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MATEMATHUYHE MOJAEJIOBAHHSA JTUHAMIYHUX ITPOLECIB
1 YAC POBOTH 3BOPOTHOI'O KJIAITAHA B CUCTEMI ’KUBJIEHHSA
3MIHHOI CTPYKTYPH B PIJIMHHOMY PAKETHOMY JIBUT'YHI

IIpeomemom susuenns 6 cmammi € OUHAMIYHI IPOYECU 8 CUCMEMI HCUBTICHHS 3MIHHOT CIPYKMYpU 8 PIOUHHO-
My pakemuomy dgueyui (PPI]), Oe 015 3abe3neuennss 3anycky 3acmocogyiomsvcs 360pomHi kiananu. Memoio
yiel cmammi € po3pooKa MamemMamuyHoi Mooei OUHAMIYHUX NPoyecis nid yac pobomu 360POMHO20 KIANAHA
3 GUKOPUCMAHHAM 00uUCI06anbHOl ciopodunamixu (CFD) [ mamemamuune MOOe08aHHA NEPexiOHux npoye-
ci6, wo 6i006Y6AIOMbCsL 8 CUCMEMI JCUBNeHHS 3MIHHOT cmpykmypu nio uac 3anycky PP/ 3aedanms oocni-
Ooicennsi: npogecmu cepio CFD-po3paxynkie po3noodiny mucky na mapini 3anipHozo op2amy 360pomno20 Kia-
NaHa; OMpUMamu 341eHCHICMy cunu Ol NOMOKY HA Mapiib 3anipHO20 0peany 6i0 X00y mapeii ma nepenaoy
MUCKY, NPOGeCmu PO3PAXYHKU NepexiOHux npoyecie y cucmemi scuenenus sminnoi cmpykmypu PP nio uac
iozo 3anycxy. Memoou poss’szauns 3adau: CFD-memoo, memoou obouucmosanvHoi mamemamuxu, Memoou
meopii kKonueanv ma imneoaucHuti memood. Ompumano maxi pezynsmamu. Pospobreno mamemamuuny mo-
0elb OUHAMIYHUX Npoyecie cucmemu dcueients 3minnoi cmpykmypu PP/, sika exmiouae 360pomui Kiananu.
IIpu nobyoosi mamemamuynoi MOOeni OUHAMIKU 2IOPAGTIYHUX MPAKMIE BUKOPUCAHO IMNEOAHCHUL Memoo
07151 Y32000ICEHHs1 HACMOMHUX XAPAKMEPUCMUK PIZHUX 2II0K 2I0pAGIIuYHOL cucmemu, OMpUMAHUX 30 CUCIEMOIO
3 posnodinenumu ma 30cepeddcenumu napamempamu. Ipu no6yooei mamemamuynoi Mooeni OUHAMIKU 360-
pomuux kranauie euxopucmaro CFD-mooeno8anns, 3a pe3yromamamu K020 GU3HAUEHO PO3NOOIN MUCKY
DiOUHU Ha Mapinb K1anaua 3 60Ky 6xo0y 3anexHCHO 8i0 X00y 3anipHo20 opeany ma nepenaoy mucky Ha Kianati.
Lle 003601U10 0OYUCTIUMU CUTLY BNIUBY NOMOKY HA MAPLIKY 3aNipHO20 Op2awny 3a piznux ymos. Ilposedeno ma-
memamuuHe MOOeM08AHHs OUHAMIYHUX NPoYecis y 2i0pagiiynill cucmemi 3MiHHOT cmpykmypu. Y nepioo cni-
JIbHOT pobOMU KAANAHIE JHCUBTIEHHS NATbHUM 30IUICHIOEMbCS 3 080X Odicepell: 3 NYCcK0802o bauka i 3 Hacoca
nanvroeo. I1io uac pyxy 3anipnux opeanie MoNCIUGi ixHi NO3008IHCHI KOMUBAHHSL 3A8OAKU NAOIHHIO CIAMUYHO20
MuUcKy nio uac nossu eumpamu uepe3 kianauwu. Bucnoexu. Iloxazano, wjo nepemMuxanHs Ha cmayioHapHe
JHCUBTIEHHA NATIbHUM 8i0 Hacoca 8i00y8acmvbcs 0OCUmbs NIA6HO, 6e3 NOMIMHUX OUHAMIYHUX CMPUOKI8 i npo-
8ali6 gUMPAMU NATLHO2O 8 2A302EHEPATNOP.

Kntouosi cnoea: piounnuii pakemuuti 08U2YH; CUCMEMA HCUBTICHHA 3MIHHOI CIMPYKMYPU; 360POMHULL KIANAH,
mamemamuytne mooenmogants, CFD-ananiz; cuna 0ii nomoxy piounu; 3anyck 08uzyHa.

BKJIIOYAE aMIyIy 3 IIyCKOBUM ITaIbHUM, IIEPEKPHBAETh-
Cs1 BHACIIIIOK 3pOCTaHHS T1IPABIIYHOTO OTMOpY. Y TaKuX
TiApaBIIYHUX TPaKTax 3MIHHOI CTPYKTYpH IIMPOKO 3a-
CTOCOBYIOThCA pi3HI THUINH KJAIaHiB, 3a JOMOMOTOO
SKUX 3MIACHIOETHCS 3MiHA HANPSMKY TOTOKIB PiIWHU
mig gac 3amycky PPJI. 3abesmedeHHs miaBHOTO mepe-
MUKaHHS TTOTOKY MAJILHOTO B Ta30TeHEpaTopi ABUTYHIB
i3 JOMaNOBaHHAM TI'€HEpPaTOPHOTO Ta3y Ma€ BaKIIHBE

