TEMJIOBbIE NMPOLUECCDHI B TEXHUKE. 2021. T. 13. Ne6. C. 269-274

VJIK 532.5

BnvsaHue NHrM6muTopoBsB

Ha goropaHue n o6pasoBaHue BpeaHbIX BbIGPOCOB

Ha 6osbLUMX BbiCOTaX

B.3. Nonos

Mockosckuil asuayuoHHbIL UHCMUMYM (HAYUOHATbHBIU UCCIe008AMENbCKULL YHUBEPCUMEM),

Mockea, 125993, Poccus
e-mail: vario999@mail.ru

DOI: 10.34759/tpt-2021-13-6-269-274

[Toctymmna B penakiuio 25.04.2021
[Tocne mopadotku 19.05.2021
[punsTa k myonukanuu 28.05.2021

IIpoBoauTCS aHANTU3 PacyeTOB KOMIIOHEHTOB IJIAMEHH CTPYH Ha BBICOTaX ¢ Y4€TOM UHTUOU-
TopoB. Ilo pe3ynapTaTaM pacuera HOPMHUPYIOTCS PEKOMEHIANNH TSI KOMIIOHEHTOB TOIUTHBA LIS

YMEHBLICHUS 3arPsI3HEHUS OKPY KaIoLIe Cpepl.
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BeepeHue

Ha BricoTax nonera ot 0 10 ~50 KM B BBIXJIOI-
HOM CTpye PaKeTHOro JIBUraTelisi MPOMCXOIUT J0-
ropaHue, KOTOPOe COMPOBOXKIACTCS WHTEHCUBHBIM
TEIUIOBBIZICTICHUEM M MOBBIIIEHHEM KOHLIEHTpAIHHA
CBOOOIHBIX PaJUKAIIOB. DTOT (PU3UKO-XUMHUYIECKUI
3¢¢deKkT cuuTaeTcs OTPULATENbHBIM (PaKTOPOM.
Bo-nepBbIX, BClEICTBUE OTOpaHUs MOBBIIIACTCA
TEeMIIepaTypa B CTPYyE, UTO 3HAYUTEIBHO BIMIET Ha
TEIJIOBOE 3arpsi3HEHHE B atMocdepe, BO-BTOPHIX,
MIPOUCXOANT TOBBIIICHHBIN BBHIOPOC BPEIHBIX Be-
miecTB B arMocdepy, 4YTO MOXKET TPUBOJIMTS,
HanpUMep, K pa3pylIeHUIO0 030HOBOT'O CJIOS B CTpa-
tocdepe. HakoHer, B-TpeTbHX, BBICOKOTEMIIEpa-
TypHasi JOroparomias CTpys MOXKET BO3AEWUCTBO-
BaTh HA CTAPTOBBIA KOMIUIEKC, Ha JOHHYIO 00J1acTh
pakeTsl M Ha TIEPBYIO CTYMEHb PaKEThI MPH pasfe-
JIEHWUU CTYTICHEH.

B Poccun u 3a py0e:xoM M3y4EHHIO YKa3aHHbIX
3a/1a4 yAeseTcs onpeielieHHoe BHUMaHue. Tem He
MeHee JaHHas npolsemMa HUCCIeqyeTcs HelocTa-
TOYHO TIOJHO W TpeOyer emie Oosee TIYOOKOTO
n3ydeHus. B sTom 1urane oOmmpHOE ToJe Hcciie-
JIOBaHUW MOXET OBITh CBSI3aHO C TMPUMEHEHHUEM
MHTUOUTOPOB IS MTOJIABJICHUS BPEIHBIX BHIOPOCOB

B atMocdepy. Hampumep, pemienuto 3toii npooie-
MBI TIOCBsIEHBI pabotel Mak Xeitna (1975) [1],
Poccepa u np. (1959-1963) [2, 3].

