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B. II. CYBBOTOBHY, IO. A. IOJJHH, A. 0. IO/TUH, C. A. TEMYEHKO

O PE3VJIBTATAX ADPOJUHAMHUYECKNX PACUETOB
OCEKOJIBIHEBBIX KOHHYECKUX JU®PY30POB

AHHOTAITHA IIpeocmasnenvt cpagnumensvhvie pacuémuvie UCCIe008aHUsL OCEKOTbYEBbIX KOHUUeCKUX oughgysopos c no-
mowwio CFD-npocpammul. B pacuemax ucnonvszosanucs modenu mypoyienmuocmu, komopuie 3anodicenvt 8 CFD-
npoepammy. Yeon packpeimus Hapysicnozco 06800a oudghyzopos usmensnca 6 ouanazone o = 11°-36° npu usmenenuu cme-
nenu pacwupenus ouggysopa n = 2—4. CFD-pacuémol cpasHusanucy ¢ u36ecmuoll 3KCnepumMeHmanbhol kpueot Kisiina,
Komopas deaum NI0CKOCHmy (0—n) Ha 0se obracmu: Oe30mpblHyI0 U ompulenylo. Pacuémer nokazanu, umo yoosiemeopu-
MebHO MOOenuposams 6e30mpboleHble U OMPbIGHLIE MeyeHlUs 8 OUPPY30pax no0oOHO20 MUNA NO3B0IAEM MOOeNb Mypoy-
newmuocmu (Spalart-Allmaras (S-A)).

Knrouesvie cnosa: xonvyesoii ougpghysop, cmenenv pacwupenus, yeon packpbimus, ocecummempuynoe meuernue, CFD-
pacuem, mooenv mypoyieHmHOCmu.

V. P. SUBOTOVICH, Yu. A. YUDIN, A. Yu. YUDIN, S. A. TEMCHENKO

ON THE DATA OF AERODYNAMIC COMPUTATIONS
OF AXTANNULAR DIVERGENT CONES

ABSTRACT Comparative design investigations of axiannular divergent cones were carried out using the CFD software.
Turbulence models built-in into the CFD—software were used for the computations, in particular Spalart-Allmaras (S-A4), k—o
Shear Stress Transport (k—w SST), V2F. The aperture angle of the external by-pass of cones varied in the range of
a = 11°-36°, while the cone expansion degree varied as n = 2—4. The data of CFD computations were compared with the
known experimental curve obtained by Klein and confirmed by Zariankin, which divides the plane (a-n) into two regions:
unseparated flow and separated flow regions. The region above this curve represents the separated flow in the cone at any
combination of parameters (o—n), and the region below this curve represents the unseparated flow. The computations done
using the CFD-software for axiannular divergent cones in the studied range of the relationships of geometric parameters
(o—n) showed that the use of k—w SST and V2F models results in the flow separation in the cones situated in the unseparated
flow region, which runs counter to the experimental data, and the use of the turbulence model S-A provided the unseparable
flow in the region below the experimental Klein curve and resulted in the flow separation in the region below this curve.
Design investigations showed that the turbulence model (Spalart-Allmaras (S-A)) provides an opportunity for the satisfactory
simulation of unseparable and separable flows in the cones of this type.
Key words: annular cone, expansion degree, aperture angle, axially symmetric flow, CFD-computation and the turbulence
model.

