBaiach KpUCTAJIMYECKasi CTPYKTypa dacTul. Pemierka Tuma pyTuil B 3aMETHBIX
KoJInyecTBax (hopMupoBasachk TOJIBKO Ipu TeMieparype Boiie 1100K.

B pa6ote [170] Taxke orMedaercs GOpMUPOBAHHE HAHOIUCIEPCHOTO TUOKCHA TUTaHA C
pelIeTKON THIa aHaTa3 MpH TeMmIeparype pasziiokenus Terpadyrtokcututana 900K. Ilpu orxkure
yactull mpu temneparype Boie 1000K mporcxoaut nepectpoika pemeTky B pyTHIL.

VYcii0BUs CUHTE3a HAaHOJUCIIEPCHOTO JUOKCHIA TUTaHA U3 aOJIALIMOHHOM IU1a3Mbl OJIM3KH K
YCIJIOBUSIM MOITYYEHMs JUOKCHJIA TUTAHA B IIEMHOM IJIA3MOXMMHUUYECKOM ITPOLIECCE, HHULIUUPYEMOM
UMITYJIbCHBIM DJIEKTPOHHBIM ITy4KOM. B 000uX citydasx gacTuiubl GOPMUPYIOTCS PU OXJIKICHUN
W KOHJeHcauuu mapa B OydepHOM rase mpu HHU3KOM TemmepaType. lccrnenoBanue cuHTe3a
HAHOAMCIIEPCHOTO JMOKCHJIA TUTaHa M3 aOJALMOHHON IUIa3Mbl, (OPMHPYEMOM HMITYJIbCHBIM

nasepHbIM u3nyueHueM [171, 172], mokaseiBaer, 4to A (HOPMUPOBAHHMS KPUCTALTHYECKOU
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pEIIeTKH BaXKHBI YCJIOBUS (DOPMUpPOBAHMS YaCTHIl, a HE HadaJbHas TeMIepaTypa aOJsIuOHHOM
mia3mMbel. B paGore [171] mnpuBeneHsl pe3ysbTaThl HCCIACAOBAaHUS JIUOKCHIAa THUTaHa,
CHUHTE3MPOBAHHOI'O IPH PACHbUIEHUU IOJUIOKKH HMMITYJBCHBIM JIa3epHbIM H3nydeHueM (A=1.064
MKM, 7=15 HC, IJIOTHOCTb SHEPIUU HU3IYUYEHHUS HA IOMIJIOKKE 28 K J/em?). IIpu pacnbuieHUN
TUTAHOBOW momnoxkku B armochepe He+O, oOuapyxkeHo ¢opmupoBanue uactury TiO, co
CTpyKTypoil aHara3z u pasmepoMm uactul 10-50 M. [Ipu nazepHom pacnbUIEeHMM MAacCUBHOU
NOJJIOKKA U3 JUOKCHIAa THTaHa B uHepTHOW atmocdepe (He) dopmupyroress amopdubie
Ha"oaucnepcHble yacTuibl Ti0,. [ToanoXKKu U3 AMOKCHIA TUTaHA ObUIN MOJTyYeHBI PECCOBAaHUEM
gactuy TiO; ¢ KpHUCTAIMUECKOW pEmIeTKOW aHara3 Wiad pyTHiI. TONBKO TNpH pacHbUICHUU
JTUOKCHJIAa TUTaHa B arMocdepe KHUCIOpoaa YIAIoCh MOMy4dTh HaHogucnepcHbid TiO; ¢
KPUCTAIUTMUECKON CTPYKTYpoii (Tum - aHatas) [171]. ABTOpbI OTMEYAIOT, YTO MOJIYYECHHBIE YACTHIIbI
UMEIOT OMMOJIAIbHOE pacIpeesieHre o pa3Mepy - kpynHble yactuubl (0.1-1 mxm) u menkue (10-
50 am). KpynHble yacTuibl (OPMUPYIOTCS TIPH BBIOpOCE (PparMEHTOB MOJIOKKHU, & MEIKUE - IPU
KOHJICHCALIUM MOJIEKYJIIDHOIO Tapa. YCIOBHMsS CHHTE3a 4YacTUL] IpH a0MsAUM Ja3epHbIM
U3y4eHHEM U HUX CBOMCTBa mnpuBeneHbl B Tabmuue 16. benbiM 1BeToM 001a7al0T TOJNBKO
KpUCTAJUIMUECKUE 4acTullpl. Cepblil IBET CHHTE3MPOBAHHOIO IOPOIIKA O3HA4YaeT INPUCYTCTBUE

0oJBIION oM aMOp(HOM (a3bl TMOKCHIA TUTAHA.

Taduauna 16. YcioBus cuHTE3a M TapaMeTpbl NOPOIIKa.
Martepuan nognoxku  |['a3 B kamepe |CTpyKTypa HopoIka I[BeT wactuil
Ti He Ti YePHBIN
Ti He + O, aHaras OebIit
TiO; (pyTnn) He PYTHII ¢ HEOOIIBIIUM TEMHO-CEpBIN
KOJIMYECTBOM aHaTa3a
Ti0, (pyTnn) He + O, pytun / anara3 =1.5 CBETJIO-CEPhIi
TiO, (anata3) He pyTui / anaras =1 TEMHO-CEPBIN
Ti0O; (anara3) He + O, pyTwi / anaras = 0.5 CBETJIO-CEPBIi
BrmonaenHbie WCCIIEIOBAHHS MEJIKHX 4aCTHI] IVOKCUAAa  THUTaHa (o

MUKpoardpakTorpaMmMaM) NOKa3ail, YTO He3aBUCUMO OT MaTepHaja MOJUIOKKH MPH PACIBIICHUN
B aTMOcdepe KUCIOpOoJia BCE OHH UMEIOT KPUCTAJUIMYECKYIO CTPYKTYPY C PEIISTKOW THITa aHATa3.
[Tpu aGnsiuuu B mHEPTHOM atMocdepe GOopMHUPYIOTCsS aMOP(HBIC YACTHIIbI, UMEIOIINE CEPhIi IBET.
B pabote npezacraieHa cxema npouecca CHHTe3a JUOKCHAA TUTAHA.

B pabote [172] BbIMONHEHBI UCCIEIOBAHUS HAHOAMCIIEPCHBIX YACTHII, MOJYYEHHBIX IPH
PACIBUICHIN MMITYIIECHBIM JlazepHbIM m3nyderneM (1.8 Jlx/cm”) B aTMocdepe reltust MOUIOKKH 13
nvokcuaa tutana (pyTtwi).. [lomydyeno, uto wactuisl (pasmep 1-50 HM) UMEIOT METaJLTHUECKOE
sa1po (T1) 1 060704YKy, COCTOANLYIO U3 KPUCTANTMNYECKOT0 TUOKCH A TUTaHa (pyTUII U aHaTa3).

Kpucrammmuecknii AMOKCHI THTaHA OBUT TMONYyYEH TaKKe MPU PacHbUICHHH B atMocdepe

kuciopoga (10 Top) mMacCHBHOM THUTAHOBOW TOJJIOKKH WMITYJIbCHBIM HOHHBIM ITydkoMm [173].
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[InmoTHOCTh PHEPrUM MOHHOTO MyYyKa Ha MOJIOXKKE cocTaBisuia 30 Jhx/em. ABTOpBI OTMEYAIOT
dhopmupoBanue Menkux (4-45 am) u kpynHbIxX (0.3-2 MKM) 9acTHIIL.

DJeKTpUYecKuil B3pbIB IMPOBOJHHUKOB, OOecreunBasi HEPAaBHOBECHBIM XapakTep Ipolecca
(dopmupoBanus HaHovacTull [174], mO3BOIsIET CHHTE3UPOBATh YAaCTHIIBI C HOBBIMU CBOMCTBaMH, B
YaCTHOCTH C BBICOKOHM M30bITOUHOM 2Heprueit [175]. B atom cnocobe hopmupyercst cMech 4acTHIl
MHUKpPOMETPOBOTO pa3Mepa M HAHOAMCIEPCHBIX dYacTull. [IpM HUCHOIB30BaHUU CIIEIUATBHBIX
(UIBTPOB BO3MOKHO cOOpaTh CUHTE3MPOBAHHBIE HAHOYACTHULIBI C yAEIbHOHN Iuiomaapio 10 40-80
M>/T, KOTOpBbIe COCTABIOT 10 30% oOmieil Macchl wacTHi. IIpOM3BOXMTENBHOCTb YCTAHOBKH
cocraBnser 100-200 r1/gyac HaHOQpakuU. B3pbIB MeTaUIMYECKOW MPOBOJKKM B atMocdepe
KHUCJIOpOJla WM BO3/AyXa MNPUBOAUT K (POPMHUPOBAHUIO HAHOJAUCIEPCHBIX OKCHIOB METAJIIOB.
[Tonmyueno [174], 4To mpu KOHLEHTPALMU KUCIOPOAA B CMECH C MHEPTHBIM razom Oosee 20%
(0OObEeMHBIX) CTENEHb OKHCICHHS METAUIMYECKUX YacTHll, CHHTE3UPOBAHHBIX B3PHIBOM
npoBojiouku, nocturaer 100%. Kpome Toro, yaenpHas 1mioniaab MOBEPXHOCTH OKCHUIHBIX
HaHoYacTHI B 2-2.5 pa3a BHINIE, YeM Y CHHTE3UPOBAHHBIX ATHM CIIOCOOOM METaUIMYECKHX
HaHoyacTull. HaHOOKCHIBI UMEIOT chepruuecKyro GopMy U OTHOCUTEIBHO IJIaJIKyI0 MOBEPXHOCTb.
Ha puc. 84 nokazana ¢ororpadus 4acTuil IMOKCHJIA TUTAHA, OJYUYCHHBIX MIPHU B3PHIBE TUTAHOBOU
NPOBOJIOKH B arMocdepe Kuciopona. YacTUIpl HWMEIOT KPHCTALTUYECKYIO CTPYKTYpYy, THII

KPUCTAJUTMYECKOUN penieTKH (PYTHII WM aHaTa3) ONpeAesieTCsl YCIOBUsIMH cuHTe3a [174].

Puc. 84. COM - dotorpadus gactuiy TiO,, MOTydeHHBIX METOJIOM B3phIBA THTAHOBOW IMPOBOJIOKH B
KHcIopoacoaepxaieit armocdepe [174].

I[Ipu  cuHTe3e  HAHONMCHEPCHOTO  JMOKCHAAa  TUTaHAa  MaTepuals  MCXOJHOTO
TUTAHCOJIEPIKAILETO MPOJYKTA TAK)KE HE ONPEIENeT KPUCTAIUIMYECKYIO CTPYKTYpPY IMOTYyYEHHBIX
gactun, Ti0,. B paborte [176] npuBeneHbl pe3yJbTaThl UCCICIOBAHUS CHHTE3a TUOKCHUA TUTaHA
IpY OKUCJIEHUH YacTul] HUTpuaa tTutana B miasme CBU-paspsana (2 MI'n, 25 xkBr). ITopomok TiN

(gacTuipl pazMepoM 28 MKM) MojaBajicsi B 0OJacTh paspsia B IMOTOKE CMECH KHCIOpoaa |
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uHEepTHOro raza-Hocutens (Ar). [Ipu Manoll KOHLEHTpaMKM KHUCIOpPOJa YAaCTHUIbl UMENHU SIIPO U3
HUTpHUJIa TUTaHAa U O00JOYKY M3 AMOKCUAA TUTaHA C KPUCTAIJIMYECKOW CTPYKTYypOH THUIIA PYTHIL
[Ipu n36BITOYHOM COJIEPKAHUU KUCIIOPOJIA YACTHILIBI TOJIHOCTHIO COCTOSIIM U3 TUOKCHA TUTaHa, HO
CO CTPYKTYPOU THUIIA aHATa3.

B omnmmume oT Tra3odasHeIX METOAOB CHHTE3a HAHOAMCIEPCHOTO JMOKCHIA THTaHa,
AKHUJIKO(pa3HbI CHUHTE3 IPOUCXOAUT MPH HU3KOM Temreparype, HapuMmep B CyJib(haTHOM IpoLecce
He Boie 400K [166]. Ho oOpa3yromumecs yacTHIbl SBISIOTCS aMOPGHBIMH U ISl (OPMUPOBAHUS
KPUCTAITMYECKO CTPYKTYphI TpedyeTcs nocneaytomumid orxur npu T > 600K (anaraz) u T > 900K
(pytun) [177]. Kpome Toro, kak MokasajJd TEPMOTPABUMETPUYECKHE HCCIEIOBAHUSA, I1OJHOE
yAaJeHue THIPOKCUIBHOM TPYINIbl M OCTAaTKOB OPraHMYECKUX KOMIIOHEHT IPOUCXOIUT IIpHU
temnepatrype Bbimie 800K. Ha puc. 85 mnpuBegeHa 3aBUCUMOCTh HW3MEHEHUSI MAacChl

CUHTC3UPOBAHHOTO 30JIb-I'CJIb MECTOAOM HAHOAUCIICPCHOT'O IUOKCHUAA TUTAHA TP HArpCBC.

Am, %

100

60
| | 1 | |
300 500 700 900 T, K

Puc. 85. TepmorpaBumerpuueckuii ananu3 (TGA) HaHOUCTIEpPCHOTO TUOKCUAA TUTAHA,
CHUHTE3WPOBAHHOTO 30J1b-T€JIb METOJ0M [166].

Harper amopduoro mmokcuma tutana wm 110, co CTpyKTypoll aHaTa3 J0 TaKoOM
TEMIEPaTyphbl BeAET K Hadally (JOPMUPOBAHUS PEIIECTKUA PYTHII, YTO 3aTPYJHSIET CHUHTE3 TUOKCHIA
TUTaHa (aHaTa3) )KUIKO(PA3HBIM METOIOM.

CpaBHEeHHE TapaMeTpPOB CHHTE3UPOBAHHOTO JHOKCHAA THUTaHa, MOJYYEHHOTO pa3HBIMU
criocobamu, IpuBeIeHO B Tabmue 17.

5.2. Metoabl cHHTE3a HAHOAUCTIEPCHOTO JUOKCH/IA KPEeMHMSI.

B 1942 rony ¢upma JIETYCCA ony6aukoBaiga crnocod BBICOKOTEMIIEPATYpPHOTO
ruapoiusa. B mocneayomuid mepHoa  dTOT Crmoco0 ObUT  JOBEACH 1O IMPOMBIIIICHHOTO
COBEPIIICHCTBA, a IPOU3BEACHHBIN 3TUM CIIOCOOOM MPOAYKT HAIIE)I IPUMEHEHHE BO BCEM MUPE IO
HazBanueM AEROSIL. M3roroBnenne AEROSIL npou3BoauTcs ¢ NOMOIIBIO THAPOIU3A JIETYy4ero

KPpEMHHCBOI'0O COCAUMHCHUA B IIJIAMCHH T'pPEMYy4dCro rasa. HpI/I 9TOM CO34AaCTCA MCIKO3CPHUCTAA
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JIBYOKHUCh KPEMHHS, YTO SIBIISICTCS XapaKTEPHBIM U 3TOT0 CIoco0a MpPOM3BOJCTBA. 3a CYET
COOTBETCTBYIOIIMX HM3MEHEHHMI YCIOBUW pEaKIUU LEJICHANIPABICHHO BapbUPYIOTCS CBOMCTBA

npoaykra. Jist pasnuunbix obnacteit npuMmenenust ¢pupma JIET'YCCA mnpemiaraer crenualibHble

tunsl AEROSIL.

Tao6auna 17.
Cnoco0 cunTesa Hcxonnbie Pazmep Temnepaty- | CTpykTypa
TiO, BEIIIECTBA JacTHI] pa cuHTe3a | pelIeTKH
XJTOpHBIN TIpo1Iece TiCly + O, 100-400 am | 1400-1500 Rutile [166]
°C anatase
Oxkucienne B | TiCly + O, 15-30 1700 °C Anatase +
. [166]
T Py3HOM MIaMEeHU Rutile
I"azodazueiii ruaponus | TiCly + H,O 18-120 am | Huxke AmopodHbIe [167]
600 °C + anatase
droplet-to-particle (C4HyO)4Ti. +(20-4 0 500 °C anatase
method MIPOIIAHOJT oo 1000 | Rutile [168]
Paznoxenune B mnazme | (C4HoO)4Ti. + | Cp. pasmep Amopoubie | [169,
BU-pa3psina 0O, 25 HM 170]
Jlazepnast abnsuus Ti (umm TiO,) + | 10 - 50 am anatase [171,
0, 0.1-2 MKkM 172]
AGmsiiust umimynbeHbIM | Ti+ O, 4 - 45 um Rutile
[173]
MOHHBIM ITyYKOM 0.3-2 MKM +anatase
Oxucnenne B miasme | TiN + O, cpeanuii 50 anatase
[176]
CBU-pazpsina HM
Onextpuueckuit B3pbIB | Ti+ O, 20-100 am rutile+anata [174]
IIPOBOJIKH se
Cynbdaraeii  mporecc | TiIOSO4 + H,O | 100-400 am | T'maponms- | Rutile
(MOKpBIii cr1oco0) no  100°C, | +anatase [166]
OTXKUT -
Bbie 700°C

[Iporecc TIaMEHHOTO THAPOJIHM3a OCYIIECTBISCTCS B Ta30BOH (hase Iu1a3Mbl BO3AYIIHO-
BOJIOPOJIHOTO TuiamMeHu npu temnepatype 1400 - 1700K:

2H, + O, =2H,0

SiCly + 2H,0 = SiO, + 4HCI1

Peakuust conpoBoXkJaeTcsl BBIJCIEHWEM 3HAYUTEIBHOIO KOJMYECTBAa TEIUla, KOTOPOe
HEOOXOJUMO YTUIU3UPOBaTh. lIpakTHYecKW €AMHCTBEHHBIM ITOOOYHBIM MPOAYKTOM SBIISETCS
xsopuctsiii Bogopoa (HC1).