Beryn

Cepen 9mCIeHHUX 1 PI3HOMAHITHHX TiApaBIidHUX
TPaKTiB y piguHHUX pakeTHHX auryHax (PPJI) 3ycrtpi-
YarOThCSA T1APABIIYHI TPAKTU 3MiHHOI CTPYKTYpH. Tak, y
Bimomiii cxemi PP/ i3 momamtoBaHHSIM TEHEPaTOPHOTO
ra3y [1, 2] 3amaxroBaHHs KOMIIOHEHTIB MAJINBA Ha TOYa-
TKOBOMY €Talli 3aIycKy 3IiHCHIOETHCS 3a JOMOMOTO0

MYCKOBOT'0 MaJIbHOTO. Lle mycKoBe majibHe 3HaXOIUTHCS
B CHELiaTbHIA aMITyi, 1 Tichs ii pO3KPHUTTS MajbHE Ha-
JIXOIUTH y BOTHEBI MOPOXKHHHH ra3oreHeparopa Ta Ka-
Mepu 3ropsuus. [licnsa 3amycky PP/l i mepexony >KuB-
JIEHHS Ha OCHOBHE TMAalbHE, TiAPaBIIYHUI TPaKT, IO

3HauYeHHS I HaniitHOcTi mpomecy 3amycky PPJI. e
Ha eramni npoektyBaHHsa PPJl HeoOXigHO MaTh xapakTe-
PHUCTHKH HOTO CHCTEMH KHBIICHHS, SIKi 3HAYHOIO MIipOIO
BU3HAYAIOTHCS TMapaMeTpaMH KJIAllaHiB Pi3HOTO TIPH3-
HA4YeHHs, 10 BXOAATh N0 i1 ckmany. IlpoBenene st
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[[bOTO0 MaTEMAaTHYHE MOJICTIOBAHHS TUHAMIYHUX TPOILIe-
ciB mijg gac 3amycky PP/ motpebye po3poOku T0OCTOBI-
PHHUX MaTEeMaTHYHHX MOJeJel AWHAMIYHHX IMpPOLECIB,
o BiAOYBaroThCS TpH poOOTI KilamaHiB, sIKI BUKOPHC-
TOBYIOTBCSI.

1. ITocTanoBKka 3agau4i

Mertoro maHOi poOOTH € PO3poOKa MaTEeMAaTHYHOL
MOJIeJTi TUHAMIYHHUX MPOIIECIB IMiJl Yac POOOTH 3BOPOT-
HOrO KjIaraHa 3 BUKOPUCTAHHSM OOYMCITIOBAIBHOI TijI-
pomunHamiku (takoxx CFD — Binm anmi computational
fluid dynamics) Ta MaTeMaTHYHEe MOJCITIOBAHHS TEpeEXi-
JIHUX TPOIECIB Y CHCTEMI KHBJIEHHS 3MIHHOI CTPYKTYPH
mig yvac 3amycky PPJI. JIisg 1poro, OKpiM 3ragaHoro
CFD-mertomy, Oyiau BHKOpPHCTaHI METONM OOYMCIIOBA-
JILHOT MaTEMAaTHKH, METOJIM TEOPii KOMUBAHb 1 iMIIE€IaH-
CHUI METOjI.

2. ligpaBaiuna JiHist ;KUBJIEHHSA
3MiHHOI CTPYKTYpH

OO0’€eKkTOM JOCIIKEHHS B 11i po0OOTi € rigpaBmiy-
Ha CHCTeMa HBIICHHS manbHuM PPJ] Garatopa3oBoro
yBIMKHeHHS1. J[J1s1 3amantoBaHHsI KOMIIOHEHTIB MaJIbHOTO
BUKOPUCTOBYIOThCSI T'a30/IMHaMivHI 3amnaiioBadi [3, 4],
NPUHOMNO Ji1 SIKUX IPYHTYyeThesl Ha edekti ['apTmana—
HInpenrepa [5]. ®PparMeHT poO3pPaxyHKOBOI CXEMH
PO3MIISTHYTOT TIAPABIIYHOI CHCTEMH JKHBIICHHS IaJib-
HHM, 10 CTOCYEThCS >KUBIECHHS Ta3oreHeparTopa, Mmojaa-
HO Ha puc. 1. Ll cxema BKiIIO4ae cucreMy Tpyoompo-
BOJIIB, 110 3 €IHYIOTh I'a30r€HEPATOp, IIYCKOBUH 0AvOK,
HacoC MajbHOTO Ta [Ba 3BOPOTHI Kinanmanu. Ha mouart-
KOBOMY €Talll 3allycKy BaJl TypOOHACOCHOI'O arperary
IIe He PO3KPYUYCHUH, TOMY MajbHE HAIXOAUTH 0 Ta3o-
reHeparopa i3 myckoBoro Oauka. Ilicist 3amairoBaHHS
KOMITOHEHTIB MajJbHOTO B ra3oreHeparopi Bai TypOoHa-
COCHOT'O arperaty pO3KPYYYETHCS IO PO3PaxyHKOBHX
06epTiB. [TocTynoBo HacoC MaTLHOTO CTBOPIOE BUCOKHIA
THUCK, TiJ] Ji€I0 SKOrO 3BOPOTHI KJIAIIAHU TePEKPHUBAIOTh
MOTiK TAJBHOI0 3 ITyCKOBOTO 0adka Ta BiIKPHUBAIOTHh
nozady 3 Hacoca.

