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“HesaBucumo OT TPYAHOCTN MHTErPUPOBaHWS YpPaBHEHWN
ruapoanHammKkm ¢ cobaaeHnem Tex padHoobpas3HbIX rpaHmny-
HbIX Y CJIOBWIA, KOTOPbIE MNPEACTAaBISET NpPakTnka, Mbl HE MOXEM
caenarb Bbibopa Mexay pas/indHbiIMu TEOPETNYECKN BO3MOX-
HbIMW TEYEHUSIMUN, KOTOPbIE MOryT 06pa30BaTbCs OKOJIO pac-
cMarpuvBaemMoro Tena. TobKo NpsiMori n TBEPAbIV OrbIT YKaXeT
TEOPETUKY, C KaKow 3a4a4en ruapoanHaMmmKu oH nmes Aeso 1
B K&KOM CMbIC/1€ JO/KEH OH paccmatpuBaTth siBJieHue.”

H.E. Xykosckun, 1907 .

“However difficult it is to integratre hydrodynamics equations
with various practical boundary conditions, we cannot select a
particular theoretically possible flow for a body examined. Only
immediate and accurate physical experiments will show a
theoretician the real problem in hydrodynamics he was dealing
with, and indicate allowable ways for him to examine the
phenomenon.”

N.E. Zhukovsky, 1907
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NPEANCNOBUE

Busyannsaumsa Wmpoko npuMeHsaeTcs B UCCNEA0BAHUAX TEYEHUIN XUOKOCTU 1
raza. C nomoubio BU3yanmaaumm npu HeGoNbLLIMX CKOPOCTAX NOJyYEHblI OCHOBHbIE
npeancrtaBneHns o6 oTpbiBE, Nepexoae NaMuHaApHOro Te4eHnsa B TypOyneHTHoe,
BUXPSX (rmapoTpyObl, AbIMOBbLIE CTPYMKN, LUENKOBUHKN).

B nccnenoBaHmsax oKONO3BYKOBbLIX TEYEHUIM O4EHb O0JbLLIOE 3HAYEHNE NMENN
TEHEeBble MeTOAbl, B 0OCOOEHHOCTU NPU aHaNN3e 3aMblKaloWUX CKa4YKOB YMIOTHEHNS
M OTpbIBA.

B nccnepoBaHuax CBEPX3BYKOBbIX TEYEHWIA METOAbI BU3yanu3aumn npmobpenn
eule 6osbLUee 3HaYEeHNE — Kak B CBA3U C NOSBIEHNEM HOBbIX OObEKTOB, Tak 1 B CBA3MU
C YCIOXXHEHUMEM YCNOBUIN SKCNEPUMEHTA B ad3poanHaAMMNYECKMX Tpybax (BbICOKME
TemMmnepartypbl NOoTOKa, HeGONbLIME MoAeNn). Paclumpunnca kpyr paccmaTpBaeMbIX
SIBNEHNN (yaapHble BOSIHbI, MHTepdEepeHUns, TPEXMEPHbIE OTPbIBHbIE TEYEHUS,
BUXpW, cnegpl, cTpyu). NosaBmnoCb MHOMO HOBbIX ONMTUYEHCKNX METOA0B, N3 KOTOPbLIX
4yacTb HE NoJsly4ymnna PacnpoCTPaHEHMS, YaCcTb UMEET OrPaHNYEHHOE NMPUMEHEHME, a
HEKOTOPbIE CTAHOBATCH CTAaHOAPTHLIMU U YCMELIHO KOHKYPUPYIOT C N3MEPEHUSIMMN
npu nNOMOLWN APYrnx pasnnydHblXx mMeTonoB. Oxmpaetca nNpuMeHeHune
CTEPEOKMHOCBHEMKN HECTALUMOHAPHbLIX TEYEHUN, B TOM 4Yncne TypOyneHTHbIX.
MHTepecHOo To, 4To npobnema “Budyanmaaumn” TeHEHUn pacnpocTpaHuaachb N Ha
npencrtasfieHne pes3yfibTaToOB BblYUCIEHUIA.

B LLAMM pa3paboTaHbl 1 YCOBEPLLEHCTBOBAHbLI Pa3HOOOpa3HenLume MeToabl BU-
3yanm3aunm Te4eHnin rasa. AT MeToabl LWMPOKO MCNOMb3YIOTCS NPU UCCNeaoBaHn
TEeYEeHNs XNAKOCTM 1 rasa. B a1o o6nactn Hay4HbIMW COTPYOHMKAMW MHCTUTYTA Ha-
KOMJIeH OOLWMPHbIA MaTepuasn Nno BCEM pasfenamMm adpoTepMOoANHAMUKN neTaTtesib-
HbIX annapartoB 1 CUI0BbIX YCTAHOBOK M UX 3/IEMEHTOB.

B HacToswem ansbome Ha page NpuMepPoB NpeacTaBneHsl poTorpadun, noka-
3biBaowWme apPeKTUBHOCTb BU3yannsaumm Te4eHnin Npm nccnegoBaHnm odTekaHns
N HarpeeaHns CBEPX3BYKOBbIX fleTaTesibHbIX annapaToB N NX 3NEMEHTOB.

MOXHO HaoeaTbCs, 4TO anbboM OyaeT NONE3EH BCEM UCCeaoBaTENSM 1 opra-
HM3aunsM, 3anHTEpPeCOBaHHbIM B JasiIbHENLLEM NPOrpecce aBMakOCMMYECKON Ha-
YK N TEXHUKMU.

HvpekTop LleHTpanbHOro asporuapoanHammyeckoro
nHcTuUTyTa MmeHn npod. H.E. XXykosckoro — ocyaapCTBEHHOro
Hay4Horo ueHTpa Poccurickori denepaimn,

akagemMmk Poccurickom nHxeHepHow Akagemmn,
Y/1eH-KOPPECNOoHAEHT AKkaaeMumn NHXEeHEepPHbIX Hayk Pd,

JAOKTOP TEXHUHECKNX HayK, rnpogeccop

B.r. Amurpues



PREFACE

Visualization is widely used in studying liquid and gas flows. It has been a reliable
basis for specialists to grasp low-velocity separation, laminar-to-turbulent flow
transition, vortices etc (water channels, smoke jets and tufts of wool).

Of great importance for the study of transonic flows were shadow techniques
that revealed closing shock waves and separation. In the case of supersonic flows
the visualization techniques have been more important in the light of both the
appearance of new objects and complication of wind tunnel test conditions (such as
high temperatures and small-size models).

The scope of phenomena under study has been widened to include shock waves,
interference, 3D separated flows, vortices, wakes, jets, etc. A number of new means
have emerged; a part of them did not find use, whilst some are becoming standard
and well competitive with direct measurements. The future forestalls the use of stereo-
filming of transient flows, including the turbulent ones. It is of interest to note that the
issue of flow “visualization” is challenging in representation of Computational Fluid
Dynamics results.

TsAGI uses a wide range of methods for gas flow visualization. Scientists of the
institute have accumulated an extensive material throughout aerothermodynamics
of aircraft and power plants.

The album presents the photographs illustrating effeciency of visualization for study
flows and heat of supersonic aircraft and their components.

It may be hoped that the album will be of use to all researchers and organizations
interested in the further progress of aeronautical science and technologies.

Director of the Central Aerohydrodynamic Institute

named after Prof. N.E. Zhukovsky — Leading State Scientific Center

of the Russian Federation,

Academician of the Russian Engineering Academy,

Corresponding Member of the Russian Engineering Science Academy,
Dr. Sc. Tech., Professor

V.G. Dmitriev
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YCNOBHbIE OBO3HAYEHUA

yncno Maxa HeBO3MYLLLEHHOIo NoToKa

yncno Pennonbpca

ymncna Maxa cocTaBnslowmx CKOpPOCTN NOTOKA, HOPManbHbIX K
KPOMKeE Kpblna (K OCu Tena BpaLeHns)

yron artakmu
Yron CKOJIbXeHus

yron cTpenoBngHoCTr

Monyyron pacTteopa KOHyca Wan KnanHa
LEeHTpPasbHbIN Yron CekTopa wmTka
Yyron yCTaHOBKW ONEepeHns NUin KUnsg

OTHOCUTEJIbHOE NOJIHOE AaB/lieHune B CTpye

OTHOCUTENbHOSA pacrofiaraemasi cteneHb NOHMXEHNS MONHOIo
JaBfieHna B conne

OTHOCUTENbHOE OaB/ieHne B CTpye

NOJIHOE OaBfieHMe B NOTOKE 3a MPAMbIM CKa4KOM YNIOTHEHUS
XapakTepHOe pacCcTosiHMe mexnay Tenamm

anameTp uan paguyc nocnenoBaTtesibHO PaCrONOXEHHbIX Ten
XapakTepHble WuprHa 1 BolcoTa anemeHToB J1A

OTHOCUTeNIbHAA TOJIWMHA KpbUia

METOAbI BU3SYAJIUSALUN TEHEHUA

npamoTeHesas GOoToCLEMKA

LBETHOMN NPAMOTEHEBON METOS,

METO[, Na3epHOro HoXxa

METOA Pa3MbIBaEMbIX MOTOKOM TOYEK Kpacku

METO[, BU3yanusaunm temnepatypbl NOBEPXHOCTU C MOMOLLBIO
TEePMONHAMKATOPHbIX MOKPbITUIA

METOoA U3MEPEHUNA AaBNEHNS HA MOBEPXHOCTU C UCMONb30BaAHMEM
MIOMWHECLLEHTHbIX Npeobpa3oBaTeneii AaBneHuns

METOoO UBETHbLIX NMOJIOCOBbIX (DI/IJ'IprOB
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NOTATION

free-stream Mach number
Reynolds number

Mach number of flow velocity components normal to the wing lead-
ing edge or axis of the body of revolution

angle of attack

slip angle

sweep angle

cone or wedge semiangle

central angle of flap section

setting angle of horizontal or vertical stabilizer
relative jet total pressure

nozzle pressure ratio

jet pressure relative to the free stream pressure

total flow pressure downstream of normal shock wave
characteristic distance between bodies

diameter or radius of sequentially arranged bodies in flow
characteristic width and height of components

wing thickness-to-chord ratio

FLOW VISUALIZATION TECHNIQUES

direct shadow photographing
coloured strip filter technique
laser knife method

method of paint spots washing

visualization of surface temperature by using a thermosensitive
coating

surface pressure measurement using luminescent paints

— colour strip filter

11



BBEAEHUE

Anbb0OM cocTaBneH n3 potorpadunin TPEXMEPHbLIX (B OCHOBHOM CBEPX3BYKOBbIX)
TeYEeHU, NoNy4EeHHbIX coTpyaHmnkammn LATA.

MN3BeCTHbI anbbomMbl [12-14] Te4yeHUn XNOKOCTN 1 ra3a, CoCcTaB/IEHHbIE
M. Van Dyke (CLLA), H. Werle (PpaHums), T. Uemura (AnoHns). OHM OTANYAIOTCS Bbl-
COKNM Ka4yecTBOM ¢poTorpaduin, HO OXBaTbIBAIOT, KAk MPaBUII0, TONbKO A03BYKOBbLIE
nmbo npocTenwme (NIoCkMe n 0CECUMMETPUYHbBIE) CBEPX3BYKOBbLIE MOTOKMU.

Teopua 1 NpakTuka OCBOEHNSI CBEPX3BYKOBOIO MofieTa, AOCTMXEHNE neTaTenb-
HbIMM annapaTamMn rmnep3ByKOBbIX CKOPOCTEN, OCOOEHHO NpW BbIXOAE 3a Npeaens
aTmMocoepbl U Npu BXOAE B Hee, NOCTaBMAM 3aa4u TENNOBOW 3awmTbl, Bbi3BaNU K
XM3HN MACCy HOBbIX CBEOEHNIN 06 OCOOEHHOCTAX TEYEHWIA ra3a 1 HarpeBaHus Ten.
Bo3Hukna noTpebHOCTb B MHPOPMALMN O CIIOXHBIX MPOCTPAHCTBEHHbIX NOTOKAX.

MHoroobpa3sue aTnx Te4eHun obycnoBNeHO N NOSIBIEHNEM feTaTesbHbIX anna-
patoB (JTIA) HOBbIX TUMOB (PakeTbl, BO3AYLIHO-KOCMu4yeckume J1A). B coBpemMeHHOoMn
aspoauHamMuke CBepX- 1 rmnep3BYyKOBbIX CKOPOCTEN (Ha3blBAEMOW 4aCcTo al3poTep-
MOAMHAMUKOWM B CBSI3N C BbICOKMMIN TEMMEpaTypamMn ra3a) Kpome “Be4Horo” Tpebo-
BaHWS MOBbILLEHNS adPOANHAMMYECKOrO KayecTBa NoSBUIMCE NpobaemMbl TEMIOBOW
3awmThl, ra304NHAMNYECKOro ynpasieHnsa BUXPEBbIMU, CTPYMHbLIMU U OTPbLIBHLIMU
TeYeHNAMU, a TaKXEe NX YCTOMYMBOCTN. HECMOTPSA Ha pa3BUTUE HYNCTIEHHbIX METOO0B
pacyeTa Ha OCHOBE ypaBHEHUI OBMXEHUSA BA3KOro rasa (Hasbe-CTokca) ¢ y4eTom
€ro peasbHbIX CBOMNCTB, OCHOBHbIM MHCTPYMEHTOM MO3HAHNA N KPUTEPUEM UCTUHLI B
peweHnn 3Tux Npobaem ocTaeTcsa SKCNEPUMEHT, B KOTOPOM MO-NPEXHEMY akTyaslb-
Hbl BU3yalibHble nccnenoBaHms. OHn HeOOBX0OUMbl N Kak CPeaCcTBO anpobupoBaHns
pe3yNbTaToB pacyeTa, 1 479 NOHMMAHUA TEeYEHUI, ele He NOAAAILINXCA PaCyeTy C
DOCTaTOYHOW HAAEXHOCTbLIO (OTPbIBHbIE, TYPOYNEHTHbIE, COBUIOBbIE). BnlyasnbHble
NccneaoBaHna ABASIOTCA Hanbonee AeWeBbIMU U HE TPeByoT BoNbLUMX 3aTpaT Bpe-
MEHIN, YEro HeNb34 eLe ckadaTb 0 pacyeTax. OHM Bce OosblIe CTAHOBATCA CPEACTBOM
HE TOJIbKO KaYE€CTBEHHOIr0, HO N KOJIMYECTBEHHOro aHann3a aAB/eHni.

OBLWMPHBIN 3KCNEPUMEHTalbHLIN MaTtepuasn B 3Ton 061acTy 3a NnocneaHne co-
pok net nonyydeH B LAIMM. OH TONbKO YaCTMHYHO 1 OANEKO He B JlydllemM Buae npea-
CTaB/ieH B NeYaTHbIX paboTax; O4eHb MHOrO€ OCTaNnoCh B OT4YeTax u paboymx O0Ky-
MeHTax. 3aecb caenaHa nonbiTka YaCTUYHO BOCMONHUTL 3TOT Npoben. C aton ue-
NblO BblAeNIeHbl TPEXMEPHbIE TEYEHUS NN TpexmepHble 3pPekTbl B CBEPX- U
rMNep3BYKOBbIX MOTOKAaXx.

doTorpadummn Te4eHnn oenanmck C NCNOJIb30BaHMEM Kak TPAANLUMOHHbIX B a3P0-
rasogmHamMuke MeTonoB Budyanuaaunmm — TEHEBONO N ero moanukaumin (Hanpu-
Mep, C LBETOBbIM NOSIOCOBbIM GUNLTPOM [4]), Tak N HOBbIX OPUTrMHANIbHBLIX METO-
00oB, B TOM yncne padpadoTtaHHbix B LA (cM. cnepyowmin pasaoen).

3HaunTenbHaa 4Yactb poTorpadunin NoNlyd4eHa B OTAENEHUSAX adPOANHAMUNKU
CUNOBbIX YCTAHOBOK M a3poTepMOONHAMUKN TMNEeP3BYKOBLIX N BO3AYLIHO-
KOCMMYECKNX netaTtenbHbix annapaTtos LAMN.

B npennaraemom anbbome npeacrtasneHbl Hanbonee nHpopmaTmBHbIE
doTorpadpun.

CocTaBuTens BbipaxaeT 61arofapHOCTb 3a NOAAEPXKKY M MOMOLWb B paboTte
Hay4HbIM coTpyaHukam UAIN, npepoctasmBwmnmMm cBon poTorpadun, n penakro-
py N.Markanapy, npuHsaBLlWeMy y4yactue B GpopMmpoBaHnm anbboma.

Ocobato 6narofapHOCTb COCTOBUTESb BbIPAXaET yYeHbIM-3KCNepnmeHTaTtopam
LA Naypeaty [locypmapcTtBeHHon [Mpemun CCCP J1.IM. TypbAWKNUHY 1
M.A. MIBaHbKNHY, NMPUHABLWMM aKTUBHOE y4acTuUe B NOAroToBke anbboma.
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INTRODUCTION

The album includes photographs of 3D, basically supersonic flows made by TsAGI
scientists.

The albums [12-14] of liquid and gas flows by M.Van Dyke, H.Werle, T.Uemura
are well known. They feature high quality photographs, but mainly cover subsonic or
simplest 2D supersonic flows.

Theories and practice of mastering the supersonic and hypersonic flight, espe-
cially of aircraft reentering the atmosphere, have put forward the problem of thermal
protection and require new data on air flows and heating. A demand for data on
complicated 3D flows has arisen.