B pabore [178] aBTopamu onucaH HOBBIM BBICOKONPOU3BOAMTENBHBIM CIOCOO MOTyUYCHHS
YJIBTPAJAUCIIEPCHOIO JHOKCHJA KPEMHHUS M OKCUAOB JAPYTHUX JJIEMEHTOB IIyTEM HCHApEeHUs
HMCXOAHOM MACCHUBHOM TMOJJIOKKHA WA KPYHHO3EPHHUCTOTO TOPOIIKAa C  MOCIEAYIOLIEH
KOHeHcammel. HeobXoamMas Ul MCIIapeHnsi BBICOKAs IUTOTHOCTh MOIIHOCTH (10 5 MBt/cm?)
o0ecrieynBaeTcsl UCIOJIb30BAaHUEM B KaueCTBE TEIJIOBOIO MCTOYHHMKA CTAHIAPTHOTO 3JIEKTPOHHOTO

yckoputenst cepun DJIB momrHocThio 10 100 kBT ¢ BeimyckoMm B atMoc¢epy KOHLIEHTPUPOBAHHOIO
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Iy4yka 2JeKTpoHOB. [loslyyeHne HaHOYacTHIl OCYLIECTBIIETCS pa30aBiieHMEM MapoB MaTepuala
IOJUIOKKM BO3JYyXOM Cpa3y IIOCJ€ MCIApeHUuss U BBIBOJAOM IIapOB M3 30HBI MCIAPEHUS C
HOCJEIYIOIUM OBICTPBIM OXJIaXxaeHueM. [l 3Toro B KaMepe HMMeeTcsi KaHajl OTcoca Iapo-
BO3JYLIHOM CMECH M peryjaupyemble KaHajibl IoJa4yd Bo3ayxa. [IpuHyauTenbHOE yMEHbIIEHHE
KOHLIEHTPAllMU I1apOB HE IMO3BOJSET KUAKUM YacTHIAM CJIMBAaThCs, a TBEpAbIM crekaThcs. Ha
BBIXOJE M3 KaMepbl [apo-BO3JYyIIHAas CMECh JAONOJIHMTEIBHO CMEUIMBAETCS C BO3IYyXOM JUIs
"3akanku" dYacTul, cojaepkaimuxcs B mnoTtoke. Ilo paspaboTaHHOMY crnocoOy yke IOJTy4eHBI
YJIBTPAJUCIIEPCHBIE TIOPOIIKU OKCUIOB KPEMHHUS, aTFOMUHUS, MarHusl U LUPKOHUS, COCTOSIINE U3
qacTur pasmepoM 50-200 HM ¢ yIeIbHOI moBepxHOCTBIO Gomee 100 M*/r. Tlo mpOBEICHHBIM B
pabote [178] GU3HKO-XUMHYECKUM HCCIEIOBAHUSAM TOPOIIKA ObUIO ONPEACIICHO, YTO YACTHIIHI B
HOJYYEHHBIX MOPOLIKaX IEHCTBUTEIBHO BXOJAT B COCTAB BTOPUYHBIX KOHIJIOMEpPATOB, 00Jala0T
OTIpPENIeTICHHON TMOPUCTOCTHI0 U UMEIOT IMOJHOCThIO aMOp(HYIO CTPYKTYpy. HacTuiel nuokcuia
KPEMHHUSI COCTOSIT U3 KPEMHE3EMHOTO SIApa, THIPOKCHIBHOW 000JI0YKH U aJICOPOMPOBAHHON BOJIBI,
coJiepKat Ha MOBEPXHOCTH APYTUE MOJIEKYJIbI, B YaCTHOCTH, OPIaHUKY.

B pabore [179] mnoka3zaHo, uTo wucnapeHue MuuieHn wusnydeHuem CO,-nmazepa c
HocJenyomeil KoHaeH calyel napoB B HOTOKEe paboyero rasa sSBIsIeTCs OJHUM U3 NEepCIEKTUBHBIX
METOJIOB MOJIYUYEHHs] HAHOIIOPOILKOB OJIHOPOJHOIO COCTaBa CIOMKHBIX MJIM CMECEBBIX BEILIECTB.

HoBblii  MeTon XMMHYECKOTO OCAKACHHWS W3 Ta30BOM (Ga3el JJisd  MOJy4YeHUS
HEarJIoOMepUpOBaHHBIX HAHOYACTHUI], B KOTOPOM HCIIOJIb3YeTCsl HAaHECEHHE 3apsijia Ha YacTULBL,
npeacraBied B [180]. HMcnone3ys KOpPOHHBIM paspsll, Kak HWOHM3aTOp, MJs CHCTEMBI
tetraethylorthosilicate (TEOS)+O, aBTopamu Obutn mosmydensl HaHowacTHibl Si0,. doTorpadum,
MIOJlyYEHHBbIE HAa CKaHUPYIOUIEM 3JIEKTPOHHOM MHUKPOCKOIIE, MOKa3alih, YTO KYyJIOHOBCKas CHuIa
OTTAJIKMBAHUS 3aPSPKEHHBIX YACTUIL] IPEMATCTBYET UX KOATYJISALMH.

Aptopamu [181] mnpencraBiaeHa HOBasi SKCIIEPUMEHTalIbHAs YCTAHOBKA IPOTOYHOTO
TP PY3MOHHOTO TUIAMEHHOTO PEaKTopa Ui IMOJyYeHHs HAHOPAa3MEPHOTO JAMOKCHIA KPEMHHS C
MIOMOIIBI0 OKHUCIICHHSI T€KCAaMETHIIIMCHIIOKCaHa. B Xoie yCOBepIICHCTBOBaHMS YCTaHOBKH OblLia
yiay4iieHa nporu3BoauTebHOCTh 10 130 r/dac. Kak yTBep)1ar0T aBTOPHI, pa3Mep MOXXHO U3MEHSITh
B ripezenax ot 15 1o 170 um.

3akiao4enue.

1. Bce razodasnpie METOIbI MTOTYYEHUSI HAHOJUCTIEPCHOTO MOPOIIKA TUOKCHA TUTAHA
U KPEMHHMs SBISIIOTCA BBICOKOIIPOM3BOJAUTENIBHBIMU, HO CYLIECTBEHHBIM HEIOCTATKOM 3THX
METO/IOB SIBJISIETCS BBICOKAsI TEMIIepaTypa CUHTE3a, YTO IPUBOAUT K BBICOKMM SHEpPro3aTpaTam.

2. Jnsa rasodasnoro cunHreza HaHomucrepcHbXx dYactul] TiO, ¢ KpuCTauIM4ecKoi
CTPYKTypoil Haubosiee BaXXKHBIM [TapaMETPOM SIBJISIETCS TEMIIEpaTypa ra3a B 00J1aCTH KOHJCHCALIUH.

Kpucrannuueckas CTpyKTypa 4acTUI[ B PAaBHOBECHBIX YCIIOBUSAX (OPMUPYETCS TOJBKO THpHU
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temneparype Bbiiie 900K (anarta3) u 1100K (pytmn). Ecnu B o6sacTi KOHJIEHCAIIMM TEMIIEpaTypa
HIXKE, TO 00pazyroTcs aMmop(HBIC YaCTHUIIHI U B TaJIbHEHIIIEM TPeOyeTCsl OT)KHUT.

3. B orinuume ot razodaszHeIx METOOB CHHTE3a, KUAKO(PA3HBIM CHHTE3 MPOUCXOIUT
npu Oojiee HU3KOW TeMmIepaType, HO CYLIECTBEHHBIM HEIOCTATKOM 30JIb-TelIb METOJA SIBISETCS
00JIbI1I0€ BpEMSI [TOJIyYEHHUS Telisl, KOTOPOE COCTABIISET OT HECKOJIBKUX YacOB J0 HECKOJIBKUX CYTOK,
U HEOOXOAMMOCTh MOCHEAYIOLIEro JJIUTEIbHOIO MPOKATUBAHUS Telisl. DTOT METOJ He SIBISIOTCS
9KOJIOTHYECKU O€30MacHBIM U3-3a UCTIOJIb30BAaHUSI OPTAHUYECKUX PACTBOPUTEIICH.

4. Ha mHacrosmee BpeMss HE CyIIECTBYET HEPABHOBECHBIX IUIA3MOXMUMHUYECKHUX
ra3o)a3HbIX METOJOB TMOJIydeHHs HaHOMOpomKoB TiO, ¢ KPUCTAIUIMYECKOW CTPYKTYpOM.
M3BeCTHO, YTO HEPABHOBECHBIE IUIA3MOXMMHUYECKHE IMPOLECCHl MOIYT CYIIECTBEHHO CHHU3WUTH
SHEPro3arparhl Ha MPOBEJICHUE MIPOoLlecca CUHTE3A.

5.3. CuHTE3 HAHOAUCIIEPCHOT 0 JUOKCH/IA KPEMHHUS B HU3KOTEMIIEPATYPHOH IJIa3Me.

BrImonHeHHBIH TUTepaTypHBI 0030p MOKa3ai, YTO JTUOKCH]l KPEMHUS SBISIETCS OJHUM U3
OCHOBHBIX HaHOJUCIIEPCHBIX MAaTepUaJIOB, IPUMEHIEMbIX B pa3inuHbIX obnacTsax. [loaToMy HOBBIN
METO/JI CHUHTE3a HAaHOAMCIIEPCHBIX OKCUIOB ObLIT MCIOJIB30BaH JJIs MOMYyUYEHUS AUOKCHUIA KPEMHHUS.
B kauecTBe npexypcopa ObuUl BBIOpaH TETPAXJIOPH KPEMHUs, TaK KaK OH IIUPOKO MCIOJIb3YETCs B
TEXHOJIOTMYECKUX Mepe/ieNax pa3IMYHbIX KPYNMHOTOHHAXHBIX MPOU3BOJACTB, HAIllpUMEp IIpH
MIPOU3BOACTBE MOJYIPOBOJHUKOBOIO KPEMHHUSL.

5.3.1. PazoskeHune TeTpaxJoOpuaa KPeMHHsI B CMeCH C BOJOPOIOM.

Bonoponnoe BoccraHoBieHHME —SBiseTCS  Hauboiee  pacHpoOCTPaHEHHBIM — CIOCOOOM
MOJIyYEHUS! YUCTHIX METAJJIOB M3 MX rajgoreHujioB [182]. DToT mpolecc OCyHIeCTBISETCS B
TEPMOJIMHAMHYECKH PAaBHOBECHBIX YCIIOBHSIX IPH BBICOKOH TeMIiepaTrype U TpeOyeT 3HaYMTEeIbHbBIX
sHepro3arpar. llepcnekTHBHO HWCIONB30BAaHHME [UISL  PA3JIOKEHUA TETPaxJIOpHAa KpPEMHHS
HEPaBHOBECHBIX IJIA3MOXMMUYECKHUX MPOLIECCOB, MO3BOJSIOIIMX MTPOBOJUTh XUMUYECKHUE PEAKLIUU
IIPU HU3KUX TEMIIEPATYPAX.

Jlng uccnenoBaHuii MIa3MOXUMHUYECKUX MTPOLIECCOB ObLI PEKOHCTPYHUPOBAH B AIEKTPOHHBIN
BapuaHT yckopurenb «Temm» [70]. [lapamerpsl myuka - KuHeTHYECKast dHEprus 3iekTpoHoB 300
k3B, Tok myuyka B Makcumyme 6 KA, JIUTEIbHOCTh UMITYJbCA HA MOJyBbicoTe 60 HC, MIOTHOCTH
ToKa Ha BXoze peaktopa 0.4 KA/cm’.

[Ipu Bo3melicTBUM 3nekTpoHHOro myuyka Ha cmech SiCly+H, ¢ yBenmuenmem dmcna
UMITYJICOB 3aperucCTpUpOBaHa yObUIb TETPAXJIOPHIAa KPEMHUS U HapaboTKa XJIOPUCTOrO BOJIOPOAa
(cMm. pasgmen 4.5). B kadecTBe KOHEYHBIX NPOAYKTOB pAa3iOXKEHHUS TETpaxiopuaa KpeMHHS
3aUKCUpPOBaHO  OOpa3oBaHME  KOHACHCHPOBAHHBIX  dYacTull  (kimactepoB).  KocBeHHBIM
HOJTBEPKICHHEM 00pa30BaHuUs KIacTEpOB B 00bEME peakTopa SBIIeTCS (POPMHUPOBAHUE IICHTPOB

paccesiHUsS Jyda pyOMHOBOTO Jja3zepa IpH MPOXOXKIACHUU 4Yepe3 o0beM peakTopa (oOpazoBaHme
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“crnema” myda jazepa B 00beMe peakTopa) Mocjie WHKEKIUU SJICKTPOHHOro my4yka. B umcxomHoi
paboueii cMecH “ciien’”’ Tyda Jlazepa He HaOIroaalICs.

HccnenoBanne 3aTyxaHusi 3BYKOBBIX BOJH, (POPMUPYEMBIX B pPEaKTOpE MPU HHKEKLIUU
AJIEKTPOHHOT'O IydYKa MOKa3ajo, 4To K03()(UIIMEHT MOTIOMEHUS 3BYKOBBIX BOJIH NP AUCCUTIALINN
JIGKTPOHHOTO My4YKa B MapodasHoM TeTpaxiopuae KpemHus B 12-19 pa3 Beilie, 4eM pacueTHOE
3HaueHne. Pacuer BeimonHeH mo (opmyne (36), yuuThIBaromeld 3aTyXaHWe TapMOHHYECKHX
Kosie0aHUN B 3aMKHYTOM IHJIMHApPUYECKOM peakTtope. Ha puc. 86 mokazaHa 3aBHCHMOCTH
K03(ppuLIMEeHTa MOTJIOIIEHUs] SHEPrUH 3BYKOBBIX KOJeOaHM B peakTope OT JAaBlICHHUS IS

HECKOJIBKHX I'a30B.

/K |
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200 400 600 P, Topp
Puc. 86. 3aBucuMoCcTh HOPMUPOBAHHOTO KO3 HUIIMEHTA MOTIIONIECHUS 3ByKa B PEAKTOPE OT
nmasiaenust: 1- Ar, O,, Np; 2 — SiCly

s comocraBieHuss KOA()(HUIIMEHTOB TMOTJIOMICHUS B PAa3HBIX Tra3ax ero BEIUYHHY
HOPMHPOBAJIU Ha KO3(PPUIIUEHT, YIUTHIBAIOIINHN Teriopu3nueckue cBoiicTBa razos [69]. Touku Ha
puc. 86 COOTBETCTBYIOT 3KCIIEpUMEHTANILHBIM JIaHHBIM, KpuBas 1 - pacueT no dopmyine (36). dus
a30Ta, aproHa M KHUCJIOPOJAa PACXOXKICHHE PACUETHBIX W OSKCICPUMEHTAIBHBIX 3HAUCHUN He
npesbimiaer  30%. Touku KpuUBOM 2  COOTBETCTBYET OSKCIEPUMEHTAJIBHBIM  3HAUYEHUSIM
KO3 UIMEHTa MOTJIOEHUSI MPU TEHEpalUd 3BYKOBBIX BOJIH B Mapo(azHOM TETPAXJIOPHIE
KpeMHUS. 3HayuTelbHOE YBeludeHue Kod(pQHIMeHTa MOTJoMEH!sT TPU 3TOM MOXET OBITh
00yCIIOBJICHO paccesHHeM Ha KIacTepax B peakTope, KOTOpble 00pa3oBaUCh MPU HHKEKIUU
AJIEKTPOHHOTIO MyYKa.

W3BecTHO, 4TO HAaHOpPa3MEPHbIE YACTULIBI YUCTHIX METANIOB U KPEMHUS 00J1a1at0T BHICOKOM
XUMHYECKOW aKTUBHOCTBIO [165, 155], 4ro, mo-BMAMMOMY, MpPEMSITCTBOBAjIO HapabOTKE H
COXpaHEHHIO B arMocdepe, coaepKameid KUCIOPOA, YHUCTOTO KPEeMHHS TPH Pas3lioKEeHUU
TETPAXJIOPHIa KPEMHHSI UMITYJIbCHBIM JJICKTPOHHBIM ITYYKOM B atMocdepe Bomopoaa. B oobeme

peakTopa 00pa30BBIBAJICS MOPOIIOK TEMHOTO IIBETa, KOTOPBIM IMOCIE HAITyCKa BO3IyXa B PEAKTOP
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npuoOperan O6enbiii nBeT. [Ipu BCKPBITHH KaMephbl TUIa3MOXUMHUYECKOTO PEaKTOpa M 3allOJHEHUU
KaMepbl BO3yXOM MPOUCXOIMIIA PEAKIUs ¢ KHCIOPOA0M B oOpa3oBanue moporika SiO,. PacueTsr
OanaHca SHEprUH MPHU Pa3I0KEHUH TETPaxXJIOpUAa KPeMHHUS MOKa3alu, 4Tto sHepro3arpatel COII Ha
mucconuanuio Monekynbl SiCly cocraBistor He 6omee 1.9 3B (oieHka cBepxy).

BrImonHeHHBIE HCCIIEOBAHUS TUCCOIMANMN Tapo-(a3HOro TETPAxJIOpUAa KPEMHHUS H
U3MEPEHMSI DHEprosarpar IOKa3aJId, YTO MPU HUHKEKIUH CHWIBHOTOYHOTO HMITYJIBCHOTO
JMIEKTPOHHOIO MyYKa pealu3yercs LEMHOM Iuta3MoxXxuMudeckuili mporecc. Haumbonee BeposiTHO
COBMECTHOE JIEHICTBUE MOHHO-KJIACTEPHOI'O MEXaHM3Ma LEMHOM peakuuu | JUCCOLMaluu
KO0JIe0ATETbHO-BO30YKACHHBIX MOJIEKYJI C y4acTHEM MPOAYKTOB Pa3IOKEHUS B DK30TEPMHUUYECKON
peakuuu. Jlpyrue MexaHM3Mbl OpPraHU3alMKM LENHOTO IIpoliecca B HAIEM CIly4ae HE MOTyT
OO0BSICHUTH OanaHC HPHEPTHUH MEXAY 3aTpaTaMy DHEPTHH Ha MPSIMOE BOCCTAHOBICHHUE KPEMHHUS U
HEOOXOJUMBIMU 3aTpaTaMU JHEPTHH C YYETOM 4HCla AUCCOUMUpPOBaHHBIX Moyiekyn SiCly u
SHEPTUU JUCCOIMAINY TeTpaxiopuaa kpemuus [ 158].

5.3.2. Pa3zokeHne TeTPaxJoOpuaa KPeMHHsI B CMeCH ¢ KHCJIOPOAOM U BOJOPOIOM.

C uenbI0 CHUKEHHS DHEPro3aTpar Ha pasliosKeHUe TeTpaxJIopuaa KpEMHUS U CTaOuIN3aun
IPOAYKTOB PEAKIMM B COCTaB UCXOJHOW PEarecHTHOM CMECH TETPaxJIOpHUJa KPEMHHUS C BOJOPOAOM
BBOJIMJICS. MOJIEKYJISIPHBIM KUCJIOPOXA. MIMIyJIbCHBIN 3JIEKTPOHHBIN IyYOK MHULMUPOBAI PEAKLIUIO
OKHCJICHUSI BOJOPOJA, KOTOpPAasl COINPOBOXKJANACh BBIICJICHUEM 3HAYNUTEIBHOTO KOJIMYECTBA
SHEPrud MW HapaOOTKOW paJuKaloB, a TakKe JUCCOLMAIUIO TETPAaxXJopHuaa KpeMHHUs ¢
o0pa3oBaHMEM aTOMapHOTO XJopa (KOTOPBI BCTYMal B 3K30TEPMUYECKYIO PEAKIIHIO C BOJAOPOIOM)
[183, 184]. UccnenoBanusi ObUTH BBIIOJIHEHBI HA UMITYJILCHOM 3JIEKTPOHHOM yckopuTtene TOY-500
[71]. XuMuueckue peakiuu mpoliecca onucansl B pazzaene 4.5. [{ns cmecu (B Mmons) 50 O, + 75 Hp
+ 20 SiCly momHOE pasloKeHHE TETPaxjIopuaa KPEeMHHsI TPOUCXOJMUIIO 3a OIUH HMITYJIC
31ekTpoHHOro myuka. [Ipu sHeprum snexkrponHoro mydka 100 JIk 3a uMIynbC 3HEPro3arpatbl
AJIEKTPOHHOI'O My4yKa Ha CHUHTE3 JUOKCHAA KPEMHHSI U3 TEeTpaxyopuaa KPEMHHUS COCTABWIH 5
k/[>kK/MOJTb, 9TO 3HAYUTEITHFHO HUKE dHTAILIUHN oOpasoBanus SiCly, paBHOU 638 kJ[k/Mousb [159].
bamaHc 5SHepruM OCHOBHBIX MPOLECCOB, MPOUCXOMAUIMX NPH BO3JIECHCTBHUM HUMITYJIbCHOTO

QJICKTPOHHOI'O ITYyYKa Ha CMEChb TCTpaXJIOpHa KpEMHHUA C KUCIOPOAOM U BOAOPOAOM, IIPHUBCIACH B

tabnwuie 18.
Tabauna 18. bananc sHeprum mpoieccos.
(DHEPTHs AIEKTPOHHOIO IMyYKa 100 Hdx
OHTaNBNUsA 00pazoBanus 20 MMOJIb
12.8 x/Ix
rerpaxsiopuaa kpemaus (638 kJx/mMoib)
(DHEProBbIJICTICHUE B PEAKIIUU
H, + 0.5 0, = H,O + 241.8 xJIx/Monb 7.3 el
(DHEPTOBBI/ICJICHUE B PEAKLIUU
Si+ O, = Si0; + 911 kJIx/M0ab 18.2 k]l
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Bremnuit Bua cuaTe3upoBanHoro nopomka SiO; moka3aH Ha puc. 87.