AHanu3 3THX paboOT Moka3aj, 4TO B HUX pac-
CMaTpPHUBACTCSl BIHMSHUE WHTUOMTOPOB Ha BHIOPOC
BPEIIHBIX BEILECTB B MEIIKOMACIITAOHBIX PAKETHBIX
nsurareisx. I[loaromy ckiaapiBaeTcsi BIedatiie-
HUE, YTO Uil KPYNHOra0apuUTHBIX JBHUraTesen
IPUHIMII MCHOJIb30BAHUS MHTHOMTOPOB HE pado-
TaeT. bosiee Toro, B paborax oTMeuaercs, 4To J10-
OaBjieHHE Jla)ke OYEHb OOJNBIIOrO KOJIMYECTBAa HH-
rHOMPYIOIIUX BEUIECTB B (hakesd MOIIHOTO JBUra-
TeJsl He MPUBOAUT K IOAABIEHUIO JOTOpaHHs U
Jla’ke Ha000pOT MOBBIIIAET CBETUMOCTD (haKea.

Ha wam B3rmsiq caenaHHble BBIBOJBI HEKOP-
PEKTHBI, YTO OOBSACHSETCA KAYECTBEHHO pa3iny-
HBIMM 3HaUEHUSAMU uncen JJamkenepa i MaibIX U
Oonpmux asurateneil. Kpome Toro, B kauecTse
MHTMOUTOPOB 4allle BCEro HCHOJIb3YIOTCS METall-
JIbl, TeMIepaTypa KOHJEHCAIMM U Ja)Ke KpHCTaj-
JU3alUU KOTOPBIX MOKET OBITb 3HAYUTEJIBHO BbI-
1le cTaTMYeCKoW Temmeparypsl (akena. B stom
IUTAHE OYEHb aKTyaJIbHbI UCCIICOBAHUS MTOBEACHUS
MEePEeOoXJIaXKICHHBIX MapOB METAJUIOB U HEpPaBHO-
BECHasl KUHETUKA UX KOHACHCALlUU.
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Taxum oOpa3om, poOiieMa HCIIOb30BAHUS H-
THOUTOPOB B YIYUIICHHH AKOJOTHH aTMOcC(hepsl
3eMaM BCe elIe OCTaeTcsi OTKPHITOH W Tpelyer
JIaTbHEUIINX UCCIIeIOBAHUIA.

1. MNocTaHOBKa 3apa4u

OCHOBHBIE ypaBHEHMsI COXPAaHEHHUS — KBa3Wra-
30[JMHAMMYECKUE YPABHEHMs, 3allUCaHHbIC MJIs
pa3peKeHHOr0 ra30BOM CMeCH, UIMEIOT CIIEAYIOIIHIA
BU/I:
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Jlns ompeneneHust KOHCTaHTBI CKOPOCTH 00pa-
30BaHUS XUMHUYECKUX KOMIIOHEHTOB HCIIOJIb3YETCS
dbopmyna AppeHuyca

K=A4-TP .exp(-E /(R-T)),

rae A — npeIPKCIOHEeHIUANbHbIN (akTop; f — TeM-
NepaTypHbIi MOKa3aTenb; £ — dHEprusi akTUBALUU
peakuuu; 1T — Temmeparypa; R — yHUBepcallbHas
ra3oBasi IOCTOSIHHAS.

Kak mnpaBuino, MOXHO 3KCIEPUMEHTAIBHO
ONPEAEIUTh KOHCTAHTHI NPSAMBIX pPEaKLMH, TOTJa

oOpaTHBIE OMpeNeNsATCs Yepe3 aIrmpOKCHUMAIHIO,
HampuMep, Kak cejano B padore [5].

Haubonee yacTo ucnonb3yeTcst cucTeMa peak-
uuit Konspa, npusenennas B Ta0:. 1.