KoHcTpykmii Ta XapakTepUCTUKH 3BOPOTHHX Kila-
MIAHIB, AKi BUKOPHCTOBYIOTHCSI BBAXKAIOTHCS OIHAKOBU-
Mu. IX KOHCTpyKTHBHA cxema HaBejeHa Ha puc. 2. Oco-
ONMUBICTIO iXHBOI POOOTH € HH3BKI Iepenaan THUCKY.
{06 3meHmMTH 30HY HECTiKOi poOOTH KiamaHa IIif
Yac 3aIlyCKy JABHTYHA, palialbHUI 3a30p MiX TapiJIKOO
Ta KOPIIyCOM Ma€ MiHIMaJbHY TuTonty. Lst ocoOmuBicTh
KOHCTPYKIIi 3BOPOTHOrO KiamaHa 3a0e3meuye 3011b-
IICHHS CHJIM [Iii TIOTOKY Ha TapiJIKy 3aIlipHOTO OpTaHy 3
00Ky BXOIy HaBiTh MPH MaJHX 3a30pax MiXK KJIAITaHOM i
cimmoM. Kpim Toro, miameTp BXiTHOTO maTpyOKa MEH-
mwi 3a giamerp cimma. L{s obcraBuaa Mae 6yTu Bpaxo-
BaHa MPU PO3PaxyHKY TiIPOJMHAMIKA KJIanaHa, OCKiJb-

K{ TIOBOPOT TOTOKY BiTOYBA€THCS e IO BXOIY B Kib-
LIEBHH 3a30p MK TapiJIKOIO Ta CiJUIOM.
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Puc. 1. Po3paxyHKOBa cxeMa CHCTEMH JKUBIICHHS
MaJbHIM Ta30reHepaTopa:
Mgy — BUTPaTa OKMCHUKA HA [a30T€HEPATOP;

mfgg , Mgy r'nfp — BUTpATH MAJBHOIO HA BiIIOBITHUX
JiTsHKaX; Pq— THUCK y BY3Jli pO3TalyKeHHS;
Pgg — TUCK Yy ra30reHeparopi;

Pg — TUCK Y ITyCKOBOMY 0auKy;

Pp — THCK Ha BHXOJi 3 HACOCA MAIBHOTO
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Puc. 2. KoHCTpyKTHBHA CXeMa 3BOPOTHOIO KiIamaHa!
1 — xopryc; 2 — 3anipHuii OpraH; 3 — IPYKUHA;
4 — neperopojka; 5 — cimno; dg— giamerp cima;

dp, — AiamMeTp BHYTPINIHBOI HOBEPXHI KOPIYCYy KIIalaHa,
dIO — niamerp OOKOBOI TIOBEPXHI TapilIKK KIIaraHa;

Pin » Pout — THCKH PiIMHM Ha BXOAI Ta BUXOJI KJIalaHa

3. 3acrocyBannss CFD-meTony
B OIIHCI AMHAMIKH KJIaNaHiB

[lonoxeHHsA 3amipHOrO OpraHy 3BOPOTHOTO Kila-
IaHa BH3HAYAETHCS CYMOKO CHJI, IIO JIIOTh HA HBOTO,
cepes SIKMX, OKpIM CHJIHM NMPYKHHH Ta CHIN TepTs, €
TaKOX CHJIA, 3 KO0 TOTIK po0O0YOi piMHN BIUTUBAE HA
3amipHUA OpraH KJIalaHa, HaMararoduch abo BiTKpUTH
fioro, abo 3akputu. Cuna 1ii MOTOKY BHOCHTH OCHOBHHIA
BHECOK B 3arajbHHUil OamaHC CWI i YMHUTH CYTTEBHUHA
BIDIMB HA JWHAMIKY 3BOPOTHOTO KJIalaHa Ta TipaBiid-
HOI CHCTeMH 3arajoM. HalCKimamHImUM y Omnmci AuHa-
MiKH 3BOPOTHOT'O KJIallaHA € BU3HAYCHHS i€ CHIIH, IS
4oro Hapasi yacto BukopuctoBytots CFD-meroz.
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Cnin 3a3naunty, mo CFD-aHami3 mmpoko 3acto-
COBYETBCS JUIA JOCIHIDKCHHS KIIAMAaHIB DPIi3HUX THIIIB.
Psix 3ramaHnx TyT poOiT MPUCBSYEHO 3aMOODKHAM Kila-
maHaM. He3Bakaroum Ha BiAMIHHICTE Y ()YHKIIIOHATh-
HOMY TpHU3HAYCHHI, 3armo0ikKHI Ta 3BOPOTHI KIIANaHU
MalOTh CXO0XKY KOHCTPYKIIIO 1 NMPHUHIOMI B3aeMopii mo-
TOKY 13 3amipHUM opraHoM. ToMy pe3ynbTaTH, OTpHUMa-
Hi B ITUX JTOCIHKEHHIX, MOXKYTh YaCTKOBO OYTH 3aCTO-
COBaHI ¥ MpW aHaNi3l ITUHAMIKK TOTOKY B 3BOPOTHHX
KJlaraHax.

ABTOpHU CTaTTi [6] BHOKPEMIIIOIOTH J[Ba OCHOBHI
miaxoau 1o 3actocyBanHs CFD npu MonenroBaHHI cuit
MOTOKY B TifipaBiiuHKMX KnanaHax. [lepmmil migxin rme-
pendavae (ikcoBaHE IONOKEHHS PYXOMOI YacTHHH
KJlarnaHa, 110 BUKOPHCTOBYETHCS SIK y CTalllOHAPHUX,
TaK 1 B HECTALlIOHAPHHUX pexuMax. J[pyruii — BpaxoBye
PyX 3aIlipHOTo OpraHy IiJl i€ MOTOKY Ta Peali3yeThCs
B Mexax FSI-monentoBanHs (Fluid-Structure
Interaction), sike 1a€ 3MOT'Y BiZICIiIKOBYBATH B3a€EMOIIO
PIAVMHHM 3 TBEPIUM TLIOM.

[Mepumii miaxin peanizoBaHo B AOCTIDKEHHsX [7] 1
[8], me oriHrOBaIOCA PO3MOMIICHHS CHJ Ha Tapilii 3a-
nobixuoro knanana. [lpuxmagom FSI-minxomy moxe
Oyru pobota [9], y sKil UIs KOPEKTHOTO BpaxyBaHHs
B3a€EMOJIIi MOTOKY i3 3alipHAM OpraHOM 3aCTOCOBYBa-
JIUCh (DYHKIIIT KOPUCTYBaYa, 110 OHOBJIFOBAJIU MOJIOKEH-
HSl TapiJIKi Ha KOXXHOMY 4YacOBOMY KpOIIi 3aJIe)KHO BiJ
CHJI IIOTOKY Ta MPYXXHHH.

