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ABSTRACT.

The phenomenon of boundary layer separation
is used to advantage in the operation of a high
pressure, bistable, fluid switch, It has been sho
that jets of air expanded through a non-adapted,
convergente=divergent, two=dimensional duct at press
ratios in excess of critical, can be encouraged to
change their flow vector by the transverse introduc
of further air at atmospheric pressure via

strategically positioned control ports.

The position of separation and reattachment of
the main jet have been determined experimentally by
the measurement of pressure along the flow boundaries

and verified by the Schlieren process.

A new theory has been evolved fully
describing the conditions appertaining to the flow

situation immediately upstream of the point of

separation of a supersonic turbulent boundary layer:

under the duress of an adverse pressure gradient.

The derivation is also applicable to:g

laminar boundary layers.



It is considered th@ttfhéﬂébncepﬁ'applied"

to the switching of supefsonic jets is original, as
is the, theoretical approach to boundary layer
separation and therefore provide an extension of

knowledge in this field.




NOMENCLATURE

H X r

]

Cross-sectional and throat
areas of duct

Velocity of soumd

Constant and pressure coefficient
Wall offset or setback

Density

Coefficient defined in text
Enthalpy

Ratio of specific heats unless
otherwise stated

Duct wall length measured from throat
Mach number

Momentum

Velocity profile power law index
Pressure

Ratio of boundary layer thickness
Reynold‘s number

Throat width

Temperature

x and y components of boundary
layer velocity

Main stream velocity




&

R i

AN AR AT

&, © Boundary layer thickness, see
Appendix 3

“l The ratio y/98

u Ab%élute viscosity

v Hoey Kinematic viscosity ‘
A Velocity profile shape factor
é Nozzle expansion ratio ;

£ R B (8

p( ) Functions.

Temperature law power index
a ' Total divergent wall angle

B Turbulent coefficient unless
otherwise defined

Unless otherwise indicated suffix definitions

o
.

are as follows; .

o refers to stagnation point or supply
conditions

a ambient
s separation point
1, © main stream

t throat.
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CHAPTER I

HISTORICAL DEVELOPMENT




1. HISTORICAL DEVELOPMENT

1.1 Introduction

The initial intention of this research programme
was to develop an alternative form of missile wing
surface control system to those already in existence.
The system was unusual in that it was to be completely
Pneumatic, self supporting and, more important, was to

form an integral part of tne actual wing assembly,

To transform the idea into a working
Proposition it was necessary to develop a device capable
of Switching a hot gas travelling at supersonic
Velocities from one exit port to another, Envisaged,
in Principle, was a pneumatic, high pressure, bistable

SWitch operating on the Coanda(I) effect.

A review of the extensive literature available
°n the subject of fluid logic devices indicated that
little work had been directed toward the development of
high pressure, compressible flow systems, A researcn
Programme was tnerefore initiated to investigate the
Dossibility of useful development in this area. The
Prime result of the applied effort was the successful

deVeJopment of a device capable of switching supersonlc




that separation will take place a short distance bey0n 

Before continuing with the historical
development it is necessary to recognise tnat becads,
of the somewhat restricted nature of relevant reports
etc., at the commencement of this research programme,
the author hnad no indication that such a device of
Similar concept but different counfiguration had been
developed in the United States. To the authorts
knowledge the work detailed herein has not been
duplicated elsewhere and consequently is submitted‘as

Original,

1.2 Initial Investigations

The position of a vortex formed in a
Conventional subsonic bistable switch can be predicted
With some accuracy due to the inability of the laminar
bOUndary layer to support any sizeable adverse pressure

8radient. It has been shown(z) {Appendix; 2, p...)

the throat of a convergent=divergent duct. With
Suitable offset it may be considered to separate at the

throat for most flow regimes up to the sonic condition,




te controlrpoftsﬁhﬁich.aréfusua
at the throat of the convergent-divergen
generally operate quite successfully in }

manner,

12,4 Mode of operation of a conventional :

With power applied to the inlet pOrf

from the left outlet port.