B Tabn. 1 ucnonb3yrorcs crangapTHelie A Qu-
3MYECKON XMMMH Pa3MEPHOCTH: CM°, MOJIb, ¢, Kal, K.
Ckopoctu peakmuii 14 u 19 GepyTcst Kak CyMMBI
NIBYX BeIpakeHuH. B peakiusix 9 u 15 BepxHee BbI-
pakeHHE HCIONb3YeTCsl MPU OOBIYHBIX U HHU3KHUX
JIABJICHUSAX, HUKHEE — MPHU BBICOKHX. Y TE€X KOM-
MIOHEHTOB, JIJIsl KOTOPBIX OTCYTCTBYET HH(pOpMAIUs
B MIPaBOM CTOJIOIE TaOIHUIIBI, Y3PPEKTUBHOCTD TpE-
TBErO TeJIa IPUHUMAETCS paBHOM 1.

2. AHannM3 MHrM6MUTOPOB Ha AoropaHue

W3BecTHO [6], 4TO MHOTHE MeTalIbl (HapuMep,
Fe, K, Mo, W, Ba, Sn, Cr u ap.) 0Ka3bIBatOT UHTH-
Oupyroliee BO3/I€HCTBHE Ha MTPOIECCHl TOPEHUSI.

OTO BO3/AEHCTBHE OCHOBAHO HA MEXaHHU3ME
MIPOTEKaHUsI Ipollecca TOPEHHs YIIIEBOAOPOIOB B
KHCIIOpO/IE.

Haubonee ObicTpo mpoTekaromue IEenHbIE pe-
aKIUH

H+0, > OH+O0,
O+H, - OH +H,
OH+H, - H,0+H

MPUBOJAT K OBICTPOMY M MOIIHOMY BO3pacTaHUIO
KOHIEHTpauuil cBoOonHbIX pagukaioB H,O,OH.
HNmenHo uepe3 3TH pajMKalibl M OCYLIECTBISAETCA
IIPOLIECC TOPEHUSL.

I'openne MOHOOKHMCH yriepoia Takxke IpoXo-
IUT 4Yepe3 paduKall, NMPUBOJAA K 3aMEHE OIHOI0
CBOOOTHOTO pauKaia JpyTruM:

CO+OH — CO, +H.

Brinoc CBO6OI[H]'::IX paaukKajioB U3 IIaMCHHU
OCYHIECTBJIAACTCA 3a CUCT OUYCHb MCIJICHHBIX pCak-
L[I/Iﬁ C TPETbUM TCIIOM:

H+H+M —H, +M,
H+OH+M — H,0+M.

VYKazaHHBIE BBIIIE METAIJIBI MOTYT CBSI3bIBATH
cBOOOJHBIE panukanbl. VI 3T0 B ompeneneHHBIX
YCIIOBHSAX MOXKET NMPHUBOANTH K MOJABICHHUIO TOpe-
HUSl, B YACTHOCTH K TOJABJICHUIO IOTOPAaHUs CTPYH
paketHoro asuratens (PJI).

B paborte [2] npoBeneH 3KCHEPUMEHT MO BIIUS-
HUIO TPUCAIOK COCMHEHUH KaJlns Ha IMpoIecc J0-
ropa”ust B CTpye TBepaoTormBHoOro P/l n ee u3-
JTydeHue.
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Tab6umna 1. Cucrema peaxnmii Konspa

