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Annomayusa. B ctaTbe pacCMOTPEH Pe3ysIbTaT MOJICPHU3AIIUA TEH30METPUUECKUX BECOB,
YCTAaHOBJICHHBIX B pabouell 4YacTH CBEPX3BYKOBOW al’poanHamuueckod Tpyosr CT-3,
MO3BOJISIOIINN YBEIIUYUTh JTUAMAa30H SKCIEPUMCHTAIBHBIX UCCICIOBAHUMN 10 YTy aTaKH
uccinenyemoir mozaenu ot 0 go 20 rpamycoB. IIpoBeneHbI 4YMCIEHHBIC HCCIIEIOBAHUS
o0TeKaHUsS MOJEIM B pabodei 4acTu TPyOBI C IEIbI0 IPOBEPKH HAXOXKICHUS MOJSITU
BHYTpPH poMOa HEBO3MYIIICHHOTO TIOTOKA.
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Abstract. The article considers the result of the modernization of strain gauges installed in
the working part of the supersonic wind tunnel (AT) ST-3, which allows to increase the
range of experimental studies on the angle of attack of the model under study from 0 to 20
degrees. Numerical studies of the flow of the model in the working part of the pipe have
been carried out in order to verify that the model is located inside the rhombus of an
undisturbed flow.

The supersonic AT ST-3 is widely used to create gas flows of specified parameters
for the experimental study of the flow around models of aircraft elements in the range of
Mach numbers from 1.5 to 4.2. To increase the range of experimental possibilities, the
authors proposed to increase the range of angles of attack of the model under study, taking

into account its finding inside the rhombus of a uniform part of the flow.
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The supersonic AT ST-3 makes it possible to determine the aerodynamic forces acting
on the model under study at angles of attack in the range from - 10° to +10°, which limits
the field of study. The range of angles of attack is determined by the boundary of the
rhombus of the uniform part of the flow in the working part of the pipe.

To ensure the adequacy of the simulation, the conditions of adhesion and
isothermicity were used on the surface of the body and the walls of the working part of the
pipe. According to the values of pressure (po=14 kgf /cm?) and temperature (T¢=283K) of
the gas in the receiver, the flow parameters in the working part of the pipe were calculated
(Mo=4.2; p=6467 Pa; T.=61.8 K; a,,=8 m/s), and also determined the arrangement of the
rhombus of the uniform part of the flow.

For the calculations, the Navier-Stokes equations were used, which are closed by the
turbulence equations k- SST. The calculation scheme is shown in Figure 5. A sphere with
a radius of R = 20 mm was chosen as the model.

Modeling was carried out using a structured prismatic finite element grid of 1032
thousand elements (26 elements accounted for the thickness of the boundary layer
(parameter y+=0.3)).

Modernization of the fastening system of strain gauges located in the path of the
supersonic AT ST-3, taking into account the requirements of permissible "cluttering" of the
working part of the pipe, will allow experimental studies to determine the aerodynamic
forces acting on the model at angles of attack up to 20°, which is of interest when conducting

studies of the aerodynamic spectrum.
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BBenenue

HccrnenoBanre CHIOBOTO B3aWMOJICHCTBHSA TOTOKA M JIETATEIBHOTO armapara
MpecTaBsAeT cOOOM OJHY M3 BAKHEMIIMX 3a7a4 adPOJUHAMUKH, PEIIAEMbIX C TTOMOUIBIO
sKcTiepuMeHTa B adpoanHamuueckux tpyoax (AT). Ceepx3BykoBas AT CT-3 (pucyHoxk 1)
IIMPOKO HCIIOJIb3YeTCsl IS CO3JaHUsl Ta30BBbIX MOTOKOB 33JaHHBIX MapaMeTpoB s
AKCIIEPUMEHTATBHOTO U3Y4YeHUsI OOTEKaHUsI MOJIEJIEH AJIEMEHTOB JIeTaTeNbHBIX annapaToB
B nuama3oHe yucena Maxa ot 1,5 1o 4,2 (tabnuna 1). TpyGa oTHOCHTCS K TUITY OallIOHHBIX
a’pOAMHAMUYECKUX YCTaHOBOK HEIMPEPHIBHOTO JEeNCTBUS C 3aKpBITON

paboueii yacteio [11].
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Pucynok 1 — Csepx3BykoBas AT CT-3

Tabmuna 1 — OcHoBHBIE XapakTepucTHKU cBepx3BykoBoid AT CT-3

HaumeHnoBanue O0603HaueHue BennuuHa
CxopocTtHol Hanop, klla Poo 10 952,63
ITpoaoIKUTENBHOCTD .

