AD=A099 165 CATHOLIC UNIV OF AMERICA WASHINGTON D C DEPT OF MECH=-=ETC F/8 20/4
RECENT DEVELOPMENT IN FLOW SEPARATION. (V)
MAY 80 P K CHANG AFOSR=78-3636
UNCLASSIFIED AFOSR-TR=81-0451







, ERRATA 1 }

T
page line for read page line for read
26 22 in is _ 169 22 example example of the
42 Ibottom |nsition Transition 189 |} bottom jchartwat |rharwat
51 9 degress degrees 201 4 layer larger
59 ggttom (add) K= pb/pb(cf=o) 238 6 |trucco Trucco
Fig.1.28 240 |7 and |[face force
] 9
68 22 opponent | component 246 9 layer result from the
expansion of the
79 L wakes near wakes initial subsonic
portion of bound-
88 1 definding |defining ary layer
. 83 !figure |Fig.1.49 |Fig.1.48 256 8 shown that {shown the ;
269 3. Bhrtructiu] déstontoe |
89 5 inviscid |of inviscid 275 22 Py P, ;
100 ! igp_g - PelelP= P inviscid 275 23 attack, attack. p, is sur-
ax 2 The sub- |(face pressure just
+ feue script upstream of the
corner, In the re-
| 107 10 extalish [establish ference p, is noted
) ] by py. The subscript
113 18 u, + ¢ Ug = ¢
276 5 number number, After
17 3 trip=- triple- after
120 2 tance tence 279 9 Tje The
. - 5 J
123 19 |tribial |trivial 282 | Fig. [(d, ., /) (4 oq/d) =9/d
VO 133 1 66 67 285 10 58 58a
' 133 15 |w voticity 287 20 quatient [quotient
S 135 21 11906 1965 290 10 |dimin dimen
L ’ Y
‘ 136 b fof v, withjof V,.\{; streamwise | 314 7 bar bow
: —- velocity of the thick
. Jd =1 Stoke flow layer up- | 317 | 11-12 [flow angle|flow turning
stream edge of a base of bending|angle
at the vertical posi-
v tion d= 1, 317 19 From IV.11|Tt
it
R 141 23 |tailing |trailing
¢ 317 21 increase |increase of Re;
’ 141 |bottom | tailing trailing critical
F point p. 326 20 propu protu
A 160 |bottom 160 161 340 | bottom {geneous genous

! 161 " 161 160 343 5  |Aconst Acoust




) ERBATA
Page line for read page
356 16 transpot transport 489
359 22 | place placed 492 12 number number Jy .
359 25 propot proport L92 20 s.I. I D
365 9 downside downwind 492 | Fig 10° JQ 109
369 18 and ex- are explained
planed
391 5 analysis analyses
394 21 crossec- cross-sectional ]
. ‘ tional
L1t { 16 Vi.a. VI.i1a.
412 ; 23 | vi.b. VI.11b.
L415 E L aconstic acoustic
| L2l .' Fig B Ly
' 425 E 3 L integrated pressure
; fluctuation level
? Ls
428 Fig | & AD ALO
428 24 drecal drical
t‘ . 433 5 jet, Jjet, with
:». ;:’l 433 | 6 | is jet has
o sl 11 | VIT.2b. VII.1b.
) : liss | 6 Graven Craven
) W 25 | with width
578 5 milanty milarity
’ ; g2 20 inveiscid |inviscid
f L6 2 decle decele
. L89 14 stagnatric |stagnation




UNCLASSIF 1ED
SECURITY CLASSIFICATION OF THIS PAGE (When Data Entered)

\ T)REPORT DOCUMENTATION PAGE pEr EAD INSTROCTIONS

2. GOVT ACCESSION NO.| 3. RECIPIENT'S CATALOG NUMBER

) aFOSRMIR- 81-0451, [y v o0 s o
4. TITLE (and Subtitie) N 5. TvR&od REPQRT & P ED
< ; S T 44 ?
[ e, |

. JBECENT DEVELOPMENT IN FLOW SEPARATION, i 78 — May "865 i
el . e ' 6. PERFORMING 0ORG. REPéRT NL;MBER
7. AUTHOR(s) - ) 8. CONTRACf OR GRANT NUMBER(s)

A pAUL K cHANG | ! || -aFosr-78-3636
9. PERFORMING ORGANIZATION NAME AND ADDRESS —.] 10. PROGRAM ELEMENT, PROJECT, TASK

CATHOLIC UNIVERSITY OF AMERICA T\ AREA & WORK UNIT NUMBERS
DEPARTMENT OF MECHANICAL ENGINEERING J L4 2307/A1 i/vr
WASHINGTON D C 20064 61102F ~
1, ) ’ P
ATE HORRE" SRPTCH OE T 1R PRI resEARCH /NA AsEe™ )51y
BOLLING AFB DC 20332 e e

. - . NUMBER OF PAGES

S0

14. MONITORING AGENCY NAME & ADDRESS(if dilferent from Conlrolling Office) 15. SECURITY CLASS. (of thia report)

UNCLASSIFIED

15a. DECL ASSIFICATION.  DOWNGRADING
SCHEDULE

16. DISTRIBUTION STATEMENT (of this Report)

Approved for public release; distribution unlimited

¥7. DISTRIBUTION STATEMENT (of the abstract entered in Block 20, if different from Report)

18. SUPPLEMENTARY NOTES

19. KEY WORDS (Continue on reverse aide if necessary and identify by block number)

FLOW SEPARATION REATTACHMENT
INCOMPRESSIBLE SEPARATION CONTROL
COMPRESSIBLE

WAKES

THERMAL EFFECTS

0. ABSTRACT (Continue on reverse side Il necessary and Identity by block number)

A review and evaluation of recent Russian scientific literature on flow separa-
tion has been completed., The principal material reviewed were the papers appeari
in NASA TTF 117 as well as two books.®Gradient and Separated Flow§@\(1976) and
L"G:as Dynamics of Near Wake® (1976). This research activity has been related to
separated flow research in the West, A book in 24 chapters has been prepared
with the foliowing major sections: Analysis of Flow Separation, Incompressible
Flo§§8epgratlon Comg essible Elow Segaration Base Flow and Wake, Thermal effect|

SngFagw Se :5‘?{8& Regttachment, Separated Flow Affected by Annular Outflow,
DD ,5a%, 1473 eoimion oF 1 nov i! 1$ OBSOLETE ~J7 £

N 830! UNCLASSIFIED

SECURITY CLASSIFICATION OF THIS PAGE (When Dats Entered)

!

g




RECENT __ DEVELOPMENT
IN

FLOW__ SEPARATION

PAUL K. CHANG

The Catholic University of America

Washington D.C. 20064

Accession For

NTIS GRA&I/——X_—
DTIC TAB &

Unannounced O
Justificotion -

B
Dictribulicv/

AIR FORCE OFFICE OF SCIENTIFIC RESEARCH (AFSC)
NOTICE OF TRANSMITTAL TO DDC

This techuical report has

bven reviewed and is

approved for public releace IAW AFR 190=12 (7b).

Distribution is unlimited.

A. D. BLOSE

Techniocal Information Officer

I TR I




- TTTTTTTT———

Foreword and Acknowledgement

This report for the period June 1978 to May 1980 is submitted

to Air Force Office of Scientific Hesearch, Washington, D.C. 20037

in fulfilment of the requirements of the Grant No. AFOSR - 78 -

36368.

Research monitored under the technical supervision of Dr. James D.
1

Wilson AFOSR.
The author wishes to thank AFOSR and Dr. James D. Wilson for the
!

support.

el o .

o L8

e




Contents
page
LIST OF GENERAL SYMBOLS vii
1 Analysis of Flow Separation 1
SYMBOLS 1 j
1 Flow Systems and Some Recent Investigations b) %
1.1 Approximate and Semi-Empirical Methods for Two-Dimen- 10
sional, Separated Flows
1.2 Numerical Methods 12
- 1.2.1 Steady Separated Flow 13
1.2.2 Unsteady Separated Flow 17
1.3 Parametric Method of Solving Equation for a Two-Dimen- 19
sional, Turbulent Boundary layer with a Pressure Gradient
1.4 Some Recent Analyses of Flow Separation 25
1.4.1 Unsteady Incompressible Separated Flow 37 1
' 1.4.2 Unsteady Compressible Separated Flow 40
1.4.3 Steady Separated Flow 4o
2 Analyses Based on Inviscid Flow 44
2.1 Numerical Experiment sS4
c Analyses Based on a Separation Stream Line and a Mixing Layer 56
4 Integral Methods 79
}‘ ' S Analytical Solutions by Navier-Stokes Equation 9"
e 5.1 Asymptotic Methods 95
LS , 5.2 Similarity Law 107
- K 5.3 Flow, over a Sharp Cormer, and Supersonic Flow Reattach- 110
v ment (Flow with a very large, Local Pressure Gradient),
- Upstream Disturbance Propagation
5.3.1 Flow over a Corner 110
5.3.2 Upstream Propagation of Disturbtance 120
X 5.3.3 Reattachment 127

IO - S SR PN Y S




s

5.3.4 Flow over a Protuberance
5.4 Numerical Solution
5.5 Numerical Experiment

REFERENCES

II Incompressible Flow Separation
SYMBOLS

1 Effect of an Adverse Pressure Gradient on Incompressible
Turbulent Flow, Involving Separation

1.1 Local Velocity Components and Their Fluctuations in
the Vicinity of a Wall
1.1.1 Results of Measurements

1.2 Characteristics of Turbulent, Boundary layer, Affected
by an Adverse Pressure Gradient, Involving Separation

1.2.1 Measurements of Wall Shear Stress and Flow Velo~
city

1.2.2 Determination of Characteristics of Separated
Flows

1.2.2.1 Results of Measurements

1.2.3 Some Fluctuation Characteristics of a Boundary
Layer in an Adverse. Pressure Gradient

1.2.4 Effect of Three~Dimensionality of Flow
2 Cavity Flow

2.1 Cavity Flow Model
2.2 Experimental Investigations of Cavity Flow
2.2.1 Velocity Field in a Cavity
2.2.2 Wall Shear Stress in Cavities
2.2.3 Side-Wall Effects in Rectangular Cavities

3 Flow, Over a Cylinder

REFERENCES

133
135
140

144

166
166
167

167

169
176

177
179

181
182

184

186

186
188
188
190
202

207




IIT Compressible Flow Separation 213
SYMBOLS 213
1 Characteristics of Compressible Flow Separation 219
1.1 Mixing Layer and Reversed Flow 219 ?
1.2 Flow Parameters Along the Wake Axis 235
1.3 Separation Shock (Lip Shock) 245
1.4 Separation Upstream of a Step 251
1.5 Flow Separation Due to Short Blunt Bodies 253
1.6 Separation of Flow Between Bodies 263
2 The Structure of Flow at Hypersonic Speeds 269
2.1 Laminar Wake 270
2.2 Turbulent Wake 27
2.3 Two-Dimensional Separated Flow 271
2.4 Effects of the Angle of Attack 277
2.5 Shape of Wake 281
| 3 Oscillation in a Near Wake 286
‘ REFERENCES 297
IV Base Flow and Wake 306
) SYMBOLS 306
1 Steady Base Flow 307
o i 1.1 Base Pressure at Supersonic Speeds 308 B
7 1.2 Base Pressure at Hypersonic Speeds 313
- ,i 1.3 Reynolds Number Effect 314
. 1.4 Effect of Body Shape 316
o 1.5 Radial GCradient of Base Pressure 317
T4 1.6 Effect of the Angle of Attack 318
2 Unsteady Base Flow 318
“ 2.1 Fluctuation Spectra 321
H 111
L




2.2 Strouhal Number
2.3 Types of Oscillation

Wake

3.1 Subsonic Wake Flow
3.2 Supersonic Wake Flow
3.3 Hypersonic Wake Flow

REFERENCES

v

Thermal Effects on Flow Separation and Reattachment

SYMBOLS

1

2

3

Experimental Investigation of Wake Heat Transfer

1.1 Near Wake
1.2 Far Wake
1.3 Transition

Viscosity Diffusivity Models

Experimental Investigation of Aerodynamic Heating at
Reattachment Zone at High Speeds with or without Pro-
truding Bodies

3.1 Aerodynamic Heating with no Protuberance on the
Surfaces of Semi-Cone, Cone and Triangular Plate
3.1.1 Semi-Cone

3.1.1.1 Flat Side Downwind
3.1.1.2 Flat Side Upwind
3.1.2 Circular Cone
3.1.3 Wedge
3.1.4 Triangular Flat Plate

3.2 Aerodynamic Heating Involving Protuberance

3.2.1 Cylinder Interference with a Flat Plate

3.2.2 Cylinder Interference with Cylinder and
Cone

3.2.3 Interference of Tilted Cylinder

325
328

3

332
333
337

2

7

8 % 3%

351
354
357

359

359
360
363
365
366
366
369
370
375

377




3.2.4 Jet Interference

3.2.5 Interference of Sharp Edged Trian-
gular Half-Wing

REFERENCES

VI Separated Flow Affected by Annular Outflow
SYMBOLS
1 Calculation of Base Pressure

1.1 Subsonic Axisymmetric Flow
1.2 Transonic Axisymmetric Flow
1.3 Supersonic Axisymmetric Flow

2 Flow Systems

{ 2.1 Separation Stream Line Method
2.2 Integral Method
2.3 Computation of Flow Field with Mass Addition

3 Experimental Study of Annular Jet

3.1 Separated Flow

3,2 Wave Interactions

3.3 Injection into Base Region of an Annular Nozzle
3.4 Outflow into a Parallel Co-Current Stream

4 Fluctuations in the Separation Zone

4.1 Plug Nozzle

L. 2 Oscillation of the Base Pressure Affected by
Annular Jet Outflow

.'; 4,3 Level of Fluctuations
‘ 4,4 Discrete Components
4,5 Co-Current Elow

REFERENCES

378
378

382

L4oh
427
434

4u3




VII Control Separated Flow
SYMBOLS

1 Injection of Gas in the Base Region

[

Subsonic External Flow
Transonic External Flow

)

Supersonic External Flow

Analysis of Fluid Injection

Flow Regimes and Injection Parameter
Fluid Injected Flow Field

Injection of Different Gases
Boundaries of a Wake

Field of Concentration

O T T T
O o~ Oon W

.10 Injection into a Boundary Layer
2 Injection of Energy

3 Combustion

L Base Flow Fluctuation Affected by Injection of Gas

REFERENCES

i

§§

452

452
Ls6
L8
461
468
47
475
u77
479
481

488

493
456




Le

Nu

Pr

Re

Sh

List of General Symbols

wetted area or frontal area
velocity of sound

1ift coefficient

drag coefficient

skin friction coefficient

pressure coefficient

specific heat at constant pressure
drag

diameter

shape factor of boundary layer, H = §*/8
heat transfer coefficient or height
levis number

Mach number

Nusselt number

index of power

Prandtl number

pressure

radius

dynamic pressure

Reynolds number

Strouhal number

distance

temperature

vii




time

streamwise vel~.: ty component

velocity component in y=-direction

velocity component in z-direction

coordinate, streamwise direction

coordinate perpendicular to x-direction
coordinate perpendicular to x-and y-direction
angle of attack

ratio of specific heats

thickness of boundary layer or shear layer
displacement thickness of boundary layer
eddy viscosity

momentum thickness of boundary layer

dynamic viscosity

kinematic viscosity ; Prandtl-Meyer expansion angle
density of fluid

shear stress

stream function

Subscripts
b base
e conditions at the outer edge of boundary layer

max

min

maximum

minimum




CHAPTER I

SYMBOLS

»
fi

(oupy ) 4 Re'l/z/uw

B characteristic length
Pr-1 T, _1n 61/4.]1/4
€

p =222 ==

Pr
¢ chord length

c(x) = u/umax

‘5 Cfsl/2

P (Mz _ 1)1/4

F shape parameter

*xy
1]

o}
n

u/u,
u
Ji o

G, injected mass flow rate

i
g($.,%) = H/H,

H height of base section
I enthalpy

i enthalpy

universal constant

k constant or mixing coefficient

> »

k mixing coefficient at reattachment
n = um/uQ

2 = { b axisymmetric

0 two-dimensional




Noo= SAALM),

g mass discharge rate into stagnation per unit length
ro radius of cylinder

T temperature on the wake axis

streamwise velocity component

u average velocity or longitudinal velocity at the center
of reversed flow

max, normalized vertical velocity component by Ug.

X = (x-1)/ Re:,l/z' L

x distance to reattachment point or distance to point of

€ deceleration

x_. coordinate of minimum pressure
min

_ -1/2

¥ = y/fre, . L
+ ’3/’4

Yy =y /Rey .1

Yp normal coordinate of constant mass during injection
Y5 normal coordinate of separation stream line.
X =

azf/;»ﬂﬁ
F/u d u
*- 43 5 5t
F,u

(“e du,
f % oy o

*  closed contour including displacement thickness round
D vody surface passing through the base section

A= [ o (Rt g
]

k 0 feuez

i Ut —

ey -

P it o,

J--A“A_ o




= JQ/A = J./R"l/z

d'-T
@C angle between flow velocity vector along external
boundary of viscous layer and wall.

8(Ma) angle of inviscid flow turning

e reattachment angle

K turbulent constant

Kﬁ coefficient of proportionality
EANR

o spread tactor

" thickness ratio

AN
Vi/Ya

-1/2 o
= Re or A = (J°/v i(dug/dx)

—
o4
)

interaction parameter

£ 9

vortex

see each section

> A

<

see each section

-~

Buperscript
» deceleration (parameter) or conditions along

dividing stream line

subscripts
a conditions of primary free stream

b conditions of secondary free stream

¢ reattachment, joint

CL center line




cr critical

J separation stream line
N neck condition

0 initial

r reference

T total

t total

f gero line of flow

] wake axis




CHAPTER I

Analysis for Flow Separation

Recently the analysis of flow separation at subsonic and supersonic
speeds has been further developed. In order to describe this develop-
ment, the recent investigations on the fundamental aspects of the flow
separation phenomena over a cylinder, a Llunt-nosed body, downstream of
a step and plate, etc., are considered. These findings are referred to
the available analveis so that the flow systems of separation may he for-
mulated, and a different analysis based on, the separation stream line,
the integral and the use ¢f Navier-Stocke's equations, are presented more

distinctively.

1. Flow Systems and Some Recent Investigations
The experimental investigation cited in the reference of Burggra®

(1966) for a subsonic cylinder flow which depends upon Revnolds numbers
is briefly stated. The aim is to get a better understanding of the
structure of a separated flow and to confirm the applicability of the

analysis for various phases of complex, separated flow.

As can i.a seen from Fig.I.1a, at a very low Re¢ i, stream lines are sym-
metrical, and form no wake. For this flow regime, the Stokes equations
are applicable. With an increase of the Reynolds number up to Rex!
(F1g.1.1b), the flow symmetry breaks down due to the stream line diver-

gence, downstream of the cylinder and wake formation. The full Navier-

Stokes equations are to be used to solve the problems in this regime.

et sthe




With the further increase of Re > 5
(Fig.I.1c), the flow separates, forming
a recirculating zone and wake. This
Rex! —ar0 ———— Phenomena continues until the Reynolds
number reaches an order of 102.

The oscillation of the downstream wake
does not move forward, and thus its ef-
fect is not observed in a recirculation

vortex. When Re ~ 100, then the Karman

vortex street (Fig.I.1d) appears and un-

g_———’ steady Navier-Stokes equations are to be
Fir.1.1 Regimes of the applied. In the region of Re = 100-1,000,
flow for a circular cylin- 4
der : Burggraf (1966) vortices alternate, developing into an ir-
a-- established flow, with- c
out a wake; regular, unsteady wake; and for Re > 10’

b-- establishe' flow, with-
out a circulating wake; (Fig.I.1e), the flow becomes completely
c-- established, recycled

flow; turbulent and quasisteady Reynolds equ-
d-- staole, vortex street;
e-- turbulent wake, ations are applicable. It is not indi-

cated what analysis is to be used in the
regimes 5<Re <100 and Rea 100 - 10°.
For supersonic flow at a much larger Re 7'106. recirculated flow stabi-
lity is observed, apparently due to strong effects of compresaioility.
A supersonic flow field divided into seven regions, and a point

downstream of a blunt~nosed body [Siriex (196?)] . is shown in Fig.1.2.

-
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The upstream flow field around the bow
shock wave, and its downstream high--
entropy vortex layer 1, can be analyzed

by the well-known, available methods.

Fig.1.2. Diagram of Close to the body surface, a boundary
flow in a wakes Sirieix

(1967) layer forms and interacts with the shock
{--vortex layer;

2--boundasy layer; wave and the vortex layer. The region
3--nixing layer;

L—reversed flow; of the separated flow is divided into five
S5-~near wake;

6-=critical point; areas which are affected by viscosity.
7=--wake neck;

fB-=far wake The base region 4, close to the symmetry

axis, is an area of reverse flow, a part

of the near wake 5, bounded by the neck

region 7 and followed by an asymptotic,
far wake 8. Near wake includes the critical point, upstream of the
neck region, which is characterized by a large, streamwise pressure
gradient at hypersonic free stream velocity. The main portion of the
near wake must be considered as viscous, and its characteristics are
to be determined ry its mixing through mixing layer 3 and its inter-
action with the external flow. Far wake 8, with its negligible,
streanwise pressure gradient can be studied in terms of the total
drag of the body. The flow of the mixing layer, which transfers
sass and heat, may be analysed by the boundary layer equations,

Ginevskiy (1969), presented the results of analytical and expe-

rimental investigations of turbulent, separated flows with constant

and variable density, and he also offered some recent, semi-analytical

findirgs in his monograph. His experimental investigations focus on
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the microstructure of various types of flows, including a turbulent
wake, His theoretical studies concern the integral, computational,
method@ necessary to solve problems regarding the turbulent boundary
layer and supersonic separated flow. Abramovich, et al (1974) pre-
sented a monograph on the recent developments regarding a mixing tur-
bulent flow. The authors paid attention, in addition to an analysis
for variable density, self-similar solutions, etc., mainly to the an-
alysis required for maximum and minimum mixing. Experimental data for
axisymmetric flow, mixing between two flows of different velocities and
densities, and profiles of velocity, temperature and concentration, are
presented in the form of universal relationships in order to determine
the mixing parameters.

Teterin (1964), calculated the turbulent, free-stream of Prp =1
by using the combined solutions of the equations of motion and energy,
with Tollmien boundary conditions for a range of M = 0 - 10, applying
Prandtl's mixing length theory. The ratio of uJ./ue = f(M) evaluated
by Yurchenok (1968), is compared with that of Korst et. al. (1956), who
formulated (uj/ue)2 = 0.348 + 0.018 M, and other ratios as seen in
Fig.I.3a, indicating the effect of a selected hypothesis in relation

to the velocity, on the separation stream line.

In Fig.1.3b, the velocity distribution along the separation stream
line, i.e., with respect to j = ¥, s/ueeg , is also shown, where

Y 1is a kinematic viscosity, s is the distance, Go =3 J; is the ini-

tial thickness of the boundary layer.

N _..._J




Fig.I.3. Value of velocity on separating stream liness
(Shvets and Shvets (1976))

a--1-=v = const (Yurchenok (1968)) ; 2-~ (Korst et al (1956)) ;
3--if = 1 (Neyland (1964)) bouir =1 Pr =1 (Yurchenok

(1968)) ; 5--(Neyland (1969a)) ; 6--Pz;, = 0. 5(Teterin (1964)) ;
be-1--exponential profiles (s-res, uo/ue-ﬁ 0.618); 2--quadratic
profile (s—eo, u"/ue — 0.594); 3--numerical integration from the
Blasius profiles (s-roo, u"/uc — 0.587) (Denison and Baum (1963)]

During the process of flow expansion, downstream of a body, the
initial structure of the boundary layer breaks down and most of its
thickness as an inviscid flow. Thus, the effects of the viscosity are
significant only in the small area near the wall, i.e., a new sublayer
appears, as Weinbaum (1966) as well as Weiss and Weinbaum (1965) found.
Experimentally, it is proven that the lateral pressure gradient in the
mixing layer is small, justifying the hypothesis of isobaric mixing.

The analysis of inviscid flow can be used in certain cases to de-
termine the pressure in the separated zone. Vagramenko and Puchkova
(1973), applied this analysis for an axisymmetric flow in a cylindrical
channel of an arbitrarily large area of a cross-section. They were

ably to determine the base pressure in the separation zone bounded by




an inviscid, stream line boundary wall of channel and a protuberance
at supersonic speed.

1.1 Approximate and Semi-Empirical Methods for Two-Dimensional

Separated Flows.

Various approximation methods are classified into two types,
first and second, but these refer essentially to the methods of
Croco-Lees (1952) based on the mixing theory for a turbulent flow,

and Chapman (1951) and Korst (1956), based upon the concept of the

dividing stream line.

- (i) The first type uses various forms of integral equations

and relations obtained from the boundary layer equations, which

are extended from the well-known methods for the separation of

free layers. For the solution, integration of a system of non-
! linear, ordinary differential equations is carried out, and thus,
the distribution of functions through the boundary layer is not
obtainable by this system. Hence, this system is supplemented
by the relations connecting the distribution of the boundary layer
displacement thickness with the outer flow characteristics, neces-
sitating the proper choice of the family of parameter distribu-
tion profiles through the boundary layer thickness. In the USSR,
. for the analysis of the laminar flow, a single parameter family of
power-law velocity and stagnation entbalpy profile in Dorodnitsyn
variables, as well as the single parameter of velocity profiles
obtained by self-similar boundary layer equations are used. For
the analysis of turbulent flow involving separation, integral me-
1 thods are used, applying the Croco-lLees' theory, because the in-
N

tegral method is better suited for the turbulent flow than the

10




laminar flow. However, since the basic, closed system of exact equa-
tions for the turbulent flows has not yet been obtained, it is not pos-
sible to develop a more exact method. Gogish et al (1969), developed
the Croco-Lees' integral method for the unified calculation of super-
sonic laminar and turbulent flow using a minimum number of empirical
data. With this data, the turbulent flow solutions for the separated
flow regions, for base pressure and for the critical pressure rise, etc.
are obtained. Gogish and Stepanov (1966, 1971), published (in 1966),
the computed base pressure, near wake and jet flow around bodies and
separated flows in channels, and in 1971, the characteristics of the
pseudo-shock in the transonic region, from supersonic te subsonic flow
in a long channel.

(ii) The second-type, which corresponds to the method of Korst (1956)
for turbulent flow and Chapmen (1951) for laminar flow, was found to
yield the best results for the separated zone with a constant pressure,
not only for a turbulent but also for a laminar flow. This writer (1970),

presented the details of this method to determine the base pressure, se-

paration zone length, reattachment, etc., and an analysis leading to the
necessary information for various criteria in his book Separation of
Flow (Pergamon Press, 1970). In the USSR, Minytov (1961), Tagirov (1961,
'63, '66) used this approach and computed the base pressure on a rear
facing~step placed in a turbulent flow, and Bondarev (1964), Bondarev and
Yudelovich (1965), Yel'kin et al (1963), and Neyland (1963) studied the
base pressure for simple-shaped bodies.

Yel'kin et al {(1963), indicate that the well-known principle of flow

11




stabilization as M o> e holds for a separation zone at hypersonic
speeds, and established that the base pressure on slender wedges de-~
pends on the similarity parameter Mo- T , where T is the thickness
ratio. Yuldel'svich (1965), determined the base pressure on a sphere.

For the scolution of the problem of separated flow on the smooth
surface, if the separation point is not known as a priori, the Chapman-
Korst condition alone, or any modification of this condition, is not
sufficient to determine the length of the separation zone and the se-
paration point. Therefore, in order to determine the separation point,
it is necessary to use an algeiraic relation, the so~called separation
criteria, connecting the pressure in the separation zone with the local,
boundary layer characteristic, upstream of separation point.

Neyland (1965), presented a generally approximate method for the 1

solution of the separation on a flat plate, upstream of a flap at super-
sonic speed, and Tagirov (1966), developed a method to estimate the

time necessary to established a stationary flow in the turbulent, se-

parated zone, assuming that the slowest process for establishment of
the stationary flow in the base region is the turbulent mixing. Mur-
zinov (1970), computed gas temperature in the separated zone, based upon

the concept of the isobaric, separated zone.

1.2 Numerical Methods

The numerical methods, developed in the USSR, are to intended to solve

Navier-Stokes equations at high Reynolds numbers only, for example, for
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the viscous, separated flow over the sharp corner, under the as-
sumptions of Re based upon the asymptotic method and similarity law
for laminar and turbulent flows. For steady and unsteady, separated
flows, the system of Navier-Stokes equation is approximated by a fi-
nite difference svstem, and by using a computer, solutions with ac-

curacies of the first and second order are obtained.

1.2.1 Steady Separated Flow

Dorodnitsyn and Meller (1968, 1971), obtained only a limited
solution of the incompressible diffuser flow of the multiple phases

steady two-dimensional cases. Kline (1959), indicates that four,

[ different flow phenomena occur within the diffuser, i.e. a well be-
haved flow with no separation; a large, transitory stall; steady,
fully developed stall and jet-like flow. For the particular geo-
metrical condition of the diffuser (ratio of width of exit to en-
trance is two) the numerical methed is applied to evaluate algebraic
equations for each iterating step. The results show that the flow
reverses in a short region if Re, based upon the entrance width,
reaches 8 £ and for Re = 32 /L , a very definite stagnation zone
with steady, reverse circulation occurs. But, for Re >» 2007 , no
solution is obtained, because the iteraction process does not con-
verge and the sequential, approximation oscillates, and approaches
no limit.

Myshenkov (1970, 1972a, 1972b), studied the upstream and down-

stream, separated flows by applying numerical methods for Re amounting

B e n R, Proty [Ty P N '




to several hundred, and at Mach numbers 3-5, confirming the con-
cepts of the flow pattern and the influence of the Reynolds number
on the geometry of stream lines in the separated flow regions as
sketched in Figure I.4, and I.5. Furthermore, Myshenkov (1972b),
qualitatively confirmed the existence of a viscous, mixing layer.
He calculated the base pressure for the flow, up to Re = 4 x 103.
by applying approximated Navier-Stokes equations, obtaining results
to second order of accuracy, using an explicit scheme.

In the USSR, the problem of the viscous flow over a cylinder
was not solved by a numerical method, due to the difficulties of
approximating as nearly as possible to the Navier-Stokes equations

and the boundary conditions for an external flow.

Vdtierircaliccrandd

SN

Figure I.4. Example of Separated, base flow calculation.
Streamline pattern for M = 5, Re = 800 [Brailovskaya (1971&)].
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1 Re=$

Figure 1.5. Exampic of the calculation of a separated flow
around a rectangle. Streamline pattern for M = 0.3 and a
different Re, [ Myshenkov (1972b)] .

For a separated flow with a small Reynolds number, Dumitrescu
and Cazacu (19?0) in Romania, obtained analytical solutions, for
example, the separated flow stream line caused by a flat plate, pla-
ced at an angle of attack ® = 45° ang Re = 50, as shown in Fig.1.6.

For two-dimensional viscous flow, the equations are 1

A
dqu , ,2u ,12dp du, du
uax V?y +f)x V (bxa ayl)
momentum :
v 2v ,12p Iy, v
s vy — + = = -+ £
. Yax Yoy " roy 4 (Dx‘ By")
1 2.u v -
continuity : 2 x + 7y 0

By introducing the stream function given vy
wu=%MRy , v=-3)"/‘ox
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these momentum equations are expressed by

. oY 2
Vaay=3rdat by

=y ., ¢l=¢/fu

(o2}
<
£
=]
o]
]
—
1]
S

where B is characteristic length and Uy is average velocity,

- 'afaéy;‘ ?‘l‘laa'ﬂ
AA({’ R( T~ 7
o?x Px 2y
is obtained.

The method of Dumitrescu and Cagacu, is to approximate the func-

' tion q’i and its derivative by the finite Taylor's series and to

relax the values at the mesh points at higher Reynolds numbers in

order to integrate this differential equation of Y ! . Around a 1

point of interest, in the multiple rectangular meshes of the flow
field containing up to 20 points, are set up. The terms of Taylor's
-series of ?’1 are given by the proper SP 1 value and the product of

derivatives of &f 1. with respect to coordinates x and y, and the

distance between the mesh points. The values of yli ., at points
near the surface, are also given in Taylor's series, by considering
tﬁe singularity.

The stream lines evaluated by the numerical integration of this
approximate Navier-Stokes equation (by a compﬁter). in the region of
. laminar separated flow of a small Reynolds number, are in a good agree-

ment with observation by means of flow visualigation using floating

paper, as indicated in Fig.I.6.




Figure 1.6. Flow around plate L/B = 4 in mid-channel at angle of

a attack 45°, L is width of the plate and B refers to channel width.
a) computed stream line at Re = 50
b) experimental figure at Re = 45.5
[ bumitrescu and Casacu, (1970)] .

1.2.2 Unsteady Separated Flow
11°'ichev and Postolovskiy (1972) and Belotserkovskiy and Nisht

(1971), attempted to solve the problem involving a separated flow
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cararetric Method of Colvine an wruatior for a Two-Dimensional

_obtulent Doundary ifaver with a tressure Cradient

nproAinnte, uviramety 1o method tor the solutior of a turl . lent
e =T oer enuatics ot irvelvine semi-emnrirical integration, has
cetee o Jasil ey (U971)) wno uses tne parametric presenta-
- e I SR = s cchosed o Loltsiansyiy, for
RIPSERL NI o L
Corn 1HE VRO L 011e Ty exp; etsed ty parametric
“orms, M E v e g B, mTmmmeme a ; (1)

wnere j = y/a’ . and the svmbol ay refers to the parameter, such

' as d , which depend only tc streamwise cooruinate x.

Tor the soluiion of Prandtl’'s two-dimensional turbulent toundary layer
equations udu/ax + vaufay= (1/59)3‘?/3)' + (1/p )dp/ax

and 2u/2x+ dv/2y =0 (2)
the following transformations are used.

y=y 4. w=uor o, 2u/dy=usd

e e \
Then

' du/ax = ue() f/;5 )(75 Jax) +f due/dx + ue(}:a £/3 ai)(da.i/’dx)
' fJ?J (3 £/ 2y
- = fu =-u j +u f/2 a
e e e i’ dx
[ (3)
y 3
. v o=V - f (au/bx)dy=vs-ue' I fd;

[ (¢}

u, J’{’f’s dj -Zaf; ue(') f/)ai) aid3
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The prime over J R ue and ai. indicates the differentiation with

respect to x, and thr prime over f with respect to g

ty substituting eq.(3) into eq.(2), eliminating the derivative J '

using the momentum equation of after double integration,

T - T/ =0z [ 0ox (mAuz, * Z a2y \

where } -
2, T -(d/e ) jfdg -f’f‘d;)

[

) };H[f]gfd} -f}fzd;] -ff!fd‘

N
n

(&)

o o

2a5 faf/aadx-f fif/aad; \f/e)A(e/r)/L

[ ffd; -f f2d5]

42 du, 0
wgere A = 73

This equation (4), can be used to compute shear stress based upon
measured data of the velocity profile, parameters c. , A , e8/d ., ap-

proximate solutions and a turbulence hypothesis.

Rotta (1967) indicates that
f = 1 n and f = }(H'i)/z , H = 2“*1 (5)

hence, referring to eq.(1), H can be selected as the parameter a,.

Then eq.(4) becomes

= T/pul = Czy/2 + (-A)z, + (AB/ax)d fH(He1)2, (6)
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where

CARE R K5 A N A

Recause functions sz, and 24 in eq.(6) are similar, by taking

2.~ - YH (H-1)z
‘ 3
eq.(*) is reduced to
> Ve ~
r = T'/j'ue = Cezy/2 * (-F)z,

™

Here the new, gradient shape para:eter F is defined by

- ¥ = (=A) + (ai/ax)d /[ H(H-1) YH ] (7)
This parameter r which is also used for separation criterion is more
general!, when compared to the classic form of parameter J because .4

allows only for the effect of a local, pressure gradient.

trandtl’'s hypothesis for the turbulence structure is formulated 'ty
df/d} =\/E/?p duep/dj (8)

where the subscript p refers to a flat plate. Using Clauser's (1959)

universal concept

Cioty ) /G T = 00§05 =3 (7= 10572307 )
where Kk 1is turbulence constant.
Using eq.(7) and (9), eq.(8) becomes

arjag = [cg/ats- ;“)/(1-; )

g gianga] 7 [ - )

By integrating the velocity profile, the developed turbulent
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boundary layer is given by !
]
=4 - . (1_ 18 _ Hp - _ Bl
£= 1 - (1) f,[cf/z (- 3 /01- ) + (17 (- F7Yy
/(1= 4] O 2148y - 957 ag (10)
Then the critical velocity profile for Cf = 0, at flow separation,

is given by

/ 0.5
fcr =t-/k [(—Fcr)(i" 3}{-1)/(1' ;Hpﬁ (1_*8} -9}2)(1;
]

approximating
0.5 0.5
[(1 "{Hcr‘1)/(1 _ZHP)J o~ 1+ g [(Hcr-t)/ﬁp] _1}5
. fop = 1-2(-Fcr)/K{ (12 + 8/5'(1-§?ﬁ)'9/7'(3‘§3ff) .

[(Hcr—i)/ﬂp-lj [1/3.(1-; K)-&- 8/7.(1- ;3{;)_(1_ 34‘/? )J} (11)

Wy .
o
o /J
ars Ny . ,-//,—"‘
2 ot :K’
X 3
< 2
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,'jtK 1\
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4
'
o - ——— -
0% io 5 20

Y9-8

Fig.1.8. raph of the function fcr = (y/‘vf=0.5)'

1 - present theory, Re0=10000:

” - theory of [Kut.atela.dze and Leontyev (196?)3 . Ree-p oo,
theory of [Fedyayevskiy et al (1973)] + Reg = 500;

3 - theory of [Fedya.yevskiy et al (1973)] , ke = 5-105:
data points from experiments in [Ba.m-Zelikovich (1954)]
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This separation velocity profile formulated by eq.(11) is in a
good agreement with the experimental data of Bam-Zelikovich (1954)
as shown in Figure.I.8.

The shape parameters for separation are given by considering the

viscous sublayer as

!
=3
[}

-F . (e/J)Cr = 0.0035 + o.1-cfp

and

o of
"
o]

33+ (Hp -1)/2 (12)

For the attached, turbulent boundary-layer, values of 9, Ree’ H

and Cf can be computed by the following skin friction law expressed
-

by W and the differential equation of H.

Defining F** = F**/Fz;

0.9
V/** is given by vp** = (f-Fek )

Then since

(#-0)/ 1) = [ (1 -0/ | i (13)

(S. S, Kutateladze and A. I. Leonti'yev)

* = f t - 1n [(#-1)/(1-1)] / 1n [Wcr‘”/(“p")” 7

This equation correlates well with the experimental data of Proc.

