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TBepaonaanuBHi pakeTHi ABUIYHH XapaKTEPH3YIOTHCS IPOCTOTOK KOHCTPYKIi, BHCOKOK HamiifHICTIO Ta
30aTHICTIO 10 TPUBAJOro 30epiraHHs mamuBa 6e3 BTpaTH #oro BiactiuBocTeil. OCHOBHOIO OCOONHUBICTIO TBEPIO-
nanuBHEX paxeTHUX ABUryHiB (P/ITII) € Te, mo manbHe Ta OKHCIIOBAaY 3MilllaHi B TBEPIOMY CTaHi, 1o 3abe3me-
4ye piBHOMIpHE TOpiHHS Ta CTaOIIbHINA BUKU POLYKTIB 3ropsHHs. OIHAK depe3 BiACYTHICTh MOMKIIMBOCTI pery-
JIFOBAHHS NIBUKOCTI TOPIiHHSA Ta BiJICYTHICTH MOXIMBOCTI 3yIIHHKU 200 IIOBTOPHOTO 3aMaIIOBaHHS IiCIIs IOYATKyY
TOpiHHS BUHUKA€E HEOOXiAHICTh B €(EKTHBHUX METO/aX PEryIIOBaHHs BEKTOpa TAru. ['a3omiHaMivHi MeTou, Taki
SIK {H)KEKI[is ra3y B HaJ3BYKOBY YaCTHHY COILIA, TO3BOJIIFOTH JOCSAITH HEOOXIZHOrO KepyBaHHS TPAEKTOPIE0
MOJNBOTY 0€3 CKJIaJAHUX MEXaHIYHUX CHCTEM BEIHKOI MOTY)KHOCTI. AKTYaJbHICTh JAHOTO JOCTIDKSHHS IOJArae y
MiJBUIIEHHI TOYHOCTI i €()EKTHBHOCTI yNpaBIiHHS MOJILOTOM PAKET, 0 € KPUTUYHO BAXKIIUBUM JUISi BUKOHAHHS
Cy4acHHX KOCMIYHHX i OOOPOHHHX 3aBIaHb. YHCeTbHE MOJCIIOBAHHS CHCTEM Ta30JHMHAMIYHOTO PEryJIOBaHHS,
30KpeMa LUBIXOM HECHMETPHYHOI IHKEKILil rasy, J03BOJISi€ OTPUMATH JACTalbHI JaHi PO IOBEJIHKY HOTOKY Ta
ONTUMI3yBaTH KOHCTPYKIIIO i mapamerpu pobotu cuctemu. O6'ektoM mocmimkens € Hatypuuit PIATII i3 razomu-
HAMIYHOIO CHCTEMOIO PETyJIIOBAaHHs BEKTOpA TAIM, 3aCHOBAHOK Ha BUKOPHCTAHHI HECHMETPHYHUX CHII, SIKi BH-
HHUKAIOTh Ha CTIiHI[ COIUIA MPU B3a€MOIil HA3BYKOBOIO MOTOKY 3 OIYHUMHU CTPYMEHSMH, L0 1HKEKTYIOThCS. J{ist
MO/ICITIOBAaHHsI [POLECY B IporpamMHOMy KoMmiuiekci Ansys Fluent po3po6ieHO reomerpHvHy MOJENb COmia 3
HECHMETPUYHUM BIyBOM KaMEPHOTO rasy B HaJ3ByKOBY 4acTHHY. PeryitoBaHHs BUTPATH Ha BB 3/iHCHIOBAIOCS
MEepeMileHHsIM 3aC/IiHKH KialaHa. PO3paxyHKOBI JOCHIUKCHHS IPOBEICHO 3 ypaxXyBaHHSM 3MiHH OCHOBHHX
Tero(hi3HIHUX MapaMeTpiB ra3y 3aleKHO Bill TEMIIEPATypH 3 ypaxyBaHHsIM IPOLECIB AUCOLIALI [IIIXOM ampo-
KcuMalii JaHuX. ANpoKCcHMallis BUKOHAHA 3a JIOTIOMOTOK KYCKOBO-IOJiHOMIaIbHUX (yHKIIH. Ha ocHOBI umce-
JIBHOTO MOJICNIFOBAHHS OTPUMAHO KapTHHH Tedil B COILI pakeTHOro ABuryHa. [IpoBeneHO MOPIBHSIBHUIA aHAMi3
OTPHMAHHUX PE3yNIbTAaTiB 3 JAaHUMH EKCIICPUMEHTAJIbHUX BHUIPOOYBaHb. Pe3ylbTaTH YHCEIBHOIO MOJCTIOBAHHS
3a/10BIJIBHO y3TOJDKYIOTBCS 3 pe3yJIbTaTAMU BUMIPIOBAHHs OI4HOI CUIIM IIPU BOTHEBUX CTCHAOBHX BUIIPOOYBaHHSX
MPOTOTHITY. 3 MPAKTHYHOI TOYKH 30py, OTPUMAHI PE3yJbTaTH MOXYTh OyTH 0€3I0CEepeIHbO BHKOPHCTAHI ISt
BJIOCKOHAJICHHS ICHYFOYHX Ta PO3POOKH HOBHMX CHUCTEM YIpPABIiHHS BEKTOPOM TAru. Lle 3abe3neunthb miBUILICHHS
TOYHOCTI HaBiramii paker, HOKpamieHHs! CTabUILHOCTI MONBOTY Ta e(peKTHBHE BUKOHAHHS MaHEBPIB, 10 € KPUTH-
YHO BaXXJIMBUM JULS 3/1IFICHEHHS CKJIJJHUX KOCMIYHHX Ta OOOPOHHHX 3aBaHb.