VY nocnimxensi [10] onucano npsiMuil i HenpsiIMUA
meronu CFD-MopentoBaHHs TapijbyacToro 3amnodi>KHo-
ro KjamaHa. SIk rpaHWMYHI YMOBH 3aJaBajlucs THUCK Ha
BXOJIi Ta TUCK Ha BUxoi. [Ipu npsiMoMy MeTO/Ii THCK Ha
BUXOJII BBOKABCS IOCTIHHUM, a TIPH HENPSMOMY — 3Mi-
HIOBAJIM SIK BX1JTHHH, TaK i BUXiTHUH THCK. ABTOpH [11]
po3podmin CFD-Mozens TapinpyacToro KiamaHa, ska
ormucye HOro MOBENIHKY SK y BCTAHOBICHOMY, TaK 1 B
nepexijiHoMy pexxumi. J[Jisi crallioHapHUX PO3PaxyHKIB
3aJ[aBajiics 3HAUSHHS THUCKY Ta BUTpPATH, a AN Tepexi-
JIHUX — (DIKCOBAHHM THCK.

FSI-moneni 3abe3nedyioTh BUCOKY TOYHICTH BIJT-
BOpEHHsI AWHAMiku kiamana. Ilpore mpu anHami3i Bemu-
KHX TipaBIiYHUX CHCTEM, Ji¢ 3BOPOTHHUI KIIATaH € JIH-
e OIHUM i3 0araTboX KOMITOHEHTIB, iX BUKOPHCTaHHS
YCKJIaJHeHe. Y TakKuX BHIaJKaxX IIHPOKO 3aCTOCOBY-
IOTBCSL MOJET 3 30CepeKSHHMHU MapaMeTpamu, sKi
Jal0Th 3MOT'Y JOCUTH TOYHO OIKCYBATH THHAMIKY CHC-
TEMH 3 MEHIINMH OOYHCIIOBaJIFHUMHU BUTpaTamMu. Haii-
ORI pallioHAEHUM € KOMOIHOBaHM MiAXix, 3a SKOro
JUTSL OTIACY JIOKAIBHUX TiAPOIMHAMIYHUX TPOIIECiB (CHIT
THCKY, KOS(IIIEHTIB BUTPATH TOIMIO) BUKOPHUCTOBYETHCS
CFD-anauni3, a AuHaMika BCIi€l CHCTEMHU PO3PaxOBYETHCS
3a MOZEJUII0 3 30CEpEPKEHUMHU NapaMmerpamu. Takuid
X1 peai3oBaHoO, HANPHUKIaL, y podori [12], me moc-
TMPKyBaIUCs TiApONMHAMIYHI €()eKTH, IO CHPUIHHS-

I0Th HeOakaHi TiIpoydapu B TPYOONPOBIIHHUX CHCTeE-
Max.

VY 1mpoMy AOCHIIKEHHI peayi3oBaHO aHAJIOTiYHHI
KOMOIHOBaHMM TiIXiI.

4. MaTteMaTH4YHA MOJEJb TUHAMIKH
CHCTEMH *KMBJIEHHSI 3MiHHOI CTPYKTYPH

MarematnaHa MOJeTb HU3bKOYaCTOTHOI TUHAMIKH
PO3TIISTHYTOI CUCTEMH JKUBIICHHS Ta30reHepaTopa (IIUB.
puc. 1) BkIIIOYa€ MaTeMaTH4YHY MOJENb TiIpaBiIivyHUX
TPaKTiB K CHUCTEMH 3 30CEPEKEHHMH IapaMeTpaMHy,
PIBHSIHHSI JJIsl BU3HAUCHHS THCKY B Ta30r€HEpaTopi Ta
PIBHSIHHSI PYXY 3allipHHX OpraHiB 3BOPOTHHX KJIAIaHiB.
[Tpn noOynoBi MateMaTHYHOI MOZIEINI TUHAMIKH TigpaB-
JIYHUX TPakTiB OyB BUKOPWUCTAHWH MiJXij, 3aCTOCOBA-
HUH ISl OMECY MUHAMIYHHX TIPOILECIB Y MPOTSKHUX
posranyxeHux TpyoomnpoBoaax [1, 2]. Bin nependauae
eran BU3HAYEHHS YaCTOTHUX XapaKTEPUCTHK Pi3HUX
TUIOK JIOCHI/PKYBAHOI TiPaBIivyHOI CUCTEMU METO/IOM
IMIIEJAHCY SIK CUCTEMU 3 PO3IOLICHUMH MapaMeTpaMu.
Jani ckinamaeTbes MaTeMaTHYHA MOJEIb 13 30CepeiKe-
HUMHU TapaMeTpamMy, 3Ha4eHHs KoeQillieHTIB sKoi 3a-
JIAFOTHCSI TAKMM YMHOM, II00 YaCTOTHI XapaKTEepUCTUKH
CHCTEM 3 PO3MOIUICHUMH Ta 30CEPEPKEHUMH Mapamer-
paMM y3rojiKyBaJiuCs 3 3aJJaHOK TOYHICTIO B TIEBHOMY
YaCTOTHOMY Jliana3oHi.

