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JIETOHAIINY B JUIMHHBIX (MOJIYOTKPBITHIX) KAHAIAX B OTCYT-
CTBUE BHEIIHUX BO3IEHCTBHII.

C npyroil CTOpoHBI, IpoIEcC Mepexoda K IeTOHAIMU
SIBJISIETCS MPSIMBIM CJIEAICTBUEM YCKOPEHHUs IUIAMEHU B Ka-
Halle, TIO3TOMY €CTECTBEHHO IMPEANOJIOXHUTH, YTO UMEHHO
MMHAMAKA HECTAIIMOHAPHOTO YCKOPSIOIIETOCS IUIAMEHU
JIOJDKHA OTPENeNISITh YCJIOBUSL (OPMUPOBAHUS JI€TOHAIIWH.
B 1947 r. 51.B. 3enpaoBuuem [31] Ob1 IpOBeAEH AeTaIbHBIN
aHaJM3 3a7a4d 00 YCKOPEHUHU IJIAMEHU B INOJIYOTKPBITOM
KaHaJle U ero HHUIIMUPOBAHHUH Y 3aKPBITOTO TOPIA C Yué-
TOM pe3yJIbTaTOB 3KCIepUMeHTaIbHbIX padoT K.U. IIEn-
kuHa. S.b. 3enpmoBmueM OBLIM TOJYYEHBI XapaKTepHBIE
BpEMeEHa BBIPAOOTKH JIAMHHAPHOTO M TYpOYJCHTHOTO MPO-
(uteit CKOpOCTH, a TAKXKe XapaKTepHOe BpeMsl TEII000MeHa
CO CTeHKaMHU KaHaja. BbUIo moka3aHo, YTO OCHOBHBIM M3
YKa3aHHBIX (PAKTOPOB YCKOPEHHS IJIAMEHH SIBIISIETCS €ro
pacTsDKeHUe B CYIIECTBEHHO HEpaBHOMEpHOM moToke. [Ipu
3TOM TYPOYJICHTHOCTH UTPAET JIMIIL MOMTYMHEHHYIO POJIb.
N3HavanbHO uMeErOIIass MeCTO TYpOYJIEHTHOCTb TOJIBKO
crocoOCTByeT 0OoJsiee OBICTPOMY YCTAHOBJICHHIO MPOQUIIS
CKOpPOCTH W, KaK CJIeJICTBUE, OoJiee OBICTPOMY yCTaHOBJIE-
HUIO YCKOPEHHOT O PEeXHUMa PacIpoCcTpaHeH s IJIaMeHH. B To
ke BpeMsl TypOyJm3alnusl MOTOKa, BEI3BAHHASI CAMHUM Teve-
HUEM BIieper (POHTA IUIAMEHHU, Pa3BHBACTCS Ha JOCTa-
TOYHO OOJIBIIMX BPEeMEHHEIX Maciutabax. Tax, Iuisi BBICO-
KOAKTUBHBIX CMeCeil, THIA BOIOPOIHO-KUCIOPOAHBIX, TAKHE
BpEMeEHA MPEBOCXOAT MJIUTEIBHOCTh MPOLecca YCKOPEHHS
IJIAMEHH BILIOTH JIO TEPEX0/Ia B IETOHAIIHIO.

Taxum 00pa3om, 1o kpaitHeit Mepe JIJis BRICOKOAKTHBHBIX
cMecel, TypOyIM3alus HoToKa Brepeau ppoHTa JIaMEHH He
SIBJISIETCS. BEAYLIUM (DaKTOPOM, ONpPENesIsIOIUM YCKOPEHNE
IJIAMEHH U Tiepexo/1 K AeToHanuu. Onpenesstomum HakTop
TypOyJIM3aluy MOTOKA CTAHOBHUTCS MPH PACIPOCTPAHEHUN
I1aMeHn B OOJIBIIUX M 3arpOMOXAEHHBIX 00BbEMax. Ha
GospMx MacmTabax yYCKOpeHue CBOOOJHO pacmpocTpa-
HSIIOLLETOCS! IUIAMEHHM B TEPBYIO O4YEpedb ONIpEeAesIseTCs
pa3BUTHEM THIPOAMHAMHYECKUX HEYCTOWYMBOCTEH (ppoHTA
MJIaMEHH, TPUBOISIINX K TOBOJBHO HEOOIBIIOMY YCKOpe-
HUIO TUIAMEHHU 0 CPABHEHHIO C YCKOPEHHEM, OOYCIOBJICH-
HBIM PACTSDKEHHEM IJIAMEHH MPH €ro JBIKCHUU B OTHOCH-
TEJIbHO y3KHX KaHajax. C Ipyroif CTOPOHbI, pA3BUTHE TAKOTO
polia HEyCTOMYMBOCTEW MPUBOJIUT K CYIIECTBEHHOMY MCKa-
KEeHUIO (PPOHTA U MPUOOPETEHHIO UM (PPAKTAIIBHOU CTPYK-
TypH! [32, 33]. DTO B CBOIO OYepeab MOXKET HPHUBOIUTH K
JIOKaJIbHOM TypOyIM3anuu MOTOKA BOIM3U GPOHTA TIAMEHU
C MOCJIEIYIOLIUM PACHPOCTPAHEHUEM BO3MYILIEHUI BHU3 110
MOTOKY, YTO, MO-BUIMMOMY, MOXET SIBJISITHCS JOTOJIHH-
TEJIbHBIM (PAaKTOPOM YCKOPEHHUS TUIAMEHH 3a CYET TypOyIIu-
3anuu cpenbl. B 3arpoMoxI€HHBIX 00BEMax B pe3yJibTaTe
B3aUMOJICCTBUS MIOTOKA U BOJIH CKATHS C MPEMSTCTBHSIMU
COCTOSIHUE Pa3BUTON TYpOYJIEHTHOCTH MOXET OBITH JJOCTHUT -
HYTO ell€ 10 NpUxoa IJIAMEHH B 9Ty 0OJIACTb.

Takoe BO3IEHCTBHE 3arpPOMOXIAEHHOCTH MPOCTPAHCTBA
Ha TIOTOK B HATYPHOM 3KCIIEPUMEHTE MOKHO MOAEITUPOBATH
BBEJICHUEM TYpOYJIM3aTOPOB (CUCTEMBI MPEMSTCTBHIA), pac-
MOJIOKEHHBIX BIIOJb JIETOHAIIMOHHOU TPYOBI, YTO IMHPOKO
ucnosibzoBajioch K. M. I[€nkuHbIM B 3KCIIEPUMEHTAX O UC-
CJIETOBAHUIO BJIUSIHUS TYPOYJIEHTHOCTH Ha YCKOPEHHE Iepe-
Xo/Ja ropeHus B neroHanuto [34, 35], a B Hame Bpems
WCIIOJIB3YETCS UCCIIEIOBATEISIMU U pa3paboTunkamMu B 00Jia-
CTH NIEPCHEKTUBHBIX JeTOHAIIMOHHBIX aBurateseid. S.b. 3emn-
noBud B pabote [31] Takke MPOBOMII OICHKY B3aMMOICH-
cTBUs (haKTOpa BHEIIHEW TypOYJEHTHOCTH HAa pa3BUTHE
nepexoa TOPeHus B JETOHALMIO M MOKa3aJl, YTO HAaJIU4Me
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Puc. 6. (B uBete oHsaiiH.) YCcKopeHHe IIAMEHH B KaHAJIE, 3aTI0JHEHHOM
roproyeil CMecChbto, IIPOXOIUT YePe3 YEThIPE OCHOBHBIE CTAJHU, OMpPEe-
JIseMble Pa3IMYHBIMH (DU3MYSCKIMH MeEXaHM3MaMHM: (a) paclIupeHue
IIPOJYKTOB FOPeHUs U3 00JIaCTH BOCIUIaMeHeHus; (0) SKCIIOHEHIIMAJIbHOE
yCKOpeHHUe IUITaMEeHU B MOTOKE ras3a, NPHBEJEHHOM B JBMXXEHHE CAMUM
1amMeHeM; (B) yCKOpPEHHE IO CTENCHHOMY 3aKOHY 3a CYET PacTsDKCHHUS B
MOTOKE U TeHepanus yJapHBIX BOJH HENOCPEICTBEHHO BOJM3H (pOHTA
maMmeny; (T) GopMupoBaHUe AETOHAIIUH U PACIPOCTPAHEHNE TOPCHUS B
JIETOHALMOHHOM PEXUME.

TypOyJIEHTHBIX MyJIbcaluii yckopsieT "BeipaboTKy" HepaBHO-
MEpHOTO TPOQIUIT CKOPOCTH MOTOKA — OCHOBHOTO (hax-
TOpa, ONPEIEIISIOLIEI0 YCKOPEHHE IIAMEHU.