The multitude of these flows is due to the advent of vehicles of new types such as
rockets and aerospaceplanes. In the area of modern aerodynamics of supersonic
and hypersonic velocities (usually called “aerothermodynamics” because of high
gas temperatures) the “ever-lasting” problem of increasing the lift-to-drag ratio has
been complicated by new problems of thermal protection, gas-dynamic control of
vortical and separated flows and their stability. Despite development of numerical
methods based on the viscous gas motion equations (Navier-Stokes) taking account
of real gas properties, experiments with visualization remain the principal tool of un-
derstanding and truth criterion. They are used to validate calculation results and to
understand the flows that cannot be calculated reliably, such as separated, turbu-
lent, shear flows. Visual studies are the cheapest and do not require much time, that
is not the case with calculation. They are becoming a means for not only qualitative
but also quantitative analysis of phenomena.

During the last 40 years, TSAGI has accumulated the extensive experimental data
in the field. They are presented in printed works only partially and not as perfectly as
could be. The major part may only be seen in internal reports.In this album an attempt
is made to partially fill the gap. With this aim the accent is basically placed on 3D
flows or 3D effects in supersonic and hypersonic flows.

The flow photographs were obtained by using traditional visualization methods,
i.e., direct shadowgraphy and its modifications (such as the colored strip filter pho-
tographing in [4]), and by new methods including those devised at TsAGI during the
recent decade (see the next Section).

The major part of the photographs were obtained in the departments of Power
Plant Aerodynamics and Hydrodynamics of Hypersonic Air Space Vehicles.

The album represents the most comprehensive photographs.

The compiler is thankful to the TsAGI scientists for support and assistance and to
G.l. Maikapar, the editor, who also participated in forming the album.

The compiler expresses the particular thanks to TsAGI scientists-experimenters
USSR State Prize Winner L.P. Guryashkin and M.A. lvankin which take active part in
preparation this album for publication.
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METOAbl BUSYAJIU3ALUN TEMEHUA

“Pas3Be BCS Hayka
HE PUCYHKN C noannucammn?”
A.dPpaHc

BuayanbHble nccnefoBaHmsa B MEXaHUKE XUAKOCTU M rasa urparT UCKIYN-
TEeNbHO BAXHYIO POJib. Hayanom mx Mo>XXHO CHMUTATb PUCYHKU BUXPEBBIX N OTPbIBHbIX
Te4yeHun, caenadHole JleoHapao aa BuHun. Bo MHOrmx cnyyasx pesynbTaTbl BU3Y-
afIbHbIX UCCNenoBaHNUn CTain OCHOBOW cOo34aHUS Teopun (Hanpumep, “Hecywme”
BUXPU — LUMPKYNSaunsl, nogbemMHas cuna; “cBoboaHble” BUXpU — TEOPUS BO3AYLLHO-
ro BuHTa, H.E. XykoBcknin) n metonoB pacyeta. ONTUY4eCKUin 3KCNEPUMEHT Noa-
TBEPAWA CyweCcTBOBaHME yaapHbIX BOSH (3. Max, J1. Max). Buayannusaumnsa te4eHnin
rasa, CBA3aHHas C UBMEHEHNEM €ro MJI0THOCTU (TEHEBbLIE METOAbI), YPE3BLbIYANHO
pacwmpuna npeacraBneHns O CBEPX3BYKOBbIX TEeYEHUSX. BudyanbHble MeToabl No-
NPEXHEMY YacTO CTAHOBATCA CPEACTBOM OOHAPYXEHUS paHEE HEN3BECTHbLIX siBMe-
HWIA. Ha nx ocHoBeE ObINN caenaHbl BaXHenLWmne oTKPbITUS: Hanpumep, Nepexon na-
MWHaAPHOro TeveHns B TypobynenTHoe (O. PerHonbac), “6onblumne suxpn” B TypoOy-
NEHTHOM MNOrPaHNYHOM CIOoe€.

Bce n3BecTHble Bu3dyalibHble METOAbI MOXHO pPa3fesnmTb Ha ABa Tuna: nccneno-
BaHWE Nnonen Te4eHUs U CCNnefoBaHne XapakTepmUCTUK TEYEHNS HA MOBEPXHOCTN MO-
nenn. He npmBoas knaccugukaumm aTmx METOO0B U HE OCTAHABIMBASACH HA LLUMPOKO
N3BECTHbIX (TEHEBbLIE METOAbI, CaXXe-MacnsiHada NieHka), OoTMeTUM Hanboee NPoCTble
N yXxe nonyymelune npmmeHenme B LAIN.

O4yeHb 3DPEKTUBHBIM B CllyHae TPEXMEPHbIX TEYEHWNIA ra3a aBNSeTCS METOoA, na-
3€epHOro HoXa (ycoBepLUEHCTBOBAHHbLIM METOA, NapOBOro 3KpaHa).

CyuwieCcTBEHHbIM NPOLABMXEHNEM B NOHMMAHUM TennoobmeHa Obinn pa3padoTaH-
Hble B LA meToapl padmbiBaeMbIX TOYEK KPACKM, TEPMONHANKATOPHbLIX MOKPbLITUIA.
Becbma nepcnekTnBeH npeasioxeHHbin B LA meTon 6apokpacok, unv nloMUHeC-
LEeHTHbIX NpeobpasoBaTtenen naBneHus.

OTmeTnm Takxe npmmeHsembln B CLLUA meTton uBeToBOM BM3yannsauum nongd
NOMHOIO AAaBMEHNSA 32 MOAESbIO, MO3BONSIOWNIA OOHAPYXUTb MECTHbLIE NCTOYHUKN
CONPOTUBEHUSA, KOTOPbIE TPYAHO OOHAPYXUTb KAKUM-TNOO NHbIM CNOCOOOM. ITOT
MeTog, NpeanonaraeTcs NPUMEHUTb U B NIETHbIX MCMNbITAHUSX.

Hanonm kpatkoe onncaHve npumeHsiemblx B LA meTtonoB, Ha OCHOBE KOTOPbIX
NoJslyYeHbl NpMBOAMMbIE B anbbome ¢poTorpadpun.

ViccnenosaHue rnoneu te4eHnii

1) LLIMpOKO pacnpoCcTpaHeHbl ONTUYECKNE METOOb!l (TEHEBOW U NMPAMOTEHEBON U
Nx mogmpunkaumn: NCKPoBon [8, 9], UBETHbIX NOAOCOBbLIX GUNLTPOB [4], HTepdepo-
MeTpuS 1 4p.), Aaoume Xxopowmne pedynbTaTbl B C/lydae aHann3a yaapHbIX BOJSH, BOJSTH
paspexeHns, oTpblBa, CNeaoB. MIcnonb3oBaHbl Takke apyrne crnocoobl.

2) MeTop nasepHoOro Hoxa [5], OCHOBaHHbIM Ha MPOMOPUNOHANTbHOCTU NHTEHCUB-
HOCTW pacCenBaHns CBETa KOHLEHTpauun coaepXauimxcsa B NOTOKE YacTul, (Menkne
Kanam NpoaykTOB CropaHusa KepOocuHa B NOAorpesarene aspoamHaMmnyeckon Tpyosl,
Kanan BoApl). Ha CHMMKax ckayvykm ynaoTHEHUS BUOHbI Kak rpaHuLbl Spknx obnacren,
BOJIHbI PA3pexXeHns — Kak TeMHble 061aCTH, a 30Hbl OTPbIBA U BUXPU — KaK “YepHble”
nATHA. MCcnonb3oBaHME pasfnyHbiX LBETOB AN M300pa>keHns NAOTHOCTU NoYepHe-
HUSA poTorpaduryeckor NaeHkn npn obpadoTke Ha IBM Takmx cCHUMKOB faeT Aomnos-
HUTENbHYID MHPOPMALMIO.
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3) MeTopA, BbICOKOBONBTHOIO pa3psaga [1], OCHOBAHHbLIA Ha PacnpoOCTpPaHEHUn
pa3psga B 30Hax HU3KoW naoTHOCTU. OH NO3BONSIET, HANPUMEP, BU3yannu3npoBaTb
BUXPEBOW LLHYP B CBEPX3BYKOBOM MoToKe. Ha ¢poTorpadumn wHyp BnaeH kak 6enas
nonoca. NpumMeHsaeTcs Takke B coO4eTaHUM C METOLOM NIA3EPHOro HOXa unn nNapo-
BOro aKkpaHa.

HccnenoBaHne xapakTepucTnk Te4eHns1 Ha NoBepPXHOCTUN

1) MeTon Budyanusaummn “npepenbHbiX IMHUIA ToKa”, BKIKDYAa MeToq, caxe-mac-
NFHON NNIEHKU N ero Mmoandunkaumn.

a) MeTog, pa3mbiBaeMbIX MOTOKOM OKOJ10 MOBEPXHOCTU MOAENN TOYEK Kpacku [6]
[aeT 40CcTaTo4HO NOJTHOE NpeaCcTaB/ieHme 0 30HaX OTPbIBA M NPUCOEANHEHUS TEYEHUS.
Ocob6eHHO 3 PeKTMBEH NMpu ObICTPOM BBOAE MOOENN B MOTOK.

0) MeToa abnauun mogenn nu3 cneumanbHOro mMatepmana (Hanpumep, NIeKcur-
naca) agpdekTmBeH B BbicOKOTEMMNEpPAaTYpPHbIX NoTtokax [7]. NpeanenbHblie NMHMK Toka
BUOHbI HA MOBEPXHOCTWN KAk YEpPHbIE NMMHUM (pe3dynbTaT NMPonmM3a maTtepuana).

2) MeToabl Bu3yanmsauun temnepatypbl NOBEPXHOCTN C NOMOLWLbIO TEPMOUH-
OVKATOPHbIX NOKPbITUIA [2]. [JaeT kak Ka4yeCTBEHHOe, Tak N KOJIMYECTBEHHOE Npea-
CTaBNeHNE 0 pacnpeneneHnn TenNoBoro notoka. NprumMeHaoTcs BewecTsa, HeNnpo3-
payHble B TBEPOOM COCTOSIHUM, NNABAWMECS NP ONpeaesieHHON, He 3aBUCALLEen
OT AaBfEeHNs TemnepaType, N CTaHOBSALWMECS NpU 3TOM NPo3padvyHbiMn. TEPMOUNH-
avkatopbl pa3dpaboTtaHbl CtaBpononbckum HUM nioMMHOGOPOB 1 0COB0 YUCTbIX
BewCcTB. [Mpn KOHTPACTHOW OKpacke nHankatopa (CBeT/NbIN UBET) n Moaenn (Tem-
HbI) BUOHa rpaHuua nnaesneHuda. Ee nepemeuieHme no NOBEPXHOCTU CHUMAETCSH
Ha KMHOMJIEHKY; TOYKE CaMOro paHHero N3MeHeHns uBeTa COOTBETCTBYET HamMBbIC-
was NNOTHOCTb TEMJIOBOro NoTtoka. Hanbonee onacHble ona netarenbHoro annapara
NUKN TENIOBOro NOTOKA BUAHbI HA CHUMKAX Kak y3Kne TEMHbIE MOoA0Chl (OHM coBna-
0Al0T C NIMHUAMM “pacTekaHns’”, T.e. NpMcoegMHEHNS NOC/e OTPbIBa C/I0EB CMeLle-
HUSA UK CTPyN, 06pas3yrLWMXCS NMPU BCTpeYe yaapHbiX BonH). Meton tepmonHan-
KaTOPHbIX MOKPbITU ABAFETCSH Tak>Xe OAHUM M3 Handosee NPoCcTbiX ANg nccneno-
BaHMA Nepexona NamMmMHaApPHOro NOrpPaHUYHOro cnos B TYPOYNEHTHbINA.

BO3MOXHO COBMECTHOE NpUMEHEHME Pa3fINYHbIX METOA0B B OAHOM 3KCMNe-
PUMEHTE.

3) MeToa NtoMUHECLIEHTHBIX Npeobpasosartenen aaesnexHna [3, 10, 11] no3eonser
MO U3MEHEHNID NHTEHCUBHOCTN CBEYEHUSA MOKPbITUA, HAHOCUMbIX HA MOBEPXHOCTb,
“BnpoeTtb” pacnpegeneHne gaBneHns Ha NOBEPXHOCTU Moaenn. Noea npumMmeHeHns
OBYX TEPMOUHAMKATOPHbIX MOKPLITUI 1S aHANU3a HEMNPEPLIBHOIO pacrnpeaeneHns
Temnepartypbl U gaBneHns onybnukoBaHa B bionneteHe nsobpetenunin Ne 20 ot
22.06.1972: . Marikanap, [.B. Xane3os “Cnocob onpeneneHnsa aaBneHnsa Ha no-
BEPXHOCTM MO4eNn npmn aspoamHamMnyecKmnx UCMbiTaHNAX”, aBTOPCKOE CBUOETENb-
ctBo Ne343173 (CCCP).bnarogaps ABYXKOMMNOHEHTHbIM Npeobpa3oBaTensam
0aBNeHns BO3MOXHO COBMECTHOE N3MEpPEHME aBNeHns 1 Temneparypbl.

B nognucax k ¢potorpadpuam atm meToabl cneunansbHO OTMEYaloTCH YC/TIOBHLIMA
0603Ha4YeHnaIMN.
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FLOW VISUALIZATION TECHNIQUES

Isn’t the whole science
the sketches with captions?
A. France

Visual studies in the fluid mechanics are extremely important. One may trace
back their origin to vortex and separated flow sketches made by Leonardo da Vinci.
In many cases the results of visual studies have formed the basis for creating new
theories (for example, “lifting” vortices led to concepts of circulation and lift; “free”
vortices underlie N.E. Zhukovsky theory of propellers) and calculation methods.
Optical experiments have confirmed the existence of shock waves (E. Mach and
L. Mach). Gas flow visualization associated with changes in gas density (the shadow
techniques) substantially expanded the understanding of supersonic flows. Visual
observations remain a means for discovering the phenomena not previously known.
Crucial discoveries were made on their basis: e.g., laminar-to-turbulent transition
(O. Reynolds) and “large vortices” in the turbulent boundary layer.

All the visual investigation methods may be subdivided into two types: flow field
study and flow/aircraft surface interaction evaluation. Without detailing the
classification and the widely known methods (such as shadow techniques and soot-
oil film), let us point out the simplest ones that have already been used at TsAGI.

Very efficientin the case of 3D gas flows is the “laser knife” method, the improved
method of vapour screen. Considerable progress in understanding heat transfer was
obtained owing to the TsAGl-developed methods with paint dot wash-out and
thermosensitive paints. Good perspectives are opened for the TsAGI-developed
method with pressure sensitive paints or luminescent pressure transducers.

Note also in the US-applied method of colour visualization for total pressure field
behind a model, permitting detection of local drag sources which are difficult to detect
otherwise. This method would also be useful in flight investigations.

Below we provide a short description of the TsAGI-used methods that generated
the photographs in the album.

Flow field investigation.

1)Widely known are optical methods (including shadowgraphy and its modifications
such as flash [8, 9], colour strip filter [4], and interferometry). They are good for
visualising shock waves, expansion fans, separation, and wakes. We add the following.

2) Laser knife method [5] based on proportionality of the light scatter intensity to
the concentration of particles contained in the stream (such as droplets of kerosene
burning products from a wind tunnel airheater, drops of water, etc.). Internal and
bow shock waves are seen as boundaries of bright regions; expansion waves, as
dark regions; and separation zones and vortices, as “black spots”. Computer
processing for color imitation of photofilm density provides additional information.

3) High-voltage discharge method [1] based on discharge propagation in
low density zones. In this case, for instance, a vortex in supersonic flow is seen
on a photograph as a white strip. The method is combined with vapour screen
or laser knife.
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Investigation of surface flow characteristics

1) Methods for vizualization of limiting streamlines (including lamp black-oil film
method and its modifications):

a) method of [6] with surface-deposited dots of paint gives rather comprehensive
detection of regions of flow separation and re-attachment; particularly effective if a
model is rapidly driven into the stream;

b) method of [7] with surface ablation of a model manufactured from a special
material (such as acrylic plastic) is effective too, but demands high temperature
stream; the limiting streamlines are seen as black lines (generated by pyrolysis).

2) Model surface temperature visualization with the use of thermosensitive
coatings (see [2]) gives both qualitative and quantitative information about heat flux
distribution over the surface. Applied are thermosensitive paints opaque in solid state,
melting at a certain temperature (independent of pressure), and becoming
transparent, are used. Temperature indicators were prepared by the Institute of
luminescent and pure materials (Stavropol city).

If a light-colored paint covers a dark model, then the fusion boundary is seen. Its
movement over the surface is taken by a cine camera; the point of the earliest change
in color corresponds to the maximum heat flux. “Peaks” of heat flux most dangerous
for the flying vehicle are seen on the photos as narrow dark strips (they coincide with
lines of “attachment” of separation shear layers or jets induced by shock-on-shock
interference).

The method is one of the simplest for laminar-to-turbulent transition in boundary
layer investigation. Various methods may be used jointly in one experiment.

3) Luminescent pressure transducer method of [3, 10, 11] enables pressure field
on the model surface to be obtained on the basis of luminosity intensity. Concept of
two thermopaint coatings use for obtaining continuous distribution of temperature
and pressure was published in Bulletin N 20, 22.06.1972. G.l. Maikapar, D.V. Chalesov
“Method of pressure measurement on the model surface in aerodynamic
experiments”. Invention certificate Ne343173 (USSR). Using the two component
transducers joint measurement of pressure and temperature is possible.