BBenenne IIMH, @& UMEHHO: HAJEKHO OLICHUTH PACIPEHCICHUS
[IapaMeTpoOB IOTOKAa, ypPOBEHb IIOTEPh DJHEPTUMU B

Jlo cux mop JOCTOBEPHBIM CHOCOOOM IOITyde-
HUS MHGOpPMAIUK 00 a’pOIMHAMUYECKHX KadyecTBax
AJIEMEHTOB MPOTOYHOI YacTH TYpOHHBI SIBISETCS KOP-
PEKTHO TIOCTABJICHHBIH DKCIIEPUMEHT, OCOOCHHO B
TG GY30pPHBIX YCTPOWCTBAX, MPEAPACIIOIOKEHHBIX K
BO3HHMKHOBEHHIO OTPBIBHBIX siBieHHHA. Ho mist skcne-
PUMEHTAJBHBIX HCCIIEI0OBaHUI HEOOXOANMBI OOJIBIINE
(uHAHCOBBIE M BpeMEHHBIE 3aTparhl. UTOOBI yMeHb-
IIATh BPEMs Ha NPOCKTHPOBAHUE M JIOBOAKY HpUMe-
HSIOTCSl pPa3IMYHbIE pacuyeTHble MeTOMuKH. OHHM nMe-
IOT SMIIMPUUYECKYI0 M TIOJySMIIMPUYECKYIO OCHOBY
[1, 2]  mO3BOMNAIOT TIpX HEOOIBIION 3aTpaTe BpeMEHH
MOJTYYUTh OTHOCHTEIBHO JOCTOBEPHBIM pE3yNbTar.
Opnrako 06JacTh X MPUMEHEHHs] OTPaHWYCHA TUara-
30HOM T€OMETPUYECKUX U PEKHUMHBIX MapaMeTpoB, B
KOTOPOM BBINIOJIHEHBI 3KCIEPUMEHTAIBHBIE HCCIIEN0-
BaHMUA.

Pacuer BA3KOTO Te€4eHHs ¢ MOMOLIBIO ypaBHe-
Huil HaBwe-CTokca, ocpeaHeHHBIX 1o PeliHomibcy, B
NPUHIMUIIE TI03BOJISIET PEIINTh BCE OCHOBHBIE MPOOJIe-
MBI TIPOCKTHPOBAHUS MPOTOYHBIX YacTed TypOoma-

TG GY30pHBIX DIIEMEHTaX, a TAKKE OINPENEeIUTh 00-
JIACTH OTPBIBA NMOTOKA B HUX. OJJHAKO, NCTIOIB30BAHHE
ypaBHeHnii HaBpe-CTOkca cBA3aHO C PAIOM Cylie-
CTBEHHBIX TpyaHocTel. IIpexne Bcero, cienyer otme-
TUTb, YTO TOYHOCTh PACUETOB HE TrapaHTHUPOBAHA VIS
BCEX BO3MOXKHBIX KOHCTPYKIHUH TU(PQPY30pHBIX 3e-
MeHTOB. TOJIbKO Mojesel TypOyJeHTHOCTH, HeoOXo-
JUMBIX U1 3aMblkaHus ypaBHeHud Hamwre-CTokca,
N3BECTHO MHOXKECTBO M HET OCHOBaHUI OXXUAATH IO-
SIBJICHUS] €IMHOM YHUBEPCAJIBHOW MOJIENU TYPOYIJIEHT-
HOCTH, KOTOpasi MO3BOJIUT OAMHAKOBO YCIIEIIHO BHI-
TIOJHATH PacyeThl BO BCEM JMAIAa30HE PEXUMOB pabo-
THI TypOOMammHBL. A Hanbolee CIOXKHON MpobIeMoi
SIBJISIETCSI HACTPOMKA ITapaMeTpoOB CETKH U BBHIOOpP MO-
JIeNd TypOYIIEHTHOCTH, KOTOPBIE 00ECTIEINBAIOT COOT-
BETCTBHE C JAaHHBIMHU dKcriepuMeHTa. [Ipn 3Tom 3kc-
MIEPUMEHT JOJDKEH OBITH MpoBeAEH Ha MU PY30pHBIX
3JIEMEHTAX CO CXOKHMMHU I'€OMETPHUUECKUMH IapamMeT-
paMu, a TaKXKe Ui KOHKPETHBIX PEKUMOB pabOThI
[3-7].
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ITocTanoBKa 3a1a4u MCCIET0BAHUS

OcHOBHasl 3ajaya Pac4ETHOTO MCCIECIOBAHUL
BapHAHTOB OCEKOJIBICBBIX KOHHYCCKHX TUPPY30pOB
3aKJoyanach B BbIOOpe Mojenu TypOyJeHTHOCTH U
MapaMeTpoB CETKH, MPU KOTOPBIX TEYEHHE, Moiyyac-
MoOe B pe3yibTare pacu€ToB, HE JOJDKHO IPOTHUBOpE-
YUTh M3BECTHBHIM OKCIEPHUMEHTAIBLHBIM JIAaHHBIM B
IMIMPOKOM JHana3oHe YIJIOB PAacKpBITHA KOHYca
Hapy»HOro o0BOJa — O W CTelneHel pacIIMpeHus
T Py30poB — .