Fy By Dddex-
No Peaknus THBHOCTh
A B E A p E 3-ro Tena
1 H+0, = O+OH 1.915E+14 {0.00 1.644E+04 |5.481E+11 |0.39 —2.930E+02
2 O+H, = H+OH 5.080E+04 |2.67 6.292E+03 |2.667E+04 |2.65 4.880E+03
3 OH+H, = H+tH,O 2.160E+08 |1.51 3.430E+03 [2.298E+09 |1.40 1.832E+04
4 O+H,0 = OH+OH 2.970E+06 |2.02 1.340E+04 | 1.465E+05 |[2.11 —2.904E+03
5 H,+M = H+H+M 4577E+19  |-1.40 |1.044E+05 |1.146E+20 |-1.68 8.200E+02 |H./2.5/
H,0/12.0/
6 O0+0O+M = O,+*M 6.165E+15 [-0.50 |0.000E+00 [4.515E+17 |[-0.64 1.189E+05 |Hy/2.5/
H,0/12.0/
AR/0.83/
7 O+H+M = OH+M 4714E+18 |-1.00 |0.000E+00 |9.880E+17 |-0.74 1.021E+05 |H»/2.5/
H,0/12.0/
AR/0.75/
8 H+OH+M = H,O+M 4.500E+22 |-2.00 |0.000E+00 |1.912E+23 |-1.83 1.185E+05 |H,/0.73/
H,0/12.0/
AR/0.38/
9 H+O,+M = HO, +M 3.4820E+16 |[—0.411 |-1.115E+3 Hy/1.3/
H+0, =HO, 1.475E+12  |0.60 0.000E+00 |3.090E+12 |0.53 4.887E+04 |H.0/14.0/
AR/0.67/
10 |[|HO,+H = H,+0, 1.660E+13 |0.00 8.230E+02 |[3.164E+12 |0.35 5.551E+04
11 |HO,+H = OH+OH 7.079E+13  [0.00 2.950E+02 [2.027E+10 |0.72 3.684E+04
12 |HO»+O = OH+O, 3.250E+13 [0.00 0.000E+00 |3.252E+12 |0.33 5.328E+04
13 | HO,+OH= H,0+0, 2.890E+13 [0.00 —497. 5.861E+13 |0.24 6.908E+04
14 |HO2+HO2 = H202+02 4.200E+14 |0.00 1.198E+04 [4.634E+16 |-0.35 5.067E+04
1.300E+11 |0.00 —1629. 1.434E+13  |-0.35 3.706E+04
15 |H,0, +M = OH+OH+M 1.202E+17 {0.00 45500. Hy/2.5/
H,0, = OH+OH 2.951E+14 |0.00 4.843E+04 |3.656E+08 |1.14 —2.584E+03 | H.0/12.0/
AR/0.64/
16 |H,O,+H = H,O+OH 2.410E+13  [0.00 3.970E+03 |1.269E+08 |1.31 7.141E+04
17 |H,O,+H = H,+HO, 6.025E+13  [0.00 7.950E+03 1.041E+11 |0.70 2.395E+04
18 | H20,+0 = OH+HO, 9.550E+06  |2.00 3.970E+03 |8.660E+03 |2.68 1.856E+04
19 |H,0,+OH = H,O+HO, 1.000E+12 |0.00 0.000E+00 |1.838E+10 |0.59 3.089E+04
5.800E+14 |0.00 9.557E+03 1.066E+13 | 0.59 4.045E+04

PaccmaTtpuBaercss ABUratesnb CO CICAYIOIIMMU
napaMeTpamHu:

—T1sira — 222 H;

— naBlieHUe B Kamepe — 68.95 ap;

— cocTaB Ha cpe3se coria (% MoJl. 10JH):
CO=126.6, H>=17.8, N2 =228,
CO;=14.4, H,O=18.2.

Temnepatypa Ha cpese comna — 1334 K. 13me-
psutock MK-u3nydenue Qaxena B quamna3oHe JUTHH
BoJH 4.08—4.96 mxm. [Ipenmnonaraercsi, 4TO UHTHU-
Oupyroliee BO3ICHCTBUE Kallusi 0OYCIIOBICHO B OC-
HOBHOM CIIEAYIOIIEN CXEMOM:

KOH + H 2 K + H,0

K+OH+M =KOH + M

Pe3. H + OH — H,O0.

Jlnst mpoBepKM MOJENM TIPOBEICH pacydeT IIo
pa3paboTaHHOM METOJMKE C HUCHOJIb30BaHUEM
TTOJTHOW CHUCTEMBI peakIuii kainus (Tadi. 2).

[Tony4yennsie pe3ynabTaThl TPEACTABICHBI B
Tabsn. 3.

B pab6ore [6] moka3zaHo, uTO razoo0pa3HbIe CO-
€IMHEHUS jKelie3a OKa3bIBalOT ellle Oosiee CUIIbHOE
WHTHOMpPYIOIEe BO3JACUCTBUEC HAa JOTOpPAHHE, YeM
KaJaui.