T HENPEPBIBHOTO AEUCTBUS
YCTAHOBMBILIETOCS] TEUECHHUSI
YUwucmo Maxa M, 1,5...42
Yucno Pelinonpaca Re. 3,4...20,4 x10°
JluanasoH yrjioB aTaku MOJIEJH, TPaj a -10°....10°
Temnepartypa Topmoxkenus, K T 273
Pa3mepsl paboyeil yactu, MM 150x137

AT CT-3 ucnosib3yeTcs JJjisl SKCIIEPUMEHTAIBHOTO M3YYEeHUsI O0TEeKaHUs MOjeieit
(ompeneneHus a3poAMHAMUYECKUX CUJI, JIEHCTBYIOIMMX HA MOJIEh M UCCIICIOBAHMS KapTHUH
obrekanus) [2,15]. B kadecTBe ammaparypbl pPETHUCTPUPYIOIMIEH OSTH TapaMeTphbl
UCIIOJIb3YIOTCS] TEH30METPUUECKHE BECHI M TEHEBOM MPUOOP C BHICOKOCKOPOCTHOM KaMepOH.
JIns yBeMMYEHHUs CIEKTpa BO3MOKHOCTEH IO NPOBEIECHUIO 3KCIEPUMEHTOB aBTOPAMHU
NPEJIOKEHO YBEJIMYUTh TUAINa30H YIJOB aTakk HcciexyemMoil monenu (yroj moBopoTa
TP KaBKH) ¢ YI4ETOM HaxXOXKJICHHS €€ BHYTpU pomMOa paBHOMEPHOM "yacTu nmotoka [8-10].

ITocTanoBka 3agaun

Ceepx3BykoBass AT CT-3 mno3BosisieT oOmpeAensTh a’poJAMHAMUYECKUE CHIIBI,
JEUCTBYIOIIME Ha UCCIIEAYEMYIO MOJIEIb TIPH YIJlax aTaku B guama3zone oT -10° go +10°, uto
OrpaHUYMBAET O0JACTh MCCIeNOBaHUs. J(Mama3oH yrioB aTaku OINpENeNsieTcsl TPaHULIeH
pomOa paBHOMEpHOW 4acTu MOTOKa B pabodeil yactu TpyObl. B 3aBUCHUMOCTH OT CKOpOCTH
MOTOKA, TIOJIO’KEHHE POMOa paBHOMEPHOW YaCTH MOTOKA MOXKET CMEIIATHCS IO OCH pabodei
gacTtu TpyObl. Ha prucyHke 2 mpeacTaBiieHa cxema pacrioioKeHHs MOJIEH B pabodeit yacTu

cBepx3BykoBoil AT CT-3 (pom0 paBHOMEpPHOM yacTu nMOoTOKa npu uncie Maxa M,=4,2).
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Pucynok 2 — Cxema pacnosiosxxeHust Mojienu B cBepx3BykoBoil AT CT-3 (MakcuMasbHBIN yroJl aTaku
uccaexyemoin mozenu ot -10° mo +10°): 1 — uccrnenyemast Mozelb; 2 — 00TeKaTeIh TEH30METPHUUIECKUX
BECOB; 3 — poMO paBHOMEPHOI YaCTH MOTOKA; 4 — COTIOBAs BCTaBKa

TpakT paboueii yactu cBepx3BykoBoi AT CT-3 c pacnonoxeHueM MOJENH Ha
TeH3oMeTpudeckux Becax (st yrioB ataku ot 0° mo 10°) mpencraBiieH Ha pUCYHKE 5

(comnoBas BcTaBka — M=4,2).

Pucynoxk 3 — Tpakr paboueit yactu cBepx3pykoBoit AT CT-3
Cuctema KperuieHus] TCH30METPUUYECKUX BECOB B pabodeit yacTu cBepX3BYKOBOM AT

CT-3 (ana yrios ataku oT -10° mo +10°) npencrapieHa Ha pUCyHKe 4.

a) 0)

Pucynox 4 — Cucrema KpermieHusl TEH30METPUYECKUX BECOB B paboyeil 4acTH CBEpX3BYKOBOM
AT CT-3 (ans yrios ataku oT -10° 1o +10°): a — akcoHOMeTpUYecKoe U300pakeHne CUCTEMbI
KpEeIJICHUsI TEH30METPUYECKUX BECOB; O — BUJI CIIEPEIN CUCTEMbI KPETIJICHUsI TEH30METPHUUECKUX
BECOB.