B HegaBHUX paboTax MO YUCIEHHOMY MOAEIUPOBAHUIO
YCKOPEHHS IJIAaMEHH B KaHAJaX M TMePeXoly B IETOHAIMIO
BOJOPOJHO-KUCIOPOIHON CMecH Oblja MOATBEPXKICHA Jia-
MUHApHAsl CTPYKTypa MOTOKa BOJIM3U (poHTA IUIaMEHH
BILUIOTH /IO MOMEHTA Nlepexo/ia K neroHanuu. Ha pucynke 6
MoKa3aHa TPpEXMEpHasi IOBEPXHOCTb (pPOHTA IUIAMEHH,
YCKOPEHHO PACIPOCTPAHSIOLIETOCS B KaHAJIE, 3aII0JIHEHHOM
BOJOPOJHO-KUCIOPOIHON CMEChIO, TIOJIyYeHHAs B Pe3yJib-
TaTe TPEXMEPHOrO KOMIBIOTEPHOTO MOACTUPOBAHMS Ha
OCHOBE MOJHOW cuctembl ypaBHeHmii HaBbe—Crokca ¢
YY4ETOM TEIUIONPOBOJHOCTH, MHOTOKOMITOHEHTHOU U (y-
3UM ¥ XUMHYECKOTO MpeBpallieHus B 30He peakimu [36]. Kak
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Puc. 7. (B usere onnaitn.) CTpykTypa NIOTOKA NHPU HCIOJb30BAHUH
TEHEBOI BU3yaIM3alliU B YHCJICHHBIX pacuérax (a, 0, T, 1) X 9KCIepUMeH-
Te (B,€) U3-3a MHTEP(EPEHIIMN OTICIbHBIX HECBSI3AaHHBIX YYaCTKOB IIO-
BEPXHOCTHU ()POHTA IUIAMEHH NPEJICTABIISETCS B BUJIE JOBOJIBHO CIIOKHOM,
3alyTaHHOM kKapTuHbl. TeHeBasi BU3yaauM3anusi HOTOKAa BOJIU3H HMOBEPX-
HOoCTH (PpOHTA IUTAMEHH B KaHaJjle KBaJPAaTHOIO CEUYCHHUs IOKa3aHAa Ha
CTaHsIX 9KCIOHECHIIUATIBHOTO (4 — B) M CTENEHHOTO (T —€) YCKOPEHHUSL.

BUJIHO, M3HAYAIILHO HEBO3MYIIEHHBIN MOTOK B IIPOIIECCE 3BO-
JIFOTIAY ¥ YCKOPEHHSI TUTAMEHH BIUIOTH O MOMeHTa (hopmu-
pOBaHHS JIETOHAIIMM COXPAHSET JIAMHHAPHYIO CTPYKTYpY.
IIpu 3TOM TeHeBbIe GoTOrpaduu, MOCTPOCHHBIE HA OCHOBE
Ppe3yIbTATOB TPEXMEPHOTO MojeupoBaHus (puc. 7a,0,r, 1)
JTOBOJIBHO XOPOIIIO BOCIPOM3BOISAT BCE OCOOCHHOCTH IKCIIE-
PUMEHTAJIBHO TOJIyYeHHBIX u300paxenuit [37] (puc. 7B,e).
TeneBasi BH3yalu3anusi MOTOKAa U3-32 MHTep(hEpEHIUN OT-
JIeTIbHBIX HECBSI3AHHBIX YYACTKOB MOBEPXHOCTH (PpOHTA TIjIa-
MEHH JIEMOHCTPHPYET JOBOJIHO CIIOXHYIO CTPYKTYPY Teue-
HUSL. B CBSI3U ¢ 3TUM MOXKHO MPEIIIOIOXUTh, YTO CACTAHHbIC
[PY aHAJN3e IKCIEPUMEHTOB B psific pabOT BBIBOIBI O Typ-
OyJIeHTHOW CTPYKType MOTOKa BOJM3W (POHTA IUTAMEHU
MOTYT SIBJISITBCS apTe(haKTOM JUATHOCTUYECKUX METOTUK, He
TO3BOJISIOIINX KOPPEKTHO BOCIIPOU3BECTH TPEXMEPHYIO Kap-
TUHY TCUCHUSI.

3VOH, 1. 184, Ne 3

PaccMoTpuM Tenepb 0COOCHHOCTH YCKOPEHHSI INTAMEHU B
KaHaJie U Ompe/eisieMble UMHU YCIOBHS Mepexoia K IeTOHa-
. C MOMEHTa BOCIUIAMEHEHHUs FOproveil cMecu pacmpo-
CTpaHEeHUe TJIAMEHH IPOXOIUT HECKOJIbKO CTaauid, Habro-
JaeMBIX B JJA0OpAaTOPHBIX (PU3MYECKUX IKCIEPUMEHTAX WU
BOCIPOM3BOMMBIX B BEIYUCIUTENIBHBIX dKcIiepuMeHTax [20,
29]. Aunamuka GppoHTa IMIIaMEHH Ha IEPBOIA CTAIUU OIpee-
JISETCSl PACIIMPEHUEM MPOAYKTOB TOPEHUS], BBITECHSIOLLUX
(GPOHT IUIaMeHM M3 30HBI BOCIUIamMeHeHus. Jlajee u3-3a
HEPaBHOMEPHOTO DACIpEesIeHHs] MACCOBOM CKOPOCTH IO
CEUCHUIO KaHAJIa MOBEPXHOCTh (POHTA IUTAMEHH DACTET,
BBITATHBASICh B TIOTOKE. DTO MPUBOJANUT K YBEIMUCHHUIO CYyM-
MapHOTO0 TPHUTOKA CBEXEro TOPIOYEro K (PPOHTY U TeM
caMbIM K YBEJIMYECHHUIO CKOPOCTU PACHPOCTPAHEHMS ILIa-
MeHHM, HaOJIFoJaeMOMY Ha BTOPOU cTajuu mporecca. Bo3pa-
CTaHUE CKOPOCTHU B 3TOM CIIy4ae MOXKHO OMHUCATH IKCIIOHEH-
UATFHOW 3aBHCUMOCTBIO, OTpakaroleld oOpaTHYIO CBS3b
MEXIy YCKOpeHUueM (ppoHTa MIIaMEHH U YCKOPEHUEM MOTOKa
Briepenu Hero [20]. C pa3BUTHEM NpOIECC NEPEXOIUT B
TPETBIO CTAJMIO, HA KOTOPOW MOBEPXHOCTH (HPOHTA MOJI-
HOCTBIO TOJCTPANBAETCs MO MPOGUIL CKOPOCTH B TIOTOKE
1 e€ CTPYKTYypa CTAOMIIN3UPYETCS, UTO ONPEEIISIeT CHUKEHIE
CTEIeHN BO3PACTAHUsSI CKOPOCTU. YCKOpEHHe ILUTAMEHU Ha
9TOW CTaAWM MOXHO ONHUCATL CTENEHHOW (YHKIUEH ¢ TOo-
kazaresnem n, npuuém 0 < n < 1 [20, 29]. 3ametum, 4TO KaK
9KCIIOHCHIMAJIbHAS, TAK W CTCHCHHAS CTAIUM YCKOPEHUS
HaOJIFOJJAlOTCS B KaHAJaX IIMPUHON H, MHOro OOJbIlel
mupuHBl GpoHTa Twiamenn Lg, H > Ly [37, 38], B TOo *Xe
BpeMsl B Y3KHX KaNWLIApax ¢ IMHPUHON MOPSIIKA IIIAPHHBI
¢dponrta mnamenu (H ~ Lg) mepexoa K JETOHAIMH TPOUC-
XOIUT Ha SKCIIOHEHIMAJIBHON CTaguM, MHUHYS CTaJUIO CTe-
MEHHOTO BO3pacTaHust CKopocTH [39].

N3nydaemble ycKkopsirormmMces GpOHTOM ILUIAMEHHU BOJTHBI
CKaTHSl, TOJIOOHO BOJIHAM CXKATHSI, T€HEPUPYEMBIM YCKO-
psroIMMCcs IOpITHeM, (GOPMUPYIOT YIapHBIE BOJHBI, CO-
IJIACHO pellleHuto PuMaHa, HA HEKOTOPOM PACCTOSIHUM OT
MOBEPXHOCTH PpoHTa I1amenu. Ha cTtaauu sKkcrioHeHIab-
HOTO YCKOPEHUs yAapHasi BOJIHA (GOPMHUPYETCS] HA PACCTOsI-
HIW B HECKOJILKO mupwH Kanamna (Xsw — Xr ~ H, Xsw 1 Xy —
COOTBETCTBEHHO TOJIOXKEHHE YAaPHON BOJHBI M MOJIOKEHHE
(poHTa TITaMeHH), & Ha CTa U CTENeHHOTo pocTac0 < n < 1
— HEMOCPEICTBEHHO BOJIM3H MOBEPXHOCTH (PPOHTA IJIAMEHH
(Xsw ~ X; £ Ly).