BiamnoBimHO 10 HaBEIEHOro BUIIE MiJIXOMy, HeEi-
HilfHA MareMaTWyHa MOJEb JUHAMIKK TiJpaBlliqHOI
CHCTEMH IIaJbHOTO 3 30CEPeKCHUMHU MHapaMeTpaMu
3MIHHOI CTPYKTYpH MaTHMe BUIJISL

dm

f .
Jp Tp =pp—P1 _(‘:fp +&v2 )/P mg, (1)
dm .2
It be =pp—P1—(&m +Evi)/p- iy, (2)
dp . . .
G d_tl = Mep +Mpp —Migg (3)
drig ]
‘]fgg dtgg =P1—Pyg _(gfgg +&vs )/P mfzgg ) (4)
V, dp
99 9 L
— 0 0 gty gy, (5)
TggRggTgg dt
Ygg +1
AggPgg 2 gt

Msgg = ——=——1(Yay '
VRagTgg Tgg 1

Jie p — T'yCTHHA MAJIBHOTO;

r'nogg — BUTpaTa OKHCIIOBAaYa, 10 HAIXOIUTh IO Ta-

30T€HepaTopa;
Mggg — BATpATa MPOXYKTIB 3TOPSHHS 3 Ta30reHepa-

TOpa;
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KOC(ILIEHTH TiIPaBIIYHOrO OHOpy &fy, &fy, Efgg
BU3HAYAIOTHCS T1IPaBIiYHUM PO3PAXYHKOM;

Koe(ilieHT! IHEPUIHHUX omopiB Jgy, Jgy, Jfgg
(3HaxomATBECS 32 TEOMETPUYHHUMH XapaKTePHCTHKAMU

TpyOONpPOBOIiB);
KOE(QII[IEHTH TIAPaBIiYHOTO OMOPY 3BOPOTHUX Kia-

naHiB &yq, &yo, &y3 BU3HAYAIOThCA e(hEKTUBHUMU

MIPOITYCKHUMH TIJIOIAMH 3BOPOTHHX KJIaraHiB.
Junamika pyxy TapiKi 3BOPOTHHX KJIamaHiB

OIMUCYEThCA A epeHIiaTbHIM PIBHSIHHSAM PYyXY:

d?x
Mms F = I:pr - Fsp (6)

1€ Mg — Maca PyXOMHX YaCTHH 3BOPOTHOTO KJIaMaHa;
X — X1/ 3amipHOrO OpraHy;
For — CHJIa IOTOKY, 11O i€ Ha TapiIKy 3alipHOro
oprasy;,
Fsp — cnna npyxuHu KiamaHa.
Cuuia TepTs uepes3 Masly BEIMUUHY HE BPAXOBYETh-
csl.
JIJ'IH BHU3HAQYCHHSA CHIIN Fpr BHUKOPHUCTOBYIOTHCSA

THCKH Ha BXOAI Pj, Ta BUXOOI Pgy; 31 3BOPOTHOTO

KJIanaHa, siki OOUMCIIIOBAIINCS 3aJISKHO BiJl THCKY Yy CY-
MIXKHOMY BY3J1i Ta BUTPATH PiAMHH, 110 MPOTIKa€e depe3
3BOPOTHUH KJIAIlaH:

dmi’j

Pin =Pni —&inij /P M —dinij— 2, (7

2 drh; ; g
Pout =pnjﬁL“:'zouti,j/P'mi,j‘F‘]outi,jTy )]
e Ppj Ta Ppj — THCK y i-My Ta B j-My BY3J1aX IiApOCH-

CTEMH — BI/IMOBIIHO HA MOYATKY ITiJ{BIIHOrO Ta B KiHII
BiJIBIJIHOTO JIJITHOK TPYOOIIPOBOAY;

Mjj— MacoBa BUTpaTa DPIIMHM Y BiANOBIZHOMY
TpyOOIpPOBOIi;
&inij 1 Soutij — KoedinieHTH rinpasiiqHoro onopy

ITiJIB1AHOTO Ta BiABITHOTO IUISTHOK TPYOOIIPOBOLY;
Jinij 1 Joutij — KoediuieHTn iHepuilHMX OmOpiB

I JIB1AHOTO Ta BiIBiTHOTO IUISTHOK TPYOOIIPOBOLY.
5. Pesyabratn CFD-moaenoBanHs

B pesymerati CFD-MoznentoBaHHS TOTOKY PiIuHH
4yepe3 IOCIiIKYBaHWN 3BOPOTHHM KIAmaH OTPUMAHO
IOJISl TUCKY Ta IIBHIKOCTEH Y PO3paXxyHKOBiH 00IacTi
JUIA psiy 3HAYEHb XOMY TapiIKd Ta TIEpemnaiB THCKY.
Ha puc. 3 i 4 HaBeneHa xapakTepHa KapTHHA PO3MOILTY
CTaTUYHOTO THCKY p Ha MEpeqHid TMOBEpXHi Tapiiku 3a

BiTHOCHHM pajiycoM Tapinku (T =r/f) Ta BiTHOCHHM
XxomoM 3amipHOro oprany (X=Xx/dg) mpu mepemani
Ap =0,1 MITa.

Puc. 3. Po3nonin THCKy Ha Tapijili 3alipHOro OpraHy
npu niepenazi tTucky 0,1 MIla

0,20

0,08 1 L 1
00 02 04 06 08 1,0 12 14 16
Paniyc, F=rl
s

Puc. 4. Po3noain TUCKY 3a pailycoM TapijKu
npu niepenani tucky 0,1 MITa:
1— s x/dg=0,002; 2 — s x/dg =0,01;
3 —nmna x/dg=0,02; 4 — s x/dg =0,04;
5—nmna x/dg=0,1; 6 — nns x/dg =0,26

Po3monin TUCKY 3a pajiiycoM TapiliKk MpPU Pi3HUX
3HAYCHHAX XOJy 3alipHOro OpraHy BigoOpaxkae ocoO-
JUBOCTI TMPOTOYHOI YaCTHHU KiamaHa. Ha Bxomi B Kia-
MaH TOTIK PIAWHU PO3TOPTAETHCA B padiabHOMY Ha-
mpsaMKy. [Ipu manomy xoni Tapinku (i HeBEIHKiH o
B paliaJbHOMY HAaIpsMKY) IIe NMPU3BOAUTBH JIO IEBHUX
BTpar THcKy (mpu T =0,5-0,9) me 10 OCHOBHMX BTpaT
TUCKY Ha cimmi. [Ipu 36inpmenHi xoqy 3amipHOTo opra-
HY MiHIMaJBHAHN TPOXimHUHA Tiepepi3 (I OCHOBHI BTpaTH
THCKY) 3MIIIYIOTBCA 10 KUTBIIEBOTO 33a30DY.