OnHako SKCIEPUMEHTANIBHBIC WCCISI0BAHUS
[7, 8] moka3anu, 4TO, K COXKAJICHUIO, COCAUHEHUS
xele3a ObICTPO KOHJCHCHPYIOT M MEPECTar0T OKa-
3bpIBaTh MHTrHOUpYytolee BozaeicTBHe. OCOOEHHO
OBICTPO DTOT TPOIECC MPOXOAUT TPH HATUIHH
LEHTPOB KOHJeHcaluu, Hanpumep uyactul Al,O;,
YTO JIENIaeT JKEJIe30 COBEPIICHHO HEMPUEMIICMBIM
WHTHOUTOPOM JIJISl TBEPAOTOTUTUBHBIX PJI.
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Tabéauua 2. Peakuuu Kajaus

Ne CKOpOCTh MPSAMOM peax-
/11 Peaxus IIUU [MOJIEKYJIBI, M, C|

1 |KOH+H=K +H,0 1.8e—11*exp(-1000/T)

2 |K+OH+M=KOH+M|1.5e-27 * T**(-1)

3 |[IK+0,+M=KO,+M |[3.e-27 * T**(-1)

4 |KO,+ H,=KOH + OH |5.e-12*exp(-10000/T)

5 |KO;+ OH=KOH + O, |2.e-11*exp(-2000/T)

6 |K+HO,=KO,+H 1.e—11*exp(-1000/T)

Tab6umna 3. Pe3yJbTaToB pacyeTon

Uznyuenue [(B1/Cp)/(xr/cex)]
HNurundurop
9KCIIEPHUMEHT pacuer
Her 448 442
K,S0, 35 41
KHCO, 35 41
K,C,0, 31 41
25E+07
2E+07 [
a0 ,
w i
=1.5E+07 |
3] i
= B
0 1E+07
5E+06 —
0g 10 40 50

L 1
20 30
H, KM
Puc. 1. 3aBucumocts uznydenus ¢akena P/l ot BeICOTHI mojera:
1 — 6e3 uaruduropa; 2 — 3% xamus; 3 — 5% Kanus; MyHKTHD —

pacdeT co CPBIBOM JOTOPAHHUS

10*‘-
I 105;—
10’5%—
107(; 10 40 50

1 1
20 30
h, KM
Puc. 2. 3aBucMMOCTh MaKCUMaJIbHON KOHIIEHTpauuu panukaia H

OT BBICOTHI TouieTa: / — 6e3 marnouTopa; 2 — 3% kamus; 3 — 5%
KaJust

[TosToMy B mampHENIIMX pacyeTax MCIOJIb30Ba-
JIUCH TOJIBKO COEIMHEHUS KaJIHs.

Jnia aHanu3a Obla UCIOJIb30BaHA CTPYS PaKeT-
HOTO ABUTATEIIA.

10°

107
o 10°
b4

10°
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LM 1 e ) L) s

40 50

1075 10 20 30
H, KM
Puc. 3. 3aBucuMOCTh MaKCUMaJIbHOI KOHLIEHTPALMU pajuKaia
NO ot BbIcOTHI IOJNIETA: [ — 6e3 uHrHOUTOpa; 2 — 3% Kamus; 3 —

5% kammus

Ha puc. 1 mpencrasiena 3aBUCUMOCTD H3ITyde-
Hus ¢akena PJ{ oT BBICOTHI MosieTa ¢ MCIOIb30Ba-
HUEM ¥ 0€3 UCTIOIB30BaHM HHTHOUTOpA.

Buano, uto Ha BhICOTaX J0 ~25 KM HalIudue
MHTUOUTOpA HE CHMXKAET M3IYYCHHE M JaKe He-
MHOTO yBeIn4uBaeT ero. CBsA3aHO 3TO C TE€M, YTO
JoropaHie OJM3KO K PAaBHOBECHOMY, KaJui
YMEHBIIAET KOHLEHTPALMIO PaJAUKAJIOB (YTO MpPH-
BOJIUT K HEKOTOPOMY YBEIMYCHHUIO KOHIICHTPALUU
MPOJYKTOB CrOpPaHUs), HO ATOTO yHOCA PaJUKaIOB
SIBHO HE XBaTaeT JUIsl MOAABIICHUS TOPEHUSI.