B mmpokux kaHaIax Ha CTaAUU CTEIICHHOTO BO3PACTAHMUSI
CKOPOCTH YJapHbIe BOJIHBI, OOpa3yIOIIMECs] HEMOCPEICT-
BEHHO Ha (ppOHTE IUIAMEHHU, JOCTABJISIOT K (GpoHTY Oosiee
CXKATYIO U PA30TPETYIO FOPIOYYIO CMECH, YTO B CBOIO OYEPEIb
TPUBOJIUT K TIOBBILLICHUIO JABJICHUS B 30HE peakiuu (puc. §).
Taxum 00pa3om, BO3HHKAET TOTMOJHHUTEIbHOE YCKOPEHHE
PEaKINy U JIOMOJIHUTEIBHOE BO3PACTAHNE CKOPOCTH BOJIHBI
ropeHusi. AHaJIOTHYHBIH 3(dexT HAOIIOMAeTCs U B y3KUX
KaHaJIax, I/Ie YK€ Ha CTaJuM SKCIIOHEHIIMAJILHOT O BO3pacTa-
HUSI CKOPOCTHU yAapHbIe BOJHBI (HOPMUPYIOTCS B HENOCPE-
cTBeHHOW Oimsoctu oT ¢ponta (Xsw —Xf~ H ~ Ly &
< Xsw ~ Xr+ L¢). CiegoBaTesibHO, JAOIOJIHUTEIBHO CXKa-
Tasi ¥ pa3orpeTas CMech MOCTyHaeT BO (GPOHT IUIAMEHHU yxke
Ha 3TOoi crajamu. Kak pe3yibTaT TaKOro B3aUMOJCUCTBUS
IJIAMEHM U TeHEPUPYEMBbIX UM YIAapHBIX BOJIH, B OOOHX
CIydasix YCTaHABJIMBACTCS CaMOIOINCPXKUBAIOLIUICA pe-
KM YCKOpeHUsl MiaMeHHu. I1o Mepe yCKOpeHHs IUIaMeHU
MOTOK Briepean (GPOHTA IUIAMEHU YCKOPSETCS OTXOISIIIUMHA
yIapHbIMU BOJHAMU. [10 JOCTYXEHHH MOTOKOM CKOPOCTH
TMopsiIKa CKOPOCTH 3BYKa BO (DPOHTE TeHEPUPYEMBbIE YCKO-
pSIOIIMMCS TUTAMEHEM BOJIHBI CKATHS 3aIHMPAIOTCSI CBEPX-
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Puc. 8. Ha cramuu cTeneHHOro pocta CKOpocTH ¢ mokasareieM 0 < n < 1
yIapHbIC BOJHBI TEHEPUPYIOTCS] BOJHAMH CKATHSL, U3JIyYaeMbIMU (pPOH-
TOM IUIAMEHH, HEIOCPEACTBEHHO BOIM3H TOBEPXHOCTH (DPOHTA IIIAMEHH,
4TO 0OecreynBaeT MOCTyIJIeHHe BO (ppoHT OoJiee CxKATOW U pa3orpeToii
TOPIOYE CMECH, YTO B CBOFO OUePE b IIPHBOIUT K TOBBIIICHUIO TaBIICHHSI
B 30He peaxnud. Ha mpodmisx maBiieHHsl 9TO MOXXHO HaOJIIONATh Kak
(hopMupOBaHNE JOKATIHHOTO MUKA, IBIDKYILIET OCSI CHHXPOHHO ¢ (PPOHTOM
wiaMeny. [Ipoduin TemnepaTypbl B JaBJICHUS NIPUBEICHBI C IATOM IO
BpeMeHH 50 MKC.

3BYKOBBIM IIOTOKOM B 30HE PEakLUH. B pe3ynbTaTe HACTy-
[aeT MHTEHCHBHOE BO3PACTAHHE CKOPOCTH ILIAMEHH M HaB-
JIEHWs B 30HE PEAKIHH, YTO MPHUBOIUT K BBIXOLY U3 30HBI
PEaKIMy CUIILHON YAapHOM BOJIHBI C MApaMeTPaMH, MO3BO-
JISIFOLIMMH TIPEOJI0JIETH 3BYKOBO#t O6apbep (Usw > ap ~ acy).
Dra ymapHas BOJHA U (GOPMUPYET AeTOHAIMIO. MeXxaHu3M
(bopMHUpOBaHKs AETOHALUK TPH 3TOM AHAJOTHYEH IPUBE-
JIEHHOMY BBIIIE IIPH PACCMOTPEHHH 3aJa49K O HHAIAUPOBA-
HHUH JETOHAIIMA B OKOJOKPHTHYECKHX yCIIOBHSAX, 3a HCKIIIO-
YEHUEM TOTO YTO 3J€Ch MEXAHHM3M IEPEXoia K IeTOHAI[MU
OTIPEENISIETCA HE XAPAKTEPUCTUKAME SHEPTOBIIOKEHUS, a
3aIyCKAETC B pE3YJIbTATE PA3BUTHSA HECTAILMOHAPHOrO
TPEXMEPHOT O TIpolIecca.

4. O0pa3oBaHue OKHCJIOB a30Ta
B HArpeToM BO3/1yXe

OO6cysxaas UCKITIOUUTENbHO BaxkHbIN BKJIa S1.b. 3eabaoBuya
B TEOPUIO TOPEHUS U AETOHAIMH, HEJIb351 00ONUTH BHUMAHUEM
ero ¢pyHaaMeHTalibHble paboThl (B coaBTopcTBe ¢ [1.51. Ca-
noBHUKOBBIM U [I.A. ®pank-Kamenernkum) no ¢usuke u
XUMHUH OOpa30BaHMSI OKHCJIOB a30Ta B TOPSYEM BO3JyXe,
KOTOpHBIA 3hGekTUBHO 00pasyeTcs, HApUMEp, MPU TOope-
HUM, 32 GPOHTOM YAAPHON BOJIHBI NPU XUMHUYECKUX B3PbI-
Bax u T.A. [40—42], ocoOeHHO yuuTBIBasi, 4TO PabOTHI
A.B. 3enbaoBUYa O TOPSHUH M JICTOHANUH SIBJISIFOTCS €CTe-
CTBEHHBIM MPOJIOJDKEHUEM ero OoJjiee paHHUX padboT 00
OKHCJIaX a30Ta (Hayajio KOTOPBIM ObLIO MmojioxkeHo B 1930-x
rogax). IMeHHO paboThI MO M3YYEHUIO OKUCJICHUS a30Ta
JIETJIU B OCHOBY JTIOKTOpcKoit auccepranuu A.b. 3enpnosuua,
KoTOpyto oH 3ammTui B 1939 r. B Bo3pacte Bcero 25 Jer.
Huccepranus Tak W HasbiBasach "OKHUCIEHHE a30Ta IPU
ropennn" [43]. TIpeanoxennas B 3TUX paboTax (yKe JaBHO
CTaBIIUX KJIACCMYECKUMH) KUHETHUKA TEIIOBOTO 0Opa3oBa-
HHUSl OKHMCU a30Ta 3aCJIy’)KEHHO Ha3bIBACTCSl MEXAHU3MOM
3e1bA0BUYA U JO CUX MOP LIMPOKO HCIOJIb3YETCS B CAMBIX
pa3HbIX obyactsix Qu3MkH, BKItOUasi atMochepHyro (orto-
xumuro, pusuxky ABC, paccMoTpeHHYI Bbllie (QU3UKY
B3pBIBA, TOPEHMS] M ACTOHAINM, a TaKXKe B IJIA3MEHHON
MEIUIMHE U JIp. 31eCh Mbl OCTAHOBHMCS TOJBKO HA OJTHOM
73 IPUJIOKEHUH YKa3aHHOTO MOIX04a 3eIb0BHYA C COABTO-
paMm — paccMOTpHM oOpa3oBaHme OKHCIOB azota NO,

(NO, NO,, NO3, N,Os5 u ap.) B TopsiueM BO3yXe MOJIHHUE-
BOTO KaHaja, 00pa3oBaBIIerocs MpH pa3psiec MOJHUU (11O
anajioruu ¢ [41], roe ObLTO MOAPOOHO paccMOTpeHO oOpa-
3oBanue NO, npu ropeHnn).

