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H.IT. CupoTkina, K.B. TepHoBa
PET'PECIVIHUI AHAJII3 IMITYJIbCHUX XAPAKTEPUCTHUK
VKOPOYEHOI'O HA/I3BYKOI'O COILTA

AHomauis. AkmyanbHicme pobomu BU3HAYAEMbCA HEOOXIOHICMIO BUOGOPY ONMUMA/IbHO20 KOH-
mypy HAO3BYKOBOi YACmMuHU conaa O/A NiOBUUWEHHA TMNYJAbCHUX Xapakmepucmuk nomoky 8
YyKopoyeHomy conni. PosensiHyma 8 pobomi pezpeciliHa MoOesib HA03B8YKOBO20 NOMOKY B YKOPO-
YeHoMY conJii 3 HACAOKOM, CMBOPEHA HA OCHOBI OMPUMAHUX PAHILe pe3y1bmamis MOOe/I0BAHHS
8 nakemi ANSYS. Uinb pobomu — Bubip onmumanbHO20 KOHMYpPY YKOPOYEHO20 CONa 3 0380HO-
nonodibHUM HACAOKOM 3 YpaxyBaHHAM 2e0Mempu4yHUX Ma MexHOM0214HUX napamempis. AHANI3
d0aHux nposoduscs Ha ocHosi npoepamu STATGRAPHICS Plus. OmpumaHi senuyuHu 8nausy Kox-
H020 NpuliHAMOo20 (hakmopa 1 ix B3AEMHUU B8NAUB HA NIOBULYEHHA MA208UX XAPAKMeEPUCMUK
nomoky 8 ykopo4yeHomy conni. [lobydosaHa pezpeciliHa Modesib 003B80/15€ BUGPAMU ONMUMAJIb-
HUll KOHMYP YKOPOYEHO20 CONa 3 HACAOKOM.

Knioyosi cnosa: ykopodyeHe Hao3sykose consio, 0380HON00I6HUL HACAOOK, MUCK, iMNY/IbCHA Xa-
pakmepucmuka.

ITocraHoBKa mpoGysemu. [IpM MpoeKTyBaHHiI Ta BiAIIpaIfOBaHHI paKeTHUX
IBUTYHIB BaskJIMBOIO MTP06J/ieMOI0 € BMOip OMTMMaJIbHOTO KOHTYPY HaZi3BYKOBOi yac-
TUHU COIUIa. PaHilme BUKOPUCTOBYBAJIUCS TepeBaXXHO TpaAaMIiiiHi coruia JlaBass.
OpHak 3 pO3BUTKOM paKeTHO-KOCMIUHOI TeXHiKM Iovanu 3'IBJASITUCS Pi3HI KOHTYpU
cories, 10 BiAIMOBiAAOTh HOBUM 3aBIaHHSM, BUMOraM [0 IIiIJIbHOCTI KOMIIOHYBAH-
HsI, HEOOXiTHOCTi MigBUIeHHs KoedillieHTa iMImy/bcy, 00Ky pi3HUX YMOB POOOTH
TolIO. [IepCrIeKTMBHUM TUIIOM COIIeJI AJIsS1 paKeTHUX ABUTYHIB BBAXXAIOTHCS I3BOHO-
TOAiOHI coruta, SIKi MaloTh, HA BiIMiHY Bif KaacuMYHOTO coruia JlaBass, GiTbIInii KyT
BXOJly B HaJ|3BYKOBY YaCTMHY coruia. B poborax [1-2] mocaimsKyoThCs coria ¢ IBiii-
HuM pactpyoom (Duel-bell nozzle), sixi MmaTh ABa pi3HMUX pexkuMa pobOTH Ta 3a6e3-
TEeYyIOTh IMiABUILEHHS MPOAYKTUBHOCTI. Teuil B yKOpOYeHMX COIUIax 3 PiSHUMMU Ha-
caJikaMy MaloTh CBOi 0COOGIMBOCTI i repeBaru. B poboTax [3-4] MOCTiIKYIOThCS Xa-
PaKTepPUCTUKM YKOPOUEeHMX coresi JIaBass 3 A3BOHOMOAIOHMM HacagkoM. 3 BUKOPU-
CTaHHSIM o6uncIoBanbHOro rmakery ANSYS Fluent mokasaHo, 1110 Ha KapTUHM Tedii B