Knrouosi cnosa: sexmop msieu, 2a300UHAMIUHe Pe2yIOBANHS, PAKEMHUL O8USYH MEepA020 NaAlusd, duce-
JIbHEe MOOENIOBAHHSL, THHCEKYIs 2a3).

Solid-propellant rocket engines are simple in design, highly reliable, and able to store the propellant for a
long time without its degradation. Their main feature is that the propellant is a mixture of a solid fuel and a solid
oxidizer, thus ensuring a uniform combustion and a stable discharge of the combustion products. However, the
combustion rate cannot be controlled, and the combustion cannot be stopped or restarted. This calls for efficient
methods of thrust vector control. Gas-dynamic methods, such as a gas injection into the supersonic nozzle area,
offer a required flight path control without complex high-power mechanical systems. The importance of this study
lies in improving the accuracy and efficiency of rocket flight control, which is critical for today’s space and de-
fense tasks. The numerical simulation of gas-dynamic control systems, in particular by an asymmetric gas injec-
tion, allows one to obtain detailed data on the flow behavior and optimize the design and operating conditions of
the system. This study is concerned with a full-scale solid-propellant rocket engine with a gas-dynamic thrust
vector control system based on the use of asymmetric forces that occur on the nozzle wall when the supersonic
flow interacts with the injected transverse jets. To simulate the process in the Ansys Fluent software package, a
geometric model of a nozzle with an asymmetric injection of the chamber gas into the supersonic area was devel-
oped. The injection flow rate was controlled by moving the valve flap. The simulation was carried out taking into
account the temperature dependence of the main thermophysical gas parameters with consideration for dissocia-
tion processes by way of data approximation. The approximation was performed using piecewise polynomial
functions. Nozzle flow patterns were obtained. The calculated results were compared with experimental test data
and shown to be in satisfactory agreement with the lateral force measured during the fire bench tests of the proto-
type. From a practical point of view, the results obtained may be directly used to improve existing thrust vector
control systems and develop new ones. This will improve rocket navigation accuracy, flight stability, and maneu-
verability, which is critical for complex space and defense tasks.

Keywords: thrust vector, gas-dynamic control, solid rocket engine, numerical simulation, gas injection.

Beryn. PerynroBaHHS BEKTOpa TATM € KPUTUYHO BAXKJIMBHUM JUJISI TOUHOTO Ke-
PYBaHHS TPAEKTOPI€I0 paKeTH Mija 4ac nonboTy. Lle no3Bosse 3nilicHroBaTH HE0O-

13


https://doi.org/10.15407/itm2024.02.0

XiHI MaHEBPH, CTa0LIi3yBaTH MOJIT, @ TAKOXK KOPUTYBaTH HAMPSMOK PyXy B pea-
npHOMY 4aci. be3 eekTuBHOrO peryiroBaHHs BEKTOpa TATM HEMOXKIIMBO JOCSITH
BHCOKOi TOYHOCTI BUBEJCHHS KOCMIYHUX arapaTiB Ha opOiTy Ta BUKOHAHHS CKJa-
mHuX Miciii. Lle oco0nmBO akTyanbHO HJIsl paKeTHUX JBHUTYHIB TBEPIOTO IMaTHBa
(PATII), me THYYKiCTh YIpaBIiHHA OOMEXeHa B TOPIBHSHHI 3 IHIIMMU THUIIAMH
npuryHis [1-3].

l'azommuamivni cucremu perymoBanHa BekTopa Tsaru B P/TII maroTe HU3KY
nepesar, 30KpeMa — BUCOKY IIBHIKO/II0, HEBEJIMKY Macy BUKOHABYMX OpPIaHiB CHU-
CTeMH, IIUPOKHUN JTialla30H perymtoBaHHsA. KpiM Toro, Ta3oquHaMidHi CHCTEMH J0-
3BOJISIIOTH 31MCHIOBATH ONTHMI3AII0 TPOIECY PEryIIOBaHHS 3 YpaxXyBaHHAM Pi3-
HUX (PaKTOpiB, TaKUX SK MIBHAKICTH IMOJBOTY, CTYIIHb 3aBaHTAKEHHS Ta YMOBHU
HaBKOJIMIITHBOTO cepefoBuia. Ta MoXyTs OyTH JIeTKO iHTEIpOBaHi y CyJacHi chc-
TEMH YIIPaBIIIHHA 1 aBTOMAaTH3allli pakeTH, M0 POOUTH iX MPUBAOIUBUMH ISl BH-
KOPHUCTAHHS B PI3HUX THIAaX KOCMIYHUX MICi.

st cTyneHiB cydacHUX TBEPIOMAINBHUX PaKkeT HAHOUIbII ONTUMATbHAM TH-
[IOM BUKOHAaBYMX OPraHiB CUCTEMH PETYJIIOBAHHS € HECUMETPUYHHUNA BAYB Kamep-
HOTO ra3y B HaJ[3ByKOBY YaCTHHY coIUIa. BUKoHaB4l opraHu AaHoro Tuiy 3ade3re-
YyIOTh BEJIHKI KEPYIOUi MOMEHTH, HE 3HIDKYIOUH LIBUIKOAIT PEryIIOBaHHS BEKTOPa
TATH PYXOBOI YCTAaHOBKHU B 001acTi MamuX 30ypeHb MIPH BUPIMIEHH] 33729 cTa0imi-
3arii MoNboTYy.