Ha nepexonHbIX BBICOTaX KaJdui OKa3bIBAECT WH-
ruOupyroiee BO3/JCUCTBHE, M CPBIB JIOTOPaHUS
MPOUCXOAUT OBICTpee, YeM 0e3 HHTHOUTOpA.

I'opa3no Gosee BayKHBIM ¥ A3PPEKTUBHBIM SIBJIS-
eTCsl BIMSHUE Kaiuus Ha 0oOpa30BaHHE BPEIHBIX
BelIECTB. BO3HWKHOBEHHE B TpOIECCE TOPECHHUS
BPEIIHBIX BEIIECTB, KaK 3TO OyJIeT MOKa3aHo Jnajee,
00yCIIOBJIIGHO B OCHOBHOM POCTOM KOHIIEHTpAIlUU
CBOOOJTHBIX PAJMKAJIOB.

Ha puc. 2 mokazana 3aBHCHMOCTb MaKCHMaJlb-
HOW KOHLIEHTpalH pagukaia H ot BICOTHI osieTa.

Craj KOHIEHTpalMM pajuKalia MPOUCXOIHT
yKe Ha BBICOTE ~ 15 KM. AHamOTHUYHO BEAyT ceOst
ocTaJbHBIE paguKaibl. VX KOHIEHTpamus pe3Ko
MTOHIKAETCS TPU MCTIOJIb30BAHUN UHTUOUTOPA.

Kak u3BecTHO, OCHOBHas LIeNb PEaKLUH, MPH-
BOJISIIIMX K 00pa30BaHMIO BPEIHBIX OKHCIIOB a30Ta,
MMEeT BUI:

N,+O — NO + N,
N + O,—> NO + O,

N+OH —» NO+H.

Otcroga crieayeT, YTO YMEHBLICHHE KOHIEHT-
pauwmii paaukanoB H, O, OH nomxHO criocoOcTBO-
BaThb CHW)KCHHIO KOHLIEHTpalUU OKHUCJIOB a30Ta.
DTO0 MOATBEPKIAETCS pPe3ysIbTaTaMu PacyeToB.

Ha puc. 3 nokazana 3aBUCUMOCTb MaKCHMaJlb-
HOM KOHIeHTpanuu pajukana NO oT BBICOTHI IO-
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neta. OHa CHMXKAeTCA C yBeIMYEeHUEM 100aBKU UH-
ruburopa.

CHmKkeHHe KOHIEHTpalui CBOOOIHBIX pajHKa-
JIOB JIOJDKHO OJIarOTMPHSITHO CKa3aThCsl M Ha BO3-
neiictBun (paxena PJ] Ha 030HOBBIN CIIOH, TaK Kak
OCHOBHBIE€ PEaKLMU pa3pyILUEHUsl 3TOrO CJIOS HMe-
0T BUJ:

Cl+0; & ClIO+0,;

OH+0; =HO, +0,;
NO+0; =NO, +0,;
0+0;=0,+0,;
H+0O; =0H+0,;
NO, +0; =NO; +0,.