COIIi BIUIMBA€ JOBXKMHA BXiJHOI KOHIYHOI YacTMHM, 3arajbHa JOBKMHA COILJIa Ta
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YMOBM pOOOTM COILJIa, TOOTO BXiZHUI TUCK Ta TUCK HABKOJUIIHLOTO CepemoBUIIA.
ByJio BCTaHOBJIEHO, 1[0 XapaKTep BiIpMBHOI Teuii B HacaJKy, a 3HAUUTD i KoeillieHT
iMITyJIbCY, 3a71€XKUTh BiJl CTYIEHS pO3IIMPeHHs MTOTOKY 3 YKOpoueHoro coria. Heo6-
XiTHO BUSIBUTU OCHOBHI r€OMETPUYHIi i TeXHOJIOTiIUHI mapamMeTpu Tediil B yKopoue-
HOMY COIUTi 3 J3BOHOIIOMiOHMM HacaJKOM Ta BM3HAUUTU 3a/JE€XHICTb KoeillieHTy
IMITy/IbCY BiZ, HUX.

MeTa po60TH — BUOIp ONTMMATBHOTO KOHTYPY YKOPOUYEHOTO COTUIA 3 A3BOHO-
MOAiOHMM HACaIKOM 3 YPaxyBaHHSIM TeOMeTPUYHMX Ta TEXHOJIOTiYHMX ITapaMeTpiB.

AHauti3 ogep>kaHMX JaHMX MPoBOAMUBCS Ha ocHOBI mporpamu STATGRAPHICS
Plus [5], sika [103BOJsSIE TPOBOAUTYU TMOBHEe (PaKTOpHe TJIaHYBAHHSI TEXHOJIOTiUYHUX
TIPOLIECiB HAa OCHOBi I@HTPaJbHO-KOMIIO3UIIIIIHMX POTaTabeJbHMUX IUIAHIB IPYroro
MOPSIAKY.

SIkio M1 Mmaemo cripaBy 3 k dakTopaMu, KoskeH 3 SIKUX MOskKe BCTAaHOBJIIOBATU-
Cs1 Ha q PiBHSIX, TO IJIST TOTO, 1100 3AiVICHUTY MOBHMI (PaKTOPHUI eKCIIepUMEHT He-
00XiTHO MOCTABUTY N = Qx OCTiAIB. Haii6GiapIoro nommpeHHs HabyIu eKcriepmume-
HTU, B IKMX (HaKTOPY BapilolOTHCS Ha ABOX PiBHSIX, TOOTO eKcriepuMeHTH Tumy 2k . B
HalllOMY BUIIAJIKy He3aJeXXHMMM (HaKTopaMy € ABa reOMeTPUUHMX i IBa TEXHOJIOTi-
YHMX MapameTpa: JOBXKMHA KOHiuHOi yactuuu (1) Ta 3arambHa moBxkuHa coria (L),
BXigHMI1 TUCK (Po) Ta TMCK 30BHIIIHBOTO cepemoBuia 3a coriom (Py). OyHKIIis Bif-
ryKy — KoedimieHT immynbcy (Kr). Bubpani dakTopu 3a40BOMbHSIIOTH BUMOTaM Kepo-
BAHOCTi, B3a€MHOHE3aJIe’KHOCTi, OAHO3HAYHOCTi, SIKMM ITOBMHHI 3aJJOBOJIbHSITU Ba-
piaTuBHI haKkTOpU MpM IJIaHYBaHHI €KCIIEPUMEHTY.

HeobOximHO mpoBecTu KoAyBaHHSI (DaKTOpPiB [/ TepeBelleHHS HAaTypabHUX
3HaueHb (PakTOpiB B 6e3po3MipHi BenmumHM. Lle 3ab6e3reuye MOKIMBICTb TTOPiBHSI-
JIbHOI OLIiHKM BIUIMBY Ha IpOIleC Pi3HMX MMapaMeTpiB He3aexkKHO Bif, iX pO3MipHOCTI,
a TaKOX A03BOJISIE TTOOYAYyBaTU CTAaHAAPTHY OPTOTOHAJbHY IJIaH-MaTPUIIO eKcIie-
pMMeHTY. 3B'I30K MiXXK KOAOBaHMM i HaTypaJbHUM BMpa3oM GakTopa 3aAa€eTbcs Go-