OpnHak NPOEKTYBAaHHS Ta €KCIEPUMEHTAJIbHE BiANPALIOBAHHS MOMIOHUX CHUC-
TeM peryntoBaHHs Ha HatypHux PITII, sk npaBuio, nos'si3aHe 3 BEIUKUMU MaTe-
planbHUMH BUTpaTaMu. bijble TOro, Mpu JaHOMY MIIXO[l Ay’e BaKKO BUOpaTH
HaHOITBII ONTUMANBHI TTapaMeTpPH BUKOHABYMX OPTaHiB CUCTEMH YIpPaBIiHHSA. Y
3B'I3Ky 3 IIMM IIEBHUH 1HTEpeC BUKIIMKA€E YUCETbHE MOJICTIOBAHHS I'a30JMHAMIYHHX
MPOIIECIB, 110 Bi0YBAIOTHCS MPH IHKEKIIii ra3y B HAI3BYKOBY YacTHHY coruia [4-9].

BaxxnmBuM MOMEHTOM IIpH YHCEIHHOMY MOJIEITIOBAHHI € BIAMIOBIAHICTE 00pa-
HOI MOJIETIi peallbHUM TIpoIiecaM y pakeTHOMY ABUTYHI. OIIHUTH CTYIiHb aJeKBa-
THOCTI MOJIETI peajbHIX MPOIECiB MOXKHA MUISIXOM TTOPIBHIHHS PO3PaXyHKOBUX Ta
EKCHEPUMEHTABHUX JaHUX, OTPUMAaHUX IPU BUIIPOOYBaHHSX.

Merta poOOTH — YUCENFHO JOCTIANTH CHCTEMY T'a30/IMHAMIYHOTO PETYIIIOBaH-
Hs BekTopa Taru P/ITII nuisixoM HeCHMETpUYHOI iHXKeKUii ra3y B HaJ3ByKOBY 4ac-
TUHY COIUIa Ta HOPIBHATH 3 €KCIEPUMEHTAIbHUMU JaHUMH, OTPUMAaHUMU P CTe-
HAOBUX BUNPOOYBAHHSIX.

006’ext pociaimxenns. O6'ekrom pocmimkens € Hatypamid PITIT 3165 i3 ra-
30[IMHAMIYHOK) CUCTEMOIO PETYIIOBaHHs BeKTopa TarH (puc. 1, 2), po3pobnenuii y
80-T1i poku XX cT.

Posrnsnaytrii nBuryH — BenukoradaputHuii ogHocorutoBuii P/TII i3 3apsmgom
3ipKomo1i6HOT (hopMH, KU MICTUTH: KOPIYC IBUTYHA 1, Kamepy 3ropsHHS 2, 3a-
psa manuBa 3, COTUIOBHI OJIOK 4, KUTbIle MEepexigHuKa 5, HIKHIN (hIaHenb KopIry-
cy 6, comio BAYyBY 7, 3aCJIIHKY KJIallaHa BAYBY 8, pebpa ®OpCcTKOCTi 9, By3011 BAyBY
10, pynsoBy MammHKy 11, 60opTOoBe mKeperno moTyXHocTi 12.

Kepyroui 3ycuiisi CTBOPIOIOTHCS 3a TIOTIOMOTOO iHXKEKIii (BIyBY) Ta3y B HaJl-
3BYKOBY YacTHHY coruia. Januid crnoci0 ra3zonHaMigyHOIO PEryJilOBaHHS BEKTOpa
TATH 3aCHOBaHUI HAa BUKOPUCTAHHI HECUMETPUYHMX CHUIL, SIKI BUHUKAIOTh Ha CTiHII
COIUIa MPH B3a€MOJIii HAA3BYKOBOI'O MOTOKY 3 OIYHMMHU CTPYMEHSIMH, L0 iHXEK-
TYIOTBCSI.
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Puc. 1

Jnst BAyBY BHKOPHCTOBYIOTHCS HPOIYKTH 3rOPSHHS OCHOBHOTO IMAajHBa, SIKi
BinOMpaloTh i3 Kamepu ABUryHa. OTBOPH i1HXKEKLIi pO3TalIOBYIOTHCS Ha MOTOILIE-
Hill HaI3BYKOBIH yacTuHi comia. [Ipu npoMy oci OTBOPiB He MPOXOIATH Yepe3 Oci
COIUTa JUIS CTBOPEHHSI MOMEHTY Haxuiy. Puc. 2 imocTpye cucteMmy BAyBY IBUTYHA
3J165 i3 comtoM BIyBY 7, 3aCIIIHKOIO KJIallaHa BAYBY 8 Ta peOpaMu ®KOPCTKOCTI 9.