Kpim Toro, Ha emopi THCKY 3a CIIJIOM TPUCYTHI
JIBA XapaKTEepHI eKCTPEMyMHU — OJWH ITONATHHH, 1HIIMI
Bin’eMHUil. BOHM BiAMOBimaOTH OONACTSIM pO3TAITy-
BaHHS [IBOX TPHKYTHHX KUIBIEBUX KaHABOK IO KPasx
M’SIKOTO YIIUTFHIOBaYa, BHKOHAHOTO Y BUTJIAMI BCTABKU
y Tapinii 3ampHOro oprany, siki He MoKa3aHi Ha puc. 2.



Koncmpykuyia i miynicmo agiayittHux 06U2yHie i eHepeoycmano8oK 97

CraTuyHy CKIafoBy cwid Aii mOoTOKy Foe MoxkHa

HOJaTH y BUMMIAL ABoX cun Fy i F,, ki AitoTh Ha Tapi-
JIKY B OCBOBOMY HAamNpsMKYy 3 OOKY BXOAY Ta BHXOAY
BIJIIOBIAHO:

Fpr =R-FK ©)]

[punyckaroun piBHOMIpHHH PpO3MOII THCKY Ha
BHXOJIi 3 KJIalIaHa, OTPUMAEMO:

Fo = Pout -Tp (10)

e fp — TJIOIIA TapPiJIKH, fp :n-dg /4.
Jlns BU3HAUCHHS PE3YAbTYIOUWOI CHJIM THUCKY Ha
BXOJIi B KJIANIaH CJTiJ{ OOYMCIUTH 1HTErpa:

F1=2-n-jORp(r)-rdr, (1)

ae p(r) — posmomin THCKY B3[0BK pajiyca Tapijku,

R =d, /2 — 3oBHiwHii papiyc Tapinku.

Ha rpadikax (puc. 5 i 6) HaBeIEHO 3aJICKHOCTI
CHIIM [T IOTOKY Ha 3allipHUI OpraH KiarnaHa BiJ HOro
XOIy MPH Pi3HHUX Mepenagax TUCKY AP = Pjp —Poyt MK
BXI1/IHOIO Ta BUXIJIHOIO MOPO)KHUHAMH KIIAIIaHa.

Ilpn Mmanux 3Ha4eHHAX Xony (B niamaszomi X/dg

1o 0,006) ocHOBHUI TipaBIiuHKUI OMip CTBOPIOE BY3b-
KU JpOCeoBAIHAN 3a30p MK TOpIIEM Cijia 1 Tapi-
KOI0. Y IIbOMY peXHMi CHa il MOTOKY 3pOCTa€e Mpak-
TUYHO JIHIWHO 31 30inbIeHHsM xoay. [1o mipi Bigkput-
T KJallaHa OCHOBHHMM JPOCETIOBAIBHHM €JIEMEHTOM
CTa€ HACTYIHHMH 3a MOTOKOM — KUIBIIEBUH 3a30p MiXk
Tapinkol Ta KopmycoM. Came Ha HBOTO IPUIANAE
HaKOIIbIIA YaCTHHA 3arajbHOro mepenany THCKy. [
JIISTHKH, PO3TAIIOBaHI Mepejl CiJUIOM, TaKi K TOPIIEBUIA
3a30p 1 BXiJHUH NaTpyOOK, TAaKOX BIUIMBAIOTH Ha
CTPYKTYpY IIOTOKY, ajle iX OIip 3HaYHO 3MEHIIYEThCS
mpu 30iUTBIIEHHI XOMy. BHACHiZOK mepepo3monity me-
penaniB THCKY MiXK APOCETbHIMH IUISHKAMH, THUCK IIe-
pen CiIoM 3MEHIIYEThCS, 0 MPU3BOAUTH 0 YIIOBLIb-
HEHHS 3pOCTaHHA PE3YNbTYIOUOi CHIIH il ITOTOKY.

Puc. 5. 3anexuicts Fy =f(X, Ap)

30

25

0 1 1 1 1 1
0,00 0,05 0,10 0,15 0,20 0,25

. . ~_ X
Xiz Tapinaku, =
S

Puc. 6. 3anexuocti Fy =f(x/ds) npu mammx

nepernajgax THCKY
1 - Ap=0,02 MIla; 2 — Ap =0,05 MITa;
3 —Ap =0,08 MIla; 4 —Ap =0,10 MITa;
5—Ap =0,12 MIla; 6 —Ap =0,14 MIla

6. Pe3yaibTaTi Moe/IIOBAHHS
nepexiiHuX npouecisB

[Tpu po3paxyHKy MepexiTHHUX IMPOLECIB Y CUCTEMI
kuBJeHHs rasoreHeparopa JKPJl B siIKOCTI IpaHMYHHX
YMOB BUKOPHUCTOBYBAIIUCS: NOCTIHHUN TUCK y ITyCKOBO-
My 6auky (Pg ), BUTpaTa OKHCJIOBa4ya Ha razoreHepa-

TOp (Mggg ) Ta THCK Ha BHXOJII 3 Hacoca MajabHOro ( Pp ).

3pocTaHHs BHTPATH OKUCIIOBA4Ya i THCKY 3a HACOCOM
3a/aBainucs JHIWHUMHU (QYHKIISIMU 4acy, 10 BigoOpa-
ae (i3UKy Ipolecy 3amycKy: MOCIiI0BHE 3011bIICHHS
HoJadvi OKMCIIIOBAYa Ta IMOCTYIIOBE HAPOCTAHHS THUCKY B
HACOCHI1 JIiHIT 0 Mipi PO3KPYTKHU TYypOiHH.