Ha puc. 1 mokazaHbl reoMeTpUYecKHE COOTHO-
mIeHus (0—71) MCCIIOBAHHBIX OCEKOJIBIEBBIX KOHH-
yecknx aAn¢y30poB M IKCIIEPUMEHTAIbHAS MTPEAEITb-
Has JIMHUS, roiydeHHas KistiiHOM aiisl MJIOCKMX M
KoHmIeckux auddyzopos [1], m mogrBepxa¢HHAS IS
oceKoIbLeBEIX au(pdy30poB 3apsHKUHBEIM [8], KOTO-
past JETUT IUIOCKOCTh (0—7) Ha IBe 00JIacTh: OTpPHIB-
HBIX 1 0€30TPBIBHBIX (P PY30pOB.
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npeoenvras aunus Knaiina napamempos
bezompulenbix Oupgyszopos [1];

O — modeny mypoynenmuocmu S-A;

A — nooenv mypoynenmnocmu k—w SST;

0 — modenvy mypoyrenmuocmu V2F

Puc. 1 — I'eomempuueckue coommnowenusi (a—n)
UCCNEO0BAHHBIX OCEKONbYEBBIX KOHUUECKUX OUuphy3o-
P08 C YUNUHOPUHECKUM SHYMPEHHUM 008000M
omuocumenvHo nunuu Knaiina

B pacuérax nmpuMeHsSINCh MOAETH TypOyIIeHT-
HOCTH, KOTOPBIE TPaAUIIMOHHO UCTIONb3yIoTCcst B CFD
nporpammax. lcciaenoBaHo BoceMb BapHaHTOB AUD-
(y30pHBIX KaHaJOB B OCECHMMETPUYHON ITOCTAaHOBKE
npu Tpéx cTeneHsax pacummpenus n =2, 3, 4. Cetka B
pacu€THBIX O0JIACTSX CTPOWJIACH TaKUM 00pa3oM,
YTOOBI TApaMeTp y+ B IMOTPAHUYHOM CJI0€ OBUT OJIH3-
KUM K €JIMHUIIE, a B OCTAIBHON 00JIacTH pa3Mep siuei-
K1 OBUT IPUMEPHO OJJMHAKOBHIM Y BceX An(Qy30poB.
KonuyecTBo siueek CETKM HAXOAWIOCh B AMANa30HE
50000-150000 un ompenmemnsutock pazmepamu auddy-
30pa.

Co cTeneHpl0 pacumpeHust 7 = 2 UCCIEI0BAaHO
ATh JUQQPY30pOB, CO CTEMCHBIO PACIIUPEHUS 71 = 3 —
nBa muddys3opa, a co CTCNEHBIO pacuIupeHus n =4
uccinenoBad oaud nuddysop. B pacuérHeIx uccneno-
BaHUAX HCIOJIB30BAIUCH TPH MOJEIH TYpOYJICHTHO-
ctu: Spalart-Allmaras (S-A), k—o» SST u V2F.

Pe3yabTaThl pac4éTHBIX HCCICA0BAHMI

Hduddyzop ¢ reoMeTpruecCKUMH TTapaMeTpaMu
n=2,a=275°1=0,65m HaxoguTcs Ha peaeTbHON
kpuBoii Kusitna (puc. 1). Ilo sxcmepuMeHTaIbHBIM
JMAHHBIM TeYeHWe B TakoM Iuddy3ope TODKHO HE
HMMETh OTPHIBOB. Pacy€rhl okasanu, 4To IpHU UCHOIb-
30BaHNH Mojeneit k—w SST u V2F uMeeT MecTo OTPHIB
MOTOKAa OT HapyXHoro o6Bopa auddysopa BOIM3M
BBIXOZHOTO ceueHus (puc. 26, 6), a MPH HUCIOJIL30BaA-
HUHM MOJIENT TypOyJEHTHOCTH S-A TMOJy4eHO 0e30T-
PBIBHOE TEUCHHE BO BCeM KaHaue (puc. 2a), 4To COOT-
BETCTBYET IKCIIEPUMEHTAILHBIM JaHHBIM.