Puc. 2

Jlo3yBaHHS a3y 4epe3 COIUIO BIYBY 3iIHCHIOETHCS KiIallaHAMHU-PETYIISITOPaMH,
sIKi po3TamioBasi y By3nax BayBy 10 (puc. 1). CTBopeHHs OiuHMX cui 3a0e3meuy-
€TbCS OJHOYACHUM BiKPUTTSIM JABOX KJIallaHiB BAYBY Ha NEBHY BEJIHMUYUHY.

VY KOXHIW YBEpTi corlia, CHMETPUYHO IO TUIOIIMHU CTadumizalii pakeT, Ha
YTOIUICHI YaCTHHI COTUTA B PaiOHI KPIIJIEHHS /0 HHOTO KUTBIIS-TIEPEXiqHIKA BH-
KOHAHO TIO JiBa By31H BAyBY 10 3 HepamianeHuMU corutamu BAOyBYy 7 (puc. 1). Ky-
TOBa BiZICTaHb MiX BY3JIaMU CTAaHOBUTH P = 30 °.

Comna BayBYy BiJIalieHi BiJ 3pi3y OCHOBHOTO cOIUIa Ha BiACTaHb le = 0,5Lc.
Oci conen BayBYy 30iratoThCst 3 HOPMaJUTIO JI0 IO30BKHBOI YTBOPIOBAJILHOI COILIA,
TaK 10 KyT BAYBY ra3y CTAaHOBHUTb O ~ 75 ©. {1 CTBOPEHHSI KDEHOBOT'O MOMEHTY
IpY BAYBaHHI ra3y OCi HepaaiaJlbHUX COIeN BAYBY IIEPETUHAIOTHCS HA BiZICTaHi Bix
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MOBEPXHI COIIa, MEHIIOT 3a paaiyc Rc ocHOBHOTO coruia B iepepisi BIyBY (Nuep =
0,5R¢ 40 ). IIpu 11bOMy OJ1HA TTOJIOBHHA COIIEN BAYBY CTBOPIOE KPEHOBUI MOMEHT 3a
TOIMHHUKOBOIO CTPIJIKOIO, 1HIIIA — IPOTH (pHC. 2).

Kananu ynpaBiiHHS BEKTOPOM TSTH B ITUIOMIMHAX TAHTaX 1 PUCKaHHS He3ae-
xHi. BiuHI Kepyroun 3yCHIUIS CTBOPIOIOTHCS OJHOYACHUM BIIKPUTTSIM IBOX Kila-
MaHiB BAyBY Ha MEBHY BennuuHy. Kepyrodi 3ycniuis mo KaHally KpeH — OJHOYac-
HUM BIIKPHUTTSAM COIIEN BIYBY, IO 00epTatoTh BupiO 3a (a0 mpoTH) TOAMHHUKO-
BOIO CTpiKO¥0. [Ipu cTBOpeHHI MakCHManbHUX OIYHUX 3YCHIIb B OJHIN 3 TUIONTUH
YIpPaBIiHHS PaKeTOl0, HAMPUKIIAA B TaHTaXi, MOMEHT, III0 00epTaE, CTBOPIOETHCS
JIBOMA COTIAMH BIYBY, PO3TAIIOBAHUMH B IIONTIMHI PUCKAHHS.

CunoBa 4acTHA COIUIA IBUTYHA CKIIAAAETHCA 3 KOpmycy | (TUTaHOBHMIA CIUIaB
BT-3) ta xonyca 2 (amominieBuii cioiaB B-95), 3'eqrannx Mix coboro mrudTamMu
(puc. 3). 3 OoKy Kamepu OBUTYHa KOPITyC Ta KOHYC 130JbOBaHI TEIDIO3aXUCHUMH
TTOKPUTTAMHU. BXigHa 9acTHHA COIUTa CKIAMa€Thes 3 KOMipa, 30BHINIHA YacTHHA 3
SIKOTO BUKOHAHA 3 BYTJIEMETAIOIUIACTHKA, a BHYTPIIHA 4 — 3 rpadiTy, 1 BKIaguma
KPUTHYHOTO TIepepi3y, MO CKIATAEThes 3 TpadiToBoi 060iMu 5 1 6 0OIUIFOBAaHHS 3
BoJb(ppaMoBOTO CruiaBy. BHyTpimmHii mpodins cormra 7 mo BCil TOBXHHI yTBOpE-
HUN BYTJIEMETAIIOTIACTUKOM, BHXiJHA YacTHHA PO3Tpyda COmiia i3 30BHINIHBOTO
0oky mimkpimiueHa ckimomutacTukoM 8. CrucreMa BAYyBY BKIIOYAE COIUIO BAYBY 9,
knamna# 10, cunoBy 06omonky 11, pynpoBy MammaKy 12.

1708.0

Puc. 3

MeTonuka 4uceIbHOT0 MOEJIOBaHHA. J[J1s1 MOJIeIOBaHHs TIPOLIECY B MPO-
rpaMHOMy Komruiekci Ansys Fluent po3poGiieHo reoMeTpuuHy MOJIENb COIUIa 3
HECHMETPUYHUM BlyBOM KAMEPHOTO a3y B HaJA3BYKOBY YacTHHY (puc. 4).