Oxucibl a3ota NO, HTparoT OJHY U3 KITFOYEBBIX POJICH B
¢dboToxumun Hamelt atmMochepbl, B YACTHOCTH SIBJISTFOTCS
oHAM U3 (GaKTOPOB, ONMPEIEISIONINX YPOBEHb Tponochep-
HOTO | crpaTtochepHoro o3ona Os B atmochepe. Hamom-
HUM, YTO POJIb CTPATOC(HEpPHOro O30HA YHHKAJIbHA — OH
3anminaeT ouocdepy 3emiu oT KECTKOTO YIbTpaduoIeTo-
BOTO COJIHEYHOTO m3iydeHus. Kpome Toro, yaaneHue OKd-
CJIOB a30Ta U3 aTMoc(hepbl MOCPEICTBOM OCAIKOB — OIHMH
73 BaXHBIX MEXaHU3MOB (UKcauu a3oTa, HEOOXOAMMOTO
s cyniecTBoBanusi 6uocdepsl. [1o-BuauMoMy, OAHAM M3
nepBuIX, KTo (e B Havane XIX B.) oOpaTui BHUMaHUE Ha
TO, YTO MOJIHMEBBIE Pa3psiibl MOTYT SIBISTHCS IJ100AJIbHBIM
UCTOYHUKOM OKHCJIOB Qa30Ta, OBLT HEMEUKHHA XHMHK
(on JIubux [44]. C Tex mop 3Ta npobieMa paccMaTpuBaiach
MHOT'OKPATHO, M B pAMKax HACTOSIIEro 0030pa HET BO3MOXK-
HOCTH TPUBECTH MOAPOOHYIO0 OHOJMOrpaduio, MOCBSIIEH-
HYIO 3TON TeMe; OTMETHM JIUIIb MHOHEPCKHE paboThI [45—
49], B KOTOPBIX KJIFOYEBYIO POJIb UTPAET TEIUIOBON MEXaHU3M
o6paszoBanus NO, (mexanum3Mm 3enpaoBuua). B pamkax
noaxona 3eJIbAOBHYA TEIJIOBASl TUCCOIMAIINAS MOJIEKYJIISIP-
HbIX a30Ta Nj u xuciopojaa O, MpUBOIUT K 0Opa30BAHUIO
atoMoB N u O; B IOCIEIYIOIINX KATATUTHYECKUX PEAKIHSIX
N+ O, =NO + 0u0O + N = NO + N obpasyercst OKUCh
azora NO. JlanbHelIas 1ernoyka XUMHYECKUX TpeBpalie-
HUH B TOpSYEM BO3yXe MPUBOIUT K OOPA30BAHUIO OCTAJIb-
HbIX okucioB azora NO,. OtrmeTum, 4TOo B Tporocdepe
okucibl a3ota NOy, B 3aBUCUMOCTU OT MX KOHLEHTPALUHY,
OPUBOIAT K OOPA30BAHMIO MJIM YHHUYTOXEHHIO O30HA. B
cTpaTocdepe U3OBITOK OKHCH a30Ta MPUBOJUT K KaTAJTUTH-
YeCKOMY YHHYTOXCHUIO MOJIEKYJ] O30HA B PEaKIHsIX
NO 4+ O3 — NO; + O3, NO; + 0O — NO + O,, paspymas
030HOBBIH cy1oit [50— 53]. Ha ceromusiimauii JeHb CUUTACTCS,
YTO MOJIHUEBBIE PA3PSIbI SIBJISIFOTCS BaXXHBIM HCTOYHHKOM
OKHUCIIOB a30Ta B aTMocdepe — HUX BKJIAJA B TJIOOATBHOE
npousBoacTBo NO, onenuBaetcsi B quanasone 3—20 % ot
MOJTHOTO 00pa30BaHMs OKUCIIOB a30Ta (3HAUMTEIbHAS YaCTh
KOTOpPOTO TpOM3BOAMTCS Omochepoit). DTO COCTaBIsET
npumepro 102102 r rog~! (cm., mampumep, [54]). Co-
TJIACHO IJTUTENILHBIM CIIyTHUKOBBIM ONTHYECKUM HaOJIrO/Ie-
HUSIM, 4aCTOTa MOJIHHEBBIX pa3psgoB B atMochepe 3emin
~ 10° ron~!. C'mobanpHOE pacmpesieieHNe MOTHIEBBIX Pas3-
pSA0B Ha HalleH IUJIaHETe, YCPEeOHEHHOE 32 HECKOJIBKO JIET,
MIOKa3aHO Ha pucC. 9 (puBeleHa IUNIOTHOCTD Ajjg MOJHUEBBIX
BCIIBILIIEK — YMCIIO pa3psnos Ha 1 km? B rox) [55]. Xopormo
BUJIHO, YTO MJIOTHOCTh MOJTHUEBBIX BCIBIIIEK MaKCUMaIbHA
B MPHUIKBATOPHAIBHBIX TPOMMYECKUX OOJIACTSX M HE3HAYH-
TeJIbHA HaJl TOBEPXHOCTHIO OKEAHOB.

KommuectBo NO (kak HanboJiee BaXXHOTO COSTMHEHUS U3
NO,), obpa3oBaBieecss B MOJIHIEBOM pa3psizie, MOXHO TIO
MOPSIAKY BEJIMYHHBI ONEHUTHh M3 MPOCTBIX COOOPaKECHHIA:
XapakTepHOEe BpeMs OXJAXICHHS T, MOJHHEBOTO KaHala
MPH €ro PACIIUPSHUN TPHUPABHUBAETCS K XapaKTePHOMY
BpeMeHU Tno TuOean NO B XMMHYECKMX pEakKIusIX B TO-
psaeM Bosyxe L

Te & TNO - (5)

! Huke /17151 IPOCTOTHI Mbl OTPAHUYMBAEMCSI PACCMOTPEHUEM KHHETHKH
OKHCJICHHSI a30Ta B MOJIHMEBOM KaHaJle B ClIydae CyXOrO BO3JyXa;
pa3IMYHBIC XMMHUYECKHE PEaKIUy, CBSI3aHHBIC C HAJIMYHUEM BOJIOPOJI0CO-
JIepKalluX COeJMHEHMH (Takux Kak, HanpuMmep, Bojga H,O, aromapHbIii
Bojopoxn H, rumpokcun OH, azornas kuciora HNO; u ap.), He pac-
CMaTPUBAIOTCS.
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Puc. 9. (B usete onnaiin.) CpeaHero10Boe pachpe/ieieHie MOJTHIEBBIX pa3psI0B Ha Halleil mianeTe (4uciio paspsnos Ha | km? B Tox) [52]. BuaHo, 4To
IUIOTHOCTB /jjg MOJIHUEBBIX BCIBILIEK BAPLUPYETCS B LIMPOKUX HPeIeIax: OT Mg ~ 100 B IpUSKBATOPUAILHBIX 001aCTsX 10 njig ~ 0,1 Ha1 OKeaHM1eCKO

TIOBECPXHOCTHIO, I'/IC MOJIHACBASI AKTUBHOCTH IPAKTAYECCKA OTCYTCTBYCT.

OueHb cHIIbHOE BO3pacTaHue Tno(7 ) mpH NajeHUH TeMIIe-
patypsl Trasa (tno(T) = L™ Y(T) o< exp (Ep/T), tae L(T)
ONHCBHIBACT THOEb OKHCH a30Ta B XUMHYECKUX PEAKIIHSIX
[56], moTenuman quccounamuu Ep > T') 1aét BO3MOXKHOCTh
OLICHUTH TEMIIEPATYPY, IPU KOTOPOH 00BEMHOE COAEepKAHNE
NO mnepecTaéT U3MEHSATLCS, — TaK Ha3bIBAEMYIO TeMIepa-
Typy 3akanku Tq okucu a3oTa. 3Has Ty U UCMOJIb3Ys TEPMO-
NMHAMHAYECKH PABHOBECHOE COJNIEPXKAHUE OKHCH a30Ta B
HAarpeToM Bo3ayxe (Hampumep, u3 [57]), Jerko OLEHUTH
KoJIM4YecTBO 3aKkaja€HHOro NO B MOJIHUEBOM KaHAJIE.

Ha pucynxke 10 npuBeén TepMOAMHAMUYECKH PAaBHOBEC-
HBI cOCTaB BO3ayXa MPH PAa3HBIX TeMIEpaTypax U JaBlie-
Husix. [IpencTaBieHbl TeMIepaTypHbIe 3aBUCEMOCTH 00BEM-
HOTO COJIEPKaHUS B TOPSYEM BO3AyXe MOJIEKYJISIPHOTO a30Ta
N,, monekynspuoro kuciopoga O,, okumen azora NO,
atroMmapHbix azora N u kuciaopoma O. OrTMeruMm, yTO
MaKCHMaJIbHOE cofepxanue nno =~ 0,1 HabmromaeTcs mpu
TeMIepaTypax ropsiaero Bozayxa 7' ~ 3000—-4500 K.

Hus ompenenenusi tNo(7T) HOJDKHA OBITH H3BECTHA
kuHeTHKa oOpaszoBaHusi NO; Takue pe3yJbTaThl, B YACTHO-
CTHU, IPEJCTaBJIEHbI Ha puc. 11, Ha KOTOPOM IOKa3aHO, KaK
XapakTepHoe BpeMsi 00pa30oBaHUs TEPMOJIUHAMUYECKH PaB-
HOBECHO# KOHIIEHTPALUK OKHCH a30Ta TNo (7T ) U3MEHsIeTCs B
3aBUCHMOCTH OT TeMrepaTypsl 7 Topsiuero Bo3ayxa. Bumno,
YTO B y3KOM aumanaszone temmepatyp (7 = 2000—3000 K)
BesnunHa TNo (7') M3MEHSIETCS Ha HECKOJIBKO MOPSIIKOB, YTO
u upuBoauT K 3¢pdekty 3akanku NO mnpu oXJaxIACHUU
ropsiyero Bosnyxa. BeraBka Ha puc. 11 mokasbIBaeT KuHe-
THKY oOpa3oBanuss NO mpu pa3HbIX TeMrepatypax (oTme-
THM, 4TO OoJsiee HarysimHO KuHeTHKa NO Kak QyHKIMS Bpe-
MEHH U TeMIIEpaTypbl oKa3aHa Ha puc. 12). Xopolo BuaeH
HEMOHOTOHHBIN (¢ popMHUpOBAHMEM MaKCHMyMa KOHIICHT-
panmnu nno ~ 107 cM 3 Ha BpeMeHaX f ~ Tpa~ 10771073 ¢)
BBIXOJT 3aBUCUMOCTH 7iNo (T, 1) HA TEPMOJAUHAMUYECKH PAB-
HOBECHBIE 3HAYEHUS] TPH YMEPEHHBIX TeMIlepaTypax
(T = 4000 K). OT™MeTuM, 4TO Takoe MOBEACHHE 3aBUCUMO-
CTH nNo OT BPEMEHHU Ha€T BO3MOXXHOCTH MOJIyYaTh CBEPX-
paBHOBecHble KOHUEeHTpauuu NO mpu ObICTPOM paclIupe-
HUU (C XapaKTEPHBIM BPEMEHEM Texp ~ Tmax) HAIPETOTO

3*

10°

107!