These methods are specified in photograph captions by involving the symbols
stated in Notation section.
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Yactb 1

OBTEKAHMUE
JIETATEJIbHbIX AMNMAPATOB
N UX 3JIEMEHTOB

Part 1

AIRFLOW
OF FLYING VEHICLES
AND THEIR COMPONENTS



1. Ckayky ynnoTHeHws 1 cnea npu ooTekaHum koHyca (6, = 15%) B nonete (aspoban-
nucTnyeckas ycrtaHoska, Td), M= 1,19 (J1.MN. NypbawkunH, A.MN. Kpacunbwmkos, 1976).

1. Shockwaves and wake, airflow past the cone (8,= 15%) in free flight (aeroballistic
trace, SP), M = 1.19 (L.P. Guryashkin, A.P. Krasilshchikov, 1976).
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2. Ckayku ynioTHEHNS 1 BUXPEBOW Cnef npy o0TekaHnmn KoHyca (0, = 15°) B no-
nete (aspobannucrtuyeckas yctaHoska, Td), M = 1,9. KpynHomacwTabHble none-

PEYHbIE BUXPEBLIE CTPYKTYPbl B AaNlbHEM Cneae; CKadyku, OTpaXXEHHblIe OT CTEHKMU
(J1.1. 'ypbswkuH, A.MN. Kpacunbwukos, 1966).

2. Shock waves and wake, airflow past the cone (6, = 15°) in free flight
(aeroballistic trace, SP), M = 1.9. Large transverse vortices in far wake; shock waves
reflected from the wall (L.P. Guryashkin, A.P. Krasilshchikov, 1966).

21



3. Ckaykn yninoTHeHWsi 1 BUXPEBON cnep npy obTekaHuun KoHyca (0, = 15°) B
nonete (aspobannmncrtuyeckada ycrtaHoska, Td), M = 3,55. KpynHomacwTabHble
nonepeyHble BUXPEBLIE CTPYKTYPbl B AAIbHEM CNefe U 3BYKOBbIE BOJIHbI OT HUX
(J1.1. TypbsaiwkunH, A.MN. Kpacunswukos, 1970).

3. Shockwaves and wake, airflow past the cone (6, = 15°) in free flight (aeroballistic
trace, SP), M = 3.55. Large transverse vortices in far wake (L.P. Guryashkin,
A.P. Krasilshchikov, 1970).
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4. Ckaykn ynnoTHEHWsI 1 BUXPEBOI cnea, npu obTekaHun KoHyca (0, = 15°) B no-
nete (aspobannuctnyeckasn yctaHoska, TP), M = 5,5. Mogensb n3rotosneHa na cnna-
Ba MarHusl. BuaHbl HAKNIOHHbIE MO HaNPaBAEHUIO K OCU NMPOAO0JIbHbIE BO3MYLLEHUS,

naywme 3a TopLuoM KOHyca OT rofIOBHOINo ckayka ynaotHeHus (J1.1. NypbawwkuH,
A.M. Kpacunbwmkos, 1968).

4. Shock waves and wake, airflow past the cone (6, = 15°) in free flight
(aeroballistictrace, SP), M = 5.5. Model manufactured from magnesium alloy. Inclined

longitudinal disturbances from the bow shock propagate downstream of the bottom
(L.P. Guryashkin, A.P. Krasilshchikov, 1968).
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5. OGTekaHne koHyca (8, = 50°, aspobannmcTudeckas yctaHoska, Td), M= 1,6.
MpencTtaBngeT nHTepec B3anMoaeNCTBNE YAAPHOW BOJIHbI, OTPAXEHHOW OT CTEHKMN,
Cc 6NMXHNUM cneaom M 3BYKOBbIE BOJIHbI B OkpecTHOCTW cnepa (B.E. benos,
.M. TypbawkunH, A.MN.Kpacunbwmkos, 1970).

5. Airflow over the cone (6, = 50°, aeroballistic trace, SP), M = 1.6. The wall-
reflected bow wave interacts with near wake and sound waves near the wake
(V.E. Belov, L.P. Guryashkin, A.P. Krasilshchikov, 1970).

24



6. OGTekaHmne TOHKOro COCTaBHOr O KOHyca (8, = 4,5°) Hayrne atakn 5,5°, M = 3,8
(aspobannmcTnyeckaa yctaHoBka, Td). BuaHbl ckaykm OT CTbIKOBKM OBYX YaCTeW B
CpeaHen 4aCcTn KOHyca, YTOJILWEHNE NOrPaHNYHOrO CNOS Ha NOABETPEHHOW CTOPO-
He, panbHun cnegq, (J1.M. NypbawkuH, A.MN. Kpacunbwmkos, 1968).

6. Airflow around the slender combined cone (6 = 4.5°%), angle of attack of 5.5,
M = 3.8 (aeroballistic trace, SP). Note the shocks from the junction of the parts,
increased thickness of the leeside boundary layer, and far wake (L.P. Guryashkin,
A.P. Krasilshchikov, 1968).
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7. O6GTekaHne KOMOMHMPOBAHHOIO Tena “KoHYC (8, = 10°) — UMANHOP C yaau-
HEHHOM kaBepHon”, M = 1,68 (aspobannnctnyeckasn yctaHoBka, Td). 3amMKHYyTbie
OTPbIBHbIE 30Hbl — AOHHAA 3a N nepeg konbuesbiM ycTynom (J1.1. NypbALwKuH,

A.MN. Kpacunbwumkos, B.C. XnebHukos, 1975).

7. Airflow around the combined body: cone (8, = 10°) plus cylinder with long cavity,
M = 1.68 (aeroballistictrace, SP). Closedzones of separation downstreamand upstream
of the steps (L.P. Guryashkin, A.P. Krasilshchikov, V.S. Khiebnikov, 1975).
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8. O6TekaHue wutka (6, = 30°, L, = 0,25D) Ha cdepe (D =0,075 m), M =4,
o=0° Re=1,95-10° KonbueBaa OTpbIBHAA 30Ha nepeq, WUTKOM B NOTOKE C OT-
puuatenbHbiM NPOAOSbHBIM rpagneHTom nasneHuns (U.®. benos, 1961).

8. Airflow over the flap (6, = 30°, L, = 0.25D) on the sphere (D =0.075m), M =4,

o=0°, Re=1.95-108. The annular zone of separation in flow with negative pressure
gradient (I.F. Belov, 1961).
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9. O6TekaHne TPaHC3BYKOBbIM MOTOKOM (M = 1,1) umnmHapuyeckoro Tena ¢
3aTynneHnem 1 KoHn4eckum wutkom (Td): a) 6 =50°, o =0"; 6) 6, = 35°, o =10".
OTpbIB NOTOKA C NEpeaHen yrnoBO KPOMKN N YCUNTEHUE KOTEPEHTHbIX CTPYKTYP B
nanoHem cnepe (B.E. benos, J1.MM. 'ypbsiwkuH, A.MN. Kpacunbwmnkos, 1975).

9. Blunted cylindrical body with conical flap in transonic flow at M= 1.1 (SP):
a) 6 =50°, a=0"; 6) 6_=35", a=10". Flow separation from the leading edge;
intensification of coherent structures in far wake (V.E. Belov, L.P. Guryashkin,
A.P. Krasilshchikov, 1975).
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10. O6TekaHme 3aTynaeHHoro unnnHapuyeckoro tena (M = 3) ¢ KOHNYECKMM
LwmTKOM (8 = 40°) (aspobannuctmyeckas yctaHoska, Td). Be3oTpbiBHOE 0O6TekaHne
LMTKA N KOTEePEHTHbIE CTPYKTYPbLI B aanbHem cnene (B.E. benos, J1.M. l'ypbawkuH,
A.MN. Kpacunbwukos, 1970).

10. Airflow past blunted cylinder with conical flap (6, = 40°) (aeroballistic trace,
SP), M = 3. Separation-free flow upstream of the flap; coherent structures in far wake
(V.E. Belov, L.P. Guryashkin, A.P. Krasilshchikov, 1970).

11. O6TekaHme 3aTynaeHHOro umnuHapa ¢ CeErMeHTomMm cdepbl, MMUTUPYIOLLMM
aHTeHHY, M =6,9, a = 10" (P.M. BonpapeHko, 1967).

11. Airflow over blunted cylinder with spherical segment to represent antenna,
M=6.9, a=10" (R.M. Bondarenko, 1967).
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12. O6TekaHe MoOEeNM CBEPX3BYKOBOro camosieTa nog yriom ataku o. = 60° npu

cbemke MNof pasnnyHbIMK pakypcamu (y), M =6: a) y=80"; 6) y=90°". CnoxHas cun-
CTema CKa4dkoB YNNOTHEHUS U nx nitepdepeHums (B.MN. KytyxuH, 1969).

12. Airflow past supersonic aircraft, oo = 60°, various angles of view (y), M = 6:

a) y=80"; 6) y=90". Complicated system of shocks; their interference
(V.P. Kutukhin, 1969).
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13. O6TekaHne COCTaBHOM LMAMHAPUYECKON Moaenn (aspodannmuctnyeckas yc-
TaHoBka, Td®) M= 2,56: a) o.=0°; 6) o. = 15°. KorepeHTHbIe CTPYKTYPbl B AaJIbHEM Cleae
1 pa3BUTUE OTPLIBHOM 30HbI HA NOABETPEHHON CTOPOHE A0 NEPEenHEN YrIOBOW KPOMKN
(B.E. benos, J1.MN. NypbswkmH, A.lN. Kpacunswpkos, 1975).

13. Airflow past combined cylindrical model (aeroballistic trace, SP), M = 2.56:
a) o =0"; 6) o= 15°. Coherent structures in far wake, development of separation on
lee side (V.E. Belov, L.P. Guryashkin, A.P. Krasilshchikov, 1975).

31



14. O6TekaHne cnyckaemoro Tena v napawtoTa (aspobanancrtnyeckas ycTaHOB-
ka, Td), M= 1,8, a.=0°. B3aumopgeincTeme napaluora ¢ AaibH1UM CNeaom 3a Teom,

pacwupgalowmnmMmca 0o anametpa packpboitoro napawtorta (J1.M. N'ypbawkuH,
B.C. XnebHukos, 1975).

14. Airflow past descending body with parachute (aeroballistic trace, SP),
M = 1.8, o = 0°. Interference of the parachute with far wake expanding to the parachute
diameter (L.P. Guryashkin, V.S. Khlebnikov, 1975).
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15. To xe, M=2,2, a.= 10" (J1.MN. NypbawkuH, B.C. XnebHukos, 1975).
15. The same, M=2.2; o= 10° (L.P. Guryashkin, V.S. Khlebnikov, 1975).
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P, bar

16. PacnpepneneHune gaBneHuns Ha nonactu BuHTa JINA npu V =60 m/c,
n=7000 06/muH (A.MN. boikos, J1.M. NypbawknH, C.4. ®oHosB, A.H. Kuwanos,
B.E. Mowapos, A.A. Opnos, C.I. OcTtpoyxos, B.H. Pag4yernko, 1994).

16. Pressure distribution over propeller blade PSP, V=60 m/sec, n=7000 rpm
(A.P. Bykov, L.P. Guryashkin, S.D. Fonov, A.N. Kishalov, V.E. Mosharov, A.A. Orlov,
S.P. Ostrouhov, V.N. Radchenko, 1994).

17. None paBneHus Ha Kpbile moaenn ceepx3BykoBoro camoneta (J1N4d), M=0,9,
o= 10" (A.MN. BbikoB, B.E. Mowapos, A.A. Opnos, B.H. PagueHko, B.A. MNeceukuir,
C.4. ®oHos, 1992).

17. Pressure on airplane wing, PSP, M=0.9; o.= 10" (A.P. Bykov, V.E. Mosharov,
A.A. Orlov, V.N. Radchenko, V.A. Pesetsky, S.D. Fonov, 1992).

34



18. 3BykoBow yaap: a) M=0,95, ckayoK ynaoTHEHUS 3aMblKaloLWNA MECTHYIO 00-
nacTb CBEPX3BYKOBOrO TeYeHusa Hag onmxHum cnegom; 6) M=1,01; B) M=1,03;
r) M=1,5 (J1.M. lNypbsiwkunH, A.M. Kpacunbwmkos, 1975).

18. Sonic boom: a) M=0.95, shock closing local supersonic flow above the near
wake; 6) M=1.01; B) M=1.03; r) M=1.5 (L.P. Guryashkin, A.P. Krasilshchikov, 1975).
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19. O6TekaHMe OXnBanNbHOro Tena nocne B3auMOAENCTBUA C MaTepyaTbiM 3K-
paHOM, NPONUTaHHbIM CONEBbIM pacTBOPoM. M = 1,9. YaapHble BOMHbI Nepen TENOM
M YacTuuamMm TkaHn, oaHa N3 KOTOPbIX onepexaeT Teno, WUPOKui cnea 3a TeNOM n
AONONHUTENbHbIE YAApPHbIE BOMHbI 3a 3kpaHoM (B.E. benos, J1.11. lNypbawkuH, 1981).

19. Air flow induced by a bullet, pierced the textile screen, transdused with salt
solution. M =1.9. Shock waves ahead the bullet and textile drops, one of them
outgoing the bullet, wide wake behind the bullet, additional shocks behind the screen
(V.E. Belov, L.P. Guryashkin, 1981).
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20. Cnep 3a X-06pa3HbiM onepennem (8 = 10°) Ha uMNMHOPUYECKON YacTu Tena
BpaweHuns (JIH); M =3, o= 15°. Cnuctema ckaykoB YNIOTHEHUSA, BUXPEBbLIE LLUHYPbI U
BUXpEBbIE cneabl B nnockoctax: a) X =x/D =0,6; 6) x/D =2,0; B) x/D =6,7
(B.M. KytyxuH, 1981).

20. Wake of cruciform tail (6 =10°) on cylinder (LK), M =3, o = 15°. System of

shocks, vortices and wake vortices in cross sections: a) X =x/D = 0.6;
6) x/D=2.0; B) x/D=6.7 (V.P. Kutukhin, 1981).
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21. Ob6TekaHne MeTaeMoro UWInHAPUYECKOro Tena n Yactuu, noaaoHa nocne
BbICTPENa n3 cteona (aspodbannucrtuyeckas yctaHoska), M = 2,0. UHTepdepeHumns
yOapHbIX BONIH Mexay cobon 1 co cnegamu 3a UMnnMHAPOM n Yactmuamu. Nonepeu-
Haga nonoca — TeHb OT KoopaunHatHon nuHun (B.E. Benos, J1.1. N'ypbSwWwkKnH,
A.lN. Kpacunbwukos, 1968).

21. Air flow induced by cylindrical projectile and subbot drops after a gun shot
(aeroballistic trace), M = 2.0. Shock waves interfere mutually and with wakes of both
the projectile and drops. The cross strip is the shadow of a coordinate line (V.Ye. Belov,
L.P. Guryashkin, A.P. Krasilshchikov, 1968).
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22. TeyeHne 3a cxeMaTu3nMpOBAHHOW MOAENbIO NCTpedbuntena (nonepeyHoe ce-
yeHue, JTH), M = 3, a= 30°. fonoBHana yaapHas BOMHA, BOJHbI Pa3pexeHns oT nepe-
OHUX N yaapHbIE BOJSHbI OT 3a4HUX KPOMOK KPbifld U FOPU30OHTaNbHOINO ONEpPeHns,
BHYTPEHHNE CKAYKM YMOTHEHUS, CKA4kKM YNNIOTHEHNS MeXAy KNUAsSMM, BOSHbI pas-
pexeHns oT HOKOBbIX KPOMOK Kpbifia, KOHLEBbIE BUXPU OT Kpbina U rOPN30HTaNIbHO-
ro onepeHus (b.A. UBaHos, N. Mankanap, 1980).

22. Air flow past a simplified model of fighter (cross section, LK), M =3, o= 30".
Bow shock wave, expansion waves from leading and shock waves from trailing edges
of the wing and horizontal stabilizer; internal shock waves; shock waves between
fins; expansion waves from wing tips; wing and stabilizer tip vortices (B.A. lvanoy,
G.l. Maikapar, 1980).

39



23. NpepnenbHble NMHUM TOKa Ha pa3BepPTKE UMANHAPMYECKOW NOBEPXHOCTUN Tena
BpaLLeHnsa (KOHyC + umnuuap, TK), M =3, a=20": a) amHnun oTpbIBa U NPUCOEaun-
HEHUSA 3aBMXPEHHOrO0 NOTOKA HAa NOABETPEHHOW NOBEPXHOCTU MCXOOHOro TENa;
0) 1o xe ¢ X-06pa3HbIM ONepeHneM; BuaHa A0ONONHUTENbHAA CNOXHAA nHTepde-
PEHUMS BUXPEBbLIX CNeAO0B 3a KOHCONSIMU ONepPeHnNs Ha NOABETPEHHOM NOBEPXHOCTU
(B.M. KytyxnH, 1981).

23. Limiting streamlines on developed cylindrical surface (cylinder with conical
nose, PP), M = 3, a. = 20°: a) lines of separation and re-attachment on the body leeside;
6) the same body with cruciform tail; additional complex interference between vortices
on the tail leeside (V.P. Kutukhin, 1981).
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a)

24. BnuaHue urnbl Ha o6TekaHne mogenu cnyckaemoro annapara “Cot3s”, M = 6,
o=7": a) ucxoaHas mogens; 6) moaens ¢ urnown L/D = 1,0. O6pa3osaHue nonyoTk-
PbITON OTPLIBHOM 30HbI Nepen moaensto ¢ urnon (B.T. XaputoHos, 1964).