PerymntoBanHs BUTpaTH Ha BIYB 3/IHCHIOEThCS TIEPEMIILIEHHSM 3aCIliHKU KJia-
naHa. Po3paxyHku mpoBojwiucs s 6 mnojoxeHb 3achinku: 0,5 mm; 1,0 mw;
1,5 mm; 2,0 mMm; 2,5 MM; 3 MM.
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30.0

Puc. 4

Y momyni Ansys Meshing moOymoBaHO HECTPYKTYPOBaHY PO3PaXyHKOBY CITKY
(puc. 5): (a) — 3aranbHUI BUTIS PO3pPaxXyHKOBOI CiTKH, (0), (B) — XapakTep 3ry-
IICHHS PO3PaXyHKOBOI CITKH B 00J1aCTi KilariaHa BIIYBY.

s 3abe3nevdeHHss MiHIMAIIBHOTO 00CATYy HeoOXimHOi mam'sTi po3paxyHKOBa
CiTKa Ma€ 3MiHHHUH pO3Mip KOMIpOK 3 BEIHYE3HUM IMEePeBaKaHHSAM MPU3MATHIHUAX
KOMipOK, TOOyIOBaHUX 3 TOMOMOTOI0 MeToxy MultiZone. [lyis MoientoBaHHS TIpH-
CTiHKOBOTO T1apy BBeAeHo 12 mpm3marnynnx mapiB (Inflation) i3 3pocTannsM To-
BiuHA 1rapy 1,2. Lle 3a0e3neunsio 3Ha4eHHS MapamMeTpa MPUCTIHKOBOTO mapy Y+
y mexax Bix 0,05 mo 1,05, mo 3amoBonbHSIE BUMOTaM 00paHOi MOJeTi TypOyJeHT-
HocTi K — @ SST.

MakcuMarnbHa KUTBKICTh PO3paxXyHKOBHX KOMIPOK CTAHOBHJIA 8 MITH. KIIITHHOK.

Po3paxyHKOBI JOCIIIPKEHHS! IPOBEACHO 3 YpaxyBaHHSM 3MiHH OCHOBHUX TeTl-
n0(i3UIHAX TapaMeTpiB Ta3y 3aJIe)KHO BiJl TEMIEPATYpH 3 ypaxyBaHHSIM IPOIIECiB
JHcomianii IUIIXoM anpoKCUMaIil TaHuX. ATIPOKCHMAITisi BAKOHaHA 32 JIOTIOMOTOI0
KYCKOBO-TIOJTIHOMIaJIbHUX (DYHKITIH JJIs TAKKX TETDIO(i3NIHMX TTapaMeTpiB.

1. HligpHICTE

3asexHICTh NIUTBPHOCTI B TeMIepaTypu BU3HAYajacs 3a CITiBBiIHOIIEHHSIM
ineansHOrO ra3y (BigMmiHHicTh Aanux [10] He nepeBumtye (5 — 7) % nns temmnepa-
Typ 10 4000 K).

2. [lutomMa Tena0eEMHICTh
[Tutoma TemnoemHicTs npu noctiiHomMy TucKy (Cp, [x/(xr-K)) anpoxcumo-
BaHa TphOMa MoJliHOMaMH B Aiana3oni temnepatyp (7, K) Big 100 K mo 4000 K.

1) Miana3zon temmepatypu — Big 100 K 10 1000 K:

Cp=1161,482 —2,368819-T + 0,01485511-T2 — 5,034909e%>-T* +
+9,92857¢%8.T4 — 1,111097e10.T% + 6,540196e14.T6 — 1,573588e Y- T":
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B

Puc. 5

2) nianaszon Temreparypu — Big 1000 K o 3000 K:

Cp =—7069,814 + 33,70605-T — 0,0581276-T% + 5,421615¢ %-T% —
—2,936679¢8.T%+9,237533e2.T° — 1,565553e1%- T + 1,112335¢1%-T7;
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3) miamaszon Temnepatypu — Bix 3000 K no 4000 K:
Cp = 58895,4 — 63,25-T + 0,02239-T? — 2,5159¢ - T3,

Po36ixkHicTs i3 nanumu [10] e nepesumtye 0,6% y BcboMy Aiana3oHi TeMIle-
paryp.

3. TemIonpoBiAHICT

Temmonpoignicts (A, B1/(M-K)) anpokcumoBana HaCTYyITHUMH MTOJTIHOMAMH:

1) miana3on Temmnepatypu — Big 100 K g0 1500 K:

A =1,45e11.T3 - 4,82¢%.T2 + 0,0001015-T — 0,0004;

2) nianazon Temnepatypu — Big 1500 K go 3200 K:

A =4,985e.T° - 2,909¢%"-T2 + 0,000599-T — 0,31989;
3) miamazon Temnepatypu — Bix 3200 K mo 4000 K:
A=-3,08e"-T? + 0,0022-T — 3,63449.