Puc. 87. Buemnnii BUJ CHHTE3MPOBAaHHOTO JUOKCHUIa KDEMHHUS.

[Iponece pecTpykuuu TeTpaxjiopuia KPEMHUS B CMECH C BOAOPOJOM U KHCIOPOAOM IIpH
MHXEKLUHU UMILYJIbCHOTO 3JIEKTPOHHOIO Iy4Ka HOCWIJ B3PBIBHOM XapaKTep, YTO BMECTE C HATMYUEM
HIDKHETrO mpenena (IO JaBJIEHUIO) BOCIUIAMEHEHMs PEareéHTHOM CMECH YKas3bIBaeT Ha LIEMTHOU
pa3BETBIICHHBIA XapakTep Ipolecca CHHTe3a AHOKCHAa KpeMmHus npu pasnoxenud SiCly.

W3meneHue naBieHus B M1a3MOXMMUYECKOM peakTope MoKa3zaHo Ha puc. 88.

PIR
2.5
2.0 J .
1.5 4 LY
UM
i 2 WMMWWMWMW
1.0 LN WWWWWWWWWW
0 0.05 0.1 0.15 0.2 0.25 f, C

Puc. 88. 3menenue naBneHusi (HOpMUPOBAHHOTO HA UCXOJIHOE JIaBJICHHE) B 3aMKHYTOM PEAKTOpE,
P MHXKEKLIUU UMITYJIbCHOTO 3JIEKTPOHHOTO mydka B cmech SiCly + O, + Hy: 1-uennas peakuus,
2-HarpeB CMECH T'a30B AIEKTPOHHBIM ITyUYKOM.

5.3.3. XuMn4eckuii 4 CTPYKTYPHBIH COCTAB CHHTE3UPOBAHHOI0 TUOKCUIA KPEMHMUS.
BrimonHenHblit aHanu3 coctaBa oOpasyrolierocs nopouika meronoMm Pesepdoprosckoro
00paTHOTO paccesHUs MoKasai, 4To Ha 99.8% (B aTOMHBIX MPOLIEHTAX) OH cOCTOUT U3 SiOx MpH X =

1.76. DneMeHTHBI COCTaB CHHTE3UPOBAHHOTO IUOKCUAA KpeMHus: Si-36.14%, 0-63.62%, Ca-
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0.1%, K-0.2%, Pb-0.11%, Al-0.11%. Cnegyer OTMETUTh TMOJTHOE OTCYTCTBHE (B Ipemenax
YyBCTBUTEIHLHOCTH MPpHOOPA) XJI0pa B 00pa3yromeMcst TBEPIOM MTPOIyKTE.

XUMHUYECKUH COCTaB TUOKCHA KPEMHHUs ObLI ONPEIEIICH TaK)Ke Ha YHEPTOAUCIICPCHOHHOM
pentreno-guyopecueHTHOM criektpomerpe «Oxford ED2000». Ha puc. 89 mokasan peHTreHo-

(ITyOpEHCIICHTHBIN CTICKTP CHHTE3UPOBAHHOTO JIMOKCHIA KPSMHHS.

Puc. 89. PeHtreHo-¢hyopeHCIIEHTHBIN CIIEKTpP TUOKCHIa KPEMHHUSI.

XUMUYECKUH  COCTaB  HAHOPA3MEPHOrO0  MOPOILIKA,  ONPEACIEHHbIH  PEHTIEHO-
dyopecteHTHBIM MeTo1oM: Si - 99.50, Fe - 0.22, Cu - 0.058, Zn - 0.04 mac. %. [lanHasi ycTaHOBKa
MO3BOJIIET PETUCTPUPOBATH BJIEMEHTHI C MOPsIKOBEIM HoMepoMm Ooiiee 10 (Na u BbllIe), HOITOMY
HET JaHHBIX 10 COAEPKAHUIO KUCIOpoa U XJIopa.

AHanmn3 MHUKpOAUGPAKIMK DSJICKTPOHHOTO ITyYKa IIO0Ka3al, YTO B HAIIUX YCJIOBHSX

dopmupyercst amopdHbIi ArOKCcHA KpeMHHS (cM. puc. 90).

Puc. 90. Mukpoaudpakrorpamma Y JII1 nuokcuga KpeMHUS

Hanuune amMoppHON CTpyKTypbl CUMHTE3MPOBAHHOI'O JMOKCHJA KPEMHHS MOATBEPKAAET U

pentreno¢a3oBblii aHaiau3 (cM. puc. 91).
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Puc. 91. Pertrenoda3oBblii ananu3 aMop(HOro JUOKCHAA KPEMHUS.

5.3.4. PacnipenesieHde HAHOYACTHIL JUOKCHIA KPEMHHS 1O pa3Mepy B 3aBUCHUMOCTH OT
pe:kuMa NJIa3MOXUMHUYECKOr0 CHHTe3A.

B nanHOM paszernie mpeacTaBieHbl pe3yibTaThl UCCIEA0BAHUS PACIIPEACICHUS] HAHOYACTHUI
JTUOKCH/Ia KPEMHUSI TI0 T€OMETPUUYECKOMY pa3Mepy B 3aBHCHUMOCTH OT KOHIIEHTPAIIMH HCXOJHOM
CMECHU Ta30B U peXMMa MPOBEACHUS IJIA3MOXUMHUUYECKOTO0 CUHTE3a, MHUIIMUPYEMOT'O UMITYJIbCHBIM
CHWJIBHOTOYHBIM 3JICKTPOHHBIM ITyYKOM, M3 Ta30-(ha3HOH CMECH TeTpaxJopHaa KpeMHUs, BOJIOPOIa
u kucinopoja. OOHapyKeHa 3aKOHOMEPHOCTh YKPYITHEHHsI YaCTHI] IPU MOCIEAYIOUIEM BO3IEUCTBUN
MMITYJIbCHOTO 3JIEKTPOHHOTO yuka [185].

a) BJIMSIHME KOHIEHTPAIMU TeTPAXJIO0PHAA KPEMHHS B MCXOIHOM peareHTHO# cMecH.

UccnenoBanusi BBIMOJHEHBI MPU W3MEHEHUU COJEPXKAHMS TETpaxJiopujia KpPEeMHUS U
MOCTOSTHHOM TapIIMajIbHOM JIaBJICHMHM KHUCJIOpoja u Boaopona. Ha puc. 92 mpencrasiena [1OM-
dororpadus u rucrorpamMmma pacnpezesieHus: YacTull Juokcuaa kpemuusd. [loiayyeHo, yto cpenHuit

pa3Mep CUHTE3UPYEMBbIX YacTull paBeH 134 Hwm.
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Puc. 92. II9M-¢ortorpadus nopouika 1MoKcHIa KPEMHUS U TUCTOTpaMMa paclpeieeHns YacTHIL
1o reomeTpuueckomy pazmepy. Mcxomnas cmechb 11.5 mmons O, + 23 mmons Hy + 25 mmons SiCly.
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YMeHblIeHHE COAEpKAHUS TETPaxJIopuaa KPEMHHUS B HCXOJHOW CMECH NPUBOIUT K
YMEHBUIEHUI0 T€OMETPUYECKOr0 pa3Mepa cHHTe3upyeMmbix uactul. Ha puc. 93 npencrasiena
[IOM-doTrorpacus u rucTorpamma pacrpeeseH!s] YacTUll 110 UX T€OMETPUUECKOMY pasMmepy Ipu

cocTtaBe UcxoaHoi cmecu: 11.5 mmois O, + 23 mmous Hy + 13 mmouts SiCly.

KonuaecTBo 4yacTuil
1
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Puc. 93. ®otorpadus nopourka TMOKCHIa KPEMHHsSI M THCTOTpaMMa PacIipeiesIeHUs YaCTHIT

110 TEOMETPUUECKOMY pa3Mepy.

W3 ructorpaMMbl BUIAHO, YTO CPEIHUN pa3Mep CHHTE3UPYEMOT0 MOPOIIKa YMEHbIIWICS 10 90 HM.
0) Bausinue OydepHoro raza. CHHTE3 HAHOIUCIEPCHBIX YACTUIl MPOXOAUT B HAIIUX
YCIOBUAX NYTEM KOHACHCAIIMHM MOJICKYJI IUOKCHUIA KPCMHUA. HOBTOMy HaJIN4YNUEC HWHCPTHOI'O
OydepHOro raza, KOTOPBIA NPEMSATCTBYET MPOIECCY KOHIEHCAIWHU, IIOJHDKHO CHIXKATH pa3Mep
CUHTE3UpyeMBbIX dacTull. B kauecTBe OydepHOro rasa ucrosb3oBaics a3oT. Mcnonp3oBanue a3ora
B IpOIlECCEe CHHTE3a HAHOUYACTHIl MPOBOJWIOCH TAKXKe C IIENBI0 OIpEeNeIeHUs] BO3MOXKHOCTU
UCTIOJIB30BaHUS BO3/IyXa BMECTO YHCTOTO KHCIOPOJa B MpOIEeCcCe CHHTe3a HaHOOKcHoB. Ha puc.
94 mpencrasnensl [IDM-doTtorpadus U rucrorpaMma pacmpenesieHds YacTHI] 10 pa3Mepy NpH

coctaBe cMecH (B MMoutb): 11.5 O,+23 Hy+47 Np+25 SiCly.

100 1M

10 Mfhadbem = o

1 i R T G R O S
0 30 90 150 210 d, um
Puc. 94. ®otorpadus nopouika AMOKCHAA KPEMHHUS U TUCTOTpaMMa pacipeiesieHHs YacTUIl 110
reOMETPUYECKOMY pasMepy.
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Cnenyer OTMETUTh CHMKEHHUE T'€OMETPUYECKOr0 pa3Mepa HAHOIOPOILIKA, B HCXOJHYIO
cMechb KoToporo ObuT 106aByeH a3o0T, 10 43 HM ¢ 134 HM (cM. puc. 92).

YMeHblIeHHe coiepKaHUs TeTPaxjIopuaa KpeMHusi ¢ 25 Mmonb A0 13 MMOIb B UCXOIHOU
cmecH, conepxkauieit 11.5 mmonp O + 23 mmons Hy + 47 mmons Np, npuBenio K JajlbHEHIIEMY
YMEHBILEHUIO pazMepa yacTull. CpeaHuil pa3Mep YacTHIL IIPU 3TOM COCTaBUII 27 HM.

B cnenyromieil cepuu 3KCIEPUMEHTOB, BBIIOJIHEHHBIX B PEAKTOPE JIPYyTrol KOHCTPYKIIUH,
OBLIM MONyYeHBbI aHAJIOTUYHBIC PE3yJIbTAThI MO BIMSHUIO HAYaJIbHON KOHIEHTPALMU TeTPaxjiopuaa
KpEMHUS Ha pa3Mep CUHTE3MPYEMBIX 4yacTHll AUOKcuaa kpemHusa. Ha puc. 95 npusenena [1OM-

¢dororpadus nopomika u TUCTOrpaMMa pacrpeieICHUs YaCTHIL IO pa3Mepam.
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Puc. 95. I[IDM-¢ororpadus mopomika TMOKCHIa KPEMHHUS © THCTOTpaMMa pacTpeIeICHUs] YaCTHII
1o pasmepawm (cp. pazmep 25.5 um). Mcxonnas cmeck 50 mmoibe O2+75 mmons Hy+19 mmons SiCla.

Y nenbHas MIOMmah MOBEPXHOCTH, H3MepeHHas 1o Metoay BAT, cocrasuna 42 m7/r.

VYBenuueHue coJiepKaHus TeTPaxJIopuaa KPeMHHS 1 YMEHbBIICHHE NMapIUaIbHOTO JaBICHUS

KHCJIOPOJIa ¥ BOJOPO/JIa MIPUBOIUT K POCTY cpemHero pazmepa dactuil SiO;. Ha puc. 96 npuseneHsl
¢dororpadus mopoka AMOKCHIA KPEMHHS M THCTOIpaMMa PacHpelesIeHHs] YacTHUll 10 pa3MepoM

npu cuHTe3e u3 cmecu 33 mmoib Ox+67 mmons Hy+25 mmonb SiCly.
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Puc. 96. dotorpadus u ructorpamma pacnpeeieHus pasmepon nopouika SiO; .
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VrenbHas IMIOMAAb OBEPXHOCTH, M3MepeHHas mo Meroay BT, cocraBmma 27 M/r, CpemHmid
pa3Mmep 78 HM.

B) BJIMSIHME MOCJIeYIOIINX BO3AelCTBUH 3JIEKTPOHHOIO My4Ka.

Bbuin BBINOJIHEHBI UCCIENOBaHHUS 3aKOHOMEPHOCTH pacrpenernenuss Hanowactur SiO; mo
pa3MepaM B 3aBUCHUMOCTH OT YHMCJIAa TOCIEAYIOUMX BO3JAEHCTBUIM MMITYJIBCOB 3JIEKTPOHHOTO ITydKa
Ha HAaHOJMCIIEPCHBIM AUOKCU KPEMHUS, CHHTE3UPOBAHHBIM IIPU BO3/EHCTBUU IIEPBOrO UMITYJIbCA.
Ha puc. 97 npusenena ¢ororpadus noporika, MojJyyeHHass Ha MPOCBEYMBAIOLIEM 3JIEKTPOHHOM
MHUKpOCKOIIE, M THUCTOrpamMma pacHpeleleHUs 4YacTHll [0 pa3MepaM II0Clieé OJHOKPAaTHOI'O

BO3JCHCTBHS ITyYKa.

110

KonuuecTBo 4acTHiL
h .
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0 20 60 100 140 180d, um
Puc. 97. ®otorpadus u rucrorpaMmma pacrnpeereHus yacTul nmopouka SiO; mo pa3mepy nocie
OJIHOKPATHOI'O BO3JIEUCTBUS JJIEKTPOHHOTO ITy4Ka.

YacTuupl UMEIOT TeOMETpUYECKUi pa3mep B auamnazone 5 - 200 HM. bonbIIMHCTBO YacTHIL
umeroT pasmep 30 HM, HO Takke HaOmonatores enie muku npu 80 um, 120 - 140 am u 180 HM.

[Tocne Tpex mocienOBaTENbHBIX BO3JACUCTBUI JJIEKTPOHHOTO IMy4YKa XapaKTEPHbBIX
M3MEHEHUH B paclpeieseHUH 1o pa3mepaM He HaOmogaercs. [loydyeHo, 4To OOJIBIIMHCTBO YaCTHUIL
MMEIOT FreoMeTpruyYecKuil pazmep okosio 30 HM 1 BuAHBI 2 niika 1ipu 80 M u 140 HM.

Ha puc. 98 npusenena dororpadus mopomika ¥ rucTorpaMma pacrpeeseH sl YacTUll 1o
pasmepy 1Mocjie MSATH [OCJIEI0BAaTEIbHbIX BO3JACHCTBUNA IMy4yka MNpPU TEX K€ COOTHOLICHUSX
KOMIIOHEHT B MCXOJIHOM ra30BOil cMecH. M3 nmpencraBieHHON rucTOrpaMMbl BUIHO, YTO TIOCJIE TSATH
MOCJIEI0BATENbHBIX BO3IEUCTBUN UMITYJILCHOTO 3JIEKTPOHHOTO Iy4Ka OOIBIIMHCTBO 00pa30BaHHBIX
yacTull uMeroT pazmep 80 HM, HO Takxke HaOmroAaroTcst muku npu 30 HM u 130 HM.

Ha puc. 99 npusenena dororpadus mopomika U rucTorpaMma pacipeieseHus] YacTUll 1Mo

pasMepaM mociie IeCITH MOCIEA0BaTENbHbBIX BO3ICHCTBUM MyUKa.
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Puc. 98. ®oTorpadus nopomrka TMOKCHIa KPEMHHS M THCTOTpaMMa pacipeiesieHrs YacTHIL 10
pasMepaM I0CiIe 5-TU NOCIEA0BATENbHBIX BO3AEHCTBUM UMITYJIBCHOTO JIEKTPOHHOIO IIyYKa.
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Puc. 99. ®otorpadus nopourka TMOKCH1a KPEMHHS M THCTOTpaMMa pacipeiesIeHrs YacTHIl 10
pa3zMepam nocie 10-Tu nocnenoBaTeNbHbIX BO3JEHCTBUI UMITyJIBCHOTO 3JIEKTPOHHOTO ITyYKa.

200 um

=
|

3 TUCTOTpaMMBbI BUJHO, YTO pasMCp YaCTHULl YBCINYUIICA U CpCIIHI/IP'I pasMEp 4aCTUll TCUCPb
okosio 140 HM, HO Tak)ke HAOIIOAAIOTCSA 3HAYUTEIbHOE KOJIMYECTBO YACTHI[ C pazmepoM MeHee 30
HM. DTO BO3MOXXHO YAaCTHIIBI, KOTOPHIE HE TMOMa M IOJl BO3ACHUCTBHE 3JIEKTPOHHOTO ITydKa.
XapakTepHbIM  siBIsieTCss  (OPMHPOBAHME YaCTHI[ MPaBWIBHOH cdepudeckoil (Gopmber  co
3HAYUTEIBHO OOJIBIIMM pa3MepoM. B maHHOM cilydae cpelHHi pa3Mep yacTull Bo3poc modtu B 10
pas.

[lapooOpasnasi (popma YacTHIl MOXKET CBUICTEIHCTBOBATh, YTO YBEIMUYCHHE pazMepa
YacTUI] MPOUCXOAUT depe3 paciuiaB. Ho pacyersl mnokassiBator [186, 187], yTo sHeprum
AJIEKTPOHHOT'O Ty4YKa HEJOCTAaTOYHO JUIS pacIlIaBiieHHss 00pa30BaHHBIX yacThll. Harpes moporika,
obpa3yromierocs 3a oguH Uk (0.3 T) IpyU YCIOBHH TOTHOTO TIOTJIONICHUS YHEPTHH JJIEKTPOHHOTO
nyyka He npesbimaer 500 oC. [Ipn wacToTe cienoBaHHsS HUMITYJIBCOB JJIEKTPOHHOTO ITy4Ka,

ucrnosbdyemo B akcriepuMente (0.5 uMrir/c), 3a Bpems MeXAy HUMITYJIbCaMU TeMIlepaTypa B
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peakTope CHMXaJlach JI0 MCXOMHOHN TemmepaTypsl. [lo Bcell BHIUMOCTH, MPOLECC OOBEAMHCHHUS
UJET 3a CYET MOBEPXHOCTHOI 3HEPTUU NEPBUUHBIX HAHOPA3MEPHBIX YACTHII.