Y. = Xi = Xio
1
PMYJIOIO: AX; Ile X; — KomoBaHMit Bupas i-ro ¢akropa; X; — HaTypajbHe 3Ha-

B

yeHHs (pakTopa; Xi, — 3HaAUEHHSI i-T0 daKkTopa Ha HYJIbOBOMY pPiBHi; AX; — iHTepBas
BapiloBaHHA i-T0 (pakTOpa.
B tabnuiii 1 HaBemeHO iHTepBa/iM BapiroBaHHS (aKTOPIB, 1[0 PO3IJISIAAIOThCS.
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Tabanug 1
O6nacTb 3MiHM (aKTOPiB
daxkTop Kop, Omyung PiBHi dhakTOpiB
dakTopy BUMipy | -1 0 1

IoBXMHA KOHiYHOI YacTuHM | X1 MM 5 10 20
cora |
3arajibHa JOBXKMHA coma L | X2 MM 30 35 45
Tuck Ha Bxoni Po X3 6ap 100 200 300
Twuck 30BHilIHI Py X4 6ap 0,1 0,55 |1,0

BUKOpPUCTOBYIOTHCS MOJIHOMIiaJIbHI MIJIAaHU APYTOTO MOPSIAKY BULY:

Y:a0+iai -xi+zn:al-l- -xl-2 +ial-j XX
i i i<j ,
ne Y — ¢yukiig Bigknnka (Kr); 40 — BibHMIT WieH piBHIHHS; 4, °X;, 4;; _xiz — JIiHiViHI
i kBampaTuuHi momaHku; =% X 'X; — momaHKM MApHUX HOGYTKIB (GakTOpiB; n = 4 —
YICJIO TIepeMiHHMX (HaKTOPiB.

3a BuUXigHMII MaTepian Oy/J0 MPUITHATO MapaMeTpy IMOTOKY i reOMeTpUYHi ma-
paMeTpy YKOPOYEHOTO COIuIa 3 HacaaKoM [3 - 4]. 3a pe3yibTaTamMy pO3pPaxyHKIiB ma-
paMeTpiB Bu3HauaBcs koedilieHT iMmynbey Kr.

[TpoBemeMo aHai3 OTPMMAaHOI perpeciiHOl Moje/li Ha OCHOBI OI[IHKM CTaTUC-
TUYHOI 3HAUYIIOCTi KoedillieHTiB OTpuMaHoOi perpeciitHoi momeni. KoediiienT mo-
neni, mjist SKux p-piBeHb (p-value) menie 0,05, BBasKalOTbCSI CTaTUCTUYHO 3HAUY-
VMM P JOBipuiii iiMoBipHOCTI 95%. Hait6inbin 3pyyHO i HAOUHO 3HAUYMMICTh KO-
ediienTiB momesni MmoskHa nepeBipuTu 3a goromoroio Pareto Chart (IlTapeto-kapra).

Standardized Pareto Chart for Kt
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PucyHok 1 - ITapeto-kapTa KoedillieHTiB MopeJti
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T'opu3oHTaNbHI CTOBIILi CBiAUAaTh MPO CTATUCTUUHY 3HAUYIIICTh BiATIOBITHUX
KoedilieHTiB mopeni. [TapeTo-KapTa HaOUHO MiATBEPAXYE CTATUCTUUYHY HE3HAUy-
IIicTh KoedillieHTiB, BCTAHOBJIEHY 3a JOITOMOTOI0 TabJINIIi IMCIIePCiifHOTO aHai3y, a
came: Koe(illieHTiB IpM IepIIOMYy CTyMeHi BCix (aKTopiB, 3a BUHSITKOM X2, Npu
kBagparti X3 ta X4. Tomy npu pospaxyHKax YleHM 3 3a3HaUeHUMM KoedillieHTaMu
MOXYTb He BpaxoByBaTuCs. SIK BUJHO 3 HaBeAeHUX Ha pucC. 1 JaHUX, CTATUCTUUHO
3HAUYIMMM € KoeditieHT mpu X 12, X22ta X32.