4. B's3kicThb
B'szxicTs (U, [1a-c) ampokcuMoBaHa TaKMMHA TIOJIIHOMAaMHU:
1) giamazon Temnepatypu — Bix 100 K mo 1000 K:

p=1,6e4T2—-48eT2+ 7,4 %.T + 1,00,

2) nianazon Temnepatypu — Big 1000 K go 2200 K:
pu=-2eT3+1,02eT2 + 9,9e%.T + 2,5e%;

3) miamazon Temnepatypu — Bix 2200 K mo 4000 K:
u=-55e1.T3 + 8,2e12.72 - 5 .T + 5,2,

MonekynspHa Bara IpOAyKTiB 3ropsHHS npuitasTa 28,04 Kr/KMOITB.
Hani ¢izudHi B1acTUBOCTI 3a0€3MEYHIN BiIMTOBIIHICTH MMOKa3HUKA MOIITPOITH
nanum st aeurysa 37165 (k = 1,158).

Pe3yabTaTi Ta ix oGroBopenHsi. diznyHa KapTHUHA TPOIIECIB, 11O MPOTIKa-
I0Th y COIUIi TP B3a€MOJIii OCHOBHOI'O ITOTOKY COIIJIa 3 KEPYIOUMM OPT'aHOM, a Ta-
KOX €(eKTUBHICTh CTBOPEHHS KEPYIOUMX 3YCHJIb 3ajeKaTh BiJl BIACTUBOCTEH 1
napaMeTpiB iHXXEKTOBaHOTO pobodoro Tina. [Ipu mboMy OCHOBHI 3aKOHOMIPHOCTI
KOHCTPYKTHBHHX Ta T€OMETPUYHUX MapaMeTpiB IHKEKTYIOUHX MPUCTPOIB Ta COILIA
KaMepH JIBUT'YHA 30epiraroThCs 3arallbHUMH IS PAKTUYHO YCiX MOMIOHUX CUCTEM
KepYBaHHSL.

ImxekToBaHU CTpyMiHb 1, SIKMI MPUTHCKAETHCS MOTOKOM, IO Habirae, 1o
00TIYHOI TTOBEpPXHi, 200 TBEPIUH IHTEPIEITOP CTBOPIOIOTH MEPEUIKOAY Y BUTIISAII
cxoauHKH (puc. 6). Ilepen mepemko0t0 MOTiK ranbMyeThes. BinOyBaeTbcs Bigpus
NPUKOPAOHHOTO MIapy 3 YTBOPEHHSM TPUBHMIPHOI BIIPUBHOI 30HM (PiAKOTO KIU-
Ha) KOHycOMoai0HO01 hopMU 2, y BEpIINHI K01 Oepe MoYaTOK KOCH CTPHOOK yIITi-
JIBHEHHS 3, 110 3JIMBA€THCS HIDKYE 110 OCHOBHOMY IOTOKY 3 KpPUBOJIHIHHOIO yaap-
HOIO XBuiIelo 4. 3a CTpyMEHeM, L0 1HXKEKTYEThCS, aHAJIOTIYHO SIK 1 3a TBEPAOIO
NEePEIIKOA0I0, BAHUKAE JOHHA 00JacTh 5. Y MicIi NpuegHaHHS CTPYMEHS 10 CTiH-
KW BUHHUKA€ KOCUH CTPUOOK yUIiIbHEHHS 0.
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Puc. 6

CrpulOKy yuiiibHEeHHST MalOTh BUTJISL HAIIBTLT 00epTaHHs 1 IEpETHHAIOTHCS 3
MTOBEPXHEI0 COTIA 10 KPWBi, OIHM3bKii 10 mapabonn. 3a cTpruOKaMu YIIiTbHEHHS
BHUHHKAIOTH 00JaCTl 13 MIABUIEHUM THCKOM. Y IOHHINA 00JIACTI CTATUYHUN THUCK
HIDKYHIA, HDK y HeropymeHomy norowi. Emopa 30ypens THCKy Ha 06TiuHii moBe-
PXHi CKITa/iHa 1 XapaKTePH3YeThCs HEPIBHOMIPHICTIO SIK y JOBXKHHI COIIA, TaK 1y
MOTIEPEYHUX MIepepizax.

[Tpy Manux IMBUAKOCTAX i MPH MalMX KyTax BAYBY ra3y (BAyB y HaIlpSIMKY
MIOTOKY, 1[0 Ha0irae) CTPyMiHb, IO BIyBAE€THCS, IPUTUCKAETHCS IO OOTIYHOI MTOBe-
PXHi, YTBOPIOIOYH IOPiBHSHO HEBHCOKY, BUTSTHYTY B3JOBX COIUIA MEPEHIKOAY.
[Ipu BayBaHHI GIYHUX CTPYMEHIB 31 3ByKOBOIO YW HAA3BYKOBOIO IBHIKICTIO (i3H-
YHa KapTHHA 3MiHIO€ThC. CTpyMiHb 1, IO BAYBAa€ThCS, MPOHUKAE B HaOIraroumii
MOTIK Ha JIESKY TTUOWHY, BUKPHUBIISIETHCS TT Ti€0 IBOTO MOTOKY, Ha AESKiHd Bifc-
TaHi MIPUTUCKAETHCS 0 OOTIYHOT MOBEPXHi 1 Jaii Teue B3JOBXK CTiHKH coruia. [le-
peaHs BimpuBHA 30HA 2 3pocTae, 00IacTh 00ypeHoi Tedii 30iIbIIy€eThCs, 3a CTPY-
MEHEM, IO BIYBAEThCS, BUHUKAE OHHA 00J1acTh 5 31 3HMKEHUM THUCKOM 1 KOCUM
CTpH6OK YUIUTBHCHHS B MICII MPYEHAHHS CTPYMEHSI, IO ByBA€ThCS, 10 OOTI4HOI
noBepxHi (puc. 6). [Ipu BayBi rasy B COIIIO uepe3 KiJibKa OTBOplB KapTUHA Teyil
yekiIaaHoeTbest. CTpyMeHi, 10 BAYBAIOTHCS, B3aEMOJII0UN MK COOOI0 B HAA3BY-
KOBOMY TIOTOIIi, BIUIMBAIOTh Ha (POPMYyBaHHS Ta30/MHAMIYHUX MPOIIECIB HE TINBKH
3a MEPETHHOM BIIyBY, a U y TIepeHii BiﬂpHBHiﬁ 30H.