24. The influence of spike onairflow about the “Soyuz” lander model, M =6, 0= 7":

a) initial model; 6) spiked model, L/D = 1.0. Formation of semi-opened separation
upstream of the spiked model (V.T. Kharitonov, 1964).
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25. Kocmuyecknn annapart ckonb3auiero cnycka ¢ opoutbel (TK), M =5,
Re=6:10% a) a=10"; 6) oo =20°. OTpbIB NOTOKA OT KOHMYECKOW NOBEPXHOCTU, NPU-
coeguHeHue K UuUunanHQpuyeckonm HaBeTpeHHon cTopoHe (B.H. Bbpaxko,
.M. HateH30H, B. CMmbirvna, A.A. KOwwuH, 1977).

25. Space vehicle designed for gliding descent (PP), M =5, Re =6-10%a) o.= 10%;
6) o.=20°. Flow separation from the conical surface; attachment to the cylinder lee
surface (V.N. Brazhko, Ya.M. Natenzon, G.V. Smygina, A.Ya. Yushin, 1977).
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Yactb 2

OCOBEHHOCTU OBTEKAHUA
U HATPEBAHUSA JNIETATEJIbHbIX
ANMNAPATOB

Part 2

FLOW AND AERODYNAMIC
HEATING PECULIARITIES
OF FLYING VEHICLES



AL



26. O6TekaHve Tectoson mogenu (TK), M=5, oo=20°. OTpbIB 1 NpucoeaunHe-
HMe NoToka K 6OKOBOM NOBEPXHOCTU drO3ensxa (3a KpblIoM) 1 MOABETPEHHON €ro
CTOpPOHE, NageHne roNoBHOM BONHbI Ha Kpbiio (U.A. KoHapaTtbeB).

26. Air flow past a test model (PP), M =5, a=20°. Flow separation and re-
attachment to the fuselage side (downstream of the wing) and lee side; interference
of bow wave with the wing (I.A. Kondratyev).
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a)

0)

27. Ta xe mogenb (TU), nocnenosarenbHbIe MOMEHTLI BpeMeHu: a) t,; 6) t, > t,.
O6nacTtn noebiweHHOro TennoodmeHa (U.A. KongpaTbes).

27. The same model (TSP), successive moments of time: a) t,; 6) t, > t,. Zones of
increased heat flux (I.A. Kondratyev).
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28. Mogens JIA, M =5, Re = 1-10%, a = 20": a) TK; 6) TU. Ycunenue Tennoobme-
Ha B 06n1acTax NpMcoeaHEeHN OTOPBABLLErocs NoToka K NoaBeTPEHHON CTOPOHE U
Ha OOKOBbIX MOBEPXHOCTAX kopnyca (B.H. bpaxko, 1976).

28. Flying vehicle model, M=5, Re = 1-10% o= 20°": a) PP; 6) TSP. Increased heat
flow in zones of flow attachment to lee and side surfaces of the body (V.N. Brazhko, 1976).
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29. Mogenb camoneta, M =3, Re =2,7-10°, .= 20": a) TK; 6) TW. O6nacTu ycu-
NIEHHOro TennoobmMeHa Ha NOABETPEHHOW CTOPOHE, Nepexon, NaMmMHapHOro obTeka-
HUS B TypOyneHTHoe Ha kpbine (B.H. Bpaxko).

29. Model of airplane, M = 3, Re =2.7-105, 0. = 20°: a) PP; 6) TSP. Increased heat
flux on the lee side; transition from laminar to turbulent flow on the wing (V.N. Brazhko).

48



30. Mogenb ceepx3BykoBoro camoneta (TW), M =5; Re=3,5-10°, o= 10°, na-
MWUHApPHOE TeYyeHne: a) HaBeTpeHHasa CTOPOHa; 6) noaBeTpeHHas ctopoHa. Obnactn
NOBbILLWEHHOrO Tennoobmena (M.B. Pbikkosa).

30. Model of supersonic airplane (TSP), M =5, Re = 3.5-10%, o = 10°, laminar flow:
a) upwind side; 6) lee side. Zones of increased heat flow (M.V. Ryzhkova).
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31. Mogaenb cBepx3ByKOBOro camoneta, M =5, Re =8,5-10°; a=40": a) TK; 6) TW.
MpucoeanHeHne OTOPBaBLLErocs NOToka K 60KOBOM NOBEPXHOCTU Pro3ensika (3a Kpbl-
NOM) 1 NOOOBOM NOBEPXHOCTU KabWHbI; COOTBETCTBYIOLLEE YBENNYEHME TEMNIOBOIO NO-
Toka (B.H. bpaxko, I'B. CmbirvHa, A.A. lOwwuH, 1977).

31. Supersonic airplane, M =5, Re =8.5-10°, «.=40°: a) PP; 6) TSP. Flow re-
attachment to the fuselage side surface (downstream of the wing) and front surface
of the cabin; increased heat flux (V.N. Brazhko, G.V. Smygina, A.Ya. Yushin, 1977).
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YacTtb 3

ASPOKOCMUYECKUE CUCTEMDI

Part 3

AEROSPACE SYSTEMS



32. ise mopenun asByxcrtyneH4aTbix kocmudeckux JIA (TK), M =5, oo =5". OTpbiB
MU NpucoeguHeHne NoToka Ha noaBeTpeHHon cTtopoHe (B.H. Bpaxko).

32. Two models of two-stage aerospace vehicle (PP), M =5, oo =5". Flow
separation and attachment on the lee side (V.N. Brazhko).
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33. [lByxcTyneH4yaTas a3pokOCMMYeCKasa CUCTeEMA — HOCUTENb N OPOUTANbHbIN
camonet (TU). Obnactn ycunennsa tennoodbmeHa (M.A. KoHapaTbeB).

33. Two-stage aerospace system (TSP); regions of increased heat flux
(I.A. Kondratyev).
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34. Op6utanbHbin camoneT (TU), oo =0°. O6nactu ycunexumsa tennoobmena
(N.A. KoHopaTbeB).

34. Orbiter (TSP), o= 0°. Regions of increased heat flux (I.A. Kondratyev).
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35. [lByxcTyneH4yaTas aspokocMuyeckas cuctema — HOCUTENb
camonert (TW).

35. Two-stage aerospace system (TSP).



a)

0)

36. OpbutanbHbii camonet, M =5, a=34": a) TK; 6) TN. O6nactn ycunexus
TennoobmeHa (B.H. Bpaxko).

36. Orbiter, M =5, a=34": a) PP; 6) TSP. Zones of increased heat flux
(V.N. Brazhko).
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37. Op6utanbHbiin camonet (JIH), M =3, a.= 15", MNocnegosaTtenbHbie Mo AvHe
nonepeyHble cevyeHns. KoHUEBbIE BUXPU U AaNbHUIA Cnep ¢ NepuoamnyecknmMmm npo-
nonbHbiMK Buxpamn (H.I. JlanunHa).

37. Orbiter (LK), M =3, o= 15". Successive cross sections. End vortices and far
wake with periodic longitudinal vortices (N.G. Lapina).
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38. NMNoaseTpeHHasa CToOpoOHa HOCOBOM YacTu pro3ensaxa opouTanbHOro camorne-
Ta, M=5, Re=1-10%, a=20": a) TK; 6) TW. OTpbIB NOTOKa 1 NPUCOEANHEHNE €ro K
no60BOW NOBEPXHOCTU KabWHbI, Nk TennoBoro notoka (B.H. bpaxko).

38. Lee side of the orbiter nose, M=5, Re=1-10% o =20": a) PP;
©) TSP. Flow separation and attachment to cabin; heat flux peaks (V.N. Brazhko).
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39. To xe, o.=34": a) TK; 6) TW.
39. The same, o.=34": a) PP; 6) TSP.
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40. Cuctema BbiBOAa Ha opbuty, M =6,1, Re =2,18-107: a) BO3AyWHO-
KocMuyeckun camoneTt “bypaH”; 6) rpy3. OTpaxeHne CkaykoB ynaOTHEHUS B 3a30-
pe (M.B. Puixkoga, J1.B. flkoBnesa).

40. Aerospace system, M=6.1, Re =2.18-107: a) “Buran” air space vehicle;
©) payload. Shock reflection in the gap between orbiter and central block
(M.V. Ryzhkova, L.V.Yakovleva).
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41. Cuctema “OHeprua-bypan”: a) TK; 6) TU (M.B. PbixkoBa, J1.B. Akosnesa).
41. “Energia-Buran” system: a) PP; 6) TSP (M.V. Ryzhkova, L.V. Yakovleva).



42. Cnctema “OHeprua-bypan” (TWU), nepunoanyeckoe ycuneHme Tennooo-
MeHa B 3a30pe: a) HaBeTPEHHAsA CTOpoHa camoneTa; 6) ueHTpanbHbin 610K
(M.B. PbixkoBa, J1.B. AkoBnega).

42. “Energia-Buran” system (TSP), periodical increase of heat flux in the gap:
a) orbiter upwind side; 6) central block (M.V. Ryzhkova, L.V. Yakovleva).
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M=0.747

0.32 0 0.32 Cp

6)

43. Pacnpepenenne pasnenns (JIMM) Ha moaensax: a) BO3AYLWHO-KOCMUYECKOro
camonerta “bypaH”; 6) cuctemsl “OHeprusa” (A.O. Anapees, A.lN. boikos, M.B. inatos,
C.B. Kabun, N.4. HywTtaes, A.A. Opnos, B.E. Mowapos, B.H. PaayeHko,
B.A. Meceukuin, C.A4. ®oHos, 1991).

43. Pressure distribution (PSP) on models: a) “Buran” aero space vehicle;
0) “Energia” booster (A.O. Andreyev, A.P. Bykov, M.V. Ipatov, S.V. Kabin, P.D. Nushtayev,
A.A. Orlov, V.E. Mosharov, V.N. Radchenko, V.A. Pesetsky, S.D. Fonov, 1991).
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Yactb 4

OBTEKAHUE NPODUNEN
U KPbIJIbEB

Part 4

AIRFLOW NEAR AIRFOILS
AND WINGS



B)

44. OO6tekaHne npodpuna kpbina (C=5%) n0O03BYKOBbIM MNOTOKOM:
a) M=0,605, o=20" 6) M=0,7, o =20"; B) M=0,86, a.=0°. OTpbiB NOTOKA Ha
NOABETPEHHON CTOPOHE C HOCKa Npoduna Ha yrnax atakm o = 20° n ckayku
ynnoTHeHns 3a npopunem (B.A. Akosnes, 1960).

44. Airfoil (=5%), subsonic speeds: a) M=0.605, a.=20"; 6) M=0.7, o.=20";
B) M =0.86, o.= 0. Flow separation at o = 20°, shock waves downstream of the airfoil
(V.A. Yakovlev, 1960).
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45. O6Tekanvne npoduns Ha yre atakm o =5" (LAdD): a) M=0,8; 6) M=0,9.
CKavyoK-0TpbIB 1N pa3BUTUE OTPLIBHOW 30HbI MO Yncny M Ha BEpxHEen CTOPOHE Npo-
bunsa (3.A. AHaHbeBa, B.[. bokcep, 1973).

45. Flow about airfoil, o =5" (CSF): a) M=0.8; 6) M =0.9. Shock separation;
development of separation on the upper surface with increase in M (Z.A. Anan’yeva,
V.D. Bokser, 1973).
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46. NonepeyHble CeYeHNs NOABETPEHHOIO TEYEHNS TPEYIONbHbIX KPbIIbEB C OC-
TPbIMKU NepeaHuMn kpomkamu (JIH), M=3, A=10":

a) a=10°, M_=0,78, o =45,1°, 003BYKOBOI TWM OTPbIBA OT KPOMOK, NEepPBUY-
Hble N BTOPUYHbIE BUXPW;

6) o= 15, M,=0,93, o = 57,1°, 0O3BYKOBOW TUM OTPbIBA OT KPOMOK, NepBuY-
Hbl€ N BTOPUYHbIE BUXPWU, BHYTPEHHNE M NOMEPEYHbIN MEXAY BUXPAMU CKavykun yn-
NOTHEHWS;

B) M=5; a.=20°, CBEpX3BYKOBOW TUMN OTPbLIBA, MPMMbIKAIOLLME K MOBEPXHOCTU

KOHMYeckne 061acTn BUXPEBOrO TEYEHUS, BHYTPEHHNE N NONEPEYHbIN CKavku yr-
notHenus (M. Mankanap, 1982).

46. Cross section of the lee side flow about delta wings with sharp Ieading edges
(LK), M=3, A=10":

a)a=10° M =0.78,0_ =45.1 °, subsonic type of separation from edges; primary
and secondary vortices;

6) o.=15°,M_=0.93, a, =57.1°, subsonic type of separation from edges; primary
and secondary vortices; internal cross shock between vortices;

B) M =5; a.=20°, supersonic type of separation, conical zones of vortex flow,
attached to the surface; internal and cross shocks (G.l. Maikapar, 1982).
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47. Okono3BykoBOe 06TekaHme Npodpunen paBHOM OTHOCUTENbHON TONALLMHBI
(C=9%), M =0,85, Re = 3,1-10% (LIN®d): a) 06bi4HbIA NPpOodUNbL; 6) CBEPXKPUTU-
4yeckuni. YBenmyeHne npoTaXeHHOCTU MECTHOW CBEPX3BYKOBOW 30Hbl HA CBEPX-
KPUTN4ECKOM Npodunse n yMeHbleHne 30Hbl OTPbiBa N UHTEHCUBHOCTU CKayka
ynnoTtHeHus (3.A. AHaHbeBa, B.[. bokcep, 1973).

47. Airfoils of equal thickness-to-chord ratio (C=9%) in transonic stream (CSF),
M =0.85, Re = 3.1-10%: a) conventional airfoil; 6) supercritical airfoil. Growth of
supersonic zone over the supercritical airfoil; decrease in separation zone size and
shock intensity (Z.A. Anan’yeva, V.D. Bokser, 1973).
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48. CosmecTHoe npumeneHne TK u T, M =4, Re =3,1-10°, o =5°. Mukun Tennoso-
ro NOoToKa B 06N1acTaX NPUCOEAMHEHNA NOTOKA K MOBEPXHOCTU, Nepexo, NTaMUHAPHOIro

TeyeHus B TypOyNneHTHOE B LIEHTpanbHOW YacTu kpbina (B.H. Bpaxko, H.A. KoBanesa,
J1.A. Kpbinosa, U. Mankanap, 1989).

48. Joint use of PP and TSP, M =4, Re=3.1-108, . =5". Heat flux peaks in flow
attachment zones; laminar to turbulent transition at wing center (V.N. Brazhko,
N.A. Kovalyova, L.A. Krylova, G.l. Maikapar, 1989).
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49. TpeyronbHOE KPbINO C OCTPbIMU NepeaHuMn kpomkamu, A = 15°, M = 3,
o= 15": a) (TK); 6) (JIH). NepBUYHbIN 1 BTOPUYHBIA OTPbIBLI (BUXPU), BHYTPEHHUE
ckaykn ynnotHenusa (B.B. Kengpiw, H.T. Jlannna, 1980).

49. Delta wing with sharp leading edges, A =15, M =3, oo =15": a) (PP);
6) (LK). Initial and secondary separation (vortices), internal shocks (V.V. Keldysh,
N.G. Lapina, 1980).
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50. TpeyronbHOE KPbINo C OCTPLIMU NepeaHnMn kpoMkamm, A= 15", M=3, a=15":
a) coBmecTHoe npumenenne J1H n TK; 6) usetoBoe n3odbpaxeHne naoTHOCTU NOYEPHe-

HUS POTONNEHKN, MPOMOPUMOHANBHOM KOHLUEHTPALUMN pacCemBatoLLmMX CBET YacTuL, B
notoke (B.H. Bpaxko, C.[. ®oHos, 1992).

50. Delta wing with sharp leading edges, A=15", M=3, o= 15": a) joint use of LK
and PP; 6) digital analysis of black-and-white photographs by using reference colors
for identical film blackening proportional to concentration of light-dispersing particles
in the flow (V.N. Brazhko, S.D. Fonov, 1992).
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51. JTobosasi noBepxHOCTb Kpyrosoro uunuHapa (TK), A=90°, M =5, Re = 1-10".
Mepuoanyeckoe Te4eHne, eMy COOTBETCTBYET NEPUOAMNHECKOE pacnpeneneHme Ten-
nosoro notoka (B.A. bawkuH, H.T. JlTannna, 1983).

51. Front surface of circular cylinder (PP), A=90°, M=5, Re =1-107. Periodical
flowanditsrespective periodical heat flux distribution (V.A. Bashkin, N.G. Lapina, 1983).

52. O6TekaHne TpeyronbHoro kpbina, A=20°, M=7, o= 12°. CoBMecTHoe npume-
HEeHVe MeTOA0B NapoBOro 3KPaHa M BbICOKOBOJILTHOIO pa3psaaa. CedeHne BUXpeBoro
cnega v aapa NPoAosibHbIX BUXPEBbIX LLUHYPOB Ha MNOABETPEHHOM CTOPOHE Kpbifa
(3.A. AHaHbeBa, B.P. bepTbiHb, I'B. 3emuoBa, A.B. Nogmasos, B.T. TuxoHos, 1970).