Assuming that flow is issuing from th&iiéﬂ
Outlet, the main jet is reattached to the extréme;ieft,
hand wall at a point located somewhere downstream, 'A.
loW-pressure vortex is formed between the reattachment
Point and the main inlet position as shown in Figure 1.1,
A pressure gradient therefore exists across tng Jet

Stream, In the conventional fluid switch, the jet is

through the adjacent control port. If the con

is introdﬁced to the low-pressure region at
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interference occurs between main jet flow and the
splitter, the jet switches to the other wall where,
broviding flow is maintained, the jet forms a vortex.

The process is reversible.

Experiments witn a switchn, Figure 1.2, having
Variable control ports situated adjacent to the main

inlet port showed that switching was obtainable by

Jet supply pressure at whicnh switching was possible
by this means , Figure 1.3 shows, however, that
f’i"CPease of control port areadid not improve the
Situation to any marked degree. It was assumed,

“ that tne vortex moved downstream witn increase in

from entering tne low pressure region. This effect
“ontrary to common opinion(j’u'S) at that time and

therefore required test evaluation.
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Vortexylaca§ion

vortex for any given supply

Pressure was detegh by a simple paint tecnnique.

A mixture of Engt” Blue and linseed o0il was

applied to the re amplifier walls and air of a

Patches of thendx  ‘than that of the main flow. Wi

4 sujtable mixture 't was found that t'Blue?! remained

&thQSS early results it can be seen that the pa i

:?§maining constant{j This led to a modified

9r Operation,
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e ‘Su'ﬂers-opic oparation.,

As previously stated the subsonic fluid switch
deflects the main jet stream by momentum interaction
and flow entrainment etc., and, at the higher supply

Pressures, usually requires control pressure,

With the supersonic switch the preliminary
results determined above suggested that, if the control 
Ports were situated along the walls at a position
cOinciding with the vortex position corresponding to
the mean of the operating supply pressure range,
8Ctuation could be accomplished by atmospheric venting
alone, Simultaneous closure and venting of the far

‘and near control ports would destroy the opergting
“Vortex causing the jet to accelerate transversely ffom‘
‘the wall to which it was attached to form a vortex on
A'the wall opposite, Verification was obtained by
.Modifying the switch configuration to that shown in

Figure 1.7,

The control ports were positioned approximately
! cm, from the inlet port, which corresponded to the
VOrtex position at a supply pressure of 100 lb/in?g.

(from Figure 1.5). The control ports widths were




"

FIGURE 1.7 THE FINALISED DESIGN OF EXPERIMENTAL SWITCH.
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adjustable and vented to the atmosphere,

Tests(é) on the device showed that switching

Was possible in the supply range 70 - 130 1lb/in2?g. for
this setting, simply by the application of fingers to
the control vents, Some small extension in the
WOrking range could be obtained by increasing the

fontrol port widths.

Having proved feasibility, it was decided to
°btain information regarding the develo;ment of the
VOrtex and the effect of the operating parameters on
Performance by more rigorous test techniques, i.e.
boundary layer pressure measurements and visual .
iflterpretation by optical methods. The apparatus and

test procedure evolved is outlined in a later section

(SeCtion i sops ) g

wie.

-1.3 The experiments of Dunaway and Ayre.

It was at this point in the research programme
that the efforts of DUNAWAY and AYRé7Lecame available.
Theip report describes "an effort toward the :
developmeut of a hot gas jet reacfion valve utilising

boUndary layer technique to control a high pressure,

high temperature gas stream",




a N 7

The programme objective was to apply known

fluiq amplifier techniques to a hot gas reaction control

System for a particular missile. Three-dimensional
control was anticipated, valves being placed in the
Pitch' yaw and roll axes. Resulting from their
Programme was a bistable "hot gas valve" tested with
SUpply pressures up to 1300 psi, temperatures up to
2350°F and at maximum flow rates of 1 lb/sec cold air.
The finalised control medium was air at atmospheric

Pressure and temperature,

1.3.1 Experimental development,

The approach favoured by Dunaway and Ayre was
Fpparently one of pure experiment rather than
systematic analysis, Initial experiments were
fonducted at supply pressures up to 200 psi, switching
being maintained throughout the raunge by considerable
’hbdification of the recovery section of the unit.
Beyond this limiting condition supersonic nozzles of
Various expansion ratios were tried with adjustable
type receiver sections, each experiment involving the
Variation of set back, wall length, control port size
and waj angle in an attempt to encourage operation.