Jlns1 yBenmu4eHus AMana3oHa yriloB aTaku UccieayeMbix Mojeneit (o 20°) mpoBeaeHa
MOJICpHU3AIMSl CUCTEMBbl KpEIUJIEHUS TEH30METPHUUECKHMX BECOB B paboyell yactu
cBepx3BykoBoi AT CT-3. Pacuerbl, He0OOXOaUMBIE [JIsi MOJEpHU3AIUU (OIpeeIeHue
HaxOXXJICHUS MOJICIM B pOMOE pPaBHOMEPHOM YacTH MOTOKa paboueid yactu TpyObl),
OPOBOJWJIMCH  C  MCIOJB30BAHMEM  COBPEMEHHBIX  KOJOB  BBIYMCIUTEIBHOU
razoruipoguHamukiu [12-14].

Pe3yabTaThl HCC/IEI0OBAHUA

Jliist obecrieueHus aJieKBaTHOCTH MOJICJIMPOBAHUS, HA MOBEPXHOCTH TeJla U CTEHKaxX
paboueit yactu TpyObl OBUIN UCIIONIB30BAHBI YCIOBUS MPWIMITAHUS U U30TepMHUUHOCTH. [0
3HaueHusM naBinenus (po=14 xrc/cm?) u remnepatypsl (To=283K) raza B pecusepe, Obuin
paccuMTaHbl MapaMeTpsl MOToKa B padoyeit yactu Tpyosl (Mo=4,2; p.=6467 Ila; T=61,8
K; a,=158 Mm/c), a Taxke ornpeeseHo pacrioyiokeHue poMOa paBHOMEPHOM YaCcTH MOTOKA.

Jlns pacueTroB ObUIM HMCHOJB30BaHbl ypaBHeHUsi HaBbe-CTokca, 3aMbIKaromIHecs
ypaBHeHussMu TypOynenTtHocty k- SST [1, 2, 16-20]. PacuetHasi cxema npejcraBieHa Ha
pucyHnke 5. B kadectBe Momenu BeiOpaHa cdepa paauycom R =20 mm. Macmtad moaenu
OTpeNeNsicss € Y4YeTOM HEOOXOJUMOCTH BBITIOJHEHUS TpeOOBAaHUN JIOMYCTHMOTO
«3arpoMOKJIeHUs» pabouel 4acTH TpyObl. YTOJI aTakd MOJEIN OTHOCUTENIBHO IMOTOKa

n3MeHsiica B quamazone ot 0 go 20°.

M=4,2
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Pucynox 5 — PacuerHas cxema Tpakra pabodeii yactu ceepx3BykoBoid AT CT-3
MopaenupoBaHue  IOPOBOAWIOCH C  HUCIOJB30BAHMEM  CTPYKTYPUPOBAHHOMN
MPU3MATUYECKOM KOHEYHO-3JIeMEHTHOM ceTku u3 1032 ThIC. 3yieMEHTOB (Ha TOJIIUHY
MOrPAaHUYHOTO CJI0sS HpUXoAmiaoch 26 smemeHTOB (mapamerp y =0,3)). dparMeHTHI
KOHEYHO-3JIEMEHTHOU ceTKu pabouei yactu cBepx3BykoBoi AT CT-3 mpencrtaBieHsl Ha

pHUCYHKE 6.

py | 7

Pucynok 6 — ®parMeHThl KOHEYHO-3JIEMEHTHOU CETKU TpakTa cBepx3BykoBoil AT CT-3 ¢
MOJIENBIO Ha JepKaBKe: a) BUJ Criepenn; 0) akCOHOMETpUUYECKOe H300pakeHHE

CucreMa CKaykoB YIUIOTHEHHUS, OTPAXKEHHBIX OT CTEHOK paboueit yactu (0e3 Moienn)

cBepx3BykoBoi AT CT-3 (rpanuent nasnenusi) (s M.=4,2), npefcTaBieHa Ha pucyHKe 7.
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Pucynox 7 — Cucrema ckaukoB yIjOTHEHHs B pabouei yactu cBepx3BykoBoit AT CT-3
npu M«.=4,2



Ha pucyHke BugHa rpaHuima pomOa paBHOMEPHOM YacTH IOTOKAa, KOTOpas
OIpeJeNsieT BO3MOKHOE PACIIOIOKEHUE MOJIENH B paboueld YacTH TpyOBbI.

