YK 621.1.016+536.2 DOI 10.18698/2308-6033-2017-8-1645

K Bomnpocy 0 He00X0AMMOCTH KOPPEKTUPOBKHU METO/1A
FO. . ITyenkuHa, NpeIHA3HAYEHHOT O /1JI51 HHKEHEPHOT 0
pacyera mapaMeTpoB YHOCA MAcCChl YIJI€POAHBIX
MaTepHUAaJoB B OKUCIUTEIbHBIX Ta30BbIX MOTOKAX

© B.B. TI'opckuit

AO «BIIK «HITO mamuHOCTpOCHUY, T. PeyToB, MockoBckas 06i., 143966, Poccus
MI'TY um H.D. baymana, Mocksa, 105005, Poccust

Hsmenenue Gopmvi 6bicOKOMEMNEPAMYPHBIX INEMEHMO8 KOHCIMPYKYUU CKOPOCTHBIX
JIemamenvHbIX annapamos, Komopoe 00YClOo61eHO 062apom ux menniogo 3aujumvl, €
SHAUUMENbHOU CeneHu CKa3bl8aemcs Ha aspOOUHAMUYECKUX, MACCOB0-UHEPYUOHHBIX U
YEHMPOBOUHBIX XAPAKMEPUCIMUKAX IMUX ANNApamos, nodmomy 6oavuioe 3HaveHue npu-
0b6pemaiom 6onpocul, CEA3AHHbIE C PA3PAOOMKOU MEMOOUKU, NO3BONAIOWEl PACUemHbIM
nymem npeocKkasviéams CKOPOCMb pA3pyUWeHUs UCHOIb3YeMbIX 8 PAKEMHO-KOCMUYECKOU
ompacnu menio3awumHsblx Mamepuanos. B nacmoswee spemsa wupoxoe pacnpocmpane-
HUe Ha NpaKmuKe NOAYHUNO NPUMEHeHUe Y2lepOOHbIX Mamepuanos. [lna pacuema cKo-
PoCmu ux mepMOXUMUYECKO20 U IPOZUOHHO20 PA3PYUWEHUs WUPOKO UCHONb3YEMC s UH-
acenepras memoouka FO.J[. ITuenkuna. Ilpogeden amanusz smoii MemoOuKu u NOKA3AHA
HeobX00UMOCMb GHECEHUs 6 Hee ONPEOesIeHHbIX KOPPEKMUPOGOK, yUem KOMOPbIX MOJcen
npueecmu K CywecmeeHHoMy USMEHEHUIO Pe3yIbMamos paciemos, Ymo umeem 0onvuioe
NPUKIAOHOE 3Ha4eHuUe.

Knwouesvlie cnosa: a@wuuﬂ, Ipo3uUs, cemepoceHHoe OKUCIIeHUe, cy6jzwuauw1

BBengenne. OcHOBBI IIKMPOKO HcmoNb3yeMoro B Poccum pacueTHo-
TEOPETUYECKOrO IMOAXO0/a K pacdery aOnsuu yriIepoIHBIX MaTepHajoB
chopmyaupoBaHbl B cTaThe [1] u moapoOHO M3NIOkKEeHBI B padote [2]. B
pamMKax 3TOro IMojaxoJja MPEeArosaraercs, YTo IpOLEecC OKUCIEHUS yrie-
poJia SBJISIETCSI MHOTOCTaAMMHBIM, BKIIIOUAIOIIUM B CeO:

o 1 Py3MOHHBIN MMOABOJ KHCIOPOJa K CTCHKE C BHEIIHEH TPaHHUIIbI
MOTPAaHUYHOTO CIIOS;

® XeMOCOPOLIHIO KUCIOPOAa CTEHKOM;

® HETIOCPEJCTBEHHO Te€TEPOreHHOE XHMHYECKOe B3aMMOJICHCTBHE
KHCIIOpO/ia ¥ YIJIEpOJa;

® 1ecOpOIMIO MTPOIYKTOB XUMUYECKOM peakluy B IOTPaHUYHBINA CIIOU
C BO3MOXHBIM TMOCJIEAYIONIUM XUMUYECKUM B3aUMOJICHCTBUEM HX C KHUC-
JIOPOJIOM;

o 1 Py3MOHHBII OTBOJ MPOAYKTOB XUMHUYECKUX PEAKIIUN OT CTEHKH.