5.3.5. UK-cniekTpoMeTpUsi HAHOAUCIIEPCHOI0 INOKCH/IA KPEeMHHUS.

OgHuM U3 pacnpoCTpaHEHHBIX METOAOB aHalM3a XHMMHUYECKOrO0 COCTaBa W CTPOCHUSA
TBEPJABIX BEIICCTB SIBIISCTCS HM3MEPEHUE OMNTHUYECKOTO CIEKTpa TOMIONMICHHUS B HH(pPAKpaACHOM
obnmactu [188]. Mcmonmb3oBaHME S5TOTO METOJIA JIS HWCCICAOBAHHMS HAHOJIUCIEPCHBIX YAaCTHII
MO3BOJIICT BBIMOJHUTH OOBEMHBIA aHAIM3 BEIECTBA, TaK Kak IIyOuMHa mnpoHukHoBeHus WK-
M3JIy4EHUs NPEBBIIAET reoMeTpuueckuii pazmep vactull. Ha puc. 100 mpuBeneH xapakTepHblit
CIIEKTP OTpPaKCHUS MH(PPAKPACHOTO U3ITYUCHHUS CHHTC3UPOBAHHBIM JAHOKCHIOM KpemHUs. [lomoca
norjonieHus B auamnaszone 3000-3500 em’! COOTBETCTBYET IOIJIONICHUIO MPU BO30OYKICHUHU CBSI3U
O-H (vi(OH) Ha 3500 cm™ u v(H,0) Ha 3300 cm™). Tlonoca MOTIOMEHHS ¢ BOTHOBBIM HHCIOM
1650 cm’™ cootBerctByeT cBsizu H-O-H (vo(H20)) [189].
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Puc. 100. UK-cnexTp nornomeHuss CAHTE3UPOBAaHHOTO HAHOAUCIIEPCHOIO JUOKCH 1A KPEMHMUSL.

IIuxkn mnormomieHuss ¢ BoJHOBBIM uHciaoM 1190, 1080, u 790 cm! COOTBETCTBYIOT
TETPASAPUUYECKON CTPYKType muokcuma KpeMHHS (Vas(Si04) LO, vis(Si0s) TO m vs(SiOy)
cooTBeTCTBeHHO) [190].

3akJ/l0ueHue.

Pa3paboTanHblii IEMHON MIa3MOXUMHUYECKHUI MPOLIECC CUHTE3a HAHO-PAa3MEPHOTO TUOKCHUIA
KPEMHHUSI TIO3BOJISIET CYIIECTBEHHO CHU3UTH 3aTPaThl SHEPTUH 10 CPABHEHHIO C JPYTUMHU METOAaMHU.
VY enpHBI pacxo/l JJIEKTPOIHEPTUH Ha OCYIIECTBIIEHHWE TOJILKO BhIcOKoTeMIiepaTypHoi (1200 °C)
KOHBEPCUH TETPAXJIOpHUa KPEeMHHs B Tpuxiopcmian gocruraer 60 kBr-uac/kr (1-10* kJlx/Monb) u
6onee [159]. IIpu ucnapenun muieHu usznydeHuem COs-nazepa ¢ mocieayroeil KoHAeHcauen
napoB B MOTOKe pabouero rasza [179] 3aTpaTel sHEpruu H3MydeHHs: cocTaBwid 25 kBt-u/kr npu

npousBoguTenbHocTH 130 /4. Kpome Toro, opranusanus ernHOro mia3MOXUMHUUECKOro mporecca
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OpU CHUHTE3€ HAHO-IUCIEPCHOTO JHOKCHAA KPEMHHUS IMO3BOJSET OO0ECIEYHTh BBICOKYIO
IIPOU3BOIUTENIEHOCTD TIPU I0CTaTOYHO BBICOKOW OJJHOPOJHOCTH MOPOIIKA I10 pa3MepaM U COCTABY.

5.4. CuHTe3 HAHOAMCIEPCHOr0 AWMOKCHAA THUTAHA NPH BO3AEHCTBHHM HMMIIYJILCHOIO
3JIEKTPOHHOIO IYYKa.

[IpuBeneHbl pe3yabTaThl HCCIEJOBAHMS OCHOBHBIX XapaKTEPUCTUK U PEKMMa CUHTE3a
HaHOJMCIIEPCHOr0 JUOKCUAA THUTaHa U3 ra30(a3HON CMeCH KHCIopoJa, BOJOPOJa U TETPaxJIopuaa
tuTaHa. IIponecc cuHTE3a MHUIMHUPOBAJICS HMMITYJIBCHBIM 3JIEKTPOHHBIM IIyYKOM M HMMEN LEIMHOU
xapakTep. M3MepeHbl reoMeTpruieckrue pa3mMepsl YacTHUll, POBeJIeH PEeHTIeHO(a30BbIi U PEHTICHO-
(GiyopeHCUeHTHBI aHanu3, BbimonHeHa WMK-cnekTpomeTpuss CHHTE3HMpPOBAHHBIX OKCHJIOB.
ITokazaHo, 4TO HEpPaBHOBECHBIM XapakTep MpoIlecca CHUHTE3a MPU BO3ACHCTBUM HMITYJIBCHOIO
JJIEKTPOHHOI'O IIy4YKa IO3BOJIAET CHHU3UTHh TEMIIEPATYPHBIM MOPOT IOJYYEHUS KPHUCTAUINYECKOU
CTpYKTypbl yactul [191].

CuHTe3 TOpOIIKa BBHINOJIHEH C HCIHOJb30BAHHUEM CIIELUATU3UPOBAHHOTO HMITYJIBCHOTO
aekTpoHHOro yckoputens TOY-500. Peaktop — mMiauHIp M3 KBapIEBOTO CTEKJIa C BHYTPCHHUM
nuamerpoM 14 cMm u obvemoMm 6 1. HaHopa3mepHbIi AMOKCHI THTaHA CHHTE3UPOBAIU MpHU
WH)KEKIUM HMITYJIBCHOTO 3JIGKTPOHHOTO IydKa B Ta30(a3Hyl0 CMeCh TETpaxJopuia THUTaHa,
KHcIopoia U Bojpopoda. s MccienoBaHUM HCIOJIB30BAIM XUMHUYECKH YHMCTBIM TETPaxJoOpH]l
THUTaHa, TEXHUYECKUI KUCIOPOo1 U Bosopoa. PeakTop nmporpeBanu n0 temrepatypsl 90 °C u nepen
HaIlyCKOM CMECH Ia30oB oTkauuBaiu 10 fasieHus ~1 Ila. [TonHas koHBepcus TeTpaxyiopuaa TUTaHA
IIPOUCXOAWIA 33 OAUH HMMILYJIbC DJEKTPOHHOIO IIy4YKa. DHEpro3arparbl 3JIEKTPOHHOIO IIydKa Ha
KOHBEPCHUIO TeTpaxjopuja TUTaHa cOCTaBWIM 2 KJ[k/Moib. BHEmHWI BHII CHHTE3MPOBAHHOTO

JTMOKCHJIa TUTaHA TToKa3aH Ha puc. 101.

Puc. 101. BHemHui BUA CHHTE3UPOBAHHOIO TMOKCH/IA TUTAHA.

156



5.4.1. OcHOBHBIC XHMHYECKHE PeaKIHH U 0ajaHc YJHepruu npouecca cuuresa TiO,.

IIpyn BO3AEHCTBHHM HMMITYJBCHOTO JJIEKTPOHHOIO ITy4YKa Ha CMECh TETPAXJOpuJa TUTaHa,
KHUCIIOpOJia ¥ BoJIopoaa mpoucxoauT pasnoxkenue TiCly 37eKTpOHHBIM yAapOM B peakiuu:

TiCly+e —> Ti+2Clh+e

Terpaxyiopu TUTaHa KaK rajJoreHu] 00iagaeT O0oNbIIUM CPOACTBOM K JIEKTPOHY, [IOATOMY
€ro pasyIoKEHUE BO3MOXKHO TAKK€ M NPHU JUCCOLUMATUBHOM MPUIUIIAHUHA HHU3KOIHEPTreTHUYHBIX
3JIEKTPOHOB B PEAKIUU:

T1C14 +e— (T1C14)- — Ti+ 2C12 +e

Kpome TOro, mpoucxoaut MHULIMUPOBAHUE PEAKIMH OKHUCIEHHUS BOJOPOAA, OCHOBHBIE W3
kotopsix [110]:

H, + O, =20H

OH + H, =H,O+ H

H+0O,=0H+O0O

O+H,=0OH+H

H+O,+M=HO, +M

H02 + H2 = H202 +H

HO, + H,O = H,0O, + OH

B peaknuu okxucienus Boaoponaa obpaszyrorcs pamukansl OH u atombl Bomopoaa, mpu
B3aUMOJICCTBUHU KOTOPBIX C TETPAXJIOPHUIOM TUTAHA IPOUCXOJUT CUHTE3 TUOKCHU/IA TUTAHA:

TiCly + H + O,—TiO, + HCI

TiCly + OH — TiO, + HCI

[Ipn ouenke OasaHca »HEpruM B MpOLECCE CHUHTE3a JMOKCHJA THUTaHAa W3 CMECU
TETpaxJopHua TUTaHA, KHUCIOpOJa W BOAOPOJa B KayeCTBE HMCTOYHHUKOB SHEPrUU HEOOXOIUMO
YUYUTBIBATh HE TOJIBKO KHUHETHYECKYIO SHEPTrUi0 3JEKTPOHOB Iy4yKa, HO WU HHEPrUI0, KOTOpas
BBIIETISIETCSL B AK30TEPMMUECKON pPEaKLMM OKHciaeHus Boaopona. llpu paznoxenun 10 mmons
TETpaxJIopHia TUTAaHa B UCXOJHYIO cMech A00aBisiiun 50 MMOJIb BOAOPOJA B CTEXUOMETPUUECKON
CMECH C KUCJIOPOJOM. 3HAUEHHUS SHEPTruu, HEOOXOAUMOM Ui pa3IoKEHUs TETpaxJIopyua TUTaHa, U
BEJIMUMHA YHEPTHH, TOCTYNAIOIICH U3 pa3HbIX UCTOYHUKOB, MPUBEICHBI B TabmuIe 19.

Tabuamuna 19. bananc sHepruu npouecca CUHTE3a IMOKCUIA TUTAHA.
DHEPrus MEKTPOHHOTO MyYyKa 100 Tx
Ouneprusa auccormanuu 10 mMmonp TeTpaxiopuaa

10.2 xIx
tutana (8.04 sB/Mornex.)

OHTaIBIHS PEaKIUU OKUCIICHUS BOAOPOIa
H, + 0.5 O, = H,O+241.8 xJI>/Mo0b

11.6 xJIx
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5.4.2. TemnepaTypHbIii pe:KUM CHHTE32 HAHOAUCIIEPCHBIX OKCH/IOB.

Hcnonp30BaHue 3aMKHYTOTIO IJIa3MOXHMHUYECKOTO pPEeakTopa W HMITYJIbCHBIM XapakTep
mpolecca CUHTE3a MO3BOJISIOT IPOBECTH pacyeT U3MEHEHHUs TeMIIepaTyphl B MPOIECCe CUHTE3a M0
M3MEHEHUIO JaBiieHus B peakrope. Ha puc. 102 nokazana 3aBUCUMOCTb TEMIIEPATYPbl OT BPEMEHH.

T,°C
600 -
500 -
400
300 -

200

100

Puc. 102. I3MeHeHue TemnepaTypsl B IJ1a3MOXUMUYECKOM PEAKTOPE B TEUEHHUE IPOLIECCA CUHTE3A
HAHOJIMCIIEPCHBIX OKCUAOB (KpuBas 1). KpuBas 2 — n3amMeHeHne TeMnepaTypbl TOJIBKO 33 CUET
HarpeBa CMECH ra3oB JIEKTPOHHBIM ITyYKOM (6€3 BOCITIaMEHEHUS ).

Pacuer BbIMONHEH TO SKCIEPUMEHTAJIBHOH 3aBUCUMOCTH HM3MEHEHHUS JaBICHHUS C
UCIIOJIb30BAaHUEM YpAaBHEHHUS COCTOSHUS JUIsl MJealbHbIX ra3oB. IIpoBelneHHble H3MepeHUs
MoKa3aJii, 4TO Temmeparypa razoda3Hoil cMecu B mporecce cuHTe3a He mpesbimaetr 900K, a
npogomkutenabHocTh mponecca menee 0.1 c. IIpouece nectpykiun TiCly B cmecu ¢ BoAopoaoM u
KHCJIOPOJIOM TPH WHXKEKLUU HMMITYyJIBCHOTO 3JIEKTPOHHOTO ITyYKa HOCHUT B3pPBIBHOH Xapakrep.
Hapsiny ¢ HanuumeM HUXKHEro mpefesia BOCIUIAMEHEHHs cMecH (IO JIaBJICHUI0) M HU3KUMHU
SHEpro3aTpaTraMi, 3TO YKa3bIBaeT Ha IICTTHOW Pa3BETBJIICHHBIA XapakTep mpoiiecca cuHreza Ti0;
npu koHBepcuu TiCly B cMecH ¢ KUCIOPOIOM U BOAOPOJIOM.

5.4.3. 'eomeTpuuecknii pazmep Hanouactuu TiO,

Ha puc. 103 mpexacraBnena mukpodororpadus MOpolKa M paclpeleeHue YacTHULl IO
pa3mepy Ha ocHoBaHWU BbIOOpKH Ooinee 1000 mamepenuii. Pazmep wactur cocrasisut ot 90 mo 200
HM U 3aBUCE] OT peXUMa CUHTe3a. YMeHblneHue koHreHTpamuu TiCly B mcxomHod cMecu u
nobaBneHue OydepHOro rasa NpUBOAUIO K CHIDKEHHUIO CPEIHEUUCIIOBOTO pazmepa yactuil 10 30-40
HM, YTO yKa3blBaeT Ha OOBEMHBIN XapakTep mpoliecca CHHTe3a. BaKHO Takke OTMETHUTh, YTO

YaCTUIlbl HC UMCJIM BHYTPCHHUX IMOJIOCTEH.
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Puc. 103. ®ororpadus, monydernas Ha [IOM (a), u ructorpamma (0) pacrpeaeneHus mo pasmepy
YacTHIl HAHOJIMCIIEPCHOTO AMOKcHaa ThuTana. Mcxoanas cmecs B Mmonb: Hy + O, + TiCly
(50:25:10), cpenneunciioBoit pazmep vactuil 148 Hm

5.4.4. Pentrenoga3oBblii 1 XUMHUYECKH AHAJIN3 THOKCHIA TUTAHA.

BeinosiHeHHBIE HCClENOBaHUSA IIOKA3alld, 4YTO IPU PA3JIOKEHUM TETPAXJIOpUAA THUTAHA
(hopMupoBaJiCss HAHOAUCTIEPCHBIN TUOKCH TUTAaHA C KPUCTALUTUYECKONW CTPYKTYPOM, MPUYEM THII
KPUCTAJUIMUECKON PELIeTKU (aHaTa3 WM PyTHII) ONpEAEIsiCcs YCIOBUSIMHU CHHTE3a (COCTaB CMECU
peareHToB, CyMMapHOe JaBiieHne u T.a1.). Ha puc. 104 mnpuBeneHpl pPEHTTEHOTPAMMBbI
HaHoucnepcHoro nopomka Ti0,, a B Tabnuie 20 — JaHHBIE IO COOTHOIICHUIO (pa3 pyTHII U aHATa3

1utst pas3Hbix o6pasios TiO;.

f’/. ffjljfa ff’jljfa g Pk op of 4 f fflrf"a // L

25 30 35 40 45 50 55 G0 BS 70O ¥5 80 85 90 95
2, rpag

Puc. 104. PentreHorpamMmma HaHOUCIIEPCHOTO MOPOILKA AUOKCHAA THTaHa (1, 3 1 4 COOTBETCTBYIOT
tabnuie 20).
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Ta6auua 20. Pe3ynsTaTsl peHTreHO(})A30BOr0 aHAIM3a HAHOAUCIIEPCHOTO JUOKCH 1A TUTaHA

O6pazen | Konuentpauus n TiCly, Mmonb | Pytun,% | Anaras,% | % coBmageHus
1 5 93 7 92
2 5 90 10 84-86
3 10 86 14 85
4 15 33 67 80
5 10 (+Ar) 39 61 85

B Tabmume 20 mpuBeneHbl TaKKe 3HAYCHHS COBMAJCHHUS PEHTICHOTPAaMMBI IOPOIITKA
TUOKCHIAa TUTaHa C TaOMMYHbIMH JaHHbIMU (21-1272 nns anataza u 21-1276 nns pytuna).
Ucxomanas razodasznas cmech umena cocta: Hy+O,+TiCly (50:25:n) (B MMoinb). Beicokas cTeneHb
COBIAJICHUSI TUKOB PEHTTCHOIPAMMBI C JAHHBIMU JTAJIOHHBIX CIHEKTPOB KPUCTANIMYECKOTO
JIMOKCUJAa TUTaHA U CIIEKTpaMH, NpUBEICHHBIMU B [192, 193], yka3piBaeT Ha HU3KOE COJIEPKAHUE
amopdHOi#l (a3bl U 1eheKTOB KPUCTAUIMYECKON CTPYKTYphl B CUHTe3UpoBaHHBIX oOpasznax TiOs.
HecMmotps Ha To, uTO Temmeparypa rasodasHoii cmecu B mporiecce cuHTe3a He gocturia 1100K, B
OTIIMYHME OT JPYruX MeTojgoB moiydeHus TiO, B HamuxX yCIOBUSX (HOPMUPOBAIUCH
KPUCTAIUIMYECKUE HAHOYACTHIIBI CO CTPYKTYpPOM pELIeTKH TUMa pyTuia. ITO 0O0yCIIOBIEHO
HEPAaBHOBECHBIM XapaKTepoOM Ipoliecca cuHTe3a. YBenuueHue konueHTpauuu TiCly B mcxomgHoU
CMeCH WK JoOaBJICHHEe MHEPTHOTO ra3a (aproHa) MpUBOIWIO K 00pa30BAaHUIO MPEUMYIIECTBEHHO
pElIeTKH TUIIA aHaTa3.

Hcnonp3oBanne peHTreHorpaduyeckoro MeToaa UCCIIe0BaHus TIO3BOJISIET MOTYYUTh OoJiee
JeTaIbHYI0 UH(OPMALIHUIO O CTPYKType. DTU JJaHHBIE MOXKHO M3BJI€Yb M3 PACCMOTPEHHMSI YIIUPEHUS
PEHTTEHOBCKUX JHMHHWHA. BenuuumHa yuimpeHus omnpeneiseTcss AByMs (QakTopamu: BO-TIEPBBIX,
pa3MepoM 4YacTHIl U, BO-BTOPBIX, UCKAKCHHUSIMH KPHUCTAUIMYSCKOW pemeTku. UTOObI MONTYyYHTh
CBEJICHUSI 00 MCKaXCHHWU CTPYKTYpPbI, HEOOXOAUMO YUYECTh CTENECHb YIIUPEHUs, 00YCIOBICHHYIO
JUCTIEPCHOCTBIO 00pa3na. Pazmep wacTury MmoxxHo omnpenenuth u3 ypaBHenus Jlebas —Illeppepa
[190, 192]: D = 0.94 1 /Bcos 60, rae A-AnvuHa BOJIHBI PEHTTEHOBCKOTO M3Iy4YeHHsI, - Op3rrOBCKHiA
yroi, B — ymupeHnue nuka. YIupeHue nuka Beucisuim o gopmyine Yoppena [190]:

B*=B’-B;.,
riae By — ModylmMpuHa MHKa u3MepsieMoro obpasua; B, — MOJyHIUpUHA MHUKAa KOHTPOJIBHOTO
obpasma c pazmepom vactuil He MeHee 100 am. Ha puc. 105 npuBeaeHsl nuku 1udpaKkImOHHOTO

CIICKTpa IJIs1 CHHTEC3UPOBAHHOTO JUOKCHUa TUTaHa (OCHOBHOI71 MUK CTPYKTYPHBI TUIIA pYTI/IJ'I).
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Puc. 105. ITuku 1udpakmOHHOTO CTIIEKTPa CHHTE3WPOBAHHOTO JMOKCHIA TUTAHA JIJIsl 00pa3IioB CO
cpeaHuM reomerpuueckum pazmepom 40 um (1) u 146 um (2).