AFOSR-JFR of the Stanford Conference (1969), as shown in Figure.I.9.

Another differential equation of H is given by

awfex=f (- XY - ) 1 [ Chn/nn) )/
/1a [(uct-n/(np-x)]}urn' (42-1)/0




where

* %

A= (0% )(au fax)
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Fig.1.9. Graph of the function Lf” = f (H - Ho).

present theory; 1 - Ree = 103; 2~ Ree = 105;

experimental points from [ Proc. AFOSR-JFR, Stanford
Conf. wvol.? (1969)_]
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1.4 Some Recent Analysis of Flow Separation

A theory of flow with free boundaries, where the viscous layers
are replaced by lines of velocity discontinuity separating the wake
from the external flow and correlating layers of the vortex with a
free viscous flow, was presented by Birkhoff (1955) and Roshko (1955).
The physical aspects were not clear in this theory, and thus the solu-
tion, under a certain hypothesis and in a parameter of the base pres=
sure, was not rigorous. The free boundary flow may be analyzed, based
upon potential flow theory, by assuming that the wake is bounded by a
free stream line and by idealzing the viscous layer flow involving a
velocity disturbance. Such a free stream line concept has been applied
for the analytical solutions, using the base pressure as a parameter,
by Alvernathy (1962), Birkhoff and Zarantonello (1957), and Gurevich

(1961).

It is8 to be noted that in spite of very different theories being used
for the shape of free surfaces far from a body, the distribution of
pressures along the frontal surface and the shape of the stream line
immediately downstream of the flow separation, can be predicted (with
good agreement with test data,) provided the experimentally determined
point of separation and pressure downstream of the body are referred
to. Abramovich (1960), obtained an approximate solution for a turbu-
lent flow in a circulation zone, downstream of a blunt body.

For the solution, the entire circulation zone is divided into two sec-

tions. In the first section (the upstream section where the flow rate

25




in the streamwise and reverse directions becomes equal), the theory
of free turbulent stream is applied. In the second section, it is
assumed that the flow field can be determined bv an ideal fluid theory
and the theory of functions of complex variables.

Ginevskiy (1969) obtrained a solution for the Vulis {1957) flow model

5y an integral meti,d. Julis (1957), aot taking into accouni the ex~

4

ternal inviscid Ylow [ield deformed v separation and low density in
the separation zone, oltained a nualitative picture of wake {low.

The flow loss of ideal fleow momeritum ty uniform tlow over the imagi-
nary distorted body and the discharging turbulent flow is considered

equal to the actual loss due to drag.

Khudenko (1961, 1968), by considering, the flox in the base area and
wake, simultaneously, determined the potential flow referring to the
Efros system. Khudenko proposed that in the first section of the
circulation zone, the free stream line, determined by considerirg
reverse flow (based on the experimental value of stagnation zone pres-
sure). should coincide with the lines on which the longitudinal velo-
city component is equal to the zrithmetic mean value of this compo-

nent on the boundaries of the mixing zone of the external flow.

Kirnasov - Kudryavtsev (1970) flow model for the circulation base zone
is as followss
The static pressure in the base in assumed to be constant and

known. The distribution of mean longitudinal velocity in the mixing

¥
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zone of streamwise and reverse flow is governed by

u_-u Y-y

=t (9), = 2 u < O

Ve Yn

Yo~V
where u is the longitudinal velocity at the center of reversed flows,
Ve and ¥, are ordinates of external and internal boundaries of the
aixing layer respectively.

The coordinate of ideal flow Yi;q 1s related to displacement thickness
-

AT T Vig + <7a* where subscript a refers to a trailing edge.

e L
For the Lase area, AFS Jj (1~ Poue Y dy = (1+ fem )Ym +d ¥

¥
f\/i*‘(yid dx then d = ks *+ Ja where k = const.
>

=

iy

n
i

The solutions of the conservation
equations of mass and momentum in

a projection on the x-axis for re-

gion A'A BR’' lead to the following

resultis
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- g Yia%S, d _Yiq7da I
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Fig.I1.10. Diagram of flow ee
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where m = -um/ue » G is the flow rate through AB due to turning of

the external inviscid flow caused by base low density. H is step

height.
Vo o
=y, -y, 5*=j(1-9ﬁ Jy = J B (m)
e e
A 'n
8 = f(i--g%)dy=d’aﬂ
€ e
L&Ja
= u yfu .o **
ea—v[(i-ue)Peuedy Jaﬂa

The value of m(x) is determined by these equations. The position
of the separating stream line yj is determined by

2
_{?udy = 0 1
[

.5
By taking the Schlichting's profile f(%) = (1- 7% )2 and neglecting

the transition section from the noundary layer to the jet stream

*
layers, Ja = 0.45 Ja' ea = 0.134 - Ja.

The free boundary flow solution obtained from Efros analysis (Kir-
nasov and Kudryavtsev 1970) was assumed as the boundary of the in-
viscid flow with the base pressure corresponding to the given boun-
dary layer thickness.

Fig.I.11, shows the computed non-dimensional velocity on the axis
of the circulation zone, indicating that the increase of axial velo-

city gradient is affected by the low density in the base area.
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Fig.I.12. The effect of thick-
ness of the initial boundary layer
on velocity along the separation
lines of flow when k = 0.3.
[Shvets and Shvets (1976) ]
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teristics of the boundary of the cir-
culation zone:[Shvets and Shvets(1976)]
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It is also seen that the initial laver thickness causes a decrease
in velocity on the axis and it is essential to select a proper cons-

tant for linear growth of the boundary layer.

FPipure T7.12, shows the calculated velocity along the separation stream

line for k = 0.2

Figure 1.13, indicates the effects of varicus parameters on the posi-

tions of characteristic oundaries.

Tt is noticed that most of the references for the separation zone,
downstream of the body, are concerned with the mean motion and do not
refer to the iase pressure or low density in the nase area, even though
in the final analysis, the 'ase pressure determines the external invis-
cid flow. The basic complexity of finding the -ase pressure at suuso-
nic speed is due to the necessitv of simultaneous computation of vis-
cous flow in the separation zone and of external flow. For supersonic
flow, however, it is not difficult to determine the external flow and
for the cases of suppressed periodic motion (splitter plate) or of ab-
sence of periodicitv (rearward facing step) in the separated zone. The
.ase pressure can Le predicted .w the well-known analysis, in good agree-
rent with the experimental data. However if the periodicity is consi-

dered, no analytical solution is available.

~ash (1963), presented a semi-empirical analysis to compute the btase
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pressure downstream of a flat plate using the measured length of the
separated region and reattachment pressure. Nash (1964), also esta-
blished the relation .etween the potential flow over a {lat plate and
the viscous flow in the wake. The viscous wake is considered by dis-
trituted sources, and tReir intensities are selected such that pressure
in the base area is similar to the measured data. The momentur +thick-
ness of a far wake, determined by an integral method of momentum, is

used to formulate the drag of an airfoil by
2
L e
c_= ef jDC dA
D ii“m c

where ¢ is chord length, A: is a closed contour including the dis-
placement thickness round the body surface passing through the base sec-
tion. The subscripts e and s are external inviscid flow downstream of
separation and separation point, respectively. Distrioution of Cp is
determined ‘ased upon the external inviscid flow in a function of bhase
pressure and incompressible flow solution is formulated from the compre-

ssible flow snalysis applving the similarity law.

Tanner (1970), obtained an analytical solution for the hase pressure
downstream of a wedge and a circular cylinder considering the mixing
laver hetween the external flow and base and using experimental data of
the drag and circulating fluid quantities.

Tanner (1973), extended this work for an incompressible flow with a zero
thickness of the boundary layer to the compressible flow. Kirnasov and

Kudryavtsev, computed the base pressure based upon the analytical model
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shown in Figure.Il.14.
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Figure.l.14, Diagram of flow in_the wake of a semi~infinite
plate: [Shvets and Shvets (1976)

I--area of separation of the boundary layer; II--area of mixing
with constant pressure; III--boundary of inviscid external flow;
IV--stagnant zone; V--reattachment area; VI--area of development
of the wake; 1, 2, and 3~-respectively, the section of separa-
tion, beginning of increased pressure and reattachment.

The vase section is divided into several characteristic field:

In the separation zone, the momentum transfer takes place from the
“low in the undisturbed boundary layer to a jet stream. The thick-
ness o!f this field is an order of the undisturted noundary layer and
thus could ve neglected. Tn Field 17, the isobaric layer of mixing
develops and the position of the mixing layer relative to the boun-

dary line of the inviscid flow is fixed by the momentum equation.

In the reattachment zone, the pressure rises and the entrained mass
is circulated, thus conserving the mass flow rate. Line AB is the
separation stream For two-dimensional subsonic flow, the momentum

thickness 04 o0f the far wake, which is a measure of body drag is given

by




2,
jge ue
_ 2 "2 1 *
0, = e ea-uécpdA (15)

a “o

establishing a relationship between the momentum thickness of the

far wake and base pressure, If the base pressure is known, the po-
tential flow past a body may be computed based upon free boundaries,
obtaining a pressure distribution along the body surface and contour
of the stagnation zone close to the base section in satisfactory agree-
ment with experimental data of Birkhoff and Zarantonello (1957), Khu-

denko (1968) Eppler (1954) and

6™ “— T & 65"
~ %/%a4ikt:r~p%2 63 1 Mimura (1958).
T |
1Y U — A
, In Figure.I.15, the parameters
" of the turbulent mixing layer

are presented,

0 e 25 58,7

Fig.1.15. Parameters of the tur-
bulent mixing layer (6=12).
[ Shvets and Shvets (1976)]

*
The momentum thickness of mixing layer © * along the separating stream
line and the relative flow velocity along the separation stream line

u, .
( us )2 = ( EJ )2 are shown in a function of Ga/x where 8_ and x
ez

are the initial thickness of the boundary layer and the distance at

which the mixing layer develops, respectively. For the computation,

Tollmien's velocity profile of incompressible flow is used. The pre-
ssure between sections 2 and 3 is computed by considering the decelera-~

tion of flow along a separation stream line.




Denoting the reattachment pressure by p3 ,

A
, = 2t Ve,
2L .~ a Z
-3 = (1 - Co U, ) vhere C_ = T E (16)
P2 a J A i+ _2.— e

Assuming that the viscosity effect is small in the reattachment zone,

the momentum equation of the separation stream line is given by

*% >* L
a0 /6 + (H+2-1 ) du_ju_ = 0 (17)

and the integration vetween sections  and 3 yields

12

tions 2 and 3 respectively.

%’:’, 243 (H, tH,)
*% ** -
o, /6 =(a /a )( Mo /M (18)
3 / 2 e’ es ga/ e,)
where Hs;,_, and H.13 are shape factors of incompressible tlow in sec=~

The change of momentum thickness at the reattachment point to that

at position of ug = U, Mmay De computed by the Squire and Young

formula.

Finally, the momentum thickness far from the hody is

= § (S+isy) T(H -1
* % E ol
9,/ 98 =(aja_) (M /M) (MM, ) (19)
2 2 3
and Me3 is evaluated by
r-1 ., 2 r-1 2 X -2
1+ —2—Me3=(1+71~132)(1-ce2uj) (20)

Since for the separated and reattached flows, Hij = 2 by using equa-




tians (20) and (1%), the nase pressure can be determined because h12

* %
and 92 are to be evaluated from the isobaric mixing layer computa-
tion. Another method :or computing the incompressivle flow base pres-
sure is described here.
"or steady flow, Stepanov (1970 and Lecnes and Masternat (1G>,
chowed analvticallv, that the ~uu in ''e circulation zone under the
Uividing stream lire is in equisicriur. die tu the effect of external
Torces (rressure Arnd ictier om o che  cundarv of the circulation

\

zone. This analytical finding is confirmed Uy the experimertal evi-
dence of Tani, Tuchi and Komoda {1941} which shows that for the tur-
bulent mixing layer, the equivalent {orce is cluse to zero. There-
{fore, Yv considering the compornent of resultant external forces in

the f-ee stream line direction and that sections 2 and 3 are close to

each other, the tollowing approximate equaticn is formulated;

where H is the hal? width of vase section and xj is the distance along
the separation stream line. bYince conservation of momentum along the
isovaric mixing layer is given by

* 3%

T
S~ 3t
T ax, = u e, - © )
"{ j fe‘ ¥y ( 2 a
from these two equations

6, /H= e /m- (@ ul/gul) ey, (21)
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* 5%
wnere value of 6? is computed from the isobaric mixing layer equa-

~ion. The computed base pressures downstream of a two-dimensional sur-

vace are compared with the experimental data in Figure.I.16 and 1.17.

Sleure.1.16, [elationship of tase
pressure ..ehind a two-dimensional
suriace to the Mach number of free-
stream flow (solid curves--calcula-
tion according to (21), dashed--
according to 15; and (19) [ Shvets
and Shvets (1976)]

1--H/6a = 33; 2--H/6a
3--H/6a = 68; U4--H/0a
[rash et al (1963)] .

38.5;
100

i

The external inviscid flow is
determined by Kirnasov and Ku-
dryavtsev (1970) using the Efros

diagram o{ reversed flow.

In order to evaluate the flow
characteristics in a crosssec-
tion with an initial pressure
increase it is necessary to de-
termine the distance at which

the isobaric mixing layer develops.
The position of section 2 is de-
termined by the length of cons-
tant pressure zone of inviscid

flow shown in Figure.Il.18.

For convience, the phenomena of unsteady separated flow caused by a

blunt body such as a cylinder or a slender body such as a wedge, are

briefly presented among the numberous investigations, separately for

incompressible and compressible flow.,




Figure.l.17. The effect of the ini- Figure.l.18. The length of zone
tial toundary layer on nase pressure of constant pressure in an invis-
tehind a two-dimensional surface ~id flow.[ Shvets and Shvets(1976)]A
(solid curves--calculation according

to (21), dashed-—according to (15)

and (19) [ Nash et al (1963)] :

[Shvets and Shvets (1976)])

1Mo = 0.14; 2-=Mp = 0.63

FoeMe = 0.8,

1.4.1 Unsteady Incompressible Separated Flow

It is well known that characteristics of the wake flow downstream
of a blunt body at subsonic speed depend on the Reynolds numter

and a free stream turbulence but for the slender body with a fixed
separation point the effect of the Reynolds number is less.

A cylinde~ as a blunt body causes intense action of a wake on ex-
ternal flow and on the body surface; the point of separation shifts.
With an increase of the Reynolds number to Re = 30 - 40, the insta-
bility of the wake is observed in the Karman vortex street and when
Re reaches about 90, one of the vortices breaks off causing asym-
metry of flow. As a result, the second vortex separates and causes
a state of alternating convergence of vortices. The wake flow is
three-dimensional as indicated by Gerrard (1966). When Re > 10“,

cylinder flow can be divided into four different regimes; subecri-

3




tical, <ritical, supercritical and transcritical.
The subtceritical verime is characterized by the plateau of the drag

ce loient arcunting . 0T 1.7 up to Real x 105 as seen in Fipure.l.1%.

‘n this reglne, tne laminar toundary

.. o - 00
laver separates at a position~&77 mea-
sured {-om the forward stagnation point
and a trouhal numter cf 0,72,

‘v the critical regime, ;D decreases to

= 0.7 -ut the Strouhal number and the

el NG s cget o ber ase presaure increase to 0,46 and - 0.2,

¢ on v iindern:

[ nvets ana nvetlr \jQ“h\] respectively, as seen in Fieure.T1.20.
1—-{' elaney nd orensen 19 j,] H

5__[a05hkc(1q(1}J_ Such a sharp decrease of the drag is due

te the narrowing of the wake region caused

. . - 'v the shift of the separation point to a
, .
I ‘ .
' AR ‘ downstream position.
s — = 1 T '
E \"L* 1 ’
! 4 ! R
o i N LTARL
L7 e AN S - i B I3 .
v aren "e ~ 3.3 x 107, the local laminar
I \ 1 Al
I 4 v . .
T T T T e separation and subsequent reattachment
Fisuve. . 0. Te_aticnorip of . cur, Torming a laminar separation huttle

the Ctrounal num er of e wake
el irg Timier to tne Re ard “ollowed v turbulent flow separation
g x:r'-er:[.'mpts and J.‘JelS\'IQTf‘:'J
Ce=Telaron and Timnons ‘U?MJ;
. ==Wostkoy 1961 ]; _
i--(elf and Jimmonsl 1908 ] ase pressure increases to Cp = - 0.7.
we-[Bearmani 1964 ]; 5 t
f-=["i:ner and Etkin(tusi ], When Fe == 3.5 x 107, C. decreases to 0.3

w0

At = 110°. "rag drops to C == 0.45 and
re

and C increases to - 0.2.
Py




‘n the supercritical regime (5.5 x 102< He< 3.5 x 106 ) dominant fre-
quency n the wake disaprears and the convergence of vortices is ir-
resular.  The results of measurenent in this rersime are ambiguous due
to the increased ertect of a three-dimensicnality caused by .e break
dc v 0f laminar separated u tles. 7. the transcritical regime of
Je>2. 5 x 106 , oshke (1961}, “cund trat the definite frequency of
the woke dif7ering from the irregular cenve-sence ol vortices as us-
aallv orserved, prevails and the turrtulent ceparation point shifis te
an up stream position. Thus, the separated wake region recomes oro-
ader and forms another plateau of hign drag coefiicient as seen in
Pirgure.’.19. It is to ve neted that the ~oundaries oi the flow re-
simes described are approximate and depend on the level of turbulence
of free stream and on surface roughness. Kalashnikov and Kudin (1969),
carried out experimental studies of the vortex, using a polvmer solu-
tion in order to reduce the friction drag. The intensity of a Karman
vertex caused by a wire exposed teo a solution of polvoxvethylene, was
consideratlv lower than that of water flow. The random pulsations oc-
curred with small “evnolds numbers,

Yer the slender bodv, such as a wedge with a fixed point of separa-
ion, the effect of the Revnolds numter on the flow rharacteristicg
is less than those of a blunt tody, hut the physical aspects are not
as well-known, For the wake flow downstream of a wedge the first in-
starility occurs when the Reynolds number increases up to =~ 80.

The flow neasurements after Re2X80 up to the subcritical Reynolds num-

ber indicate tha* the characteristics of the wake of a wedge are similar
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to those of a cylinder and for a wedge, characteristic points are

displaced toward large Reynolds numbers.

1.4.2 Unsteady Compressible Separated Flow

As the free stream Mach number increases, the effect of ithe Reynolds

number to the separated flow is less proncunced.

For M>» 1, trailing shock occurs, ‘orming a neck region of wake, thus

the flow field differs from that of the suocsonic flow. The discrete

vortices appear downstream oi the neck and the effect of periodic mo-
tion on the base flow is insignificant as Kuznetsov and Fopov (1967,

1968) observed.

1.4.3 Steady Separatc Flow

The characteristics of steady separated flow, involving reattachment
on a solid two-dimensioral surface, such as a step, may be categorized
in the following three zones:
a. zone of three-dimen;ional separation downstream
b. zone of two-dimensional separation where the fluid flows in
reverse direction close to the wall and parallel to the direc-
tion of free surface
c. zone of periodic changing with time close to the reattachment
point.
Roshko ard Lau (1965), show that the pressure distribution downstream
of different geometrical shapes differ, however, an universal rela-
tionship independent of geometrical shapes can be established by cor-
relating _
¢, = ( c, - cpb (1 - cpb )
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with respect to x/xC where x  is the distance to the reattachment

point as shown in Fig.1.21. This figfure also indicates similar di-

fferences among maximum pressure and base pressure.

i [ ™
A2
q3 " %ﬂ.oo v r
i T+
5

|

i

|

s :

or &V'a‘?b dz

28 I/‘g

=Y

Fig.T.”21. Universal cistribu-
tion of pressure behind a step
[Roshko and Lau (1965)]:
c~¢C
- P Py
C = —/————— , x —- is the
D 1 -¢C c
Py

distance to the reattachment
point,

of the wake can be !lormulated by

Bespalov and Khudenko (1959), Atra-
movich et al, (1961).Ukhaﬁova (1966),
Akylbayev et al, (1969), Ilizarova
(1969) and McErlean and Przirembel
(1970) consider that distribution of
the mean streamwise and reverse velo-
cities in the mixing zone are governed
by the principle of a toundary layer
and can be expressed by the universal
function of velocity discontinuity.
For the axisymmetric flow, the univer-
sal pressure distribution along the axis

/(¢

) with

Pmax-CPmin

Cp = (C=Consn

P

respect to x = {(x - xmin)/(xc - x . ) where x, is distance of the

mlin

point of deceleration as shown in Figure.1.22. by Calvert (1967).

= PR T
R t

1 !
D
—t— % {
o~/
#if a-2
by N

~i2-g8 0 a8 2% x

Figure.I.22. Universal distribution
of pressure along the axis of the
axis of the wake. [ Calvert (1967)]

1--8 = 0; 2--8 = 20°%;
3-8 = 4%  4--8 = 60°%
5--0 = 90°;  6--8 = 180%

cylinder(1), cones(2-5), disk(6)

<A
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Sekundov and Yakovlevskiy (1970), measured the temperature down-
stream of a thin plate and a cylinder and formulated the tempe:rature

distribution oy o _ oo
0= (T - T MAT, =Ty ) = exp (-¥/Y)

E:]

wake axis vespectively, v ls the lateral coordinate measured from

wheve T and are the temperature of undisturted flow and on the

the wake axis and Y is the characteristic width of the temperature

profile.
Tne magnitude of ¥°  is related to v v
Qg o0
2 _ z o o}
- yo= YAT dy/‘)AT dy
\0 °

The magnitude of Y2/x-6 (where 8 is momentum thickness) is the cha-

racteristic intensity of thickening of the wake downstream of the plate

E and Mair and Maull(1972) found that, }
| for laminar wake, Yz/x.g = /"(Pr.}‘le)—1
and for turbulent wake, Y?/x.e = const = 0.1,
'n order to study more details oi transonic flow phenomena Shvets
(1972), measured tne pressure distribution and the vreattachment point
ot the “low past a wedge on a plate in a function of the Mach number }
as shown in Figure.T1.23. ,
The pressure distribution is qualitatively in agreement with Nash, 1

Quincey and Callinan's (1963) experimental data for a step.

At first, base pressure drops to a minimum at M = 1,02 and increases

reaching a local maximum at M = 1.2,

Transition through the speed of sound consists of three phases of




restru.-turing of the flow: formation of a local supersonic zone

in the region of the corners (here the velocity of inviscid fluid

inside *he mixing layer is subsonic); distridbution of the supersonic

_one -or the entire free viscous layer (velocity of the internal {low
tev reattachment is subtsonic); transition to a completely super-

seni s Low past s suriace with supersonic velocity downstream of the

cratling edge.

43 q7 M

Fie.1.23. Flow behind a wedge on a plates

[ Shvets and Shvets (1976)]

1--base pressure p/p = (M);

2--5-=distribution of pressure on a plate
p/p = f(x/H)(2-=M = 0.4; 3~-M = 0.6; U--M

= 0.8; 5-~M = 1.05); 6,7--reattachment points
xC/H = f(M) according to data of visualization

and measurement of oressure.
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2. Analysis Based on Inviscid Flow

A presentatidn is made on the inviscid flow calculations to
evaluate the characteristics of the separated flow, which are not
usually considered in the contex of the inviscid flow. The separated
flow field is viscous and involved with the viscous mixing of the out-
side inviscid flow with the inside viscous flow. Thus, the analysis
based on the inviscid flow is not an easy one due to no clear physi-
cal aspects and the results are not exact and limited because of arti-
fice representing dissipative flow by ideal flow. The justification
of the inviscid approach is -ased, among others, on the following phe-
nomena and flow models. 3Base flow immediately downstream of a wedge

, exposed to supersonic flow can be studied bv an inviscid interaction
between a supersonic vortex generated by the boundary layer upstream
of the wedge edee and subsonic vortices adjoining in the tase region. 4
This problem is similar, to a certain degree, to that of supersonic
flow past a blunt todv; although the elliptic type of the subsonic

flow equation is peculiar and for the solution upstream, perturbation

should be considered.
The separation stream line dividing the recirculating flow and

the streamwise flow can be considered as a contact surface for an in-
finite Reynolds number corresponding to the case of inertia force only.
Furthemore, this maximum solution at Re-»sois essential for asymptotic
expansion, vecause effects of a weak viscous interaction can be studied
systematically by referring to Reweo . Batchelor (1956) modeled an in-
viscid incompressible flow by a pair of vortices rotating in opposite

directions in the neighborhood of the base section and Weiss' (1967)

Ly




model of the inviscid flow expansion of the boundary layer flow is cha-
racterized by the transonic vortex flow occurring in a flow past a sharp
angle with normal and tangential pressure gradients in the neighborhood
of the angle, which are compara le to those equalizing the forces of pure
inertia. Experiments of Ohrenverger (196B), indicate that viscous stress
in the hypersonic flow expansion is negligible. Erdos and Zakkay's (1971)
flow model, indicates that although vortices are created in the base re-
gion, viscous stresses and diffusion may not be accounted for.
Amsden and Harlow (1965), applying the numerical method of particles
and cells calculated the time dependent development of two-dimensional
and cvlindrical wake downstream of a flat based projectile flying at su-
{ personic speed, not considering the viscosity effect and real gas pro-
perties, although these can be taken into account in the calculations,
The governing equations based upon the inviscid approach are the following
conservation differential equations of mass, momentum and energy, omit-
ting the viscosity effect and heat conduction.
(2f/2t) + (ue)f = -pou
£ (Pu/2t) + £ (uv)u
C(a1/2¢) + P (uv)I

-vP

~pYu

For the calculation, a rectangular grid of fixed Eﬁler cells is used,
through which the fluid moves. The fluid is characterigzed by Lagran-

gian points of mass and these points are called particles. Each parti-

cle carries a constant mass of fluid and the mass of fluid within each
cell is equal to the total mass of particles in it. Calculation is

k _ carried out at finite time intervals and at each step, new flow para-

ks




meters are determined as follows:

At first, referring to the value of mass, calculations are made
for volume, specific internal energy of the cells, and pressure.
Then, tased on the grudient of pressure, two velocity components are
estimated, comparing with thei: maximum permissible magnitudes. At
the second stage, each particle position is changed, re“erring to the
estimated velocity, mass, momentum and energy.

The progress of i{he solution is recorded at given moments of
time in the form o' a location diagram of all the particles and other 1
types of graphs and print-ocuts of the cell parameters. For example,
a erid of 35 cells in height and 70 cells in length was used for the
computation. When each calculation is completed, more than 36,000

particles have passed through the left boundary of the system.

Weinbaum (1966), investigated the inviscid behavior of a super-
sonic vortical flow undergoing a rapid expansion vy applring the me-
thod of rotational characteristics and clarified phenomena of freshly
separated flows, e.g., the formation of the separation shock wave and
structure of free shear in the base region downstream of a sharp cor-
ner. Dynamics of expansion process, except in the immediate vicinity
of the wall, are controlled largely by the inviscid pressure mechanics

as evidenced uy the results of order of magnitude analysis of the

Navier-Stokes equations in the vicinity of a cornmer indicating that
‘ viscous terms are smaller than the inviscid terms throughout the boun-
dary except for the highly viscous sublayer adjacent to the wall. Thus,
v the use of inviscid flow analysis is justified for the supersonic por-

tion of the boundary layer expansion.

X b6




Since the entropy gradients normal to stream lines can appear
both in the inviscid flow outside the boundary layer and in the vis-
cous conducting layer close to the body surface, due to a free stream
non-uniformity and a -ow shock wave, the effect of the entropy gradi-
ent is considered for the investigation of uehavior of a vortical flow
in the rapid expansion.

“egardless of whether the shear profiles upstream of the cormer
expansion is produced by a curved shock wave, by shearing stress in the
ioundary laver or both, pressure signals emanating at the corner tra-
vel along the curved Mach lines and set up a system of reflected Mach
waves of the opposite family. Weinbaum (1966), used physically reason-
atle approximations in o~der to obtain an inviscid analysis for the
supersonic flow downstream of the leading Mach wave. The reflected
waves which influence the shape of the dividing stream line and the
location of rearward stagnation point, are studied and the variation
in strength of the primary Mach wave along its length is determined.

Some of the original reflected waves from the expansion fan are
expansion waves that, in turn, must reflect from the free boundary as
compression waves. It is the coalescence of these compression wave-
lets that is responsible for the formation of the separation shock
wave.

A numerical rotational characteristic solution for the expansion
and separation at Mach number 3 with turbulent boundary layer, indicates
that the method of rotational characteristics can be used to provide

valuable new insights into freshly separated flow.
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Weiss and Weinbaum (1966), carried out the details of a two-dimen-
sional and axisymmetric expansion and separation of a hypersonic boun-
dary layer at the shoulder of a blunt based body assuming the expansion
of the body boundary layer is inviscid and obtaining numerical results
by rotational characteristic calculation. At a high Mach number, the
expansion separation process dom®nates the entire base flow producing
a non-parallel vortical region that extends into the far wake.

Although the method of rotational characteristics is a powerful
tool to analyze many aspects of separation process, it provides no in-

. fromation about the diffusion of momentum and energyv in the vicinity of
the dividing stream line. Nevertheless, the method of rotational charac-
’ teristics well describes the various effects caused by the dominating

inviscid pressure. 1

The physically realistic mathe-

“ Lt ADING MACH WAVE

matical model used by Weiss and

~

. - : Mv«% 81 OUTEREOGE o Weinbaum (1966) , t£ketched in Flg.
" ‘\ l 4'(& £ XPANSION WAVE § - .
\‘\\ I.24, is the same as that of Wein-
[ ~ - :{‘t‘:um“ FHOM Mot SURFACE
— QS} | rmon s s baum (1966). For the model, it is

#omee ‘?-.4"“5'?““""“‘ assumed that M, = 1 stream between

e cum:«sam "‘ STREAMUNE
M)

v SsuRpACE a and c, can be collapsed into a

single point and Mi = 1 stream line

beyond point c is taken to be a

Fig.71.24. OGchematic diagram of

shoulder expansion region, constant pressure surface and have
(Jeiss and Weintaum (1966))

the shape of the wall or dividing

stream line. Numerical character-
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istic computation is carried out based upon this model.

In general, if normal pressure gradients and non-similar boun-
dary layer profiles exist upstream of the corner expansion, the com-
plete specification of initial data would consist of initial profiles
for the velocity components and any two state variables. However, if
normal pressure gradients are neglected and Crocco's similar enthalpy
profiles are assumed, then a complete description of all flow variables
at the initial station can be obtained from the velocity profile alone.

The variations of entropy, vorticity and total temperature across
the stream line are determined uniquely throughout the expansion once it
is described on the initial data curve. To integrate along the charac-
teristic curves the differential expression relating dq (magnitude of
velocity) and d6 (angle the local flow makes with axial coordinate) is
given and iteration is performed at each mesh point. Both the slope of
the linear segments connecting mesh points and the average values of

flow properties along each line are corrected using values obtained

from the previous iteration.

Base pressure and behavior of the separated flow downstream of a
blunt based wedge and a cone are determined uniquely by just two para-
meters of the Mach number of external flow, Me prior to expansion and
Re’ s of boundary layer flow at the separation, but at very large Rems
where the curvature of the dividing stream line is small, the eftect of
separation shock wave phenomena is negligible. The separation influ-
ences strongly the base region and its characteristic parameter is the

ratio of the shoulder boundary layer thickness to the shoulder radius




of curvature cf/r.

Partial cancellation of the reflected waves occurs prior to se-
paration. A significant portion of the reflected expansion waves pro-
duced in the primary expansion strikes the sphere of the cylinder sur-
face before the separation point and reflects as expansion waves. The
effect of these waves is to cancel the earlier reflected waves,

The iterative method for the solution of the completely coupled
base flow problem is proposed by Weiss and Weinbaum (1966) who state
as followss

The characteristic solution provides a first approximation for
the shape and length of the dividing stream line. The behavior of the
flow in the vicinity of this stream line then can be obtained from a free
shear layer solution., This solution yields velocity and temperature
distributions and the stagnation pressure and temperature at the rear
stagnation point. The velocity and temperature distributions on the
dividing stream line can be used to calculate the recirculation region
by the use of finite~difference techniques. The resulting pressure
distribution in the recirculation region must be consistent everywhere
with the pressure distribution in the outer vortical flow. Hence, a
new characteristic solution is performed and a new dividing stream line
shape determined which satisfies this pressure distribution. A seuond
free shear layer calculation is then performed, taking account of both
the corrected shape of the dividing stream line and the adverse pre-
ssure gradient in the recompression region. The displacement thick-

ness of the shear layer is calculated and the displacement of the outer
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rotational flow is determined for the next iteration on the inviscid
flow. The corrected pressure distribution is obtained from a second
solution of the recirculation region, based on the corrected values of
the velocity and the temperature and the shape of the dividing stream
line. In this manner, the inviscid flow, the shear layer, and the
recirculation region are corrected systematically in that order. The
requiremen.s for a completely matched solution are the continuity of
pressure, velocity, shear, temperature, and heat fiux across the divi-
ding stream lines the degress of freedom are the location of and velo-
city and temperature distributions on these stream lines. Such a pro-
gram is rather ambitious, and it is hoped that a few iterations at
most will result in "convergent" and useful selution.

Erdos and Zakkay (1971), analyzed the steady laminar near wake of
a slender, two-dimensional flat based body at a hypersonic velocity wi-
thin the context of an inviscid rotational flow. The upstream boun-
dary layer is considered the source of vorticity convected into the
base region but neglecting generation of additional viscous stress,
there j® heat transfer to the base and diffusion of the vorticity.
The overall structure of the base flow pattern is the result of an in-
viscid interaction between the subsonic recirculating flow and the
outer supersonic rotational stream. Numerical solutions are carried
out by time-dependent method known as the two-step Lax-Wendroff (1960)
technique. The steady-state solution is obtained asymptotically, cir-
cumventing the complexities assoclated with the steady problenms.

The near wake flow of a bluff-based body at supersor.c flow is
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mixed subsonic/supersonic flows involving subsonic recirculating flow.

Eros and Jakkay (197!), contributed to the development of a powerful

rumerical method to solve the general category of the mixed flcws.

The steady near wake problem in the limit of vanishing viscosity 1is

of the mixed ellipti. /hyperbolic type. However, this protlem is reduced

tce purely the hyperbolic type v seeking the steady state solutiorn as

the asvmptote of & tine-dependent protler, subject tuv steady boundar:

conditions.

A finite difference tecnnique of lax is used and since the solu-

. tions of hyperbolic equations wnich contain surfaces of discontinuity
are not, in general, unique, uniqueness is a consequence of impositicrn
of additional constraint not implicit in the governing equations. The
Lax-Wendroff technique obtains such constraint correctly in the solution )
through a formulation that allows the differe:tial equations {o satisfy
the conservation laws, within the accuracy of the difference approxima-
tions. The solutions obtained through its use are considered inviscid,
because the effects of artificial viscosity are confined to layers of

thickness of the order of the small mesh size and the existence of a

limit can be demonstrated as the mesh size is progressively diminished.
The conservation equations of Tax are used and for the finite dii-
ference formulation the Lax-Wendroff technique, termed the two-step
method, is applied.
Comparisons of the predicted values for a 10° wedge at Mg = 6
are in agreement for the following characteristics with the experimen-

tal data of Batt and Kudota (1969): base pressure, pressure distribu-




tior normal to the axis, stream line pattern in the near wake, a Rey-
nolds number based on the wedge height as low as 1.4 x 10“ and an adia-
batic wall condition and static pressure distribution along the wake
center on the cold wall condition and wake location.

“rdos and Zakkay (1971), pointed out that their analysis can be
easil: extended to incorporate the Navier-Stokes equations rather than
the EZuler ecuatlions as governing conservation laws, with minimal change
in the numerical details. However, accurate description of the free
sh-ar laver along the dividing stream line, of the flow near the rear
stagnation point and of the boundary layer on the base in the wake re-
mires a grid size of the corresponding scale and use of an appropriate
coordinate transformation or a variable grid size, which is probably
essential in this case.

Khoroshko (1969), calculated numerically, by a method of finite differ-
ence the characteristics of laminar and turbulent wake flow downstream
of blunt bodies exposed to hypersonic speed, evaluating the effect of
pressure gradient and chemical reaction on the flow parameters in a ro-
tational extermal flow. The results also show that the effectsof diffu-
sion on the flow parameters are larger, the smaller the Re; indicating
that at low free stream pressure or at high altifude, a perturbed flow
rapidly encompasses the entire region. For comparison, the change of
temperature, density of electron, velocity for laminar and turbulent
fiow are shown in Fig.I1.25 for the same Re.

Krayko and Tagirov (1970), investigated the optium shape of the two-

dimensional trailing section which will cause the minimum wave drag




for a given 1ift by taking account
of the friction force, assuming that
the base pressure is given in a func-
tion of M, . The optimun shape of

the flat trailing section evaluated by

a computer when Re = 109 is close to

E

0 Xe! the contour at Xe-—» e , corresponding
Figure 1.25 Change in tempera- to that of an ideal flow with no fric-
ture, density of electrons and
velocity in the case of laminar tion,

(dashed lines) and turbulent
(s0lid lines) wakes

[ Khoroshko (1969) ]

(8-10° ,Vo=7000 m/s): 1,3-~u/uy ;
2, 5“‘T*/Tco ; be==n

2.1. Numerical Experiment

Presently, numerical experiments are being progressively expanded
for the study of various phenomena described by the equations of mathe-
matical physics,

The method of particles in cells enables the study of the complex
phenomena of multicomponent media dynamics particles which "follow"
downstream free surfaces and lines of separation involving interaction,
etc. The method of "large particles™ applicable to gas dynamic problems
is described by Belotserkovskiy and Davydov (1971). Using the method of
large particles, it is possible for a single algorithm to obt;in the

flow picture past bodies of various shapes with a broad range of changes

of the initial conditions at subsonic, transonic and supersonic speeds.



Applying the method of large particles, Belotserkovskiy and Davy-
dov (1971, 1974), carried out the numerical experiments and reported
it in the Nauka Press (1974), edited by Belotserkovskiy, (for separated
flow). One of its examples is shown in Fig.1.26, illustrating the
stream lines downstream of a sphere generated by incompressible and com-

pressible flows,

Figure 1.26 Stream lines in a base region f
with flow past a sphere of compressible (a) ;
and incompressible (b) fluid (M = 0.3)

[ Belotserkovskiy and Davydov (1974)]

For the compressible flow, the separation zone is closed and localized

downstream of the body, while for the incompressible flow, the separa-

tion zone spreads downsiream and flow is unsteady and turbulent.
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3. Analysis Based on Separation Stream line and Mixing Layer

In this section, various methods used to evaluate the separated
flow characteristics based upon the separation stream lines and mixing
layver are reviewed., Since the methods of Chapman-Korst, Nash, Kirk
{1959), and Denison and Baum (1963) etc. are described in P. K. Chang's

200k, Separation of Flow, 1970, Pergamon Press, and elsewhere, no de~

t1ils of these methods are given.
The flow models io be used for analysis based upon the separation
stream line with no injection of fluid into the base region and with

injectlon are shown in Fig.Il.27a and Fig.1.27b respectively.