1072

1073

OO0BEMHOE co/lepKaHue

10-4

/ . // / 1 1

10-3 /I 1
2000

3000 4000 5000 T,K

Puc. 10. (B usere onsaiin.) TepMoauHAMUYECKH PABHOBECHBII COCTaB
HArpeToro BO3jyXa B 3aBHCUMOCTH OT €r0 TEMIEPATyphl IPHU Pa3HBIX
napnienusix: 100 6ap (crutomineie kpusbie), 10 6ap (IUTPUXOBBIE KPUBbIE),
1 6ap (wTpuxmyHKTHpHBIE kpuBble), 0,1 O6ap (IyHKTUPHBIE KPHBELIE)).
IIpencraBieHsl TeMIepaTypHbIE 3aBUCHMOCTH O0BEMHOTO COJIEPIKaHUS
B TOpSiYEM BO3JIyXe MOJIEKYJISPHOTO a30Ta Ny, MOJIEKYJISIPHOTO KHCIIO-
pona O,, okxucu azora NO (kpuBbIe BBIJCJICHbI KPACHBIM IIBETOM),
ATOMApPHBIX a30Ta M KHUCIOpoja. BuaHo, 4To MakcuMasbHOE coaepxka-
HUEe nNo ~ 0,1 HaOiromaeTcss mpHM TeMIepaTtypax TOopsuero BO3/yXa
T ~ 3000—4500 K (s yka3aHHBIX JaBJIeHHUI), KOTOPBIC 3HAUUTEIHHO
HIDKE XapaKTepHbIX HaYaJIbHBIX TeMIIepaTyp MOJIHHEBOTO KaHala, oopa-
30BaHHOTO MPH BO3BpAaTHOM yape (return stroke) (7'~ (1—3) x 10* K).

BO31yXa. DTOT BBIBOJI, BO3MOXHO, MPUBEJET K MEPEOIICHKE
(B CTOpOHY yBeJHMYEHHUs) I'JI00aTBHOTO KOJIMYECTBA OKHCHU
a30Ta, 00pa3yrolIerocsi B MOJIHUEBBIX pa3psaax. Kuneruka
psla BaXHBIX 111 aTMOC(hEpHON XUMUU COeTUHEHUN Tpe-
cTaBjieHa Ha puc. 13 s Temmepatyp, XapaKTepHbIX s
MOJIHMEBOTO KaHaJIa Ha CTAJIMU ero oxyjaxiaeHus. I[Tomumo
KBA3UPABHOBECHBIX COJIEPXKAHUM ATUX COEMHEHU, JaHHBIC
3aBUCUMOCTHU TIOKA3bIBalOT U XapaKTepHbIE BpEMEHA Iepe-
X0J1a K TEPMOIMHAMUYECKOMY PaBHOBECHIO.
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Puc. 11. (B nBete onnaiin.) Kunernka oopasosanust NO B ropsiueM cyxom
Bo3ayxe. IIpencTaBiieHo XapakTepHOe BpeMsl 00pa3oBaHUs TEPMOIUHA-
MHIYECKH DPAaBHOBECHOW KOHIEHTPALMM OKHUCH a30Ta Tno B HArpeToM
BO3JlyXE B 3aBHCHMOCTH OT ero Temmepatypsl 7. IImoTHOCTH BO3ayXa
p,. = 107* r cm~. Berabka nmokasbiaeT KuHeTHKY 06paszosanns NO mpu
pasHBIX Temmepatypax (KpUBBIC OKpAIICHBI COIJIACHO 3Ha4eHHIO 7,
KOTOPOE BO3PACTAET OT CHHETO IIBETa K KPAaCHOMY, OXBAThIBAs IMHUPOKUI
nuanazon Temmnepatyp: T = (0,15—2) x 10* K). Hcnonb3zosasuch Ha-
n6oJIee MOJTHBIC HA CEerONHSIIHUM AeHb KUHETUYECKUE JaHHbIE O XUMUYe-
CKHX peakLUsiX B ropsieM Bo3gyxe. XOpOIIO BHUACH HEMOHOTOHHBIN (¢
(opMupOBaHHEM MakCHMyMa KOHIEHTpanuu nno ~ 107 cm~> ma Bpe-
MEHAX f ~ Tpax ~ 1077 —1073 C) BBIXOJ 3aBUCUMOCTH niNo (T, 1) Ha TepMoO-
JIMHAMAYECKH PABHOBECHBIC 3HAYCHHS IIPU YMEPEHHBIX TeMIEpaTypax
(T = 4000 K). Takoe moBeleHHE 3aBUCUMOCTHU /N0 OT BpPEeMEHU HAéT
BO3MOXXHOCTb HOJIy4aTh CBepXpaBHOBecHble KoHIeHTparmun NO mpu
OBICTPOM pacHIMPEHnH (C XapAKTEPHBIM BPEMEHEM Texp ~ Tmax) HATPETO-
ro BO3/yXa.

Ananutnueckd Tno(7) MOXKHO OLCHHTH, HCHOJIB3YS
KJIFOUEBBIE PEaKIUU, KOTOpble ompenesstoT rudenb NO B
rops4eM BO3IyXe:

NO+N—-=N,+O,
NO+0 —N+0,, (6)
NO +0O; — NO, +0

¢ KOHCTAHTAMH CKOPOCTH peakimu ki ~ 10712y/T cm? ¢!,
ky = 2,5x 1075 Texp (19500 K/T) cm? ¢! u k3 ~3x
x 10712 exp (—23400 K/T) cm? ¢! cooTBeTcTBeHHO. Criejto-
BATEJILHO, XapaKTEPHOE BPEMsI XKU3HU TNo MOJIeKyibl NO B
HATPETOM BO3JIyXe OMpPEIEIIAeTCs CIIEAYIOMMM 06pa3om:
TNO ~ (kl[N] Jrkz[O] +k3 [02])71, 31€Ch [N], [O], [02] —
KOHIEHTPAIMU aTOMAPHBIX a30Ta M KUCIOPOJa M MOJIEKY-
nsipHOTO Kuciaopoaa. [peacrasienHbie Ha puc. 10 pe3yib-
TAThl TEPMOJMHAMHUYECKUX PACYETOB IMOKA3BIBAIOT, YTO
MOXHO mnpeHeOpeub BkiagoM ki[N] u k,[O] BBuUIy HX
MaJjiOCTH 1O cpaBHeHHIO ¢ k3[Oy] mjs Temmepatyp
Th <2500 K B mmMpoKOM [uana3oHe AaBJICHHI TOpSYEro
BO3/yxa. B 9TOM citydae misi TNo MOXKHO IMOJIYYHTDH MPOC-
TYIO OLICHKY:

- 23400 K
o ~ (k3[02]) ' ~ 1077 exp (7> Po

T Pa

BuaHo, 4TO yMeHblIIEHHE TeMIIEpaTypbl TOPSYEro BO3AyXa
NPUBOJIUT K PE3KOMY YBEJIMYEHUIO XapaKTEPHOIO BPEMEHU

2000 4000 6000 8000

Temnepatypa, K

10000

Puc. 12. (B uBete onnaiin.) Kunetuka o6pazoBanust NO B ropsiyeM cyxom
Bo3ayxe. [loka3aHa JByMepHasl 3aBUCHMOCTb KOHIEHTpauuu nno (4, T)
OT BpeMeHHU 1 TeMIepaTypsl. LiBeT onpenesnsiercst 3HaueHneM nno (1, T),
KOTOPOE yBEJIMYMBACTCS OT CHHErO IBeTa K KPAaCHOMY, KaK YKa3aHO Ha
BCcTaBKe. XOPOIIO BUIHBI IEPEX0 OT HEMOHOTOHHOTO BO3PACTAHUS INO
€O BpEMEHEM K MOHOTOHHOMY, KOTOpbIii HabmoaeTcs npu 7'~ 4000 K,
7 U3MCHCHHE BPEMEHM YCTAHOBIICHUSI TEPMOJMHAMUYCCKH PABHOBECHON
KOHIIEHTPAIMK OKHCH a30Ta Tno(7) ¢ BO3pacTaHHEM TeMIEPaTypHI.
InotHOCTS BO3ayXa p, = 107 T eM 3.