During these experiments it was discovered that, for




par GUIéffconﬁigurations, switching could be obtained

by using atmospheric air as the control medium,

In anticipation of control power economies all furtner

€Xperiments concentrated on this method of operation.

A variety of differently shaped nozzles, of
Various aspect ratios, were designed and tested,. The
final choice being circular shaped nozzles because of
their relative thrust efficiency and ease of mauufacture,

With respect to twoe=dimensional nozzles,

Some attempt was made to recover pressure in
the receiver units but with little success, The
?alVe could not be made to switch into a back pressure
of more than a few psi. Because of the intended

faPPlication - missile stability control - the problem

9? reduced ambient pressure was briefly investigated

With little conclusion.

Some 65 hot gas runs were attempted to the
time of publication.,
ld3.2 Conclusions,

From their experimental results (see Appendix

b ), the authors concluded that a higher supply




the lower supply pressures,

The authors considered, in view offth

3 General comments.,

In view of the work presented he'

f°lluw1ng comments may be made,

bwhe“ the vortex position coincided with the resp

fontrol port.






case of offset, not attach at all, Consequently

the introduction of air to the control port, in this
Situation, would have no effect on the thrust direction.
At excessive supply pressures, for the configuration G
shown, the Jet would have sufficient energy to expand : s
into the offset region axisymmetrically and not

Separa.te until some point further downstream. Once =l
4gain, venting to the atmosphere would be inadequate

Or ineffectual, Figures 1.9 and 1,10 illustrate the

Points made - shock wave formation, etc., omitted,

Subpiy R — ey
PRessuge . ~ | = <
SKPARATION e

REATTACHMENT

firs 3

CONTROL AR

FIGURE 1.9. EFFECT OF TOO LOW A SUPPLY PRESSURE _Po
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~££§§3E 1.10 EFFECT OF TOO HIGH A SUPPLY PRESSURE P,
- FOR THE ASSUMED CONFIGURATION,

Surprisinglyg no attempt appears to have been
Made by the authors to determine what caused or

gssiSted the operation of such a device and, as with

’;F°§Ventional fluidic bistable switches, the control port
Were maintained in the immediate vicinity of the exit‘

éf the main flow nozzle - the nozzle being convergente

divergent to achieve supersonic velocities.

Considering that the nozzles were made of stainless steel




It is contended, therefore, that the use of some

Visual interpretation technique such as Schlieren or
Shadowgraph would have provided much more for the given
€Xpenditure of time and effort. Further, no attempt
¥as made to determine the pressure distribution along
the flow boundary and in consequence any suggespion.as
to the g€eneral mode of operation of the device must have

been 5 matter of conjecture,

Tey Research by Holmes and Foxwell,

Comparison of the report of HOLMES and
m?owaLL(B) with that of Dunaway and Ayre shows

&=

si""11arities and considering that tne work was attempted
i the Harry Diamond Laboratories (HeDoL.) under tne
qUSpices of the U.S. Army Materiel Command, it must be

e

€oncluded that it is a continuation of their initial

efrOrts.

loy oy General development.

The experimental work reported by Holmes and

5

I"m‘"'ell is almost identical to that of Dunaway and Ayr

the theoretical arguments, however, are more progressiv




ion phenomena. It is ‘suggested

of the point of separation may be prédi

- ¥as said to occur at a particular ratio

Pressure to separation pressure.
The original design is shown in
;5’ 10, 15, 20 and 25 were tested in the basic

configuration. As can be seeu offset was favoﬂ

311 Pressure ratios. The frictional effect'of-ﬁ

",;%ngth (1 toiis diameters) was an additional var

??ed to obtain switching at a given supply pﬁ

T?ansducers were utilised to determine the

'nrust during switching at expansion ratios

the results of wnhich
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Obviously tne smaller the expansion ratio thne
fur
ther downstream separation occurs and the lower the

effec

tive operating pressure range,

e Surprisingly, although a critical pressure
rat

‘10 was suggested to occur at separation no attempt
at
~ " Measurement was made. Further, the effect of the

pOs' .
““ltion of the reverse flow region was not considered

fonsequence.

The basic improvement on the work of Dunaway

a
Bs Ayre rests purely in the decision to vary only two



éOmewhat illusive. In both research progran

basic concept of operation was not indicated

5A1f5- The work of others.