The external inviscid supersonic flow

region is divided into the following

4

characteristic regionss Undisturbed

flow region upstream of section 1, se-
parated flow region in the base with a
constant pressure (between sections 2
and 3), a compression region (between

sections 3 and 4).

Fig.1.27. A picture of flow It is assumed that compression takes
in separation method without
inflow (a) and with the in- place isentropically for the laminar flow

flow (b) of a mass (dashed
line corresponds to the boun~ and through an oblique shock wave for the
dary of an inviscid flow).
[ Shvets and Shvets (1976 ] turbulent flow, In the neglibibly small
a
area I compred to the body height,a tran-

sfer of the undisturbed viscous layer to

56




the isobaric jet stream takes place, compression occurs in area III
and the mass is conserved in the base region.
Stream line &Fb is determined, considering the conservation of

the mass as,

where G.1 is the injected mass flow rate, H is the height of the base

cection, v, and v

N p, @re nermal coordinates of the separation stream
J

line and the line of constant mass during injection, respectively.

i

When 5. = 0, then HVﬁ = (ph, The Chapman-Korst analysis, assuming a

zero initial boundary layer thickness, predicts the asvmptotic base

) &
pressure at laree Revnolds numbers, thus for Re = 10 - 107, a good

agreement with the experimental data is reached. However, since the

initial boundary layer thickness is actually not gzero, the finite thick-
ness of the initial boundary layer is considered as a parameter of the
mixing layer and reattachment. The velocity profile in the mixing layer
is assumed as asymptotic. Such an asymptotic profile can be located

by shifting the actual stream, upstream at a distance tc be determined
from the conditions of equal mass flow and motion of an imaginary invis-
cid stream corresponding to an actual boundary layef. Sirieix (1960)
and Dewey (1965), found experimentally that the compression zone is not
so short as the Chapman-Korst model assumes, and that it extends 1-2
pody diameters from the trailing critical point. This indicates that
there is need for improvement by considering the forces, viscosity and

turbulent friction in this zone where the pressure gradient is large.
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Bondarev and Yudelovich solution

Bondarev and Yudelovich (1960), approximately evaluated the in-
crease of the base pressure downstream of a wedge at hypersonic speed
introducing a certain "effective"” surface parallel to the free strean.
Effective pressure and a Mach number on this surface were determined
by considering the turning of a Prandtl-Meyer {low at an angle ﬁ en-
closed between the effective surface and the wedge surface. Approxi-
mate analysis of the flow past a wedge at hypersonic speed may lead
to an interesting phenomena of the base pressure. With an increase
of a free stream Mach number, the base pressure decreases at first,
then increases rapidly, approaching the free stream pressure. This
is due to the fact that at hypersonic Mach numbers, entropy downstream
of the oblique shock wave increases, causing the change of the Mach
number on the wedge surface. Thus, the pressure on the wedge increases
proportionally to the square of a free stream Mach number. The
total level of the pressure downstream of the wedge increases and the
base pressure exceeds the free stream pressure.

Bondarev (1964), evaluated the base pressure by taking account
of the boundary layer effect and compared it to that computed assuming
zero thickness of the boundary layer downstream of the base section,

as shown in Fig.I.28.

The base pressure increases by cra/H and the effect of the boundary
layer becomes stronger with an increase of the Mach number. Bondarev

(1964), studied the effect of the ratio of specific heats, ¥, to the

1
i
4




base pressure assuming a zero aitial boundary layer thickness in

a parameter of the Mach number as shown in Fig.Il.29.

¥ig.1.28. Relationship of base pressure to the thickness of the
boundary laver in the separation section: [ Shvets and Shvets (1976)]

a--calculation 1--M = 4 [ Bondarev (1964)]; 2--M 3[Bondarev(1964)];
3--M = 2[Bondarev(1964)]; b-=M = 2.025; Prp = g = 1; ¥= 1.k
u—-calculationéTagirov(1961)]; 5--calculatlon[Korst et al.(1955)1;
¢--experiment| irieix(1960)]; ¢--7, 8--closure conditions according
to Korst, according to Tagirov[Tagirov(1961)]; 9~-experiment, M =
2.025[Sirieix(1960)]; 10--M = 2 isee chapter T Neyland(1969a) ;
11--M = 2.2[Badrinarayanan(1961)

i1 [ Fig.1.29. The effect of the ratio
"“-J\____,——”’ of specific heats on base pressure
‘ P2 { Bondarev (1964)]
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Bondarev (1963), computed the time needed to estatlish to steady
parameter conditions of a supersonic separated flow downstream of a
two-dimensional surface exposed to sudden changes of an external flow
pressure. He assumed that the mixing layer flow 1s quasi-steady and
the change of the base pressure is to be determined by filling (or
emptying the base region by the mixing layer fluid.

~ n

ce Topirov solution

Taeirev 196, o3, ~Cl, obtained the simplified analytical selu-
“rous tour the pressure and the temperature in the base region by con-
cidering the iniltial boundary layer and by dividing the entire Tlow
.r2a into five zones.

The position of the shock wave is determired at the intersection
ol the zero velocity line ara the axis of symmetry. The magnitude of
reatiachment angle 9. is evaluated by sin o= kC at the position of
‘he minimum reattaching boundary layer thickness, l.e. at the condition
ot dd/ dx = 0. The symbol kc refers to the mixing coefficient at re-
1ttachment which is taken, tor simplicity, to be equal to k, in the iso-
tArts reegion.

'n lhe reattachment zone, the int raction of the external inviscid
“low with tne dissipativ layer is evaluated using the Crocco-lees the-

orv. The computed base pressure in the absence of heat flow is shown

in Fig.1.30 1in comparison wi.h the experimental data.

The Korst solution of base pressure is for J; = 0 in the mixing zone

. v




which is insignificantly affected by
the constant empirical parameter of
spread rate 6 .

For the computation of the base pres-
sure affected by the initial boundary
laver thickness of 1 turbulent mixing

layer, the initial velocity profile

after the turnirg is given bv 1/n power

. slationship or
noe pressure to the M number

Lrarirov (1966)3 ¢

law, in = 7 is used for the calculation).

The obta’ned solution is given in a

*--conditions oY closure ac-
sarding fo the Hovs! theo- function of x, Thus, it is not similar,
ries; i .
“e-when using the I'randtl- and the effect of ‘ja is taken into ac-

Yever relationship;
l--method of tanrential wed;es count through the non-self-similar solu-

(marks--experiment). o
tion in the turbuleni mixing zone. The
predicted base pressure is compared with experimental data in Fig.1.78
with a discrepancy ot 107 due to the approximation of kc = k. If the

Korst analvsis is used, predicted values amount to 1.5 times greater than

the measured data.

The solution of Neyland and others

Yel'kin and Neyland and Sokolov (1963). using two-dimensional con-
servation equations of mass, momentum, and energy, attempted to solve
the laminar base pressure downstream of a wedge exposed to a high Mach
number. By taking account of thermodynamic equilibrium, dissociation
of a binary mixture of atoms and molecules, but not of diffusion as well

as layer thickness in the laminar mixing éone. a self-similar solution
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of ordinary non-linear differential equation has been obtained bv
using the Dorodnitsyn transformation and a computer.

As shown in Fig.1.31 and 1.3?, when ¥>o>, then p/p_s oo,
and with an increase of wedge thickness, pb/p,, also increases
while pb/pw, (where P, is the pressure on the wedyre surface) becomes

very small.

a?o - e i G =
B
| !
! |
: |
ot S 1~
|
4 {
v o ;
S ==
0 20 “0 8°
4
Fig.1.31. Base pressure be- Fig.1.32. Ratio of base pressure
hind a wedge [ Yeli'kin et al to pressure on the wedge [ Yel'kin
(1963)] et al (1963)] (the poirt corres-

ponds to the plate when M =e= ),

The base pressure downstream of a blunt edped plate is given by:
-2%
Poo_ [, 4 Ttz v/__v—E_E——_——' r-1
L 2§V g+ (710

where S = (

=) 7-1
1-3°

It is noted that the hypersonic flow principle independent from Mg

is also applicable for the base flow downstream of an arbitrary body
shape. When M_;+9 , the density and velocity of the free stream
become constant and the pressure as well as the speed of sound approach

to zero. At a large Mach number, the magnitude of flow parameters in
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the shock layer affecting the base pressure also become fixed, thus
confirming the hypersonic principle.
Neyland and Sokolov (1964), investigated the behavior of the base
pressure downstream o!f a wedge at an angle of attack and supersonic

speed and presented the predicted base pressure in Fig.T1.33.

2

——

__W

g 0 20
b

“i1¢.7.33. Dependence of base pressure beiind a wedge on

the angle of attack | Neyland and Sokolov (1964) ]

o

"¢ the hali-angle is large, depending upon M, , the shock wave on
the lower part detaches and the base pressure increases with an in-
crease of the angle of attack. However, if the half-angle is small
and the Mach number on the upper part is large, then the base pressure
becomes small approaching zero and the shock wave remains attached
around the lower surface. The base pressure reacheé a maximum value
at a certain angle of attack and drops as seen in Fig.I1.33.

Neyland (1964), obtained the self-similar solution of the non-
linear equation of motion by taking account of compressibility and
heat transfer assuming Pnr = 1. For the turbulent mixing zone the

following two-dimensional steady flow equations are used.
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X Py
* * ¥*
2T oI - 2 2T
FU5% f’by 2y [9M+€)Dy
1 N4 T 2 2 (.97
*'\;‘;-:)7:, (/"v>+(r'1)’2_\7“5})

2¢ isobaric mixing, since %}% = 0.

; * *
i~ - . FU 2u ~ _ x 27T v 9T
. [\,.,\ =€ 5‘7;7/5(;—‘/' and 7 = /\Tﬂ 77/\.—;

#here A 1is conductivity of heat, the governing equations are con-

siderably simplified. For the solution, Prandtl's mixing length

theory and Tollmien's boundary conditions are applied.

The McDonald solution

McDonald (1965, 66), studied semi-empirically, a two-dimensional
and axisymmetric base pressure with an initial turbulent boundary
layer, assuming the isentropic compression of the separation stream

. line, ignoring the mixing of external flow with a viscous layer as
well as the effect of tangential stress. For the external flow passing
through the viscous layer in the reattachment zone, the Squire-Young
formula is used, assuming that thicknesses of displacement and mo-

mentum are the same as those of a flat plate with identical condi-

tions.




The Carriere and Sirieix solution

Carriere and Sirieix, in order to compute the base pressure,

consider the angle of reattaching flow ec as the criterion for reat-

tachment. The value of BC which satisfies the Korst~Chapman condi-

tion is smaller than that measured by Carriere (1965) as seen in

Fig.I1.34,

——

25 30 M

Fig.I.34. Dependence of
the reattachment angle of
flow on the M number

[carriere (1965)1:

{--two-dimensiocnal flow;

2=--reattachment on a cone;

3~-reattachment on the in-
temal wall of a cylin-
der (dashed line--cal~
culation according to
the Korst-Chapman for-
mula).

Siriex (1967), proposes that the follow-
ing equations of ec be used after con~
sideration of viscous effects and turn-

ing of inviscid flow,

- 20
6, =6 (Ma) + Sy doq
¢ s .k _ 8
q f’eueL feueL L

where cq is the coefficient of injection,
e(Ma) is the angle of inviscid flow
turning, q the mass discharge rate into
stagnation per unit of length (a = fjuj),
W the streamwise velocity component, 6
the momentum thickness in the separation

zone, L the effective length of mixing

field or the length of self=similar layer. This criterion of reattach-

ment at supersonic speed is very useful in practice to evaluate the

effect of a mass injection at a low velocity and a small discharge in

the stagnation zone. The predicted base pressure using this criterion

is in good agreement with experimental data.
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A comparison of results obtained by Glotov and Moroz (1970) and
Glotov and Lavrukhin (1974), with measured data of 6 = f (M)
by Carriere (1965), (where 6, is the angle of reattachment on a
channel wall of inviscid stream evaluated by the method of charac-
teristics for measured pressure), indicates that in the self-similar
flow, the Gc value agrees lor practical use, althoush its magni-
tudeis larger than that obtalned by Zirieix, Mirande and bDelery
\1966) using Korst-Chapman criterion of reattachment.

Attempts to formulate a universal relation of ec = (M) as
vwell as X = £(¥) applied, for example, to different shapes of the I

channel {low downstream of sudden expansion, were not successful.

The reattachment criterion based upon the magnitude of maximum in-
crease of relative pressure on the wall did not lead to a universal

formulation.

Kessler solution

Kessler (1967), derived a more accurate approximate solution to the
turbulent two-stream mixing problem, including initial boundary layer
effects. For this solution, only an empirical similarity parameter

6 for the turbulent mixing is needed whereas for the complete solu-
tion involving initial boundary layer by Korst and Chow's (1966) equi-
valent bleed concept requires the knowledge of the eddy diffusivity
which was not available in 1967,

In order to account for the initial boundary layer effects,

Korst and Chow (1966), utilized a lateral displacement of the fully
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developed velocity profile, i.e. a profile obtained for a no initial
boundary layer. The result shows that the ° *locity profiles from the
equ’valent bleed method do not agree until one is much further down-
stream. Since the origin shift gives better agreement with experi-
mental data for free shear layers, Kessler (1966) extended this techni-~
que to the two-stream mixing problem.

hirk (1959), Nash (1962) and Hill (1966), have proposed to shift
the origin of the actual physical jet upstream a distance X to an ima-
sinary inviscid jet, i.e. a Jet with no initial boundary layer on a
free shear layer. The criteria for determining Xy is that the mass
flow and momentum of the imaginary Jet at x = x, are respectively equal,
to the mass Tlow and momentum of the actual attached boundary layer.

in ¥ig.T.3%., the actual physical coordinates of the real mixing

region with an initial boundary layer by X and Y, while for imaginary
two-stream inviscid jet by P = X + Xy and Q = Y ~ Yo Applying conser-
vation of mass to control volume shown in the Fig.I.35, and introducing
the boundary layer displacement thickness J'*,

Paua (YRa - yo) * ?th (yo - YRb) * Pb»vao N

2t Oy = 4.0+ oy (rp = 8 )0)

where subscripts a and b refer to conditions of thé primary free stream
and the secondary free stream respectively.
The application of conservation of momentum to the control volume to-

*
gether with the boundary layer momentum displacement thickness ¢fm at

= 2 2
X = 0, leads to faua ( Yea yo) + f’bub (yo- YRb) *fbvaou.b

* 2 *
= fa“i (Yo 9o )+ Soip (Y~ Iy )
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By solving these equations for X, and Yo and introducing dimension-
less velocities 79b = ub/ua and ‘fb = vb/ua and boundary layer

momentum thickness 6 ,
. [ § -8t Pb/ea)fiebJ/(i - )
[G)a - Fb/fa)fb( Jma* * J;)I+

Y AT O SO RNV A
° L (Pbﬂgé)fb (1 - ngrj

Once the origin shift to the imaginary jet is determined, then the

y

velocity profile of the mixing region can alsc be determined by using
the momentum intergral technigue of Korst and Chow (1966) for the
"restricted" case {no initial boundarv layer). iorst and Chow's (1966)
technique uses a linearized solution of the boundary layer equation

5 that gives a velocity distribution

4

w/u_ = 0.5[(1 +F) (1) ety :]’

where

7 =

The velocity profile is considered valid in an instrinsic coordinate

. e
6 v/x and erf 7 = ( cq ) r B ar
o

svstem (x,y), which is located relative to the reference coordinate
system (P,Q) by means of continuity and momentum integrals.

This origin shift approximation is not restricted to the choice of
any particular velocity profile for the mixing region. However, X,
is a function of the selected velocity profile depending explicitly
on the vertical opponent of the entrainment velocity M
Hill (1966), showed that the Kessler (1967) approximation agrees with

the experimental single stream mixing velocity profile for X/@ >7s,




but for the two-stream mixing velocity profile, with a finite initial
boundary layer, no experimental data was available to confirm the

epplicability of the Kessler (1967) method.
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Fig.1.35. Letermination of origin displacement.
[ Kessler (1967)]

The Tarnopol'skiy sclution

Tarnopol'skiy and w.olikov (1966), calculated the boundarv layer
*hickness using a self-similar mixing layer and shifting a distance x'.

The extent of self-similarity is determined by:

Yo d
s [
Ve s
Ij\, fudy}j=jfudv

where subscript j and t refer to equivalent self-similar flow and the
leading point of a body, respectively. The momentum thickness 6,

is given by

fL(i'—)dy j i"“(i——)dy

fe e yt et e
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y X, F2
using F' = u/u e fu g LMy gy=d (1 - F')aF
e feue ue 5
vy Fy

where x‘j is the distance of the equivalent flow and x' is then given

bv v - S e?

{fz (1-F") dF J

f‘! J

The initial womentum *thickness of the boundary layer at the separation

point is computed by E:zg ng 52 = Q—EE
P1e Ve ™1 e

where subscript } refers to the downstream of turning. The displace-
ment o! the dividing stream line in a function o7 € is computed based
upon the conservation o! the mass between the separation stream line
and passine through the lower boundary of the mixing zone of the equi-

valent system and actual layer i.e.

Fig.1.35, shows ﬁj in functions of Crocco number and ea/H for Toll-

mien flow in comparison to predicted and measured data.

Fie.1.36. Relationship of the value of velocity on dividing
stream line to the Crocco number (a) and base pressure to the
momentum thickness (b,c) [ Tarnopol'skiy and Golikov (1966)1] :
1--calculation { Neyland(1969a)} 2--calculation [ Tarnopol'skiy
and Golikov(1966)] i marks--experiment [ NeyIAnd(1969a§].
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Lamb and Hood solution

A simple conirol analysis of plane turbulent reattachment in
an isoenergetic base separated region with no mass bleed was deve-
loped by Lamb and Hood (1968) who obtained a wall static pressure
distribution prediction in reasonable agreement with experimental
data up to M=4.5. This analysis is based on free interaction in
“he reattachment zone utilizing a numerical search technique to
determine the condition.

For the separated flow zone downstream of a rearward facing
step, the point of initial interaction is considered as the end
of the base region and denoted as the cutoff station of the con-
trol volume.

The conditions that must be satisfied at this cut off station

are:

a) the zero velocity edge of the mixing zone and reverse
flow must coincide.

b) mass flow rate in the free shear layer below the divi-
ding stream line must equal that of the reverse flow.

The former condition determines the rela@ive magnitude of

momentum fluxes and pressure forces on the control volume,

Downstream of the dividing stream line reattachment point,
boundary layer redevelops causing the wall pressure to apprvach a
nearly uniform value. This redeveloping wall layer is governed
primarily by the geometry and inviscid flow downstream of reattach-

ment.
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In the past, since only mechanical energy levels are considered
in the escape criterion of the Chapman-Korst model, no informatior.
about the pressure distribution near the reattachment was obtained.
Lamb and Hood (1968), considered the possible isentropic starmation
of the dividing stream line to a downstream static pressure :nstead
of the original Korst model which attributes the downsiream static
pressure to oblique shock. F¥or the analysis of reattachment, the
corner flow effect is neslected and assumed that the lower portion
of the shear layer can be treated as if the highly distorted free
stream is not present.

Using control volume, momentum integral eqguations for longitu-
dinal and transverse directions are written.

For the analysis of the pressure distribution downstream of reat-
tachment, which is scarce, Lamb and Hood (1968), developed a simple
analysis applicable for all tvpes of external flow or geometric con-
ditions by the first-order approach, assuming free interaction. 1In
the absence of any impingement of shock or expansion waves from the
external flow, the pressure distribution downstream of reattachment
can be easily determined by the usual coupling of inviscid motion
equation with intergral boundary laver equation.

Starting from the reattachment point, a step~wise computation is
carried out until the local pressure becomes essentially constant.
This simple procedure is justified due to the emphasis of pressure
rather than the details of viscous layer. In order to estimate the

boundary layer parameters at the reattachment as the initial conditiocn

7?




of developing layer, Lamb and Hood (1968), postulate that due to
the extermely large pressure gradient adjacent to the reattachment
zone, the growth of the outer portion of the viscous flow is negli-
gible. This implies that the mass flow above the dividing stream
line at the cutoff station is eguivalent to the mass flow flux at
the reattachment. The exact velocitv profile at the reattachment
is not knowr, out the integral method permits considerable latitude
in profile specification. Because the necessarv integrals are avail-
arle, and its shape is approximately correct, the error function of
the snear laver anaivels may be chosen so that ihe shape factor

*
H = é;— “or incompressible flow is approximately equal to 2, which
is acceptable {or separating and reattaching profiles.

Lamb and Hoed . -“8), confirm the validity of Chapman-Korst isen-
tropic escape cr-iterion as a satisfactory technique for identifica-

tion of dividins stream line rather than a thermodynamic specifica-

tion of the dividing stream line stagnation process.

Calculation of the axisymmetric flow

The separation stream line is alsoc used to investigate the sepa-
rated flow downstream of axisymmetric body by Vereshchagina (1963),
Minyatov (1961), Mueller (1968) and “umwalt (1959). Furthermore, Ta-
girov (1961, 66) and McDonald (1966) considered the effect of the
boundary layer.

Vereshchagina (1963), Korst (1956), Minyatov (1961) and Tagirov

(1961) assumed that a mixing layer flow develops at constant pressure
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but Mueller (1968) and Zumwalt (1959) considered the streamwise pres-
sure rise.

The flow downstream of axisymmetric bodies is different from that of
two-dimensional surfaces and its flow study in the vicinity of the
axis of symmetrv is difficult because expansion waves in the trailing
edge are curved and flow parameters in the expansion region are not
only dependent on the angle of inclination, out also on the previous
history of upstream flow and the Mach line passing through the point
being considered. The boundary of inviscid “low is curvilinear and
its shape is determined from the constancy of pressure along this sur-
face. The free surface can not be constructed for the supersonic flow
right up to the axis of symmetrv.

Zavadskiy and Taganov (1968), studied the axisvmmetric laminar
flow separation occurring on the leading section ol the needle shaped
axisymmetric body with a small reattachment zone at supersonic speed.
For the reattachment flow at the angle of attack, "hapman-Korst con-
ditions are applied in order to determine the local stream line and
the total pressure. The magnitude of pressure in the separation gzone
was determined from the conservation law of mass. Tc¢ overcorc the
difficulties involving axi-symmetric flow, three aprroaches are pre-
posed: the first is the application of an experimen:tal curve of thick-
ness variation of the wake neck in a function of the Mach number as
Gogish (1968) suggests; the second is as Vereshchagina (1963) and
Minyatov (1961) d°d, the radius of the wake neck is approximated to be

equal to 0.5 radil of the protuberance not depending on the Mach num-
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ber; the third is the position of the shock wave, to be anproximated
at the intersection of lines of zero velocities (lower boundary of

the mixing zone) with the axis of symmetry as Tagirov (1961) proposes.
Cne mav approximate pressure in a function of flow turnming angle using
the Prandtl-Meyer equation taking account of the stream line turning
of an axi-symmetric flow as Web: (1568} did.

Kirnasov and Korzhuk (196%9a), found that by numerical calculations
of the free surface downstream of cones of various half-angles and free
stream Mach numbers that the pressure in the base region is constant
only for a distance equal to 0.3-0.5 lengths of separation zone. Thus,
the flow model with constant mixing layer pressure, oblique shock and
isentropic flow applied for two-dimensional cases is doubtful for axi-
symmetric low, because of strong compression requiring a new analy-
tical model.

Tf the pressure in the base area 1s assumed constant and corres-
ponding inviscid stream is considered, then its boundary is not straight
as the case of two-dimensional flow and reattachment angle Qc depends
on the reattachment position. The boundary of the inviscid flow may
be determined by the method of characteristics but one can approxima-
tely fix the boundary by a conical surface. Kirnosov and Korzhuk (1969a),
used Mangler's transformation for an axi-symmetric mixing layer and ob-
tained a velocity distribution along the separation stream line as seen
in Fig.I.37 and the base pressure in Fig.I.38 which is computed as-
suming isoenergetic flow using conditions of Nash (N = 0.35) and McDo-

nald (1965) of reattachment.
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yM, ! Fig.1.37. Distribution of velocity
M=l on separation stream line for free
turbulent mixing [ Shvets and Shvets
(1976) ] (dashed line--parabolic pro-
file [ Alber and Lees (1968)], dashed-
dotted line--Blasius profile).

Fig.7.38. Base pressure in an axisymmetric supersonic flow
(1-=b—-calculation; 5--10--experiment): [Shvets and Shvets (1976)}
1-—[Minyatov(1961)]; 2—-[_Vereshchagina(1963)] ; 3--[Kirmasov and
Korzhuk(1969a)] ; %-LMcDonald(i%_S)J ; 5--[Roshko and Thomke(1966)J ;
' --L/rb = 10é Re, = 36- 106--5 . 106[Chapman(1950)]: 7-—L/rb = 10,
ey = 3 6 10°%--6 - 10" [ Chapman(1950)] ; 8—-L/rb =12, Re; = 2 - 10
-4 . 10 LChapman(195o)]; 9--L/rb = 18, Re; = 9.9 . 106[Graham and
Binion(1961+)]; 10—-L/rb = 24, Re = 5. 10°--7 . 106[ Petter et al
(1959)].




Non-isothermal flow

The complex base flow problems involving heat transfer are
not solved at the present time. 1In the available analysis, the iso-
energetic mixing is assume?. Although, due to non-isothermal mixing,
this assumption does not correspond to the actual process as Avdu-

vevskiy, et. al. {19¢0) state referring to their study on tempera-

3
3
1
>
.
v

ture iayer of mixing.
Adramovich et. al. (1974), obtained solutions bv a self~similar
ipproach for two unitform lows at one temperature but for Pr = 1
and I'v % 1.
“or the first case, 12 solution is simpler because by
* *

1 -1 u

-5 = . the profiles of enthalpy and velocity are related.

i -3

e b
Jeceleration downstream of the isobaric zone is not adiabatic, Thus, the
base pressure is dependent on the base temperature, but based upon
the experimental findings, the temperature in the base region may be
considered constant, if the thin thermal boundary layer on the wall
is neglected. The base temperature is computed using equations of
thermal balance between heat of injected gas and heat to the wall in
the stagnation zone.

Murzinov (1970), approximated the temperature in the base as

shown in Fig.1.39, and compared with Cresci amd Zakkay's resulis re-
ported by Baum et. al. (1964). Murzinov (1970), used the method of
mean mass of Lunev (1967) for arbitrary initial profiles of velocity

and enthalpy. Using the concept of dividing stream line and computing

7




Fig.71.39. Temperature of

gas in a base area [Murzi—
nov(1970)1 :

t=-=calculation [ Baum et al
(1964)] with initial Blasius
profile; 2-fcalculation[Baum
et a1(1964)J with calculation
of turning of the initial pro-
file around the btase section;
3--calculation [Murzinov(197o)],
cone 8 = 10°%, M = 11.8; b—-
calculation taking dissipation
into account [Murzinov(1970)]:
f--experiment, cone 8 = 100.
M= 11.8 [click(196u)J

thermal flow and its effect to the base
pressure, the following problems are
solved: turbulent supersonic flow, (Ta-
girov (1963)), laminar and luriulent
“lows past cones and wedges, (Nevland,
(1964)), svaluation of effect of tur-
bulent noundarv laver thickness at the
separaticn point on the hase pressure
(Kirnasov and Korzhuk (1969a)), and ef=
lect of hypotheses of turbulence to the

base pressure.




4., Integral Methods

The ordinary boundary layer theory is not applicable to the
separated flow because of the strong interaction of the inviscid
flow with the viscous flow close to the body surface or wakes.

Fence, 1t is not possible to determine the distributicn of the sta-
tic pressure ior the separated flow region by the inviscld flow so-
lution. Thus, the a priori unknown distribution of the static pres-
sure Tor tne separated flow region must be evaluated by a combined
solution of external inviscid {low and viscous flow.

The viscous tlow of the separated region Invelves a reverse flow
complicating the problem. For this complex prcoblem, integral methods
are applied for its solution. Much of the investigation using the
integral methods have been carried out in the U.S.A. For the super-
sonic flow, the interaction c¢© the inviscid flow with the viscous flow
mav be studied as “ellows: The inviscid flow region i1s considered as
isentropic and the viscous flow region is investigated by the boun-
dary laver theorv. Then, the parameters on the external edge of the
boundarv layer are calculated along the boundary of the inviscid flow
which i1s leovated apart trom the solid body at a distance of the boun-
dary layer thickness or displacement thickness. ‘

For the external isentropic supersonic flow, if the inviscid flow
is expressed in dimensionless form, the parameters of the outer edge
of the viscous region are determined by the local behavior of the boun~
dary.

At first, the development of integral methods, applied to super-

sonic separated flow in the U.S5.A., is briefly outlined and their in-
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vestigations in the U.S.S.R. are summarized.
In 1952, Crocco-Lees analytically modeled the inviscid-viscous in-

teraction in two separate fields as shown in Fig.I1.40.
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Pirure T.80. A diagrammatic concept of isentropic

(1) and dissipative () flow in a base region [ Crocco-

Lees (1957)]
The “ield of the viscous flow has the thickness ¢ , \here,4§ repre-
sents the separated flow over the solid bodv, the physical boundary
laver thickness and for the wake downstream of a body, the transverse
distance between external boundary of the viscous layer and the axis
ot symmetrvy of the body), and its outer boundary is inviscid isentro-
pic low.
For two-dimensional supersonic steady flow, the distribution of static

pressure in the separated flow region is given by the Prandtl-Meyer

equation. dp/p = (TM?/W—:—T—) " d®c

Wnere @DC is the angle between the flow velocity vector along the
~x*ternal boundary of the viscous layer and the wall. It is assumed

that Pr = 1, enthalpy is constant, M~T and 79 p/2y = O in the sepa-




rated flow region. As seen later, the assumption of ‘ap/Dy =0

may not be valid in the recompression region[jSharmroth and McDonald)

(197?)} . “rocco-Lees (1952), expressed the boundary layer equation

3 in an integral form using a family of parameter K = (d - s 8)/(d - 5*)
and determined the satic pressure distribution along the external

moundarv of the viscous laver bv establishing a relation between K (x)

and lceal merentum thickness €, introducing the mixing coefficient
K= (dd/dx ) - . This angle @? . 1s deternined similar te the phy-

<

c=icallv possible stream line satlsiving the condition of passage of the
integral curve of the equaticn through a sinsular point (whose solu-
tion has a farily o interral curves expressed in parameters of QD().
This singfular point is analogous to the throat at Mach number 1 of
the converging~diversing nozzle. Although in general, its position
may not coincide with the narrowest cross-section of the mixing zone.
Since Crocco-Lees analysis contains the semi-empirical egquation
for K , Lees and Reeves (1944) proposed to use the additional integral
relation of the energv ecuation instead of the equation of K
The eauation of the stream line inclination along the external
voundary of the viscous laver at v = J , assuming isentropic :low is
given bv the Prandtl-Mever relation in a Functioﬁ of
@ =v(im)-vym)
V) =
e

(?:T)% [ arctan (

Nl

2

r-1
(Mg -

T+1

Py Iy 1
1)2J - arctan(M; -1)°

Unknown parameter M which is to be deteriined by the condition of
passage through the singular point. The predicted laminar flow pre-

b ssure distribution p/pc. where P, is pressure at the wake throat, along
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the dividing stream line and th

ickness of a wake d/H (H is half the

base height of the body) for an adiabatic near wake is shown in Fip.I.kt.

Wigure T. 41, Distribution
ot static pressure, velo-
city along a dividing strean
line and thickness of the
wake:[ Reeves and lLees (1903)]
‘--Ueparation point i
J==Secticn of reattachment
together (p --is pressure
in the region ot the neck
oY the wake.

cf Taminar supsrsonie serarated
step. A tarbulent edd v osi

pressible constant applicable

The process of compression in the lami-
nar separated region is not isentropi-

cerly affectod by olas numbers. [hus,

Reeves and Lees (1007), determined the
Heynolds number ¢ fe~t caused Ly non-
iser.tropic compression.  Uie lensin of
coempression and the degree o deviation

ol compression from that o 'he isen-

troric one depends mainly ¢n ne thick-

o3
M
4]
wn
O
‘
]
.
:
D
1)
o
(e}
<.
4¢3

laver upstream
of compres =ion. Therelore, with an ia-
crease oY Hevneolds number, tre o Tegtives
ress of the compression process and base
pressure increases,

Alber and Lees (*368), further investi-
cated the invis-id-viscous interaction

Tlow downgtream of a arward Paring

v Yormulated simply o oone incom-

or poth the shear laver and wake, and

one reference densit Q5 i.e.

o+
where K. is a universal constant amounting to 0.06 - 0 004, Lees and

0
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Alber considered that the tip shock separates the outer part of the

expanding boundary layer from a new viscous sublayer formed just below
the edge of the step. This sublayer, whose thickness amounting to
about 10-20% of the initial boundary layer, develops as a free shear
layer into a region of recirculating flow at a constant pressure. As
the mixing layer approaches the axis, the shear layer turns parallel
to the center line and induces a pressure rise in the external flow.
The analytical solution is given from a condition of its passage through
the critical point and the predicted pressure along the the axis and
the position of critical point by Alber and Lees (1968) and the mea-
sured data by Badrinarayanan (1961) are shown in Fig.I.42. The mea~
sured pressure in the base region isllower than the predicted value

because of the non-isentropic actual flow.

Grange, Klineberg and Lees (1967), pre-
FE ‘ | J qf dicted the a priori unknown location 4
i ° 2
ae WA of separation on the blunt body and
05 4 'I,' entire near wake region of laminar com-
1 1
t
%0 | 'J pressible flow without the introduction
2 4 6 8 M ‘
Figure.I.42 Distribution of additional ad hoc assumption or floa-

of pressure along the axis
for a turbulent flow in a

Fiige;egiganzzn(?928?}07 and Lees' (1965) integral method, empha- - 4

1--Calculation s - . - 4
»--Experiment (position of sizing the strong inviscid-viscous in :

the trailing critical points
ti--calculation t2-experi-

ment [Badrinarayanan (1961)] the separated flow sketched in Fig.I.43a.

ting parameters. ﬁased upon the Reeves

teraction, the analysis is carried for
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In order to obtain a complete solu-
‘tion to the base flow problem for a blunt
body, it is necessary to join the sepa-

ration region to the constant pressure

15T THROAY
{80ODY)

mixing region and the near interaction

Figure.I.43a2 Separation and

near-wake interaction re- zone. The interaction viscous flow over
gions for a blunt body at

hypersonic speeds (schematic). the blunt body is shown schematically

{ Grange, Klineberg and lLees

(1967} 3 analogous to the converging-diverging

nozzle in Fig.1.43b. This analogy is

based upon the following findings: around

290 THROAT
(WAKE) =T the cylinder, the flow becomes supercri-
“Jump* —

<:i?\
I

i

ifii:ﬁﬁ;zﬂfoijmii:{:jiiiijj:;:jjfffiijii_ tical at a point about 97° measured from
~ — the forward stagnation point but the flow

Figure I.43b Schematic re- . 4. oor uake is initially subcritical.

presentation of interaction
viscous flow over blunt body. Thus, a jump of 970 is required in order

{ Grange, Klineberg and Lees
(1967)3 to join the supercritical viscous flow
over the body to the initially subcri-
tical wake flow. Crocco~Lees (1952), found that the near wake at the
rear stagnation point is suberitical, but passes through a throat into
the supercritical region downstream of the rear stagnation point.
Rigorous analytical solution requires the evaluation of the boun-
dary layer development starting at the forward stagnation point taking
into account ihe interaction with external flow, but since this problem

is a formidable one in itself, Grange, et.al. {1967), instead, adoped
the procedure of Reeves and Lees (1965) and regarded Me(x) as given up

o
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Figure.Il.U44, Comparison of theory
with McCarthy'’s experiments
[Grange, Klinegerg and Lees (1967))
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Figure.l1.45, Near-wake interac-
tion region.

[Grange, Klineberg and Lees(1967)]

to the jump location.

The predicted pressure distribution,
velocity and shear layer thickness

for the adiabatic circular cylinder

at M = 6 and Re¢d= 4 x 10“ compared
with ezperimental data of McCarthy
(1962) are shown in Fig.I.44 and 1.45.
The predicted base pressure is some~
vwhat low but the location of the sepa-
ration point on the cylinder is pre- .
dicted quite accurately.

Grange, et.al.'s (1967), general
method is applicable not only to blunt
bodies but also to slender bodies with
smooth bases, provided only that the
radius of curvature at the base is lar-
ger compared to the boundary layer thick-
ness,

In Fig.1.45, the subscript N refers
to neck condition, U’=U*=O/Ue and
U=u(aN/ae) Stewartson's transformed velo-
city and a is the velocity profile para-

meter.

Shamroth and McDonald (1972), analyzed the recompression region

flow of a supersonic two-dimensional turbulent near wake.

Since both




theory and experiment indicate that in the near wake recompression
region, even at moderate supersonic Mach numbers, a large transverse
pressure gradient exists, particularly in the turbulent flow. Sham-
roth and McDonald (1972), considered this transverse pressure gradient
in their analysis by assuming a proper static pressure profile, im-
proving the other investigator's analysis which assumed a zero trans-
verse pressure gradient.

The governing equations for five parameters Um(x). Ue(x), 6 (x),
CpCL(x) and (2 p/? y)e(x) where subscripts m and CL refer to the wake
center line are:

for the relation between streamwise and transverse pressure gradients,
20/ax = (-1 1) (2 9/2y),

for the flow angle at the outer edge of the shear layer
tany = (-1/p Ve) § 32 - ay

for the pressure difference obtained from the transverse momentum equ-
ation with the aid of continuity,

p(x,0) =APCL(X) = g?f S uvdy ¥ feueve [tan@e - %3{]
and two other equations areothose derived by Shamroth (1969).
The two usual integral equations are replaced by two new equations of-
tained from a modified strip method for conservation of streamwise
momentum. The said replacement is needed because the Karman momentum
integral equation and the kinetic energy integral equation place a
physically unrealistic constraint upon the solution.

Although a stralghtforward treatment of these equations results
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in the appearance of a singularity analogous to Crocco-Lees critical
point, Shamroth and McDonald (1972), show that two analytical solu-
tions can be obtained which do not exhibdit a singular behavior. One
solution is given as an initial value problem by properly approxima-
ting the term containing the upstream influence and the other as a

boundary-value problem in the vicinity of the streamwise station
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v Figure I.47. Predicted streamwise :

NONDIMENSIONAL DISTANCE FROM

INITIATION OF RECOMPRESSION, x/5; distribution of wake parameters

when equations are solved as a
X : boundary~value problem

Figure T.46, Predicted streamwise distribu- i

tion of wake parameters when equations are {Shanroth and MeDonald (1972)] R
solved as initial-value problem and term con-

taining upstream influence is approximated

(Shamroth and McDonald (1972) ] .
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where the saddle-point would occur if the equations are definding an

initial problems.