52. Air flow past delta wing, A= 20°, M =7, o= 12°. Combination of the vapor
screen and high voltage discharge. Cross section of the wake and vortices on lee
side (Z.A. Anan’yeva, V.R. Bertyn, G.V. Zemtsova, A.V. Podmazov, V.T. Tikhonov, 1970).
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5?’3. O6TekaHne TpeyrosibHOro Kpbisia ¢ OCTPbIMU NEPEAHNUMUN KPOMKaAMKN Ha Yriax
ckonbxeHunsa (JTH), M=3: a) A =15°, B=5°, a.= 14,2°; 00O3BYKOBOI TUM OTPLIBA OT Je-
BOW 1 CBEPX3BYKOBOWN — OT NpaBon Kpomok; 6) A=10°, B=10°, a=17,7"; nonepey-
HbI CKAQYOK YNJIOTHEHMNSA MexXay Buxpem n obnacteto otpbiea (.. Mankanap, 1982).

53. Yawed delta wing with sharp leading edges (LK), M=3:a) A=15", B =5,
o= 14.2°; subsonic type of separation from the left panel and supersonic separation

from the right panel; internal shocks; 6) A=10°, B=10°, o= 17.7"; cross shock
between the vortex and separation zone (G.l. Maikapar, 1982).
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54. NoaBeTpeHHas CTOPOHA TPEYrobHOMo Kpbina C U3710MOM OCTPbIX NepegHnx
kpomok (JTH), M=4, A, =10°, A,=30°, Re =1-108, a=15"; nonepeyHbie ceveHus:
a) X/L=0,5; 6) X/L=0,6; B) X/L=0,85. [103BYKOBOIA TN OTPbIBa OT KPOMOK nepe-
OHEN YacTu ¢ 06pa30BaHNEM BUXPEN M NONEPEYHOrO CKayka Mmexay HUMun, 6e30T-
pbiIBHOE 0OTEKaHMe KPOMOK 3a[Hen 4acTu C NPOAO/HKEHMEM BUXPEN, NOMEPEeYHbI
1 BHYTPEHHME CKAydkn YNJOTHEHUS, BTOpu4dHble Buxpu (IWN. Mankanap, 1987).

54. Double delta wing, lee side (LK), M =4, A, =10°, A,=30", Re = 1-10%, a. = 15"
Cross sections: a) X/L=0.5; 6) X/L=0.6; B) X/L=0.85. Subsonic type of separation
from the fore part edges; vortices and cross shock between them. Separation-free
flow at edges of the rear part; vortices continued; cross and internal shocks; secondary
vortices (G.l. Maikapar, 1987).
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55. To xe kpbino: a) (JIH), M=3, a= 15"; usetoBoe n3obpaxeHne nIoTHOCTU Mo-
yepHeHusa dotonneHku (B.H. Bpaxko, C.[. ®oHos); 6) TK, M=3, ao.=15"; 8) T, M =5,
o=2,5". Mukn Tennosoro notoka (M. Maikanap, 1987).

55. The same wing: a) (LK), M =3, o= 15°, reference colors (V.N. Brazhko,
S.D. Fonov); 6) PP, M =3, oo =15°; B) TSP, M =5, o = 2.5". Heat flux peaks
(G.l. Maikapar, 1987).
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56. NoageTpeHHasa CTOpPOHaA TPEYrofibHOrO Kpblflia C OCTPbIMKU NEPEAHUMMN KPOM-
kamn, M =5, oo = 10°; n3amepeHune TensoBoro notoka C MOMOLLLIO MNABALLMXCH XNa-
KMUX KpMCTannoB xonectepuyeckoro tuna (BHUW moHokpucTtannos, Xapbkos). Ton-
LWMHA cnost MOXET ObITb HA NOPAA0K MeHbLE, Yem y TW ¢ nnaBneHnem napadumHoB
(BHUWN ntommHODOpPOB 1 0Cc060 4MCTbIX BewecTB, CTaBpOonosb), 4TO BaXHO ANS a3P0-
ANHamMmyeckux Tpyd kpaTkoBpemeHHoro aencteus: a) 1=0,45 c; 6) 1=2,7 c. Ycu-
nenHne TennoobMeHa B LEHTPaNbHOM 4acTn n B 06n1acTu nageHus BOJHbI OT nepe-
aHen yacTtu kpbina (M.M. Appawesa, M.B. PbixxkoBa, 1976).

56. Delta wing with sharp leading edges, lee side, M =5, o.= 10°. Use of melting
liquid crystals (Institute of monocrystals, Kharkov) for heat flux measurement.
Thickness of the layer may be one-tenth times that for paraffin-based TSP (Institute
of luminofors and pure materials, Stavropol). That is important for short-pulse tunnels:
a) t=0.45 sec; 6) 1= 2.7 sec. Heat flux inreased in central part and in zones of
interference with shocks from the fore part (M.M. Ardasheva, M.V. Ryzhkova, 1976).
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57. TpeyrofibHOe KpPbISIO C UMANHAPUYECKMMIN NEpeaHNMM KPpOMKamu, A = 45°
M=5, Re =1,07-10°%, ae=0": a) TW; 6) TK. 3aTynneHHas sepLunHa Bbi3Basna nossne-
HWEe NuKa TeNNO0BOro NOTOKa HAa HABETPEHHOW CTOPOHE B LEHTPE Kpbina; NnUK ncye-
3aeTt npu yBenunyeHmn yrma ataku (B.J1. Beptunesckunin, A.C. Ckypatos, 1983).

57. Delta wing with cylindrical leading edges, A =45°, M=5,Re=1.07-105, . = 0":
a) TSP; 6) PP. Blunting of the appex induces heat flux peaks on the wind side at the
wing center; the peak disappears at higher angles of attack (V.L. Vertilevsky,
A.S. Skuratov, 1983).
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58. UunnuHapuryeckan nepeaHas KpoMKa Kpbiia ¢ U3NoMoMm, A, = 15°, A, =45,
M=6,1, Re =4,2-105, aa.=0": a) TK; 6) TWU. OTpbiB Nepes n3noMOM, NPUCOEONHEHNE
3a HUM 1 COOTBETCTBYIOLWAA 06nacTb ycunenua tennoodbmeHa (B.A. boposon,
M.B. PbixxkoBa, 1979).

58. Cylindrical leading edges of a double delta wing, A, = 15°, A,=45", M=6.1,
Re=4.2-10% o.=0": a) PP; 6) TSP. Separation in front of the corner; flow attachment;
increased heat flux within the zone (V.Ya. Borovoy, M.V. Ryzhkova, 1979).

80



0)

59. To xe, a.=30": a) TK; 6) TU. OTpbIB U NPUCOEANHEHME NOTOKA, NEPUOONYEC-
KOe pacnpeneneHne yBesm4eHHOro TensioBoro notoka B obnactmn nurepdepeHunmn
yaapHbix BosH (B.A. Boposon, M.B. Pbixkosa, 1979).

59. The same, .= 30°: a) PP; 6) TSP. Flow separation and re-attachment; periodical
heating rate distribution in the shock/shock interaction region (V.Ya. Borovoy,
M.V. Ryzhkova, 1979).
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60. CBepx3BYKOBOW TN OTPbIBA, TPEeyroabHoe Kpbiio (JTH). BHyTpeHHME ckaykm
YNAOTHEHUS N BUXPU, BbIXOASLWME NEPNOANYECKN N3 NOABETPEHHOIO OTPbLIBHOIO
Teuenuns (IU. Mankanap, 1982).

60. Supersonic separation, delta wing, internal shoks and periodical vortices from
lee side separated flow (LK) (G.l. Maikapar, 1982).
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61. Kpbino ¢ A-o6pa3HbiM NonepeyHbiM ceveHnem (BONHoNeT), yncno M = 5, yron
npsaMoro knnHa 6 = 10°40%, yron mexay BHELUHEeN rpaHbio U MNI0CKOCTbIO CUMMET-
pun ¢ = 45° (JIH). Ceuenusa no anuHe: a) x/A = 0,325; 6) x/A =0,65; B) x/A = 1;
r)x/A=1,05; n) x/A=1,15; e) x/A =1,38. MNocknin cka4ok NPUCOEONHEH K Nepe-
OHUM KpOMKaM. B manbHeM cneae mexay XBOCTOBbIMU CKaykamMm BUOHbI Nepnoav-
yeckme npoaonbHble Buxpu (6.A. UeaHos, 1. Mankanap, 1980).

61. Wing with A-like cross section (waverider), M = 5, angle of the wedge § = 10°40’,
angle between outer side and plane of symmetry ¢ = 45° (LK). Cross sections:
a)x/A =0.325; 6) x/A =0.65; B) x/A=1; 1) x/A=1.05; n) x/A=1.15; ) x/A =1.38.
Plane shock is attached to leading edges. In the far wake between tail shocks periodical
vortices are seen (B.A. lvanov, G.I. Maikapar, 1980).
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62. NonykoHyc (6, =15°), M=5, Re=1,3-10%, o. =0°: a) JIH; 6) coBmecTHOe
npumeHeHune TK n TU. NMukn TennoBoro notoka B o6nactm npucoeamHeHns
(B.A. boposoin, M.B. Pbixkosa, P.3. Jasnet-Knnoaees, 1968).

62. Semi-cone (6 = 15°), M=5, Re=1.3-105, a =0°: a) LK; 6) combination of
PP and TSP. Heat rate peaks in re-attachment zones (V.Ya. Borovoy, R.Z. Davlet-
Kildeyev, M.V. Ryzhkova, 1968).
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63. dnnunTtudecknin koyc (JIH), M=3:a) o =5°;6) . =12,5"; B) . = 17,5".
[ 03BYKOBOI TN OTpPbIBA, ABA CUMMETPUYHbIX BUXPS, BTOPUYHbIE BUXPMU,
BHYTPEHHME U NONEPEYHbIE MEXAY BUXPSAMU CKadykn ynnoTHeHus (B.H. Bpaxko).

63. Elliptical cone (LK), M=3:a)x=5";6) o= 12.5";8) oo = 17.5°. Subsonic type
of separation, two symmetrical vortices, secondary vortices, internal and cross shocks
between vortices (V.N. Brazhko).
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64. Teno spalienus: a), 6) a = 30°, nocnegosartesnbHbIe NONepeYHbIE CeYeHns,
CBEPX3BYKOBOM TN OTPbIBa, 06pa3oBaHMe ONMXHEro cnena; Nnepuoanyeckmin no
OJIMHE BbIXO BUXPEWN U3 HEero, XxBOCTOBbIE ckavku; B) o = 50°, nanbHUii cnen
(N. Mawnkanap, 1982).

64. Axisymmetric body: a), 6) o = 30°, a series of cross sections; supersonic type
of separation; formation of near wake; longitudinally periodic emission of vortices from
it; tail shocks; B) oo = 50°, far wake (G.l. Maikapar, 1982).
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65. KoHyc, n306paxeHune NaoTHOCTN NoYepHeHns doTonneHku B ncesaousetax (JTH),
M =5: a) npogonbHoe cevenne; 6) nonepeyHoe cedvenne (B.H. Bpaxko, C.[. ®oHoB).

65. Cone, pseudo-color picture of photo film density (LK), M = 5: a) longitudinal
section; 6) cross section (V.N. Brazhko, S.D. Fonov).
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66. TynoHocoe Teno spauwenus (JIH), M =3, o =20°, 103BYKOBOW TUM OTPbLIBA,
BbITAHYTbI€ BUXPW, Ha4yano o0O6pa3oBaHNA XBOCTOBbIX CKAYKOB YMNOTHEHUS.
[MonepeyHbI CKa4vyoK, SHTPONUIMNHLIN CNea U CTPys, Hanpas/ieHHAs K NOBEPXHOCTU B
NNOCKOCTU CUMMETPUN.

66. Blunted axisymmetrical body (LK), M = 3, a.= 20°, subsonic type of separation,
stretched vortices; beginnig of tail shock formation. Cross shock, entropy wake, jet to
the surface in plane of symmetry.

91



0)

67. a) Konyc (TK) 6, =10°, M =3, Re =1,3:-106; o = 30°. 3amKHYTbIli OTPbIB;
NepBUYHbIN 1 NOCNeayoLmne OTPbIBbl U NPUCOEANHEHUS K KOHNYECKOW NOBEPXHOCTH.

6) KoHyc 6, =10°, M=5, Re =4,3-10%, 0. =30" 1) TK; 2) TW. OTKpbITbI OTPbIB
(B.H. Bpaxko, 1990).

67. a) The cone (PP), 6 =10°, M=3, Re =1.3-10%, a.=30". Closed separation;
initial and secondary separation and re-attachment.

6) The cone, 6, =10°, M=5, Re =4.3-10%, o.=30": 1) TSP; 2) PP. Opened
separation (V.N. Brazhko, 1990).
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68. inTepdepeHums NNockoro ckayvka yninotHeHus: a) tun lll; 6) Tun IV;(6, = 15%)
C yAapHOW BONHOW nepea unnuuapom, M =6, Re = 0,44-10° (B.9. Bopogoi,
B.M. Kynew, N.B. CtpymuHckas, J1.B. Akosnesa, 1994).

68. Interference of oblique shock: a) type llI; 6) type IV; (6, = 15%) with bow shock

ahead of cylinder, M = 6, Re = 0.44-10% (V.Ya. Borovoy, V.P. Kulesh, I.V. Struminskaya,
L.V. Yakovieva, 1994).
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69. UHTepdepeHumsa NAoCKOro ckayka ynnotHenusa (tun IV) ¢ ygapHOM BONHOMN
nepen unanMHOpPOM, OK =15°, M =6, Re = 0,44-10° (B.4. bBoposon, B.I. Kyneuw,
N.B. CtpymmnHckas, J1.B. 9kosnesa, 1994).

69. Interference of oblique shock (type IV) with bow shock ahead of cylinder,

OK =15°, M =6, Re = 0.44-10° (V.Ya. Borovoy, V.P. Kulesh, |.V. Struminskaya,
L.V. Yakovleva, 1994).
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70. UHTepdepeHuuns Nnockoro ckavka ynnoTHeHus (tvn 1IV) ¢ yagapHOM BONHOM
nepen NonepevHbIM UWIMHAPOM, O, = 15°, M =6, Re = 0,44-108. BuaHbl Buxpu B
CTpYyWKe, pacnpOCTPaHAIOLLENCS BAOb NOBEPXHOCTW umnmnugpa (M.IN. TetepuH, 1967).

70. Interference of oblique shock (type IV) with bow wave ahead of cylinder, 6, _= 15°,
M =6, Re = 0.44-10°. Vortices in a jet running along the cylinder (M.P. Teterin, 1967).
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71. Obpa3oBaHue pas3BUTON 30HbI PEUNPKYNAUMOHHOIO TEYEeHUs npwu
B3aMMOENCTBUMN HN3KOHANOPHOM cTpyn (M .= 1) c ronosHoOW yaapHOW BONHONM nepes,
3aTynneHHbIM Tenom (Td), M = 2,5 (ILd. Motos, H.B. Nypbinesa, M.A. BaHbknH, 1994).

71. Developed recirculation zone generated by interference of low pressure jet
(M, = 1) with bow shock wave ahead of blunted body (SP), M =2.5 (G.F. Glotov,
N.V. Guryleva, M.A. lvankin, 1994).

72. uTepdepeHLma BUXPEBOro LUHYpa, 06pasytoLLerocs 3a onepeHnem (8= 10°)
B HOCOBOW 4acTu MOAENN, C rONIOBHOW yOapHOW BONHOW nepen 3aTyrnjeHHbIM TENOM
(Td), M =3, o.=0°. PagpyLueHue ronoBHOM yaapHOW BOJHbI 1 AedopMaLIna BUXPEBOro
WwHypa ¢ obpa3oBaHUEM PEUUNPKYAAUNOHHON 30HbI C KOHUYECKUM CKaAYKOM
ynnoTHeHus nepen Hen (B.B. 3atonoka, A.B. Hnkonaes, 1962, 1975).

72. Interference of vortex downstream of the flap (8= 10°) in nose part of the model

with bow shock wave in front of blunted body (SP), M = 3, o.=0°. Destruction of the bow
wave and vortex burst by the bow wave; formation of recirculation zone with conical
shock ahead of it (V.V. Zatoloka, A.V. Nikolayev, 1962, 1975).
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73. NHTepdepeHunsa BUXPEBOro wHypa, obpasyouwerocs 3a Kpbliib€BbIM
reHepaTopoMm, C BbIODUTON yoapHOM BOMHON nepen unanHapoM C NPOTOKOM:
a)M=2,5,8=10" (A.K.MBaHowkuH, KO.B.KopoTkos, A.B.Hukonaes, 1989); 6) Takas
xe uutepdepeHumna, M =20, § = 17°. MNepen peumpKyNALMOHHON 30HON BUAEH
NPSMON CKayYoK B BUXPEBOM LLUHYpe, nepexoaaumnm B KOHUNYECKNN CKayok
(A.K. UBaHiowkuH, KO.B. KopoTkos, A.B. Hukonaes, B.A. Akosnes, 1989).

73. Interference of the vortex created by wing generator with wave driven out upstream
of a ducted cylinder: a) M=2.5, §=10" (A.K.lvanyushkin, Yu.V.Korotkov, A.V.Nikolayev,
1989); 6) a similar flow, M=2, §=17". Ahead of the recirculation zone a normal shock

wave inthe vortexis seen, developing into conical shock (A.K. lvanyushkin, Yu.V. Korotkov,
A.V. Nikolayev, V.A. Yakovlev, 1989).
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74. HTepdepeHumsa BUXPEeBOro wHypa (8 = 15°) co ckaykoM ynaoTHeHus nepenq,
KOHycOM: a) 0e3 ux paspyweHus, M =2, 6 = 30°; 6) c pa3pyLieHMeM cKauka,
nedopmaumen BUXpPEBOro wHypa n obpa3oBaHneM peunpkynsauMoHHON 30HbI,
M=2,3;6, =45 (F.®. Motos, 1986, 1989).