Ckauky yIjIOoTHEHMsI, BO3HUKAIOIIKE Mepe] HOCOBOM YaCThIO MOJENIH U OTPAXKEHHBIE
OT CTeHOK paboueit yactu cBepx3BykoBoit AT CT-3 (rpagueHT aBjieHHs) ¢ MOJICIBIO TIPU
yrinax ataku 0 u 10°, mpezacTaBieHbl Ha pucyHKax 8 v 9. AHaiu3 KapTUH OOTEKaHUS
MOKa3bIBAET, YTO IS YyBeJIMYeHHs] yria araku Oonee 10° ¢ menpio obecredeHUs
HAXO0XJEHUS MOJENN BHYTPU TpaHUIl poMOa HEBO3MYIIEHHOTO IMOTOKA, OCh BpPAILCHUS
MEXaHU3Ma HW3MEHEHUs YIJIOB aTakd HEOoOXOJIMMO CMellaTh HUXKE OCH CHUMMETpPUHU

corutoBoi BcTaBku padboueit vactu AT CT-3.
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Pucynok 8 — Cucrema CkaykoB YIUIOTHEHUS, BOSHUKAIOIINX IIEpe]] HOCOBOM YacThO0 MOJIENH U
OTPaXEHHBIX OT CTEHOK paboyeit yactu cBepx3BykoBoil AT CT-3 (rpagueHT qaBiaeHUS) C MOJIENBIO
(Mw=4,2; yron ataku (0°)
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Pucynok 9 — Cuctema CkaykoB YIUIOTHEHUS, BOSHUKAIOIINX TIEpe]] HOCOBOM YacThIO0 MOJIENH U
OTpa)XEHHBIX OT CTEHOK paboueit yactu cBepx3ByKoBoil AT CT-3 (rpagueHT naBIeHHs) C MOJIENbIO
(Mw=4,2; yron ataku (0°)



CxeMa pacnosioKeHus 1epKaBKU MOJEIH ¢ yriioM ataku 20°, HaXOAAIUKCs BHYTPH
pomba HEBO3MYIIIEHHOTO MOTOKa B paboueit yactu cBepx3BykoBoit AT CT-3 (M.=4,2),
npeacraBieHa Ha pucyHkel0. 3arpoMoxaeHue MoToKa 3TOW MOJAEIbIO B COOTBETCTBHUM C
[11], HaxoguTCcs B IOMYCTUMBIX npenenax. Och AepKaBKHM OTHOCUTEIBHO OCU CUMMETPUHN
COITOBOM BCTaBKU CMeEIEHa Ha 15 MM, TeM caMbIM 00ecriedeHa BO3MOKHOCTb YBEIUUEHUS

yria ataku a0 20°.

Pucynok 10— Cxema pacnosioskenust Mmosienu B cBepx3BykoBoil AT CT-3 (MakcuMasbHBIN yroJl aTaku
uccnexyemoi moaenu 20°): 1 — uccnemnyemasi MOJIeNb; 2 — 00TeKaTeNb TEH30METPUUECKUX BECOB;
3 — poM0 paBHOMEPHOM YaCTH TIOTOKA; 4 — COTIOBasi BCTaBKa

Cuctema CKauKOB YIIJIOTHEHHUS, BOSHUKAIOIIUX MEpPe]l HOCOBOM YaCcThI0O MOJECIH U
OTPa)KEHHBIX OT CTEHOK paboueit yactu cBepx3BykoBor AT CT-3 (rpagueHT gaBieHuUs) ¢

MOJIENbIO TIpu yriie ataku 20°, pecraBieHa Ha pucyHke 11.