Kpim Toro, ocoGnuBicTio KiamaHiB BAYBY IITOKOBOIO THUITY € 3aXapallCHHS
BXi/HO{ YacCTHHHU coIel BAYBY 3aciliHKaMH, IPH [bOMY B 3aJI€KHOCTI BiJl BUTpaTH
ra3y CTpyKTypa Tedii CyTTEBO 3MiHIOETHCH.

[Tpu mManmx BuTpaTax ra3y, IO BiJNOBIAIOTh MAJIMM XOAaM ITOKa (puc. 7),
Ha Tiepepisi, 110 J03Y€E, MiXK 3aCJIIHKOIO 1 CIJIJIOM Peajli3yeThCss KpUTHYHUM Meperna,y
TUCKY. Tedist y mil 30HI Ma€ JeSIKy aHaJOTiIo 3 TPAHC3BYKOBOIO TEYi€r y Kinblie-
BOMY TapiT4acToMy COMI. 3a KPHTUYHHM INEPETHHOM Y KINBLEBOMY CTpYMEHi
CIOCTEPIraeThCsl CKIajHA KapTHHA Tedii, XapakTep sKoi 3a3Hae 3MiH y Mipy Bik-
puBanHs 3aciiHkn. Ha Bigminy Bij onucanoi pasime _KapTHHH Tedii B comi 3 3a-
CIIHKOI0 00ePTAIbHOTO THITY, TYT € OCECHMETPHYHHIA KUbLEBHH CTpyMiHb. IIpu
MaJTHX 3a30pax MK 3aCIIiHKOIO 1 CiJUIOM JIOHHa 00JacTh 3aciiHKH PO3iIMKHEHa i
3'e/lHaHA 13 30BHILIHIM CEPEJOBUIIEM, Ha IUX PEKUMAaX MOXKIIUBE JIesKe aBTOPEry-
JIIOBAHHS CTYIIEHS PO3LIMPEHHS Ta3y B COILT BAYBY. [Ipu 301IbIIEHH] X0y IITOKA
3aCIIHKY (KJIAlaH BiIKPUBA€ETHCS) COIUIO BAYBY OiNblie HAIIOBHIOETHCS Ta30M, IO
HQIXOJIMTh 3 KaMepH 3TOPSHHS, JIOHHA O0JIACTh 3aMHKAETHCS B IMIIHAPHIYHOMY
KaHaJll COIUIa, yTBOPIOETHCS OUIIBII CKIIaHA CTPYKTypa Tedii (puc. 8).
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[Tpn nOCSTHEHHI BENMYMHU XOAY INTOKA, IPH SKOMY JO3YFOUMH KPUTHYHUHA
nepepiz mepeMiniaeTbes A0 3pi3y coria BIyBY (pHC. 9), perynroroumii opraH Ha
BXO/Ii B COIUIO BJIyBY Ha PeXHMax BHUKOHYE (DYHKIIIIO peryisropa rnepenany THCKY
(oropy) Ha BXiJIHIH YaCTHHI COTUIA BIYBY.

BinMiaHOIO 0coOMBicTIO (hopMyBaHHS OIYHMX CHJI y COIUTI JIBUTYHA 3 OIIHCA-
HOIO BUIIIE BOCBMHCOIUIOBOIO CHCTEMOIO BJIyBY KAMEPHOTO Ta3y € Te, IO Kepyrodi
3yCHWIIISL B KOXKHIH TUTONIMHI YIIPaBIiHHS 1O KaHaJaX TaHTaX 1 PUCKAaHHS CTBOPIO-
IOTBCS JIBOMA PETYJIbOBAHUMHU HepaiallbHIMH COIUIAMH BIIyBY, PO3TALLIOBAHUMH B
OJTHIY TIIONIHMHI MOMIEPEYHOT0 Mepepizy collia IBUTYHA Ha TIOPiBHSHO BEIUKIN BiJi-
cTaHi MiX HUMH. [Ipy mboMy oci comen BIyBY CXpEUIyIOThCS Ha BiICTaHi BijJ CTiH-
KM COIUIa JBUTYHA, MEHIIOMY 3a paiyc coljia B LIbOMY mepepisi. [HmkekroBaHi
CTpYMEHI1 B3a€EMOJIIIOTH MiX cO00I0 1 3 MOTOKOM, 10 Habirae (puc. 10 — puc. 13).
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Ha puc. 14 npencrapneni pe3yabTaTH 3aJIe)KHOCTI O1YHOTO KEPYIOUOTO 3yCHII-

JIst OO 0CkOBOI Tt Py Bin BimHOCHOI BUuTpat G Ha BIyB.