BbiBOoAbl

ITpoBeneHbl KOMIUIEKCHBIE HCCIIEI0BAHUS BIIHSA-
HMSI MHTUOMTOPOB Ha XMMMYECKUE MPOLECCHI B BbI-
COKOBHTAJIBITMHHBIX ~ BBICOKOCKOPOCTHBIX  CTPYAX
ABUAIIMOHHBIX M paKeTHbIX aBurareneit. [lokaszaHo,
YTO Ha MEPEXOJHBIX BBICOTAX KaJIWi, KAK MHTHOUTOD,
OKa3bIBaeT OJIOKHUpYIOIIee BO3/AEIHCTBHE Ha MPOLECC
noropanusi (CpbIB JOTOPAHUS MIPOUCXOIUT OBICTpEE,
gyeM 0Oe3 wmHrmOmMTopa). Kpome Toro, mpucyrcTBHe
MHTHOUTOpA CYIIECTBEHHO CHIDKAST KOHIICHTPAIIUIO
cBOOOIHBIX paaukanoB B cTpysix P/l m cootser-
CTBEHHO KOHIICHTPAIMIO BPEIHBIX BemlecTB. B pe-
3yJbTaTe TPOBEACHHBIX HCCIEIOBAHNI BhIPaOOTaHbI
KOHKPETHBIE PEKOMEHIAIMY /ISl aBHAIIHOHHOH | pa-
KETHO-KOCMUYECKOHN OTpacieil MPOMBIIUIEHHOCTH 10
CHIDKEHHIO Pa3pyILIAOINETO BO3ICHCTBHUS MOIIHBIX
JIA Ha 030HOBBIH CJIOH U, KaK CIEICTBHE, YMEHBIIIE-
HUS BPeIHBIX BBIOPOCOB B aTMOChepy.

Cnucok o6o3Ha4YeHun

Cs — maccoBast J0JIs1 KOMIIOHCHTA S,
E. —nonHas OHCPTUs Ha €IMHUIY MACChI, ﬂ)K/KI";

s

h — sHrajenus, JHK/Kr;

K — moctosiHHasI CKOpOCTH 00pa30BaHUs KOMIIOHCHTA,
Kc — KOHCTaHTa paBHOBECHS;

N¢ — 9UCI0 KOMIIOHEHTOB ra30BOi CMECH;

P — naBnenwue, Ila;

Pr — uucno Ipanaris;

T —Temneparypa, K;

uj — KOMIIOHEHTa CKOPOCTH B j-OM HAaIlpaBJICHUH, M/C;
ui — KOMIIOHEHTa CKOPOCTH B i-OM HaIlpaBJICHUH, M/C;
W, — CKOPOCTb 00pa30BaHMsl KOMIIOHEHTA S

W — IMHaMUYECKas BA3KOCTh, M2/c%;

p — IUIOTHOCTh Ta30BOH CMECH, KI/M>;

p, — MaccoBas (IapuuaIbHas) IOTHOCTh KOMIIOHEHTA S, KI/M°.

CMNCOK JINTEPATYPbI

1. Denison M.R., Lamb J.J., Bjorndahl W.D., Wong E.Y.,
Lohn P.D. Solid Rocket Exhaust in the Stratosphere: Plume
Diffusion and Chemical Reactions // Journal of Spacecraft
and Rockets. 1994. V. 31. N 3. P. 435-442.

2. McHale E.T. Flame Inhibition by Potassium Compounds //
Combustion and Flame. 1975. V. 24. P. 277-279.

3.  Rosser W.A., Inami S.H., Wise H. Study of the Mecha-
nisms of Fire Extinguishment of Liquid Rocket Propellants
// WADC Technical Report. 1959. 59-206.

4. Rosser W.A., Inami S.H., Wise H. The Effect of Metal
Salts on Premixed Hydrocarbon-Air Flames / Combustion
and Flame. 1963. V. 7. P. 107-119.

5. Scalabrin L.C. Numerical Simulation of Weakly Ionized
Hypersonic Flow over Reentry Capsules. A dissertation
submitted in partial fulfillment of the requirements for the
degree of Doctor of Philosophy (Aerospace Engineering) in
The University of Michigan. 2007. 182 p.

6. Jensen D.E., Webb B.C. Afterburning Predictions for Met-
al-Modified Propellant Motor Exhausts // AIAA Journal.
1976. V. 14. P. 947-954.

7.  Rumminger M.D., Reinelt D., Babushok V., Linteris G.T.
Numerical Study of the Inhibition of Premixed and Diffu-
sion Flames by Iron Pentacarbonyl / Combustion and
Flame. 1999. V. 116. N 1-2. P. 207-219.