The only other autnor of general By

s

Eluidics Conference, 1967, and co—authored

ﬁ?

The basic device was that develop:

Holmes and Foxwell discussed previously

F
’wig“rQ .14 illustrates the system.
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;Qpération reported was 140 ¢/s, at a jet pressure of
70 Psig. in the oscillator although details are
igiven graphically of output thrust versus power jet
:prESSure in the range 200 «~ 800 psig. at a subsystem

feed pressure of 40 psig.

Maximum output thrust was reported as 80 1b

PPoviding an overall power gain of 100,

Atmospheric control of the subsystem is
Suggested together with the advan tages thereof, The

d . :
€sign is compact and reported operation most

satisfactory.

Two other developments are known to the author
“'.,thOSe Of SVENSKA FIYGMOTOR AB(“)) of Sweden and the

"'_‘r.uRITI%H AIRCRAFT CORPORATION (B4A.C.), Filton,

Great ertalu(l1)

“oar

The former have made an approach for the
'pxchange of information and have forwarded details Ofl
jthelr current research programme. Basically tney have
1taken the work of Holmes and Foxwell as a starting

 p°int and have repeated a fair proportion of the test

 7Dr°8ramme. Because of lack of theoretical knowledge



Cre

the company has run into some difficulties regarding

OPeération through an extended range.

British Aircraft Corporation have run into
Similar difficulties when attempting to use power
bistable switches to vector the output thrust of a
Missile main motor - sce Figure 1.15, The problem
€vVolved from the fact that operation was required in a
fange of parameters not covered by tne members of
“arry Diamond Laberatories, the lack of operating

knOWLEng causing some difficulties.

One other known report is the paragraph
Gl ] (2] :
Ontributed on the subject by WARREN - He shows
4 Schlieren photograph and states quite simply that;
Such a device can operate at pressures in excess of
1000 psig.; no other details being given, Presumab ly,

by virtue of his H.D.L, experience, Warren is

Peferring to the efforts of the researchers discussed

Eil)() Ve .

1.6 Concluding comment,

From the work of others already discussed it

Would appear that the majority of researchers in this
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o eir prog erom the initial
 inve3ti€ations of Dunaway and Ayre and in consequence

Progress has been somewhat slow. However, visits from
- Members of the ROYAL AIRCRAFT ESTABLIS}[MENT(]B)

Jgnd Communications from FEHRMANN(1M) of "East Germany"

an 3 15
7 d R. ROSIC, (15) of the Thompson Organisation

of -

‘xﬂ‘the United States indicate that interest and

kno

i Vledge.in the subject is becoming more diversified.

1 _ .
 13 concluded, therefore, that, together with the

wor| : .
;%k Presented herein and the expected results of a

| fur
 5T ther parallel research programme in which the

aut
i hor jsg Presently engaged, some acceleration of

ur
‘rent Progress can be expected,
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2. THEORETICAL REVIEW.

Introduction.

Many attempts have been made to rationalise
,and Solve the positional problem of boundary layer
Separation under the duress of an adverse pressure
€radient, Generally the approach is nighly mathematical
°°mmencing with the generalised Navier Stokes
equations, progressing by a series of transformations,
Substitutions and limiting boundary conditions to a
EToup of differential equations requiring simultaneous
S0lution, Because of the nature of the finalised
€Quatjons simplified flow conditions are generally
considered, e.g. main stream velocity commencing at
fome finite extreme value assumed to decrease as a
1inear function of displacement etec. Because of such
ASSumptions most of the preferred solutions are only
4PPlicable to subsonic compressible flow as the
Tetardation of supersonic flow presents discontinuities
in the flow s.tuation thereby not lending itself to

d
irect mathematical analysis.

Semi-empirical methods are more acceptable to
t :
he Practising engineer and by virtue of tneir

derivations, may be applied to more geuneral situatious.




Details of the better known mathematical and
Semi-empirical methods are presented in an abbreviated

. : £
form below permitting comparison with the new method ; :

detailed in the following section.

2.2 Approximate theoretical methods. o é

=Sy

Such me thods are, as yet, only applicable to

laminar boundary layers,

The problem of the compressible laminar
bou“dary layer with zero pressure gradient becomes
®Xtremely difficult unless suitable approximations are

Vm&de concerning the value of Prandtl Number and the
ivariation of viscosity with temperature. It is to be
 expe°ted, therefore, that the additional problem of :
p?essure gradient imposes severe restrictions on any
riéid attempt at mathematicaL determination of the

4
-%0ditjions applying to the point of separation,

“

2-2.] (1)

The method of GRUSCHWITZ.