[TapeTo-KapTa TaKOX A€ YSIBAEHHS PO MOPiBHSIbHY 3HAUYIIICTh BXiTHUX ¢a-
KTOPiB IJIs1 JOCJIiIKYBAHOTO MpoIecy. 30i/IbIIeHHS JOBKMHM TOPU3OHTAIbHUX CTO-
BIIIIiB CBimUMTb ITPO 30i/bIIEHHS BIUIMBY Ha MpoIlec BigmnoBigHoro dpakropa. KomoH-
KM, KOJIip SIKUX Bifl3HAUeHMii 3HAKOM ILJIIOC, BilTIOBiZal0Th ¢akTopaM i iX IMapHUM
B3a€EMO/IiSIM, SIKi CITPUSIOTh 3POCTAHHIO 11i/IbOBOI (GYHKIIi. I, HaBIMaKy, KOJIOHKM, KO-
JIip SIKMX Bii3HAUYeHMIi 3HAKOM MiHYyC, BiITIOBiZal0Th (haKTOpaM i iX MapHMM B3a€MO-
IisIM, SIKi CIIPUSIIOTh 3MEHIIIeHHIO 3HaUYeHb I[iTbOBOi QYHKITii.

3 ypaxyBaHHSIM 3HAUyIIOCTi KoeillieHTiB piBHSIHHS perpecii Mae BUIJISII:

K, =1,64-0,01L-0,033/> +0,01° —0,23P1* +0,012/- L —0,01/- P, + 0,012/ - Pu+0,1L - Pu
AIleKBaTHiCTh OTPMMAaHOI MOJIeJTi MiATBEPIKYETHCS BMCOKMM 3HAaUeHHSIM Koedilrie-
HTa AetepMmiHaliii R = 86,4 %.

Ha puc. 2 a) mpencraBieHunii TpUBUMipHMii rpadik 3a71eXHOCTI 1i/IbOBOI QYHK-
uii Kr Big dakTopiB 1 i L (KoedillieHTy iMIy/JbCy BiJi TeOMeTPUYHMUX IMapaMeTpiB).
[Tpu ubomy daxtopu Py i P, 3adpikcoBani Ha cepegHboMy piBHi (TOO6TO X3, X4 Ha HY-
nboBomy piBHi). [lepepi3 rpadika mae cigmoBumny dopmy (puc. 2 6), Haitbinbine
sHaueHHs Kr mpu ¢ikcoBanux npu Py = 0,5 6ap i Py= 100 6ap Bim3HaueHO mpu cepeq-
HbOMY 3HaU€HHi JOBXMHM KOHiUHOi yacTuHu cora (1 =10 Mmm).

I‘\.F " . = i -15:" o \ \ KT __,.—-'..’ _:
v " W L6 /161 Y68
1.62 LMM . f 2181 L7161 (14f

.~ ' ' [~ F : T 1626 N R\ S

s P o ..'.‘I.:, fv - P | % o

1._:'9:: -1;} 7y 20 35 T o 1634 : \ 3
] X -|EI M 30"’ b =7
El 205

a) 5 6 10

PucyHOK 2 —3aiexkHicTh KoedillieHTY iMITyJIbCY Bifl reOMeTPUUHMX ITapaMeTpiB COM-
71a (a) Ta mepepis 3a3HaYEHOI 3a1e5KHOCTI (6)

Ha puc. 3 nipexnctaBiieHMit TpUBUMipHMI rpadik 3ameskHOCTI iJIbOBOI QYHKITi1
Kr Bim dakTopiB X3 i X4 (koedillieHTy iMITyJIbCY Bif, TMCKY Ha BXO/Ii B COILIO Py Ta 30-
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BHIIIIHbOTO cepemoBuiia Py) mpu ¢ikcoBanux dakropax X1 i X2 (1i L) Ha Hyl1bOBOMY
piBHi (muB. Tabm. 1).

gt T wm 1578.1588
1630 AT 4w 1,586-1,504
Kt + f & i . 1.584-1,602
e 1.602-1,61
1,61 T— | 1.61-1,618

|

P———’ A
=) i B

1.59[ = 300

o1 1" 200 F; fap
0.3 1.0 100
%.Eap '
PucyHOK 3 —3aiexxHicTh KoedillieHTY iMITy/IbCY Bif TMCKY Ha BXofi Py B cormio

Ta TUCKY 30BHIIIHBOTO cepeAoBuina Py

ITepepi3 rpadika mae enincoBuaHi JiHii Ha BiAMiHy Bin 3anesxxHocTeii Kr Bif re-
OoMeTpUYHMX IMapameTpiB. Hait6inbiie 3Hauenus Kr gyt 1 = 10 mm i L = 35MM gocsira-
€TbCS TIpU 30iJbIIIeHHI TUCKY 30BHIITHbOTO cepemoBuina no 1,0 6ap. Bximuuit TucK
Mae€ IepeMiHHMIA BIUIMB: IIpu 36iabimeHHi TMcKy g0 200 6ap Kr 36i1biIyeThes 10 Ma-
KCMMAaJIbHOTO 3HAYeHHS, a IOTIM 3MEHIIYEThCS O MiHIMaJbHOTO 3HAYEHHS MpU
P.=300 6ap.