[Tonymupuna nuka ans obpasia co cpeJHUM reomeTpuieckum pasmepom 40 um pasna 0.18

rpagyca, a s obpasua co cpenHuMm pasmepom 146 um — 0.145 rpagyca. BozpMem B kauecTBe

KOHTPOJILHOTO O0Opasna obpasen ¢ do, = 146 HM. PentreHodaszoBblii aHanW3 BBINOJHSAIICS Ha

yctanoBke /IPOH ¢ k06anbTOBBIM MCTOYHHKOM H3ayueHus (4 = 1.79021 A). Torga momydum, 41O
pasmep 00JacTH KOTEPEHTHOro paccesHuss paBeH 10 HM. BennuwmHa 007aCTH KOT€PEHTHOTO
paccesiHUsl MEHbIIIE CPEIHEro Te€OMETPUYECKOTO pa3Mepa YacTUIl CHHTE3UPOBAHHOTO IHOKCHIA
THUTaHA. DTO MOJKET OBITh CBSI3aHO C TEM, YTO YaCTHUILbI COCTOAT U3 OTACIBbHBIX KPUCTATLNIMYCCKUX

0JIOKOB CO CPETHUM pa3MepoM 0Koi1o 10 HM.
s ompeneneHuss XMMHUYECKOTO COCTaBa CHUHTE3UPOBAHHOTO IMOPOIIKA OBLT BBITOJIHEH

PEHTITCHOIIOMUHECIICHTHBI ~ aHAIM3 HA OSHEProJMCIEPCHOHHOM PEHTICHO-(IyOpecleHTHOM

cnektpomerpe «Oxford ED2000». XuMudeckuid cocTaB HaHOMOPOIIKA TUOKCHIA THTaHa, mac.%o:
Ti-99.09+0.08, Si-0.24+0.04, Cr-0.10+0.01, Fe-0.48+0.04, Cu-0.03+0.01, Zn-0.03+0.01. [dannas
YCTaHOBKa IO3BOJIAET PErMCTPUPOBATH BJIEMEHTHI C MOPSAAKOBBIM HOMepoM B Ileproanueckoit
tabnuue Oonee 10, mosToMy copepikaHue KHCIOpOAa He ompenensioch. C ydeToM coiepiKaHus
KHCJIOPOJia B TIOPOIIKE JUOKCHA TUTaHa pacueTHasl KOHILIEHTpalus npumMecein menee 0.6%.

5.4.5. Mop¢o.iorus yacTul HAHOANCIIEPCHOTO TNOKCH/IA TUTAHA.

BrimnonHeHHble Mccae10BaHus OKa3ald, YTo GopMa U CTPYKTypa HAHOPA3MEPHBIX YaCTHIL
CUHTE3UPOBAHHOIO AMOKCHJA TUTaHa TaKXKe 3aBucena oT ycioBui cuHtesa [194]. Ilpu Huzkoi

KOHIICHTPAIIUU TEeTpaxJopuja THTaHA B HMCXOJIHOW peareHTHOW cmecu dacTuipl 110, wumenn

MIECTUTPAHHOE PO C XapaKTepHOU cToI0YaTol 00010u9KOM (cM. puc. 106a).
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Puc. 106. ®ortorpadust 4acTHIl CHHTE3UPOBAHHOTO JUOKCHAA TUTAHA MPU PA3HOW KOHIIEHTPALIUU
TeTpaxJIOpHaa TUTaHa B UCXOJAHOU cMecH, MMOJIb: a) 5, b) 10, ¢) 15. Pasmep dororpadmii 250-250
HM (a), 1000-1000 aM™ (b) 1 2000-2000 HM (C).

[Ipu yBenuueHUHM KOHIEHTPALMU TETPaxJOpUAa THTaHA B HCXOJHOW cMmecH Haubolee
xapakrtepHas ¢popma gactun TiO; — Kpyriiasi, IX TOBEPXHOCTh TOKPBITA O0JIee MEIIKUMHU KPYTIIBIMUA
yactunaMu (cMm. puc. 106b). Jlanpuelimee yBenuuenue conepkanusi TiCly Bemer Kk 0Opa3oBaHUIO
YaCTHII C MIECTUTPAHHON U KyOMUeCKOl OrpaHKON U YUCTOM MOBEPXHOCTHIO (cM. puc. 106¢).

5.4.6. UK-cnexkTpomerpusi HaHogucnepcHoro TiO;

CuHTEe3MpOBaHHBIE HAHOMCIIEPCHBIE YacTUIBI ObUTM MccienoBanbl Ha HK-cmekrpomerpe
Nicolet 5700 B auamazone ot 400 1o 4000 cm™' ¢ paspemrennem 4 cv™'. Ha puc. 107 npuBenes

CIIEKTp HAHOAMCIIEPCHOTO TMOKCH Ia TUTaHa (KpuBas 1) B o6mactu Bo30yxaenust csizeit Ti-O-Ti.
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Puc. 107. UK-criekTp oTpaKeHHsi CAHTE3UPOBAHHOTO HAHOAMCIIEPCHOTO JUOKCcHAa TUTaHa (1) u
ATAJIOHHBIE CHIEKTPHI oTpaskeHus Ti0, ¢ KpUCTAITNYECKON CTPYKTYpoi aHartas (2) u pyTui (3).

s cpaBHEHHMS Ha PUCYHKE NPUBEJIEHBI TAKXKE ATAJIOHHbIE CHEKTpbl noriouienus [193]. s
HaHOAMCIIEPCHOIO JTUOKCHJA THUTaHa HAOJIOJAeTCs HAJIOKEHUE IHMKOB, COOTBETCTBYIOLIUX

konebanusim cBsizu Ti-O-Ti B rpynme TiOs (650 em') u TiOs (500 cm™). BbimonHeHHbIH
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peHTreHo(a3oBbIil aHAIN3 CHHTE3MPOBAHHOTO JUOKCHAA THTaHa (cM. pa3zaen 5.4.4) mokasal, 4To B
HaIllUX YCJIOBHUSX CHUHTE3UPYIOTCS YACTHIBI C KPUCTALIMYECKON CTPYKTYpOM pyTWUN W aHata3. U3
puc. 107 BunHO, uTo criekTp nornoieHus: TiO, xopotio onuckiBaercs komOuHaueit UK-cnexktpos
MOTJIONICHHMSI TAIOHHBIX 00PA3I[0B KPUCTAIUTUIECKOTO TUOKCH/Ia TUTAHA.

Jns ananuza OTJIMYMI CBOMCTB HAHOAMCIIEPCHOIO JUOKCH/IA TUTAHA, CHHTE3UPOBAHHOTO U3
TiCly; mpu BO3ACHCTBUU DJIEKTPOHHOTO ITy4yKa, OBLI CHHTE3UPOBAH JTHUOKCH]l THTaHA METOIOM
TUApONM3a TeTpaxiiopuga TuTaHa (0e3 BO3JIEHCTBUS HMMITYJIBCHOTO DSJIEKTPOHHOTO ITy4YKa).
M'maponu3 nmpoucxoaun Hpu HArpeBe CMECH TETpaxJIopuaa TUTaHa, KHUCIOpOoJa W BOJAOPOJa B
peakTope, CTEHKH KOTOPOTO MOKPHITHI HAHOAUCIIEPCHBIM JTMOKCHUIIOM TWUTaHa. PeakTop HarpeBanu
no temmeparypel 100 °C. Ha puc. 108 npuBenen MK-crnekTp oTpakeHHs AUOKCHUIIA TUTAHA,
MOJIYYEHHOTO TPU THAPOJIM3E TETpaxJopuaa TUTaHa. BUHO, 4TO MpU CUHTE3€ HAHOJUCIEPCHOTO

JAUOKCHUIa TUTAHA B PCAKIINU I'MIPOJIN3a ITOPOIIOK COACPKUT 0O0JIBIIIOE KOJIMYECTBO BOJbI.

K, %
100
s | j_\r"’\
) 1
ol N/ r
o] | N
60 - 1\ ,T;
50 = ;
_ 2 ° \f‘\J/
40 /
30' | | | | | _ 800 c(m"

4000 3500 3000 2500 2000 1500 1000 500
-1
BOJTHOBOE YU1CIIO, CM
Puc. 108. UK-cniexTp noriomieHus HaHOJUCIEPCHOTO IUOKCH A TUTaHA, CHHTE3UPOBAHHOTO IIPU

BO3/ICHCTBUM 3JIEKTPOHHOTO MyuKa (1) U CHHTE3MPOBAHHOIO B peakMK rupoiusa (2).

3akiaoueHue.

B HepaBHOBECHOM  IIa3MOXMMMYECKOM IPOLECCE, HHULUUPYEMOM  HMMILYJIbCHBIM
DIIEKTPOHHBIM IIy4KOM, W3 ra3oda3Hoii cmecu kucimopomga, Bogopona u TiCly momyden
Kpuctaummueckuii HaHoaucnepcHbiii Ti0,. OKcHUIbl MMEIOT OJXHOPOJIHBIA COCTAaB, a YaCTHUIBI -
XapakTepHyto (opMy ¢ orpaHkoii 0e3 BHyTpeHHHUX nojioctell. Fi3MeHeHne coctaBa HCXOHON cMecH
MO3BOJISIET M3MEHATh KPUCTAJUIMYECKYIO CTPYKTYpy, ¢(opmy u pasmep uactun TiOs.

OTnu4uUTENbHOW OCOOCHHOCTBIO Pa3pabOTAHHOTO METOJA SIBIISCTCS 3HAYUTEIHHOE CHUKCHHE

163



TEMIIEPATypbl CHHTE3a YAaCTHI[ C KPHUCTAUIMYECKOW CTPYKTypod (pyTHJ | aHaTa3), 4YTO
00yCJIOBJIEHO HEPAaBHOBECHBIM XapaKTEPOM MPOTEKAIOIINX MPOLIECCOB.

5.5. Ilna3MOXUMHUYECKUH CMHTE3 KOMMIO3UIIMOHHBIX HAHOTUCTIEPCHBIX OKCH/I0B.

Hapsiny ¢ HaHOIUCTIEpCHBIME TUOKCUAOM TUTaHA M TUOKCUAOM KpEMHUS OOJBIION UHTEpEeC
MPEJICTABIISICT KOMITO3UITMOHHBIN MaTepuall, COACpKAIIUi JTUOKCUI TUTAaHA U JHOKCH][ KPEMHHUS.
Mmuorue 1oje3Hble kadectBa 110,, TakWe Kak KaTaJIMTU4YeCKas aKTUBHOCTh, BBICOKas
oTpakaTreJabHasi CHOCOOHOCTh U JP. MOTYT YCHJIMTBCA MTPH U3MEHEHHH CTPYKTYPBI AUOKCH]IA TUTaHA
B MPUCYTCTBUH aMOP(GHOTO JUOKCHIa KpeMHHst. KpoMe TOro, HCIob30BaHHE JACIIEBOTO HOCUTES
JUISL  TMOKCUJA THUTaHA TIO3BOJIIET CHHU3UTh CTOMMOCTh CHHTE3HPYEMOIO Marepualia IpH
COXpaHEHUHU ero moje3Hbix kadecTB. Kommosunmonueiii Marepuan (Ti0;)x(S10,),.x mpencraBisiet
UHTEpEC M C TOYKU 3PEHHUS METAIOrpauuecKux HUCCIEeIOBaHUN HU3MEHEHUS CTPYKTYpPhI
KPUCTAITMYECKOTO JUOKCH 1A TUTAHA TIPH BCTPAUBAHUH B MATPUILY JTUOKCH]IA KPEMHHUS.

5.5.1. MeToabl CHHTE32 KOMIIO3UIIHOHHBIX HAaHOAUCTIEPCHBIX OKCHIOB (Ti02)4(Si03);-.

Bo Bcex paboTax, MOCBSIIEHHBIX HUCCIEIOBAHUIO CBOMCTB KOMITO3MIIMOHHOI'O Marepuala
(Ti02)x(S103);x, UCIONB30BAJCS 30JIb-Te€Nb METOJ] cuHTe3a. OOpasyrouiicss aMmoppHBIA MaTepua
B JaJIbHEHIIIEM IO/IBEprajics TepMUuIeckoil oopaboTke npu remnepatype Bbie 800K mis ynanenus
TUIPOKCHIIBHBIX TPYTI H OCTaTKOB MaTepualia mpeKypcopa.

B pa6ote [189] amopdusbiii (Ti0;)x(S107);x (x=0.08, 0.18 u 0.41) ObLT1 mccHemnOBaH C
MOMOIIBI0 PEHTreHO(a30BOT0 aHanm3a, AUPPAKIUA HEHTPOHOB, MH(PPAKPACHOU CHEKTPOMETPUU
TEPMOTPAaBUTOMETPUU M JAPYTUX METOJOB aHainu3a. B KauecTBE MHCXOIHBIX MPEKYpPCOPOB
ucronb30Bajics TerpasdTwioprocunukar (tetraethyl orthosilicate TEOS) u TerpabyTokcuTuTan
(titanium tetraisopropoxide) (C4H9O)4Ti.. Tlomyueno, uto mpu Manoi kouueHTpamuu (x=0.08)
TATAH BCTPAaWBAaeTCs B PEIIETKY JMOKCHIA KpeMHHUsi ¢ oOpasoBaHueM cBsi3u Ti1-O-Si. Takas
KOHIICHTpAIUsl TUTaHA HE MPEBBIIIACT MpPENed €ro pacTBOPUMOCTH B AMOKcHIe kKpeMHus. [lpu
6onbol koHIeHTpauuu (x=0.41) $a3bl AMOKCHIA TUTAHA U JUOKCUAA KPEMHUS Pa3lIeNIoTCs yKe
B HCXOJHOM reye, oOmas CTpykTypa Martepuana dopmupyercs amopduoii. Ilpu mporpese
koMmmos3uronHoro matepuana (Ti10;2)x(S10;)1x (x=0.41) mo Temmnepatypsl Bbie 800K muokcun
TUTaHa 00pa3zyeT KPHUCTAUIMYECKYIO PEHIeTKYy CO CTPYKTYpoW aHaTa3. ABTOpPBl OTMEYAIOT, UYTO
MPUCYTCTBUE aMOP(PHOTO TUOKCHIa KPEMHUS 3aTPYAHSICT MEPECTPOUKY KPUCTALTUICCKON PEIIETKH
JTUOKCHJIa THTaHA TWIIA aHATa3 B pEIIeTKy THma pyTwl. [Ipm HarpeBaHWW KOMITO3HIIMOHHOTO
marepuana (x=0.41) ngo 1100K ©He oOHapykeHO (HOPMHUPOBAHMS PEIICTKH THIA PYTHIL.
Komnosunmonnslii marepuan co cpenauMm conepxkanueM TuTaHa (T107)x(S10;)1x (x=0.18)
nepBoHayasibHO conepskain cBszu Ti-O-Ti. [Ipu mporpese renst o temnepatypsl 800K Bce aTombl

TuTaHa oOpaszoBbBaM CTpyKTypy Ti-O-Si. Ilpm npampHeitmem mnporpeBe (1050K u Bbime)
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Ha0JII0JAJI0Ch Pa3pyLIEHUE 3TONW CTPYKTYpbI C 00pa3oBaHUEM OTAEIBHBIX (pa3 TMOKCUAA KPEMHUS U
JTMOKCHJIa TUTaHa (aHaTa3).

B pabore [195] npeacraBieHbl pe3yiabTaThl UCCIEIOBaHUA KOMIIO3ULMOHHOIO MaTepHasia
(TiO2)x(S102)1x (x = 0.1, 0.3 u 0.5), MOIYyIEHHOTO 30J1b-TEJIb CHHTE30M U3 TETPAdTUIOPTOCUIINKATA
(tetraethyl orthosilicate TEOS) u TerpaOytokcuTtrurana (titanium tetraisopropoxide) (C4HoO),Ti.
Wcxonubrit renb npenctapiisl KoMmo3uT u3 Ti0; u Si0; ¢ 3aMEeTHBIM KOJIMYECTBOM CTPYKTYp Si-O-
Ti. C pocTtoM TeMmepaTypbsl OTMEUYEHO yBelHWdeHue KonuyectBa cBszeil Si-O-Ti, koTopble npu
Oosiee BBICOKMX TeMmIlepatypax paspymanuch. CTpyKTypa KOMIIO3ULIHMOHHOTO MaTepHuala Mocie
TEPMHUECKON 00pabOTKH MpejacTaBisiia COOOM MaTpully W3 YUCTOIO JUOKCHJA KPEMHHS C
YacTUL[AMM KPUCTAJUIMYECKOTO JUOKCUAA TUTAHA CO CTPYKTYpPOM aHaTa3 WK PyTWI B 3aBUCUMOCTHU
OT TEMIEPATYpPbl 00PaOOTKH.

OnHoBpeMeHHO B paboTe [195] ObUTM BBINOIHEHBI HCCIICAOBAHUS M3MEHEHHS CTPYKTYPHI
JMOKCH/Ia THUTaHA, CHUHTE3UPOBAHHOIO 3TUM JK€ METOJOM U3 TeTpabyTokcuturaHa. McxomaHo
amopdueii renb TiO, mpu HarpeBanuu 10 Temmeparypsl 700K mpuoOperan KpUCTATMYECKYIO
CTPYKTYpy ¢ peuietkoid tuna anaras3. I[Ipu nHarpeBanuu Bbimie 1100K mpoucxoaumna nepectpoiika
KPUCTAJUTMYECKON peleTKH B pyTWIbHYIO ¢Gopmy. KoMmmosunuoHHslii marepuan u3 amopgHOU
CTPYKTYpbl NpeoOpa3oBbIBAICS B KpHUCTaUIMYEeCKyro (aHarta3) mpu temmepaTtype Bbimie 900K u
COXpaHsJI aHATa3HYIO PEUIETKY MpH HarpeBaHuu 110 Temmeparypsl 1300K.

HccnenoBanuio (HopMUpOBaHMsS HAHO-AUCHEPCHOIO KOMIIO3UIMOHHOIO MaTepuana u3
CMecH reisl AMOKCHJA THUTaHa (aHaTa3) W reiisl JUOKCHJA KPEMHMS IPU Pa3HOM COOTHOLIEHHUU
KOMIIOHEHT TocBsiieHa padora [196]. CMeck remneil BrICyIIMBaiach Ha BO3yXe MPHU TEMIEpaType
400K u 3arem omkuramace mpu 1100K B Tewenme 1 waca. Crtpykrypa uucroro TiO, mnpu
BBICOKOTEMIIEPATYPHOM OTKHUI'€ YAaCTUYHO IepecTpauBajach B PEeLIETKY TUMa pyTuil. JloOaBieHne
JMOKCUAA KPEMHHMS MOJABISUIO MEPECTPONKY KPUCTAJUIMYECKOM pPELIeTKH JUOKCHAA TUTaHa IpU
nuponuse. ABTOpPBI OTMEYAIOT, YTO OTKUI B TeueHue | yaca mpu temmneparype 1100K He
dopmupyer TBepablii pactBop Ti-O-Si M MCXOTHBIE OKCHABI CYIIECTBYIOT B KOMITO3UIIMOHHOM
Marepuaie B Bujae otTaenbHbIX (a3. Ha puc. 109 mokazanbl qudpakTorpaMmbl CHHTE3UPOBAHHBIX
KOMITO3UIIMOHHBIX ITOPOILIKOB.