YCTaHOBIIEHHS TEPMOIMHAMUYECKOT0 paBHOBecHs > st NO,
YTO TaKXXe XOPOIIO BHIHO W3 puc. 11, KOTOPHIA COOTBET-
CTBYET 3HAYUTENILHO 0oJjiee MOAPOOHON CXeMe XMMUYECKUX
peaxuuit. B 3T0#l KMHETHYECKOH CXEME YUUTHIBATIUCH IEBITHh
HaunboJiee BAXXHBIX COCIMHEHN cyxoro Bo3ayxa: Nj, Oy, N,
0O, NO, NO;, N,0, NO3, O3 — u 40 peaxunii Mex 1y HIMH U3
[56], a Bepudumkarus ykazaHHOW CXeMbI MPOBOJMIIACH IO-
CPEeICTBOM JOCTHKEHHUsS PAaBEHCTBA KBa3UCTAIMOHAPHBIX
(YCTAaHOBUBIIIMXCS) KOHUEHTPAIUI YKa3aHHBIX COCIUHCHUN
WX PABHOBECHBIM 3HAUYCHUSIM [UJISI pACCMATPUBAEMOTO JIha-
nazona temrepatyp (2000 - 6000 K).

Taxum oOpa3om, npenioxenubiii S.Bb. 3enbmoBuuem
MEXaHHU3M OKHCJICHUSI TOPSIYEr0 BO3IyXa MPEKPACHO OOBsIC-
HSIET Ha KaYeCTBEHHOM YPOBHE 00pa30oBaHUE OKUCH a30Ta U
e€ 3aKaJIKy: IpHM PACHIMPEHUN HATPETOTO BO3yXa XapaKkTep-
HOE BpeMst Tno (7)) Pe3Ko BO3pacTaeT C MOHMKEHIEM TeMIIe-
patypel n npn tNno(Ty) & 7. HabmromaeTcst 3akanka NO:
noist NO B ropsiyeM rase MpaKTHYECKH TEPeCTaéT u3Me-
HATbCSI M MPUMEPHO COOTBETCTBYET TEPMOIMHAMHUYCCKU
paBHOBecHO# j071€ NO B MOMEHT 3aKaJiku (M IIpHU TemIepa-
Type 3aKanku 7).

OpHako IS KOJMYeCTBEHHOTO omucanus 3akaiku NO
JIOJDKHBI OBITh M3BECTHBI HE TOJIBKO XapaKTepHOE BpeMs
OXJIAXKJICHHSI To, KOTOPOE OTPENEISETCS Ta30IMHAMUIECKH-
MH TIPOLIECCAMU Pa3JIETa FOPSUEro ra3a 1 ero mocieayOIIM
nepeMeIMBaHiueM (M OCTBIBAHUEM) C OKPYXKAFOIIUM XOJI0/1-
HBIM BO3yXOM, HO M IIPOCTPAHCTBEHHO-BPEMEHHOE TTOBE/IE-
HUE TJIOTHOCTH p M TeMIlepaTypbl T pa3JieTarolerocs ras3a;
9TO NaéT BO3MOXXHOCTb OTHOCUTEJILHO JIETKO BBIYHCIHUTH
KOJIMYECTBO OOpAa30BABIIUXCS OKUCJIOB a30Ta, UCIOJbL3YS

2 CnetyeT OTMETHUTD, 9TO B MUOHEPCKO paboTe [48] He yuuThIBaIach
TMOCIeHsIST peakiust U3 (6) M TeM CAMBIM BPEMSI YCTAHOBJICHUSI TEPMO-
IMHAMAYECKoro paBHoBecHs st NO B 00JaCTH HU3KHX TEMIEpATyp
0Ka3aJIOCh CHJIBHO 3aBBILICHHBIM H, COOTBETCTBEHHO, OBLIO 3aBBIIICHO
kosmuecTBo "3amopoxennoro" NO, o6pa3oBaBLIErocss NMpH pasjéTe
ropsiuero odJiaka.
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Puc. 13. Kunetmka BaxHBIX A aTMOC(EpHOH (OTOXMMHHM MaIbIX
COCTABJISIIOIINX (COSIMHEHHI) B HATPETOM CYXOM BO3ZIyXe IIPH Pa3HBIX
Temmneparypax: 5000 K (a), 3500 K (6) u 2500 K (B). ITpeacraBiieHb
3aBHCHMOCTH OT BpEMEHU OOBEMHBIX KOHIIEHTpANuil aTOMapHBIX a30Ta
N u kuciopoaa O, o3oHa O3 u coequnenuit asora NO, NO,, NO3 u N,O.
IroTHOCTS Bo3ayXa p, = 107* rem™3.

JIeTaJIbHYIO CXeMy KMHETHYeCKUX peakiuii. B paccmatpuBae-
MOM 3]IeCh CIIydyae JIMHEHHOTO MOJIHAEBOTO pa3psiaa AOMOJ-
HUTEJIbHBIM IIPEUMYIIECTBOM SIBJISIETCS CHMMETPUS pa3psiaa
— MOXHO pacCMaTpuBaTh 3Ty 3a7ady B IPUOMKECHUN
IIAHAPAYECKOR CUMMETPHUU.

B mpornecce Takoro paspsiia ra3 B CTBOJIE MOJIHUEBOI'O
KaHala 3a BpeMeHa TMOPSIKa HECKOJIbKUX MHKPOCEKYH[
Harpesaercs 10 Temnepatyp T = (2,5—3) x 10* K [58, 59].
ITpu Takux TemmnepaTypax MOJIEKYJISIPHBII a30T U KUCIOPO/T
SIBJISIFOTCSL TIOJIHOCTBIO JIMCCOIIMUPOBAHHBIMM, a4 CTENEHb
MOHM3aIMM B rase Osmska k eaunune. st ommcaHus
pacCIIMpeHusl TAKOTO IOpsiYero raza MOXKHO 0e3 orpaHuye-
HUs1 OOIIHOCTY IPHHSTH CIIETYIOIINE HaYyaIbHbIE ITAPAMETPBI
MOJIHUEBOTO KaHAJa: TEMIlepaTypa ropsiero Bo3ayxa 7T ~
~ 3 x 10* K, ero mjioTHOCTb p;, paBHA MJIOTHOCTH p, OKPY-
XKarolllero Bo3ayxa: p, ~ 107 r cM3, maBieHue okpyxaro-
mero Bozayxa p, ~ 0,1 6ap. HauanbHbIN paauyc MoOJIHHUE-

BOTO KaHaJa Iy & 3 cM, ero JymHa L & 5 KM. DT mapaMeTpbl
COOTBETCTBYIOT HepTUHU paspsga Ey ~ 10'° apr, uto sBs-
€TCSl TUIIMYHBIM ISl OJMHOYHOTO BO3BPATHOIO yaapa (CMm.,
Hanpumep, [58]).

B paccmMaTpuBaeMbIx YCIOBHUSIX HaYaJIbHOE JaBJICHUE pp, B
MOJIHHEBOM KaHaje py =~ 40 6ap (yuyTeHa MmoJiHasi IUCCOoIra-
[IUS MOJIEKYJI BO3/1yXa ¥ OJJHOKPATHAS MOHU3ANHUSI aTOMOB N
u O). Otnomtenue py/p, ~ 10 > (y+1)/(y — 1) ~ 10, e
y — ToKazaTelsib aauadaThl (U1 pacCMaTpPUBAEMBIX Mapa-
METpOB y = 1,2), cieoBaTe/IbHO, NMPU PACHIMPEHUN TOPS-
Yero BO3JlyXa MOJIHMEBOTO KaHalla 0o0pa3yeTcsi CHJIbHAS
yJapHasi BojiHa. HavyaibHYr0 CKOPOCTh YJIapHOU BOJIHBI Dy

MOXHO OIIEHUTH U3 cooTHoweHus: Dy~ /2py/(y+ 1)p,.

IMepBonayansHo 7 ~ 1,2u D ~ 6 x 10° cm ™.

OTMeTHM, YTO XapakKTepHasi CKOPOCTb paclpocTpaHe-
HHS BO3BPATHOTO YAAPA Vg 3HAYMTETBHO BBIIIE: vUps ~ 10° —
1019 cm ¢! [59-61], mo3TOMY 11 ONMCAHUS PACIIMPEHHUS
MOJIHUEBOTO KaHaJIa HanboJiee aJIeKBATHBIM SIBJISIETCS] TIPH-
OJIMDKeHUE IMJIMHIPUYECKOTO CUJILHOTO B3pbIBa. B 3TOM
cllyuyae CKOPOCTh yAapHOW BOJHBI D 3aTyxaeT ¢ yBeJInue-
HHEM PACCTOSIHUS 1 OT JIMHUM B3pbiBa: D ~ Dy(ro/r). Temne-
patypy 3a GporToM VB Tt MOKXHO ONIEHUTD U3 COOTHOIICHUS
[42] Tt o< pr/py = pe/pa(y = 1)/ (v + 1) o< D? o< r 2. B enyuae
MOJIHUEBOTO KaHAJIa BPEMsl OXJIAKICHUS ra3a OlCHUBACTCS
KaK T, ~ I'/Cs ~ 1073 ¢, roe r, — paauyc MOJIHHEBOTO
kaHaima (r~1 M), ¢g — CKOpPOCTb 3ByKa B HAarpeTom
Bo3ayxe. [Ipu atom Temmepatypa 3axanku NO, Kak JIETKO
yoenutbest u3 puc. 11, paBHa mpumepno 2500 K. Torma
koau4ecTBo okucu azora NO, "zamopoxennoi" B mpouecce
pacIIMpeHus MOJHUEBOIO KaHaJla, COCTaBUT IpumepHo 1 %
OT Macchl BO3/lyXa, HArpeToro 10 TEeMIEePaTyphl, NPEBHI-
LIAFOLICH TEMIIEPATYPY 3aKajaku T,; 3TO KOJIMYECTBO, KAK
MO’HO TMOKa3aTh, CIa00 3aBUCHT OT BeJWYUHBI T, a KO-
JINYECTBO 0OPA30BABIIIEHCS OKMCU a30Ta HAa CIUHHILYy JHEP-
UM pa3psga cyiado 3aBUCHT OT JABJICHHUS OKPYXKAIOIIETO
BO3/1yXa .