The most favoured approach to the problems involi
1 the solution of the compressible boundary layer is

s
Ome individual extension of the approximate




>

lncompressible derivations.,

The method outlined below is used most
frequent ly because of its comparatively simple numerical
“a@lculation and because its applicability to practical
Problems is not rigidly restricted to any particular
Prandtl number. It has been selected, also, because
“ertain conclusions may be drawn from its solution,

parllivularl_\' as it leans on the approximate method of

! .
P“HLuArsL\(‘) and HULSPELX-BOHLEN(}).

Gruschwitz introduced a new boundary layer

t‘hi'iknuss

Whera )
lera Syt (2.1}

d(x)

(-]

As with the approximate incompressible method

bhe
Vel ocity distribution Is represented by a fourth

de g
Cgrea polynomial

4
o o SO | G B S RO

a gl . i
BRRCD i 13 o milar cosfflctentn: in A (see Appendix 1)




density ratio

X e d% du
o A L S o

And, instead of obtaining an expression of e/e‘

1n terms uf'z he decided upon a quintic in‘z for the

Product

(1 ~u/u) - = (2.5)

The six coefficients satisfied five boundary
conds + s
i tditions and therefore he deduced tte sixth from the

en : . S
BUgy integral equation, tne constant coefficient

e, PW
b = — = — .
o e T, b‘"‘ﬁ SELECTED )

Y
Si . w
by « — + == (2.6)

NE X

As with the Pohlhausen method various

Co
n"efuent substitutions are made as well as expressing

mo
Mentum and energy dissipation explicitly in terms of

t
vhe shape factor A




ikt
v

Ultimately’thé following two equations are

fVolved from the momentum equation (Ag[), Appendix (3 )

Pe » and the energy equation (A.33)s Appendix (3)
Pe. 3
og = e ik Plok et 2 [ 2 = M2 F (kl] (2.7)
VI dx bo N ’ 2
Boli oy Y =1 : 1+ M2 F3 (k) ;
et B e F, (K) (2.8)
wh = 2 !
2280k =A_Q_) St bon o, . HU (2.9)
di e

The functions Eo(k) F,(k) Fq(k) and Fh(k)

ha. '
Ve been tabulated by E, Gruschwitz (DH). The

Poji
it of Separation being determined as before with

i g
ACompressible £1ow;

ioe- by /d -l2 Kk

-0.1567

The quantities U(x) du/dx ‘ﬂ}(x) as well

as

M = U/C1 and P are to be considered given
, Consequently, expressions (2.7), (2.8) and
(2,9)

Constitute a system of three differential equatious
& the three variables, momentum thickness 0(x),

the
Wall temperature bo = Tw(x)/T,(x) and the shape
faote ..

K.




éfiah is by the method

el e

£ isoclines as with the Pohlhausen solution see
A
PPendix ( 1 ). Pe ); initial values at the

st +
~‘8gnation point are obtained and with k = 0,0770

(8]

‘t
the following equations result

% = \k, v/(32)

de a2y au Ty
(G)o = -0.u2u 00 (Gr), / (), (Gl

el e
fRe ke 2 General comments on the applicability -

of the method.

ed

,9¢tion in the value of A which in turn modifies
the
gy assumed velocity profile, The actual process is

 Ong
¢ of progressive decrease in momentum in the boundary




layer nvolving _Fan

force ratio until, at some discrete value, ( A = ~12)
f€paration occurs. Figure 2.1 shows the profile

Progression for the incompressible situation.

1 12 e

‘ 1.0 A= 330

i ¥ 12 il
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06— e S
064 iLZ Sseparation
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i

'% THE ONE PARAMETER FAMILY OF VELOCITY
PROFILES .