Huddyzop n =2, o =18,3°, / = 1 M HaxoguTCs
HYDKe npenenbHoi muaun Kisiina (puc. 1). Teuenne B
TakoM an¢y3ope rapaHTUPOBAHHO HE JJOJDKHO UMETh
OTPBIBOB MO JKCIEPUMEHTAIbHBIM AaHHBIM [1]. IIpo-
BeAEHHBIC pacdyEThl MOKA3aJIM, YTO M JUIS 3TOro Jud-
¢dy30opa mpuUMeHEHHe MojelIed TypOYIEHTHOCTH k—®
SST u V2F nano OTpBIBHOM XapakTep TEUECHUS Ieper
BBIXOAHBIM  y4JacTKOM Ha  HapyXKHOM o00Boxe
(puc. 36, 6), B TO xe BpeMs TIPHU HCIIOIH30BAHUH MO-
nend TypOymneHTHOCTH S-A momydeHo Oe30TpBIBHOE
TedyeHue (puc. 3a).

Juddysop ¢ mapamerpamu n =3, o = 16°, xo-
TOPBIII HAXOMUTCS HAa SKCIEPUMEHTAIBHOM IpEneib-
Hoii muanK KostitHa (puc. 1), paccyWTaH ¢ HCHOIB30-
BaHUEM JABYX Mojeneil TypOyneHTHOCTH S-4 H A—©
SST. Ins momenu TypOyneHtHOCTH k—0 SST 3aduk-
CHpPOBAaHO TMOSIBJIEHUE «ITy3bIPYaTOro» OTphIBA Ha
Hapy>XHOM 00BoJie muddy3opa, a A MOAeIH TypOy-
JICHTHOCTH S-A TOJy4eHO O€30TphIBHOE TeUeHHE Ha
BCEX ydacTkax 3toro auddysopa.

Mogens TypOyseHTHOCTH S-4 mpoBepeHa Tak-
xe g auddyszopa n=4, o =11°, KoTOpsIii Haxo-
quTCca Ha npenenbHoM muHuu KisitHa mapameTpos
6e3oTpeIBHBIX Auddy3opos (puc. 1). PacueT mokasai,
410 1 Ay1st 9Toro nuddysopa npumenenne moaenu S-4
MOATBEPIIIO SKCIIEPUMEHTAIBHO MOJTy4YeHHOE 0e30T-
PBIBHOE TEUCHHE.

Pacuérer nuddyzopos u3 6e30TprIBHOM 00Ia-
CTH C WHCIIOJBb30BaHWEM Mopenell TypOyJIeHTHOCTH
V2F n k—» SST maioT OTpPBIB IOTOKA, MOSTOMY HC-
MIOJIb30BaTh 3T MOJENN TypOYJICHTHOCTH AJS pacdé-
TOB 1H((y30pOB B OTPHIBHOH 00JacTH HEUEIeco00-
pasHo.

Takum oOpa3zom, nanbHeHIue ¥cciIeT0BaHUSA
MOJIEH TYpOYJICHTHOCTH S-A MPOBOIUIKCH ISt Aud-
(Gy30pOB C TCOMETPHUECKUMH MapameTrpamu (o),
KOTOpBIE pacIoio’keHsb! BhIIe KpuBoil Kisitna (Teue-
HHUE C OTPBIBOM M0TOKa). CO CTENeHbI0 PACIIMPEHUs
n =2, pacCUMTaHbl TPH OCEKOJIbLEBBIX KOHUYECKHX
nuddysopa ¢ yrimamu packpbeitas o = 30°, 32°, 35,7°,
CO CTCICHBIO paciiupeHus n =3, paccuutan quddy-
30p c o= 26°.
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Puc. 2 — Bauanue modenu mypoynenmuocmu Ha

8ekmopul ckopocmeti 8 ougppyzopen =2, a = 27,5°,

1= 0,65 m: a—modenv mypoynenmnocmu S-A;
6 — k—w SST; 6 — V2F
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Puc. 4 — Bexmopul ckopocmu 80371€ HaAPYHCHO20 0060~

