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YUCJIEHHOE UCCIIEJOBAHME BJIMAHUA ADPOIJUHAMUYECKOI'O
JAPOBJIEHUA YACTUIl KOHAEHCATA HA IBYX®A3HBIE IIOTEPU
NMIIYJBbCA B COIVTAX PATT

Hccnenyercs BIMSHHAE adpOJUHAMUYECKOTO APOOTEHHS XKHUAKHX YaCTHI] OKCHIA
AIIOMHHHS Ha M3MEHEHHE CIIeKTpa YacTHIl M JHEPreTHYeCKHe XapaKTePUCTUKH
MOTOKa B corutax. [IpencraBieHs! pe3ynbTaThl pacuyéToB NBYX(a3HbIX IOTEPh HM-
MyJbca MPU 3aJaHUH KPUTEPHs APOOIEHHS B BHIE ITOCTOSIHHOTO 3HAUCHHUS U B
BU/ie QyHKIIMOHAIBHOH 3aBUCHMOCTH.

KawoueBsble ciioBa: 0gyxgasHoe meueHue, Koazyiayus u OpobOieHue dacmuy,
pacnpeoeneHue 4acmuy no pasmepam.

IIpomyKThl cropaHusi METaJUIM3UPOBAHHOTO TOIUIMBA MPEJCTABISAIOT CMECh rasa u
YacTHIl KOHJIeHcaTa. TedueHue sBIsieTCsl HEPaBHOBECHBIM, YTO OOYyCIIaBIIMBAeT JIBYX-
(ha3HBIe MOTEPH WMIyJIbCa B COIUIOBOM OJIOKEe ABMTaTels. B3anmMoneicTBHE >KHIKHX
YacTHIl KOHJEHCATa C ra30M CONPOBOXKIAETCS MX KoaryJsimueid u apodienneM. [po6-
JICHWE YacTHIl Ta30M (adpoAMHAMHUYECKoe IpOOJIeHHE) XapaKTepHU3yeTcsl KpUTHIECKIM
yucinom Bebepa (We,). HaubGonee monnyro oubmuorpaduio paboT, NOCBAIEHHBIX
nByx¢azHoMmy tedennto B comnax PIATT, moxHO HaliTh B 0030pe [1] m MoHOTpadmsax
[2, 3]. B umkeHepHBIX pacdérax TE€YEHUS MPOTYKTOB CrOpaHUS aTIOMHHH3MPOBAHHBIX
CMECEBBIX TBEPABIX TOIUTUB KpUTHUYecKoe uucio Bebepa 3amaércs paBHBIM 17
(We,=17) n mpeanonaraetcs HeM3MEHHBIM BJONb TpakTa comia [4]. Ilpomecc mpo6-
JICHUA CJIOXHBIM M 3aBUCHUT KaK OT ITapaMeTpPOB I'a30BOTO MOTOKA, TAK U OT MapaMeTpoB
aHcaMOJI1 JKUJAKHMX YaCTHIl, KOTOPBIE MEHSIOTCSA BJOJb COIUIA, OITOMY KPUTHUECKOE
yrcino Bebepa 10mmkHO UMETh MHOTO(YHKIMOHAIBHYIO 3aBHCUMOCTB.

B pabote [3] npuBenena sMnupuueckas (GyHKIMOHAIBHAS 3aBUCHMOCTb, OIpesie-
JsTFoIas KpUTHYeCKoe Ynciio Bebepa MpUMEHHUTENBHO K TEUSHHIO JKUIKUX YacTUI] OK-
cuga amomunus B coruax PATT. Ilpencrasisier mHTEpec MpoaHAIU3UPOBATh BIUSHUE
(DYHKIIMOHATIBHON 3aBHCUMOCTH Wezp Ha OCHOBHBIC WHTETPaJIbHBIE XapaKTEPUCTHKH B
COIUIE 10 CPABHEHHMIO C TOCTOSHHBIM 3HaueHHeM Weg,=17.