[To mocTukeHUH AOCTATOYHO BBICOKHUX TEMIEPATyp CTEHKH IMPOLIECC
OKHCJICHHUS YIJIepo/ia BBIXOAWT Ha AU(PPY3HOHHBIA PEKHUM, HA KOTOPOM
CKOpPOCTh a0JSIUM MaTepuaa MPaKTUYECKH MEePECTaeT 3aBUCETh OT TeM-
nepaTtypsl cTeHku. [Ipu 3Tom 151 pacueTa 3HaYEHUsI CKOPOCTH TpeJiara-
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€TCsl UCIOJIb30BaTh MPOCTYIO0 (OPMYITy, TIOJYUCHHYIO U3 OAJaHCOB Mace
KHCIIOpOJIa U YIiiepo/ia Ha CTeHKE MPU OrpaHMYeHUU Habopa BEIIecTB, CO-
CTaBJICHHBIX U3 3THX AJIEMEHTOB, TOJIBKO OKCHJIOM yTJIEpO/Ia.

B nHacrosimieii cratbe npoaHalu3upyeM pacyeTHbIE COOTHOIIEHUS, MO-
JTy4eHHBIC C UCIOJL30BaHUEM JToi Gopmynsl B padorax [3, 4], He pac-
cMaTpuBas BONpoc 00 00OCHOBAHHOCTHU €€ MPUMEHEHUsI IIPU IKCTPEMallb-
HO BBICOKMX TeMIIepaTypax CTEHKH, KOTOPhIE COOTBETCTBYIOT CyOiImMa-
IUOHHOMY PEXUMY aOJsUuU yriiepoa.

Du3NKO-MATEeMATHYECKU  AaHAIW3  HMHKEHEPHOl  MeTOTUKH
FO. . IMuenkuna. K nmkeHepHON METOMKE pacueTa, OmyOIMKOBaHHOHW B
pabotax [3, 4], UMEIOTCS CIIeAYIONINE 3aMeUAHMSI.

1. Meroauka copmyaupoBaHa B KBa3HCTallMOHAPHON MOCTaHOBKE, a
YTIEpOJAHBIE MaTepUaIbl OTHOCATCS K TaAKOMY KJaccy aOJISIIMOHHOW Terl-
JIOBOM 3alllUTHL, U1 KOTOPOTO 3aJady MporpeBa W yHOCAa MaccChl ClelyeT
paccMaTpuBaTh B HECTAIMOHAPHOUN MOCTAHOBKE. JTO SIBJISIETCS CIICICTBU-
€M BBICOKOM TEIJIONPOBOJHOCTH YKa3aHHBIX MaTepUAIOB.

2. AHanu3 TpHUBEICHHBIX B paboTax [3, 4] pacueTHBIX 3aBUCUMOCTEH
MOKa3aj, YTO U B KBA3UCTAIMOHAPHOW MOCTAHOBKE TpeOyeTcst ux ompee-
JICHHas] KOPPEKTHPOBKA, CBSI3aHHAs C 3alHMChi0 B ATUX paborax OamaHca
TEIUIOTHI Ha CTEHKE B hopMe:

(Ao —MGarn)(Hoo = H,,) €T} = G gy | AQ, +(L=1)dHE |, (1)

rae Ay, — K0d(QQUIUEHT TermnooOMeHa Ha HENPOHUIIAEMOM CTEHKE,
kr/(M>c); N — K03hHUIHEHT BIyBa; Hy, — 2HTanbnus TOPMOXKEHUS
Haberaromero notoka Bosnayxa, JDk/kr; H,, — SHTalbIUsg BO3AyXa IpH
TEeMIIepaType CTEHKH; € — CTENeHb YEPHOTHI CTEHKU; G — KOHCTaHTa
Credana — Bombimana, Br/(M>K*); T,, — Tremneparypa cTeHKHU, K;
AQ,, — TernoBoi 3pdekT HU3NKO-XUMUUECKUX MPEeBpaIICHU, MpoTe-
KaloIuxX Ha creHke, JDK/Kr; L — OTHOIIEHHE MacCOBBIX CKOPOCTEW ra-
sudukanuu u abusauuu marepuana; dHZE — pasHOCTh DHTAIBIHMN KOH-
JICHCUPOBAHHOTO YIIIEPO/a, COOTBETCTBYIOIIAsI €r0 HAIPEBY OT UCXOIHOTO
COCTOSIHMSI IO TeMIlepaTypbl cTeHKH; G4, — MaccoBasi CKOPOCTh a0uisi-
an, Kr/(m>-c).

Hns teruoBoro 3¢ ¢dexra (U3NKO-XUMHUECKUX TPEBpAIICHUN uC-
nonb3yetrcs ero 3HaueHue 31,4 MJDK/Kr, xapakTepHOE IJisi TEIJIOBOTO
spdexTa PU3NKO-XMMUYECKUX MPEBPALCHHUH, MPOTEKAIOMUX HA CTEHKE
npu CcyONMMMalMOHHOM pexume abnsuuu yraepozda. Jis pacuera pasHo-
CTH DHTAJIBIIMU KOHJCHCHPOBAHHOTO YTJIEPOAA HCIIONIb3YETCS ammpOKCH-
MAaIMOHHAsI 3aBUCUMOCTh, IIOCTPOEHHAs MO JaHHBIM U3 paboTHI [5].