Fig.I.46 and I.47, show the predicted distributions of pressure

and velocity with no singularity by these two methods.

The static pressuré distribution predicted when the problem is treated

like that of an initial and upstream influence term and like that of

the boundary-value are shown in Fig.I.48, compared with the experimental

data of Badrinarayanan (1961).

A good agreement exists between the ex-

perimental data and the predicted center line static pressure by both

methods, for this particular case, but similar agreement may not be ob-

plp, l
=
09 2 / ‘:? //// i
H ° 7
g7 %;#l/ ‘ :
|°>’/ '
A==z '
qj 3
| |
' 2 3 . A

Figure I.49 Distribution of
static pressure when M=2.04
[ Shamroth and McDonald (1971)]
(calculated size Ga/H =0.052,

experimental Oa/H =0.055;

s0lid line--is the axis of the
wake,

dashed line--is the external
boundary,

circles-~indicate experiment

[ Badrinarayanan(1961) ]

1--solution of equations with
initial data; 2--solution of
equations as a boundary-value
problem

tained for all other cases because of
the limitation imposed by the velocity
profile family used in the analysis of
Shamroth and McDonald (1972).

A theoretical model for the flow
field and the convective heat transfer
process in the vicinity of the reatta-
chment of supersonic two-dimensional
turbulent separated flow has been set
up by Lamb and Hood (1972) utilizing
multistage control volume and solving
the resulting integration by a numerical
search technique.

The flow model and numerical tech=-

nique are the same, developed previously




by Lamb and Hood (1968), for the solution of the reattachment problem
presented in Section I.3.

A solution to the reattachment problem is given by momentum ba-
lance in both longitudal and transverse directions for the control
volume. Assuming the base pressure is known, the Mach number inviscid
impingement and conditions at the dividing stream line are determined.

The heat transfer rate which exists at the cutoff station (point
of initial interaction at the end of the base pressure region) is
taken as characteristic of the entire recirculating zone because the
recirculating flow is essentially a constant-flux region as experiments
have shown. For the thermal analysis, the almost isobaric near field
is employved as a control volume. One of the major uncertainties in
any turbulent flow model is the level of turbulence characterized by
the spread rate parameter § which is difficult to estimate from the ex-
perimental data with 20% uncertainty. It was found that for a given
percentage change in 6, the wall temperature changes correspondingly,
while the heat flux changes in the opposite direction.

Lamb and Hood (1972), determined by their analysis the signifi-
cant parameters in the flow field, the heat transfer distribution, and
associated wall temperature of the reattachment sﬁrface. obtaining a
heat transfer prediction in good agreement with experimental data.

Next, the USSR investigations on separated flow and ’applications
of integral methods are summarized.

Gogish (1968, 1969) and his associates, attempted to predict the
separated turbulent flow characteristics at subsonic and supersonic

aspeeds, providing more general precise information compared to the
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local methods of dividing stream line by Korst and Chapman. A tur-
bulent boundary layer is expressed by a family of profile of A.S.

Ginevskiy,

wu, =1 - Af(n), f(y) = (ug- /(v ug)

A is the shape parameter given by A\ = (ue- u® )/ue . The isen-
tropic external flow properties are evaluated for (@ = Vc -V given

by the Prandtl-Meyer relation. The governing equations are:

d
a B} ad _
dijUdy_feue(dx t.a.n@)
° - .
%f?uzdy:ue%x—J)oudy-;h—E
° & 4

! - . .
= f? udy = k (Oe u, - eq. of ejection
These eq\fations are integrated in a longitudinal direction and the pre-

dicted pressure for various Mach numbers are compared with Korst's so- 4

lution in Fig.I.49.
For a two-~dimensional turbulent wake,

using the integral method and consider-

05

ing the compressibility of gas, the

following systems of non-linear ordi-

0

Figure I.49 Calculated (1---4)

and experimental (5) values of ith respect to A (x), velocity #
base pressure in a two-dimen-

nary differential equations are obtained

sional turbulent supersonic _ 2 2.+

flow: [ Shvets and Shvets(1976)_] c(x) = u/umax = N( y.1 tH ) ¢ j
1-- A~ 1; 2--A=2 0.5 [Gogish

and Stepanov (1968)] ; and shear thickness J (x).

3--IKorst, et.al. (1956)]1; |
bee( = k) Kr = 0.012[ Gogish and

Stepanov (1968)]; *
5-=[Rom, et.al. (1972)] {
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L
= [c(t-0) & (1-H*)J = (1= ¥ - tan®)
g—xln (d H;*) + [(k+1)(}{k+1) +1 - MZJ 9?11_2_9 = k(i) L%
k
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ix T TNO=?) ax - T 1-

/
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Jf’eue u, 7
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>

o
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i

* * , k
o= f[(-ﬁ:) £ ey,

Y/J ' Hk = Hk /Hk

S
n

Fele e a7 " ug
T = é‘—% y K is a dimensionless coefficient of
proportionality

o = ¢ 8%
and = ( E’-LZ )H< 0

These systems of equations have a saddle-point singularity and the
initial values are determined from the interaction joining of the
near wake region with the constant pressure mixing zone upstiream.
The Jjoining conditions are derived from those of conservation of

J~ and Ja.amd the mass flow in the constant pressure region. (see
Fig.7.40b). Using these conditions, the joining zone X 4 is evalu-

ated. The Pye which is one of the initial values, is determined by

the passage of the integral curve through the singular point which




is analogous to the throat of the nozzle.

Perturbation in the external flow effects the pressure at the
outer edge and flow in the near wake if they interact upstream of
the singular point. The predicted pressure distribution by Gogish,
et. al. (1969) along the near wake axis compares favorably with the

experimental data cf Roshko and Thomke (1966) and Thomann (1958) in

Fig.1.50.
Plo_ v o Figure 1.50. Distribution of static
:{/ 04 pressure along the axis of the wake.
08 | o/ L (1,2--calculations; 3,4--experiment)
o/. [Gogish, et.al. (1969)]
06 A ( 1~=M = 3,02; 2~-M = 1.84 [ Gogish, et.al.
of | (1969)1; 3—-%Roshko and Thomke (1966)_];
4~~(Thomann (1958)].
2 % Y
l 2 ///
ST od=~3 4 Figure 1.51. Diagram of flow
- behind a protuberance

o1 =< 4—’:} (Antonov (1971) ]
@« : F P 3 i




Antonov (1971), analyzed the turbulent interaction based upon the

base flow model shown in Fig.I.sl.

Flow expands in region 1-2 and in region 2-3, the flow is isobaric

and intercctio: begins with the outer of 3. S is the critical point.
The integral momentum equation of the compressible turbulent

boundary layer is:

d m 2 m * due m
—_ + —_— =
dx (z Pe ue @ ) rd Fé ue dx r 7;

where r is ine radius, m*0 is for two-dimensional flow and m=1 is for
axi-symmetric flow. This equation is transformed to an incompressi-
ble flow equation. A system of equations for the interaction zone

of the boundary layer with the external flow is set up involving a
parameter A(M) to be evaluated by experiment.

The predicted pressure distribution using the value of A(M) eval-
uated by experimental data is shown in Fig.I.52, in close agreement
with the measured data of Roshko and Thomke (1966).

Murzinov and Shinkin (1976), computed the basic parameter of the tur-
bulent separated flow region by using an integral method and consi-
dering the vorticity separated from the edge, which was not taken
account by Gogish, et. al. (1969) and Alber and Lees (1968).

The proposed flow model is as follows: The eddy flow at a corner
during the turning and up to subsequent absorption by the viscous
layer is assumed inviscid and the subsonic part of the free stream

turbulent boundary layer is ignored because of its small dimension,

The vorticity for viscous flow field is computed by the method of

C ek e i b
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. ?owroﬁ_ Lunev (1967) pointing out that vorti-
[/ ! ro © ° city significantly affects the base
05
f 2 pressure.
06 xﬁg
92 [—
02 |
2 & x/H

Figure 1.52 Distribution of
pressure behind an axisymmetric
protuberance [ Antonov (1971)]
(curves~-calculation [ Antonov
(1971)]; signs--experirent [Ro-
shko and Thomke (1966)] :

1--¥ = 2.56, ©/H = 0.05;

2--M = 3.02, ©/H = 0.04.

o
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5. Analytical Solutions by Navier-Stokes Equation

The separated flow problems are solved by applying the Navier-
Stokes equations for incompressible and compressible flow, laminar
and turbulent flow around blunt bodies, blunt corners, sharp trail-
ing edge corners etc.

The separated flow affects external flow, thus, it is neces-
sary to integrate the characteristics in the flow field, joining the
solutions of external, viscous and wake flows and by satisfving the
proper boundary conditions. fence, the analytical solutions are dif-
ficult to obtain.

The steady flow problem around a blunt body at alrge Re is not
completely solved by the Navier-Stokes equations. Although a number
of flow models has been proposed, it is not certain which model is the

right one applicable for Re-s w0 .
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5.1. Asymptotic Methods

Tn the U.S.S.R. , like Western Countries, asymptotic methods
have been applied to solve the difficult problems of separated flows
and flow characteristics affected by the boundary layer interaction
with an inviscid stream based upon tres concept of "free interaction”.
The "Free interaction” is defined by Chapman et al (1957) as the in-
teraction free from direct influences of downstream geometry as evi-
denced from the Figure.I.53.

The free interaction occurs because the compression is directly
responsible for the thickening boundary layer and its ultimate sepa-
ration is generated by the outward deflection of the external flow
caused by the thickening itself.

In Fig.7.53a, the case of flat plate flow is also shown with the
cases of separated flows over a ramp and the forward facing step.

The latter cases of separation are well known due to the sharp cor-

ner effect involving the streamwise adverse pressure gradient. But,
for its flat plate flow, i.e. the separation free inviscid flow, the
pressure gradient is zero, Therefore, with its real flow to cause

the separation, the stream~wise pressure gradient must be adverse.
Consequently, the boundary layer interaction with the supersonic
stream must occur upstream of the separation point, inducing a suffi-
ciently large streamwise adverse pressure gradient. A similar inter-
action mechanism, causing separation, takes place even for a flow
with a streamwise inviscid favorable pressure gradient if the Reynolds

number is large.
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The asymptotic method for Rewoc is used for the solution of Navier-
Stoke equations. These solutions differ significantly from those ob-
tained from the classical boundary-layer theory and they were succe-
ssfully applied to a certain degree iu evaluating the flow character-
istics throughout the separated flow region involving singularities
at points of separation and reattachment, further affected by the pro-
pagation of downstream disturbance. The problem of flow over the sharp
corner and over protuberances placed on the body surface were also
solved by asymptotic methods. In the U.S.S5.R., much attention is given
to the upstream propagation of a downstream disturbance so that more
accurate analytical solutions are obtained. Tn the past, for flow so~
lutions with large Re numbers, applying the Prandtl's boundary layver
equations, two regions of flow are considered in order to construct
a uniform asymptotic approximation. The flow in one of these regions
is formulated by the Euler equation because for large Re the large
parts of the flow field are not affected by viscosity. This Euler
equation becomes hyperbolic if M > 1. The other regions, the viscous
boundary layer has a thickness of 0 (Re -%) and for this region, the
equation becomes parabolic. Thus, the solution involving the distur-
bance propagation, which is sought, is obtainable from the complete
Navier-Stoke equation, but is not obtainable from the classical Pran-
dtl's boundary layer equations. Lighthill (1953a, 1953b), investigated
the disturbance propagation for subsonic and supersonic flows. Light-

hill (1953a), after reviewing a number of papers, pointed out that the

disturbance can have an upstream influence through the agency of the

e amen DWNMTE L Dae




2al _//L/L
° oo
(<] NN
. ) /{///
Ly _A'—‘
Q
= N N ’
Q‘L
wr A
08 |-

Figure I1.53 Comparison of theoretical and experimental

pressure coefficients at the separation pecint and in

"plateau” region of the developed separation zone.
—— = Calculation [Neyland. (1971a)]

Experimental data presented in

[ Erodos and Pallone, (1962)1:

(Chapman, Kuehn, Larson (1957)]

[Sterret, Emory (1960) ]

( Hakkinen, Greber, Trilling,

Abarbanel (1959)]

Plateau region:

Separation point.
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supersonic boundary layer and two separate mechanisms exist, by means
of which the boundary layer, acts to transmit the influence of a dis-
turbance upstream, namely:
(i ) a disturbance leading to a positive pressure gradient causes
the boundary layer to thicken.
(ii) a sufficiently large compressive disturbance causes separa-

tion of the boundary layer. These two mechanisms are not

really very different in that the pressure gradient acts in




the same way (reducing the kinetic energy of the slowly moving

fluid near the wall) in producing both thickening and separa-

tion. However, the presence in the second mechanism of a siza-

ble "dead-air region" of a very slowly moving fluid makes a con-

siderable difference. The mechanism (i) is strictly peculiar

to the supersonic flow and the mechanism (ii) is well known in

subsonic flow.
Lighthill (1953b), investigated the upstream disturbance propagation
for the supersonic flow without separation. He indicates that when
any boundary layer on a straight wall is subjected to an expansive
steady disturbance due to a sharp corner, then an interaction between
the main stream and the boundary layer takes place, but if the flow
reflexion is small then the disturbance in the outer viscous sublayer
can be neglected, but these are not negligible in an inner viscous
sublayer. TFurthermore, if the disturbances are Fourier-analyzed longi-
tudinally, then the effect of the inner viscous sublayer on the be-
havior of each harmonic component outside it is exactly as if there
were a solid wall at a certain position in the stream with no flow
across it, i.e. v0 and inviscid flow outside it.

lavrent'yev (1962), set up an ideal model involving separation
by dividing the flow field into two areas, the area of vortex motion
in the separated flow zone where curl vV = -w= const, where v is a ve-
locity vector and w 1is the vortex, and the potential flow outside the

area where curl v = 0.

Taganov (1968), attempted, by simplifying the boundary condition
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to find a region of incompressible stationary flow within a closed
separated zone in a parameter of Re, where Prandtl's equation may
hold. It has been pointed out that only with specific boundary con-
ditions, the Kirchhoff's solution is applicable for two-dimensional
flow when Re +av ., The analysis may be used for the formulation of
a stable steady Tlow involving laminar and in certain cases a turbu-
lent separated flow.

Neyland (1969a) and Stewartson and Williams (1969), used the
asvmptolic methods to solve the Navier-Stoke equation in the follow-

ing three regions (or triple-desk structure layer): The first-outer

region is described in the first approximate by the linear super-
sonic flow theory. The second region has a thickness of Re-%.

The velocity profiles in this region coincide in the first appro-
! ximation with the profiles in the undisturbed boundary layer up-
stream of a free interaction region. Since the disturbances are
small, the pressure distribution is sought not to be affected in its
first approximation. fhe third region, the near-wall viscous flow
layer has a thickness of 0 (Re-S/B).

Theories of Stewartson and Williams (1969) and Neyland (1969a)
are based upon free interaction. Therefore, the éeparation is con-
sidered to be caused by the pressure gradlent induced by the change
of thickness of the boundary layer. The flow is described by the con-
- ventional boundary layer equations, but since the pressure gradient

is not given a priori, it must be determined from the compatibillty

conditions with outer supersonic flow, and Ackeret linear supersonic
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flow theory expressed by ax (He-l) ax

The pressure gradient is given in terms of the second derivative of

displacement thickness of the viscous flow with respect to the
streanwise cocrdinate region. Therefore, in the boundary layer
equations, a hirher order (second) derivative with respect to the
variable of an unknown tunction appears. [hLis tact requires another
toundarv condition in addition to the initial and other conditions
on the body surface and at the outer edge of the boundary layer.
Since the derivative with respect to the streamwise coordinate is

total rather than partial, it is sufficient to specifvy only a single

constant, in this case, the position of separation and not the func-
tion. Because the flow downstream of separation may influence the

pressure distribution upstream, and thus the position of separation
point, it is extremely difficult to assess this influence. The rea-
sons for difficulty in assessing the influence of the downstream se-
parated flow are as follows: For a sufficiently large Re, the boun-

darv layer thickness upstream of separation is of order O (A) where

A= Re-% and the displacement thickness J“ is of the same order O (A)
but after separation the boundary layer thickness remains of order A
or may become of order unity, affecting the pressure distribution
significantly. If the non-dimensional so called "stretched” variable
is defined by J* = J"/A then this stretched displacement thickness
changes from being of order unity before separation to of order A -1

after separation. Thus, in the limit as A tends to sero, ['/,\ be-

comes infinite after separation. In this case, the boundary layer




equation will no longer be valid since the approximmtions made in
forming the boundary layer equation assume that = 5’/,\ has
an order of unity. Therefore, it maybe expected that a singularity
will be present in the boundary layer equation at the separation
point. The nature of this singularity has been studied by Goldstein
(1948), Stewartson (1958), Terrill (1960) Catherall, Stewartson and
Williams (1965). At a small distance upstream of the separation
point, in place of pressure, the boundary layer displacement thick-
ness distribution in the form of a second~ or third-degree polynomial
was assumed and the pressure was determined, enabling one to pass
through the separation point.

This technique used by Catherall and Mangler (1966) will only
work for regions for which the boundary layer thickness remains of
order A\ . Shallow bubbles within the boundary layer do occur, for
example they are often present when a shock wave interacts with the
boundary layer and the possibility also remains that the strong thick-
ening of the boundary layer after separation may sometimes occur
downstream of the separation point. If this were the case, the method
of Catherall and Mangier (1966), would still enable one to integrate
the boundary layer equation past the separation I;Oint. However, the
said method does not apply for flow past bluff bodies at high Re.

Catherall and Mangler (1966), used the Navier-Stokes equation
written in terms of a stream function and the velocity and trunsforma-
tion is introduced in which the independent variables are simply con-
nected to the inviscid stream function and velocity potential,
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Applied to the problem of infinite Re, since in the limit of Re

the displacement surfaces up to separation are coincident with the
body, the pressure distribution maybe taken from the potential flow
about the body. Applied to a shallow bubble contained inside the
boundary layer, no difficulty is encountered at either separation or

reattachment. However, the solution after separation is not uniquely

determined unless boundary conditions are supplied downstream, because
disturbance propagates upstream once the reverse flow sets in.
Neyland (1971a), provided the possibility of passing through

- the separation point for supersonic flow with free interaction by

specifying the analytic connection between the pressure and the deri-

vative of boundary layer displacement thickness in a form of the Acke-

ret formulation. 1
! The asymptotic analysis refers often to the maximum state of

flow in the separation zone at Re—» 0@, When Reswo, in a closed

region of separation, the flow is inviscid with constant vorticity

if some of the recirculating stream lines pass through the mixing laver

as Prandtl (1904) and Batchelor {1956) indicate. Neyland and Sychev

(1970), analyzed the vorticity problem and found that the Re condition

”

' can be given by Poisson’s equation ©{ = w constant where W 1isa

stream function. Applying the asymptotic method, the flow character-

.>: istics are evaluated in the various separated incompressible flow re-
gions shown in Fig.l.54,

The external inviscid flow region, the mixing layer governed by

the Prandtl equation, the inviscid uniform eddy flow in the recircu-~
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lating gone, and a region of locally
inviscid flow are characteriged by

o e ———— e
- -

- 3 _—1§l+__,_, changes of velocity components. The
<

increase of the magnitude of the vor-

Fig.l1.54%, Diagram of a sepa- ticity causes an increase of friction

rated flow in an incompressible
flow [Neyland and Sychev(1970)]s on the wall but a decrease of fric~

{-=External inviscid flow:;

tion on the dividing stream line.

2=-=Mixing;
s s . . is fl 1, t bi
3--Tnviscid flow in the circu- Based on this flow mode he combined

lation zone; integration of the equation becomes
4=-Boundary layer on the wall
. of the region of reversed complex, but for a small value of w ,
flows;

S and 6--regions of locally in- simple algorithms may be used to eval-
viscid flow. uate flow characteristics and for a
small velocity in the region 3, the
discontinuity surface linking the up-
and downstream corner of the cavity

becomes straight, due to a small pres-

sure gradient, thus simplifying the analysis.

Skurin (1972), investigated the asymptotic behavior of an ordi-
nary differential equation. This equation is formulated, based upon

T empirical findings of turbulance with respect to the distribution of

tuations along the wake axis.

b
} {
oy - velocity, turbulent energy and mean quadratic values of enthalpy flu- ;
P ]
[ Sychev, in cooperation with Neyland, achieved successful asymp~

totic solutions:

Sychev's (1967) asymptotic model involves wake flow with a smaller

va =
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velocity than that of the main flow and with length and width of

the wake as O(Re) and O(Re%), respectivefy. Grove et al (1964) ex-
perimentally showed that the stationary flow can be maintained up to
Re 2200 but it was not possible to obtain the external potential
flow characterized by the the mode#l pressure distribution in the wake.

The pressure distribution along the zero stream line in the nei-

ghborhood of the separation poimt is given by
x) =p - k(-x)% + O(kzx) for x< 0O
P(x)gpu*o(-x)ﬁ- $ >0, for x>0
where x is the distance measured from the separation point along the
zero stream line.

The pressure gradient

QR=_1_ _-%_ 4
i 2k(x) 0 (k) for x<0O

approaches infinity when x-»0 and k$0

The curve of free stream line

o _1 , -3
K=a;=-2- kx 2 +0 (1) for x50

approaches infinity when x-» O
The case of k< 0, is physically
1 impossible because the free stream
| | line intersects with the body surface 1

o as seen in Fig.I.55. e

Fig.1.55. Diagram of a field The last two equations are for the

? of flow in an ideal fluid external flow of a large Re in the

Sychev (1972) :
[ J neighborhood of the separation point

. x = 0, with external k » 0.




The value of k depends on Re but approaches zerc when Re-»e» . Hence,

it is assumed that k = ¢ (Re)ko where Re = u,, . L/Y¥ and when

Re» e, £(Re) = O.

The analysis of the laminar flow separation when Re —» = shows

i that a separation takes place due to a large pressure gradient dp/dx
§ = Re'/‘> in a small distance 4 x =~ R:' and such a mechanism of a
: smaller separation is similar to that of supersonic flow caused by
the interaction of a shock wave with the boundary layer as Neyland
; (1969a) and Stewartson and Williams (1969) observe.

This self-induced pressure rise causing separation can be pre-

vented by neutralizing the effect of the positive pressure gradient.

Svchev (1974), determined the velocity distribution in the re-
gion of a positive pressure gradient which provides the laminar in-
compressible flow attachment up to the trailing critical point. This
control technique can be extended to supersonic as well as turbulent
flow. For the solution of supersonic separated flow problems the
following investigations are cited:

For small but rapidly changing boundary conditions and damplng of

up~ and downstream perturbations affected by the large local pertur-
bations, Neyland (1969a) and Stewartson and williaﬁs (1969) proposed
a theory.

Flow in the neighborhood of the body surface is characteriged

by different asymptotic behaviors in three layers of characteristic

“in

-3 - -
thickness of Re # , Re % and Re ¥ . In the external layer, the flow

is approximated by a supersonic linear theory and in the second layer,




the perturbating velocity profile is slightly different from that
of an unperturbated one.

In the third layer, close to the wall, the flow phenomena is
governed by thé first approximation of the incompressible boundary
layer ordinary nonlinear equation, because the relative magnitude
of perturbation is not small due to the small magnitude of non~per-
turbating flow. The initial and boundary conditions obtained by the
asymptotic approach are joined with the solutions of neighboring re-
glons.

For the hypersonic flow asymptotic analvsis, it is necessary
to carry out a double maximum approach He-» e and M-—» e« consider-
ing the interaction parameter )(= M/VTRe .

Neyland (1974), in his book, presents the systematic studies of
supersonic viscous flow problems which are not solved by the classi-
cal boundary layer theory. Solutions of the Navier-Stokes equations
by the asymptotic method and results of the calculation of "free in-
teraction” of supersonic flow with the boundary layer are studied in
detail for the following subjects;

Flow around points of separation, location of the boundary layer reat-
tachment, “choking” of perturbation similar to the known phenomena

of Laval nozzle, important physical singularities in the neighborhood
of the critical point affected by viscosity, results of criteria of 4

similarity for the maximum values of heat transfer etc. s
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5.2. Similarity law

The asymptotic solutions of separated flows by the Navier-Stokes
equations are obtained for the selected pmblems, mainly for self-simi-
lar ones with small or large flow parameters, due to thelr mathematical
complexity.

As a consequence of the local nature of the asymptotic flow, it
is possible to exclude the parameters such as Re, M and temperature from
the equations expressed in dimensionless form. Thus, the resulting uni-
versal solutions describe all the flows and the formulas for conversion
to the physical variables and extablish the similarity laws.

Brown and Stewartson (1969) state in 1969, the use of similarity

solutions with reverse flow is probably the best method of coping with

Figure I. 56. Fressure distribution for supersonic viscous gas flow
around body contour corner[ Neyland 1971b J

} = 2 C Re? [gg&g*Jz

P a-/aw
1
B = (Mg, ~ 1)* .
ye f 3
- XRe 3, Jw 2 ¢
o= B [e g7 d 4]
a =0f u/by)wl Re-%/uc - is the pressure gradient calculated

in the undisturbed boundary layer
ahead of the interaction region.
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the main separated region downstream of the separation point. But
they are not satisfactory near separation because, due to the rapid
pressure rise, viscous forces can be neglected in the major part of
the boundary layer.

Neyland (1971b), generalized the similarity and computed the

critical pressure rise leading to separation as shown in Fig.1.56.

The similarity law for free-interaction formulated a quite ge-
neral and relatively simple form of equation. The boundary condi-
tions are satisfactory if the disturbance amplitudes are not too
large in the first approximation, leading to a clear understanding
of various physical effects. Therefore, the similarity law is appli-
cable for a wider range of following problems as sketched in Fig.I.57
namely (1) flow downstream of a finite length of flat plate (2) flow

downstream of the profile (3) flow over flat plate at angle of attack

(4) flow over flat plate with a pressure gradient,

nhlilinc

Figure 1.57 Supersonic flows described by free-interaction theory.
[Neyland (1971b)]
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(1) For x > 0 the the non-slip condition u(x,0) = O is replaced by the
symmetric condition uy(x,o)=0. Neyland(1969a), investigated the distur-
bance amplitude and diversions of regions to which the disturbance pro-
pagates. Reduction of shear stress to zero on the flow axis leads to
acceleration of the stream filaments passing near the plane of symmetry
causing a rapid change of displacement thickness and inducing a pressure
gradient. Simple estimates using equations of continuity, momentum and

linear supersonic flow theory show that near the end of the plate a local

3/8

[

‘ree-interaction flow region x~Re of pressure difference A p~Re

is formed. A negative pressure gradient is induced near the end of the
plate and pressure recovers in the wake, but at x/Re'3/§, oo » the pres-
sure gradient becomes zero.
(2) Flow over the profile is similar to (1), thus, analogous results
are obtained.
(3) For flow over the flat plate at an angle of attack an analogous pat-
tern compared to (1), is valid if the angle of attack is small amounting
cL~'Re-% , as Brown and Stewartson (1970) found.

In this case, the flow turns through the angle ¥ upstream of the
plate end on the upper and lower surfaces. At sufficiently large o,
the flow separates and the critical pressure rise to cause separation
is somewhat larger compared to the flow around a corner formed by two
walls because the pressure gradient becomes negative due to the flow lea-
ving the plate, as the case of ol = 0.
(4) For flow over a flat plate with a pressure gradient, the pressure

-3/8

-
change 4 p ~ Re * is induced on the length A x ~ Re according to

the linear supersonic flow theory. From the first approximation , it
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maybe found that this pressure change A p in turn influences the near
wall layer. The major part of the boundary layer affected by A1>~fRe-%
changes the magnitude of the displacement thickness by an order of Re—sg
and this change of magnitude is taken into account in the second appro-
ximation.

Sychev (1972), shows that in the vicinity of the separation point,
a free-interaction zone of the same type of supersonic flow exists, as
Neyland (1969a) indicates, but there is also a difference because for

the outer inviscid flow region, instead of the linear supersonic flow

theory, it is nécessary to use the solutions of the classical jet flow

theory. Local flow separation is caused by the pressure gradient indu-
ced by the free interaction.

Svchev (1972), found that for the incompressible laminar separa-
tion, a rational analysis can be carried out if in the neighborhood of
the separation point, the external inviscid flow phenomena isfhescribed

along the ideal fluid free stream line. Then, the mechanism of flow

separation becomes similar to the supersonic flow separation caused by

the large local pressure gradient,

5.3, Flow over Sharp Corner and Supersonic Flow Reattachment, (Flow

with very lLarge local Pressure Cradient), Upstream Disturbance Pro-

pagation and Flow over Protuberance.

5.3.1. Flow over Comer f

Neyland and Sychev (1966), applied the basic concept of asympto~

tic theory to the flow of very large local pressure gradients. As a
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typical example, the expansion flow near a sharp corner at supersonic
speed is considered.

Recently, much attention has been paid to the difficult flow pro-
blem of a trailing edge with separation, particularly for the supersonic
flow. At the sharp corner, where the surface curvature become so great
that the boundary layer thickness is comparable with the radius, the boun-
dary layer approximation breaks down. In the corner region, viscous mo-
tion maybe applied. Far up- and downstream of the corner, the classical
theory is valid, therefore, a local solution around its corner maybe ma~
tched with the boundary layer up~ and downstream of the corner by the me-
thod of asyvmptotic expansion. But, because its local inviscid solution
violates the non-slip condition, a thin secondary boundary sublayer must
be added close to the wall. Furthermore, since an upstream propagation
of a downstream disturbance occurs, a solution of the full Navier-Stoke's
equation is required to solve for the flow in the immediate vicinity of
a sharp corner. Since the base pressure downstream of the corner is low
and, as Hama's (1966) measurement indicates, that a significant fraction
of the pressure drops upstream of the corner, outside the sublayer, the
accelerating fluid velocity may reach sonic speed. Thus, in the flow
field, a singularity is encountered. This problem, -as other many discon-
tinuity problems, belongs to the family of asymptotic or boundary layer
phenomena of mathematical physics as stated by Vaglio-Laurin (1960).
Neyland (1966), studied the laminar sublayer flow problem by applying
the compressible boundary layer equations of accelerating flow which ex-

tends to upstream infinity., Integrating the Prandtl boundary layer equa- .




momentum:

tions, the asymptotic behavior of the solutions of Navier-Stokes equa-
tions for a large Reynolds number is investigated for the following
two cases; (i) for nonuniform velocitv and enthalpy profiles in the
initial section and (ii) on bodies extending to infinitv upward and
downward along the flow direction. For case (ii), introducing trans-
formation it is possible to solve the problem involving singularity by
self-similar solutions and by well-developed numerical methods of Doro-
dnitsyn (1956) and Petukhov (1964) as well as by analytical methods of
Dorodnitsyn (1942) and Loitsianskiy (1965). For case (i) the follow-
irg governing equations (Hayes and Probstein (1959)) for compressible

laminar boundarv layer involving Dorodnitsyn~lLees variables are applied;
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For two-dimensional flow, j = 0 and for axisymmetric flow, j = 1,

For case (1i), Neyland (1966) introduced the following new trana-

formation;

X
3
1= f EOF (x, %= pla) j o (22)
where f:mctions F(ue) and ¢ (ue) are to be determines and F(ue) is to

satisfy the convergence of Y at X -

Then the momentum equation becomes

2 > : 21,2
Z o ews T o fop B-GEY]
u (u) : 2
Jler Vel [ 25 Mt 2808
, pACe) [ é -5 5] (2
=Fue ! e - r(Ve f_‘_’g
SR Ok S cnd BRI Ml ool (24

At an infinitely distant point } = 0 and in order to begin the

ingegration from 5 = 0, it is necessary that the right hand term of

eq. (23) must vanish for j = 0. The eq. {23) will be reduced to the

usual form, if the following conditions are satisfied.
% F (1) = 25 flu,)
o = constant, ﬁ= constant (x> -o) (25)

Then solutions of eq. {2k) and (25) are:

S o
uei»c»;(3 . Y=Aueg%

1 EES
Y S ) 1*(5
} F 2A ¢ . ue
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va =l

From the transformation (2?) and above information, u(x) in the neigh-

borhood of point X -» = e is given by

In Ye forw =g

ZFA2 j (f/“)w dx + const =f

The self-similar velocity distribution for laminar accelerating flow

. ue(o) exp [?AZ j‘(f}u)w de

or %P ’ x =8
e {“e<°>‘3 - f’-(ﬂ-‘*)"*?f“"/)w“%q

where A, o and(} are constants.

-8/
ﬂ/(ok-—[})ue e forkap

is

=
H

This solution leads to the computational procedures similar to
those usea for the ordinary laminar boundary layer on a finite or
semi-infinite body.

For the flow model sketched in Fig.T.-9, Matveyeva and Neyland
(1967), carried out a one-step calculation by the method of integral
relations for the boundary layer upstream of the corner employing Nev~
land‘s (1966) analysis. The numerical integration was started at the
corner where a pressure ratio of 0.668 (corresponding to a subsonic
Mach number) was assumed and continued in the upstream direction. A
wall-to-free stream stagnation enthalpy ratio is taken as 0.5. The re-
sults obtained by them are plotied in Fig.T.59. and compared with Hama's
(1966) data at Mo, = 2.35 - 4.02 as well as Olsson and Messister’s

(1969) computed values as seen from Fig.l.s59.
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Figure 1.73. Acceleration of a hypersonic boun=-
dary layer approaching a corner.

[Olsson and Messister (1969)]

Matveyeva and Neyland (1967), applied Neyland and Sychev's (1966),
asymptotic analysis and computed the distributions of pressure, fric-
tion and heat transfer upstream of a corner of an axisymmetric body
over the small distance of several boundary layer thicknesses. Based
upon the first approximation, distributions of heat transfer for

Pr o 1, €»>0 are given in a parameter
4
- "

g o T me

' Pr €
which characterizes the effect of heat conductivity, viscous dissipa-
tion and convection. Since Matveyeva and Neyland's (1967) solution
is for [BI-Q-OQ , for the actual case of Re = 10“ - 106. Pr = 0.7,

the effect of dissipation to heat transfer is overestimated.

Matveyeva and Neyland (1967), predicted pressure distribution more
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Figure.1.59. Comparison of theoretical and experimental data on
pressure distribution ahead of base for two-dimensional supersonic 4
flow.

non

calculation [Matveyeva dnd Neyland (1967)]

hypersonic approximation [Olsson and Messiter (1969)7:
3.15: §o" - laminar boundary layer displacement thick-
ness ahead of interaction region: experimental data [Hama(1966)]:
AMeo = 4,02, Re=1.2:10":a M, = 3.15, Re = 1,5-10" :

0 Mg = 2.35, Re = 4.4.10% .

=
§
[

© ' closely with experimental data than Olsson and Messister (1969).

;, . The discrepancies among the computed results of Olsson and
Messister and measured data are caused by the following facts:
Olsson and Messister's analysis is for hypersonic flow with M, ,
larger than that of the experiment, and effects of viscous interac-

tion and pressure drop distribution cause the errors in the analysis.
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No upstream propagation of disturbance is considered.

Clsson and Messister (1969), carried out their analysis employing
the asvmptotic approach based upon the trip-deck structure of flow
iaver as described previouslv and seen in Fig.I.s58, by assuming that
e upstrear Ylow velovity of the corner is hypersonic and the inter-
astion o the hvpersonic Tlow with bourdary laver is weak. An initial
le.rease r the precsure causes the boundary layer to become thinner
ard disjpla crent thickness J * continues to cecrease until a critical
value 0U the pressure sctis'ies d §*/¢pT0. [Ihis critical point is io-
‘ated at a distance Uie “ew+L), ‘ror the cormer, i.e. §=O. where L is
hodv lensth. The stretched coordinate svstem is defined by x = (x-1)/
Neiew-%.L, the origin is taken at the cormer, the direction of x is
parallel to the horizontal surface upstream of the corner and x is
positive toward the wake region.

The remaining part o the upstream is given by
A s

x = (x~-L)/%ew?. L

i“or these two parts, the limits are given by
e —» oo iew —» e and Me Rew.%—’ 0.

The v coordinate is stretched by v = y/“ew-%-L. Tc obtain the
initial upstream condition, it is assumed that for any eiven flow quan-
tity, the solution obtained in the 1limit for fixed X can be matched asvn-
ptotically with the solution ohtained in the limit for fixed X.

In the first approximation;
i('”o?)=a(oo‘;)o -i;(""-ﬁy'):?’(o)

o

v("'”v'y)

< [ ~
where superscrips A and ~ refer to coordinate system x and x,
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The so called composit solutions which are uniformly valid approxi-
mations in the region of interest ~es¢X < 0 are

wa ~ 8 (R9) + T (RD - 0.5

p/pe~ B () + T (%9) - 5 (0)

v/ue., ¥ (%Y

yy

For the sublayer solution, since the sublayer thickness is O (Rew = .L)

the coordinate is formulated by

+ -3t
y <= y/Rew - L

~ +
The 1limit to be considered is Rew - w» with X, ¥ and Me fixed.

Then the asymptotic representations are:

~ + , ~ o+
T~ U(X)w (XY )+ -

@®

-t o~ ~ o+
:—~Rew“ U(x)v+(x-y)*""‘

+ o~
A R
where U (X) is the expansion for u/ue obtained from the composite
solution by setting ; = 0. The approximate continuity, X - momentum
and energy equations are:
+ o+ + o+
(¢ Uu)-*.* (§ wu ), = 0
y

+ + +
f+ vu' (Uu*)__ + f’+ vy Uy* = dp /aX + U (/;: " <)Y
x Yy
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v v [er/ (7o )] /et =1

vwhere /u+ = ,u//uw

The boundary and matching conditions are

+ A ~
u (x,o)=v+(x,o)=0

The sublayer equations are integrated subject to the boundary and

matching conditions and the results obtained are

1 1
-%/6 - 2
u* 1 -e ° . 90=m03[f!“106dij2

«
"
P

ot
(r -1)60 (TUp*')'1 f (1-u) [1 - u’zuzjdu*

“0
9 /(1-u’)°1 o au’
-

-.e
n

where 5 . A
- L g M = ] \ +
‘S = U dx 1=V © dy
Pe
- [

and sf is the stream function and the subscript o refers to ¥ - o.