OnHako 3HAYUTENLHO TOYHEE KOJIMYECTBO O0Opa3oBaB-
IIUXCSI IPH pa3psiie OKMCIOB a30Ta MOXET OBITh Ompefe-
JICHO TIPH YHCJIEHHOM MOJETUPOBAHUN DPACIIUPEHUS MOJI-
HUEBOT'O KaHAja C WCMOJb30BAaHUEM pPEajbHOIO YpaBHEHUS
COCTOSIHUS ropsiuero Bozayxa [57]. Hekotopble pe3ybTaThl
TaKOro MOJIEJIMPOBAHUs TIPUBEJEHLI HA puc. 14, rae mpea-
CTaBJICHA JBOJIIOLHUS MOJHHEBOIO KaHaJa: MOKA3aHbl 3aBH-
CHMOCTH TeMmepatypbl 7' W IUIOTHOCTH p OT BPEMEHU WU
JIATPAHXKEBOW MAcCOBOW KOOPIUHATHI . XOPOIIO BUIHBI
(hopMupoBaHue yIapHOU BOJIHBI 1 0Opa30oBaHKE HA TO3HEN
cTaauu pa3naéra TEMIOro MOJHUEBOIO KaHaIa MOHUKEHHON
IUIOTHOCTHU. 3/1eCh CHCTeMa YpPaBHEHW ra30BOW JTMHAMUKU
pemanack ¢ MOMOIIbIO MOAU(DUIMPOBAHHOTO IBYMEPHOTO
TUAPOAMHAMHUYECKOTO KOJIa, alpoOUPOBAHHOIO TIPU pellle-
HUHM psiia 3a/lad O BBICOKOCKOPOCTHOM B3aMMOJICHCTBUA
yIapHUKAa C MUIIEHBbIO (KOTOpbIE BO3HHUKAIOT, HAIPUMED,
IIPU ONIMCAHUU TOPMOJKEHUSI KOMEThI/acTepouia B aTMocde-
pax miaHet u ap. [62—66]).

Vka3aHHbIe pacu€Thl NOKA3bIBAIOT, YTO KOJIMYECTBO 3a-
kanéaHoro NO B CTBOJIE MOJIHUEBOT'O KaHAJIAa COCTABIISET
npuMepHo 2—3 % (4T0 OJM3KO K OICHKAM, IPUBEIEHHBIM
BBIIIIE) OT NMEPBOHAYATILHO HATPETOTO B pa3psiie BO3IyXa;
OTCIOJIA JIETKO ONPEAETUTh JHEpreTUYecKHe 3aTpaThl Ha
obpazoBanue oaHoit Mojekysiei NO P(NO) — oHu mMoryt
ObITh oneneHsl kak 70—100 3B Ha Momekyny. MHTepecHO
CPaBHUTDH 3TOT Pe3yJIbTAT € 3PPEKTUBHOCTHIO 0OPA30BAHUS
NO B mnasmorpone [67]: B aToM ciyuae (P(NO) =~ 10 3B
HAa MOJICKYJly) W XHMHYCCKHX B3pBIBaX B Bo3ayxe [42]
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Puc. 14. ITpocTpaHCTBEHHO-BPEMEHHASI 3BOJIFOLHS JINHEIHOTO MOJIHHE-
Boro kaHaJja. [TokazaHbI KauecTBEHHBIE 3aBUCHMOCTH TeMIepaTypsl T (a)
1 IJIOTHOCTH p (6) OT BpeMEHN 1 MAaCCOBO JIar PaHXXEBOH KOOPMHATHI /.
T10THOCTL OKpYy*aroiero Bo3ayxa p, = 1074 r em~3. Xoporo BuaHs!
(dbopmupoBanue yoapHOU BOJHBI X 00pa30BaHHe TOPSIYETO MOJHHEBOTO
KaHaJa C IOHIDKEHHOM 110 CPaBHEHHUIO C p, MIOTHOCTLIO.

(P(NO) =~ 150—200 3B na moJexyiy). HexoTopble oreHkn
P(NO) npusenens! B [68], corstacHo atuM onernkam P(NO)
Bapbupyetcs B npenenax 30—200 3B Ha monekyiry. OTHOCH-
TeJIBFHO OOJIbIIAs SHepreTHyecKkas neHa oopasosanns NO B
cilyyae XMMUYECKHX B3PBIBOB CBsI3aHa C OOJIbIIINM IPOCTPAH-
CTBEHHBIM MacIITabOM mpolecca U, COOTBETCTBEHHO, C
OGOJBIIM XapaKTEPHBIM BPEMEHEM OXJIAXKICHUS TOPSYETO
rasa — OKHCh a30Ta B TaKuX yciaoBusX 3((dexTuBHEEe KOH-
Beprupyercs B Ny u O,, B COOTBETCTBHH C JaHHBIMU puc. 10.

HekoTtopsle pe3yiabTaTsl 00pazoBanus NO ¢ yuéTom ra-
30IMHAMUYECKHUX MPOLECCOB OOPa30BAHMS yIAPHOU BOJIHBI
U pACIIUPEHHUs] MOJHHEBOIO KaHajla TPEeACTaBJIEHbl Ha
puc. 15, rme moka3zaHa 3aBUCHMOCTD KoHmeHTpanun NO ot
BPEMEHHN JII HECKOJIbKHX JIATPAaHXEBBIX KoopamHAT. XO-
POIIO BHJEH IPOLECC 3aKAJKU OKUCU a30Ta B PACIIUPSIIO-
mwemcst raze. OTMETUM, 4TO €CJIM HadaJIbHasi TeMIepaTypa B
CTBOJIE MOJIHEBOT'O KaHaJla OTHOCUTEIBHO HEBBICOKA, T ~
~ 2 x 10* K, To ok1ch a30Ta 06pa3yercs IJIaBHBIM 06pa3zoM
B obOiacT;m pa3psima, B TOpsiYeM CTBOJe, a BKJIax YB
HesHaunTesleH, BesimunHa P(NO) mpu 3ToM €j1abo 3aBHCUT
OT AABJICHUS] OKPY>KAIOLIErO BO3AyXa U SIBJISIETCS IPUMEPHO
onHo# 1 Toii ke (P(NO) = 100 9B Ha MoJIeKyJIy) Ha BBICOTAX
Tpomnocdepbl U HIKHEH cTpaTochepst. st MOITHBIX pa3psi-
JOB U BBICOKMX HauambHbIX Temmepatyp (T~ 3 x 10* K)
CUTYalusl MPOTUBOIIOJIOXKHAS: yIapHAas BOJIHA UTPAeT KITIO-
YeBYIO POJIb B 00pa30BaHNM OKHCH a30Ta.

Wraxk, npu paspsiae MoJHIUM 0Opa3yeTcst 00IbIIOoe KOJIH-
yecTBO NO, npu4éM B CTBOJIE MOJHUEBOTO KaHaJla YPOBEHb
NO 3HaYUTENBHO BBIIIE, Y€EM B HEBO3MYILIEHHOM OKPYKaro-
meM Bo3ayxe. Hampumep, HauabHASE KOHIIEHTpAIHS 3aKa-
JnéHHON okucu azota B Té€mioM (7 < 2500 K) monnneBom
Kamane mopsmka me ~ 108 -10"7 em3 s tumrasoro
BO3BPATHOTO pa3psiia Ha BBICOTaX, rae p, = 0,1 6ap (uto
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Puc. 15. (B uBere onmaiin.) O6pa3zoBanue okucu azora NO 3a ppoHTOM
yIApHOI BOJIHBI NPH PACIIMPEHUH JHHEHHOrO MOJIHHEBOTO pa3psija.
IpescraBieHbl 3aBUCMMOCTH KOHUEHTpauun NO OT BpeMeHH JUIsl He-
CKOJIBKMX MACCOBBIX JIATPAHKEBBIX KOOP/MHAT HA PA3HBIX PACCTOSIHUAX
OT ocu cuMMeTpur. VI3MeHeHne IBETa KPUBBIX OT KPACHOTO K JILJIOBOMY
COOTBETCTBYET YBEJMYEHUIO PACCTOSHUS OT IEHTPAJbHON 0bsacTu pa-
3psifa. YEpHble KPUBBIE COOTBETCTBYT IPAHMYHBIM OOJIACTSIM pa3psiaa, B
KOTOpBIX pon3BoacTBO NO MeHee 3¢ hexTruBHO. XOPOIIIO BUIHA 3aKal-
ka NO Ha GOJIBIIMHCTBE U3 IPEICTABJICHHBIX 3aBUcHMOcTell. [1oTHOCTD
OKpyXaromiero Bosayxa 1074 r cm 3.