B pabGotre [197] BbImomHEHBI HCCIEAOBaHUS (UBUUYECKUX XAPAKTEPUCTUK a’porens
JUMOKCHa KpeMHUs cC jJoOaBieHueM 5% avokcujga TuTaHa. KoOMMIO3MIMOHHBIA MaTepuan
CHUHTE3MpOBajiCs M3 reis HaHogucrnepcHoro SiO; B 3TaHOJIE C J00aBICHHMEM HAHOIUCIIEPCHOIO
TiO; (anaTa3). OMysbcus BHICYIIMBAJIACh HA BO3yXe U IOJIBEprajiach TeMIepaTypHoil oOpaboTke.
B ucxogHoM KOMIO3MIIMOHHOM MaTepHualie u nocie orxkura a0 temrepatypsl 1300K ¢ momorisio
UK-cnektpomerpun He oOHapyxeHO (opmupoBanus cBs3u Ti-O-Si, HCXOIHBIE OKCHABI HE

00pa30BBIBAII TBEPIOTO PACTBOPA.
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Puc. 109. [IndpakirmoOHHBIA CIIEKTP KOMIIO3UIIMOHHOTO MTOPOIIIKA ITOCIIe OTKUTA IPU TEMIIepaType
1100K B Teuenue 1 yaca npu pasHom conepxkanuu Si0: 1 -0, 2 - 10, 3-30,4-50,5-75, 6 - 100
mol%; a — anaras, 6 — pyTHIIL.

C nomomipto [I9M oOHapykeHo, uTo yacTuibl 110, BKpamieHbl B CTPYKTYpy S-HM YacTHIL
nuokcuaa kpeMuus. Tak jke, Kak ¥ B IPeIbIIyIIUX padoTax, MOKa3aHo, 4T MPUCYTCTBHE TUOKCHUIA
KPEMHUS TIPEISATCTBYET MEPECTPOUKE HMCXOTHOW CTPYKTYpHl JUOKCHIA THUTAaHA W3 AaHATA3HOW B
pyTHWIBHYIO naxke npu temmeparype 1300K.

Pesynbratel uccienoBanus kommno3uimoHHoro marepuana (Ti0,)x(S10,)x, MOIy4eHHOTO
IpU TEPMUYECKOM PA3TIOKEHUH METAITIOOPTaHUYECKOTO MPEKypcopa, COAEPIKAIIETO B OIHON
MOJIEKYJIE€ aTOMbl KpEMHHUsSI M TUTaHa, omnucaHsl B [198]. [lns mccrnegoBaHuil MCIONB30BAIOCh 3
COCIMHEHMS, OTJIUYAIOIIMXCS  pa3HbIM  KOJMYECTBOM  aTOMOB TUTaHa B  MOJIEKYJie
tutanocuinokcanoB [Si(OBut),OTi(acac),0],, [(ButO)3SiO],Ti(OPri), u [(ButO);SiO]3Ti(OPri).
KommozuiimonHnslilt Mmatepuan GopMUpOBaicCs B BUIE HAHOCTPYKTYPUPOBAHHOM TUICHKH C pa3MEpPOM
3epHa or 4 no 200 HM (B 3aBHCMMOCTM OT TeMIlepaTypsl nuposnsa). Mccrnenosanus
anacopounonapix WMK-criekTpoB Mmokaszaid, 94To ¢ POCTOM TEMIEepaTypbl WHTEHCHUBHOCTH ITHKA,
cooTBeTcTByrOmero cBs3u Si-O-Ti cHmxkaercs. B To ke BpemMs C pOCTOM TeMIEpaTypsl
YBEIMYUBACTCS MHTEHCHBHOCTH aJCOPOLIMOHHBIX MHKOB, cooTBeTcTByromux Si-O-Si u Ti-O-Ti
CBsI3sIM. DTO OTpaxaeTr (OpPMUPOBAHUE pa3NeNbHBIX (Da3 JUOKCHIA TUTAHA U JUOKCHIA KPEMHUS
IpH  BBICOKOTEMIICPATYPHOM THPOJIM3E. ABTOPHl OTMEYAIOT, UYTO aJCOPOIMOHHBIN UK,
COOTBETCTBYIOIIMI cBsizu Si-O-H, mosBisieTcss mpu pas3iokeHUH TPeKypcopa IMpH TeMIepaType
500K wu 3HauuTenbHO ociabnsieTcss MpU BBICOKOTEMIEepaTypHOM mupoiu3e. [lpu BbeICOKOI
TEMIEPAType pa3TIOKEHUSI HCXOJHOTO METAJUIOPTaHUYEeCKOTO COSAMHEHUS JHUOKCHJ THTaHA
00pa30BBIBANl KPHCTAUIMYECKYIO PEIICTKY THIA aHata3. BaKHO OTMETHUTh, YTO MHUHHMAIbHAsS
TeMIeparypa, HeoOXoaumas [Jid KpUCTAJUIM3AlMM JUOKCHJAa THTaHa B  HCCIEAyEMOM

KOMIIO3ULIMOHHOM Matepuaie, cocrasiisiia 900 - 1100K ms passbix npexkypcopos. C yBenu4eHneM
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COZIEpKaHUsl aTOMOB TUTaHA B MOJIEKYJIE IPEKYypCcOpa MUHUMAaJbHAs TEMIIepaTypa MHUPOJIN3a, IPH

KOTOpOWM  HauyWHaeTcs o0pa3oBaHWE  KPHUCTALIUYECKOMN TiO,, cHuxaercs.

CTPYKTYPbI
Kpucrannuueckas ¢asa JUOKcHAa THTaHAa TUOA PYTWI B HE3HAUMTENBHBIX KOJMUYECTBAX
dopmupoBanach TONBKO Tpu Temreparype nuponusa 1400K. JlaHHBIE O KpUCTANIMYECKOM
CTPYKTYyp€ CHUHTE3MpPOBAHHOI'O MaTepuaia U CPEJAHEM pa3Mepe YacTHI] Ul Pa3sHbIX MPEKYpPCOPOB

npuBeJIeHbI B TabuIe 21.

Taoauma 21.
CTS TS2 TS3
Temneparypa | Kpucrammuue | Pasmep | Kpucrammu | Pasmep, am Kpucrannuu | Pazmep,
, K ckast popma HM yeckas . hopma HM
dbopma
873 — — — — — —
973 Amnaraz 3 — — — —
1073 Amnara3s 3.9 Amnara3s 4 — —
1173 Amnaraz 7.2 Amnaraz 5.4 Amnaraz 3.9
1273 Anatas 12 Anartas 7.8 Anatas 6
+Pytun
AmHartas Amnaras
1373 Py 21 Pyrun 15.5 Amnara3z 10.9
5.5.2. Cwunre3 kKoMno3unuoHHbIX OKcHI0B (Ti02)y(Si02);x mnpu Bo3aEHCTBUH

HMIYJIbCHOTO0 YJIEKTPOHHOI0 My4YKa.

C uenbio onpeeneHns BO3MOXKHOCTH OJTHOBPEMEHHOT'O CHHTE3a HAaHOIUCIIEPCHBIX OKCHUJIOB
pa3HBIX MaTepuajoB OBLIM BBIIOJHEHBI AKCIEPUMEHTHI 1O BO30YXKICHUIO HWMITYJIbCHBIM
JIGKTPOHHBIM ITyYKOM Ta30(a3HOW CMecH KHCIOpoJa, BOAOPOJA, TETpaxJiopuaa TUTaHA U
TeTpaxjopcuiiaHa. Jlyis MOdy4yeHHs] KOMIIO3MIMOHHBIX OKCHJIOB HCIIOJIb30BAIM TEXHUYECKHM
TETpaxJIOpCUiaH. Y CIIOBHS CHHTE3a ObLIM aHAJIOTMYHBI YCIOBUSAM B SKCIIEPUMEHTAX TI0 MOJIYYEHHUIO
HAHOPA3MEPHOT0 JMOKCHAA KPEeMHHs M AMOKCHIA TUTaHa. PeakTop mporpeBaiu 10 TeMIepaTypbl
350K u mepen HamycKOM CMecH Ta30B OTKauuBainu 10 gaBieHus ~1 [la. [lomHas koHBepcus
TETpaxJopHua TUTaHa MPOUCXOAMIIA 32 OJMH MMIIYJbC AJIEKTPOHHOrO Iyuka. [locie uHkeKuuu
ANEKTPOHHOTO My4ka B cMech B MMoJib: Hy+0,+SiCly+TiCly (50:25:17:10) B peakuimoHHOM Kamepe
o0Opa3oBbIBaJICS HaHOAMCHEpCHBIH mopomok. Ha puc. 110 rmokazaH BHEWIHUH  BHI
CUHTE3UPOBAHHOTO TMOPOIIIKA.

Ha puc. 111 nmpuBenena dotorpadus moporika, noigydeHHas Ha [IOM, u rucrorpamma
pacnpezeneHusi yactul, no pasmepy. Crenyer OTMETUTh CHIKEHHE CPEJHEYHCIOBOrO pa3mepa
YAaCTUIl KOMITO3UIIMOHHOTO TMOPOIIKAa MO CPAaBHEHUIO C YHUCTHIM HAHOPA3MEPHBIM JTUOKCUIOM
TUTaHa. DTO MOXET OBITh CBSI3aHO C U3MCHEHUEM YCJIOBHM KOATYJISIMH OOpa3yIOIUXCS YaCTHII

IIpy BBECACHHWHU HOBOI'O MaTc€puraja.
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Puc. 110. Buemnuii Bua u pororpadusi CHHTE3UPOBAHHOTO KOMITO3UIIMOHHOTO OKCH/IA,
MOJIyYEHHAsl HA CKAaHUPYIOLIEM 3JIEKTPOHHOM MUKPOCKOIIE.
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Puc. 111. ®ororpadus u ructorpamma pacnpezeneHus pazmepon nopomka (Ti02)x(S102),«.
CpenneuncioBoii pazmep 29 HM.

5.5.3. XuMu4eckuii cCOCTAB CHHTE3HPOBAHHOT0 KOMIIO3MIIMOHHOI 0 OKCH/IA.
XVWMHYECKUH COCTaB CHHTE3MPOBAHHOTO KOMIIO3MIIMOHHOTO IOPOINKa OBLI ONpEeICH Ha

pentreso-QuyopecueHTHoM criekrpomerpe «Oxford ED2000» (cMm. puc. 112).

0 2 4 6 8 10
Puc. 112. PentreHo-¢ryopeHCIEHTHBIH CIIEKTP KOMIIO3UITMOHHOTO OKCH/IA.
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XUMHUYECKUH COCTaB CHHTE3MPOBAHHOTO KOMIIO3MIIMOHHOTO mopomka: Si - 55.90, Ti -

43.58, Fe 0.225, Cr- 0.100, Mn 0.049 wmac.%. C yueroM colep)KaHUs KHUCIOpPOJa B
CHUHTE3UPOBAHHOM IOPOLIKE KOHIIEHTpalus npumecei He npespimaet 0.4 %.
Pa3zpaboTanHblii METOJ| IJIA3MOXMMHUYECKOTO CHHTE3a OOECIEeYMBAECT COXPAHEHHE XUMHUYECKOTO
COCTaBa JIJIsl CUHTE3UPOBAHHBIX HAHOPA3MEPHBIX YacTHI] pa3Horo pasmepa. Ha puc. 113 — puc. 115
npusenenbl ¢otorpadun nopomka (Ti0,)x(S103);x 1 EDX-criektpsr 6onbmux (6o1ee 100 HM),
Mauiblx (20-40 HM) yacTULl M cyMMapHbIH criekTp. [1nomany nukoB npuBeaeHs! B Tadnuue 22.

Tab6auua 22. OTHOCUTENHEHOE COACPKAHUE KUCIOPOIa, KPEMHUS M TUTAHA B KOMITO3UIIMOHHOM
noponike (T10;)x(S10,),.x mo gaaasiM EDX-criekTpos

Onement | CymmapHslil cniektp,% | bospmme yactuipl,% | Mainble yactuibl, %
O 43.0 41.4 44.7
Si 37.5 39.1 43.0
Ti 194 19.5 12.2

Si
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o

- . ‘_' -
RO, <,
. Vid - t . ._ ‘_\."_ : L. \ i > ; ) .
<3 & Ti
- aahd A 25 ke jr , 1
: IR <ot . e e - * .

gy

Puc. 113. ®otorpadus mopomka (Ti02)x(S102)1x 1 EDX. éneKTp. Maiible 4yacTHUILIBI

Si

el Il 5

Puc. 114. ®ororpadus nopomka (TiO;)x(S10,),x 1 EDX cniektp. bonbime gactuiipt
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Cu

Puc. 115. (DOTorpa(bI/I;f, ﬁonyquHaﬂ na [1OM, u EDX-cniextp nopomka (Ti0,)x(S10,),«x. bonbmme
Y MaJible HAaHOYACTHIIBI BMECTE.

5.5.4. Pentrenogazossiii anaau3 u UK-cnexkrpomerpus (Ti02)(Si02)1x

Pentrenoas3oBbiii  aHanM3 CHUHTE3UPOBAHHOTO  KOMIIO3UIIMOHHOTO  HAHOPa3MEPHOTO
NOpOILKA [OKa3aJ, YTO KAaK M YMUCTBIM JAMOKCUJ THUTAHA, KOMIIO3ULMOHHBIM HAHOIOPOIIOK
(TiO2)x(S10);x ¥MeeT KpPHUCTALTHYECKYI0 CTPYKTYypy. OHa XOpOIIO ONMUCHIBAETCS KOMITO3UIHEH
JIBYX TUIIOB PEIIETOK, XapaKTEPHBIX JUIsl YUCTOTO JUOKCHIA TUTaHa (pyTwa u aHaTtas). Ha puc. 116
MOKa3aHbl PEHTTCHOTPAaMMBbI JABYX 00pa3lOB CHHTE3WPOBAHHOTO KOMITO3UIIMOHHOTO OKCHIA, a B

Tabnuie 23 — JaHHbIe TI0 COOTHOIIEHUIO (a3 pyTUI U aHaTa3 JAJisg Pa3HbIX 00Pa3IloB.

X

Anatasze -0
Futile - x

M
R
/?%WW/?M/

P AL

20 25 30 35 40 45 50 55 B0 G5 7O 75 60 55 90 95100
Yron 26

Puc. 116. Pentrenodazossriii ananu3: 1 — 1 mu TiCly + 2 mn SiCly , 2 — 2 mat TiCly + 2 Mo SiCly.

Tabauna 23.
Obpaszen Pexum cunTesa Rutile | Anatase
Ne3 ot 1 deBpans 200 Top (2H,+0,)+2 ma SiCly+ 1 v TiCly 85% 15%
Ne5 ot | ¢eBpans 200 Top (2H,+02)+2 ma SiCly+2 ma TiCly 47% 53%
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Ha puc. 117 nns cpaBHEHMsI NpUBENEHBI PEHTIC€HOIPAMMBbl JUOKCHJA KPEMHUS, AUOKCHIA
TUTaHa U KOMITO3UIIMOHHOTO fuokcua (Ti0;)x(S102)«.

X

Anatase-0
Rutile - x

X

x

| o huy
X iaI i X
Bk

X, :
78 7 a /77 To,

7 W i X\Q 7/ (si0) (o)),
sio,

20 25 30 35 40 45 50 55 60 65 7O 75 80 85 20 95100
Yron 2

Puc. 117. Pentrenorpammsel 06pasiioB u3 Ti0O,, SiO; u (T10;)x(S102)«.

Bce nopoiiku noiayyeHsl Ipy BO3AEUCTBUU MMITYJIbCHOI'O 3JIEKTPOHHOTO ITydyKa Ha CMECh
COOTBETCTBYIOILETO TAJIOTCHHUJA CO CTEXMOMETPUYECKOM CMECBIO KHCIopoja M Bojopona. s
KOMITO3UIIMOHHOT'O MOPOLIKA XapaKTEPHO HAJMUNE MAKCUMYMOB B 00JIACTH MajbIX yrioB (20 = 20-
45°) u B obnactu or 75 o 90 rpamycoB, KOTOpble OOYCJIOBJICHbI HaluuueM aMop¢HOU (a3bl
JMOKCH/1a KPEMHHUSL.

TemuonoabHbIe GoTorpapuu KOMIO3MIMOHHOIO MMOPOLIKA U MUKPOIH(pPaKTOrpaMMBl.

CuHTe3UpOBaHHbIE KOMIIO3ULIMOHHBIE HAHOAMCIIEPCHBIE OKCHUIIBI MOTYT COCTABIIATH CMECH
OTJIENIbHBIX YaCTHUI] YUCTOTO AUOKCHJA KPEMHUS U AUOKCHIA TUTaHA. [l onpeeneHus CTpyKTypbl
YacTHUILl U PACIPEAESCHUS] KOMIIOHEHT KOMIO3MIIMOHHBIX YacTUL[ ObUl IPOBEJIEH aHalu3
CHHTE3UPOBAHHOIO MOPOIIKAa Ha 3JIEKTPOHHOM MHUKPOCKOIE BbICOKOrO pazpemeHusa. Kpome [IOM-
n300paKeHNH aHAIM3UPOBATIMCH TEMHOIIOJIbHBIE H300paXkeHUs YacTHll. B 3ToM ciiyyae MUKpPOCKOIT
HAcTpauBajCsi Ha peduiekc MUKPOAU(PpPAKTOrpaMMbl — uccieayemMoid  yactuisl.  Obnactu
KOI€pEHTHOI'O0 PacCesiHUsl YacTHIbl COOTBETCTBOBaJIO Oosee spkoe u3oOpaxeHue. Bcee
HCCJICJOBAHHBIE YaCTHLIBI KOMITO3UIIUOHHOT O OKCHJIa JlaBaJIx peduiekcel Ha
MUKpoaudpakTorpamme. Maiible 4acTHIIBI B TEMHOIIOJIBHOM H300paKEHUH CBETHIIUCH MTOJHOCTBIO

(cm. puc. 118).
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20 nm

Puc. 118. Temuononbuas [I13M-doTorpadus Manoi 4acTHIEI KOMIIO3HUIIMOHHOTO MOPOIIKA U €€
MUKpoAH(pakTorpamma.

Bonee kpymnHble 4acTulbl UMENM B CBOEH CTPYKTYpe OTAEIbHbIE 00JAaCTH KOI'€pEeHTHOIrO

paccestHus (cM. puc. 119).

Puc. 119. TemuononsHas [I19M-doTorpadus yacTuisl KOMIO3UIUOHHOTO MOPOLIKA U €€
MUKpoAu(pakTorpamma.