OtmeTHM, 4TO MpaBWIIbHAS 3aMKCh OaTaHca TEIUIOTHI Ha a0IUpyromei
YTIEPOAHON CTEHKE UMEET BU/
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(Apam ~MLG 1) (Hoo — H,,) ~ €0 Ty} = Gap | AQ, L+dH |. )

Bropoe 3amedanne k GanmaHCy TEIUIOTHI, 3alIMCAHHOMY B (opMe pa-
BeHcTBa (1), CBA3aHO C MCIMOJIb30BAHUEM aMMPOKCHMAIHOHHON (HOPMYIIBI

nis pacuera dH(, npuBenenHoii B paborax [3, 4] (puc. 1).

dH(, M]Tx/xr

|

0 1000 2000 3000 4000 T,,K

Puc. 1. 3aBUCHMOCTb TpUpAILIEHUS DH-
TAIBIUUA KOHJEHCUPOBAHHOIO Yriepoaa
OT TEMIIEPATyPHI:
1 — mo nmaHHBIM U3 pabotsl [6]; 2 — mo am-
MIPOKCHUMAIIOHHBIM (opMysiaM u3 pador [3, 4]
U TaHHBIM paboTsI [5]

ITo nanHBIM Ha puc. 1 BUIAHO, YTO UCHOJIB30BAHUE AMIPOKCUMAIIMOH-
HOU (hopmyitbl [3, 4] MEHCTBUTENBHO MO3BOJSET C IOCTATOYHO BBICOKOMU
TOYHOCTBIO OMMCaTh TaOIM4YHBIE AaHHbIE paboThl [5]. OnHAKO, cOraacHo
JAHHBIM O TEPMOJIMHAMHUYECKUX CBOMCTBAX MHIUBHUIYAJIbHBIX BEIECTB [6],
HIMPOKO HCMOJIb3YEMbIX B HacTosfllee BpeMs, npu temmeparype 4130 K
yriaepoJ mperepreBaeT (pazoBoe MpeBpalieHne, KOTOPOe MPUBOJUT MpH-
MEPHO K JIBYKPaTHOMY YBEJIMYEHUIO €ro 3HTaIbNuu (B padote [5] yka3aH-
HOMY (pa3oBOMY mepexoy cooTBercTByeT Temneparypa 5000 K). B to xe
BpeMs CIE€yeT OTMETUThb, YTO HCIOJIb30BAHUE SHTAIBIUHU KOHAEHCUPO-
BaHHOTO yriiepoja npu temneparypax Beie 4000 K He npencrasnsercs
00OCHOBAHHBIM, TaK KaK IPHU 3TOM, [0 JAHHBIM pa3HbIX aBTOPOB, HAOIIO-
JaeTcsi CYHIECTBEHHOE pPa3lIniyMe YKa3aHHBIX BEJUYHH, OOYCIOBIEHHOE
Y4eTOM Ipoliecca OIUIaBIEHUS YIIIepoAa.

3. 3ameuanue k Ganancy TerioTHl (1). OHO OTHOCUTCS K (opMme 3aru-
CH TeroBoro 3¢ ¢exra pU3NKO-XMMUYECKHX MPEBPALICHUHN, MPOTEKar0-
mux Ha creHke. CyTh €ro COCTOUT B TOM, YTO MPOLECC Ta3u(HUKaIUN YyT-
Jepojia XapaKkTepU3yeTcss NPUHIUINHNAIBHO Pa3IMYHBIMU TEIUIOBBIMHU (-
(exTamMu IpH pa3HBIX PEKUMAX €T0 AOJISAIUH.

Tak, npu muddy3MOHHOM peXUMe OKHUCIEHHS YIiepoAa KUCIOPO.
HAXOJUTCS NMPEUMYILECTBEHHO B aTOMapHOM COCTOSIHUHM, BCJEICTBUE YETO
terioBoil  3ddext okucnenuss AQ,, B OITHX YCIOBUSX COCTABIACT
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31,2 MJIx/kr [6]. Cpeanee 3HaueHue terioBoro apdexra AQs,, [3, 4] mis
CyOJIMMAITMOHHOTO PEeXUMa a0y yriaepoaa coctaisieT 31,4 MJx/kr.

VYkazanHble HU(PPOBBIC 3HAYCHUS TETUIOBBIX 3((HEKTOB CIeayeT MpH-
MEHSTH MPH PA3NIUYHBIX PeKUMax abJsuu yriepoja, a B 6amaHce Tero-
THI Ha CTEHKE, 3aMCaHHOTO B (hopme paBeHCTBa (1), BCcera UCTIOIb3yeTCs
YKa3aHHOE BBIIIE 3HAUCHHE TEIUIOBOTO Pdekra AQ,, .