JanHas paboTa MOCBSIIEHA YUCICHHOMY HCCIEIOBAaHUIO BIUSHUS a3pOoANHAMHUYE-
CKOTO JIpOGHCHI/Iﬂ KUIKUX YaCTUIl OKCUAA AJIIOMUHUA Ha XapaKTCPUCTUKU IIByX(l)aSHOFO
teuenust B corie P/ITT u cpaBHUTENBPHOMY aHAJIM3Y HCIIOJIB30BAHUS KPUTEPHS APOO-
JICHUA B BUJC MOCTOSIHHOM BEJIMYMHBI U B BUJIC (byHKL[PIOHaHLHOfI 3aBUCUMOCTH. Y UH-
TBIBasi BO3MOYKHOCTH COBPEMEHHBIX MOPOIIKOBBIX TEXHOJIIOTHH, B HCCIIEIOBaHUE BKITIO-
YeHbl ABYyX(a3Hble MMOTOKH, COJEPIKaIe BEICOKOANCIIEPCHBIE (BILIOTH IO HAHOpa3Mep-
HBIX) aHCAaMOJIM YacTHUI] KOHJICHCaTa.

IlocTanoBKa 3agaun

HpI/I OIMMCaHuHn ,HByX(l)EBHOFO TCUCHHUA IMpEANOoJIaracrcs, 4ro TEYCHUE CTAallMOHap-
HOEC, ra3 HﬂeaﬂbHBIﬁ, 00BEM HaCTHIL HpeHe6pe)KI/IMO MaJl, CUCTEMa TCIJIOU30JIMPOBAHa,
BA3KOCTH YUYHUTBIBACTCA TOJIBKO B IIpOIEccax BSaHMOﬂeﬁCTBHﬂ YJacTull C ra3oM, UCIIOJIb-
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3yeTcsi HelpepbIBHAS MOJIENb KOATYJISIIMK YacTHI[ ¥ ()EHOMEHOJIOTHYECKask MHOTOXKH/I-
KOCTHasi MOJIeNIb cpesibl. [Ipu unciIeHHOM pacueTe HemnpepbiBHas (GyHKIUS pacrpenese-
HUA f(r) 3aMeHsIeTCs CTyIeH4aTol (cueTHOM) n(r), BECh CHEKTP YacTHIl AeIUTcs Ha N
(pakimii, BHyTpH QpaKkuny YacTUIEI UMEIOT OJMHAKOBEIH pa3Mep, Homep (pakuuu on-
penensiercsi HHAEKcaMH i, j. [IpousBenenne mn; = p; — MaccoBasi KOHIEHTPALUS YaCTHIL
i-i ¢pakyn (3aeck m; — Macca OJHOM YacTHIBI, 7; — YncyIo yacThl). CrcreMa KBas3u-
OJTHOMEPHBIX YPaBHEHHMH, OMMCHIBAIONINX CTAI[IOHAPHOE NBYX(a3HOE MOIHANCIEPCHOE
TEYEHHE C YYeTOM KOaryJiHd M APOOJICHUS B pPaMKax MOHOAWCIICPCHOW MOJIENH OC-
KOJIKOB, 3aITUCHIBACTCS B BHJC

FpU =const ; )]
Lot rdpo sz (U, -U); Q)
d p d P (pRl
d
d_FpUHO _sz (poucp (T T)+(pRtU (U U) (3)
i=1
P =pRT; 4)
d
d—Fp,U =F(n, ZK Dy, — pIZKUQU(DU n); %)
Jj=1 j=i
d
—FnU; =—Fn, ZK 2Py ; (6)

dx =

%FpiUiZ = F[p;@x; (U_Ui)+Kij9ijpj (Uj _(1_@1]‘)Ui)_

- ZP ZKUQU J ( cDij)Ui)]; 7

d pP; o
d—Fp,-Ul-Tl- = F[pi(P(xz (T T; )+_ZK £y +_2Kii3iinj (1_@;'/ )E.ii +
x Ce j=1 Ce Jj=1
+7;' (ni ZKiiaii p] P ZKlla @Un/)] ®
Jj=1 Jj=1