BrlniosIHEHHBIE MCCIIEJOBAHNUS CUHTE3UPOBAHHOIO KOMIIO3ULMOHHOIO OKCHJIa C ITOMOUIBIO
JIEKTPOHHOT'O0 MUKPOCKOTIA BBICOKOTO pa3pelieHus MOKa3ajiH, YTO B HAIIMX YCIOBHSIX 00pa3yroTcs

He oTAenbHBIE YacThIbl urucToro SiO; u TiO,, a UX cMech B OJHOM YacTHIIE.
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CI/IHTC3I/IpOBaHHBIe HaHOI[I/ICHepCHBIe qacTUulbl 6BIJ'II/I HUCCIICO0OBAHbI HaA HK-CHCKTPOMCTpe
Nicolet 5700 B mmanasone ot 400 mo 4000 em’!. Ha puc. 120 mns cpaBHeHus moka3anbl MK-

CIICKTPBI IMOTTIOMICHUSI KOMITIO3UITMOHHOT'O MTOPOIIKA U YUCTBIX OKCUAOB KPEMHUA U TUTAHA.

100 +
80
60 -

40 -

2
20 - 1

| | |
T ¥ T 3 T % T T T ¥ 1
600 800 1000 1200 1400 1600
BOMHOBOE YNCNO, CM '

Puc. 120. UK-cniexpsl nornomenust 00pas3ioB u3 (T10;)x(S10,)1« (1), Si0; (2) u TiO; (3).

[IMKK [OTJIOMEHHsS C BONHOBBIM umcioM 1190, 1080, m 790 cM' COOTBETCIBYIOT
TETpadAPUUYECKON CTPYKType mauokcuaa KpeMHHUA (Vas(Si04) LO, v4(Si04) TO u vy(SiOy)
cootBeTcTBeHHO) [189]. Ilormomenne Ha 960 cv!' B pabote [199] npUNUCHIBAIOT HAIUYUIO CBI3U
Ti-O-Si. Ho normnomienue B 3Toi 00JIaCTH CIIEKTpa HAOMIOAAETCS HE TOJIBKO JJIs1 KOMITO3UIIMOHHOTO
okcuaa (Ti0;)x(Si03)x, HO U A YucTOro AUOKcuaa kpemuus (cMm. puc. 120). [Toaromy Hanboee
BeposTHO mornomenne VMK-usmydennst Ha 960 M COOTBETCTBYET KOIeGaTeIbHOMY BO3GYKICHHIO
cBs3u Si-O-H, nuk norniomenys KOTopoil Tak’ke COOTBETCTBYET ’TOMY BOJTHOBOMY UHCITY.

Pa3zpaboTtanHblif METO CHHTE3a HAHOIMCIEPCHOTO JAUOKCHIA TUTaHA U KOMIIO3UIIMOHHOTO
Ha"oaucnepcHoro mopoiuka (Ti0;)«(Si0;);.x obmamaer BeICOKOW mpousBoauTenbHOCThIO (1-1.1
KI'/9 B pacdyeTe Ha KOHEUHBIA MPOAYKT), HU3KUMU 3Hepro3arparamu 1o mydky (0.1-0.15 (xkBt-ua)/kr).
Hcxonnas HaCkIMHAS TNIOTHOCTh HAHOIMCIIEPCHOTO TTOPOIIIKa cocTaBsuia (6-10) r/m.

Hanopasmepnsiii kommo3uiimonnbliii mopomok (Ti10;)x(Si103)1 erko kommaktupyercs. Ha
puc. 121 mnpueaensl Qororpaduu TaOIETOK KOMIIAKTHPOBAHHOTO TIOPOIIKA C Pa3HBIM

COOTHOHICHUECM KPCMHUA U TUTAHA.

Puc. 121. ®ororpadusi KOMIAKTUPOBAHHOTO KOMITO3UIIMOHHOTO Toporika (Ti02)x(S10,)1x €
Pa3HBIM COJICpP)KAaHUEM KPEMHUSI U TUTaHA.
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Wcnone3oBanne B wucxomHoi razodazHoit cmecu xmopumoB TiCly+SiCly mo3Bomsier
CUHTE3UpPOBaTh HAHOMCIIEPCHbIE KOMIO3MIIMOHHBIE OKCUAbl. HaHoaucrepcHble OKCHIIBI MUMEIOT
OJIHOPOJHBIN COCTaB, YacTULIBI HUMEIOT cdepudecKkyro (GopMy C OrpaHkoi, 0e3 BHYTPEHHHX
nonocrei. M3MeHeHue cocraBa HMCXOJHOW  pPEAreHTHOM CMECH  MO3BOJISIET  M3MEHSTh
KPUCTALTMYECKYIO CTPYKTYPY, GOpMY U pa3Mep YacTHIl CHHTE3UPOBAHHOTO JTUOKCH A TUTAHA.

5.5.5. CuHTe3 KOMNO3UIHOHHBIX OKCUAOB Si-C-Oy.

OgHuM U3 KPYNMHOTOHHAXHBIX MPOU3BOJCTB, KOTOpPOE WHTEHCHMBHO pPAa3BUBAETCS B
HACTOSAIIEE BpeMsi, SIBJISETCS MPOM3BOACTBO TEeXHUYECKOro yriepoaa. OCHOBHOHM MOTpeOHUTENh
yTIIepoa — MWHHAS IPOMBIIUICHHOCTh — HY)KIA€TCS B TEXHHYECKOM YTJIEPO/Ie BBICOKOTO KaueCcTBa,
KOTOPBIN MO3BOJIUT MOBBICUTH O€30MACHOCTh IKCILUTyaTalu aBTomoomia. Kpome Toro, yiayuiienue
KayecTBa TEXHUYECKOTO yIiepoa Takke 00ecredrBaeT CHIKEHUE pacXo/ia TOIUIMBA U YBEIHUYEHUE
JONTOBEYHOCTH IHMH. KOMITO3UIIMOHHBIE HAHOJUCIIEPCHBIE MAaTEPHAJIBI, COACpXKAIIUE YTIAEPOa H
JUOKCHJT KPEMHHUS, B TIOCJICIHAE T'OJIbI HAYMHAIOT MCIOJB30BAThCSA B IIMHHON MPOMBIIUICHHOCTH,
MO3BOJISIL  YJIYUIIUTh PAJl AKCIUTyaTallMOHHBIX XapaKTepUCTUK aBToMoOWIbHbIX muH [200]. B
HACTOAIIEE BpeMs HMHTEHCUBHO HCCIEIYIOTCS albTepHATHBHBIE CIIOCOOBI  MPOU3BOJCTBA
TEXHUYECKOTO YIJIEPO/Ia, B TOM YHCIIE H MIa3MOXUMUYECKUE METO/IBI.

DKCTIEpUMEHTATBHBIC UCCIICIOBAHUS TTOKA3aJIA, YTO B HEPABHOBECHOM ILIA3MOXHMHUYECKOM
MpoLecce, MHUIUUPYEMOM HMIYJIbCHBIM 3JIEKTPOHHBIM MY4YKOM, 3()()EKTUBHO CHUHTE3UPYIOTCS
KOMIIO3UIIMOHHEIE HaHOpa3MepHbIE OKCHIIBI Si-C-0Oy. PaboTsl BBIIIOJTHEHBI Ha
CIELUAIN3UPOBAHHOM HMMITYJIbCHOM 3JIEKTpOHHOM Yyckopurene TOVY-500. Ha puc. 122 noxazan
CHUHTE3UPOBAaHHBIN KOMITO3UIIMOHHBIHN opomok Si-C-Ok.
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Puc. 122. [Topomok kommo3uronHoro okcuna Si-C-Oy ¢ pa3zubiM cootHotmeHueM SiCly u TiCly B
ucxoaHou cmecu: 1/3 (a), 1/1 (6) u 1/3 (B).

Ha puc. 123 npusenena IIDM-¢dortorpaduss CHHTE3MPOBAHHOTO TIOPOIIKA W THCTOrpamMma
pacmpeeieHusT 4YacTHUIl [0 TeOMETPUYECKOMYy pasmepy. Pa3mep YacTHIl MOIY4YEHHOTO

KOMITO3UIIMOHHOI'O IMOPOIIKa Si-C-OX TAKXKXC MCHBUIC, YCM YHCTOTO HAHOAHUCIICPCHOT'O AMOKCHUIA
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KpeMHUs1  (CpeOHHMH reoMeTpuueckuid pasmep 46.5 HM). PeHrreno¢asoBblii  aHamU3
CHUHTE3MPOBAHHOI'0 MIOPOIIKA [10Ka3aJl, YTO OH PEHTI€HOaMOP(HBIH.
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Puc. 123. ®ororpadus u rucrorpamma pacnpeeneHus pazmepos nopomka Si-C-Oy. Mexoanas
cmech 70 Top O, +130 Top H, + 2 mut SiCly + 2 Mt CCly.

=

HUK-cnekTp norJiomeHuss KOMNO3uMOHHOT0 okcuaa Si-C-Oy.

CuHTe3UpOBaHHBIE HAHOIUCIIEPCHBIC YaCTHIBI ObUTH HcchenoBanbl Ha WK-cmekrpomerpe
Nicolet 5700 B amamasone ot 400 g0 4000 cm™'. Ha puc. 124 mpuBeeH XapaKTepHBIH CIEKTp
MOTJIONICHHS] HAHOIUCTIEPCHOTO KOMITO3UIIMOHHOTO mopoika Si-C-Ok.
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Puc. 124. UK-cniektp uncroro quokcuaa kpemuus (1) u kommosuimonnoro okcuaa Si-C-Ox (2).

Jns ycTpaHeHuss BOJbI, aJCOPOMPOBAHHOM TOPOIIKOM, OBUI BBINOJHEH OTXKHI IPH
temneparype 275 °C. Ha puc. 125 mnoKasaH CHEKTp MOMIOUICHHS 10 H MOCHE OTXKHIA

KOMITO3UIIUOHHOI'O IMOPOMIKA.
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Puc. 125. UK-cnextp mormomenus okcuaa Si-C-Ox 1o (1) u mocrne (2) omxwura. Si/C = 3/1.

IMonoca mormomenus B auanasone 3000-3500 cm™ cooTBeTcTBYeT BO3OY KICHUIO CBs3H O-
H (vi(OH) ma 3500 cm™ 1 v(H,0) Ha 3300 cm™). TTooca mOrIOMeHns ¢ BOIHOBBIM drcioM 1650
em” - cBssu H-O-H (vo(H0)) [189]. HoBBlif MK B CHEKTPE IMOIVIOLICHAS C BOJHOBBIM YHCIOM
1620 cM' He ycTpaHsIeTCs IPH OTXKHUIE, TOITOMY OH MOKa3bIBAeT Ha (POPMHPOBAHHE HOBBIX CBSI3EH
B CHHTE3MpOBaHHOM mnopoiuke. [Iuku nornomenuss ¢ BoaHoBeIM yuciaoMm 1190, 1080, u 790 em™!
COOTBETCTBYIOT TETPAdJIPUUECKON CTPYKType auokcuaa KpeMHHUsS (Vis(S104) LO, ves(Si04) TO m
vs(S104) cootBeTcTBeHHO) [190].

Hanopa3smepHslit kKoMo3uIMoHHbIH nopoiok Si-C-Ox nerko komnaktupyercs. Ha puc. 126
npuBeieHbl  Gororpadun TabJIETOK KOMIIAKTHUPOBAHHOIO IOPOIIKA C PAa3HBIM COOTHOIICHHEM

KPEMHHUSI U yTJIepoa.

Puc. 126. ®ororpadusi KOMIAKTUPOBAHHOTO KOMITO3UIIMOHHOTO TIopomika Si-C-Ox ¢ pa3HbIM
coJiep>KaHueM KpeMHHUS U yIiepoaa.

BremonxnenHbie OKCIICPUMCHTAJIBHBIC HCCIICAOBAHWA II0Ka3aJikd, 4YTO B HCPABHOBCCHOM

IIa3SMOXUMHUYECKOM  IPOHECCC, HWHUIHUUPYEMOM HMIIYJIbCHBIM OJICKTPOHHBIM IIYYKOM, U3
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razoasznoii cmecu kuciopoxaa, Bogopoaa u cmecu SiCly+CCly cuHTe3MpyeTCcss HaHOAMCIIEPCHBIC
okcuabl. COoCTaB MPOAYKTOB CHHTE3a OMNPEAEISIETCS COCTABOM HCXOJHOM PEAareHTHOW CMECH.
KoMno3uImonHble HaHOAMCIIEPCHBIE OKCHABI MMEIOT OJHOPOJHBIM COCTaB, YaCTUIBI HMEIOT

Kpyrityto popmy 0e3 BHyTPEHHUX MOJIOCTEH.

3AK/IIOYEHME.

B pesynbrare npoBeIeHHBIX UCCIIET0BAaHHIA:

1. [TokazaHo, YTO UMIYJIbCHBIM AJMEKTPOHHBIA MYyYOK sIBIseTcs Oosee 3PPEeKTUBHBIM
WMCTOYHUKOM BHEIITHETO BO3JCHCTBUS HA IEMHOM ra3o)a3Hblil MpoIece OKUCICHHUS BOJOPOJIA, YeM
Ja3epHOE U3Ty4YEeHUE, HEPEPIBHOE HOHU3UPYIOLIEE U3ITyYEeHUE U JP.

2. BrniepBble yCTaHOBIIEHO, 4YTO IIpOLECC OKHCIEHMS BOJIOpOJA IpH BO3JEHCTBUU
UMITYJIbCHOTO JJIEKTPOHHOTO ITyYyKa HOCHT KoJjiebarenbHblii Xapakrep. CTeneHb BBITOpAaHUS
CTEXHMOMETPUUYECKON KUCIOPOIOBOIOPOIHOM CMECH B 3aMKHYTOM peakTope mpeBbIaet 99.5%, uto
yKa3blBaeT Ha paJMKalbHOE Da3BUTHE LEMHOro Iporecca, a He TemioBoe. llpu okxucieHun
BOJIOPOJIa B CTEXMOMETPUYECKOM CMeCH C KHUCIOpOJOM B YCIOBHSAX HMHHUIMHPOBAHUSA
BOCIUIAMEHEHUS! UMITYJIbCHBIM 3JIEKTPOHHBIM IIyYKOM IPOMCXOAMT HEPABHOBECHAsI KOHACHCALUS
MOJIEKYJ BOJIbl, XapaKTepHasl ISl IPOLIECCOB KOH/IEHCAIUU B IPUCYTCTBUU 3aPSKEHHBIX YACTHII.

3. Pa3paboTan HOBBIM METOJl CHHTE3a HAHOAMUCIIEPCHBIX OKCHIOB METAJJIOB, B TOM
Yycjie KOMIO3ULMOHHBIX, NIPU BO3JEHCTBUU MMITYJILCHOTO 3JIEKTPOHHOIO IydYKa Ha ra3zoQasHyo
CMech KHCIIOpOJia, BOAOPOAA U rajloreHu1a MeTajula, OTIMYAIOIIUNACS HU3KUMU SHEpro3aTpaTaMy U
HU3KOH TEMIIEpaTypod CHHTE3a 4YacTHUIl C KPUCTAUIMYECKOW CTpyKTypo. CHHTE3 OKCHIIOB
peanusyercs B EMHOM IIa3MOXUMHUYECKOM ITPOLIECCE.

4. Pa3paboran akycTHUeCcKHil METOJ HM3MEPEHHUS CTEINEeHH KOHBEpCHM Ta30(ha3HBIX
COEJIMHEHUH, NMpeJHAa3HAYCHHbIN Ui CEeJeKTUBHOIO KOHTpousid ¢a3zoBoro mepexona. B peakuun
nUposu3a pa3padOTaHHBI MeToA mMo3BoNsgeT ¢ TouHocThio 10 0.1% ompenensts cTeneHb
pa3oKeHus: MeTaHa Ha BOAOPOJ U yriepoa. M3mepeHne 4acToThl aKyCTUYECKUX BOJIH TPOBOAUTCS
C MIOMOUIBIO NbE30/1aTYUKA, BPEMsl U3MEPEHUs 1 00pabOTKH curHana He npesbiiaet 0.2 c.

5. Pa3paboTana KOHCTPYKIMS M U3TOTOBJICH UMITYJIbCHBIA CUIBHOTOUHBIN YCKOPUTEINb,
UCCIICIOBAaH M ONTHUMHU3UPOBAH PEXHUM €ro paboThl, oOecreueHO (OpPMHUPOBAHUE AIIEKTPOHHOTO
MydKa ¢ TpeGyeMbIMH mapamMeTpaMu (IIOTHOCTh Toka 0.2-0.4 KA/CM’, HMITY/IbCHAS MOIIHOCTB 2-3
I'Br, mwiomanb cedenus mydka 6oiee 15 cm?).

BeinonHeHHble UcCIe10BaHUS OOOCHOBAIM MEPCHEKTUBHOCTh NMPUMEHEHUS MMITYJIbCHBIX
AJIEKTPOHHBIX YCKOPUTENEH Uil MPOBEACHUS ra30(a3HbIX MPOIECCOB B HEPABHOBECHBIX YCIOBUSX.
VYcnoBus, peanuszyemble NpU  BO3ACHCTBUM HUMIIYJBCHOIO 3JIEKTPOHHOIO ITyyKa Ha ras,

6J'IaFOHpI/I5[THBI AJid  opraHu3anvy LCIMHBIX XHMHYCCKHUX IIPOLECCOB. B oranume ot Apyrux
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Croco00B MIa3M000pa30BaHMsl, CHJIBHOTOYHBIM HMITYJIbCHBIM 3JIEKTPOHHBIM IIyYOK ITO3BOJISET
3HAYUTEJIBHO CHU3UTh HSHEPro3aTpaThl HAa IPOBEJEHUE XMMHUYECKOIO IpoLiecca, 4TO SBISETCA
BOXHBIM B YCJOBUSAX OIPAaHUYEHHOrO0 »SHepronorpediieHus. B HepaBHOBECHBIX YCIIOBUSIX,
CO3/1aBaEMbIX HMITYJIbCHBIM 3JEKTPOHHBIM IYYKOM, HE MPOSBISETCS MHTUOMpYyIolee IeiicTBre
0OJIBbIION KOHILIEHTpAalMM KHCIOpOJa Ha NapluaibHOE OKuciIeHHe MeTaHa. [Ipu BosxpelcTBuun
UMITYJIbCHOTO JIEKTPOHHOIO My4YKa, B OTJIMYME OT JAPYTMX METOJO0B, CUHTE3UPOBAH MPU HU3KOU
TeMIepaType HaHOJUCIEPCHBIM JTUOKCH]I TUTAHA C KPUCTAJUIMYECKOH CTPYKTYypoil. 3HauuTenpHOe
CHIDKEHHE TEMIIepaTypHOro Imopora (GOpPMHUPOBAHUS KPUCTALIMYECKOW CTPYKTYpbl YaCTHIL
MOJTyYEHO TaKXKe W I KOMIIO3MIIMOHHBIX HaHOAHCIEPCHBIX OKCUAOB (Ti10,)4(Si02);x. D10
HNOJATBEPXKIACT YHHUKAJIbHBIE CBOMCTBA IUIA3Mbl MMITYJBCHOIO JJIEKTPOHHOIO IIydka M €ro
MEPCIEKTUBHOCTH AJISl pa3pabOTKH HOBBIX XUMHUUYECKUX mporieccoB [201].

B 3axitoueHun cienyer OTMETUTH JAPYTUE IMEPCHEKTUBHBIE HAIPABIEHUS INPUMEHEHUS
CHWJIBHOTOYHBIX MMITYJIbCHBIX JIEKTPOHHBIX YCKOpUTEIEH. ABTOPOM BBIIIOJIHEHBI PaOOTHI IO ATUM
HaIpaBJIEHUSAM, HO PE3YyJIbTAaThl HE BOLLIM B IUCCEPTALMIO U3-3a OIPAaHUUYEHHs 00beMa PYKOIHCH.