74.Vortex (& = 15°) interference with conical shock: a) without destruction, M = 2,
0, = 30°; 6) with shock destruction, vortex deformation, and recirculation zone
formation, M= 2.3, 6 =45 (G.F. Glotov, 1986, 1989).
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75. lNMNocnepoBaTtenbHbie CTagnMn B3aMMOopa3pyLlleHUs KOHMYEeCKOro ckayka
ynnotHeHus (6, = 45°) n Buxpesoro wHypa (8 = 15°) npn ymeHblweHun ymcna M:
a) HayanbHaa ctagus nHTepdepeHunn ¢ obpasoBaHMeM NPAIMOro ckayka B
BUXPEBOM WHype, M =2,5; 6) npomexyToyHasa ctaamsa, M = 2,4; B) obpa3oBaHne
Pa3BUTON PeumpKyIaUMOHHON 30Hbl, M = 2,3 (I®. MoTtos, 1986, 1989).

75. Successive stages of conical shock (6 = 45°) destruction and vortex burst

(6 = 15°) with decrease of M: a) initial interference stage, with normal shock formation
in vortex, M = 2.5; 6) intermediate stage, M = 2.4; B) developed recirculation zone,
M = 2.3 (G.F. Glotov, 1986, 1989).
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76. InTepdepeHumns BUXPEBLIX LUHYPOB 32 KOHYCOM C yAapHOM BONHOW nepea,
nonepe4YHon CTpyem XMMmn4eckmn akTMBHOIo rasa (¢poTo camMmocBedyeHns ¢dakena
nnameHn), M =4, o.= 20°: a) Te4eHne ¢ S-06pas3HON OTPLIBHOM 30HOM NPWU OTCYTCTBUN
B3aMMHOIro0 BAUSAHUSA BUXPEBbLIX LWHYPOB; ©6) TO Xe nNpu CMblKAHUN 30H
nHTepdepeHumMn ot 060MX WHYPOB, BO3HUKAKOWEM NPU yBENINYEHUN OABNEHUSA
BblayBa cTpym (I.PD. Motos, 1986).

76. Interference of vortices downstream of a cone with bow shock wave ahead of
atransverse jet of chemically active gas (self-illumination of the flame), M = 4, o. = 20":
a) flow with the S-like zone of separation without interference of vortices; 6) the same
with closed separation zones of both vortices, arising with jet pressure increasing
(G.F. Glotov, 1986).
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77. NHTepdepeHumnsa cnena 3a TesloM C rofI0OBHOW yaAapHOW BOJSIHOW nepen
cepoii NPV HANMYMM TOHKOTO LMAanHApa mexay Tenammu, M =3, Re=3-108, o.=0":
a) KoHyc 6, = 60°, 6) amnck. O6pasoBaHME 3aMKHYTON OTPbLIBHOM 30HbI MEXY TeNlamMu
(B.T. XapuToHOB).

77. Wake interference with sphere bow shock wave in the presence of a slender
joining cylinder, M = 3, Re =3-10%, 0.=0°": a) cone, B = 60°; 6) disk. Formation of
closed separation between bodies (V.T. Kharitonov).
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78. Baanmopencrteaume cnena 3a TeN0M BPALLEHMS C FONI0OBHOW yAAapHOWN BOTHOMN
nepeaTenom, M=3,0=0°, P, =1 ,2-10" Na: a) nepes KNIMHOM 8 ,=27,5,L,/R, =24,
KOHMYECKMI CKaYOK YNIOTHEHUS B Cneae ocTaeTcs nodtn 6e3 nameHeHns; 6) nepeq
TOpPUOM umMnnHapa, L,/R, =5,2; nynbcupyiowee TevyeHvne: Havyano aepopmaumu
roOJIOBHOMN yAApHOW BOJIHbI U 06pa30oBaHMNA PEUMNPKYNAUNOHHON 30HbI 3a HEWN
(HecTauuoHapHbIN pexnm “BbiNy4nBaHUNa” yaapHOW BONHLI); B) oOpa3oBaHune
Pa3BUTON PEUVPKYNSUMOHHOW 30HbI neped unnmHapom (B.C. XnebHukos).

78. Axisymmetric-body wake interference with bow shock wave, M=3, a.=0°,
P0 =1.2.107 Pa: a) ahead of a wedge, GK =27.5°, L1/R2 = 2.4, conical shock in wake
remains almost unchanged; 6) ahead of a cylinder, L,/R, =95.2, pulsating flow,
beginning of the bow wave deformation and downstream recirculation zone formation

(nonstationary shock wave “protrusion”); B) developed recirculation zone ahead of a
cylinder (V.S. Khlebnikov).
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79. Blanmoaencrteame HeaopacCLNPEHHbIX CTPYN, NCTeKalwmx n3 Topua tena
BpaALLEHNS, CO CBEPX3BYKOBbLIM CMYTHbIM NOTOKOM: @) TPU CBEPX3BYKOBbIE CTPYWU,

M =2,5; 6) oaHa ctpys, M_=3, n=20, M =4 (P.M. BoHaapeHko).

79. Underexpanded jets flowing from the bottom of axisymmetric body interaction
with supersonic stream: a) three supersonic jets, M =2.5; 6) one jet, M_ =3, n = 20,
M =4 (R.M. Bondarenko).
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80. Bsanmopencreme nepepacluMpeHHON CTPyn CO CBEPX3BYKOBbLIM CMYTHbIM
notokom:a)M_=2,64,n = 0,19,M=1,71;6) M. = 3,03;n=0,13,M = 1,36. JlokanbHas
A03BYKOBAs 30HA 3a LEHTPasibHbIM CKA4KOM YNAOTHEHMSA B CTPyE W KONbLeBas
nepepaclwmnpeHHas CcTpyirka mexay noTokaMum C Cepuen BOMH cCxXaTusa wn
pacwwupeHns (B.T. XXaoaHoB).

80. Interference of overexpanded jet with supersonic stream: a) MC =2.64;

n=0.19;M=1.71;06) M, = 3.03,n=0.13, M = 1.36; local subsonic zone downstream
of central shock in jet; ring-shaped overexpanded jet between flows, with series of
compression and expansion waves (V.T. Zhdanov).
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81. B3aumoagencTtBme CBEPX3BYKOBbIX HeOoOpacCLIMPEHHbIX CTPyW CO
chepuyeckoii nperpagoii; oaHa ctpysa: a) L/R=1,4; 6) L/R=2,11; B) 4yeTbipe CTpym,
L/R=2,6 (KO.H. Hectepos).

81. Interference of supersonic underexpanded jets with sphere; one jet:
a)L/R=1.4;6)L/R=2.11; B) four jets, L/R =2.6 (Yu.N. Nesterov).
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82. BaumoperncTere nopoxoBomn CTpyu co chepudeckon nperpanon, M = 3,
n<1 (K.MN.MNetpoer).

82. Interference of the gun powder jet with a sphere, M_ =3, n <1 (K.P. Petrov).

83. To xe, M_=3, n >>1 (K.IN. NeTpos).
83. The same, M. = 3, n>>1 (K.P. Petrov).
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84. Bsanmogencrteme CTPpyu CO BCTPEYHbIM CBEPX3BYKOBbLIM MOTOKOM, M =4
a) Py, / Py, = 1; 6) 50; B) 500 (K.M. MNeTpos).

84. Jetinterference with supersonic counter-stream, M =4:a)P, /P, =1; 0) 50;
B) 500 (K.P. Petrov).
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85. KoHUEeBble Kunu Ha Kpbine, nammHapHoe tedeHre, M =5, Re = 3,6-106, o= 30"
a) TK; B3anmopencreme rosloBHOW BOJSIHbI C KUNEM, OTPbIB U NPUCOEeANHEHNE NOTOKA
Ha Kpblne; 6) TU; yBennyeHne TeNNOBOro NOTOKA Ha Kune B 06/1acTv B3anMoaencTems C
rONI0BHOW BOJIHOWM, HA Kpbine — B 06nactn npucoeamHenus; B) TU; npncoeanHexne
NOTOKA K BHELUHEW NOBEPXHOCTM KUK, Nk Tennosoro notoka (B.A. boposon,
T.B. KyObilunHa, 1993).

85. Fins on wing tips, laminar flow, M = 5, Re = 3.6-108, o. = 30°: a) PP; interference
ofbow shock with fin; flow separation and re-attachment on the wing; 6) TSP; greater
heat flux on the fin in region of interference with bow wave, and on the wing, in re-
attacment zone; B) TSP; flow re-attachment to the outer fin surface; peaks of heat
flux rate (V.Ya. Borovoy, T.V. Kubyshina, 1993).
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86. Onepenne Ha umnuHapuyeckon yactn J1A, TypbyneHTHoe TedyeHmne, M = 5,
Re=3,6:10%, o =0", 6 =20" a) TK; nHMM OTpbIBA U NPUCOEANHEHUSA HA LUANHAOPE;
©) TU; 1 =8 ¢, 30Hbl YCUNEHUa TenqoBOro notoka Ha unnunape (B.A. boposoi,
E.B. CeBacTbsHOBA).

86. Fins on cylindrical part of vehicle, turbulent flow, M =5, Re = 3.6-106, o.=0°,
d=20": a) PP; lines of separation and reattachment on the cylinder; 6) TSP; zones of
increased heat flux (V.Ya. Borovoy, E.V. Sevastyanova,1972).
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87. O6TekaHue kuns Ha nnacTure, 6, =9°, M=5, Re=1,4-10°, a.=16": a) Td;
roNoBHasA yaapHasa BOMHA nepen kunem, oTpbiBHAA 30Ha Ha NNacTUHE U A-CKa4vok 3a
BoNHON; ©6) TK; nuHMM oTpbIBa N NPUCOEAVHEHNS HA NNOCKOCTU nepen Knnem
(B.4. boposown, E.B. CeBacTtbsiHOBa, 1972).

87. Fin on the plate, 8, _=9°, M =5, Re=1.4-10°, o.= 16": a) SP; bow shock wave
ahead of the fin; region of separation on the plate; and A-shock; 6) PP; lines of
separation and re-attachment on the plate (V.Ya. Borovoy, E.V. Sevastianova, 1972).
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88. Baanmoaencreme LeHTPanbHOro ckayka yrnjioTHEHUS B HeAO0pPaCLUMPEHHOM
CTpye C TYPOYNEeHTHbIM NOrPaHNYHbIM CNOEM Ha UMAUHAPUYECKOM Tene, M =1,

n = 3. KonbueBas OTpbiIBHAA 30HAa BOKPYI TeNa 1 KOHMYECKMA CKavoK “OTpbiBa” nepes
Hen (.. MoTtos, 1989).

88. Interference of central shock in underexpanded jet with turbulent boundary
layer on a cylinder, M_=1, n= 3. Ring-shaped separation zone around the body,
and conical shock of “separation” upstream of the zone (G.F. Glotov, 1989).
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89. MNpucTeHHoe TeveHne nepen cerMeHTanbHbiM YCTynom Ha KoHyce (TK), M =3,
o=10°, ®=60°, h=20 mMm: a) Bug cboky; 6) noaseTpeHHas ctopoHa. ObpasosaHue
NPOCTPAHCTBEHHOW OTPLIBHOM 30HbI C AABYMS BUXpEBbIMM 30HamMun (KO.®P. KopoHuBUT).

89. Limiting streamlines in front of a segmental step onacone (PP),M =3, 0. = 10°,
o =60°, h =20 mm: a) side view; 6) lee side. Formation of spatial separation with two
vortical regions (Yu.F. Korontsvit).



B)

90. N3mMeHeHMe TevyeHUsa nepen CerMeHTanbHbiM YCTYNOM HA KOHYCE Npw
yCTaHOBKE nepes HUM TOHKOro npenatctems, M =4, a=0°: a) "CXxoaHOe TeYeHue C
NPOCTPAHCTBEHHbLIM OTPbLIBOM; 6) nrna nepeg yctynom, d =2 MM, BbiCOTa ycTyna
h =20 MM, yMEHbLUEHME ANIMHbI OTPLIBHOM 30HbI; B) UHTEPLIENTOP — KIAUH OK =8,5,
h =10 mm™m; yBennyeHue annHbl OTPbIBHOM 30HbI (KO.®. KopoHuBuT).

90. Change in flow ahead of segmental step on a cone from a slender obstacle,
M =4, oo =0": a) initial flow with spatial separation; 6) spike in front of the step,
d =2 mm, step height h=20 mm, decrease in length of separation zone; B) wedge
interceptor, 6, = 8.5°, h =10 mm, increased length of separation zone (Yu.F. Korontsvit).
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91. JlamuHapHbIn OTPbIB NOTOKA nNepen UManHApPOM Ha nnactuHe, M =5,
Re =1,4-10°: a) T®; 6) TK; npucoeanHeHne notoka nepen 1 3a umnmHapom; 8) TU; nuk
TENNOBOro NoToka nepea uMnnHApPoOM, yBennyeHne tennoobmeHa B obnactu
npucoeanHenus (B.9. boposon, M.B. PbixkoBa, 1972).

91. Laminar separation ahead of a cylinder on the plate, M =5, Re=1.4-10%: a) SP;
©) PP; flow attachment upstream and downstream of the cylinder; B) TSP; heat flux peak
ahead of the cylinder; heat flux intensification within the re-attachment zone
(V.Ya. Borovoy, M.V. Ryzhkova, 1972).
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92. JlTaMHapHbI OTPLIB NOTOKA Nepea uNnHApoM Ha koHyce, M = 6, Re = 1,4-1068:
a) TO; oTpbIB M NpUcoeauHeHne nepea u 3a umnmHapom (B.A.boposoii, M.B.PbixkoBa,
1972); 6) none TemnepaTtypbl Ha NOBEPXHOCTU KOHyca (6, = 10°) ¢ nonepeyHbIM
unnuHgpom (d=5 mm, h=10 mM), NIOMUHECUEHTHbBIN nNpeobpa3oBaTenb
Temnepatypbl, M=7, a=0° (B.A. Boposon, C.[1. ®oHos, 1994).

92. Laminar separation over a cone ahead of the cylinder at M =5, Re = 1.4-106:
a) SP; separation and re-attachment upstream and downstrean of the cylinder
(V.Ya.Borovoy, M.V.Ryzhkova, 1972); 6) temperature field over the cone (8, = 10°) with

a transverse cylinder (d =5 mm, h=10mm), M =7, o.=0°, luminescent temperature
transducer. (V.Ya. Borovoy, S.D. Fonov, 1994).
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93. JTamnHapHbIl OTPLIB NOTOKA OT NOBEPXHOCTK KOHYca 6, = 10° nepen
uunuHapom, M =5, Re=5-10% a=0": a) TK; 6) TU; B) o =20°, TK (B.4. Boposo,
M.B. PbixxkoBa, 1972).

93. Laminar separation upstream of a cylinder on a cone 0, .= 10°), M =5,
Re=5-10% o=0":a) PP; 6) TSP; B) a.=20°, PP (V.Ya. Borovoy, M.V. Ryzhkova, 1972).
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94. JlTaMmnHapHbIN OTPbIB NOTOKA OT MOBEPXHOCTM KOHYyCa 6K=5° nepeg
nonepeyHou cTpyewn raza, M =7, Re =6,5-105, o =0": a) Td; 6) TK (B.H. Boposoi,
M.B. PbixkoBa, 1974).

94. Laminar separation fromacone (6, = 5°),infrontofacrossjet,M =7, Re =6.5-105,
o=0": a) SP; 6) PP (V.Ya. Borovoy, M.V. Ryzhkova, 1974).
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95. To xe, TN, B _= 15°, M =6, Poc/Po. =23:a) 1=0,35 ¢; 6) 1=3,6 c. Munkn
TennoBoro notoka (B.A. boposon, M.B. Pbixkosa, 1977).

95. The same, TSP, 6, =15", M=6, P, /P, =23: a) 1=0.35 sec;
0) t = 3.6 sec. Heat flux peaks (V.Ya. Borovoy, M.V. Ryzhkova, 1977).
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96. JlamrHapHbI OTPbLIB NOTOKA OT NOBEPXHOCTU KOHYca (0, = 5°) nepepn, cTpyen,
M=13,6, P,./P,.. = 1500, T® (A.C. Kopones).

96. Laminar separation ahead the jet, on the cone (6 = 5°), M =13.6,
Poe/Po. = 1500, SP (A.S. Korolyov).
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97. TypbyneHTHbI OTPLIB HA NNacTuHe nepen ctpyein, M =25, Re = 1-108, o = 0":
a) TP (I.d. Motos); 6) TK (B.4. Boposoii).

97. Turbulent separation from plate ahead of a jet, M=2.5, Re=1-10%, o« =0":
a) SP (G.F. Glotov); 6) PP (V.Ya. Borovoy).
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98. TypOyneHTHbIN OTpbIB Ha KOHyce (6, = 5°) nepea cTpyeid, M =4, Re =2-10":
a) UNad (J1.A. NospopoBkuH); 6) TO (.. MoTos.).

98. Turbulent separation over a cone (6, = 5°) upstream of ajet, M =4, Re =2-10":
a) CSF (L.A. Pozdorovkin); 6) SP (G.F. Glotov).
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99. NHTepdepeHUMa NoNepeyHon CTPYn CO CBEPX3BYKOBLIM MNOTOKOM, o= 0
a) M =6, Bua cooky (I.®P. Mmotos); 6) M =4, Bua B nnaxe (I.P. Motos, M.U. Deriman).