N
%FniMf no,M? +n;| 0. 057821( Dyn M2~ MY K D:Dum; || (9)
J=1 =

B cucreme ypaBuenuii F' = F(x) — ceuenue comna; p, U, P, T — mI0THOCTB, CKOPOCTb,
JlaBJIeHHe, TeMIlepaTypa rasa; /1, — SHTaJIbINs TOPMOKEHHUS; C, — YIENbHAs TEIIOEM-
KOCTP Ta3a IPH IMOCTOSIHHOM JaBJICHUH, ¢, — YACIbHAs TETIOEMKOCTh BEIIecTBa; R — ra-
30Basl MOCTOSIHHAS; Pri, Pojy Ppsi — PYHKIIUN JHHAMHUYECKOTO, TEIUIOBOTO M BpalaTelb-
HOTO B3aMMOJICHCTBHS Ta3a ¢ YacTHUaMH; p;, U;, T; — IIIOTHOCTH, CKOPOCTh, TEMIIEPaTy-
pa 4acTHIl; p, — INIOTHOCTh BEIIECTBA YACTUIILL; Kj; — KOHCTaHTa KOAryJaiuu; @; — Ko-
s dumenT 3¢ PeKTUBHOCTH CTOIKHOBEHHH; J;; — Ko3(GQuLHMeHT 3axBaTa; £; — S5Heprus
B3aUMOJIEHCTBYIOIIUX YacTHIl; M; — MOMEHT OTHOCHTENILHOTO JBMKEHHS; My — MaK-

CHMAaJIbHBIA MOMEHT OTHOCHTCIHLHOI'O JBHOXXCHUA. IlocTanoBka 3a1a4u, CUCTEMa ypaB-
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HEHUI W COOTBETCTBYIOLIME KOX(PQUIMEHTHI, KOHCTaHTHI 3aUMCTBOBaHBI W3 padoT
[2, 5].

Cucrema ypaBaenuii (1) — (9) pemanack Ha ocHOBe oOpaTHOW 3anaun. J{ns uncien-
HOTO MHTErPUPOBAHUSl CHUCTEMBI ypaBHEHHH ra3a HCIIOJIb30BAJICS CTAI[IOHAPHBINA aHa-
JIOT HEIEHTPAJIbHOM KOHEYHO-pa3sHOCTHOH cxembl Mak-Kopmaka, BToporo mopsiaka
TOYHOCTH. MIHTerpupoBaHue CHCTEMBI YpaBHEHNH (HPaKINK 9ACTHI] OCYIIECTBIISIOCH C
MIOMOUIBIO HESIBHOW Pa3HOCTHOM CXEMBbI, UMEIOLIEH TaK)K€ BTOPOM MOPSIOK TOYHOCTH.
Ha BXOZHOM ceYeHHM HCIOJIB30BAJIOCh YCJIOBHE CKOPOCTHOTO M TEMIIEPAaTypHOTO
paBHOBeCHsI MEXIy Ta3oBoi (pa3oii m yacTuiamu. TedeHHe pacCUUTHIBAIIOCH B KBA3HU-
OTHOMEPHOM MOCTaHOBKE IS MOJEIBHOTO paanyCHO-IPOGUINPOBAHHOTO coruia [6].
Panmyc ckpyrieHus B TOpJIOBHUHE COIJIAa PaBEH PaANyCy KPUTHUECKOTO CEUEHHs COIlIa
7', YTOII TIOJKATHS B I03BYKOBOM 00J1aCTH i = 45°, yIIIbl MOJUKATHS B CBEPX3BYKOBOM

obnactu o, = 24° U a3 = 7° COOTBETCTBEHHO.

Pacuetnl MMPOBOANIIMCEH IIPH CICAYIOMINX 3HAUYCHUAX UCXOJHBIX IMapaMETPOB:

Py=7-10°Ia;

T, =3200 K;

p=0.89-10"* kr-m'-c s

R =300 Jix-kr K.

Pacmmpenue comna Y,= 6; paanyc KpUTHYECKOro ceueHus comua r, = 0.1 mM; Beco-
Basi 1ot KoHaeHcata Z = 0.3; yncino ppakuuii N = 15.

HemnpepriBHas (GyHKINS pacipeseneH s YacTHIl [0 pa3MepaM Ha BXOJE B COIUIO 3a-
JlaBasiach B BUJIE

F() e exp] | D)) T
V2rrIn(o) V27 In(o)

3nech 7y — CpeqHni pa3Mep JacTull, ¢ = 1.5 — nucnepcus.