Leviand (1969a), used the asymptotic solution of the Navier-
Stokes equation for the computation of the separated t'low charac-
teristirs and determined tha amplitude of the pbesaure perturbation
in the attached flow at M = 0(1). It was found that the flow remains
attached despite the rapid pressure rise when the amplitude of pres-
sure perturbation Ap = C (e*) prevails in the free interaction

region of € ( G’ﬂ.
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The analysis leads to the exis-
\
% ‘ tance ofla similarity parameter
MR i ' 2
. Ao o}
a8 i;& R _} fs
i L G

p— 2 e
(Mg - 1)

L
where C_. and M_ are coef“i-
j fs s
! cients of friction and the Mach
!

- . vex n I ups £ "ati
Fig,7.60. Yalues of the coeffi- umber upstream of separation as
cient of pressure at the separa- Shown in Sie.[ .0
tion point [ Neyland {1969a) ] SAEe T

(solid [ Neyland (1969a)] =nd
dashed [ Yelkin and Neyland (1969)]
lines--calculation, circles--
experiment [ Exdos and Pallore

(1962)]

5.3.2 Upstream Propagation of listurbance

Brown and otewartson {1969), Fatveveva and Nevland (1967), and
Nevland {19€9a), investirated the significant effect of upstream tro-
pa;ation of disturbance to the “low phenomena., Jtewartson (1970),
found that with 1o consideration of upstrear proparation o7 distur-
bance, tne reduction ol the pressure upstream o!f tre corner is much
larrer compared to that with consideration of disturbance propagation.

Nevland (19¢9a), based upon ‘ree-interaction theory, found that

in order to descrile completelv the disturbance propagation upstream

of a base, it is necessary to extend the upstream region from the
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length region O(Re-%) with pressure change of 0 (1) up to 0 (Re-'v')
where pressure change of 0 (Re-%) prevails. The disturbance propaga-
tion phenomena around a corner is characterized by the so called "block-
ing" effect of the disturbance emanating from the base upon reaching
the speed of sound on the local inviscid flow stream line adjacent to
the body sirface. The acceleration of upstream flow, in the locally ine
viscio region, equalizing the pressure directly upstream of the base to

the base pressure is possible when the ratio of the pressure in the

vody surface of the disturbed flow region with respect to the pressure
in the separated region of the base is less than Egit corresponding to
the soric pressure change amounting to (7+ 1)/2)3ﬁ where T 1is the

ratio of specific heats. In this case, the expansion of the supersonic

stream filament takes place as a result of the contraction of the sub-

sonic stream tube lying to the body surface, because the flow accelera-

tion sharply increases the friction stress while the thermal flux to

tre body surface increases to a lesser degree. However, when the total

pressure ratio reaches the previously mentioned critical value, then the
va:h number on the vody surface (in the locally inviscid part of flow)

reaches the soni- value and it 1s impossible to expand the upstream flow

‘re ormer and a - tered rarefaction wave forms near the corner.
rerefcre, ‘ne upstream flow of a corner is not affected by the further
.
meduct.on 0t tre bhase pressure., This writer recalls that this finding

v

a® e evs and hevland (1967) is similar to the well-known isotropic

. A .t rarrel low discharged from a reservoir passing through a

“at, .t a4 tunction of the exit pressure level,
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Matveyeva and Neyland (1967), considering the propagation of
disturbance and formation of the locally inviscid flow region, eval-
uated the pressure reduction upstream of a corner as 60% oi the over-
all pressure in good agreement with measured date of M. L.

Robinson [Stewartson (19?0)] , at My, = 7.75, convex commer angle
o = % and Re = 106, compared to the Strwartson's (19?0) prediction
90% reduction, not considering the disturoance propagation.

Stewartson (1970), studied the structure of a laminar supersonic
{low near a comer and confirmed the triple-deck structure of Mativeyeva
and Neyland (1967) and improved their aralysis by removing the non-
uniformity as the influence of the corner dies away upstream and by
extending the said analysis to the downstream region of the corner.

The phenomena of disturbance propagation for the case of a strong
viscous interaction at hypersonic speed has been investigated progres-
sively in the USSR, but further study is needed to clarify still un-
clear aspects. At hypersonic speed, the pressure change and the length
of interaction region is given in a function of interaction parameter

x =M TP 1, namely

1/2 Sl

Ap/P ~ x and  x/g~ X3

where T 1is the thickness ratio. Thus, if the interaction is not weak
the pressure gradient induced by the external flow around the effective
body formed by the boundary layer displacement thickness influences the
flow in the boundary layer even in the first approximation. Therefore,
the pressure distribution at the outer edge of the boundary lgyer can-

not be considered to be given and must be determined by joint integra-
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tion of the equations for hypersonic inviscid flow and the boundary

layer. The effects of upstream propagation are dependent on the sclu-

tion on the edge conditions specified downstream.

Nevland (1970b), realized that no unique solution for moderate

and strong interaction regions can be obtained even in the first ap-

proximation by specifying the only usual boundary conditions on the

body surface and the outer edge of boundary layer as well as initial

conditions. Thus, he specified an additional condition in the base pres-

sure or separation point which may be determined from the conditions of

compatibility with the solution describing the downstream flow. If

this downstream condition is not given, then the following two single-

parameter families of nonself-similar boundary layer solutions exist,

in addition to the well-known solution obtained by Lees and Stewartson

[Hayes and Probstein (1959)] .

2(1+a)

(g, m)~fo () + 1 agny(p) + g2 () ¢+ —

2(1+a) —)

p(3,7)~Ao ;'1 (1 + A131+a + A2§

where 3 .7 and f are conventional Dorodnitsyn-Lees variables

Y -1/2,¢
§=df—_7;fpdx. n= (29) £y, u=%—,§
[} [+

The first terms represent the self-similar solution. The non-tribial

solution exists only for the "eigen-~value” a and is defined to within

an arbitrary constant, for example Ai' The subsequent terms are found

uniquely for given A, from the solution of the linear nonhomogeneous

1
systems of equations. Depending upon the sign of Al' the pressurg for




the nonself-similar solutions is everwhere greater (A1 > 0) or every-
where less (A1<: 0) than that obtainable from the self-similar solu-
tion. Kozlova and Mikhaylov (1970), obtained analogous results for
the flow over a triangular wing and yawed flat plate when the appro-
aching flow is not normal to the leading edge of the plate. The in-
tensity of disturbance upstream propagation increases with the increase
of the vawed angle. For the final solution of the flow over a trian-
gular wing, it is necessarv to find out whether the boundarv condition
is satisfied in the symmetrv plane or not.

The eigen value a is the criterion of upstream disturbance pro-
pagation intensity as seen from Fig.7.51. The analytical results of
Neyland (1971b), Kozlova and Mikhavlov (1971) and Provotorov (1973), .
indicate that the effect of disturbance proparation decreases with an
increase of a. For flow over a flat plate, if pas is injected through
the surface ot the bodv, then the effect is increased; while for the
cooled surface, the effect decreases markedly. A very important gues-
tion 1s the formulation of the additional boundary condition to be used
“or the unique solution. For example, as Neyland (1970b), indicates

“or Ylow near a flat plate base, if the downstream base pressure is

iiven, the solution of the one~parameter family is selected for which
the pressure at x/L = 1 is equal to the base pressure, where symbol L
refers to plate length.

The new similarity law developed recently in USSR is more gene-
ral compared to that developed by Lunve (1956) and Hayes and Probstein

(1959) because these laws do not take account of disturbance propaga-
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Figure 1.61. .istribution of pressure and local friction drag
coefficient on flat plate for strong hypersonic flow interaction
with laminar boundary layer [ Neyland (1971b)] .

a- ¥= 7/5 ash9.6, b-¥= 53, az 23, -— = p/pss '

— Cf/Cf i ¥= ratio of specific heatss p__, Cp =

sS s8
values of parameters for self-similar solution:
length for one of the non-self-similar solution.
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“irure 1. 67, Experimental verification of similarity law for flows
in the regime of strong interaction of hypersonic flow with boun-
darv layer with account for disturbance propagation upstream;

= 23.3, Ke = 1.9.-10 [ Neyland (1970a), and Gorislavskiy and Step-

~henkova (1971)] .
a) Wxperimental results; b) Same results in similarity coordi-
natesie X = 00; ok = 100; xo&= 11°930';400 = 120;0 K = 200;

; = Dorodnitsyn variable.

tion, although these are useful for regions with only a small distur-
tance propagation effect.

Kozlova and Mikhaylova (1971), studied the similarity law by
taking account of the disturbance propagation and obtained a good agree-
ment with the experimental data of Gorislavskiy and Stepchenkova (1971)
and Gorenbukh and Kozlova (1973) for the strong interaction at hyper-

sonic speed as shown in Fig.I1.62 and I.63.
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Pigure 1.63. Comparison of theoretical and experimental data on
pressure distribution on flat plate with flap for strong inter-
action of hypersonic stream with laminar boundary layer;

M= 24.2, X =10 - 16 [Gorenbukh and Kozlova (1973)] .
£ = distance from plate leading edge to flap;

Ps  Pressure for the self-similar solution;

= calculation.
ool=90° h/g =0.12; X&=90° h/eg = 0.08;a = 10% oL = 0°
( o = deflection angle of flap mounted on aft part of plate).

5.3.3 Reattachment
The problem of reattachment was studied in USSR for the semi-

infinite jet reattachment to the surface of a flat plate as one ex-

ample of supersonic compression flow with a large local pressure gra-

dient. The flow model is sketched in Fig.I.64. The problem involves
o the free viscous mixing and it is assumed that the 'mixing starts at
some distance £ from the reattachment region. This distance £ is
used as a length scale and in evaluating Re. Local inviscid flow is
described by the Euler's equation as the first approximation. At the
end of the mixing zone, the velocity and density profiles are considered

the same as those of approaching the undisturbed flow when the asymp-
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Figure 1.64. &low scheme in region of semi-infinite two-
dimensional supersonic jet attachment to the surface of an
infinite flat plate. [ Neyland (1970a)]

totic expansion matching principle is used. At the outer edge, the
conditions of compatibility with the outer supersonic flow and the
zero normal velocity at the body surface are to be satisfied.
Neyland's (1970a) study shows that in the first approximation,
the stagnation pressure 18 of the dividing stream line (stream line
incident on the body surface is termed dividing stream line here) at
the end of the mixing zone must be equal to the static pressure p
at a large distance downstream of the turning region. 1In reality,

14,

however, P> Py by an order of magnitude O (Re due to the vis-
cosity effect. If we apply Bernoulli's integral for the inviscid flow,
then P, 2 P, - Based upon the vortex theorem of Nickol'skiy (1949)
and the arguments presented by Taganov (1968) for analogous incompres-

sible flows, it is shown that if P = P then the critical point

shifts to an infinitely large distance point to the right of the body
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surface.

The so called "critical point” was defined by Crocco-Lees

(1952), as a singularity point in the basic differential

equation which acts much like the throat of a nogzle in de-

termining the base pressure, for example, or in some cases

the surface pressure distribution in a boundary layer shock

wave interaction. This property is an important one for the

supersonic wake or reattaching supersonic flows directed to-
ward the solid surface. Most of the recompression occours
before the critical point is reached.

Neyland {1970a), shows that in a wide range of initial and boun-
dary conditions, P, > P ie impossible. If Po> P, there must
be, to the right of the critical point, an inviscid flow region which
does not contain reverse flows and which does not satisfy the condi-~

~1/2

tion of compatibility witﬁ the outer supersonic flow for x/Re - + oo,
Therefore, Neyland (1970a), proposed the following procedures to solve
the reattachment problem. A solution, not containing the critical
point, but satisfying the condition of Py = P for the locally in-
viscid flow, is to be obtained by the first approximation. The con-
sideration of asymptotic behavior of the disturbance decay of this so-

lution leads to the investigation of flow for the region )GVO(Re-B/S)

where the characteristic pressure change is 0 (Re-l/u).
In this region, the pressure rises reaching the limiting value of P,
The critical point is also located here and the solutlon is described

by the equations of free-interaction theory. Neyland(1970a), suggests

PP e RS ¥

oo i




the Chapman-Korst condition (Chang, 1970) should be corrected in
O(Re_i/u) although the pressure rise to cause the separation is the
same oxder.

The following Chapman et al (1957). formulation, which is simi-
lar to that of Korst, is a simple way to evaluate the reattachment
Zone pressure: _r
Ppa = P 1"1;—144*2 F
vwhere Ppa is the pressure in the dead air region, p2 is the pressure
on the wall downstream of the reattachment point and M* is the Mach num-
ber along the dividing stream (the dividing siream is located within
the mixing zone, along which v = 0 and the circulatory separated re-
gion is divided from the streamwise flow field). The velocity along
the dividing stream line is u* = 0.587 u,.

Brown and Stewartson (1969), raise a number of questions (e.g. is
fluid in the dead region almost at rest and is the flow near reattach-
ment so simple?) and comment as follows:

But, since the agreement with experiment is so good that one is

inclined to believe that it contains the principal features con-

trolling the dead air zone and that it may well be worth exploring
the assumption further from a more rigrous stand-point. This,
however, has not been done.

Neyland (1670a), also studied the heat transfer in addition to
pressure at the reattachment. The predicted heat transfer results are
favorably compared with the experimental data of Bushnell and Wein-

stein (1968) as shown in Fig.I.65. For this computation of heat tran-




sfer, the narrow flow regions under the local inviscid flow zone where

effects of viscosity and thermal conductivity are significant, have
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igure T.A5. romparison of theoretical and experimental data
for maximal heat flux in attachment region of laminar separated
zone in supersonic flow. [ Neyland (1970a) ]

x Me = 3, Re 105 , & = 0.5, fw =0, 8, = 0.0%5; <
o Me = 3, Re = 10° , g* = 0.9, £, = 0, g, = 0.05; '
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been considered. To compute the pressure distribution of the invis-
cid flow numerically, the edge conditions of these regions are used

for two strip integrations applying the modified method of Dorodnitsyn

(1958), but the computed pressure results were lower than the experi-
mental data of Chapman et al (1957), as shown in Fig.I.66. /
Neyland (1970a), remarks that in order to improve the agreement of ;
predicted and measured data, the free-interaction region is also to be ]
considered.

Neyland (1970a), extended his asymptotic analysis for an incompre-

ssible flow to a compressible separated flow caused by a blunt angle



Tigure 7.5t . Pressure distributicn in the laminar separated
zone attachment rerion ahead of a flat in supersonic “low,

—— faleulatien [Mlevland (1970b) ], o Zxperiment { "hapman et al.
(1957)]; p, = pressure on the body; p, = Ppressure ahead of
attachment cegion.

-

s
28 0

$hees
Fig 1.67. Diagram of separated Tlow of a supersonic flow

at a blunt angle (a) and calculation of pressure in the
field of

t-~External inviscid supersonic flow;

2-~Zone of mixing;

3=-~Area of reversed flow;

4-~Boundarv laver at base of the reversed flow;
f-~Area of separation of flow;

6--Area of reattachment of flow;

7--and 8--Boundary layer in front of the area of separation
and behind the area of reattachment[ Shvets and
Shvets (1976)].

Solid line on the graph -- calculation [ Neyland (19703)};
circles -~ experiment [ Chapman et al (1950)].
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the equat.ons 01 eneri..

{7 the vorticit: 15 small, a ~omplete solution of flow characterist;

in the separated zore is obttainable. Due to the viscositv efe t, the

computed pressure rise at ti.e reattachment bv the “hapman-¥~rst tteor
. , . , 4 :
is less than the experimental data by an order of O( € °) ac shown in

Fig.l .57,

5.3.4, Flow Over Protuberance

The asymptotic methods are applied to problems around obstacles

or irregularities located on the bottom of a boundary layer. Zubtsov
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(1971), ana.:zed this problem for incompressible flow, and Bogolepov
and Nevland (1971), ‘or compressitle “low. The results of Zubtosov
(197", show “raa” i 'te characteristic iimension is of the order cf
protuberance rel.svt, tne Cirg anproyimatlon reduces te the solution

nt the Tuler e~ .o W v v, ander certaln flow condition, contairn

Loreene Ul : i Luwretrenm of rotuceance,  Bogo-
cenorand e e 0 T e e e e Lo Tlew over 3 osmall pro-
TS SO P T AN corat o Coente el rmeters gnd
e loca W . N ated s orrechondins bhoure
S I O TR S Y S T STt AR TR Treoreslts 80w ‘hat a marked
1
CLUTEALE O LIt ian SUreh art T erial L uXer t. e -od. curvace

take plac - 3t Larcer disty el ox eeding tte omier oY nasnitude of

‘re craracteris vistac e Himersiy v e e deterrioe the one
SEl ot the upstrear Cloo sepsc o o8 an obstacle whose height and se-

At i rone et e o0 . ware o oier o0 ma nitude, 1' is neces-

ar. Ceosci.e tre ompLete noompresalc le tlew Navier=Stoke equation.

otte ohtta les oo O oeraer . o the ceparation point and separated

reglun are detert ared slmpl Lsing Prandtl's equation. Fer this i

ane oty nender otsta e, o value o! parameter def‘ined Uy the ratio

CroLrsta ie o o ovesection *o ctaracteristic boundary laver section area, E
-

amour.ting e classi‘ies twe different pstream pressure “ields. If

this parameter 18 small, then the obstacle induces rarefaction and large

compression disturhance occurs.

Inger (1974), used the small perturbation theorv of a compressible

boundary laver to solve the flow problem past a relatively small protu- {
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sations into inviscid and viscous components. The viscous component

P

)

! cerance (or boundary laYer control apertures) exposed to high speed
P laminar flow, assuning tr and Le are equal to 1, by introducing per-
; turbations u', v', p' and T' caused by the protuberance.

¢ The resulting roverring equations are linear differential equations
g ~+ partial derivatives. T1f He is large, one may divide the pertur-
i

s essential’y only in a relatively thin sublaver close to the sur-

ar> where perturbation motion can he considered as incompressible

it nesiisibly low eat transfer due to viscous dissipation. These
assumptions simplify the linearized Navier-Stokes equations of compres-

sible ‘low.

! <. 4. humerical Solutions:

The numerical solutions of the Navier-Stokes equations contribu=-
ted Torwards a better understanding of the separated {low. 3Babenko et
al (1971), pointed out that the problem of the viscous flow over a blunt
vody is one of the most complex ones due to the significant non-linea-~

rity of the Navier-Stokes equations dealing with the reversed flow zone

and the phenomena of its instability for larger Re than the critical one.

These problems are not self-similar and analytical solutions are two dif-

s ficult to obtain.

viviand and Berrer {1966) and Kirmasov and Korzhuk (1969a), solved
incompressible separated flow problems by the first approximation of
the liavier-Stokes equation. The infinite conditions were not rigorously

satisfied by this approximation because of the dominant inertia
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forces and the obtained solutions are applicable onlv for a small Re.

Fig.T7.68 and T.69 show the pressure distribution on the rear wall ot

a two-dimensicnal surface in a parameter o J and stream line confi-
suration in a tmnetion of v, with d = 1, wrere d =‘;/E, ¢ 1is the
phvsical boundary layer ti

and F 1s the neirht ol the bhase.

Jigt-itutlon of pressure aiong the rear wall

i+ c¢lid lines correspond to data of [Rirmasov
nd Rcr;huk(‘U‘w}J, tre deshed lines -- to Viviand and
cercee (t9rs [ Unvets and Shvets (197€) ]

ot otpe ot

Fi~.7.69, Picture of the stream line in a base region

[ 7iviand and Berger (1966)] {xc -- point of reattachment):

A==vy = 0; b--VH= 0.1; c---vH = 0.2,




Ve e e e e e rprient. 0l Al lncrease oL oV

tH

reveurse low zone becomes apparenti and the roint of se-

‘ror e edre Lo a point on the rear wall. With an
Lscrense o ¢, the separation point approaches the center and the
size of reversed rlcw regilon decreases, but with an increase of v,

H

4+

ta:ling ed 2.

£7), solved the Navisr-Uickes equation by a finite dif-
2-emce method In omer te investigate the [lov downstream of a plate
Caced perpendicular to the main flow, at a small and averapge Re.

The resurts indicate that the length o7 the stasnatlion zone increased
with inorease of e, mut 1is width remained unchanged ani the oscilla-

the stagnaticon zone, causing Karman vortex street, was observed

a~ e = 50 in agreement with experimental resulits.

soldvreva and Kuskova (1970), analvzed the flow past a sphere by
replacing the infinite condition with an imaginary sphere of larce ra-
Zius. The conmputation “cr Se = 1, 5, 10 and 20, shows that with the i
.rease oi Feé, the Slow symmetry breaks down and a noticeable vortiex ap-
Dears when Re = 720,

Jorednitsyn and Meller (1968), employed tre numerical method to so
the “iscous lncompressible flow in an expanded two-dimensional channel.
it oearh step of iteration, a svstem of linear algebrac equations was so
indicating that a stagnation appears with a reverse flow.

ravliev (1948}, solved numerically the Navier-Stokes equation for a

N

lve

lvec

supersonic flow around a blunt body and completed the flow picture inclu-

ding a shock wave. A formation of vortices downstream of the body was pre~
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Fig.7.70. ©low of a viscous gas
ina wake of a two-dimensional body
[ Myshenkov (1970)):

a-~c-~picture of flcw (M = 0.788,

a--Re = 3, b--He = .1, c--Re =
1.7); d--distributed pressures
alony the axis ¢ the wake {1--
M = 0.288, r==¥ = 0.864, 3==M =
1.15)

dicted at 3e = 50, but was not detected probablv due to the fact
that either they were absent in certain conditions or that they were
not visible because of the large grid used.

Myshenkov (1970), solved the Navier-Stokes equation by using the
Lax-Wendrof'f method, for subtsonic and transonic wakes downstream of
a two-dimensional surface at Pr = 0,71, in the range of 1< Re £1000.
His paper of 1970, shows that at small Re< 1.7, the flow does not sepa-
rate and at Re = 1.7 a fairly large zone of small velocity is formed
at the rear critical point as seen in Fig.l1.70, and with the increase
of Re, separation occurs at the base forming a reverse flow region.
At the trailing edge, the flow turns at a right angle with no separa-

tion affected by viscosity and the separation point is located in the

preey




base region as Weinbaum (1968), theoretically, and Donaldson (1967),
experimentally found. With an increase of Re, the dimension of the
reversed flow region also increases, the separation point shifts to-
ward the corner and the pressure distribution evens out and at Re 2100,
the base pressure becomes almost constant. When M3 0.864 the pressure
in the separation zone increases reaching pap, , caused by the trail-
ing edge shock. However, toward the downstream direction the pressure
becomes equal 10 De.

Mvshenkov in 1972, solved the wake flow downstream of a flat plate.
At Re = 3, the separation point was located not at the corner, but on
the plate base. With an increase of Re, the reversed flow region grows
and the separation point moves toward the corner and the pressure varia-
tion smooths out. At Re = 100, the pressure becomes almost constant. 4
The base pressure does not vary before separation despite the increase -
of Re, but after separation the pressure increases sharply, and with a
further increase of Re reaching 1000, the base pressure increases mono-
tonically and the wake flow becomes unsteady. The analysis of the Mach
number effect in the range of 0.3<M<2 at Re = 100 shows that with an
increase of M from 0.3 to 0.8, the reversed flow region elongated and
narrowed, With further increase of M, the reversed flow region con- ‘ *
tracted in length and width, and if M increases above 1, the flow sta-
bilizes and delays the occurrence of separation.

Brailovskaya (1971b), detected more flow details by solving the ‘
two-dimensional supersonic wake flow downstream of a rectangular base. 1
The numerical solution of the Navier-Stokes equation in a small wake |

region of reversed flow indicates that in the neighborhood of the cor- ﬁ
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ner, the flow expands and the pressure downstream of the wall increases
sharply at first, then remains almost constant up to the axis of symmetry.
This compression wave is more apparent at large M and Re, and the dimen-
sion of the reversed flow region increases almost directly proporticnally
to Re, but decreases with an increase of M. The interested readers may
be aware that the following numerical solutions were achieved elsewhere.
Jenson {1959), obtained a solution for the flow around a sphere using

the method of relaxation [or e = 5-40 by fixing Re = 17 as the critical
e at which flow remains attached. Son and Hanrattv (1969), solved num-
ericallv, for the flow around a cylinder at Re = 700 and 500 and Burggaf
{1966), numerically analvzed the structure of the separated flow in a rec-

tangular cavity.

5.5 Numerical Experiment

A brief presentation on the numerical experiments, carried out in
USSR follows. PRecently, at the Computer Center of the Academy of Sci-
ences of the USSR, under the leadership ot 0. M. Belotserkovskiv, a num-
ber of numerical experiments were carried out to investigate the complex

"luid flows using various principles of numerical modelling for equa-

- tions of Euler, Navier-Stokes and Boltzman. Compared to a full scale

. experiment, the said approach is less expansive and, in a number of cases,
it is the only instrument of investigation.

i For the numerical experiment, the following steps, which may be cor-
related to physical experiments are taken:
Selection of a mathematical model, set up of an approximate solution sys-

tem for the initial differential or integral equation, study of stability
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Fig.1.71. Picture of the {low past a round cylinder [Belotser-
kovskiy et al.(1975)J:

a=-lte = 1; be-Re = 10; c--ke = 30; d--Re = <0; e--7e = 107,
T = 162; f--Re = 10°, T

166; p--Re = 103, T = 170.

i"ig.7 .70 . Diagram of a sepa-
rated zone behind a sphere (M=20)
[ Belotserkovskiy et al. (1975) ]s

a--Re = 104; b--Re = 1500.

.‘.
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"i-.7.73. lependence of characteristics
o1 a zone oY a reversed circulation ilow
on the "eynolds number [ Belotserkovskiy
et al.(197s) .
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CHAPTER 1T
SYMBOLS
A Coefficient of calibration
Cfo skin friction coefficient (Squire and Young)
Co Concentration of active ions
D diffusion coefficient
do diameter of circular tube
dp diameter of prote
F Faraday number
o= (8/u)(dug/ay)
T probe current
! Zl length of mixing zone
fz total length of cavity wall
! u’ fluction of u 1
ug floy velocity at channel axis at 10mm upstream of
cavity
v' fluctuation of v
v* wall shear velocity
w' fluctuation of w
X = X /H 1
g+ = ¥y
s ]
1= (8 Cpp) - Reg i

166




CHAPTER 1II

Incompressible Flow Separation

In Chapter I, various analysis for flow separation have been pre-
sented, Therefore, in this Chapter II, certain aspects of a separated
"low model, experimental investiration of incompressible turbulent flow,
affected by adverse pressure gradient involving flow separation, a three-
dimensional effect on the separated {low, and the cylinder separated
.1lov phenomena are presented. Although the main content is for subso-
nic flow, pertirent supersonic phenomena are described for a comparative
rurvose,

The two-dimensional and axisrmmetric boundary layer flow separate
if the streamwise adverse pressure gradient is sufficiently large due
to the reduction of momentum, especially in the vicinity of a wall sur-
face.

The recent investigations in the USSR on turbulent flow affected
by adverse pressure gradient described here may serve for the under—
standing of flow separation.

1. Effect of Adverse Pressure Gradient on Incompressible

Turbulent Flow Involving Separation

1.1 Local Velocity Components and their Fluctuations in the ’

Yicinity of a Wall

Yefimenko and Khafakhpasheva (1976), measured components of local

velocity and their fluctuations along the close vicinity of a diffuser ;

wall in order to evaluate effectively the wall turbulence structure up
to onset of flow separation. Because, presently most experimental studies

were made at a considerable distance from the wall and under conditions
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of unlikely flow separation, this investigation is desired to solve

the turbulent flow separation problem.

Since the general characteristics of fluid motion is affected by the
asymmetry of diffuser shapes used by various investigators, Yefimenko
and Khafakhpasheva (1976), instead selected the flat symmetrical dif-
fuser, on whose wall skin friction dropped significantly along the stream-
wise direction.

The diffuser total divergence angle was 80, inlet cross section 40 x
100mm, fore section 400mm, and the test Reynolds number at the inlet

5.3 x 10“. Tests were made at four cross sections ', ?, 3 and 4, located
from the inlet at x = 164mm, 219mm, 274mm and 3”9mm respectively.

The turbulence characteristics were determined by.;troboscope flow vi-
sualization and by computer processing of the photographic materials.

The electrodiffusion method for the measurement of skin friction applied
by Kutateladze, Kashinskiy and Mukhin (1976) uses as the working fluid

a solution of sodium hydroxide and potassium ferri - and ferrocyanide

in distilled water. This solution is also used for flow visualization
because gas bubbles are produced electrolytically due to the chemical

reaction of the working fluid with aluminum particles. ;

The electrodes consisted of platinum wire of 20 g« diameter drawn over

the surface of a glass plug inserted into the diffuser wall. The light

beam from the Helios-40 IFK-120 electronic stroboscope passed through }
the plug and illuminated a narrow flow region and the photographs were

taken through the parallel walls of the working section. The total
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; ',H’“f“f_'v'ﬂ»' p

number of instantaneous velocity values amount (2—3)_-103 in the range

+ .
of Oy = 1;71 < 300 where v* is wall shear velocity defined by

('Th/,fe)%. These instantaneous values are used for computer proces-
sing to evaluate Tlow pattern as a function of time, to analyze the
back “low near the wall and to estimate the dimension of separated flow.
The magnitude of the wall shear velocity v* was derived from the mea-

sured data of “utateladze, Kashinskiv and Mukhin (1976) using electro-

diffusion method.

1.1.1 Results of Measurementis

The analvsis of the instantaneous flow pattern by visualization and the
computer indicates that the upstream of sections 1(x=164mm), and ?(x=219mm),
no region of reverse flow existed, but as shown in Fig,II.1, at sections
3(x=r74mm), and 4{x=37°9mm), instantaneous local flow separations in S%

and 87 of the frame, respectively, were observed, though the shape of the
averared velocity profile is still not that of the separation profile.
Futhermore, from Figure IT1.1, it is seen that the values of the transverse
velocity components are of the same order of megnitudes as the streamwise
velocit components. The separation zones were a few milimeters in dia-
meter. The measured average streamwise velocities at various y+ are lower
than those computed in the viscous sublayer (line I) and in channel or

boundary layer (line II) as indicated in Figure IT.2.

One example measured transverse velocity v is shown in Figure.IlI.3. 1Its
absolute value decreases downstream, but the ratio of v/u° increases

downstream and away from the wall. Nevertheless, contribution of v(du/dy)
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to the momentum balance in the
wall region may be significant
because the streamwise velocity

gradient is large.

The three dimensionality of flow
was not measured but its existence
can be indicated because the mea-
sured values of v are larger than
those computed by the two dimen-

sional continuity equation.

The measured fluctuating streamwise

and transverse velocity V'§12 and

v'? npormalized by the velocity

at the diffuser center line g are

Tig.11.4. Velocity fluctua-

tions. a,b,c,d —]/371/u0;
e - V:F’/u [ Yefimenko and

Khabakhpashéva (1976)]
1,2,3,4, correspond to loca-
tions of x = 0.164, 0.219,
0.274, 0.329 m.




shown in Figure II1.4, The figure also indicates that the magnitudes
of the transverse velocity fluctuation is smaller than that of the

streamwise fluctuation.

.o . , . N . N . ‘]==z .
It the ratio of the sireamwise root-mean velocity fluctuationl u'" is
plotted with respect to the average local streamwise velocity it as
seen in Fipgure IT.5, then this ratio increases downstream and closer

to wall.

R

2 L4 -4 o 29 v g

Fig.17.5. The ratio Y u'? Ju . 1,2,3,4, corresponds
of location of x = 0.164, 0.219, 0.7274, and 0.229 m. ;
§ - plane - parallel channel [ Kutateladze et al (1975)]

The normalized streamwise and the transverse velocity fluctuations

utt / v* and fv'? / v of diffuser flow and plane parallel

channel {low with respect to the wall shear velocity are shown in
+
fizure TT.6. Throughout the investigated flow region up to y = 300
+
~ 400 the velocity fluctuations increase with the increase of y

+
and the streamwise velocity fluctuation is larger at small y than

the maximum value of the plane parallel flow.
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Fig.IT.7. Turbulent stresses
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*
1,2,3,4, correspond to locations of x = 0.164, 0.219,

=

0.274, 0.379 m.
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The behavior of the Reynolds stress is presented by wu'v’ in a function
+ ————
of y in Figure 1I1.7. Although in general, u'v’ reaches a sharp peak

with a long trail, u'v' did not reach the maximum under test conditions.
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Fig.TI.8. Correlation coefficients S
[ Yefimenko and Khabakhpasheva(1976) ] wefv
1,7,3,4, correspond to locations of

x = 0.164, 0.219, 0.274, 0.329 m.

As indicated in Figure I11.3, for diffuser flow, u'v /fu'* Jv‘* is
considerably reduced amounting ~ Q.7 compared to ~ 0.4 - 0. 43 for
circular pipe flow with dp/dx = O in the region of a well-developed

turbulent flow,

The relation of u'v' with respect to kinetic flow energy along the dif-

1 fuser center line, u'v'/%u:; in a function of y/4 1is not monotonic
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as shown in Figure 11.9,

L6 |€
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A LYC

©000

as a2 a3

a4 //l

Fig.I1.9. Turbulent stresses

2V .[ Yefimenko and Khabakh-
1/2u pasheva (1976) ]

1,2,3,4, correspond to locations of
x = 0.164, 0.219, 0.274, 0.329 m.
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In Figure 11.9, it is seen that
at section 3, the values of
=¥ .
u'v /guo are the lowest, while
the highest at section 4 at large
v, but at sections 1 and ?, almost

equal values prevail, independent

of the streamwise distance.

The boundary laver thickness used
in Fig.I11.9, is determined from
the velocity profile measured by
Kutateladze, Kashinskiy and Mukhin

(1976).




Characteristics of Turbulent Boundary laver Affected

by Adverse Pressure Gradient Tnvolving Separation

Kutateladze, Kashinskiv and Mukhin (197%), accurately measured
oy applying the electrodiffusion method, the mean and fluctuating com-
ponents of wall shear stress and Tlow velocity in a wide range of ad-
verse pressure gradients involvins “low separation.

The surver of the present state ol art vy Kutateladze et. al.
shows that: the skin fri~tlon computed from the velocity pro“ile mea-
sured by Clauser (19%4) is not applicable Yor a sirone zdverse pres-
sure gradient and only Ludwieg-Tillmann's (194S) ecuation ¢iven bv

Nz 0.ou6 . 1070-078H (o, y=0.768

o
- Re

k e)
is involved with the directly measured skin friction. This equation
does not satisfy the separation condition of ﬂf = 0 for H= Hcr’ al-
though this equation provides a very small value cf Cf at H» 3 - 4,
However, the extrapolation tecnnique for Cf-+ 0, is often used to de-
termine the separation condition 17 this equation is selected for sim-
plicity. Ludwieg and Tillmann (1949), installed the thermocouple flush
with the wall but it is known that the low reliability of the thermo-
anemometer readings close to the wall does not yield an accurate deter-
mination of the intensitv of velocity fluctuation in the viscous sub-
layer nor of the fluctuation intensitv of the wall shear siress.

For the separated turbulent flow, the quantitative information is scare.
Therefore, Sandborn and Liu's (1968) instrumental study of structure of
the separation zone indicates that the presence of the back flow can be

determined with a dual thermoanemometer probe. Khabakhpasheva's (1974)
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stroboscope method of visualization showing the higher intensity of
shear stress fluctuation on the diffuser wall than on the flat channel
mav p.ovide more detailed information. The conventional methods which
do not allow tack flow introduce the indeterminate error.

Thus, in order to contribute to the solution of the essentially
uneolved ~ronlem of the turbulent boundary laver with streamwise adverse
vressure gradient Involving separation, Kutateladze et.al. presented
*rre electrodiffusion method, the measured data and their findings.

“lectronditfusion probes, made from platinum wire (50—1OQ/A) or
+ strip erbedded 1n a chemical glass cvlinder of about 0.2m diameter,
were inserted into a recess in the wall of the interchangeable working
section of the closed “low loop. The working fluid consisted of a so-
lutior ot 0.°N sodium hvdroxide and 0.005N potassium ferri-and ferro-
c:amide in distilled water.

« -4

neasurerents ¢ Wall Shear Stress and Flow Velocity

The same technique was used for measurements of wall shear stress
and flow velocity. The wall shear stress is related to the probe cur-
rent by

37 e w2y = Al

Tz (1.?47/‘13)/(1“3 Co 2 n

for a rectangular probe and
To = (3.16,«I3)/(F3 (‘,03 o dos)
for a circular probe. The symbols mean:
2o - wall shear stress
A+ - dynamic viscosity

I - probe current
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F - Faraday number
Co - concentration of active ions

- diffusion coefficient

*a
'

longitudinal dimension of probe

h - transverse dimension of probe

A - coefficient to re determined oy calibration

do - diameter of circular probe.
These equations are formulated oy assunines that the velocity profile
close to the wall is linear and the shenr stress 1s stead.

Thus, for the linear veiocity profile, if the prorerties of the
electrolyte are known, then steady 7, can te computed from ithese equa-
tions by measuring current value.

However, with a pressure gradient, it is necessary tc take into
account the effent of the nuadratic “term in the sevies-cx:zarsion of
velocits near the wall, therefore velocit s romputed

vo= T fuy vt/ (ap/ax) oy
e merit of the electrodi*Tusior method is readily seer ' =-ause the
"hickness oY the dit*usiorn laver s small and “or the separation?,~ 0,
arcideration of the second term ls necessar.. For the unsteady wall

cpear stress invelving “luctuatinn, the following correctior is needed.

= _ T3 ...
To = A7 :Au3+3,;')
where ['7 ic mean square valve of [ fluctuation. The root-mean-square

at wall shear stress was determined by
Verk/ o =3 V1o /1
-]

imilarly, the mean velocity is evaluated by
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u=§ (1 + 1% 19)
where u is the velocity for no fluctuation and the degree of flow
turbulence is given by

¢= Vays = 2YT%/T
The electrodiffusion method for velocity measurement is analogous in
many respects to constant-temperature hot wire anemometry.

Since the drift of probe characteristics is unavoidable due to
contamination in the fluid, a sequence of calibration-measurement-
calibration is needed and velocity measurement is calibrated by a
laser-Doppler anemometer.

The relative error of mean-value measurement by the electro-dif-
fusion method amounted to 5-7 for wall shear stress, 2.5-3% for local

velocity and turbulence intensity and 10-1%% for & = 0.5.

1.2.7 Determination of Characteristics of Separated flow

In order to fix the flow direction, an attempt was made to detect
the transitory stall by the modified electrodiffusion method by build-
ing a special electronic circuit. The oscillograms of the circuit out-
put are then used to determine the streamwise of the reverse components
of the wall shear stress in the transitory stall regime. A dual elec-
tro diffusion probe consisting of two closely adjacent rectangular pro-
bes is shown in Fig.I1.10.

If the source voltage is applied to one probe only, then the probe
will show the same current. However, if the voltage is applied to both
probes, then the diffusion wake from the upstream probe will form a

screen over the second probe which indicates a lower diffusion current.