99. Transverse jet interference with supersonic flow, a=0": a) M =6, side view
(G.F. Glotov); 6) M =4, plan view (G.F. Glotov, M.I. Feyman).
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100. YnpaBneHne TypOyneHTHON OTPbIBHOM 30HOW 3a CYET YCTAaHOBKW TOHKOM
nrnbl nepepn nonepedHon ctpyen, M =25 Re=3-108, o =0°": a) ncxogHasa crTpys;
0) dukcaumna oTpbiBa HA UMME U YMEHbLUEHNE AIMHbI NepeagHen OTPbIBHOW 30HbI
(l.®. Mmotos, O.dP. KopoHupuT, 1983).

100. Control of turbulent separation by means of a thin spike ahead of a jet,
M=2.5 Re=3-10% o =0": a)initial jet, 6) separation fixation at the spike; separation
zone contraction (G.F. Glotov, Yu.F. Korontsvit, 1983).
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101. TypOyneHTHbIN OTPbLIB HA KOHNYECKON NOBEPXHOCTN nepen cTpyen
XUMWNYECKM akTUBHOro rada, M =4, Re =2-107, a.=0": @) cka4oK OTpbIBA U rON0BHAA

yOapHas BOMHA nepeg cTpyen; 6) camocseTawmncs daken nnamMmeHu, ycuneHme
WHTEHCUBHOCTM CBEYEHUA B NepeaHen OTPbIBHOW 30HE M HA NOOOBOI YacTwu
nonepeyHon ctpym (I.P. Mmotos, M.N. Deinman).

101. Turbulent separation over a cone ahead of a chemically active jet, M =4,
Re=2-107, a =0": a) separation shock and bow shock in front of the jet; 6) self-

illuminating flame, increase of luminosity intensity in the front separation zone and
frontal part of the cross jet (G.F. Glotov, M.I. Feyman).
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102. UHTepdepeHunsa NnoNnepeyHon CTPpyn XMMUYECKnN akTUBHOIO ra3a co
CBEpx3BYKOBbIM NoTtokoMm, M =10, a.=0°, camocBeTAWwMiica daken: a) UCXoAHoe
TEYeHMe Ha KOHMYECKOM NOBEPXHOCTU, NTAMUHAPHBLIN OTPbIB; ) TYpPOYNEHTHbLIN OTPLIB
Npu YCTaHOBKE HA NoOBepxHOCTU Typbynuaatopos (I.P. Motos, M.U. OeimaH).

102. Chemically active gas cross jet interference with supersonic stream, M= 10,
o = 0°, self-illuminating flame: a) initial flow over the cone, laminar separation;
©) turbulent flow, induced turbulence (G.F. Glotov, M.l. Feyman).
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103. TypOyneHTHbI OTPbIB HA MNIACTUHE NOA NaAAOLWMM CKa4kOM YNIOTHEHUS OT
knnHa 8, = 15°, M =5, Re = 1-108: a) Bug cboky; 6) JIH, nonepeyHoe ceyeHue.
B npucteHo4yHOM cnoe 06pasyloTcs perynspHbie NPoAo/bHbIE BUXPU, N300PaKEHHbIE
yepHbiMn oBanamu (B.H. bpaxko, 1979).

103 Turbulent separation induced by impinging shock from the wedge (9K= 15°),
M =5, Re = 1-106: a) side view; 6) LK, cross section. In the wall layer regular longitudinal
vortices are seen as black spots (V.N. Brazhko, 1979).
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104. TypOyneHTHbIN OTPbLIB HA NAACTMHE NOA NafaloWMM CKa4ykoM YMNIOTHEHNS
OT KNnHa 6, = 15°, M =4, Re =2-10%: a) T®, Bua cooky; 6) TK, npenenbHbie MMHUN
TOKa; NepnoanNyHOCTb TedeHns B 061acTn NnpnucoeauHeHns NorpaHMYHoOro Cos,
Bbi3BaHHAA perynspHbiMU NPOAObHbIMU BUXPAMU. TypOynmuaaTop NeCOoYHOro Tuna,
pPacnonoXeHHbI BONM3n nepeaHen kpomkun (B.H. Bpaxko, 1979).

104. Turbulent separation induced by an impinging shock from a wedge, 6,_= 157,
M =4, Re=1-108: a) SP, side view; 6) PP, limitimg streamlines, periodical flow in the
boundary layer re-attachment region, induced by regular longitudinal vortices. Sand
turbulizer near the leading edge (V.N. Brazhko, 1979).
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105. OTpbIB NOA CKAa4koM Ha nnactuHe, M =6, Re =4,5-10%, a=0":
a) T®, Bua cboky; 6) TWN, perynsapHble fnokasnbHble 30Hbl YBENMYEHUS TENIOBOro
noToka B ob6nactv npucoeamHeHns, COOTBETCTBYOLME NPOAOJIbHBIM BUXPAM
(B.H. bpaxko, 1979).

105. Flow separation from a plate, induced by impinging shock, M =6,
Re =4.5-10% o.=0": a) SP, side view; 6) TSP, regular zones of increased heating rate
in re-attachment region, corresponding to longitudinal vortices (V.N. Brazhko, 1979).
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106. Kunb Ha nnactuHe (TU), M=5, A=11°, a=45". CniowHas 30Ha yBEIMHEHNs
TENNOBOro NOTOKAa Ha NNacTuHe (HaBETPEHHAs CTOpPOHA Kuns), Nnepnognveckmne
NnokasbHble 30HbI (NoaBeTpeHHas ctopoHa) (B.H. bpaxko, 1981).

106. Fin on a flat plate (TSP), M =5, A= 15", a.=45". Gretaer heat flux in upwind
zone and in periodical local leeside zones (V.N. Brazhko, 1979).
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Yactb 8

BO3AYXO3ABOPHUKU U COINJIA

Part 8

AIR INTAKES AND EXHAUST
NOZZLES



107. MNpenenbHble NMHMK TOKa HA CTEeHKax confaa C BHe3anHbiM paclunpeHmnem
kanana, M_=1,0, (Dk/DC)2 =2,5; meTog abnauun B BbICOKOTEMMNEPATYPHOM MOTOKE,
TPEXMEPHOE Nepeoanyeckoe TedyeHne B 06nacTn NPUCOEaNHEHNS CTPYM HA CTEHKE
KaHana, npeaenbHble IMHUN CTEKaHNS N paCTEKaHUS Ha TOPLUE KaHana, TpeXMepHoe
nepuoanyeckoe TeyeHMe B OKPYXHOM HanpaBneHunm B 30HE OTpbiBa
PeuUnpKyNaUNOHHOro TedeHns ot cteHkn (Id. Mmotoe, 3.K. Mopoa, 1977).

107. Limiting streamlines on walls of an exhaust nozzle with sudden expansion,
M. =1.0, (Dk/DC)2 = 2.5; ablation in high temperature flow; periodical flow in the
region of jet attachment to the wall; limiting converging and diverging lines, periodical
flow in the recirculation flow separation zone (G.F. Glotov, E.K. Moroz, 1977).
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108. Monykpyrnbin BO34yX03aO0OPHMK BHELWIHErO CXaTusa, YCTAHOBNEHHbIN HA
nNacTuHe, caxe-macnaHbie nuHun, M =4, oo =0": a), 6) KapTUHbI TEYEeHUs C
yBENNYEHNEM APOCCENNPOBAHNS KaHana; Npy 60AbLIEN CTENEHU APOCCENNPOBAHNSA
B 30HE, NPUMBbIKAIOWEN K NnacTuHe, obpasyeTcsa BbIOUTAa yaapHasa BOMHA nepeq,
ob6eyankor n OTpbIB NOrPaHNYHOro CNos Ha NnacTuHe neped Hen (B.M. CtapyxuH).

108. Semicircular air-intake on a flat plate, M =4, o= 0°: a) limiting streamlines;
b) increased throttling. Near the plate a driven out shock wave is formed ahead of
the lip; boundary layer separates here (V.P. Starukhin).
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109. TeyeHne B NpoCTENLWEM MAOCKOM BO3AYyX03abOpHUKE NP M3MEHEHUU
CTeneHun 4poccenvpoBaHus (yrnayctaHoBkm obedarikum 6, ), Bbicotaropna H = 40 mm,
OoTHOcUTEenNbHas wnpuHa B/H = 4,4, ckaykn ynnoTHEHMS, NpeaenbHble NMHUK ToKa
Ha 6OKOBOW CTEHKE:

a)

M=3,25,6, = 13,5°. OTpbIBHbIE 30HbI Ha NIACTUHE U BOKOBbLIX CTEHKAX NO.,
KOCbIM CKAQ4KOM YMNOTHEHMS OT obeyvarikn. Ckaqyok nepen OTPbIBHOM 30HOMN
Ha NNacTuHE; 3apoXAeHNe BUXPS B yriy, HANPaB/EHHOro NPOTUB YaCOBOMN
CTpenku, BCNeaAcTBne B3aMmMoAENCTBUS KOCOro ckayka C NOrpaHunYHbIM
CNOEeM Ha nnacTuHe.

M=3,25,0, =15". To xe.

M=3,25, 6, = 15°. To Xe, BUXPb B Yry HanpasfieH No 4aCOBOW CTPESIKE.
M=2,16, 6, _= 6,2°. YBenuueHne pasmMepoB NpoCTPaAHCTBEHHOW OTPLIBHOWM
30Hbl Ha BOKOBbIX MOBEXHOCTAX, 0OpPa30BaHME B HEN KPYNMHOMACLITAOHbIX
napHbix Buxpen (A.M. Maenexko, 1965).

109. Air flow change in simple 2D air-intake with throttling (SP), throat height
H =40 mm, relative width B/H = 4.4, cowl angle (6,) limiting streamlines on side wall.

a)

M=3.25,86, = 13.5°. Separation zones on the plate and side wall, induced
by oblique shock wave from the cowl. Shock wave ahead of separation zone
onthe plate, counter-clockwise vortex generation in the corner due to oblique
shock wave interaction with plate boundary layer.

M=3.25, 6= 15". The same.

M =3.25, GK =15°. The same; vortex in the corner is directed clockwise.
M=2.16, 6, = 6.2°. Spatial separation zone on the side wall gets larger; a pair
of large-scale vortices appears (A.M. Pavlenko, 1965).
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110. MNMepnoanyeckme NpoaoSbHbIE BUXPU B MNPUCTEHOYHOM CJ/i0€ Ha
M33HTPOMUYECKON 4acTn NOBEPXHOCTU KoHyca Bo3ayxo3abopHuka (TW), 8, = 10°,

M=5, Re=1-10% o =5°. JlokanbHble 30Hbl YBENIMYEHUSI TENNOBOrO NOTOKA NOA,
BUXPAMW Ha BOrHyTOM noBepxHocTh (B.H. Bpaxko, H.H. LLknpnH, 1980).

110. Periodical longitudinal vortices in shear layer of the air-intake cone (TSP);
8, = 10°, M =5, Re = 1-10%, 0.=5°. Small-size zones of greater heat flux under vortices
on the concave surface (V.N. Brazhko, N.N. Shkirin, 1980).

111. TeyeHme B nnockom Bo3ayxo3abopHuke (H =20 mm, B/H = 8,75), M = 2,58,
yron yctaHoBku obeyariku & =2°, yron knvHa 0, = 10,8°. PagButas oTpbIBHaA 30Ha
Ha KIMHE 1 BbIOMTAs yoapHas BOJSIHA B Masion 06nacTn nepen nepegHen KpoMKom
obeuvainku (A.K. TpudoHos).

111. Air flow in the 2D air-intake (H=20 mm, B/H =8.75); M = 2.58, cowl angle
d=2°, wedge angle 0, = 10.8°. Developed zone of separation on the wedge and driven
out bow wave in local region ahead of the cowl lip (A.K. Trifonov).
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112. Teyenne B NNOCKOM BO3Ayx03abopHuke (8 = 15°,  =0° — nnacTuHa) npu
yBENNYEHNUN CTeneHun ppoccenumpoBaHumsa, M =3,18: a) oTpbITbiA KaHan;
0) 3aapoccennpoBaHHbI KaHan, OTPbIBHAA 30HA Ha NAacTUHE COBUHYNACb BBEPX
Nno NOTOKY; B) AanbHeWWwee ApoccennpoBaHne, OTPbiIBHASA 30Ha YBENUYNIACH U
3adunkcmpoBanacb Ha HOCKE NNACTUHbI, NOKaNbHAA BbIOMTas yaapHaa BONHa nepej,
nepeaHen kpomkon obevankm (A.M. NasneHko, 1965).

112. Change of flow in 2D air-intake (6, = 15°, §=0°, a flat plate) throttling,
M = 3.18: a) opened channel; 6) throttled channel, separation region on the plate
moved upstream; B) more throttling; separation zone with increased and fixed at the
plate edge; local bow wave ahead of the cowl lip (A.M. Pavlenko, 1965).
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113. Bo3ayxo3abopHUK CO LWENEeBbIM OTCOCOM Ha KJAWHE U Pa3NnyHbIMU
NONOXEHNAMN 0OEYaNKN OTHOCUTENBHO Yriia Ha KJIINHE, 9.< =10°, M =4,5:a) BblaBuHyTan
obevaiika, Manas OTpbIBHAA 30Ha 3a YrIOM Ha KnMHe; 6) HOCOK obevankn 6anxe K yrny
Ha KMHE, 3a HUM pa3BuTas OTpbIBHAs 30Ha, GuKcupoBaHHas Ha yrne (A.D. Yesarun).

113. Air-intake with slot suction on wedge; different cowl positions relative to
wedge corner, 8, = 14°, M = 4.5: a) advanced cowl, small-scale separation zone
downstream of the wedge corner; 6) cowl lip placed nearer the wedge corner;
developed separation zone (A.F. Chevagin).
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114. MNnockuit BO3AYyx03ab0pHUK: @) O, = 15°,6=8", M =1,8; OTPbIB Ha K/IMHE MO/,
NafaloLLM CKa4KOM yninoTHeHWs 3a Touko nanoma (MU.C. CumoHos, 1965);6) 6, = 307,
3=15", M=5; oTpbIB HA KJIHE B paclumpsatowencsa 4actm kaHana (B.MN. CtapyxuH).

114. Two-dimensional air-intake: a) 8= 15, 5 = 8", M = 1.8; flow separation over
the wedge, induced by impinging shock downstream of corner (1.S. Simonov);
6) 6, = 30°, 6 =15", M =5; separation over wedge in the diverging part of channel
(V.P. Starukhin).
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115. MNnocknn BO3Ayx03abOPHUK BHELWHEro cxatus, 0, = 22°, M = 3,
B/H = 5: a) oTpbiB Ha 06eyvawnke; 6) nepdopaums KNMHA; NoKanbHas A03BYKOBas 30HA
N IMHUM TaHreHUMaNbHOro paspbiBa NPV HEPErynsspHOM NepecevyeHnn CKaykoB
YNAOTHEHUS OT kKnnHa n oT obevankm (H.X. Pemees, 1970).

115. Two-dimensional air-intake with pre-compression, 8 = 22°, M = 3,
B/H =5: a) separation on cowl; 6) perforated wedge; local subsonic region; shear
layers, irregular intersection of wedge and cowl shocks (N.Kh. Remeyev, 1970).
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116. Mnockwuit Bo3ayxosabopHuk, 6, , =15, 8, ,=30", H= 160 mm, H/B = 1,5,
M=5, a=0": a) ocTpas KpoMKa 06e4aliku, NPUCOEONHEHHbIM CKAYOK YIOTHEHUS;
0) 3aTynneHHas umnuHapuyeckas kpomka, d/H = 0,025. Obpa3oBaHne OTPbIBHOWM 30HbI
nepepn HOCkOM obevarkn B 30He, NpuMbIKalowen K 60KOBOM CTEHKE, B pe3ynbTate
B3aMMOLENCTBMS CKkayka OT KAMHA C rONOBHOM yAapHOW BOIHOM nepen o6evankonm;
pa3BuTasl OTPbIBHAs 30Ha NOA CUCTEMOW CKayvkoB Ha knuHe (B.MM. CtapyxuH, 1994).

116. Two-dimensional air-intake, 6, , = 15°, 0,0 = 30°, H=160 mm, H/B = 1.5,
M=5, a=0": a) sharp cowl lip, attached shock wave; 6) blunted (cylindrical) cowl
lip, d/H =0.025. Separation zone upstream of cowl lip in the region near side wall —

wedge shock wave interaction with cowl bow shock; developed separation zone under
shocks on the wedge (V.P. Starukhin).
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117. BauaHue 3atynneHus obeyvaikun (d = d/H) Ha TedyeHne B NAOCKOM
BO3ayxo3abopHuke, 6, =30°, §=15" H/B=1,5,M=5, o.=0": a)d =0,0125,
NHTepdepeHUNs ronoBHbIX CKAYKOB OT KIMHA KU obeyarikm Bbille ee Hocka, 6e3
ocob6eHHocTen ; 6) d = 0,025, oTpbIB NOTOKa nepen HOCKOM obeyankn B6aM3n
6okoBown cteHkn (B.MM. CtapyxuH, 1994).