H 3.485e+06
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Pucynok 11 — Cucrema CKayKoB YIDIOTHEHHSI, BOSHUKAIOIINX TIEPE HOCOBOM YacThIO MOJIENHN U

OTpa)XEHHBIX OT CTEHOK paboueit yactu cBepx3ByKoBoil AT CT-3 (rpagueHT naBiIeHUs) ¢ MOJIEIbIO
(Mw=4,2; yron ataxu 20°)

JlaHHass KapThHA OOTEKaHWsI CBHUAETEIbCTBYET O MPABWIBHOM PaCHOJIOKEHUH

Moenu B paboueit yactu cBepx3BykoBoit AT CT-3 (Moenb He BBIXOIUT 3a TPAHUIIBI poMOa
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HEBO3MYIIIEHHOTO MOTOKA U OTPa)KEHHBIE OT CTEHOK CKAYKH HE MOMaJal0T Ha MOBEPXHOCTh
Mozenn). Pacipenenenue uncia Maxa (a) u naBnenust (0) B moToke BOJIM3U Moiend (YToi
ataku 20°) mpeacTaBieHbl Ha pucyHke 12. HaGeraromuii moTOK Ha MOJENIb PAaBHOMEPHBIH,

ra3oIMHaMHYE€CKHE HEOJHOPOAHOCTH MEPE MOJAENBIO OTCYTCTBYIOT [4-6].

ueo Maxa
4.2

w
©

COCOA=ALNNNNREW
cwubowOBarDOSRN

Pucynok 12 — Pacnpenenenus ra3oivHaMU4eCcKUX MapaMeTPoB B MOTOKE BOIU3U Mojienu (M«=4,2;
yroa ataku 20°): a) uncno Maxa; 0) naBieHue

B coorBercTBUM C pe3ynbTaTaMu IPOBEJEHHBIX pacdyeToB Obula pa3zpaboTaHa U
CO3/1aHa CHUCTEMa KpEIJIEHHUsI TEH30METPUUYECKUX BECOB B paboueil 4acTu CBEPX3BYKOBOIl

AT CT-3 gns yrios ataku ot 0° 10 20° (CAD Mozens npejacTaBieHa Ha pucyHke 13).

a) 0)

Pucynok 13 — Cucrtema KperieHus: TeH30METPHUECKUX BECOB paboyeii 4acTH CBEPX3BYKOBOI
AT CT-3 ¢ BO3MOXXHOCTbIO H3MeHeHus yria araku ot 0° (a) go 20° (6)
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Tpakt paboueit wactu cBepx3BykoBoi AT CT-3 (Mo=4,2) ¢ Moaenbio u
pa3paO0OTaHHOM CHUCTEMOM KpEIUICHUS TEH30METPUUECKUX BECOB Il YIJIOB aTaku

ot 0° o 20° mpencrasieH Ha pucyHke 14.

Pucynox 14 — Tpaxt paboueit uactu cBepx3BykoBoit AT CT-3 (Mx=4,2) ¢ cucTeMoii KperieHHsI
TEH30METPUUECKUX BECOB (17151 yrioB aTaku oT 0° 1o 20°)

3akiouenne

MopaepHu3anus CUCTEMBI KPEIJIEHUSI TEH30METPUUYECKUX BECOB, PACIIOJIOKEHHBIX B
TpakTe cBepx3BykoBoil AT CT-3, ¢ yueTom TpebOOBaHMI JOIMYCTUMOTO «3arPOMOKIACHUS
paboueit yactu TpPyOBI, MO3BOJHUT IMPOBOJUTH SKCIIEPUMEHTAJIbHBIE MCCIEIOBAHUS IO
ONPEIEIICHUIO a3POAMHAMUYECKUX CUJI, IEUCTBYIOIINX HA MOJEINb, IIPU yriaax aTaku 10 20°,
YTO MPEACTABIISIET UHTEPEC MPU MPOBEACHUU UCCIICIOBAHUN a3pOANHAMUYECKOIO CIIEKTPa.
Hcnonb3oBanre COBPEMEHHBIX KOJAOB BBIUUCIUTEIBHON Fa30TUAPOANHAMUKY [TO3BOJIUIIO B
KOPOTKHE CPOKM PAacCUMTaTh MapameTphl MOTOKAa B paboueild yacTu cBepx3BykoBoil AT
CT-3 wu omnpenenuTh NPaBWIBHOE PpACIONOKEHUE MOJACIM B TpaHHUIax pomba
HEBO3MYIIEHHOTO MOTOKa (OCh JEpkKaBKHW CMEIIEHA OTHOCUTEIBHO OCH CUMMETPUU

COIUIOBOM BCTaBKU Ha 15 mm).
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