0a 8bIx00H020 yuacmka ouggysopog n = 2,
a = 30° 32° c mooenvio mypoynenmuocmu S-A:
a-n=2,a=30%06-n=2 a=32°
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Puc. 3 — Bausnue mooenu mypoyrenmuocmu Ha
8ekmopbl ckopocmu 8 ouggysope n =2, o = 18,3°,
[ =1 m: a— mooenv mypoynenmuocmu S-A;

6 —k—w SST; 6 — V2F
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Puc. 5 — Bexmopwi ckopocmu 6 nepugepuiinoii 30ne
8bIX00H020 yuacmka oughgyzopa n =2, o = 35,7°,
[ = 0,5 m ¢ moOenvio mypoynenmnocmu S-A:

a — HapyosicHblil 06800 Jugpyszopa;

6 — enympennuil 06600 oughgyszopa
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B muddy3ope co creneHpro pacumperus n = 2
YBEJIMYECHUE yTiIa pacKkpbitus ot 27,5° mo 30° mpuse-
JO0 K HOSBICHHIO HEOOJBLIOTO ITy3BIPYATOrO OTPHIBA
motoka (puc. 4), OOJbIICE YBEINUCHUE YIJIa PACKPBI-
THS o = 32° MpUBEJO K Pa3BUTOMY OTPBIBY IIOTOKA OT
Hapy>xHOTo 00Boma nuddy3opa (puc. 4) U K OTPEIBAM
MOTOKA, KaK OT Hapy>XHOTO, TaK U OT BHYTPEHHEro
00Bo/IOB y muddy3opa ¢ yriaoM packpsITas o = 35,7°
(puc. 5). Pacuér muddyszopa n=3 u o =26° Taxxe
MOKa3al OTPBHIB IOTOKA OT HapyKHOTro oOBona Jud-

dy3opa.
BoiBoabl

BeimonHeHsl pacy€Thl TEYEHUS B OCEKOJIbIIC-
BBIX KOHHMYeckuxX muddysopax ¢ mnomompio CFD-
IpOrpaMMBbl Ul JMana3oHa T'eOMETPUYECKHX Iapa-
MeTpoB (o—n): oo = 11°...35,7°un=2,3,4.

Jlnst 3KCIIepUMEHTAIBHO HCCIIEIOBAHHBIX 0€3-
OTpPBIBHBIX AU (PY30pOB PaCUEThI IPH UCIIOIH30BAHUT
Monenedt TypOyneHTHocTel k—» SST u V2F mokazanw,
YTO B KAHAJaX UMEET MECTO OTPHIBHOE TEUCHHE.

Pacuersr TeweHus B auddyszopax M TOM ke
JIMara3oHe T€OMETPUUYECKUX IapaMeTpoB (0—#) TIpH
HCTIOJIH30BaHUN MOJENTH TypOyJIeHTHOCTH S-A TOoKa-
3] YJOBJIETBOPUTEIbHBIE PE3yJbTAThl: OTPHIBHBIE
SIBJICHUSI OTCYTCTBYIOT Yy Au((dy30poB, HapameTpsl
(0—n) KOTOpPBIX JeXaT HIXKE SKCIIEPUMEHTAIHHOM
kpuBoit KnsitHa, a st iuddy3opos, napameTpsl Ko-
TOPBIX JIEKAT BbILIE 3TOM KPUBOH, UMEIOT MECTO OT-
PBIBBI TIOTOKA.

Taxkum 00pazoM, Ha OCHOBE ITPOBEJCHHBIX pac-
YETHBIX HCCIEOBAaHUHA MOXHO 3aKIIOYHTh, YTO IS
OCEKOJIBIIEBBIX KOHHMYEeCKHX AH(D(PY30poB MOJENIb
TypOyJIeHTHOCTH S-A TI03BOJISIET C JOCTaTOYHOU CTe-
MICHBIO JJOCTOBEPHOCTH MOJEIMPOBATh OE30TPHIBHBIC
1 OTPBIBHBIE TECUCHUSI.
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