17
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12

7 7T
Fig.11.10. Schematic diagram of dual

electrochemical probe.
[ Kutateladze et al (1976) ]

But, if flow reverses, then the first probe will show a smaller
current value. In order to process the probe signals, a special
electronic circuit consisting of amplifiers, inverter, commutator,
reference-frequency generator, electronic switch and frequency me-

ter were built. The examples of oscillograms of the circuit out-

put recorded with an N 105 oscillograph at scanning rate of 250 mm/sec.

in the transitory stall regimes are shown in Figure TI.11.

Fig.1T.11, Oscillograms of output voltage of measuring
circuit. [ Kutateladze et al (1976)] ;
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A positive signal polarity on the oscillogram corresponds to a for-
ward direction close to the wall, while a negative polarity corres-
ponds to the back flow. The moments of transition from the positive
to the negative signal polarity correspond to the passage of shear
stress through the zero point corresponding to the change of the sign,
with large absolute value to the probe signal. This is due to the
larger error of the wall shear stress measurement by the electro-dif-
fusion method when the instantaneous value of 7, approaches to zero
because the diffusion current of the probe is determined essentially
by the second term of the equation

u=7 juy+ (1/2)«%@(2 ¥
involving instantaneous pressure gradient. The signal similar to
Fig.11.11, can be used to approximate the positive and negative com-
ponents of the wall shear siress in the transitory stall regime where
the intensity of forward and back flows with a rapid transition from

one flow direction to the other is high.

1.2.2.1 Results of Measurements

Kutateladze et. al. presented the following semi-empirical for-
mulas: Y =14+177¢
R =1.3-177f
admitting that these equations do not correlate all the measured data
on the various diffuser flows.
The function Y 1is defined by ¥ = (cg/c f.)-no‘,. The value of

ct is evaluated bmsed upon the measured data of »all shear stress
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7, and the velocity at the outer edge of shear layer ug- The value
of C; 1s computed by using Squire and Young's (1938) equatiom:
o
- . 2
Ce, = 2/ {5.89 log,(4.075 Ree)}

The symbol f refers to the well-known boundary layer parameter

du

€ = ¢

e 4X

On the other hand, Kutateladze et. al. confirmed that the Ludwieg-

e
u

Tillmann's equation correlates well with their experimental data.
However, the skin friction coefficient evaluated by Clauser (1954)

did not correlate well, especially for small values of ﬁ”

1.2.3 BSome Fluctuation Characteristics of Boundary layer in an Adverse

Pressure Gradient

By taking account of fluctuation characteristics of the boundary
layer for the adverse pressure gradient flow, the error of measurement
can be assessed and the nature of channel flow may be better understood.

The measurement of the channel flow indicates that the streamwise
velocity fluctuation u' reaches its maximum at a large distance from
the wall. Furthermore, the intensity of the turbulence in the core in-
creases in the flow direction, apparently due to the fluctuations of the
instantaneous displacement thickness of the boundary layer at the wall
and rate of turbulence increase in the core is dependent upon the'degree
of blockage of the channel cross-section. This increase of turbulence
in the core is considered as a specific internal flow feature distinct
from that of external flow. It may be noted that despite the increased

turbulence in the core itself remains as a region of constant velocity.




In the transitory stall regime, the back flow ooefi-"i..cient 7‘8,
defined as the ratio of the life time of the back flow to the total
time of measurement, amounted 2.5-1%3.

The coventional probes with no correction of back flow responds
only to the positive velocity component resuiting with an error of the
order of a’s in a given cross-section. Thus, if the value of 7 s is
unknown, tte error of the measurement is indetermineate. Fig.IX.12

shows an example of velocity profile.

-+ ¢t
v
» o—1 e oo 1
%
o —2 o ®0

PR

S

! [] 2 [ .

Fig.II.12. Velocity profiles in the boundary

o 3 layer. Regime 203. 1-x = 0.164 m; 2-x = 0,219 my
R’ Fx = =274 m; b=x = 0.319 m; S5-x = 0.384 m.

i [ Kutateladze et al (1976)]
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For small values of ln(yv*/y ), velocity distribution is logarithmic
but at its larger values the measured data are error in order of ‘7;.
thus should be smaller.

The measured data of H and f vary between 1.53-2.00 and 1.8-6.9-107>
respectively as -fg varies between 0-14.2% indicating that in the in-
ternal flow, the back fi . coefficient 1»8 does not correlate the con-
ventional aerodynamic parameters.

Kutateladze et.al., confirm the sriter's opinion (Chang, 1970) that
separation of the internal flow differs from that of the external flow.
For the internal flow, as mentioned previously, turbulence increases in
the core and the boundary layer thickness near the separation is thick
comparable to the channel dimension afiecting the stream line displace-
ment by J3‘ which in turn strongly increases turbulence in the core as

well as characteristics of boundary layer in a given cross-section.

1.2.4 Effect of Three-Dimensionality of Flow

The effect of the three-dimensionality of the flow with an adverse
pressure gradient to the flow characteristics, especially to the separated
flow, has been assesed by the difference of the measured data by Sﬁ(x)

from that of, ‘Pé(x) of the momentum equation. In non-dimensional fomrm,

2 2
u e x u
\lf = ___ _ 1 + 1/2 f :*/e.d(_g_.)
U (u %) x z
e [+ o u‘o
X oy x
Y, = (F)-d3)
X e o
[
where subscript o refers to some initial cross-section x = x_.

[}
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If the pressure gradient is zero or favorable, then q'i(x) =
Lf;(x) satisfying the momentum equation as reported at the Stanford
Conference (1968), but for flow with adverse pressure gradient dif-
ference between \f’i(x) and lf'z(x) occurs which is attributed to the
pressure of the three-dimensional flow.

This three-dimensional effect is evident in the separated flow
since it is well-known that the separated flow is multi-dimensional.
As shown in Fig.IT1.13, in the separated flow regime, a large discre-
pancy exists between the values of ‘Pi(x) and Vz(x), confirming the

existence of three-dimensional flow.

%
ogfx — x
s -# x
x
x
o8
A a
A a
‘:‘ X -
4q¢ a2 e}
X, m

Fig.11.13. Test of relation [ Mirskiy (1972)].
Regime 203.

Although, Head and Rechenberg (1962), by using a Preston tube for a
pipe flow observed the very substantial and almost periodic variation
in skin friction at right angles to the flow direction in the develop-

ing turbulent boundary layer, Kutateladsze et.al, did not notice perio-
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dicity in the wall velocity changes.

2. Cavity Flow
Cavity flow models have been surveyed by A. V. Gorin (1976) in his

review paper entitled, “Survey of Models for Calculating the Flow of an

Incompressible Fluid in a Square Cavity”, Gradient and Separated Filows,

(1976), ed. S. S. Kutateladze, Academy of Sciences of the USSR, Siberian
Department, Institute of Thermophysics, Novesibirsk, citing mostly twen-
ty nine non-Russian references and seventeen Russian ones, including the
USSR experimental investigations. Therefore, only brief remarks on the
Russian analytical works on cavity flow model are citied first and then
the experimental investigations in the USSR on cavity flow are presented

separately.

2.1 Cavity Flow Model

Kochin, Kibel and Roze (1963), attempted to solve the problem of

cavity separated flow based on the inviscid flow theory.

4

c)

Fig.II.14, "Inviscid" models of flow in a cavity.
(Gorin (1976)]
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The potential streamlines entering the cavity, as sketched in Fig.IIl.ida,
are considered and the problem is solved by confirmal mapping of the
flow field. As an alternative way, based upon the concept of Kirchhoff,

as shown in Fig.77.14b the flow field is divided into two; the forward

flow field with undisturbed flow velocity u,, in the upper plane and a
calm flow region in the cavity. These two flow models do not represent
the real fluw phenomena as experiments indicate, because the magnitude
of velocity predicted by these models in the cavity are comparable to
Ugo » contrary to the lower value at the cavity floow (Fig.II.14a model)
and equal to zero, (Fig.II.14b model). Furthermore, the analytical so-
lution obtained by Kirchhoff's method is not unique, since for each pres-
sure chosen in the separated flow region, there will be a different in-
terface shape and a new point of separation of the free stream line from
the surface.

Gol'dshtik (1962), modeled the cavity flow based on the concept of

"composite” motion; the flow is potential outside the separation zone

and in the separation zone vorticity is uniform, as indicated in Fig.II.14: .
The stream lines evaluated by numerical computation, based on this model,
are in a qualitative agreement with those observed by experiment. From

the practical viewpoint, these three inviscid flow analysis do not yield, |
of course, the desired information on friction and heat transfer affected :

by viscosity.

Neyland and Sychev (1970), based upon the the asymptotic approach,
generalized the analysis to be applicable for rotational flow closed by

any stream lines. They also explained the physical meaning of the expre-
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ssions

fhzdl = const.
obtained by Batchelor (1956) for the two~dimensional recirculating flow
within the circular region boundary by a wall, as the balance of shear
forces at the fixed and mobile boundaries of the vortex. Thus, the ef-
fect of rotation of the vortex core can be neglected since these forces
balance out.

Nakoryakov, Badatov and Slin'ko (1970), applied Korst's concept,
to solve the problem of rectangular cavity flow. The velocity distri-
bution in the mixing zone was obtained for two constant velocities Uey
and Ug,- The shear stress at the cavity wall, neglecting the cormer
eddies, and assuming laminar flow over a flat plate, was formulated by

3/2 -3/2 -1/2
T = 0.3%2uu, (0.7 % 1.1 IV ALY (wxy)
Where .[1 and { , are the length of mixing zone and the total length of

the cavity wall respectively and ue1 is undisturbed external flow velocity.

2.2 Experimental Investigations of Cavity Flow

Experimental investigations are carried out for the velocity field,

the wall shear stress, and the side wall effect of the cavity flow.

2.2.1 Velocity Field in Cavity

Bogatyrev, Dubnishchev, Mukhin, Nakoroyakov, Sobolev, Utkin and
Shmoylov (1976), investigated velocity fields of laminar and turbulent

flow in a square cavity by using laser-Doppler anemometry.




Measured data of velocity profiles are correlated in ordinary "jet"
coordinates because it is considered that the jet flow prevails after
the €low separation from the top edge of the upstream wall. The ca-
vity Slow pattern is thus considered as follows: When the jet from
the top edge of the upstream wall strikes the downstream wall, a por-
tion of the jet is directed to the bottom comer of the wall forming
an edd; and turns {rom the bottom corner of the downstream wall. The
“low *hen spreads along the f{loor surface of the cavity toward the up-
stream wall forming another eddy in the bottom corner of this wall.
After Tlowing avay from the {loor surface, the jet mixes with the free
stream in the mixing zone.

This jet “low model is simple compared to Charwat, et al's(1961b),
an experimental mass exchange cavity model which involves three layers
in the cavity; shear, buffer and reverse flow layers, and could breathe,
i.e. the separating stream line pulsates. A large recompression vortex
is observed at the corrzr of the downstream wall while there is a smaller
orne at the opposite corner of the upstream wall with the direction of ro-
tation opposite to that of the recompression vortex. For this model,
Tluid flow is not considered as a jet.

It may be recalled that Kline (1959), observing four different in-
compressible diffuser {lows with a successive increase of divergence an-
gle of wall surface, unstalled flow, transient three-dimensional stall,
steady two-dimensional flow and finally at largest divergence angle,
tested the jet flow separation from the wall.

Chartwat et al (1961a,b) do not consider their sophisticated mass




exchange model sufficiently complete. Thus, it may be of interest to
find out whether the simpler Bogatyrev et al's jet flow cavity model

is useful to understand the complex cavity flow problenm.

2.2.7 Mdall Shear Stress in Cavities

V.Ya Bogatyrev and V. A. Mukhin, measured the mean incompressible

"oy

turbulent shear stress and reported in the monograph "Cradient and Se-

parated Flows" ed. S. S. Kutateladze, 1976.

Applying the electro-diffusion method, the mean incorrressible tur-
bulent shear stresses were measured in rectangular cavities over a range
of a Zeynolds number of 1.5 - 7.5 x 10“, based upon the mean flow rate
in the channel W and the channel diameter d, and for various cavity len-
gths but with its constant depth. The working fluid of the electrolyte

was circulated in a closed return loop. The cavity was Iormed by the

sudden axisymmetric expansion of the channel diameter from 31.5 mm to
169.5 mm followed by its equally sudden contraction to the original dia-

meter. This type of cavity geometry ensured the elimination of side-

B e mn o s e e

wall effect. The depth of the cavity (H) was kept at a constant 69 mm
but the cavity length (L) was varied in a range of L/H = 1.0, 0.7, and

0.5. By providing a sufficient length of the entrance length of 100

PRV

calibers it was possible to stabilize the upstream {low of the cavity. !

As the sensing element for the measurement of mean shear stress, . ' i
platinum wire of 0.5 mm diameter was mounted flush with the surface of ;
the probe. The signal from the probe was relayed to a special d.c. am-

plifier (the EDP-1, electrodiffusion transducer) developed at the Ins-



titute of Thermal Physics of the Siberian Branch of the Soviet Aca-
demy of Sciences., 1In order to keep the physical properties of the
working fluid constant, its temperature was maintained at 25 * 0.2°C.

The magnitude of shear stress was computed by
Tw = ( 3.16 4 3.3 )/ F3D2003dp (1)

where ¢4 is dynamic viscosity, I probe current, F Faraday number, D
diffusion coefficient, Co concentration of ferricyamide ions outside
the diffusion boundary layer and dp the probe diameter. The accuracy
of this evaluation was checked within an error of 10% with its value
calculated by the Zlasius formula.

The measured shear stress distributions on the cavity wall are
shown in Fig.1I1.15, 16, and 17 for L/H =1, 0.7 and 0.5 and in a para-
meter of Re = P d/w@ .

Bogatyrev, Dubnishchev et al (1976), found that the shapes of shear
stress distributions over the cavity walls correspond to the shapes
of velocity distributions of boundary layer on the cavity walls.

As shown in Fig.I1.15, 16 and 17, the behavior of shear stress dis-
tribution is similar to each other in the range of the Reynolds numbers
of the test. The shear stress is maximum near the top edge of the down~
stream wall and diminisies rapidly toward the bottom of the cavity in a
relation of Tu= x-z. This is caused by the wall jet flowing up-
ward toward the mixing zone and striking the downstream wall of the ca-
vity.

From these shear stress distributions the following cavity flow
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walls (L/H = 0.7). [ Bogatyrev and Mukhin (1976) ]

Distribution of shear stress along cavity
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structure is conceived:

The wall jet is divided into two parts; the proper jet region and

the wall tlow uvoundarv layer.

The »oundary laye~ separation point is located at the position
o! *he minimum shear stress (close to zero) i.e. at x = x/H = 0.8 for
M T 1, X = 0.7 cor L/M T 0.7 and 0.5, The rrowth of the shear stress
aTter the separation is att-ibuted te the secondary eddies with their
rotiat.onal dire.tions cpposite to trese of the primary eddies. Because
the probe ‘s insensiti.e to chanres of the low direction, the skin
“riction increase is recoded. On the bottom or the cavity, the skin
“riction is lar;e, then decreases to a smaller value close to zero, fol=-
lowed by a decrease almost to zero at X = 0.6 - 0.7, indicating that the
stagnation zone exists there.

Although limited to one geometry of cavity, the measured shear
stress data is presented by

¢, =2 T/ P £(x)-Re,

0.?

where iite, = 4 L/y , as shown in Fig.iT1.18.

L
Thus, shear stress distribution may be ;eneralized by the single curve
_ 0.23 . Ny P B
of €. e, vs. x/il in a parameter of L/H, for all test feynolds num-

bers as shown in Fig.I11.19, 70 and ”1. The data in these Fig.11.19, 20
and 21 measured by Oka (1969) correlate well with those of Bogatyrev

and Mukhin (1976) for two cases of L/H = 1.0 and 0.7, but differ for

L/H = 0.5.
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Fig.17.18. Graph of the ‘unction Cp = f(fteL).
[ Bogatyrev and Mukhin (1976) ]

For such a narrow and deep cavity, it is possitle two vortices may
be tormed in the upper and lover layers in the cavity. Therefore,

the discrepancy for L/H = 0.5 may be explained for the possible for-

mation o. two eddies, with a larger vorticity for the upper eddy than
the lower eddy ‘or the test of Oka (1969); while, for Sogatyrev and
Yukhin'e (1976) experiment-at-larre Reynolds number only one vortex g
has been ‘ormed.

Badatov,Clin'ko and Nakoryakov (1970), compared the experimen-
tal data of the turbulent shear stress in a square axisymmetric ca- ]
vity with those calculated by two-dimensional analysis, neglecting 4

the corner eddies as shown in Fig.11.22.
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Fig.11.19. Change in generalized friction coefficient
along the cavity walls for L/H = 1.
[Boga.tyrev and Mukhin (1976)]
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As seen in Fig.I7.22, at the small value of x , i.e. in the upper re-
gion of the downstream wall, where the wall jet effect is pronounced
but the effect of axisymmetry is not apparent, the measured data is
layer than those computed. But at large value of x , where the effect
of channel divergence is appreciable and the flow velocity of the ex-
periment was lower than the plane cavity the measured data is smaller
than the calculated values.

Although limited to the rectangular cavity geometry in a range
of L/H = 1.0 - 0.5, Bogatyrev and Mukhin's (1976) experimental inves=-
tigation for the mean turbulent shear stress on the cavity walls is
valuable information.

However, in order to understand the complex cavity flow in gen-
eral, it appears that a wlder range of the investigations covering
not only a deep but also a shallow cavity flow phenomena are needed,
because as Charwat et. al, (1961a), found that a maximum (critical)
ratio of L/H exists beyond which the cavity collapses leaving mutu-
ally independent separated flow regions at each protrusion.

Chapman et. al. (1957), measured pressure distributions on rec-
tangular cavity walls in a range of L/H = 1.0 ~ 16, Charwat et.al.
(1961a) in a range of 0 ~ 13, Tani et.al. (1961), 0.5 ~2.5. The shear
flow velocity distributions within the cavity were measured by Chap-
man et.al. (1957), and Charwat et.al. (1961a) and streamwise fluctu-
ating velocity components and Reynolds stresses within the cavity were
measured by Tani et.al. (1961). Charwat et.al. (1961b), measured dis-

tributions of the drag coefficient, temperature, heat transfer coeffi-
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cient and the boundary layer thickness of the cavity flow for a wide

range of L/H.

2.2.3 Side-Wall Effects in Rectangular Cavities

The multidimensionality of the separated flow is assessed quan-
titativelv by Bogatyrev and Gorin (1976), through the experimental in-
vestigation on the side-wall effects in the rectangular cavities and

reported in the monograph "Gradient and Separated Flows" ed. S. S. Kuta-

teladze, 1976.

Kalinin, Dreytser and Yarkho(1972), considered the eddy flow in
a square cavity, is not two-dimensional and steady over the entire span
of the cavity. Although cavity flow structure may be determined by
the two-dimensional eddy cells, three-dimensional ejections of fluid
were thought to be taken place in cross-section spaced at roughly equal
intervals along the span of the cavity. Through the process of tran-
sfer of mass and energy between the eddy flow and main flow, with low and
high momentum, it is conjectured that the mass is ejected periodically.
On the other hand, experimental investigations of Maull and Easter(1963)
Kistler and Tan (1947) Kalinin et.al. (1972), indicate that the three-
dimensional flow in the cavity may be caused by the retarding action of
the side walls and the sensitivity of internal two-dimensional flow to
the dizturbances in the mixing zone.

The velocity fields were measured by the laser-Doppler anemometer
{10A) developed at the Tnstitute of Atomic Energy of the Siberian Branch

of the Soviet Academy of Sciences.
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Bogatyrev and Gorin (1976), measured laminar and turbulent ve-
locity profiles {or Re = g 24/p = 1500 and 15,000, respectively,
(u,

the cavity and = 10 mm is the channel height) in two central sec-

is flow velocity at the channel axis located 10 mm upstream of

tions and at three spans 2 = 40, 40 and 100 ma of L = ¥ = 40 mm ca-

ity as shown in Fig.77.23 and I1.24.
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Tig.11.23. Velocity profiles in two ~entral cross-
sections of a square cavitr “or laminar flow regime
(Re = 1.5-103).

[Bogatyrev and Corin (19?6)]
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Evidently the effects of the side walls and the span dimensions may
be assessed quantitatively from these figures. Further evidences of
effects of the side walls and the span dimensions of the laminar and
turbulent cavity flows are indicated in Fig.II.25 and I1.26, expressed
in the ratio of velocity at the edge of the boundary layer uy with res-

pect to u. and d /H where dJ is boundary layer thickness.

0

i ' 2
2,8 — 8¢ /00mm K
0,0 = 8z 40 mm
o185 e -} see
y —8,0 — : 75
! velow | 1
Re = /500

0,05)

(4

o
Fig.IT.25. Changes in relative velocity um/uo a. edge of
the boundary layer and in relative boundary-layer thickness
d /M along cavity walls for Re = 1500.
[Bogatyrev and Gorin (1976)]

Key : a - for velocity; b - for boundary-layer thickness.
®,0 — for speed
®,0 — for boundary layer
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Fig . 17.26. “hangse ir the relative velocity um/uo at the edge
of boundary laver and in the relative boundary-layer thickness
d /4 along cavit valls for Re = 15000.

[Bogatyrev and jorin (1976)]

Boraturev and orin's {(1976) measurements of flow rates at various

Aepths of the cavite are not uniform, (especially, the disparity is

more pronounced at the lower portion), indicating that there is a

three-dimensional effect by the corner eddies.

evahited by this exveriment, in ourder to assess the side-wall effects

~ity distribution in the cavity.
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Although the effects of span dimensions on cavity flow can be

it is necessary to ohtain f‘urther information on the span-wise velo-

.




3. Flow over a Cylinder

The classical problem of flow over a cvlinder with respect to pres-
1 sure rluctuation and the Strouhal number distribution in a function of
the cvlinder surface anzle measured “rom the ‘orward stagnation point
and in a parameter oY the Mach number is brieflv presented.
ihe lar-est “luctuation of pressure occurs at transonic and low
supersonic velocities o7 external “low not oriy Tor, the cylinder flow
also tor man. other todies. A combination of intense pressure os-
sillatlons and a comparatively high dynamic pressure in this range of
velocitvy may lead to large dynamic loads while the large changes c¢f the
“low pattern produce significant changes in the aerodvnamic character-
0.5, "2)0.5
p st 5

“2,0.¢ .
where ( p2) " 1is a root-mean-square of pressure fluctuation on a

istics. By a characteristic value of B defined by B = ( p“)

~ylinder surface and the subscript st refers to forward stagnation
point, the relative pressure fluctuation is given in Fig.17.27a. 1t
is seen that at low velocity (M = 0.4) two regions of increased “luc-
tuation appear at ¥ = 40 - 60° and 110 - 130°. At M = 0.9, the fluc-
tuation reaches the maximum at V’ﬂv 900.

The intense pressure oscillations on the cylinder surface at high
subsonic flow velocity are connected with oscillaiions of the closing
compression shocks downstream of the local supersonic regions.

At supersonic velocities, fluctuations are reduced although a slight
increase occurs downstream of the separation point due to the oscillation
of this point as shown by Kistler (1964) for the separation zone upstrean

of a step.
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mined from the maxima of fluctuation spectra which are characteristics

The approximate values of the Strouhal number Sh = deter-

of the frequency distribution at points round the cylinder surface,

are shown in Fig.I7.27b. The variation of Sh is more pronounced with
the decrease of the Mach number. At subsonic velocities the minimum
values of Sh are found at 99 = 4o -~ 600, and higher frequencies occur
at higher angle of ¥ . At supersonic velocities the minimum values of

3h are obtained in the region of ?ﬂ = 900.

Amansie

Fig.11.27. Distribution of the pressure fluctuation
on the surface of a cylinder and position of the maxi-
mum in the spectrum. [ Shvets (1978) ]

208




Badatov, Ye. V. Slin'ko M. G. and V. Ye. Nakoryakov (1970), Teoret.
osnovy khim. tekhnologii 4/6.

Batchelor, G. K. (1956). "On Steady Laminar Flow with Closed Stream-lines
at large Reynolds Number," J. Fluld Mech. i, Pt. 2.

Bogatvrev, V. Ya. and V, A. Mukhin (1976). “Experimental Study of Wall
Shear Stress in Cavities,"” Gradient and Separated Flows, ed. S. S.
Kutateladze, Academy of Sciences of USSR, Novosibirsk.

Bogatyrev, V. Ya. and A. V. Gorin (1976). "On Side-Wall Effects in Rect-
angular Cavities, "Gradient and Separated Flows” ed. S. 5. Kutate-
ladze, Acad. Sci, USSR, Siberian Branch, Novosibirsk.

Bogatyrev, V. V. Ya. Dubnishchev, Yu. N. Mukhin, V. A. Nakoryakov, V. Ye.
Sobolev, V., S. Utkin, Ye, N, and N. F. Shmoylov (1976). "Experimental
Study of Flow in a Cavity," PMTF 2.

Chang, P. K. (1970). Separation of Flow, Pergamon Press. also Otryvnyye
Techeniyye, (Separation of Flow), MIR Publishere, Moscow, 1972.

Chapman, D. R. Kuehn, D. M, and H. K. Larson (1957). "Investigation of
Separated Flows in Supersonic Streams with Emphasis on the Effect
of Transition,” NACA TN 3869. :

Charwat, A. F, Dewey, C. F. Roosg, J. N and J. A, Hite (19613). "An In~
vestigation of Separated Flows —— Part I. The Pressure Field,"
J. Aero. Sci. vol. 28, June. pp. 457-470.

Charwat, A. F. Dewey, C. F. Roos, J. N. and J. A. Hitz (1961b) "An In-

vestigation of Separated Flows —— Part I1. Flow in the Cavity and
Heat Transfer,” J. Aero. Sci. July, pp. 513-527.

209




.-

Clauser, F. (1954). "Turbulent Boundary Layers in Adverse Pressure Gra-
dient,™ JI. Aero. Sci. 21, 91-108,

Col'dshtik, M. A. (1962). "Mathematical Model of Separated Flows in In-
compressible Fluid, "Dokl. Akad. Nauk SSSR 1&7/6.

Gorin, A. V. (1976). "Survey of Models for Calculating the Flow of an In-

compressible Fluid in a Square Cavity,” Gradient and Separated Flows,"

ed. S. S. Kutateladze, Acad. Sci. USSR Siberian Branch, Novosibirsk.

Head, M. R. and 1. Rechenberg (1962). "The Preston Tube as a Means of
Measuring Skin Friction,” J. Fluid Mech. 14/1 (1962).

Kalinin, E. K., Dreytser G. A. and S. A. Yarkho, (1972). Intensifikatsiva
teploobmena v kanalakh (Intensification of Heat Transfer in Channels),

“Mashinostroyeniye™” Press, Moscow.

Khabakhpasheva, Ye. M. (1974). Nekotoryye dannyye o strukture techeniya
v vyazkom podsloye. Problemy teplofiziki i fizicheskoy gidrodinamiki
(Data on the Structure of Flow in the Viscous Sublayer. Problems of
Thermophysics and Physical Hydrodynamics), Nauk Press, Novosibirsk.

Kistler, A. J. (1964). "Fluctuating Wall Pressure under a Separated Super-
sonic Flow,” J. Acoust. Soc. Am. 36(3).

Kistler, A. L. and F. C. Tan (1967). "Some Properties of Turbulent Sepa-
rated Flows," Phys. Fluids,10/9, Pt. 2.

Kline, S. J. (1959). "On the Nature of Stall,” J. Basic Eng. Trans ASME
Ser D. Sept.

Kochin, N. Ye. Kibel, M. A, and N. V., Roze (1963). Teoreticheskaya gidro-
mekhanika, (Theoretical Hydromechanics). Part 1, "Figmatgiz" Press,

Moscow.

210




Kutateladze, S. S. Mirnov, B. P. Nakoryakov, V. Ye. and Ye. M. Kha-
bakhpaskeva (1975). "Eksperimental'noye issledovaniye pristen-
nykh turbulentnykh techeniy, (“Experimental Study of Turbulent
Flows Close to the Wall), Nauka Press, Novosibirsk.

Kutateladze, S. S. Kashinskiy, O. N. and V. A. Mukhin (1976). "Experi-
mental Investigation of the Characteristics of Turbulent Boundary
Layer with Adverse Pressure Gradient Involving Separation,”
~radient and Separated Flows. ed. S. S. Xutateladze, Acad. Science

U S.S.k., Siberian 'ranch, Novosibirsk.

Ludwieg, H. and W. Tillmann (1949). "Investigations of Wall Shear Stress
in Turbulent Friction layers,” Ing.-Arch. 17, 288-299.

Maull, D. J. and L. F. East ($963). "Three-dimensional Flow in Cavities,"
J. Fluid Mech. 16, Pt. &,

Mirskiy G. Ya (1972). "Apparaturnoye opredeleniye khavakteristik Sluchay-
nykh protsessov,” (Instrumental Measurements of the Characteristics

of Random Processes). Energia Press, Moscow.

Nakoryakov, V. Ye. Badatov, Ye. V. and M. G. Slin'ko (1970). "Mathema-
tical Modeling of Heat and Mass Transfer Processes in Separated
Flows with Laminar and Turbulent Mixing Regions,"” Teor. osnovy khim.
tekhnologii 4/5,6.

Neyland, V. Ya. and V. V. Sychev (1970). "On the Theory of Flow in Steady
Stalled Zones, "Uchen. zap. TsAGI 1/1.

Oka, S. (1969). "Wall Shear Stress in a Rectangular Cavity,” Int. Seminar
on Heat and Mass Transfer in Flow with Separated Regions and Mea-
surement Techniques, Herceg-Novi, Sept.. rp. 1-13.

Sandborn, V. A. and C. V. Liu {1968). "On Turbulent Boundary-layer Sepa-
ration,” J. Fluid Mech. 32, Pt. 2 (1968).

211




Shvets, A. I. (1978). "Base Flow," Prog. Aerospace. Sci. vol. 18,

Pergamon Press.

Stanford Conference, "Computation of Turbulent loundary Layers,” (1968).
1968 AFOSR IFP Stanford Univ., Stanford, Califormia, vol. 1,7.

Squire, H. B. and A. D. Young (1938). "The Calculation of the Profile
Drag of Aerofoils,” F M No. 1838, bkritish A.R.C.

Tani, 1. Tuchi, M. and H. Komoda (1961). "Experimental Investigation
of a Flow Separation Associated with a Step or a Grove,” Rept.
N 364, Aeronaut. Research Inst. Univ. Tokyo.

Yefimenko, G. I. and Ye. M. Khafakhpaskeva (1976). "Effect of Adverse

Pressure Gradient on Wall Turbulence Structure,” nt Sepa-
rated Flows, ed. S. S. Kutateladze, Acad. Sci. USSR, Siberian Branch,
Novosibirsk.
\
'
e
1
:
212




3 %

<3|
Ciae

o
o0

® ~T»

Y

CHAPTER 1III

SYMBOLS

mixing layer thickness

injected mass flow rate
reattachment pressure coefficient
‘requency

step height

model height

total mixing shear length

Mach number of reverse flow

Mach number along the wake axis
mixing width near compression

ratio of total pressure on the separation stream
line to the total pressure of undisturbed flow

u = uj/ue

velocity along the dividing stream line
position of deceleration downstream of a neck
distance measured from the separation point
angle between separation shock and base surface
boat-tail angle

body surface inclination angle or angle between

boundary of inviscid flow and base surface or wake
closure angle

spectral density of fluctuation




CHAPTER 771

Compressible Flow Separation

Since the problems of supersonic flow involving separation
are important for the development of missile, aerospace crafts
and satellites, etc., many investigations have been carried out
in the past and reported widely. In this Chapter the recent de-
velopments emphasizing supersonic flow which have not been presented

‘n the writer's books, Separation of Flow, {(Pergamon Press, 1970)

and Control of Flow Separation, (McGraw-Hill Book Co., New York,

1976) are reported. The USSR contributions presented by A. I. Shvets

and I. 1. Shvets in their book, Gasdynamics of Near Wake, (1976, Nau-

kova Dumka Press, Kiev) are particularly reviewed here. For conve-
nience, the problems of flow separation at hypersonic speed range
are presented separately later, although some hypersonic phenomena
are treated in this section. The content is mainly for experimental
investigations concerning separation of external flow, base flow, se-
parnted flow over a two dimensional surface and an axisymmetric body,
and vetween twe bodies, ete. The problems of base pressure will be
vrouented in Chapter IV, but, some information on base pressure which
©» ,ertinent to particular problems of compressible flow separation

“re alse riven in this chapter. Several introductory presentations

. =age tefore the classifications of problems to be treated here.
cre recent information on reattachment and lip shock are des-
cired triefly.,

irieix (1w.7) plotted the pressure distribution of a supersonic

“rulent tlow past the walls of a nonsymmetric converging and diver-




ging channel with a sharp corner and an inclined flat surface, down-
stream, as seen in Fig.III.1.

The positions of separation are either known apriori or not.
In the case of the position known apriori, at the sharp corner, pre-
ssure in the separated region is almost maintained equal to that up-

stream of separation as seen in Fig.IIIl.la.
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Fig.T11.1. Pressure on the walls of a nozzle
and behind a step | Sirieix (1967) ] .

In the case of apriori an unknown separation point, the pressure
in the separation zone is also to be considered in a relation of
pressure upstream of separation, and Prax is not dependent on the
reattachment condition. 1If the shock wave strength increases in
the region of shock wave and boundary layer interaction region A x,
then (pz-pl)/a x reaches its critical value and the boundary layer
separates upstream of the step.

The pressure distribution in this case, shown in Fig.III.ib,
indicates the continuous compression, downstrear . separation, re-

aching Prax” When 8 increases, the separation point moves upstreanm,




the magnitude of pmax changes, and reattachment pressure P, increases.
But, at certain value of 8 , the difference of P, =Py becomes zero.
Reattachment flow behavior, downstream of an axisymmetric down- ]
stream facing step with a finite initial turbulent boundary layer, is
described by pressure distribution by Roshko and Thomke (1966), as

seen in Fig.III.Z2,
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Tig.TT7.2. The effect of the height of the protuberance
(a) and the M number (b) on distri:ution of pressure in
a function of x/H ([ Ribner and Etkin (1958) ] . (P--is

. the peak distri ution of pressure; S--is the point reversed
flow occurs; C--is the position of the joining point):
v 1-=H/R = 0.042; 2--H/R = 0.17; 3--H/R = 0.28;
4e=M = 2.09; 5==M = 2,56; 6—M = 3.02;
| 7--M = 3.49; Bt = 3.90; 9--M = 4.37;




The initial pressure rise to reattachment may be presented by
a single curve independently from M and x/H. Furthermore, point P,
the positlon of the peak pressure and C, the location of reattachment
are Yixed for all M; but S, the initial point of reverse flow shifts
toward ire ster 1f M increases. It is clearly seen that the pressure
Townstrenn of veattachment iIs effected significantly btv the geometry
of the step and M.

‘ne reattachmernt pressure of a two-dimensional turbulent flew
i~ predicted in a simplified manner by Bathanm (1969) based upon the
concept of free interaction in a good agreement with experimental data

up to M = 3.2, as shown in Fig.III.3.

G
° Fig.XTI.3. Coefficient of pressure
azst with repeated reattachment [Batham
(1969)] : 1--Protuierance; 2--Base
flow; 3-=-Incident discontinuity;
axr 3 4, 5=~Calculation.
anst
o-1
ant- -2
2-3

Tre discrepancy at M> 3.2 may be attrituted to the application of
the lirearized Frandtl-Meyer equaticn. For analysis it is assumed

*hat the dividing streamline is straight and the variation of flow
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parameters in the free-interaction region is similar and depends only
on the state of the interaction.

Hama (1968) investigated "1lip shock” (also called "separaticn
shock") emunating from the separation edge of a £° half-angle wedge

by means of optical observations as well as by surface and pitot pre-

o

ssure measurements in the ranges of M = 2-4.7 and 0.7 x 1Cp < Fe & 2 x U
showing that 1ip shock effects the reattachment. Lip shock sirength

is quite substantial ir. contrast to the usual belief that lip shock is
a5 weak as the sound wave. The pressure of a lip shock of substantial
strength means that the expansion process at the separation edge is more

complicated than the usually assumed Prandtl-Meyer expansion. The flow

actually overexpands first, then is recompressed by the lip shocks, and
this 1s caused essentially by a viscous separation effect similar to the
separation shock emanating from a circular cylinder, rather than being
caused by inviscid rotational~field phenomena.

In the near wake of the wedge two shocks, lip and wake shock occur
and these shocks interact directly influencing the pressure recovery
process and distorting ihe near wuke velocity profile. Contrary to tur-
tulent reattachment, the effect of the lip shock-wave shock interaction
A to avsent and pressure is cmoothly reccovered. At lower Mach numbers,
v ‘e 11p shock can be clearly distinguished from the wake shock, and if
‘b Reynolds number is sufficiently large, a slip stream parallel ito the
Tree stream direction emerges from the intersection point of two shocks.
At nisher Mach numbers, the two shocks merge to form one continuous shock,

perticularly with laminar flow of a lower Reynolds number.




If the separation edge is smoothly tapered so that a proper
boattail angle leads the flow direction upstream of the separation
almost parallel to free shear layer direction, then no expansion is
involved at the separwtion and slip shock is eliminated or its strength

is reduced. Under these conditions, the anomalous behavior in the

static pressure recovery distribution along the wake center line, such

as peak and hump, disappears.

1. Ccharacteristics of Compressible Flow Separation

1.1 Mixing Layer and Reversed Flow

Su and Wu (1971) identified the satisfactory correlating para-
| meters, based upon the so-called reduced Rec in the mixing region,
and proposed a base pressure correlation for a two-dimensional re-
ward facing step.

For the definition of Re, it is customary to use the character-
istic length of the bedy L, and its height H, but since such Re does
not yield proper physical meaning, Cu and Wu (1971) instead referred
to the total mixing shear length fm and mixing width at near compre-
ssion Aam. Although they are not known apriori, these iwo lengths
are correlated to the model length L, upstream 6f the two-dimensional
rearward facing step, and its height H. Then, L is related to o,
the physical boundary layer thickness upstream of separation, and
H to am, which is related to 4m, By taking the ratio of inertia

to viscous forces in the mixing region:

Reg = £, u, (uoo /0m) /g (un/ a02) = (£, ua 40/ 4y ) &/ dm)*

c
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by assuming In o H
an ({E\. )n ( H )n(ReuL ,Mm)
=3 o &
, 2n=-2
Re = «,uYix( 2
C /_(-(w c

n A -1
foo W o Yo ULy . H c RV L L
e ¢ /u‘v)\-‘r‘)“\;)&g)(g)
and
) mtin=-2 m=1
Re, = ( H/d) ( L/H)

where n and m depend on whether flow is laminar, transitional or tur-

bulent. For laminar and turbulent flow, m = 2 and 5 respectively.