OKcneprMeHTaNBHBIX JaHHBIX 0 (POPMHPOBAHMH CIIEKTpa YacTHUIl OKCHAA MpPHU TO-
PEHUM HaHOPa3MEPHBIX YaCTHIl ATIOMHUHUS B OTKPBITOH JINTEPAType HET, TO3TOMY CUH-
TaNoCh, 9TO0 GYHKIMA f(7) aHAIOTWYHA CIydar0 TOPEHHS TPyOOAHMCHEPCHBIX ITOPOII-

KOB, HO C MEHBIIMM 3HAUYEHUEM 7).
B nanHOIt paboTe aisi CpaBHUTENHFHOTO aHalM3a KpUTHYeckoe ynciio Bebepa 3ama-
BaJOCh paBHBIM 17 © B Bue QyHKIHOHAIBHOH 3aBucuMocTd [3]:

Wey, =13.5-0.444~(9.5-0.444)exp(0.0054-0.25)G , (10)

dWe .
rae A =Ln(Lp), Lp — uucno Jlamnaca, G = = TEMIT HapacTaHUS BO3JICUCTBUS
t

Ha gactuiy. ®opmyia (10) cipaBeinBa B auanasonax: G =3,...,97; Lp = 5,...,3.5-10°.
Bpewms 3aepkku Havana IpoOJeHHs B pacyéTax HE YUUTHIBAIOCH.

PesyabTaTsl pacuéron

B Tabnuie mpezacraBieHbl YMCIOBBIE 3HAYCHUSI CPETHEMACCOBOTO pa3Mepa YacTHIL
(D43, MKM) Ha cpese comuta 1 nByx(dasusle motepu ummyisca (JPII, %) B 3aBucumMocTn
OT CpeIHEro pajpyca YacTHIl Ha BXOJE B COIUIO. Pacuérel mpoBeneHbl NMpH 3aJaHUH
KpuTHYecKoro uncia Bebepa pasuoro 17 (We,, =17 ) u npu 3agannn uncia Bebepa B

o *
Brje GyHKIHOHaNbHOM 3aucuMoctd (We,, = We,, ).
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79, MKM 1,5 1,0 0,5 0,1
We,=17 Dy3eps MKM 8,877 7,883 5,570 2,139
JPIL, % 3,7807 3,2764 2,0323 0,4090

70, MKM 1,5 1,0 0,5 0,1
Weg=Weg, | Dasepy MKM 8,085 7,174 5,549 2,139
JDIL, % 3,7429 3,2473 2,0319 0,4090

Ha puc. 1 — 3 pesyneratel pacyéToB mpejcTaBlIeHsl B rpaduueckoM suje. Crutom-
HBIE JTHHUN TPahHKOB COOTBETCTBYIOT pacuéraM npu Weg, = 17, MyHKTHPHEIE — TIpH
Weg=f.

D43,MKM
10
g R
i i T
6
3
4
2t 4
0 1 1 1 1 1
-2 0 2 4 6 X

Puc. 1. Vi3amMeHeHne cpeiHEMACCOBOTO pa3Mepa YacTHI[ BIOJb COIIa
(xp. I —ro=1.5 MxMm; kp. 2 — ro=1 MKM; Kp. 3 —19=0.5 MKM; Kp. 4 — 1p=0.1 MKM)
Fig. 1. Variation in the mass—averaged size of particles along the nozzle
(ro=()1.5,(2)1,(3) 0.5, and (4) 0.1 mp)

D43, MEM [

0 0.5 1 1.5 79, MKM

Puc. 2. I3MeHeHHe cpeIHeMacCcOBOTO pa3Mepa YacTHI] Ha Cpe3e CoIia
OT CPEZHEro pajiyca YaCTHI[ Ha BXOJE B COILIO
Fig. 2. Variation in the mass—averaged size of particles at the nozzle exit
with the mean radius of particles at the nozzle inlet
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T, %

0 0.5 1 1.5 70, MKM

Puc. 3. 3aBucuMocTh IBYX(a3HbIX MOTEPh UMITYJIECA
OT CPEJIHEero paJuyca YacTUIl Ha BXOJE B COILIO
Fig. 3. Two-phase impulse losses as a function

of mean radius of particles at the nozzle inlet

s rpyboaucniepcHbIX aHcaMOueit gactuil (1o = 0.5—1.5 MxM) cniekTp yactuir Gop-
MHUpYETCs 32 CUET MPOIECCOB KOATYISAIUH U IpoOicHus. MakCUMaIbHOE TPOSIBICHHE
9THX MPOILECCOB B palilOHE MHHUMAIILHOTO CEUCHHS COILIA, TNIe MAaKCHUMAIBHBIA TpaIu-
€HT Pa3HOCTH CKOpPOCTEH ra3a M YacTHIL.