HccnenoBanus pa3inokeHus )XuIKo(pa3HbIX yIIIeBOAOPOAOB IIPU HArPEBAHUH MTOKA3alIH, YTO
IIPOLIECC peaIU3yeTcs KaK LENMHOM (TepMUYECKUi KpekHuHr). [Ipn HU3KMX TemmepaTypax, Korjaa B
OTCYTCTBHE M3JIy4YEHHMs] TEPMUYECKOE€ WHULMUPOBAHWE pEaKUUU HE MPOUCXOAUT, IpH
paZvaliOHHOM OOJyYeHMH BO3HUKAIOT AKTHUBHBIE LIEHTPHI - CBOOOJHBIE PaJMKAIbl, KOTOPHIE
MOTYT HauaTh LEIHYIO PEAKLUI0 KPEKHHIa YIII€BOJOPOIOB.

Ho npu B3auMoaeHCTBMM HMOHU3UPYIOLIETO M3JIy4EHHUs C BELIECTBOM B JKUAKOU (ase
OCHOBHAs 4aCTh BTOPUYHBIX 3JIEKTPOHOB, OOPA3YIOLIMXCS B Pe3yJIbTaTe MOHU3ALMH CPEbl, UMEET
Onarojgapsi CBOEH CpaBHUTEIBHO HHU3KOM OHHEPrMM JOBOJBHO Malblii NHpoOer u IMO3TOMY
IPOM3BOJIUT HOHU3ALMIO U BO30YKJEHHE B JIOKAIBHOM 00J1aCTH, B HEOCPEICTBEHHOM OJIM30CTH OT
MecTa cBoero oopasoBanus. BiusiHue 3Toro apdexra KjaeTku CBOAUTCS K MOAJCPKAHUIO B TEUCHHUE
HEKOTOPOTO0 BPEMEHU BBICOKOW KOHILIEHTPALMH PAaJWKaJIOB M JOJTOXKHBYIIHUX BO30YXKIECHHBIX
IPOAYKTOB, 00pa30BaHHbBIX B ILIIOPAX, YK€ MOCIIE 3aBEPUICHHS] AKTOB IIEPBUYHOIO BO30YKICHMUS.
Bnustaue 3toro a¢gdekra 0coOeHHO 3aMETHO Ha OOIIEM BBIXOE MTPOTYKTOB PAANOIN3a, KOTOPHIX B
KHUIKON (haze oOpasyercs MeHblIe, YyeM B Tra3oBod (asze. DTO NPUBOJUT K TOMY, YTO IpH
temneparype Huxe 600K paananinoHHO-XMMUUYECKUI BBIXOJ MEHbLIE eIuHUL MoJeKyJ Ha 100 3B.

NMnynbCHBIA  panuonn3 SKUAKO(A3HBIX YTIIEBOJOPONOB IPH HU3KOH TeMIepaType B
YCIIOBHSIX BO3JCHCTBHS SJIEKTPOHHOTO Iy4Ka C BBICOKOI IUIOTHOCTBIO TOKa (Gomee 200 A/cm?),
KOrJja y>K€ Ha IOBEPXHOCTH OOJydaeMOH S>KUAKOCTH TPEKH NEepPEeKpbIBAIOTCS, HPEACTaBIsIET
6onbmiolr uHTEpec. [Ipu sToM (opMupyIOTCS yCIOBUS, ONaronpuaTHbBIE Ui MHOTOKPATHBIX
CTOJIKHOBEHHI 4acTHIl C U30BITOUHBIM 3aI1aCOM SHEPIUU HAa BHYTPEHHUX CTENEHSIX CBOOOABI. OTH

YCJIOBHSI QHAJIOTMYHBI HEPABHOBECHOMY BO30YXKICHUIO Ta30(ha3HOM cpeapl U CHOCOOCTBYIOT
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NPOTEKAHUIO NEMHBIX peakiuid. O0sA3aTeNbHBIM IS CO3AaHUS TAKMUX YCIOBUN PAIHOIHN3a SBIISETCS
TaK)Ke BBICOKAsi MOIIHOCTh MOTJIOUIEHHON J103bl U3ayueHus. Tpeku hopMupyroTcs B TeUeHHE BCeil
JUIUTEILHOCTH MMITYJIbCa M 32 BpeMsl PaJUAIlMOHHOTO BO3JCUCTBUS pellakcalus BO30YKIESHHBIX
MOJICKYJ, PEKOMOUWHAIMS PaJUKAIOB JTOJDKHBI OBITh HE3HAUWTENBbHBI. BpeMs >KM3HM aKTUBHBIX
pamMKaIoB, OOpa3yIOMMXCS B Tpeke IpH pagdonmse, He mnpesbimaer 107-10° c. ITosromy
JUTUTEIIbHOCTh PaJMallMOHHOTO BO3JEUCTBUS HE NobkHA mpeBbimaTh 100 He. Panuonus skuakux
VIIEBOJOPOAOB B JIaHHBIX YCJIOBHUSX HE W3YYEeH M MPEJICTaBISET HAYUYHBIM W MPaKTUYECKUIl
UHTEpEeC NI UCCIIEeIOBAaHUS MEXaHU3Ma PaJHallMOHHOTO KPEKUHTa KUAKO(DA3HBIX yTIEBOIOPOIOB
MIPY HU3KOW TemIepaType.

JlpyruM TepCcleKTUBHBIM HAMpPaBJIEHUEM NPUMEHEHHS CHJIBHOTOYHBIX HMITYJIBCHBIX
JNEKTPOHHBIX MYYKOB SIBJIAECTCS MHUIIMHPOBAHHUE Ipollecca cakeoOpa3oBaHUS B HEPABHOBECHBIX
ycnoBusax. M3BeCTHO, YTO KOHBEpPCHS YIIIEBOAOPOAHBIX TOILIMB MPU FOPEHUU MPOXOJUT CTAIHIO
(bopMHpOBaHUST TOJUIMUKINIECKAX APOMATHUECKUX YTIeBOAOPOAOB. OHHM SBISIOTCS IEHTPAMHU
oOpa3zoBaHMs CcaXeBbIX dYacTHI] (3apoabiiamu). s caxkeoOpa3oBaHus TpeOyIOTCS paauKallbl-
NPEIIIECTBeHHUKH, TO3TOMY TIPOIECC B PABHOBECHBIX YCIOBUSX HE HIET MPU HU3KUX
temneparypax. OOpa3oBaHue pagUKaloB IPU BO3CHCTBUU UMITYJIBCHOTO 3JICKTPOHHOTO Iy4Ka Ha
CMeCh YTJIEBOAOPOAHBIX Ta30B C KUCIOPOIOM MOXKET HHHULIUHUPOBATH Iporecc (HOpMUPOBAHHS
MOJMIUKINYECKUX apoOMaTHYECKHX YIJIEBOJOPOJOB NpU TEMIEpaType HHUXKE PaBHOBECHOIO
cakeoOpaszoBaHus. B aTux ycioBusix mpouecc caxeoOpa3oBaHHs MOKHO OCTAaHOBHUTH Ha CTaJHUH
CHUHTE3a apOMATHYECKUX YTIIEBOJAOPOJOB, €CIIH UIUTEIbHOCTh BHEIIHErO BO3JCHCTBUS HE OyIeT
NPEBbIIATh MPOJODKUTEIBHOCTh 3TOW CTaauU. DTO MOMKET IMO3BOJIUTH pPa3paboTaTh HOBYIO
TEXHOJIOTHIO CHHTE3a CHHTETHYECKOTO JKHAKOTO TOIUIMBA WM CJIOXHBIX YIJIEBOJIOPOJIOB
M30MEPHOT'0 CTPOEHHMSI U3 PUPOIHOIO rasa.

AnpoGanusi pe3yJbTaroB padorbl M ny0aukanumu. Marepuanel  AMcCepTalud
JIOKJIaAbIBAINCh HAa Hay4yHbIX cemMuHapax B HMW Beicokux Hampsbxenud, r. Tomck, MHCcTHTYTE
anekrpopuszuku YpO PAH, r. EkarepunOypr; MactutyTe cunbHOTOUHOM AnektpoHukd CO PAH,
r. Tomck; MucturyTe Heopranmueckoi xummu CO PAH, r. HoBocubupck, cexnum «®Pusmka
HU3KoTeMIepatypHoit mnasmen» PAH, . MockBa, a Takxke Ha MEXIyHApOJHBIX U HAIIMOHAIBHBIX
koH(pepeHmmsax u cummosuymax: 3" , 4 ™ u 5™ International Symposium on pulsed power and
plasma applications (China-2002, Japan-2003, Korea-2004), 16" International Symposium on
Plasma Chemistry (Italy, 2003),13th International Symposium on High Current Electronics (Tomsk,
2004), 2™ International Congress on Radiation Physics and Chemistry of Inorganic Materials, High
Current Electronics, and Modification of Materials with Particle Beams and Plasma Flows (Tomsk,
Russia, 2006), 2™ European Pulsed Power Symposium (Germany, 2004), The First Central
European Symposium on Plasma Chemistry (Gdansk, Poland, 2006), wmexmyHapoaHoit
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KoH(pepeHIn  «PanuanoHHO-TepMUUecKue JPQPEeKTl W MPOHecChl B HEOPTaHUYECKUX
marepuanax» (Tomck, 2002), MmexxayHapogHOW KoH(pepeHnn «DU3nKOXUMUS yIbTPAIUCTIEPCHBIX
(mano-) cuctem (Tomck, 2002 r.), MexayHapoaHod KoHpepeHuun «Kpucramnuzanus B
Ha"ocuctemax» (MBanoBo, 2002 r.), MEXIyHapOAHOW MIKOJbI-ceMUHapa «DPHU3UKa MMITYJIbCHBIX
paspsa0B B KOHICHCHPOBAHHBIX cpenax», (Hukomaes, 2003 r.), Poccuiickoit KOH(pEpeHIINU IO
MaTEepHAIOBEICHUIO U (PU3MKO-XMMUYECKMM OCHOBAM TEXHOJOIMH MOJTY4YEeHHUs JIETMPOBAaHHBIX
KPUCTAIJIOB KPEMHHUS U MPUOOPHBIX CTPYKTYp Ha ux ocHoBe «Kpemuwuii — 2003» (Mocksa, 2003
r.), 5 wexayHaponHoi koHpepenmuu «Xumus Heptu u rTaza» (Tomck, 2003 r.), 12
MEXTyHApOaHOW KoH(epeHn «PanuanonHas (u3nKa U XUMHsT HEOPTaHUIECKUX MaTEPUAIIOBY
(Tomck, 2003), XXXI 3Benuropoackoir kKoHpEpeHIMU MO (U3MKE IUIa3Mbl U YIIPABISIEMOMY
TepMmosiaepHomy cuHTe3y (MockBa, 2004 T1.), MEXIyHapOJHOM HAyYHO-IPAKTHYECKOI
KoH(pepeHIMNn «DPHU3UKO-TEXHUYECKHUE MPOOIEeMbl AaTOMHOW JHEPreTHMKH W TMPOMBIIUIEHHOCTH
(Tomck, 2004 r.), Bcepoccuiickoit HaydHOW KOH(MEpeHIHMH 10 (U3MKE HHU3KOTEMIIEpaTypHOH
mia3mbl «OHTTI-2004» (Iletpo3aBonck, 2004 1.), CoBemanue «Kpemunii-2004» (Upkyrck, 2004
r.), IV wmexnyHaponHoil HayuyHoil koH(epeHuun «PaauanmonHo-Tepmuueckue 3¢QQeKTsl U
nporeccsl B Heopranndeckux marepuanax» (Tomck, 2004 r.), International conference «Energy
saving technologies and environment» (Irkutsk, 2004), 111 Bcepoccuiickoii HayYHO-TIPaKTHYECKON
koH(pepennun «JloObua, moaroroBka, TpaHcmopt HedtHn U raza» (Tomck, 2004 r.), 9
MEXYHapoaAHOU KoHpepeHIMH «DU3UKO-XUMHUECKUE MPOLIECChl B HEOPIraHNYECKUX MaTepHaIax»
(Kemeposo, 2004 r.), XXVII Cubupckuii rerodusnueckuiit cemunap (Hosocubupck, 2004 r.), 111
Mexnynapoanoit konpepennnu «Kunetuka u Mexanu3m Kpuctamnsaun» (Meanoso, 2004 r.), 11
Bcepoccwuiickoit konpepeHmu «IIpukianHeie aceKkTsl XUMHUH BBICOKHX dHepruin» (Mocksa, 2004
I.), MEeXIyHapoaHoi koH(pepeHuun «HoBBIE mNEpCreKTUBHBIE MaTepualbl M TEXHOJIOTMU UX
nonyueHus» (Bomrorpax, 2004 r.), wmexnayHapoaHod koH(epeHIuH «QDyHIaMEHTalbHBIE
npobnaemMbl  pa3pabOTKH  HE(PTEra3oBbIX MECTOPOXKACHUH, JOOBIYM UM  TPAHCHOPTHPOBKH
YIJIEBOJOPOIHOTO ChIphsi» (MockBa, 2004 r.), IV MexayHapoaHblii CUMITIO3UYM 10 TEOPETUYECKON
u npukiagHon miazmoxumun (MBanoro, 2005 r.), III MexmyHnapoausliii cummnosuym «l'opeHue u
wiasmoxumus»  (Anmarel, 2005 r1.), 7 Bceepoccuiickoit koHpepeHIMH —«DUIUKOXUMHUS
yIbTpaJuCIIepcHbIX (HaHO)-cucTem» (Mocksa, 2005 r.), International Conference on physics of
shock waves, combustion, detonation and non-equilibrium (Minsk, Belarus, 2005),
Bcepoccuiickoro  cummnosuyma  «DyHAaMeHTaNbHBIE  TPOOJIEMBI  TPHIOKEHUH  (PU3MKH
HU3KoTeMIeparypHoi mnasme» (I[letpozaBozack, 2005 r.).

MaTepI/IaJILI AUCCECPTAllU BOIIJIM B OTUYCTHI IO IIPOCKTAM:
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. rpant POOU 06-08-00147 (2006-2008 r.) «MccnenoBanue mpoiecca reHepanuu
CHWJIBHOTOYHOT'O JIEKTPOHHOI'O IIyYKa HAHOCEKYHJHOM JUIMTEJIBbHOCTU U MOTJIOLIEHUS €r0 SHEPIUU
B ra3ax U )XKMJKOCTSIX», pykoBoauteins [lymxkapes A.U.

. rpanTel PODU 06-03-46002, 06-03-02001 Ha uznanue monorpaduu «Ilymkapes A.
N., Hosoceno IO.H., PemneB I'.E. llennbie npouecchl B HU3KOTEMIIEPATYPHOM IUIa3Me. —
HoBocubupck: Hayka, 2006», pykoBoautens [lymkapes A.H.

o npoekT MuHatoMma-MunoOpa3oBanusi PO «OkcnepumMeHTanbHOE HCCIel0BaHUE U
MOJICJIMPOBAHNE XUMHUYECKUX pEakUud B IiazMe, (GOpMHUPYEMOl UMITYJIbCHBIM 3JIEKTPOHHBIM
nyukom», 2004 ron, pyxoBogutenb Pemues I'.E., orBercTB. ucnonuurens [lymkapes A.U.

. IIPOEKT BEJOMCTBEHHON Hay4HOH mIporpammsel “Pa3BuTHE HaydyHOro NHOTEHIMAa
Boiciied mkoiael” 3a 2005 ron «MccnenoBaHue mporecca CUHTE3a HAHOJIMCIEPCHBIX OKCHIOB B
LHENHOM XHUMHYECKOM IPOLECCe WHULMHUPYEMbIM HUMIIYJIbCHBIM CHUJIBHOTOUHBIM 3JEKTPOHHBIM
My4YKOM HAHOCEKYHIHOW JUIMTEIBbHOCTW», pyKoBoauTenab PemueB [I.E., OTBeTCTBEHHbIN
ucnonaurens [lymkapes A.U.

Ob6mee yncno nmyOnukanuii mo Teme aucceprauuu - 95, B Tom ymcne | monorpadus, 24
CTaTh¥ B pehepupyeMbIX KypHaTaX, 7 mareHToB PD, 50 mokmamoB B MaTeprazax MEx I yHapOIHBIX
1 BCEPOCCUICKUX KOH(DEPEHITUH.

Bkiaax astopa. [luccepranus  ABJISETCA  MTOIOM — MHOTOJIETHHX — HCCIIEIOBaHMM,
nposeneHHblx B HMW  Beicokux Hampsokenudt TIIY npu HEnocpeICTBEHHOM Y4YacTUU W
PYKOBOJICTBE aBTOpa. ABTOp BHEC OIPENCISAIONIMA BKJIaJ B TIOCTAHOBKY 3aJad, BBIOOD
HaIpPAaBJICHUN U METONOB MCCIEAOBAHUN. YacTh pe3ynbTaToOB MOJIy4YeHa COBMECTHO C COABTOPAMH,
(amMuIMKM KOTOPBIX yKa3aHbl B CIIMCKe MyOuiuKanuil no treme auccepraunu. GeHOMEHOJIOrHYecKas
MOJZIeJIb  LIEMTHOTO IIpOlLlecca CHHTE3a HAHOJUCIEPCHBIX OKCHJIOB, MEXAaHWM3M pa3JoKEHUs
TJIOTEHUJIOB TIOJl JEHCTBHUEM AJIEKTPOHHOI'O IIy4Ka, HCCIEJOBaHMUsSI MPOLECCOB TIE€HEpaluu
UIEKTPOHHOI'O Iy4yKa M IUIa3MO0Opa30BaHMs HAa IOBEPXHOCTU B3PBIBOOIMUCCHOHHOIO KaToja
IPUHAUIEKAT JIMYHO aBTOPY. ABTOPOM CaMOCTOSITEIBHO BBIJBHUHYTHI 3alIUILAEMble HAay4YHbIE
II0JIO’KEHUS, C/I€TIaHbl BBIBOJIBI U JAHBl PEKOMEHAINH 110 pe3yJIbTaTaM HUCCIIEJOBaHUM.

B 3axsroueHue aBTOp CUMTAET CBOMM JOJIOM BBIPa3UTh HCKPEHHIOI IMPU3HATEIBHOCTh
1n.T.H., mpodeccopy I'.E. PemHeBy 3a mHHMIMHMpOBaHHME TAaHHOW pPabOTHI, MHOTOJICTHEEC HAYyYHOE
PYKOBOJICTBO, TIOJIE3HbIE OOCYKIEHHUS U COBETbI, 0€3 KOTOpPBIX €€ BBINOJIHEHHE ObLIO OBl
HEBO3MOKHO.

Bonpiryio momous B MOCTAHOBKE MCCIEAOBAaHUN M OOCYKJIEHUU PE3YJIbTaTOB OKa3bIBajl
n.¢.-m.H.,, mpodeccop, maypear [ocymapcrBennoit mnpemuun P® Hosocemor FO.H., mox
PYKOBOJICTBOM KOTOPOIO BIIEpBbIE OBUIM HauaThl CHCTEMATUYECKHE HCCIEIOBaHUS ILEIHOIO

MEXaHU3Ma KOHBCPCUU Fa30(1)a3HBIX COGILI/IHGHI/Iﬁ B IJIa3MC UMITYJIBCHOT'O 3JICKTPOHHOTO ITy4YKa.
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