BucHoBKU

[IpoBeneHmnii perpeciiinuit aHasi3 JaHUX JO3BOJUB BU3HAUUTU (OPMYITy 3ajie-
SKHOCTI Koe(illieHTy iMITy/IbCy BiJl JOBXMHM KOHIYHOI YaCTUHM, 3aTIbHOI JOBXKUHUI
coria, TUCKY Ha BXOZi B COIUIO Ta TUCKY 30BHILIHbOTO cepenoBuiia. LI byHKIis SB-
nsie coboro PyHKIi0 Ipyroro mopsiaky. [lIobymoBaHi TpuBUMipHi rpadiku 3aieskHOC-
Ti ibOBOI (GYHKIIII MMOKa3aau, Mo 30iJbIIEHHS TUCKY 30BHIIIHBOI'O CepeaoBUINA
BeJie 10 30i/IbIIeHHSI iMITY/IbCHOI XapaKTepPUCTUKY MIPU CepelHbOMY 3HAUEHHi TUCKY
Ha BXOJi B COIUIO. 3a/IeXKHOCTI KoedillieHTY iMITyIbCy Bif, JOBXMHM KOHIUHOI 4aCTu-
HU, 3arajJibHOI JOBXMHM COILIA Ta BifZl BXiHOTO TUCKY HOCUTD MTepeMiHHUI XapaKTep
— Ky 36inp11yeThest mpy 30ibIIeHH] IMX TapaMeTpiB A0 3HAaUYEHHS iX cepelHbOoi Be-
JIMYMHHU, A TIOTIM 3MEHIIYEThCS MPU MOAAAbIIOMY POCTi ITapamMeTpiB. Taka rnmosepiH-
Ka KoedilieHTy iMmysIbCy 06yMOBJIeHA XBMUJIEBOIO MIPUPO/IOI0 MIOTOKY Y HAJI3BYKOBO-
MY COILJIi.
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Regression analysis of impulse characteristics shorted supersonic nozzle

When designing and testing rocket engines, an important problem is the choice of
the contour of the supersonic part of the nozzle. Recently, with the development of rocket
and space technology, different contours of nozzles have appeared that meet new tasks,
requirements for the density of the layout, the need to increase the momentum coefficient,
accounting for various operating conditions, etc. Therefore, the relevance of the work is
determined by the need to choose the contour of the supersonic part of the nozzle to in-
crease the impulse characteristics of the flow in the shortened nozzle. The goal of the
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work is to choose the optimal contour of a shortened nozzle with a bell-shaped nozzle,
taking into account geometric and technological parameters. The regression model of the
supersonic flow in a shortened nozzle with a nozzle considered in the work was created
on the basis of previously obtained simulation results in the ANSYS package. It has been
found that the flow patterns in the nozzle are affected by the length of the inlet cone, the
total length of the nozzle and the operating conditions of the nozzle, i.e. inlet pressure
and ambient pressure. The nature of the separation flow in the nozzle, and hence the
momentum coefficient depends on the degree of expansion of the flow from the shortened
nozzle, therefore it is necessary to identify the main geometric and technological parame-
ters of the flows in the shortened nozzle with a bell-shaped tip and determine the de-
pendence of the momentum coefficient on them. Data analysis was carried out on the ba-
sis of the STATGRAPHICS Plus program. The influence values of each adopted factor
and their mutual influence on increasing the flow impulse characteristics in the shortened
nozzle are obtained. Three-dimensional graphs of the dependence of the momentum co-
efficient on the geometric parameters, the pressure at the nozzle inlet, and the pressure of
the external environment were obtained. The formula for the dependence of the impulse
coefficient on the length of the conical part, the total length of the nozzle, the pressure at
the nozzle inlet and the pressure of the external space was determined. It was established
that an increase in the pressure of the external space leads to an increase in the impulse
characteristic at the average value of the pressure at the nozzle inlet. The built regression
model allows you to choose the optimal contour of a shortened nozzle with a tip.
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