For transitional wake, taking m = 2 and n = 0.9
1.8 0.9 0.1
~( B> L L
By correlating with experimental data in the regions of 0.05 x 106

<Re_, <1.8x 10° , 2< M_< 3.55, 5.33 < L/H < 3.14, 0.0072 in

2 H«<0.75 in.

Su and Wu (1971) proposed the base pressure prediction of a two-
dimensional rearward facing step by

Py/Poo = Re, e(=6.97 + 0.745D - 0.1136D%)
where D = }m(ReC).

Tagirov (1969) clarified, by his detalled experiment, a number

of characteristics of turtulent supersonic flow, mixing downstream of

two~dimensional protuberance, to be used for the analysis of separated

flow. The validity of the hypothesis on the conservation of total pre-
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ssure along the siream line is confirmed by measuring the boundary
layer characteristics up- and downzil-eam of the expansion fan, and

zevo velocity lines are determined by measuring pressure, as seen

Fig.111.4, Field of Mach numbers behind a two-dimensional
proturerance with M = 1.97 [Tagirov (1969)] :

1--lines of zero velocity; 2--lines of constant mass.

This Fig.II1.4 indicates also the profile of the Mach number, in-
cluding M = 1 and the lines of constant mass evaluated, based upon
the velocity of the mixing zone.

The mixing layer thickness designated by b is given by Abramovich

(1969) as _
Jé+ ! 1 ~-m

3
L.
assamirg the initial boundary layer thickness is equal to zero, where

X is distance measured from the separation point,

§o° f2/~91 and C =~ 0.27 is an empirical constant.

Neyland and Taganov (1963) formulated the pressure at the re-

ot et s Mt i+t i M2t kN il bl b oo ot a i NSRRI N
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attachment of a separating stream line on the trailing body by

- — 1
P [ 1+ Ll we? J =1
P, 1+ L (1-7%)me?

where 53 is the ratio of the total pressure on the separating stream
line to the total pressure of undisturbed flow, U = uj/ue = 0,587

(uj is the velocity along the dviding stream line) M, is the Mach num-

ber along the external boundary of the mixing zone, taken equal to
the Mach number over the equivalent cone.

The measured relative velocities in the mixing layer and in the
reverse flow area are shown in Fig.III.5. In Fig.III.5 the horizon-
tal axis is ¥ = u/uy, and the vertical axis is % = (t-t0)/(d ~to)

where ¢ and to are coordinates of external and internal boundaries

'y

of the mixing zone and t is a variable coordinate measured from the

wall. The internal boundary is determined by the line of zero velo-

city. The reverse flow is correlated by

'f: 1 -713 , "f= u/uma.x and "Z= Y/}'},

From Fig.III.5 it may also be noted that a counter rotational flow

exists in addition to the main circulating flow.

Shvets and Panov (1970) and Shvets (1970, 1971) investigated the
near wake structure by measuring static and total pressure through op-
tical and flow visualized observations, using a plate mounted down-
stream of the base. By observing a number of detailed characteristics
by T8pler instrument, the field of the maximum density gradient corres-

ponding to that of the expansion wave, jet boundary and trailing shock,
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etc., are determined. A comparison of the results obtained by pre-
ssure measurement and optical and flow visualized observation reveals

the precise flow structure and enables one to fix the boundary lines

as shown in Fig.III.6.

Fig.IIT.5. Relative velocities in the mixing

V] 5. 2
e
o;o-a B ﬁ layer (1--6) and in the reversed flow (7-14)
) 0.9
o3 n-;a of B e [Ta.girov (1969) ] :
e-l!
wies o r{" N 1220 = 17.5% 228 = 17% 3-=6 = 15.5°;
- e\ ¢
70K ) 4o = 12% 50 = 9.5°%; 6=~ = 7.5%
. » o ® 7= { /= 0.56; 8-=L/H=0.97; 9-- {/H = 1.37;
) ° o 1°e ° 10-= 4 fH= 1.5 11— L/H=1.6; 12—= {/H=1.7;
' : i ¥ 132 /H=1.77; e I/H= 1.9,
4
]
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Fig.III1.6. Field of pressure behind a cone (8 = 20, M = 3);

1,2~-Cone on strand wires and pylon;
3~-Boundary discontinuities; U4--Boundary of the viscous layer,

[ Shvets and Shvets (1976) ]




Bauer (1967) measured the pitot pressure downstream of cones
at M = 3,035 and Red = 1,13 x 105 based on the cone base diameter
in order to find flow parameter in functions of Re and cone angle to
relate the base pressure. Furthermore, the movement of the rearmost
stagnation point effected by the injection rate was studied.

The structure of the base flow may be obtained by a pitot pre-
ssure "map” of the flow field with no injection, in Fig.III.7. The
flow expansion arocund the cone corner and the corner lip shock are
clearly evident. The lip shock appears as a small increase in pitot
pressure in the streamwise direction. The recirculation region is
largely within the line labeled "0.2" and the shear layer is just out-
side the recirculation zone. Although the neck region is not located
precisely, it is in the neighborhood of x/d = 1.5, where x/d is the
ratio of the downstream distance of base to the diameter of the cone
base. The wake shock emerges from the neck region as a strip of high
pitot pressure gradient. The effect of injection was to widen the wake
picture, as shown in Fig.III.7.

The edge of the shear layer in the plane x/d = 1.5 moved outward
from y/d = 0.32 to y/d = 0.44 as ém increased from 0 to 1.2 %. 1In
the recirculation region, the pitot pressure was smaller than the sta-
tic pressure, in as much as the flow past the pitot head was reversed
from its usual direction, and this reverse flow phencmena persisted
as ém was increased from O to 3.0 %. When 5m was increased to 3.6 %,
the reverse flow had just disappeared and some flow unsteadiness was

noticed. The recirculation zone does not move downstream with increa-
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Fig.II1T.7. Miagram of the lines of constant pressure measured
with a piot tube in the wake behind a cone (8 = 12°, M = 3.03,

Rey = 1.1 10°, d /4 = 0.026 [Bauer (1967) | 1 dimensionless values
presented along each line are obtained by dividing the measured

pressure by 0.044 at technical atmosphere

sing injection rate but shrinks until some critically small size
is attained, below which it can not be maintained in its closed-
stream-line form.

Shvets (1970) accurately determined the shock boundary, the zero
velocity line and the coordinate of the dividing stream line (based
upon the mass conservation of the circulating flow given by ng57uydy=0
(assuming T = const.) and by measuring the pressure as shown in Fig.
I11.8. The obtained data was compared with thosé of optical and flow
visualized observations. Optically measured, and by flow visualiza-
tion, observed curves 7 and 6 indicate the boundary dividing the low
pressure region from that of constant static pressure and the external
boundary of the mixing layer respectively. The propagation of the ex-

pansion wave to separation shock is indicated by the approach of curve
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7 to curve 1. Curve 5 appears sharply in flow schlieren photo-
graphs and the dividing streamline 3 is close to line 6.

The isobars of total pressure in the base region in Fig.III.9 i
indicate the discontinuities of total pressure characterizing the
shock waves. A turning region of total pressure curves may be no-

ticed at the location immediately above the shocks, indicating the

position of the substantial over-expansion of the flow., Curves of
total pressure close to the curve of pt/pt°°= 0.3 are close each

other, indicating that this area is a viscous flow region.

Yd| j
7
QO
! 4
; 04
—_—
]
e 2 6
02 g4 a5 x/d

Fir.T11.8. Near wake (cone on stranded wires,
8 = 20°, M= 3):

1~3--Measurement of pressure;

4eb-=Visualization; 7-8--Optical measurement;
1--Boundary discontinuity; 2-- u, = 0;

3=- ¥ = 0; 7-~End of the expansion wave;
8--Boundary of the mixing layer [Shvets and Shvets

(1976) ] . g
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Fig.111.9. Iso'ars of total pressures (6 = 20°, M = 3)

| Shvets and Shvets (1976) ] s
1--Roundary discontinuity; 2--Boundary at the mixing
layer; 3-- ¢ = 0; Y=e u, = 0.

Fig.I11.10 is a photograph of flow visualization using a mix-
ture of soot, 0il and kerosene. The mixing zone appears light above
region 3 washed by the mixture. The upper boundary line 2 is divi-
ding stream line. Downstream of “ody, velocitv and Mach number along
the dividing streamline increase due to the momentum transfer.
Obeying the law of mass conservation, all streamlines below ¥ = 0
reverse their directions toward the base because of the compression
taking place at the neck region, but above ¥ = 0, stream lines main-
tain their directions downstreamwise through the neck region with 4

reduced velocity.

The reversed flow phenomena involving reattachment downstream

of a cone were also investigated by optical and flow visualized ob- 4




Fig.I11.10. Visualization of flow on a plate

behind a cone:

1--Inviscid flow; 2--Boundary of the viscous layer;
3--Toroidal circulation flow; 4--Point of deceleration;
S5=-eversed flow; 6--Line of run-off; 7--Compression
zone. [ Shvets and Shvets (1976) ] .

servations by Shvets (1970, 1971). 1In order to take photographs a
plate was placed in the near wake region., Although the pressure of
the plate on which boundary layer accumulates and its mounting device
decreases the width of recirculating region, the fundamental features
of recirculation and reattachment are retained in the photographs.
Gtream line of flow over the corner is directed toward the central
axis after turning, and pressure on the body base immediately below the
corner is smaller than the pressure predicted by the Prandtl-Meyer equ-

ation due to its overexpansion. Since this low pressure increases to
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righer hase pressure, flow moving toward the base center separates,
The external visceous flow dces not separate from the corner edge and
terds arcund tne 10wl arnular separation zone. The point of the ex-
terrl Tlow separation is leccated on the external boundary of the ar-
suwar seraration zore ard the poirt  of internal redial flow separa-
e Irternay voundary of tris zice, e Vlow o Llnes
LYol the oo ot Ulne o, Sl UL tonlo L Aaver WloSe Jdengity
ang press.ve are increased at a certain distance sownstream of the tace,
The Jdensity gradients of these lines are approxima‘ely equal tc that
of lirne £. When the reverse flow arproaches the hase, flow decelerates
and forms a pressurized zene frem which the fluid particles scatter in
a radial direction. Thus, from the central area of the base section
( y/d = 0.1-0.3 ) radial flow goes out from the base and forms an an-
other run-off line (x/d = 0.1) located parallel to the base section.
Fig.I11.11. of tuft flow visualization shows areas of vcrtex ! and
central flow 2. The central flow along the plate is fed intc the sta-
gnaticn zone, the spreading area 3. Having reacled the cone lase, flow
spreads in a radial direction and is ejected by the main flow. Then,
part of fluid flows between 2 and € (Fig.I111.10). Thus, as Korst states,
stagnation zone is open and fluid 1s pumped from it toward the plate
surface. The reverse flcw phenomena in the stagnation zoene may bte sum-
~arized as folleows: if the reverse fiow is induced bty vortex, then its
velcoity reaches its maximum value at the position where the streamline

direction on the internal boundary of the vortex coincides with the

stream direction. The flow directed in two divections; one along the




Fig.111.11. FPhotographs of a plate vehind a nase
[Shvets and Shvets (1976) 1

-

1=--Toroidal flow; 2-=-"eversed flow;

3--Point of deceleration.

main flow direction and ancther approaches to the stagnation zone
in a form of a cylindrical stream.

Realizing that no static pressure distribution along the normal
direction to the near wake was investigated in the past, due to diffi-
culties in measurements and due to a strongly curved stream line, Isa-
yev and Shvets (1970) measured the static pressure in a semi-plane,
rnormal to the axis of wake, using a thin trapezoidal plate as shown
n B30T 17.12.0 Such information is reeded to understand the flow

“omLcture, Lo e aluate the Mach numter and to establish a reliable
wompertational svstem.

Tte tane Yluw is effected v the pressure of the plate, and the
Yerdary laver on it listerts the measured pressure. Neverthless, the

foatares f Ylow are retained and it was possible to study the

oo e rradient.  From Fig I17.12 1t is seen that although static




pressure varies insignificantly in the reserved flow zone, the pre-
ssure gradient is substantial in the mixing layer. The static pre-
ssure increases from the lower part of y/d and reaches the maximum

at approximately 0.2, then with increase of y/d, pressure decreases

and levels off downstream of the trailing shock.

0 01 02ph, 44 leﬂpm_
vd{| 4 | {’7 y/d
| : !
3 1 ! i !
3 ' | !
| | ,
} | !
z [ :
i ! !
Q?r} S } 105
I ! |
] o! |
| | |
{ | ) |
1%t [, 17
05 075 L5 xfd

Fig.I11.12. Distribution of static pressure behind a
cone [Shvets and Shvets (1976) ] s
1--8 = 10° , M = 3; 2-—Base holder; 3--6 = 30° , M = 3.

Data on the pressure distribution in the neck region is illu-
strated in Fig.IIT.13. Upstream of the neck, say at_x/d = 0.5, pre-
ssure gadient in y/d is relatively smooth, compared to x/d = 0.8

where compression begins and flow turms.

The flow phenomena of near weke effected by various body shapes
were studied by Isayev and Shvets (1970) and Shvets and Panov (1970)

by measuring the total pressure downstream of sharp and blunt cones
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Py, 177 .17 sota"s of static pressures (8 = 107 |, M = 3)

{dashed lire corrvesponds to the wake vcundarvy) [ shvets and

Shvets (1676Y!

X ,’J

Fig, 7TT.14. Distritutions of full pressure in a near wake

(dashed curv: correspond to the boundary of the wake;
4-f-=Sector todies) [Shvets and Shvets (1976)] :

{-=Cone 8 = 10° , M= 3; 2--Blunt, r/® = 0.4, M = 3;
3e-r/R = 0.4, M= 2; Le=t = 0.2, M= 3; 5t =1, M= 3

fmet = 1, M= L,
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of half anzles ® , amounting to 100, 20° and 30o and a reverse cone
of © = £ with elliptical leading section (L/d = 1).

As shown in Fig.I11.14 a slight reduction of pressure in the recircu-
lation zene is achieved hy bluntineg, although pt/pte_ increases about

A_-

10-00 7 for v/@a > 0.8 if ellipscid with ratio of axis, t =

o

.2 is
raneoea tooa osrhere in the leading section,

ne secmeirical configurations in 2, J and distance between the
rase @nd neckiy '=¢/d) of near wake vpehind cones determined by T8pler
rhotosraphs in a function of Mach number are shown in Fig.III.15 in-
cluding those of hypersonic speeds. In the supersonic Mach number re-
gion, with irncrease of M, angle/@ decreases and contracts the wake neck,
whereas in hvperscnic Mach number region, with the increase of M, magni-
tudes of 4, 4’ = d/i and £' increase, indicating that flow charact-
eristics are differert in supersonic and hypersonic regions.

The diameter of wake neck d' = a/d and angle /3 effected by a cone
half angle are shown in Fig,III.16.

Panov and Shvets (1965) noticed the hysteresis phenomena of se-
paration occurring on the circumferential surface of blunt bodies. If
the angle of attack ¢ is increased from Oo, then at certain angle of
Tttack P flow separates cut if the angle of attaﬁk is decreased from
= larger arple to a smaller one, thern separation disappears at gxz which
inosnailer than Cil. For example, ot M = 3, flow around a reverse
core o eo= V700 with spherical blunting, when the angle of attack
was ircreased, separation occurred at "& = g° , but by decreasing ,
o

separation was retained up to C*i =5
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Wig 177,19, “onfiguration of a near wake (solid curve

means ;) , dashed-~ j', dashed-dot=-d’) EShvets and Shvets
(’976)] :
‘--Cone, @ = 100 on pylons; 2--Cone, 6 < 100 on base holder;
3~-Sector body, t = 0.2; U4=~-7% , cone, 9 = 10° on pylons;

: 5~- [}, boundary discontinuity; 6-~Calculation [Chapman (1950)):
7,8~=Calculation for two-dimensional and axisymmetric flows

! [Thomann (1959)] ; 9, 10--Rallistic testing, M = 6-11, Re = 1-10
[Waldbusser (1966)7 .

6

Fig.717.16. The effect of the angle of the semi-apex
of the cone on the diameter of the wake neck 4' = a/d
and angle B:

1=aM = 1.7; 2=-M = 2; 3==M = 3; L--M
I Shvets and Shvets (1976) ]
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1.2. Flow Parameters Along the Wake Axis

The information on the flow parameters along the wake axis is
important to establish the accurate flow system of the near wake, thus,

in the past pertinent parameters have been measured. One of the para-
meters which determines the viscous effect in the base region is d =

Sy, if 0 is small in correspondence to a large Re, then the vis-

cous effecis are significant only in the thin mixing layer; but with a

!

large ' , the large part of the stagnant zone beceomes viscous. For
£ 3 gl

the fixed value of Re, ¢ 1is proportional to ¢;d and the thinner the
body, the more important are the viscous effects in the base area.

The measured pressure distribution and M, , the Mach number along

S]
the wake axis downstream of a cone, are shown in Fig.III1.17. The posi-
tion of deceleration is determined at the point of the intersection of
curves p, and Py where subsript v refers to reverse flow., If boun-

dary layer thickness increases, then the deceleration point moves to-

ward the cone.

The experimentally determined pcint of deceleration and the Mach
number of the maximum velocity of the reversed flow are shown in
Fig.I11.18. The reverse flow velocity Mach number increases linearly

to M. == 0.8 at M = 6. If the free stream velocity approaches to sonic

r
(M =0.95), then the critical point moves downstream. If M increases

subsequently to 5, then the critical point approaches to this point,

but at a hypersonic Mach number no significant shift is noted.

The pressure close to the body and downstream of the deceleration

e M 1 Mt At At . b S e
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r.__ ", Fig.ITI.17. Distribution of pressure
’29 and the M numbers along the axis of the
Ji___ja wake behind a cone (6 = 20° , M= 3;
N i ¢ =0.01 (a) and & = 0.0 (b): 1-mpe-
4 - 105 static pressure; 2 and 3--p, and p, --
é)“ ( pressure measured by an attachment directed
' o 0 upstream and downstream; L&—-Me—-—Mach number
p4 0-2 on the axis of the wake.
5N | o
= -5 [Shvets and Shvets (19?6)] .

Fiz.777.18. Position of the deceleration point xc/d and
maximum velocity of reversed flow Mr for a cone (1-8), a
wedge (9-13) and a cylinder (14, 15) [Shvets and Shvets
(1976) ] :

1--8 = 10°, me = 4-100; 2--8 = 11°, Re = 3.10° (data of

A.S. Boyko, V.S. Trusov, and A.A, Yasnov); 3--8 = 10°
Loauer (1967) ] 4--Re = 1.1-10° [Collins, Lees and Roshko
(1979) ] ; 5--6 = 5°, Re = 9-106 [ Zakkay and Cresci (1966)];
6--6 = 10°, He 2107 [ Martellucei, Trucco and Agnone (1966)];
7,8--8 = 10°, Re = 10° [ Todisco and Pallone (1965)] ; 9--6 =
15°, Re = 2-106 [Badrinarayanan (1961) ] ; 10--6 = 15°, Re =
1 -106 [ Badrinarayanan (1961) ] ; 11--Re = 6-106 [ Larson et al
(1962) | ; 12--8 = ¢°, Re = 3'105 [ Lewis and Behrens (1969)];
14—<Re = 1'106 : 15--[Herzog (196&)} .

"




point are effected by Mach number. The pressure in the recirculation
zone and in the neck decrease with of Mach numbers up to x/d = 1.3
but furither downstream with increase of M, pressure also increased

48 shown in Fig I1T,.19. The position of the critical peint depends
o =e, and van Hise (1959) found that with perturbation in the range
of Fe = = x 1OL'L - 7 x 105. the critical point approaches to the body

1¥ Re increases.

- T —
X ",17 :
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’\-&i‘:
0 { z 3 M

Fig.I111.19. The effect of the M number on
pressure along the axis of a wake (@ = 10°)
[shvets and Shvets (1976)] .

The measured pressure distributions along the wake axis effecled i

by various shapes of bodies are illustrated in Fig.II1I.20. The pre-

P

ssure increases from x/d = 0.5, and with an increasing conical angle,
static pressure in the compression zone also increases. The position
of deceleration downstream of neck is determined at xc/d = 1.1, taking L
the total, and static pressure becomes equal, but the flow visuali-
zation indicates its location at x /d = 1.0. The pressure begins to

increasc upstream of the neck and ends at a distance of more than two

o
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dinmeters downstream from the base section. In the region of increased

rrescure, magnitude of pressure grows more sharply 1t M = 4 compared

X 107. The

-
0 M = 3 and with increase of Re from Re = 1 x 10 to Z.

n

pressure in the compressicn zone also increases strongly compared to
the region clore to the body.

Martelluci, tirucco and Agnone (1902 carried out the detailed mea-
surements of the distribtutions of static, and total pressure and temp-
erature, Mach number, and stagnation point location along the wake
center line downstream of a 10° half angle circular cone at M = €,
stagnation pressure 800 psi and free stream Re = 6.15 x 106 based

upon the diameter.

The boundary layer at the cone shoulder was turbulent for the entire
test series. Considerable efforts were made to optimize the method
of model support by using a tow-rod band so that wake properties, with
a minimum of support interference, could be obtained.

The measured center line pressure distribution are shown in Fig.II11.21.
The vase pressure was maximum at the center- line with slight decrease
in the radial direction, and a minimum is reached at a radial position
r/d = 0.25 where d is the model base diameter. The static pressure
reaches its maximum at x/d:: 1.5 but its minimum is located at x/d~=:O.%.
The location of the downstream stagnation point was determined from
u = 0 line measurements. The stagnation poilnt was located x/d =0.88
from the model base as shown in Fig.1171.22. The u = 0 line was nor-

nmally straight except in the vicinity of the axis, at an angle of 250

Wwith the cone axis.
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Fig . T17.20. Static pressure along the axis of a wake (dashed lines
corvespond to the ‘oundary of the wake; 1-3, 5-G--Conical bodies;
l=<rylinderical protuterance; 10--Sector body; 11--Disk) [Shvets and
Shvets (1976) ]

1--8 = 10%, N = 3; 2--0 = 20°, M= 3; 3--8 = 10°, M = 4; 4~-M = 1.85,
Re = 1.5'106 [Badrinaraya.na.n (1961)}; SeeB = 100, M= 1.49, Re = 2.106
[ “akkay and Sinha (1965)]; 6--6 = 10°, M = 3, Re = 2-106[2akkay and
SinhaJ; 7--8 = 5°, M =4, Re= ’+-107 (data of A.S. Boyko, V.S. Trusov,
and A.A. Yasnov); 8--8 = 10°, M= 6.2, Re= 2-107 [ Martellucci, Trucco,
and Agnone (1966)}; 9--0 = 10°, M = 8, Re = 1.7-106[Zakkay and Cresci
(1966)]; 10~=M = 3; 11-=M = 3,
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Fig.117.22. 9Distance to the downstream stagnation
point for bluff base bodies [Martellucci. Trucco
and Agnone (1966) J,

The throat of the basic wake structure, defined as the position where
the local Mach number is 1.0 along the wake axie of symmetry, was lo-
cated at x/d = 0.98 from the model base, but the neck of the wake
structure was located at x/d = 1.75. The maximum subsonic Mach num~
ber along the axis of the recirculation zone was not small, amounting
to Moy pox 0.8. The vortex created in the recirculation zone is
energized by the shear face imparted via the dividing stream line, and
since the air density in the recirculation gone is small, this shear
face can cause a high velocity or Mach number.

Zakkay and Cresci (1966) measured distributions of pressure and

of temperature along the wake axis, as well as normal to this axis down-

stream of a 5° half-angle circular cone, at Mach numbers of 11.8 and 8.0.




The Mach 11.8 tests were carried out at a free stream Reynolds
number of 6.10 x 10°/ft and a stagnation temperature of 1700°R.
The boundary layer near the model base was laminar. The center line
pressure distribution was evaluated successfully. However, due to
very small differences of pressure in the recirculation zone because
of the sonic velocity there, it was not possible to determine the lo-
cal velccity accurately from the measured pressure data. The measured
center lire variations of stagnation temperature are shown in Fig.III.23

indicating gradual increase of stagnation temperature downstrean.
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Fig.I11.23. Centerline variaticn of stagnation
temperature (Mo, = 11.8) [ Zakkay and rresci (1966) ].

The stagnation temperature profiles in a parameter of x/d are
shown in Fig.TT1.24, where T = r/D non-dimensionalized radial dis-
tance, measured from the model center line. The increasing fullness
of the profiles is observed along wiih the increasing temperature of

the viscous core as the wake progresses downstream. The Mach 8.0 tests
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were conducted at free stream Reynolds numbers of 0.3 and 1.7 x 10 .
For these conditions, the boundary layer on the cone surface at the
model base was a completely laminar and a fully developed turbulent,
respectively, although the flow in the entire near wake was probably

laminar in nature.
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Fig.I11.24. Stagnation temperature profiles
(Mo = 11.8, Ty/T, o = 0.32, Re _ = 6.0 x 10°/£t)
[ Zakkay and Cresci (1966) 1.

The base pressure distribution and radial distribution of static
pressure are shown in Fig.IIT1.25 and III1.26, respectively. The base
pressure data in Fig.II1.25 are only repeatable to within * 10 % be-
cause of the extreamely low pressure in the base region. The abrﬁpt

changes in static pressure in Fig.II1.26 correspond to weak shock.
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wocenter iine variativn of stagnation temperature and radial

rirution of

20 vtarraticn temperature are shown in Fig.I11.27 and
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in Fig.I11.27, vcenter line variation of stagnation temperature for
~o*r a2 laminar and turbulent flow condition on the model base indi-

tes trhat tnhe stagnation temperature in the recirculation zone did

rct vary nuch within the Reynolds number range tested. As seen in

xy
big]

1£.711.28, the profiles corresponding to the turbulent boundary

I

laver at the tody shoulder beccme fuller than those corresonding to
a laminar boundary layer.

furthermore, the following facts were obtained from the experi-
rents. Downstreanm of the sonic point, temperature profiles are essen-
tially unaffected by the model surface temperature. The Uy = 0 in
the recirculation zone is located at x/d = 0.8. The base pressure
decreases substantially with increasing Reynolds number, from a value
of pb/pCD = 0.8 for Re../ft of 6.0 x 105/ft to a value of pb/pea= 0.10
for Re /ft of 1.7 x 106/ft. The static temperature in the near wake
seems to be fairly constant and not strongly dependent on the free

stream Mach number and Reynolds number, The temperature in the recir-

culation zone is etfected strengly by the wall temperature.

*.3. Seraration Shock (Lip Shock)

the reginning of Chapter IT1, Hama's (1966) experimental in-
cortiration Tor the 1ip shoeck were presented. Further details of this
shook wave structure and its effect on the flow field were described
Fera. ne analyvsis of the inviscid expansion of the boundary layer

at the *railine edge of a slender blunt-based body was reported by

Weinbaun (19€¢€) and Weiss and Weinbaum (1966).
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A »yotoristio soluticn of the supersonic portion of the bounda:y layer.
i‘ Scherterg and Smith (1967) conducted an experimental investiga-
“ion cf the flow pressure structure of a supersonic flow over a rear-
«mrg Tacing step. The results indicate thal the corner expansion fan
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Fig.I11.29. Comparison of the theoretical and experimental
oressure distributions | Weiss and Nelson (1968) ].
Experimental data[Hama (1966)]
. separated shear layer may not be neglected. These findings are in 1

’ agreenent with those of Hama's (1968). Furthermore, the base pre-

ssire inflience on the upstream flow of the corner was noted, and its
magnitude was evaluated by Weiss and Nelson (1968).

The lip-shock flow structure was studied by neans of shadow-
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Fig . 171.30. Field of pressure in the neigh-
borhood of the protuverance when M = 2.5

[ Chapman (1950) ' (H = 11.26 nn):

1--Shock wave; 2~-Boundary of the viscous

layer. |

sraph photographs at M = 3.5, which show the lip-shock interaction
‘ with the shear layer downstream of the step and with reattachment
shock. A streong pressure gradient from base pressure to free stream

pressure was noticed in both horizontal and vertical directlons imme-

iiately upstream and above the corner. The strength of the 1lip shock
varied along its length, and its maximum strength was reached in the
vieinity of the shock shear-layer intersection. The required flow
develeprent is that of overexpansion and pressure recovery through
a4 shock, tut ihe degree of overexpansion varies with the free stream
> rressure, the Tree stream Heynolds number and the step height.

Shvets and Shvets (1976) found the strength of separation shock

Tor mndels with an after-body of varying degrees of converging slope.

7f the angle of convergence is smaller than the Prandtl-Meyer angle
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required to reach the base pressure, then at the trailing edge the
expansion 1s insignificant. Thus, the shock strength is small.
1f the angle of slope is larger than angle of expansion, then separa-
tion occurs, forming the shock wave. If the angle of slope is equal
to the angle of expansion, i.e. base pressure is equal to the pre-
ssure in the boundary layer upstream of the trailing edge, then the
flow sepa:ates with no formation of shock. The large overexpansion
position is located over the area where the pressure curves bend, as
shown in Fig.III1.30.
Tre effect of turbulent boundary layer thickness on the pressure
distribution downstream of a cone is shown in Fig.III.31 and indi-~ !
cates that with the increase of the turbulent boundary layer thick- ;

ness, total pressure decreases.
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Fig.1I171.31. Profiles of pressure behind a cone
(e = 20 x/d = 0.5, 1 = 3) [Shvets and Shvets (1976) ]s ‘
1-- §/d =0.02; 2-- d /d =0.03; 3-- d/d = 0.05.
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i T1T7.372. Values of angles between the boundary of
in inviscid “low and a vase section (1) and petween a
oundarv discontinuity and a hase section (2) (the solid

lines correspond to - = f(8), M = 3, the dashed lines

—— = o(M) {Shvets and Shvets (1976} J .
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- Tle L ACHE . e CCLDLulnnior
O Ltne waske lowniivearn of weasge 4t varlows Maoh numbers is shown ln
Sig.T D000 Withotne same ansle &, Letween the boundary of invis-
‘id Iicw una the Lase suriace, ine angle 5 etween the separation

42 orane s.riace derreases with increase of M, whereas

SLUTFANL 0T 4o CLey

Soer DL lte rUesTiSallions Of Jliw sedsraticn upstrean of

Jeen ceporier In opast.  Recently, further experimerntzl

~rriion 2 tnls sublect have teen conducted irn the USSR. Panov and

) carried out experiments on flow separaticn up-

strean ¢f a two-dimensicnal forward-facing step at subsonic, - ansonic

and surerscnic speeds, and with variocus step heights. As the pressure

~

wtion in Fig.IT71.33 shows, pressure upstrearm and close to the

‘1igtrs

step is larger than that of the free stream in contrast to the lower

.ase pressure cdownstream of the body.

'w Fig.1I1.33 the pressure distributions at subsonic and tran-
conice zpeeds show that the same step height H = 25 mm and cﬁ /H= 0.1,
i1t incraase of Mach numbter, y/Pcn also ircreases. Furthermore,

Wil

t %z indicated fthat at M = 2.% with *he same toundary layer thick-

- L

es5 ¢ = " mm, 1f the shock wave interacts with the boundary layer,
Jressure rises more rapidly with the increase of the step height,
starting from the lower pressure, compared to that of a lower step
height, but at a location of x/d, , the values of p/p .o are the

sanme. independent of H/J, .
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Shvets and Shvets (1976) mention in their book that if the shocx
wave interaction with the boundary layer is absent, then the separated
region spreads upstream, increasing the inclination angle 8, and like-
wise increases the pressure rise sharply, as compared to the case of
a lower 8, although no separation point is indicated in the graph to

support this remark.

pin_ /\ y !
4

Fig.IT1.33. Distribution of pressure on the wall in
front of a step (a) (H = 25 mm, JI/H = 0.1)(1-=5)(b),
with flow past steps ((51--5 mm, M = 2.9)(6~8) and
drop of discontinuity on the boundary layer (J; = 5 mm,
M= 2.9) (9--11) [ Bogdonoff and Kepler (1955) ] .

1-=M = 0.39; 2—~M = 0.63; 3--M = 0.83; 4=-M = 0.93;

oM = 1.1; 6==H/d, = 1.0; B—H/d , = 0.4; 9—8 = 7%

1
10--0 = 11°; 11--0 = 15°.

Fig.1T1.34 shows the critical pressure drops in a function of
‘he Mach number for flows past the forward facing step, the incidence

~hock, and the nozzle. This finding is presented by Panov and Shvets
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JUomeat vy a struaient line approximation in the range Qf t.3=M<l
GS p,E, T ow iiS v ule?5 ML Buch a straight line relationship is
Lonlirmed by Petrov et al (1952) and Petrov (1969).

v 7

3

©ig . T71.34. Dependence of a critical drop of pressure

on the Mach numbter tShvets and Shvets (1976)] s

{--separation in front of the step (M number equals 0.39;

0.63; 0.83 and 1.1); »--data of G. Gedd, D. Kholder,

A. Rigan; 3--data of %. Leyndzh, Kh. Roy [Panov and Shvets

(1966a)] s U==-incidence of discontinuity; 5--separation 4
! of flow in nozzles (data of Arens, Spiegler, Foster, Stevens

et al) [ Panov and Shvets (1966a)] ; 7-[Eggink (1950ﬂ; 8w

[Mager (1956&; 9-{ﬁrens and Spiegler (1963)1.

1.5, Flow Separaticn [nle to Short Blunt Bedies

. “xperimental programs to evaluate the base pressure effected

- modv nenfiguration, Mach nurmber and Reynolds number were carri-

2d out tnv flight tests sc that model support interference in wind-

J turnel tests may be eliminated and reliable data could be obtained
for useful analysis.

Cassanto (1965) found that for a hemispheric nose cone at gero




aiwbdie 0 LTEGOK, exposoa e turtulent corer- and oopersont. o Low

e WISe pressure (s o effecter sorong o bvobokh e v le A Ut -
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N Uorame 5 . ¢ er v A < -
Toot the Toon, c0me Bressure To Tne Jree slrean Dressere 0T o it

odv can ve slightly lower or ndgher tnan for a sharp body, depending
sper. tianness.  Thus, the product of these two ratios (pb/pi)(p(/p,):
where the subscrint / refers tc local on the cone, is such that a
e rody sererwily has a higher base pressure than a sharp body.

e Uree-{lignt rase center lire pressure data of cones at zerc angle

2ok oand Moo a=10 were correlated by Jassanto, Hasmusser and Coawlw

one, the base pressure is strongly aependent on the

creotds mamter wad tase pressuve decreases with increasing the deyv-
crds coamrer Cey Larinar and turruient flows, whereas tor blunt cone
cace rressure v relatlvely insensitive to the Reynolds number.
Tsing the iocal Macn numvter, Seynolds number, physical and displace-
went thickness of u voundarv layer, test data of pb/pl , is correlated

in a function of M° (Re, ) by a single curve for various bluntnesses

and M = “4-19.




. - : : N ; TDEOY o iven the Lafe [t e
SR DT URAL 0D SLErUeT Cone wiifnn a Jontinuens acme alter-Lody ana coin-
L0l e rresswoe Geowastrean of €lender cone witn a fiac
C Yoo T SR vrowme arinar flow, and at zero
¢ % r Lge T i ¢ functiorn of ro /R
[ o Lase
“ s & Laldilts. Dase LaSE pressoe
) " e o
- DUREEPN e SE ce wes U0 Llower cnan
Ceees Turmonb LT eleaor ote onot tasl
cad oot el owaruclated wiln the Dlow

L LGl SJrtace. Separatlon occuss at the sharp

weroor ne Saocture of the cone and base, vut for a model with a
iome, flow tends to follow the contour and stays attached longer btefore

finallv separating. Hama (1968) measured the base pressure increase
Wity increasing deme radius at M = 4.5 on a two dimensional wedge 4
~aving laminar cv transiticnal Ylow and had results contrary to Cas-

wrte ot al's (106Q) findings for M = 11.9 on a free-flight model in a

mm.onar U.cw.  a higner local Mach number fends tc cause a higher flow

rming aneie, and hence the vase pressure is lower for the dome model

an Jor e fliat base.

' 1 : o o = oq0 0 SNV
;s ng cone mouels of r/R = (.25, 8= 0 , 60 , and 70 with

© 25O and

_ievmretric Yoat-tailed after bodv (boat-tail angle J = 20
axnerinents were carried out to evaluate the base pressure, the

stresnwise pressure gradient in the wake at supersonic, trasonic and

1i7sonic speeds. by Cassanto and Buce (1971).

% surersor.ic speeds as shown in Fig.IIT1.35(a) , in all tests, with
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an increase of the angle of attack, the base pressure decreases sig-

nificantly,

ol o
P/P.. n‘g
9<%
03 _;:g Fig.II1.35. Dependencies of base
pressure (a) and the position of
3 the free viscous layer (b) on the
ﬁyL‘-' a angle of attack (M = 3) [Shvets
4 and Shvets (1976) |:
d
50 1--8 = 50°; 2--6 = 60°; 3--6 = 7°%;
bee T = 20%; fee Y= 259 A r= 30°

However, at transcnic and subsonic speeds, as shown in Fig.IIT.36,
values of static pressure, total pressure and reversed flow tetal
pressure increase smoothly, although in the region of x/d = 1-2, they
decrease slightly and then finally approach the magnitudes of static
pressure of free stream at the reattacnment.

‘m Fi7L0ITU9%(E), it is shown that variation of angle /5, which
‘5 defirad as the angle between the base section and tangent to the
cuter voundary of viscous layer at a distance of 0.25 d from the base
section.  On the windward side (3 recreases, approximately linearly,
with increasing o« , whereas on the leeward side, up to & = 300,

increases linearly with increase of o«

+

t was found also that the shape of models has little effect on /g ’
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s vee o Wi I1L3
Wil ne external surersen: 10w, the static pressure i ine
LIl ticn il @ ntilned ajproximately constant as seen in
N AR clies, Cinorenze oF Tree stro €10~
Dregsure noe SURpresSs.con sere inureases sharply, shifiing ne

~axXindm pressure zune close Lo the oodyv.
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Fig.TI1.36. Pressures on the axis Fig.ITT.37. A near wake behind a blunt
of a wake with subsonic and tran- cone (@ = 60°, t/R = 0.25) [Shvets and
sonic flow (cone 8 = 600, /R = Shvets (1976) ]:

0.2%) [Shvets and Stvets (1976) ]: {a=M = 23 2=--M = 3; 3,4--Boundaries of

{-- u ==Ctatl: pressure: expansion waves and a viscous layer when
o pr-—Eirect flow; M=2and M= 3; 5,6--Distribution of the
3=~p, =-eversed {low. Mach number on the axis of a wake when

M=2and M= 3,
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A esvures With supersonic
- ~ - N
;
R S A T == LD e J e VLETOUS ane
Cre pnctograph of Pl 177040 shows clear'y the o

; wave, viscous layver and *tralling shock., Flow separvated, at the
. ~er, at all velocities tested. At subsonic speed, free vortices

raused v separation are transferred downstream in a turtulent vor-

sersonic velo

citv at the external boundary of the mixing layer and

“ormea zones closed bty the shock wave, t supersonic speeds, the se-

. zone dimension is reduced significantly.
Tsavev ~ra Shvets (1970), Panov and Shvets (1966%h) and Shvets

S Fancy L1903 carried cut experimental tests for twe series of bo-

‘ne series of models consists of a basic cyiindrical section and

ection of various shapes such as conical, elliptical, flat

faced wi.h rounded leading lateral edges, in a range of r/R = 0-1,

where r is the radius of the rounding of the leading edge and R is

.  nstn .
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ceraration and reattachment is of practical interest to alrcrait

v

costtrasaaes, Heeently in the WEH, attention has been paild to the
Cldeen twe lodies, bul onitting thie nscoream phenciens o1

IS ot Trene oty uaced oo the solid cariface, inen

- el s e NS [ . € UG
§ ol O e T eng o) . eI OHL UL b oon-
: YLD eI i ad D oneel T a8 D e UL el A0WLS Lrean

o

SIa ront o touy, Shicov (198 soudied superseonie flow arowad s disk
Lrear cody ! of smalier height bteilind the front bodv of larser height.

such flows nre shown in Fig.I1I.45.