C Y4C€TOM H3JIOKCHHOI'O OKOHYATCJIbHAsA (bopMa 3amMcy OajaHca Tell-
JIOTBI HAa CTCHKC B KBaSHCTaHHOHapHOﬁ ITOCTAHOBKEC JOJI’)KHA UMCTh BU/J]

(Ah,im —NLG 4 )(Hoo —H,)-¢eoT, =G g (ng: + LAQOX); (3)

(Abim —MLGoapy ) (Hoo — H.,) ~ €0 T} = Gy (dHE + LADs,).  (4)

VYpaBuenue (3) ucnonb3yercs npu 1UGGy3MOHHOM PEKUME OKHCIIE-
HUS yriepoja, ypaBHeHHe (4) — mpu CyOJIMMAIlMOHHOM PEXHME €ro aod-
JSUY.

B nenax wutmrocTpanuyu M3MEHEHUH, K KOTOPBIM MPUBOAUT y4eT yKa-
3aHHBIX BbIIIE (PAKTOPOB, MPUBEACHBI PE3YAbTaThl KBA3UCTAIHOHAPHOTO
penieHus 3aaa4u 00 abusanuu yriaepoja, MoxydeHHbIe Ha mpuMepe o0OTe-
KaHMs 3aTYIUICHHOTO Mo cdepe KOHyca MOTOKOM Bo3Ayxa (mpu uncie Ma-
xa M = 20) na Bbicote 10 kM (puc. 2). IIpu sTom paguyc cdepsl npuHH-
Masics paBHbIM 0,05 M, yroJ noimypactBopa konyca — 10°.

w koL i G 4p1
4300 10,5
4200 0,4
4100 0,3
4000 0,2
3900 0,1
3800 1 ! ! ! ! 0

0,5 1 1,5 2 2,5 N

Puc. 2. Pacnipenienienue KBa3UCTAIIMOHAPHBIX MapaMETPOB aOJALMU YIIICPOJIHOTO MaTe-

puaiia Ha OBEPXHOCTH 3aTYIUICHHOTO KOHYyca B paMKax Meroja padot [3, 4] B 3aBuCH-

MOCTH OT KPHBOJIMHEHHON KOOPAMHATHI, OTCYMTHIBAEMOH BIOJb OOpa3yrmollei KOoHyca
B JIOJISIX OT pajuyca ero cepuaeckoro 3aTyIIeHuUs:

1 — pacueT no HCXOZ[HOfl MCTOJHKC; 2 — pacueTr 110 MOZ[I/I(bI/IHI/IPOBﬁHHOﬁ MCTOJHKE,

CKOPOCTH abISIHH YIiIepoaHoro Matepuana G, , ©3MEPeHHO# B 1omsix oT A - — — TeM-

h,im >

neparypa crenku 7, , K

w?
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K 6onpocy o neobxooumocmu xoppexmupogxu memooa FO./]. [ueakuna...

Hapymenne MoHOTOHHOCTH, Habm0gaeMoe B 3aBUCUMOCTH G 4 ()

Ha pUC. 2, 00BsACHAETCS yuyeToM (a30BOTO MEepexoia, KOTOPHIH MpOucXo-
it nipu temneparype 4130 K.

BbIBoA. YCTaHOBICH psAJl HETOYHOCTEW B (OPMYJIMPOBKE 3a7adu 00
abnsuu yriaepona, NpuBeACHHON B padoTax [3, 4]. [TokaszaHo, 4To ycrpa-
HEHHE MX MMPUBOJHT K 3aMETHOMY U3MEHECHHUIO PE3yJIbTaTOB HHKCHEPHBIX
pacyeroB.

Paboma  evinonnena npu  ¢unamcosoti  noooepicke PDODU
(npoexm Ne 14-08-00971 a).
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On the correction necessity of Yu.D. Pchelkin method
proposed for carbon materials ablation parameters
calculation in oxidation gas flows

© V.V. Gorskiy

Joint stock company Military and industrial corporation JSC MIC Mashinostroyenia,
Reutov, Moscow Region, Russia, 143966
Bauman Moscow State Technical University, Moscow, 105005, Russia

The article describes physic mechanical analysis of the engineering technique developed
by Yu.D. Pchelkin, which is designed to calculate the carbon materials loss mass para-
meters, shows the need to introduce certain adjustments into this methodology, which can
lead to a significant change in the calculation results, is of great practical importance.

Keywords: ablation, erosion, heterogeneous oxidation, sublimation
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