Ha puc. 7 HaBeieHO 4acoBi 3aJI€KHOCTI BIIHOCHUX
MAacoOBHX BHUTpaT (rﬁfp, My, , ﬁ1fgg, ﬁ‘ogg) KOMIIO-

HEHTIB MayuBa. BiqHOCHI 3Ha4eHHS MaJbHOTO BH3HAYa-
JHCS K BIIHOMIEHHA IOTOYHOI BUTPATH MAaJbHOTO N0
MaKCHUMaJIbHOI BUTPATH MAIEHOTO B ra30reHepaTopi.

3 IBOro PUCYHKA BUIHO, IO HAa IOYATKOBOMY €Ta-
I 3aIlycKy ABUTYHA BHTpaTa MaJIbHOTO B Ta30r€HepaTop
Bi/IOYBa€THCS JIMIIE 3 IyCKOBOTO Oadka i JocsArae Mak-
CUMalbHUX 3HaueHb. Lle OoOyMOBJIEHO BiACYTHICTIO
MPOTUTUCKY B Ta3oreHeparopi. Ilicis 3aiimMaHHS KOM-
MOHEHTIB TajiBa B Ta30r€HEPaTopi Ta PO3KPYTKH
TypOiHM TIOYMHAETHCS 3POCTAHHS THCKY 32 HACOCOM.
[Ipu nocsrHEeHHI MEeBHOrO 3HAYEHHSA THCKY 38 HACOCOM
BiIOYBAa€THCS TIEPEKIIIOYEHHS IIOTOKY IajJbHOTO Ha
JKHBJICHHS BiJl Hacoca. BuaHo, 0 me mepexiroueHHs
Bi/IOYBAa€THCS TOCUTH IUIABHO, 0€3 CTPHUOKIB 1 MPOBAIIiB
BUTPATH MaJIBHOTO B Fa30reHEPaTop.

Ha puc. 8. HaBeneHi xapaKTepuCTHKA POOOTH 3BO-
POTHUX KJalaHiB Mij 9ac 3aIycKy JBHTYHA: 9acoBi 3a-
JIEXKHOCTI BIJHOCHUX THUCKIB Ha BXoni (Pj, ) Ta BHXO.i
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(Poyt ) 3BOPOTHHX KJANaHiB, a TaKOX BITHOCHHX IIPO-
nyckHux mnepepizis (f i f,,) KnananiB (BimHOCHO iX
MaKCHMaJIbHOTO 3Ha4yeHHs). ba3oBUM piBHEM THCKY

Y35ITO BEIMYMHY THCKY B Ta30reHepaTopi Ha HOMiHAIb-
HOMY PEXHUMi.
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Puc. 8. 3mina mapameTpiB 3BOPOTHHUX KJIAMaHIB
iz gac 3amycky PP/I:

a — I Knamasa 1; 6 — 1y kjianana 2

VY chineHiE poOOTI 3BOPOTHHX KJIAalaHIB MOXKHA
BHUJIUIATH TPH Tiepionu. Y MOYATKOBUH TEPiof 3amycKy

JBUTYHAa 3BOPOTHHH KiamaH | BigkpuTuii, xianaH 2
3aKpUTHH, 1 IMOoJja4a MaJliBa B Ta30reHepaTop 3AiHCHIO-
€TBCS 3 MycKoBoro Oauka. [Ipu 3pocraHHi THCKY 3a Ha-
COCoM 00M/IBa KianaHu nepeOyBaloTh y YaCTKOBO BiJIK-
pUTOMY CTaHi, 1 Ioava rnajuBa BigOyBaeThCsl OHOYAC-
HO 3 ITycKoBOro 0Oauka i Bifi Hacoca. Y mei mepiof Kia-
maH | 3akpuBaeThCH, KiamaH 2 BinkpuBaeThes. Llei
MPOLIEC CYNPOBODKYETHCS MO3OBXKHIMHI KOJIMBAHHIMHU
3aMipHUX OpraHiB KJANaHiB, aje He BHKIWKAE KOJIH-
BaHb BUTpAT. Y KiHIIEBOMY Nepioni KiamaH | moBHic-
TIO 3aKpUTHH 1 Mojaya MajuBa 3 IyCKOBOro Oauka
MPUITAHSAETHCS, TOJ SIK KJIanaH 2 TMOBHICTIO BiJKPUTHIA
1 moyiava manuBa 3a0e3rnevuyeThesl BUKIIOYHO BiJl HACO-
ca. TakuM 4nMHOM, cucTeMa 3a0e3nedye IUIaBHICTh Ie-
pexoay BiJi MyCKOBOTO PEKUMY JKUBJICHHS JI0 KHB-
JICHHS BiJ] Hacoca.

IIpencrasieHi 3aJeKHOCTI JIEMOHCTPYIOTH Y3TO-
JUKEHY poOOTYy eNeMEHTIB CHCTEMH XHMBJICHHS TiJ yac
3aIyCcKy JIBUTYHA Ta J03BOJISIOTH OLIHUTH BIUIUB JHHA-
MIiKM KJIanaHiB i THCKY Ha TUIABHICTh MEpeXiHUX Mpo-
LIECIB.

BucHoBku

J1s cucteMu JKUBJIEHHS MaJbHUM ra30reHeparopa
3MIHHOI CTPYKTYpH PO3pO0JIEHO MaTeMaTHYHY MOJAEIb
JIMHAMIYHUX TPOILECIB Mijl Yac 3alycKy piAMHHOrO pa-
kerHoro neuryHa (PPJ]). Ilix yac moOynoBu maremaru-
YyHOI MOJEJ TMHAMIKH TiIPaBIiuyHUX TPAKTIB BUKOPHC-
TaHO IMIENAHCHUH METOX Ul y3TOKEHHS 4aCTOTHHX
XapaKTePUCTUK Pi3HUX TLIOK TiPaBIvuHOI CHCTEMH, SIKi
OTpUMaHI JUIsi CHCTEMH 3 PO3MOALJICHUMHU Ta 30Cepe-
JUKEHUMH mapamerpamu. J{inst moGynoBu MaTeMaTU4HOT
MOZIeNi JIMHAMIKM 3BOPOTHUX KJIANaHIB 3aCTOCOBAHO
CFD-MopnentoBaHHsl MOTOKY PiJMHU 4epe3 3BOPOTHHIA
KJIamaH.