COOTBETCTBYET BBICOTE IPUMEPHO 15 KM), B TO BpeMs Kak B
OKPYXAIOIIeM BO3[yXe Ha BBICOTAax crpaTtocdepsl "kBasu-
paBHoBecHas" (ompezessieMas YPOBHEM COJIHEYHOM aKTHUB-
HOCTH ¥ (DOTOXMMHMYECKHMH TPOLECCAMHU) KOHIIEHTPAIIUS
NO o6brHO He mpesblaeT i, < 10° ecM~3, T.e. 3Haum-
TesbHO Hike. TIporeccsl TypOyJEHTHOTO TEPEMEIUBAHUS
u nuddy3un ymeHbIaoT ypoBerb NO B CTBOJIE MOJHHEBOTO
KaHaa, GopMupyst B HEM KOJIOHKY BO3/1yXa C CHIIbHOHEPAB-
HoBecHbIM copepxkaHueM NO. IIpocTpaHCTBEHHO-BpPEMEH-
HEIE TIApaMETPBl TAKOW KOJIOHKA MOTYT OBITh OIEHEHBI U3
penenus ypasaenust 1uddysun 6e3 yuéta pOTOXUMUYECKUX
MIPOIIECCOB; 3TO PEIICHUE UMEET BUJT

exp (—r2/Kpt)

I’lNo(I’, l) X ;

)

rae Kp — xoapdunueHt typOyaeHTHON muddysuu, koTo-
peIi B cTpaTocdepe U BepxHeil Tpomochepe MOKET ObITh
oleHéH u3 cooTHomenns Kp ~ 8¢ cm? ¢! [69]. Torma
JIETKO MOJIYYHTh OLEHKY PaHMalbHOTO pa3Mepa rq KOJIOHKH
¢ HepaBHOBeCHBIM comepxanueM NO: rg ~ (nes) /nﬁo)l/ ?x
~ 100 M. XapakTepHoe BpeMsl )KU3HU Ty TAKOU KOJOHKH IO
OTHOIIICHHIO K IEPEMEIIMBaHNIO 1 11 (HY3nOHHOMY pacIUIbI-
BAaHUIO MOXHO OLECHHUTHh M3 COOTHOIICHHS Iy ~ /KpTq ~
~ 315’3, otcrona tq ~ 300 c.

M30BITOK OKHCH a30Ta B TAKOM KOJIOHKE BO3/TyXa CO3/1aéT
Ha CTpaToCc(epHBIX BHICOTAX JIOKAJIBHYIO ICIPECCUIO 030HA,
o0ycioBieHHyr0 KaTtayutudeckod peaxmueir NO + Oz —
— NO; + O, ¢ KOHCTaHTOM

ky~4x 10" 2exp (—%) em® e,

OTmeTuM, 4TO BpeMs XHM3HH Tno, ABYOKHcH azora NO-,
obOpa3yroleiicst B 3TOH peakiuu, MO OTHOIIEHUIO K (POTO-
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a3y (NO; + hv — NO + O), B xoTopom o0pasyroruiics
aTOM KHCJIOpPOJIa UIET IJIaBHBIM 00pa3oM Ha BOCCTAHOBJIC-
e o30Ha (O +O+ M — O3+ M), cocTaBisieT OKOJIO
100 c, t.e. mopsiaka t4. CiiemoBaTesIbHO, paaMaIbHBIN
pasMep KOJIOHKH Fo;, B KOTOPOW O30H MPAKTUYECKH IOJ-
HOCTBIO pa3pylleH, MOXHO ONpEACIUTh U3 COOTHOIICHUS
[k3nno (Fozs 1)] ' & Tno,. TIpH paccMaTpuBaeMbIX Iapamer-
pax MOJHHEBOTO yAapa 3TO Ha€T ro, ~ 100 M.

Taxum 00pa3oM, MOJTHHEBBIN pa3psia B HUKHEH CTpaTo-
chepe co3ma€T JoKaJIbHyO (C MacmTabom nopsaka 100 M)
TPaH3MEHTHYIO (C XapaKTepHbIM BpeMeHeM KHU3HH TOPSIKa
100 ¢) penpeccuro o3ona. Ilpu 3TOM paspsin B HUXKHEH
crpatocdepe (h > 15 km) yauurokaer ~ nr2,d0,Lps ~ 3 Kr
030Ha, TAe d,, — MaccoBas J0JII 030Ha Ha paccMaTpuBae-
MBIX BBICOTaX. 3/€Chb MBI HE OIICHUBAEM JOTMOJHUTEILHOE
oOpa3oBaHUe OKHCH a30Ta MpU Mpodoe BO3ayxa Ha yberaro-
X 1eKTpoHax [59, 70, 71]. Taxoif mpoboit yacto HabIIro-
JTAETCSl B MOJIHUEBBIX pa3psiax, HO 3Q(PeKTHBHOCTh 00pa-
3oBanusi NO B pe3ysibTaTe NEHCTBHS 3TOTO MeXaHM3Ma B
Tponocdepe u crparocdepe, Kak JIETKO MOXHO IOKa3aTh,
HE3HAYUTEJIbHA TI0 CpaBHEHMIO ¢ 3(P(PEKTUBHOCTHIO 0Opa3o-
BaHus NO 10 TEeIJI0BOMY MEXaHU3MY 3eJIbJ0BUYA.

Cymmapusiit Bkiaz (~ 10° pa3psmoB B T0I) MOJTHHEBBIX
pa3psiioB B 0Opa30BaHUE OKUCIOB a30Ta MOXET COCTABIIATh
~ 20 % OoT ux 0011ero NPOoU3BeIEHHOI O KOJINYECTBA, OJHAKO
J10J151 cTpaTochepHBIX Pa3psiioB, KOTOPbIE MOTYT BIUSTDH HA
YPOBEHBb 030HA, OTHOCUTENIHLHO MaJia, moaToMy Bkjiam NO B
paspyienre o30Ha He3HauuTesieH. OTMETUM, 4TO 00pa3o-
BaHUE OKUCH a30Ta B TOPSUEM CJIe/Ie METEOPOHIa U TOCIe-
Jlyrolllee pa3pyllieHue Oo30Ha [65] coBceM HeNaBHO ObLIM
MOATBEPXK/ICHBI CITYTHUKOBBIMU HaOJroeHusimu (Meteosat)
Yensbunckoro meteoputa B pespatie 2013 r. [72].

5. 3ak/rouenue

B Hacrtosmem o030pe mpeiacTaBlieHO pa3BUTHUE HUICH
S1.B. 3enbroBuYa, psii U3 KOTOPBIX OH HPEJIOKMII elié B
cepeaune 30-x rogoB XX Beka, OyIyuyd COBCEM MOJIOJIBIM,
BaILATUJIIETHUM, 4YejioBeKoM. IIpakTtuuecku Bce ero pa-
OOTBbI, PACCMOTpPEHHBIC BBIIIIE, HAYMHAS C ONMHCAHHS BOJIH
TOPEHUSI U TEOpUU IETOHAIMH 1O BBISBJICHHUS MEXaHH3Ma
OKHCJICHHSI a30Ta, BBIPOCJIU B KPYHHBIE HANPABJICHUS U
oTpaciu (pyHIAMEHTAJIbHON W MPUKJIAIHOW HAYKHA M 3a4a-
CTYIO ONPEIeNINIIN UX pa3BUTHE. A BEIb 9TO TOJBKO HEOOIb-
masi YaCTh €ro TMTaHTCKOro BKJIaJla B (DyHIAMEHTAJBbHYIO
Hayky. Ecim x sToMy emié 1o6aBuTh MOMYJISPU3ATOPCKYIO
JIeATEJIbHOCTb, TO CTAHOBUTCS MOHSTHO, KAKOW YHUKAJIbHOU
JimaHOCThEO ObLT S1.B. 3enbaoBuy.
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From combustion and detonation to nitrogen oxides
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This paper looks at Ya.B. Zeldovich’s ideas on the combustion and detonation physics of gas mixtures and how they evolved as work in
this field progressed. The paper demonstrates the fundamental role of Zeldovich’s concept of spontaneous combustion wave in studying
transient initiation processes for various combustion regimes and in determining the energy and concentration inflammation limits for
combustible gas mixtures. It shows how his notion that flame front stretching crucially influences flame acceleration in channels explains
in a new way the deflagration-to-detonation transition in highly reactive gaseous mixtures. Most of the presented results were obtained
by simulation, allowing Zeldovich’s ideas to be extended to the combustion of real gaseous mixtures, where chemical reactions and
gasdynamical flows add hugely to the complexity of the problem. The paper concludes by using Zeldovich’s mechanism to assess the
amount of nitrogen oxide produced by a lightning discharge.
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