-

Fig.IT11.4%, Diagram of tlow past
two closely pesitioned bodies

| . 7 . ,
Shilov (19“9)J2(v{-—Dlstancp Lo

tween bodies).

TUotte tistance o letween lhe front fody base and disk is small,
and 1S totally submerged into the separatien wone as indicated in
Sl D07 Ay, then downstrear of the disk, the flow behavier is con-

sidere to e that of the cerdinavy base Flow, invelving flow from

the reattashment s well as upstream {low effected by the flow through




coonp ovetween the oxiernal cage of the disk ond toe MiXing zone.

e turning of the extemal supersonic Ulow at the trazling edge of

&%

wroeoTrent pedy, and pressure on Tolh gid

2w of the disk, are determined

severring oo thee equilibrium position of o free btoundery laver ta-

I

the flow rate i the separation zon., [f ihe sistance £ iz

orvegced and Toow rate through the gap 1s suall, then external flow

Sooacrure charges v Lhe upstream aren of the dlsk ind flow reattaches

o che disk as lrdicatea in Figl 11,450, {low downstrean of the aisk
se -~onsidered s ovdinary hase flow, alithough the initial boun-

larv laver thickness is thicker. The force acting on the disk increases,

ae to the change of flow mementur: in the bhoundary laver entering the
i separation zone in tront of the disk. But at a cetcin  length {, the
1 flow rate reaches its maximum due to the reverse flow. 1f this fiow
' rate 1s smaller than that required to maintain the flow rate in the
separation zone, then flow behavior suddenly changes and flow down-
stream of the front body becomes that of ordinary base flow and the
disk 1s exposed *o 2 non-uniform supersonic [low. Based upon such a
nodei, the drag coefficient of the disk is computed in a function of
¢ 1nd cespared with experimental data as seen in Fig.II1T1.46.
. Pig.T111.46. Drag coefficient of a disk
v with varying distance from a rody (cur-
ses--calculations, [ Shilov (1969)]

te=M = 2, 2--M = 2.5; 3==M = 3.6,

26k




Semenkaevick (TCNQ), in the study of superscnic tlow between

S todtes, oadired that Lhe exiternel invascod flow separating frem
T 1 rad of the frert tedy rixes with the fluid existing

Celwern o lwo bodien and ferms o Uree btoundary layer,

AU the reattaorzent nelnt con the vear tody, the boundary iaver

cwote rivided rto twe parts-one part flews awar as external flow
cantory Tlew, and 1ts velcooity Jdepends on the vody neights.

i
i
Lraer Lo cause such a reverse fliow, the rveversed flow rate must 1
bte equal to the entrained tlow rate along the internal boundary cof
1
the boundary layer.

“.rpov et al (1968) and Cherkez et al (1970) computed the flow |
characteristics in the separation zone between two closely positioned
ccaxial bodies and found an equilibrium positicen cf a free boundary
layer.

The spread of this free boundary layer passing the rear body
prevides a flow rate in the separation zone egqual to that entrained
2lens the internal boundary of the boundary laver. Based upon this . ]

~ondecture the  angle of flow turming at the separation and a change

porom

. .o pressure are evaluated. For this analysis, flow parameters up-

Y

. »l =*ream of the separation are assumed to be xnown as evaluated by

wne external flow caloulation cver the front body. In order to des-
crite the centinuity, it 15 necessary to find the {low rate along
the internat boundary according to boundary layer characteristics,

te determ:ne the relationship between the position of the boundary 1




tayer relative to rear body, and to evaluate the flow rate enirainco
inio Lhe separaticon gzone,

“12. 015,47, shows the buse pressure :oel

coenn bedy, wn e cuunction of t'/dp‘ml+ and Inoo parcmeler of

s T pthe ratic of diameters of venr o froni body, rererins
O omratic pressure on thie front body Lapsiremt O SeDALALLON JSGint,

U N S . toen Wwith the increase of ¢ d. ., the I'lcw tur-
- - wil b

rgle at ihe separation ane Jase pressure aecreases,

Fiz,[77.47. Dependence of the coe~ 1

fficient of base pressure on the dis-

ad -
read/ {ront J
relationship of the diameters of two

tance uvetween bodies (d

todies [Karvov, Semenkevict and Cherkeg

(1968) 1.

e n-dimernsic critical length ¢ = X ie
‘e non-dimersicnal critical length Cop Lcr/dfront at which
‘e single separation zone is divided into two { because of the rea-

sacnment and suusquent reseparatlion on the floor surface or symme-

+

v oexisy 1s shown in Fig, I1I.H, in a function of M and in a para-

Seter of d by[Karpov et al (1968)].

/o
ol
rear " front




af } : }
,L_ ' 3 el Fig IT7.48. ‘“alue of the critical
R B l

n - . . .
| r,,,—g—g‘““°7§:=0.é iistance tetween bodles atl wnhich
T 0T Trear! Tfront

\ . e e
S epuntr S resiructuring of flow occurs { Karpov,

T ) '

Semenkevich and Cherkez (1968) |

adrvavisev et al {(196¢) investigated the guasi-steady supersu-
12 Zlew over ciosely positicned coaxial bodies. The flow parameiers
. ne separated sone between twe bodies depend on the velocity of

Soparaiion, even il its veicclty s very small compared to that of

S or waroralllistice experimental resuits indicates that Lhe

rescyructuring process of cavity flow, {rem a single separated zone

ed zcres, is gradoal, and fcr = 5«6 d";o o while
Jor e Cecaticially nedel exposed to high speed flow, fp RIS
cesrent Wit ire precicted value suggesied oy Karpov et al (1968).
rniRey 1971, 1973Y esablished the engineering method to
ot ste the pressure downstrean of ‘ne body, and in the neighborhood
o1 axisymnetry, by assuming that the inclination angle of the dividing

tream line does not ditffer significantly from the inclination of tan~

41

cential to the edges of two bodies.

Shvets (1971) obtained experimental data on flow in the space

27




Tetwsen o a cone and cylinder whose diareters and lengths were same,
ard pletted the pressure distritution on the suprert which holds

the cene and the cylinder, as shown in Fig.IT1.40.

n — ,,,‘  ~,4 S
gﬁr————*~ TTTTORIINT %

{ f D

} P O-f e8|

j } o-2 ®f |

{ Lol v .

t STV .1 i i
b L |
v 7 2 x/d

Fig.T11.49., Pressure on the holder between a cone

(6 = 10°) and a cylinder (solid lines correspond to
M = 3, dashed lines correspond to L = L/d = 0.75)

{Shvets and Shvets (1976) ] :

1— 4 = 0.2; 2-- £ = 0.5; 3=- 2 = 0.7; b= £ = 1.0;
S=-M = 0.4; 6~=M = 0.7; 7==M = 0.8; 8--M = 0.9,

With appreximately same £/d, at supersonic speed, the pressure
variation is more pronounced, compaved to subsonic speed. For exam-
vle, witn 4/d = 0.7, at M= 3, p/p,, reaches its minimum value of

~ Q.47 at x/d 2.2 and increases p/p ..  to 0.62 at x/d ~ 2,75,
wherean with »f/d - 0.75, at M = 0.7, the minimum vaiie or P/P<n ~

‘5 is reached ~t x/d ~  2.25 and p/p_ ~ 1.0 is at x/d ~ 2.7%,
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3nvets and Shvets (1676) descrited the hypersonic separated flew

in thelr teek Gasdynamic of Near Wake , frequently referring to recent

ar icles ot the AIAA Journal.

The sigsificant chonwes tn the structure

e, Cecerseniocowike stouotiore s Mo

3

of a laminar near wake

~— ™

aries from i smail numbers to M = 7,

Langhadin e al (1971)

Sooeperimentaliy deternined the streanliines, Iines

X ot conalovrecsnre, ard tempeciiare and positicns of shock

Saves owne.cean of a4 siender cone, at M oa.
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An attermpt will be briefly made to describe the various features

.

o bvrersonic wake such as laminar, turbulent, shape, ond heat trans-

ey ) wmgle of attack
amina:
. for e o N - . : I N
arman LTS T caoted cutoLie maper e o e e ot T
e st are 0 n laadnar e i < RRAS
~ STy Clrcuiar Cone wnl Gt eronde
aa exposed to M 7 o helium Tlow at "0 Doatavk, The en-

rnasis of the nvestigation has beern nn

ing 4 Tundamental under-
standing o the initial phases of developrest of the wake and to pro-

vide the informaticn needed Lo construc: 1.l mecnanical modeils.

ne measwred aata of velocity, Mach :urizr, temperature and
sressure ziong the axis wre shown in Fig 71050, and 717,51 and in-
cooate tne Yollowine Tleow features, VYo appreciatvle extent of con-
crart axial stabic nressure in the recirculation zeone exisis, A

. is located at x/d = 0.7%
Wrheto Cand 1o wxial distance :com the base ¢f the cone and d is

e tareter of Tare, Downstream of this. the pressure aecreased Lo

“heo tree strear evel at x/d = 5, Downstream of x/d = =, pressure

s oapproximateoss constant at a level about 15 % higher than nor-
al p.. . The oase presdure is 1.58 p,, . Tre wake stagnation

roint is upstrean of x/d = 1 and sonic point on the axis at x/d = 1.5,
A vapid acceleration of wxial flow downstream of the stagnation point

takes place, dus to a {nwvorable pressure gradient and viscous mixing




2 - [ it Cit leautos : Artude LD~ :
e roe The Lralling shioosd wave originates at xod o= L

LoLoLoenerges Tret toe visoous dwade b n ¢ = Y The ar wake v
oS AT o o T LY T pe e L owa e T elers qownstrean o
! el ¢ . SoroTL N € VLIoi Wl W The
- " i . i 1 T ; M s 55
. i & . 30 < : ool
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.2 Turtulernt wake ]
! Tre turtulent wake downstream cf a ccne at M = 0, and Fe 5
~ 7 x 10 was investigated bv Martellucci, Trucce and i none (1946, -
mna whe reached the following conclusilors,
e of w T 0 is straight evervwhere except on trne s mretry axis
s N - S - . . . ) I . .
sl tme smeae of incliratiorn fo the svmmetr axis is oF Fositions
“e honL ¥aoh rumber egua.a to unity iw oal d = 1 UL dake neck i
o7 , and *he locai critical point at ¥ /d = €. % wre; ne~ s 0
.
- "~ .
T w L= 45T when Te = 10, dndicating ot x_d does vot le-
6} c
: : SR ificantlv on tne Heynolds rumber. The suvscript 3 refers
. f
s - ~crdition on the trailing edge of the bedv. The shock was also
Al
. . . . , C c L, .
T ind i*s inclination angle to the axis is &7, 1t is noted alse
. “rat the maxirum static pressure on the wake axis is larger than p __

ot Twe=Dimensicnal Separvation Flow

’

| srany, Hanker and Dwoyer (1971) investifated larinar separated
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Impact pressure comparison between experimental and rotational cha-
racteristics computations show that the majority of the separated
flow field is primarily an inviscid phenomena and the viscous domi-
nated region is rather limited, but the separated flow region exerts
an influence over the entire flow field. Although the rotational cha-

racteristics can be applied successfully for inviscid flow, the com-

plete flow field must be determined by a numerical matching scheme
between the imbedded viscous flow, evaluated by the Navier-Stokes'
equations.
It was noticed that in the separated region, except for the lead-
ing-edge shock, no obvious shock waves were detected. A single rea-
ttachment shock wave was barely detectable and its strength increased
as it propagated downstream. The expansion fan emerging from the cor-
ner eventually reaches the leading edge shock, and the gradient of the
impact pressure in the plane perpendicular to the testing surface de-
creased considerably. No uniform flow field existed between the lead-
ing shock and reattachment shock.
Shang and Korkegi (1968) measured the pressure distribution down-
stream of a rearward facing step at angles of attack. The model con-
. sisted of a wedge of 12° half-angle, followed by ; flat plate, recessed . R
to form a step with respect to the wedge base. ]

Fig.III.53, shows p/pw , in a function of x/H for 5< M, < 7.5 {

at various angles of attack. The subscipt w, refers to wedge and sym- : 4

: bols x and H refer to distance from the base and height of the base,

respectively.




The following significant facts may be noted. The distribu-
tions of the non-dimensionalized pressure, with respect to wedge pre-
ssure, are essentially coincident up to a point, beyond the peak value.
vurthermore, the reattachment point appears insensitive to the va-
~iation in the Mach number after the initial decrease following the
veak pressure, the levels of the various curves tend to approach
different asymptotes. For purposes of comparison, the isentropic asym-

1 totes for the various configurations are indicated in Fig.III.52.
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Fig.IT1.53. Pressure distribution downsiream
of the rear-facing step at various incidences
Shang and Korkegi (1968)] .

Dewey (1965) measured, at hypersonic speeds, the surface pressure
distribution on a circular cylinder as a function of Re ; (based on
stagnation conditions and diameter) as shown Fig.III.54.

The most striking feature is the diminishing extent and finally, the
disappearance of the region of constant pressure as the Reynolds num-
bter decreases., The assumption of constant pressure mixing implies that

the surface pressure downstream of separation is constant and equal to
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the value at the outer edge of the shear layer. As seen in Fig.III. 55’:
this assumption is not valid at the lowest Reynolds number tested,

but a large region of constant pressure is anticipated for Red;zj X 10“.
A second important result is that the separation point, which is lo-~
cated very close to the surface pressure minimum, moves aft with a de-
creasing Reynolds number. The pressure rise required to separate the
boundary laver increases with a decreasing Reynolds number, allowing

the boundary layer to penetrate more and more deeply into the base re-
gion. The third significant finding is that there is a small pressure
rise downstream of the cylinder. This region of increaszd pressure ex-

tends about + 15o on either side of the axis, indicating that the re-

verse flow stagnates in the base region.

2.4. Effects of the Angle of Attack

Wu and Behrens (1972) measured mean flow properties of hypersonic
wakes downstream of a 20° total angle wedge at M = 6, Reynolds num~
bers 7000 - 55000 based upon wedge base height and at various angles
of attack up to 250.

The near and far wake structures, as well as streamlines and ve-
locity profiles over a downstream distance of 60 base heights, were
determined. Separation on the leeward surface occurs at o< > 17°,
and the near wake flow field changes accordingly. In the laminar wake

flows, the wake width, minimum velocities and maximum temperature

change 1ittle with the angle of attack. In the transitional wake, a
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“"breakaway" phenomena is observed and the transition moves flow
upstream as the angle of attack increases. At the angle of attack,
the flow phenomena over a two-dimensional su;face and axisymmetric
tody are quantitatively different. Flow over the cones causes a
very thick boundary layer on the leeward side even at a relatively
small angle nf attack. Thus, in the near wake, steeper gradients
in velocity and temperature occur on the windward side, but not on
the leeward side when they occur in the wake flow of a wedge at angle
of attack. TJje inviscid wake flow parameters: wake static pressure,
velocities, Mach number, and temperature at the edge as well as the
flow inclination in real flow compare favorably with the simple in-
viscid shock expansion model for M= 6 and o < 25°,
The close correspondence between the simple inviscid shock-expan-
sion model and the real wake outside the viscous wake for M = 6,

o = 25° indicates that the inviscid far wake is determined
mainly by the relative strengths of the leading edge shocks. The lo-
cations of wake edges are determined by the intersection of the tan-
gent of the maximum transverse grajients and the wake edge levels of
the pitot pressure traces. The wake thickness is obtained as the
width between these intersections on the leeward and windward sides.
The transition moves upstream as the angle of attack is increased for
the same Reynolds number. At a small angle of attack, the near wake

structure is very similar to that of a symmetric wake. The boundary




layers separate at both trailing edges of the wedges and coalesce
at about three-quarters of the base height downstream, and as the
angle of attack increases, the recirculation region moves toward

the leeward side. When ot > 17.5o » flow separates on the leeward
surface and the recirculation region extends from base to leeward
side. Separation moves upstream with an increase of the Reynolds

number,

The structure of a typical near-wake flow field at of 25

is shown in Fig.III.55.

sePararion ~—-—_ WAKEguoek
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Fig.J11.55. Flow in a wake behind a wedge with an angle of attack
25° (0= 10% M =6, Re , = 55,000) Wu and Behrens (1972)
{-~shock in a wake; 2--boundary of the field of viscous flow; 3--

shock caused by separation.
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Some important features of the wake geometry, such as the shock
wave location, the shear layer edges, the sonic line contour of zero-
velocity and the stream lines are seen in Fig.III.55. The stream line
curvature rear the windward trailing corner clearly indicates the strong
pressure gradients in this region. At four or five base heights down-
stream of the base, the flow in the viscous wake is nearly parallel to
the free stream direction. In the far wake flow field, the overshoot
of a wake static pressure exists which depends strongly on the angle of
attack; the higher the angle of attack, the larger the overshoot. The
viscous wake edge values of the velocity, the Mach number and the tem-
perature are very close to the upstream conditions for all angles of
attack on the leeward side, and change considerably on the windward

side with the angle of attack.

2.5. Shape of Wake
Waldbusser (1966) investigated the geometry of the laminar wakes

downstream of three cones: one pointed cone and two blunted cones
with a nose-to-base radius ratios of 0.035 and 0.3.

The diameter and location of the neck in showngraph photographs
were determined at the intersection of the trailiﬁg wake shock and edge
of the viscous core. Measured neck data indicate that neck diameter is
strongly effected by M ,, , the ambient pressure and the model size but
neck diameter normalized by the base diameter é'/d is a function only

as shown in Fig.III.56. An increase of Re at

of M ., and Re 3 oo

d e




constant Re

results in a decreased & /d. No effect of the

d oo

cone angle, the bluntness ratio, the nose shape or the body size was
discernible within the limits of tests available. Distance to the
neck increases linearly with increasing M. , not effected by Re goo

nose bluntness, body size, cone angle or nose shape in the range of

4L 6 s e s
6.5 x 107 = Re(1 = 1.2x10 . The shock origin is located at the
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point where the continually coalescing compression waves (was not vi-
sible on a shadowgraph) produce a density gradient large enough to be-
come observable on the photograph. Distance to the shock origin in-
creases with increasing M s . The shock origin with respect to the
circumference of the model is located by the angle, which is defined
as an angle in a meridional plane between the straight line from the
aft end of the conical surface parallel to the body axis, and the line
fron this same point to the origin of the wake shock.
; : With an increase of M o, , ¥ decreases. The shear layer is approxi-
nated by the flow region which is bounded by a line between the edge
of the boundary layer and the edge of the neck and a line between tne
cone shoulder and a point somewhat upstream of the measured shock ori-

gin.

Levensteins and Krumins (1967) studied the base flow geometry by
optical observation using titanium cones of a 90 half-angle with va-
rious bluntnesses in the range of 6 < M < 15 and 2 x 104‘= Re

d
X 106. The origin of recompression shock and location of neck are gi-

< 1.3

ven by
X == axial distance from the base to origin of the recompression
shock, which is considered to pe indicaéive of the location
of the rear stagnation point,
X, === axial distance from the base to the wake neck,
The widths of wake flow at x_ and x_ are denoted by J; and d"n res-
pectively:

Then, xs/d and xn/d, J;/d and J;/d are plotted in a function of
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Re for cone of 6.3o half-angle at M =~ 9, for laminar and turbulent

flow as shown Fig.IIT.57.
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Fig.III1.57. The effect of the Re number calculated according to the
diameter of the basic of a cone on the geometry of flow in the base
region (8 = 6°18", r/R = 0.05, M = 9) [Levensteins and Krumins (1967)}
1--laminar flow, x/d, Js/d; 2--laminar flow, xn/d, dh/d; 3-=-boun-

dary layer on the cone is turbulent.

As long as flow is laminar, the whole base region decreases in size
with the increasing body Reynolds number, but the size of the base
region increases when the boundary layer on the cone is turbulent.
The distance between the recompression shocks at their origins crs/d
decreases with increasing Red. even in the turbulent base flow where
other three distances xn/d, xs/d and d;/d increase with Re,.

Koch (1967), using schlier:n photographs, studied the wake neck
geometry downstream of 10° half-angle cone of 1.75 in a base diameter
with a 0.005 in. nose radius at the average free s*ream Mach number

of 5.2, 3.8 x 101+ < Re, < U4.65 x 106, and at average angle of attack

d

less than 2°. The velocity was selected so as to attain hypersonic con-
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ditions without causing the bow shock to lie so near the model sur-
face that boundary layer details would be difticult to see in cchlieren
ricture.

Zoch (1967) found that wake-neck geometr: was effected by the

. N . —~ v
Revne''  numbers, as shown in Fig.liT.:48. © PRUSINT DATA
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Fig.I111.58. Configuration of a wake behind a cone as a function of
the Re number of an unperturbed flow (cone with half-angle 10°, M=5.2,
0--angle of contraction [Koch (1967Y]. Ref 1 -[Waldbusser, E(1964)]

"Geometry of the Near Wake of Pointed and Blunti Cones” General Electic 1
Fluid Mechanics Component Data Memo 1:19. Ref 2 - [Waldbusser (196

P

As seen in Fig.T7I1.58a the neck location is considerably moved rear-

ward as Revnolds number decreases, but Waldbusser (1966) did not in-
dicate such a movement. The normalized neck diameter tends to remain
constant at about 0.3 above a free stream Reynolds number of one mil-
lion, as Fig.I1T 58 indicates. The wake-closure angle, measured at
the midpoint of the distance between the body base and the neck, is

shown in Fig.I11.58c. If the free shear layer is assumed to be straight,

28¢




then this angle can be calculated from the measured neck diameter,

and its location using the following equation:
- - -5 i
= et [(1 ;a)(zj
X, d

A comparison of the measured and caliculated values indicates that
the assumption of a straight shear laver is a reasonable simplica-

tion for the tested flight conditions.

3. Oscillation in a Near Wake Boundary Laver

In the separation zone, and base downsiream of a body, oscilla-

tion of pressure and dynamic pressure occur, causing significant dy-

"namic load, and effecting the aerodynamic characteristics. For a roc-
ket, the thrust force is affected by base pressure change, which de-
pends on many factors, such as, boundary layer separation from the
body, the downstiream stagnation zone, the jet engine exhaust gas and
their interaction with exterral flow, etc,

V.W.Kuptsov, Yu D.Vinogradov and A.F.Kulyabin, et al, studied
base pressure, anaiyzing the possible causes and characteristics of
oscillations.

Tince the problem of near wake flow oscillation is complex, it is
advisanle to investigate separately the effects of different factors
on the base pressure.

The free viscous layer in near wake is formed by the boundary
layer flow on the upstream body surface.

Associated with the irregular turbulent motion is not only an aero-
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dynamic noise, but also a fluctuating pressure field, and the pressure
on the material surface can produce a significant effect if flight ve-
hicles operate in the regimes of large dynamic pressure. Random forces
may cause fatigue failure in a structure as well as undesirable levels
of structural vibrations,

Hence, the following investigations of Willmarth and Wooldridge
(1962) and Kistler and Cher (1963) are of irterest. Willmarih and Woo-
ldridge (1962) measured mean square pressure, the power spectrum of pre~
ssure, the space~time correlation of the pressure parallel ito ihe stream
and the spatial correlation of pressure traverse to the stream, etc. of
the turbulent pressure field at a wall, beneath a five-inche thick tur-
bulent boundary layer, produced by natural transition on a smooth sur-
face. The root-mean-square ( rms) wall pressure was 2.19 times the wall
shear stress and the power spectira of the pressure were to scale with
the free stream speed and the boundary layer displacement thickness.

The space-time correlation measurements parallel to the stream di-
rection exhibit maxima, at certain time delays, corresponding to the
convecticn of the pressure-producing eddies at speeds varying from 0.56
to 0.83 times the stream speed. The convection speed u, may be defined
as the quatient of the transducer separation A x and the time delay at
the maximum of the correlation. The lower convection speeds are mea-~
sured at small spatial separation of the pressure transducers, or when
only the pressure fluctuations at high frequencies are correlated and
higher convection speeds at large spatial separation of the pressure

transducers, and/or, when only low frequencies are correlated. A pre-
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ssure-producing eddy of large or small wave length A decays and dis-
appears after travelling a distence of about 6A .

Zoth the transverse and the longitudinal scale of the pressure
fluctuations were of the order of the boundary layer displacement thick-
vess, and the transverse and longitudiral scales of both large-and
amli~scale wall pressure fluctuations were approximately the same.

~

The e '3 of Kistler and Chen's (1963) measurements of the pressure
Tltuations oy a turtulent boundary layer on a solid in a range of
M olo23 - 5.0 are as follows.
e major effect of increasing the Mach number 1s to decrease

the length scale of the pressure fleld, and the integral scale of the
pressure field and the integral scale of the wall-pressure fluctuations
change, from 16% of the boundary layer thickness at M = 1.33, to 0.06%
at M = 4.54. The root-mean square { rms.) values of the pressure
are proportional to the local mean shear for all Mach numbers, and the
prepertionallis; constant changes from about 3 for subsonic boundary
layer to avout 5 for Mach numbers greater than 2. The space-time co-
r-elation with space separation in the direction of the mean flow are
waricterized by a convection speed, and this speed falls from 0.8, if
“be tvae stream velocity at M = 1.33, to 0.6 at M = 5, The peak value

‘re correlation coefficient falls to one-half for a spatial separa-
Liun of the measuring points of two~tenth of boundary layer thickness.
“he intensity of fluctuation increases in the transition region

el rrows significantly in the flow passing over protuberance on the

surince and forming the local separation zone. For supersonic flow,




strong pressure fluctuation occurs if shock wave interacts with boun-~
dary layer. Because the pressure fluctuation in the boundary layer
ef'fects the base pressure fluctuation, it is necessary to investigate

the fluctuation phenomena on the bedy surface to analyze the bace pre-

Schloemer {1967) investigated the effects of pressure-gradient
on turbuient boundary ilaver wall-rressure fluctuations in a low-tur-
tutence subsonic wind tunnel,

Ry examining the effects of mild pressure-gradients, both adverse
and favoratle, on the turbulent boundary layer pressure fluctuations
and comparing with zero pressure-gradient, it was found that:

1) The most stricking differences are the change in convection velo-
cities due to a distortion of the mean velocity profiles which are
caused by the imposed pressure-gradients. Convection velocity ra-
tios u_/u were higher in the favorable pressure-gradient and

lower in the adverse pressure-gradient, when compared to zero pre-

ssure-gradient.

2) Convectlion velocity increases wit'' longitudinal separation, and
decreases with the increasing frequency for adverse and favorable 4
pressure-gradients as well as the zero pressure-gradient.

3) ioss of coherence, or decay of a particular frequency component L
alorg the longitudinal direction, was {aster in the adverse case
compared to zero pressure-gradient. The decay rate is slower in

the favorable pressure-gradient, 1
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b)

5)

6)

lLateral decay of a particular frequency component is not affected
by pressure-gradient.

“oot-mean-square pressure-fluctuation levels for broad frequency
bands are larger in the adverse pressure-gradient and less in fa-~
vorable comovared to zero pressure-gradient.

The spectral density is altered reflecting the changes in longi-
tudinal turbulent intensity with distance from the wall affected
by the pressure distribution. When non-dimensionalized by J * ,
the adverse pressure-gradient spectrum is higher at lower non-
diminsional frequencies than the zero pressure-gradient spectrum.
Blyndze and Dokuchayev (1969) measured the spectra of pressure
fluctuation in non-self-similar boundary layer of negative mean
pressure-gradient shnwing that a non-dimensional spectral density
is smaller the larger is the absolute value of the mean pressure-
gradient, and this tendency prevails mainly at high frequencies.
Downstream of fully developed turbulent boundary layer of zero
pressure-gradient, redistribution of the energy of the pulsation

motion occurs between the small-scale and large-scale components,

Smolyakov and Tkachenko (1969) studied the streamwise, transverse

and diagonal spectra and phase velocities of turbulent pressure pulsa-

tions ut zero mean pressure-gradient on the wall at Re = 0,35~1.1.10",

8

The fluctuations in a thick boundary layer of natural transition

from laminar to turbulent flow investigated by Kistler and Chen (1963)
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are shown in Fig.III.59 , and space-time correlation in Fig.III.40,

wﬁ@[ -1 In Fig . III.59 it is seen
I ”{ x 2 >
66 i Y 2 that W “(flu,/J is pro-

portional to the distribu-

a2 tion of oscillation energy

o 2 ¢ folu, ir. o function of the fre-

Fig.TI7.59. ~fluctuation in a thick

4 14 W =
boundary layer: [ Xistler and Chen qiency, f&/ue where .

(1963)] :
1--M = 2.6, Re = 1'51.102; 27x frequency, d is geome-
2--M = 3.5, Re = 1.55:107; trical boundary layer thick-
3--M = 3.99, Re = 1.65.10%;
oM = 4,54, Re = 1.47-10“; ness, and f is measured fre-
5--M = 1, Re = 0,045 X 104. quency and in Fig.III.60,t
is time and R(t) is the cor-
a(t)
o £h relation.
° Fiszdon and Mello~Christensen
]
d (1960) and Trilling (1958)
005
‘d~_dfﬁ» °\\\ studied the oscillation in
S 15 tLus the interaction zone of shock

Fig.II1.60. Graph of space-time cor- wave with boundary layer.

relation.
[Kistler and Chen (1963)]

Oscillations of a shock wave were forced and induced by a special
device with a prescribed frequency. Such an experiment made it posible
_‘; to model and study more precisely the oscillation parameters in the se-

T paration zone caused by oscillation of the incident shock.

Kistler (1964) measured the pressure fluctuations under a turbu-
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lent, separated region upstream of a forward-facing step at Mach
nunbers of 3.01 and 4.54, finding that these pressures are consider-

ably larger than the pressures produced by an attached boundary layer.

w:.’/) T

|

Tt was shown that pressure fluc-

tuations originate from two dis-
tinct causes; fluctuations due
.« turbvlent free shear layer.

Yistler (1964) measured the

spectra in the M = 3,01 separated

] flew at x = 1.55 and 6.06 in. and

’ also upstream of the separation

EEZZZ::;;;;;;;§ as shown in Fig.III.61 . In this

4 Shef O
. ) figure in order to make the rela-
Fig.I1I.61. Fluctuation of pressure 1
in front .i a_step (M = 3.01, u/d = tive shapes more apparent, the or-
! 16,000 l/s,u)K(f) -- is a qualitative

evaluation of distribution of energy dinate is constructed so that the

of fluctuation according to irequency)

{Kistler (1964)] areas under the spectra are equal.
1--Boundary layer;

2--x/H - 0.8; The actual power spectra of the
3--x/H - 3.

pressure can be obtained through
normalization and mul*iplication

ry the value of p'd. where p' is rms pressure level corresponding to the

o, R |
particular location, )
.
[t 1s apparent from these spectral shapes that there is more en-
! erev it the low frequencies in the separated region than in the attached ;

ioundary laver. The various spectra are not similar (affinely related). ]

No spectra were obtained near the separation point because due to the
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large fluctuations in the spectra at these low frequencies etc. and
thus, it was difficult to obtain the quantitative measurements.

Kistler and Chen (1963) found that at M = 5 the convection velo-
city of the attached btoundary layer is 0.6 of the free stream velocity.
The remarkable result noted by Kistler (1964) is that the convection
speed fer the separated flow, which can be roughly described as the
speed of :t.2 turtulent eddies most efficacious in producing the wall
rressure, is in the direction of the externai stream.

Vehicles involving flow separation at supersonic speed are effected
by the large, time-dependent forces, and these forces are resolved into
two components, a low frequency buffeting caused by changes in the geo-
metry of the separated region, and wide-band fluctuations orginating
in the free shear layer of the separated region. The magnitude of lo-
ading preduced by each component can be estimated by Kistler's (1964)
analysis. The magnitide of the component of these forces may be mini-
mized if the location of the separation line is fixed by tripping the
small ramp so that the high pressure region has a fixed area and does
not contribute an additional fluctuating force.

The fluctuating pressure occurring within the separated region are due
to the combtined action of the turbulent shear-layer aﬁd the recircula-
ting [low, and therefore it appears that no method exists to drasti-
cally modify the fluctuation levels other than by avoiding the sepa-
ration itself.

A high frequency of oscillation is recorded in the stagnation zone

where probably the main sou—ce of oscillation is turbulent pulsation




in the stagnation zone boundary. The volume of fluid in the stagna
tion zone acts as "buffer” cushion, convecting and partially damping
the oscillation parameters.

Measured data of pressure fluctuation of the turbulent flow on the
wall by flight tests carried out by Speaker and Ailman (1966), Will-

ma~th and Roos (1965), and by Bull (1963) and Kistler (1964) are shown
in Fig.I1I.62.

&FW%.Eﬁ;\\ Tt -
0'004 \ 4 .(f 2] o-f
4002 ’;O}F—f'o 2| 0_' II§
T o4
- 2 4 M 2 4 M

a

Fig.I11.62, Data measurement of fluctuation of pressure

on the wall with a turbulent boundary layer: [ Shvets and
Shvets (1976) ]

1--[Kistler (1964)] ; 2--[Speaker and Ailman (1966)] ;
3--[Willmarth and Ross (1965)) ; 4--[Bull (1963)].

0.5
=
As the Mach number increases, W ﬁ:oo -value decreases, and this re-

lationship can be approximated by

oy

wF Jq . = 3.25107 + [s+(m-u ¥ 1.
. Speaker and Ailman (1966) investigated the pressure fluctuation on 1
. the wall downstream of protuberances at conditions of H/d = 0.92-2.2
(where H 1is height of the protuberance and d is boundary layer
thickness) and M = 1.4 and 3.5. The mean quadratic value of fluctua-

tion, directly downstream of the protuberance, was close to the value

of turbulent boundary layer upstream of the protuberance.Fig.111.63




shows fluctuations downstream of projection of H/d = 0.2-0.5,
exposed to an incompressible flow and downstream of protuberances.
With the increase of the downstream distance from the protuberance,
fluctuations increase, reaching a maximum value close to the reatta-
chment point and then slowly decrease. The ratio of fluctuations at
the reattachment point, to that upstream of the protuberance, can be
evaluated ty the following equation,

__ oS

w®
—nax = 1,356 H/ * + 1

— e¢.5
sdzboundary
layer

Fricke and Stevenson (1968) experimentally investigated the pressure
fluctuations in a separated flow behind a thin fence, identifying
the noise source with the flow. The similar relations of sound le-
vels to frequencies and free stream velocities set up in the near
field of a jet, or a conventional boundary layer, give reasonably ac-
curate predictions of sound levels behind the fences. It was fur-
ther tound that the frequency spectra alter considerably with dis-
tance behind the fence, and that the maximum sound level behind a
fence is about eight times that in a turbulent boundary layer with

the same free stream dynamic head.

Yefimtsov and Karaushev (1970) and Yefimtsov and Shubin (1974) mea-
sured non-dimensional spectral density pulsation on the fuselage sur-

face in a range of 0.5& M «1.6.
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Fig . I77.A3, Distribution of fluctuations Fig.I11.64. Dimensionless
Yenind projections and protudberances : gpectra of fluctuations of
1--M = 1.14 (Speaker and Ailman (1966)] ; pressure near the walls in

a turbulent boundary layer

2
(_C = 10 lOg L@:ﬁl_ \/\Sh =

2 %

2--# = 0 [Greshilov et al (1969)) ;
3--Unperturbed boundary area, ¥ = 1.4 )

{Speaker and Ailman (1966)) i fs*/u [Yefimtosov and Ka-
e=M = 0 [Fricke and Stevenson (1968)) . raushev (1970)] .

—
From Fig.I1I.64, it is apparent that a universal curve of C = 10 log !E£§;;E
with respect to Sh = f £ */uco may be drawn in the range of

Sh > 0.3-10'2 , which corresponds to the range of 0.9 £ M < 2 of flight T

measurement by Belcher (1965).

In the range of Sh £ 0.3'10"2 of supersonic flight regime, the scat- |

tering of the experimental data due to low-frequency pressure fluctua-
. tion increases, but it appears that the following equation may approxi-

mate the experimenta data.

W(5)  uw/d * = [+ (g/£0)2]71

where fo is the frequency at which spectral density drops by 3 db,

fox 0.2u /4 * andA=107F. %
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CHAPTER IV

SYMBOLS

wake width

enthalpy on the wake axis

coefficient of proportionality

area of aperture in the perforation
penetrability of perforation

volume

fluctuating velocity component in x-direction
fluctuating velocity component in y-direction
angle measured from the forward stagnation point
momentum thickness or wedge angle

width of mixing layer

mean for laminar flow in the body surface and in
the near wake
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CHAPTER IV

Base Flow and Wake

Much attention has been paid in the USSR to the problems of steady
and unsteady base flow, downstream of iwo-dimensional, axisymmetric con-
figurations at various ranges of speed.

At first, the problems of steady base pressure are presented refer- .

ring to Shvets' book, Cas Dynamics of Near Wake. Then, the unsteady base
pressure investirations are described with reference to Shvets' article,

"Base Flow" , Prog. Aerospace Sci., vol. 18, Pergamon Press, 1978.

1. Steady Base Flow

The positions of flow separation on smoothly curved configurations
at various Mach numbers are not known a priori. Thus, Shvets (1970) set
up a simplified computational method, to determine the position of flow
separation,

Assuming a certain point where the tangent to a smooth configura-
tion surface becomes parallel to the free-stream direction, pressure at
the position is equal to the pressure of the undisturbed free stream.
Then, determine the pressure distribution on the trailing section of
the surface by the expansion wave equation. The point of the separa-
tion is determined at a point where the computed pr