3a pesynbratamu CFD-mMonenioBaHHS BU3ZHAYEHO
PO3MIO/ILT TUCKY PIAMHYU Ha Tapijill 3amipHOro OpraHy 3
00Ky BXOJIy 3aJI€KHO BiJl XOJy 3aIlipHOro OpraHy Tta
nepernajay TUCKy Ha kianani. lle nanxo 3mory o6unciu-
TH CWIy [ii TOTOKY Ha 3alipHUNA OpraH 3a pi3HUX
YMOB.

[IpoBeneHo MaTeMaTH4HE MOJENIOBAHHA IWHAMI-
YHHX TIPOIECIB y TiApaBIivHIN CHCTEMi 3MIHHOI CTPYK-
Typu. [lokasaHo, IO NepeMUKaHHS Ha CTalliOHapHE
JKUBJICHHSI TIAJIbHAM BiJ Hacoca BigOyBaeThCS IOCHTH
TUTaBHO, 0€3 MOMITHHX AMHAMIYHHUX CTPHOKIB 1 MpoBa-
JiB BUTPATH MAIBHOIO B Ta30I€HEPaTop.

Y mporeci 3amycKy IBUTYHA 3BOPOTHI KITallaHU
MPOXOIATh TPU €Tal CHibHOI poborn. Ha mowartko-
BOMY €Talll 3aIyCcKy BiIKPUTHH JHIIe KiamaH 1, i )KuB-
JICHHS TTATBHUAM 3IIHCHIOETHCS 3 IycKoBOro Oauka. [lpu
MABUINEHHI TUCKY HAa BUXOII 3 HAcOCa MOYMHAE BiIK-
pUBaTHCS KamaH 2, a KJanad | 9acCTKOBO 3aKPHBAETh-
cs. Y 1el mepioJl )KMBJICHHS HaJbHUM BiZOyBa€eThCs 3
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JIBOX JKEper: ImyckoBoro Oauka i Hacoca. Ilix wac py-
Xy 3alipHUX OpTaHiB MOXKIIMBI IXHi MO3JOBXHI KOJH-
BaHHs Yepe3 MMaJiHHSA CTATUYHOTO THUCKY MpH TOSBI
BUTpaTH uepe3 KiamaHu. [Ipum mocTaTHRO BHUCOKOMY
THUCKY Ha BHXOJl 3 Hacoca KiamaH | IMOBHICTIO 3aKpH-
BA€THCS, 1 )KUBJICHHS aJbHUM 3/1iHCHIOETHCSI JIMIIE BiJT
Hacoca.

Buecox aBTOpiB: (QOpMyIIOBaHHS HAYKOBOI IpO-
onemu — C. 1. JoaromosioB, C. A. IlleBUeHKO; OIS
Ta aHani3 iHpopmaniiHux mxepen — O. C. YepHsiBeb-
kuii; npoenenns CFD-aHamizy Ta iHTeprperaris ioro
pesynbrariB — O. C. YepHABCHKHUH; aHaNi3 pe3yibTa-
1iB nocnimpkenas — O. C. Yepussebknii, C. 1. Jogaro-
mosioB, C. A. IllleBYeHKO; MiATOTOBKA ITOYATKOBOI BEp-
cii pykorniucy — O. C. YepHsiBcbKHii, QiHanbHe pena-
ryBaHHs Tekcty Ta opopmienns crarri — C. I. Joaro-
noioB, O. C. YepHsABCHKUIA.
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MATHEMATICAL MODELING OF THE DYNAMIC PROCESSES DURING
CHECK VALVE OPERATION IN THE BRANCHED RECONFIGURABLE FEED SYSTEM
OF A LIQUID ROCKET ENGINE

Oleksandr Cherniavskyi, Serhii Shevchenko,
Sergey Dolgopolov

The dynamic processes in the branched reconfigurable propellant feed system of a liquid rocket engine (LRE),
where check valves are used to ensure engine start-up, are the subject of this study. This study aims to develop a
mathematical model of the dynamic processes during the operation of a check valve using computational fluid dy-
namics (CFD) and perform mathematical modeling of the transient processes in the branched reconfigurable feed
system during LRE start-up. The objectives of this research are: to conduct a series of CFD calculations of the
pressure distribution on the poppet of the check valve, to obtain the dependence of the flow force acting on the pop-
pet on the poppet stroke and pressure drop across the valve, and to simulate the transient processes in the branched
reconfigurable feed system of the LRE during start-up. Methods used: CFD, computational mathematics, vibration
theory, and impedance methods. The following results were obtained. We developed a mathematical model of the
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dynamic processes in the branched reconfigurable feed system of an LRE, which includes check valves. The imped-
ance method was used to match the frequency characteristics of different branches of the hydraulic system, derived
from systems with distributed and lumped parameters, in constructing the mathematical model of hydraulic line dy-
namics. CFD modeling was used to construct the mathematical model of check valve dynamics. The pressure distri-
bution of the fluid on the poppet from the inlet side was determined as a function of the poppet stroke and the pres-
sure drop across the valve based on the simulation results. This made it possible to calculate the flow force acting on
the poppet under different conditions. The dynamic processes in the branched reconfigurable hydraulic system were
mathematically modeled. During the joint valve operation period, the propellant is supplied from two sources: the
start tank and the fuel pump. During the motion of the poppets, their longitudinal oscillations are possible due to a
drop in static pressure when the flow through the valves begins. Conclusions. Switching to steady-state propellant
feed from the pump occurred smoothly, without noticeable dynamic surges or drops in propellant flow to the gas
generator.

Keywords: liquid rocket engine; branched reconfigurable feed system; check valve; mathematical modeling;
CFD analysis; fluid flow force; engine start-up.
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