117. The influence of blunted cylindrical cowl (d = d/H) on flow in 2D air-intake,
6,=30°, 8=15", H/B=1.5,M=5, a=0; a) d = 0.0125; cowl and wedge shock-on-
shock interference, no peculiarities; 6) d = 0.025; local separation ahead of the cowl
lip near the wall (V.P. Starukhin, 1994).
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118. TeyeHune B NNOCKOM KaHane ¢ ABYXCTYNeH4YaTbiM KIMHOM Ha BXOAE (6K1 =11°,
0= 15°) 1 ¢ OTKPLITLIMK 6OKOBBIMU CTeHKamu; M = 16, Re = 1-10°; § = 0; pa3mepsl
kaHana: ncxofHas BbicoTa (nnowaap) h /h =0,2 (obeyanka oTrmbanacb BBEPX),

wupuHa B/h =28, anuHa L/h = 20. Cuctema perynsipHO nepecekaloLmxcs CKaqkos
YMIOTHEHNS 1 OTPbLIBHAA 30HA B kaHane 3a yrnom knavHa (A.C. Kopones, 1990).

118. Air flow in 2D channel with double-wedge inlet (6 , = 117, 6,, = 15%) and
openedsides; M = 16, Re = 1:10°, § = 0°; channel dimensions: initial height h/h,=0.2
(cowl was bent up), width B/h_=28, length L/h_= 20. Regular intersection of shocks;
separation downstream of the wedge corner (A.S. Korolyov, 1990).

119. TeueHune Ha BXOAE B rMnep3BykoBOI BO34yx03a6opHUK, M = 13, Re = 1-10°,

B/H=1,8 = 12°, 8 =0°. JlTaMnHapHbI OTPLIB HA 06evaike Noj, CKa4KoM YrIOTHEHUS
oT knnHa (A.®D. YesaruH).

119. Hypersonic air-intake flow, M =13, Re=1-10%, B/H=1, 0,= 12°, 8=0".
Laminar separation from the cowl, induced by impinging wedge shock (A.F. Chevagin).
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120. Nnockuit cBep3BYKOBON BO3ayxo3abopHuk, M =5, o =5": a) TK;
6) TW, BHewHun yron; B) TK, BHyTpeHHUN yron. JlammHapHbIn OTPbLIB Y
npucoeanHeHne B6Nn3n pebpa, yBenmyeHue TenaoBOro notoka B obnactum
npucoeanHeHns notoka (IWN. Mankanap, A.U. MNatHosa, 1980).

120. Supersonic air intake, M =5, o« =5": a) PP; 6) TSP, outer corner;
B) PP, inner corner. Laminar separation and re-attachment near the rib; increased heat
flux in the flow re-attachment region (G.l. Maikapar, A.l. Pyatnova, 1980).
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121. TeyeHvne mexay ABYMS KnuHbaMn (6 = 12°) Ha nnacTtuHe, M =5:

a) T®; 6) TK; oTpblB 1 NnpucoeanHeHne norpaHmnyHoro cnos (M.A. KoHgpatbes,
N1.b. Hesckun, 1981).

121. Flow between two wedges (6, = 20°) on flat plate: a) SP; 6) PP; boundary
layer separation and re-attachment (I.A. Kondratyev, L.B. Nevsky, 1981).
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122. TMons faBneHns Ha KNMHe C NJ0CKUM NUIOHOM 3a kpomkow (JIMA), 6, = 10°,
M =7 (A.N. boikos. C.4. ®oHoB 1 ap.).

122. Pressure field over wedge with pylon (PSP), 0, = 10°, M =7 (A.P. Bykov,
S.D. Fonov et al.).
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6)

123. N\cTeyeHne CTpyu 13 NNOCKOro rmnep3BykOBOro consa 6e3 BHELWHero
notoka, h /h_=11,7: a) t_ = 2,7; OTpbIB CTPYN OT KNUHA; 6) = 5,25; paclumpeHue
noToka, NnpucoeanHeHHoro k knuHy (E.B. Epemees, A.l1. Magdypos, 1985).

123. Outflow from two-dimensional hypersonic nozzle without external flow,

h./h.=11.7: a)n_=2.7; jet separation from wedge; 0) n_=5.25, flow attached to
the wedge expands (Ye.V. Yeremeyev, A.P. Mazurov, 1985).

152



6)

124. MNpenenbHble NMMHMX TOKa HA NOBEPXHOCTU KAMHA rMnep3ByKOBOrO Conna,
M=0,85, n =35, h /h =13,85, | =3,75: a) HyNEBON yron HaKNOHa KPUTAHECKOrO
ceueHust; 6) yron HaknoHa Kputudeckoro cedenuns 10° (A.MN. Masypos, E.B. Masniokos,
1985).

124. Limiting streamlines on hypersonic exhaust nozzle wedge, M = 0.85, t_ = 3.5,
h./h.=13.85, I =3.75: a) zero angle of critical section inclination; ©) critical section
inclination angle 10° (A.P. Mazurov, Ye.V. Pavlyukov, 1985).

153



125. UcteuweHne ctpym n3 nnockoro conna (B/H = 1) ¢ ueHTpanbHbI KNIVHOM B
CBex3BykoBOW noTok: a) M =1,02; t_=4,5; 6)M=1,6; n.=12(B.A. Cokonos, 1983).

125. Jet from 2D nozzle (B/H = 1) with central wedge in supersonic stream:
a)M=1.02; n_=4.5;6) M=1.6, n_= 12 (V.D. Sokolov, 1983).
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126. Toxe:a) M=2,n_=18;6) M=1,15;n_=6 (B.A. Cokonos, 1983).
126. The same: a) M =2, r_=18; 6) M=1.15, n_=6 (V.D. Sokolov, 1983).

155



127. Nctevenmne n3 nnockoro conna (B/H=1) ¢ ueHTpanbHbiM KNMHOM, M = 2,
n.=2 (b.H. Muxaiinos, 1983).

127. Flow out of 2D nozzle (B/H = 1) with central wedge, M =2, n_=2
(B.N. Mikhaylov, 1983).
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6)

128. UcTteueHune 3BykoBOM CTpyn U3 conna noga ¢i3enaxem: a) M=0, n=2,3;
6) M =175, n=1,8. lNpenenbHble NUHUK TOoka Ha ¢tlo3ensxke (E.B. MNaBniokos).

128. Sonic jet from underfuselage nozzle:a)M=0,n=2.3;6) M=1.75,n=1.8.
Limiting streamlines on fuselage (E.V. Pavlyukov).
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129. MNpenenbHbie NMHUM TOKA Ha BHELLHEN NOBEPXHOCTU CNAapPKM NAOCKMX COM,
M=0,8, B/H = 1,6, caxe-macnaHasa nneHka. JINnHna npoCTPaHCTBEHHOIO OTPbIBA HA
nosepxHocTn conn (b6.H. Muxannos, B.[l. Cokonos).

129. Limiting streamlines on external surface of a pair of two-dimensional nozzles,
M =0.8, B/H=1.6. Line of three dimensional separation on nozzle surfaces
(B.N. Mikhaylov, V.D. Sokolov).
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130. MNpepnenbHbie IMHUM TOKa Ha NoBepxHoCTu conna, M = 0,8, n_ = 3,6; yrbi

ataku:a) o= 10" 6) o = 18°. TpexMepHbI OTPLIB NOTOKA HA NOABETPEHHOM 1 BOKOBOW
ctopoHax conna (IH. JlaBpyxnH, 1985).

130. Limiting streamlines on nozzle surface, M = 0.8, ©_ = 3.6; angles of attack:

a) a=10°; 6) o= 18°. Three-dimensional flow separation on lee and side walls
(G.N. Lavrukhin, 1985).
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131. MNMpeaenbHble NMHUM TOKa Ha 6OKOBOW MOBEPXHOCTM NONY3aKPbITON NONOCTH,
B KOTOPYIO M3 nnockoro conna (B/H = 1,83) BbiTekaeT cBepx3ByKOBas CTPyS (BEPXHSS

4acTb NMNONOCTM OTKPbITA); MC =3,27; OC =10%; n, = 100, Re = 1.5-108, gnuHa nonoctu
L1/H = 3,1, BbiCOTA H1/H = 3,4. BuxpecTok B BEpPXHEWN 4acTu NOJIOCTU; BUXPb B
HUXxHen ee yactu (KO.H. HecTtepos).

131. Limiting streamlines on side wall of half closed cavity into which supersonic
jet fromthe 2D nozzle runs (B/H = 1.83; flow from the cavity runs outin normal direction
from the side wall of cavity), M_=3.27, 6_ = 10°, r, =100, Re =1 .5-108, cavity length
L,/H=3.1; height H,/H = 3.4. Vortex-sink in upper side; vortex in lower part
(Yu.N. Nesterov).
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132. O6Tekanune ten ¢ urnamm (Td). Chepa, M=6: a) a=0";6) a=6". LunmHap
C nNnockmm Topuom, M = 3: B) kopoTkasa urna; r) anmHHaa mrna (B.W. WycTos).

132. Spined bodies (SP). Sphere, M=6: a) a=0"; 6) ao.=6". Flat nosed cylinder
M = 3: B) short spike; r) long spike (V.I. Shustov).
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a)
0)
B)

B)

133. YeTBepThili TN NHTEPOEPEHLNN CKaYKoB yrNoTHeHUs (Td).

reHepaTop NagatoLero ckavka — KimH, HaknoHHbI upnuHap (P.3. Jasnet-Kunaees,
1983);

reHepaTtop — KOHyC 6, = 20", M =4;
reHepaTop — AsownHon knnH, M =8 (B.W. LLycToB);
133. Type IV interference of shocks.

impinging shock generator —awedge, inclined cylinder (R.Z. Davlet-Kyldeev, 1983);
generator — the cone 6, =20°, M = 4;

generator — double wedge, M = 8 (V.I. Shustov).

163



134. JanbHunn cnepn 3a TPEyrosibHbIM KPbIZIOM, Nepnoandyeckne BUXpW.
("'N. Mankanap, 1988)

134. Far wake of delta wing, periodical vortices (G.l. Maikapar, 1988)

135. 3aTynnieHHbIN KOHYC C € AVHUYHON TPEXMEPHOW HEPOBHOCTbLIO (TU). 8, = 5,
M=6, a=0°, Re =6,9-108. HeposHoCTb k = 0,33 MM Bbi3Bana nosiBAeHNE 061acTu
YCUNEHHOrO TennoobMeHa, CBA3AHHYI0 C TaMUHAPHO-TYPOYNEHTHBIM Nepexoaom
norpannyHoro cnos (A.C. Ckypartos, A.B. ®enopos, 1989).

135. Blunt cone with three-dimensional roughness element (TSP).8, =5°,M =6, 0= 0,
Re =6.9-10°. The roughness k = 0.33 mm induced zone of increased heat flux associated
with boundary layer laminar-turbulent transition (A.S. Skuratov, A.V. Fedorov, 1989).
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__136. WcTeyeHne 3BYKOBOW CTPYM HABCTPEYY CBEPX3BYKOBOMY NOTOKY M =6,
d=52,5,p =180, pnyopecueHTHbIn JIH Ha monekynax inona (B.E. Mowapos, 1981).

136. Sonic jet blown out against the supersonic flow M =6, d =52.5, p = 180,
fluorescent laser sheet on lodine molecules (V.E. Mosharov, 1981).
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137. Nomnax Bo3ayxo3abopHuka (TP). M =2, 2500 kaapos/cek (B.I. lN'ypbines,
.M. TypbsawkuH, 1970).

137. Air intake surge (SP). M =2, 2500 frame/sec (V.G. Gurylev,
L.P. Guryashkin, 1970).
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=177

M =147

138. TeueHvie B kaBepHe 3a: @) TynbiM UMANHAPOM; 6) KOHYCOM 6, = 10°; T,
aspobannuctmnyeckas Tpyoda (J1.M. NypbawkuH, A.H. Kpacunbuwykos, B.C. XnebHukos,
1975).

138. Airflow in the cavity behind: a) a blunt cylinder; 6) the cone 0, = 10°; SP,
airoballistic tunnel (L.P. Guryashkin, A.N. Krasilshchikov, V.S. Khlebnikov, 1975)
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139. Cdepa B cBepx3BykoBoM noTtoke: a) M=0,96; 6) M=2,7; B) M=5,7, TO,
aspobannmctudeckasn yctaHoska (b.A. lN'ynsaes, J1.11. lNypbawkuH, A.l1. KpacunbLmMKoB,
1966).

139. Sphere in supersonic flow: a) M=0.96; 6) M=2.7; B) M=5.7; SP,
aeroballistic trace (B.A. Gulyaev, L.P. Guryashkin, A.P. Krasilshchikov, 1966).
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fenHaguin Pepgoposuny MotoeB (1936 — 1998),
BeAyLWMI Hay4HbIn coTpyaHuk UAIA

Gennady F. Glotov (1936 — 1998),
senior scientist of TsAGI

Anbbom cocTaeneH leHHagnem Menoposmyem MoToBbLIM, BEAYLLIUM
Hay4HbIM CcOTpyaHnkom LAIMNA, OOKTOPOM TEeXHU4YeCKMUX Hayk,
3acnyxeHHbIM n3006peTaTenem Poccun, naypeaTomMm npemmn um. npoad.
H. E. Xykosckoro. OH — aBTop 60nee 100 cTtaTein, B KOTOPbIX N3N0XEHbI
pe3ynbTaTbl 3KCNEPEMEHTAaNbHbIX NCCNEe0BAHUN CBEPX3BYKOBbIX
OTPbLIBHbIX, BUXPEBLIX, CTPYMHbIX TEYEHWI ra3a n cnocobbl ynpasneHus
UMW, NPUMEHUMBbIE A5 YCOBEPLUEHCTBOBAHWA NeTaTeNbHbIX arnnapaTos
v aguratenein pasnnM4yHoro HasHa4yeHms.

Album assembled by GennadyF. Glotov, senior scientist of TSAGI, doctor of technical sci., Honoured
Inventor of Russia, Laureate of Joukovsky premium. He is the author of 100 articles, devoted to the
experimental investigation of separated, vortical, jet gas flows and means of controlthem, useful for flying
vehicles and engines of various appointmentimprovement.

Feoprunin Unbny Maiikanap
npo¢eccop LA

George I. Maikapar
professor TsAGI

leopruit nbuy Maiikanap — rnasHbIN HayYHbIN coTpyaHuk LLATA,

npodeccop. Ero Tpyael no BuxpeBomn Teopun BUHTa 1 potopa BepTtoneTa

CbIrpany 3Ha4YUTENBHYIO POJSb B PA3BUTUM aBMALIMOHHOM Haykn. Bonbluas

cepws paboT B.B.Kenabiw v 1. Maiikanapa nocesiuweHa a3oanHaMn4eckomy

KOHCTPYMPOBAHUIO» CBEPX3BYKOBbLIX NeTaTeNbHbIX annaparos, B T.4.

«BonHonetoB». [.W.Mawnkanap BHeC 60nbLION BKNA4 1 B passBuTme

a3’poaAMHaMNYeCcKoro akcnepnmMeHTa. B 1949 roagy emy 6bina npucyxaeHa CtanmHckas npemMus 3a
3KCNEepPUMEHTasIbHbIE NCCNEeA0BaH st 06TEKAH S aBUALLMOHHOMO BUHTA.

I"N.Markanap — HMumMaTop 1 3HTY3MaCT ONTUYECKNX NCCNEeA0BaHUN CBEPX3BYKOBbLIX TEYEHW ra3a.
lNop, ero pykoBoaCTBOM padpaboTaH METOA UCCcneasaHus TennoobMeHa B aapoanHaMmnyecknx Tpybax,
OCHOBAHHbIM Ha NCMONL30BAHNN TEPMOYYBCTBUTESNBbHbLIX MOKPbLITUA, C MOMOLWbIO KOTOporo B LIAMA
npoBeeHbl OOLWNPHblE NCCnenoBaHus TennoobMeHa Ha NOBEPXHOCTU pPasnnyHbIX TEN U MOAeNen
netaTeNlbHbIX annapaTtoB, 0O6TekaeMblix r’MNepP3ByKOBbIM NMOTOKOM. JTa paboTa yaocTtoeHa
lfocynapcTteeHHon npemnin CCCP (1978 ron).

George |. Maikapar - is Chief Researcher of the TsAGI professor. His works on the vortex theory of
airscrew and helicopter rotor were important for aeronautical science. Large series of papers of V.V. Keldysh
andG. |. Maikapar were devotedto supersonic aircraft vehicles «gasdynamic design». G. I. Maikapar contributed
to development of the aerodynamic experiment. In 1949 he received Stalin Prize for pressure on airscrew blade
by transonic speeds investigation.

G. I. Maikapar - initiator and enthusiast of the optical investigations. In particular, the method of heat
exchange in aerodynamical tunnels, based on application of thermopaints was developed under his
guidance. Method was widely usedin various bodies and models of flying vehicles aerodynamic heating at
hypersonic speeds investigation. This work was awarded State Prize of USSR (1978).
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Hay4yHoe nspaHne
ASPOTEPMOAMHAMUKA NETATEJIbHbLIX AMNMAPATOB
B ®OTOIrPADUAX

YTBEPXAEHO K nevaTn LeHTpanbHbIM a3pornapoagnHaMmnyeckum NMHCTUTYTOM
nm. npod. H.E. Xykosckoro

KomnbloTepHasa BepcTka, opurmHan-makeT: A.B. KybbiwmH, H.B. Ma3anesa
Anzann obnoxkn: B.I. KpynnHuH
Koppextypa: C.B. YepHos, O./1. YepHoBa, H.A. LiupkoBa

dopwmar 60x90 '/, 6ymara opceTHasn
Ileyath oceTHas, ney. nucrtos 22, 0
Tupax 1000 sk3. 3aka3 620

3A0 « AcTpa ceMb »
119019, Mocksa, ®ununnosckwii nep., 13.
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