ExcriepuMeHTanbHi 1aHi 3 BOrHeBUX BUNPoOyBaHb [ 11] no3nayeni nudporo 1;
2 — pe3ynbTaTH PO3PaxyHKIB 3a TEIUIO(I3ZUIHOI0 MOEIUIIO 1JIeallbHOTO ra3y IMpH
MOCTIHHUX 3HAYCHHSAX MUATOMOI TETIOEMHOCTI, TETUIONMPOBIAHOCTI Ta B'I3KOCTI 110
Cateprieny; 3 — po3paxyHOK 3 YpaxyBaHHSM 3aJIe)KHOCTI Teruo(i3uyHUX Tapa-
METpIB BiJl TEMIIEPATYPH Ta MPOIECIB JHCOIiaIlii.
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PesynpraTy 9ricenbHOrO0 MOAENIOBAHHS 33JIOBLIBHO Y3TOMKYIOTHCS 3 PE3YIb-
TaTaMy BUMIpPIOBaHHs OIYHOT CHJIM ITPH BOTHEBUX CTEH/IOBHX BHIPOOYBAHHSX MPO-
totumy. OTKe, TaHWH MiIXi1 JO3BOJISIE BHKOPUCTOBYBATH HOTO IIiJ Yac CTBOPCHHS
ONTHUMAJIBHOI CUCTEMU PEryroBaHHs BekTopa Tsiru PITII.
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BucnoBku. OCHOBHOIO METOIO POOOTH OYII0 YHCETbHE TOCIHIHKEHHS CHCTEMHU
ra30IMHAMIYHOTO PETyJIOBaHHS BEKTOpA TATH TBEPJONAIMBHOIO PAKETHOTO IBH-
T'yHa IUIIXOM HECHMETPHYHOI iHXKEKLil ra3y B HaJ3BYKOBY YacTHHY coruia. Ll
MeTa Oyia JOCSATHYTa 3aBJISKU JIETAIFHOMY aHaji3y ra3oAMHaMIiYHUX MPOIECIB Ta
BUBUCHHIO BIUIMBY MapaMeTpiB IHXKEKIii Ha XapaKTepPUCTUKU MOTOKY. BukoHaHe
YHCEeNTbHE MOJICIIIOBAHHS JIO3BOJIMIIO CTBOPUTH JETANBHI MOJEINI, IO OMHCYIOTH
MOBEIIHKY T'a30BOTO TIOTOKY MIPH HECUMETPUYHIN 1HXKEKIIil.

[NopiBHSHHS YMCETBHUX PE3yJIbTATIB 3 EKCIIEPUMEHTAIBHUMH JTaHUMH, OTPH-
MaHUMH IIPH CTEHIOBHX BHITPOOYBaHHSX, MOKA3aJI0 XOPOITY KOPEJAIio, 0 CBij-
YUTH TPO AJCKBATHICTh YHCEIHHOI MOJIEII Ta i1 3MaTHICTh TOYHO BifoOpaxaru pe-
aNbHI (Di3UYHI TIPOIIECH.

KopexTHuii onric KapTHHH Tedii B COIUI iHXEKIIil Ta 30ypeHiil 30Hi 103BOIISI-
I0Th BU3HAYUTH ONTHMAJBHI PEKUMHU Ta KOHCTPYKTHBHI NMapaMeTpu CUCTEMH, SKi
3a0e3MeuyloTh MaKCUMalbHy e(peKTUBHICTh CHCTEMH BIyBY /IS TAHOTO KJIacy pa-
KETHHX JIBUTYHIB.

3 TEOpEeTUYHOI TOYKU 30Dy, Pe3yJbTaTH AOCIIHKEHHS CIPHUSIOTH MIHOMOMY
PO3YMIHHIO MEXaHi3MiB, L0 JIeKaThb B OCHOBI T'a30IMHAMIYHOTO PETYJIIOBAaHHS, a
TaKOXX PO3BUTKY HOBHMX MOJENIEHl Ta alrOPUTMIB Ul MPOrHO3YyBaHHS MOBEHAIHKH
ra3oBUX MOTOKIB Yy CKJIQJHUX yMOBaXx.
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3 IPaKTUYIHOI TOYKH 30Dy, PE3yJIbTaTH AOCIIHKEHHSI MOXYTh OyTH Oe3moce-
pPEIHBO 3aCTOCOBaHI ISl pO3POOKH OUTBIN €(PEKTHBHUX CHUCTEM KEPYBAHHS BEKTO-
POM TSATH B TBEPAONAIMBHUX PAKETHUX JBUTYHAX. 3HAHHS, OTPUMaHI B pE3yJIbTATI
YUCENFHOTO MOJISIIOBaHHS, MOXYTh OyTH BUKOPHCTaHI JJII CTBOPEHHS OLIBII
KOMITAKTHHX Ta JIEFKMX CHUCTEM I1HXKEKIIIl, 1110 € OCOOJMBO BaXKJIMBHM 11 KOCMIY-
HUX amaparis, e KOXKCH rpaM Bark Ma€ 3HAUYCHHS.
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