8. Rumminger M.D., Linteris G.T. Inhibition of Premixed
Carbon Monoxide-Hydrogen-Oxygen-Nitrogen Flames by
Iron Pentacarbonyl // NISTIR 6360, Building and Fire Re-
search Laboratory, National Institute of Standards and
Technology, Gaithersburg, MD 20899. 1999. 35 p.

Inhibitors' impact on afterburning
and pollutant emissions forming at high altitudes

V.E. Popov

Moscow Aviation Institute (National Research University), Moscow, 125993, Russia
e-mail: vario999@mail.ru

The fuel components after-burning occurs at high altitudes. This is undesirable process since
it leads to the strong components emission into the jets and environment pollution in connection

with the pollutant emission into the atmosphere.

The research on the inhibitors application has been conducted in this direction. These works
studied the additives impact on the fuel components. A decision was made to study the inhibi-
tors impact on the rocket engine fuel components outflow by numerical modeling.
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The basic equations were solved with account for the Koner chemical reactions. In early
works, the analysis of the jet components with addition of metals (such as, Fe, K, Mo, W, Ba,
Sn, Cr, etc.) was performed, which lead to a change in the reactions as they are inhibitors.

With account for McHale's work where potassium compounds were used as an inhibitor in a
rocket engine, the decision was made to study this metal as an inhibitor. Although it has been
said that iron compounds wielded even stronger inhibitory effect on afterburning than potas-
sium. However, the studies revealed that iron compounds condensed quickly and ceased to
wield a significant effect on reactions.

In connection with the above said, it was decided to supplement the set of Coner reactions
with potassium reactions to account for them in the physical process.

From the studies performed in this work, a conclusion can be made that at transitional
heights, potassium can be used as an inhibitor, since it allows wielding a blocking effect on
chemical reactions occurring in a flame (flame blow-out occurs faster). The presence of an in-
hibitor reduces concentration of the free radicals that lead to environmental pollution.

An inference can be drawn here from that the potassium employing as an inhibitor in the
rocket fuel will reduce environmental pollution

Keywords: IR-infrared, RE-rocket engine.

REFERENCES

Denison M.R., Lamb J.J., Bjorndahl W.D., Wong E.Y.,
Lohn P.D. Solid Rocket Exhaust in the Stratosphere: Plume
Diffusion and Chemical Reactions // Journal of Spacecraft
and Rockets, 1994, vol. 31, no. 3, pp. 435-442. DOI:10.2514/
3.26457

McHale E.T. Flame Inhibition by Potassium Compounds //
Combustion and Flame, 1975, vol. 24, pp. 277-279.

Rosser W.A., Inami S.H., Wise H. Study of the Mecha-
nisms of Fire Extinguishment of Liquid Rocket Propellants
/I WADC Technical Report, 1959, pp. 59-206.

Rosser W.A., Inami S.H., Wise H. The Effect of Metal
Salts on Premixed Hydrocarbon-Air Flames // Combustion
and Flame, 1963, vol. 7, pp. 107-119.

Scalabrin L.C. Numerical Simulation of Weakly Ionized
Hypersonic Flow over Reentry Capsules. A dissertation

submitted in partial fulfillment of the requirements for the
degree of Doctor of Philosophy (Aerospace Engineering) in
The University of Michigan. 2007. 182 p.

Jensen D.E., Webb B.C. Afterburning Predictions for Me
tal-Modified Propellant Motor Exhausts // AIA4 Journal,
1976, vol. 14, pp. 947-954.

Rumminger M.D., Reinelt D., Babushok V., Linteris G.T.
Numerical Study of the Inhibition of Premixed and Diffu-
sion Flames by Iron Pentacarbonyl // Combustion and
Flame, 1999, vol. 116, no. 1-2, pp. 207-219.

Rumminger M.D., Linteris G.T. Inhibition of Premi-
xed Carbon Monoxide-Hydrogen-Oxygen-Nitrogen Fla-
mes by Iron Pentacarbonyl // NISTIR 6360, Building
and Fire Research Laboratory, National Institute of
Standards and Technology, Gaithersburg, MD 20899.
1999. 35 p.

274

THERMAL PROCESSES IN ENGINEERING