Jis BBICOKOAMCIIEpCHBIX aHcamOmedt gactur (rp=0.1-0.5 MKM) CHEKTp YacCTHIL
(hopMupyeTcst TONBKO 3a CYET mpoIiecca KOaryJsinui.

3akjouenue

Js MeTKoIMCTIepCHBIX aHcaMOJe YacTHIl oKcuaa amroMuHUsA (79 = 1,5-0,5 Mxm)
MCITIOJIb30BaHUE (PYHKIIMOHAIBHOW 3aBHCHMOCTH ISl yuciia Bebepa compoBoxmaeTcs
MIOHIDKEHUEM CpeTHEMAacCOBOTO pa3mepa dactuil (Dy3) Ha cpese comia Ha ~ 9 % u, Kak
CIIe/ICTBHE, TIOHKEeHUEM JByX(aszHbix nmoreps Ha 0,11%. BricokomucnepcHbie ancamo-
i (rg< 0,5 MKM) a3poJJUHAMUYECKOTO IPOOJICHHS HE MCIBITHIBAIOT. J[Js MH)KEHEPHBIX
pacu€ToB TedeHUs ABYX(a3HBIX MPOIYKTOB CrOPaHHS METALTH3UPOBAHHOTO TBEPIOTO
torumuBa B cortax PJITT npu ucronap30BaHUU TIOPOIIKA ATFOMUHHS JOCTATOYHO 3a/1a-
BaTh 3HAUYEHUE KPUTUIECKOTO uncia Bebepa paBHOe 17, mpu HayYHBIX MCCICTOBAHUSIX
1 OOJIBIIIMX 3HAYECHHSX BECOBOM J0JIM KOHIEHCATA, BUIUMO, HEOOXOAMMO HCIOTIb30BaTh
yrcino Bebepa B Bujie QyHKIIMOHATBHOM 3aBUCUMOCTH.
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Dyachenko N.N., Dyachenko L.I., Gurova V.S., Sineokaya S.A. (2017) NUMERICAL
INVESTIGATION OF THE EFFECT OF AERODYNAMIC FRAGMENTATION OF
CONDENSATE PARTICLES ON THE TWO-PHASE IMPULSE LOSSES IN A SOLID-FUEL
ROCKET ENGINE NOZZLE. Tomsk State University Journal of Mathematics and Mechanics.
45. pp. 88-94

DOI 10.17223/19988621/45/8

The work is devoted to numerical investigation of the effect of aerodynamic fragmentation of
aluminum oxide liquid particles on the characteristics of two-phase flow in a nozzle of solid-
propellant rocket engine and to comparative analysis of the application of the fragmentation
criterion in the form of a constant value or a functional dependency.

Combustion products of a metallized fuel form a mixture of gas and condensate particles. The
flow is non-equilibrium, which induces two-phase impulse losses in the engine nozzle. The
interaction of liquid condensate particles with a gas is accompanied by their fragmentation and
coagulation. The interaction of the particles is described based on the continuous approach to
variation in the size distribution function. The aerodynamic fragmentation of particles is
characterized by a critical Weber number which is equal to 17 in the engineering calculations. The
fragmentation is a complex process which depends both on parameters of the gas flow and
parameters of the ensemble of liquid particles which change along the nozzle. Therefore, the
critical Weber number must be multifunctional dependent.

An empirical functional dependence determining the critical Weber number is shown. The
results of calculations of two-phase impulse losses with the fragmentation criterion in the form of
a constant value or a functional dependence are presented.

Keywords: two-phase flow, coagulation and fragmentation of the particles, size distribution of the
particles.
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