It should be noted that M is a function of
the initial main stream flow velocity U and that
'U(x) Must be determined from the stagnation point,

Ther'ef‘ope any erroneous assumptions involved in the

deriVation of the basic equations must be propagated

from the stagnation point through the parameters




EI';?'\H(XJ}‘ Phe ao0oT
Modifying the assumed velocity profiles appreciably.
AS the shape of the profiles indicate the momentum
flerpgy available at any given time which may be
“Pposed by an adverse pressure gradient sufficiently
large (o cause separation, the theoretical position of
S€paration must vary as the coefficients of the power

\terms in the velocity distribution polynomial as too,

Will the accuracy,

A further limitation with the method is the

RGN e T £l . ;
1ff1culty involved in obtaining an expression for main

S ’ :
ﬁream flow in terms of displacement Xx with a

PérthUlar wall profile, For example, a convergente
dive :
‘rivergent duct in compressible flow requires the

si : :
’multdneous solution of tne isentropic equations,

Turbulent profiles cannot be entertained by th
o : :
thod or Gruschwitz but this is generally the case

a%#h derivations developed from the Navier Stokes

‘gquations.

A
«ﬁ12°a Other approximate methods,

HowaRTH(?) introduced the stream function @&

t ;
J Salisfy the continuity equation (see Appendix (3 )

b, ) 3



! i i i 3 i
f1c e, eu = e, %—g H ev = -e, _5_% (2.12)

and assumed a viscosity distribution of
' = ' 2.13) S
: “ =, T/T, ( i

and attempted to reduce the momentum equation to an
dncompressible form by the use of assumed

transformatious, for viscosity and pressure ratios.

By utilising the thermal energy equation and

progressing along the method of Pohlhausen he finally

arrived at the shape parameter

au )
e (2.10)
bt iion STl — 1) M:] (2.15)
Shil= (1 -~ 2 )ay (2.16
a 1

(*E)% “ ” 17)

and Y dy e

o

It can be seen that the shape factor as derived

.Ey HOWarth has certain similarities with that of

‘gruschwitz when the Prandtl number, P = 1. 5urpr151ngl




there is a sign .change involved in b .

Because of the similarity and the necessity

to progress from the stagnation point the method is
oPen to the criticisms applied to the method of Gruschwitz,
Thé criticism appertaining to the derivation of
U(x) seems particularly valid in this instance as

HOWarth was only prepared to forward a solution to

velOCitY decreasing linearly with displacement X.

An alternative method of generalizing

P
Ohlhausenty me thod has been suggested by youna (6)

a

nd Subsequently improved(7) to include flow with
he

BU transfer at 'the wall, The method is valid for
4bitrary p

and w, where w 1is the temperature -

v
iscOSity relationship index.

feni STEWARTSON(®)  and ILLINGWORTH(g) have

im
“Proved Howarth?s method by a more involved

o

!‘

ansrOrmatlon in order to effect a complete
br

ansformdtion between a compressible and incompressible
la ) -

Yer with differing mainstream velocity. Other

(10).

tr
8sformations have been suggested by ROTT

5 :
SVATITSCH and WEIGHARDT(‘1), ILLINGWORTH(‘3) and
FRANK(‘3)’

the most interesting of which is that of




I lingworth.

He attempted detailed calculations for flow
With zero pressure gradient, using a number of
POSsible forms of the functions F(M ) and H(Q }s
(see Appendix (4 ), p. | 35 In particular he

COnsidered cases where the two functions were

Polynomials of the same order; quadratic, cubic and :
Uartic and a further case in which F(Z ) was quintic
and G(% ) sextic. Of particular interest, however,
Yas the consideration given to the trigonometric
r°rms,

F(z) = sin %xz ; G(z) = (sin %%)2 (2.18)

i his conclusions that the trigonometric and cubic
forms appear to give the most accurate values in
c°mp&rison with the accurate calculations of

RONS . praTyeRp (1Y) i

When the problem is specifically that of the
determination of the point of separation in laminar
cumpreSsible flow it is considered that the above
methods are rather prone to error due to the basic
similarity in the me thod of approach. Further,

i i .; the
gien considering relatively complicated profiles




arithmetical effort involved in solving for main stream

velOCity etc, become so preat as to become prohibitive,

The following methods are therefore considered -,:=  r
oy have, in comparison, something better than an
€qual capability of predicting, with some accuracy,
the Point of separation, principally because they are

semi-empirical and apply to the separation region alone,

‘?’3 Empirical methods,
3.1 Gadd?®s analysis for interactions
causing separations, : 4
i

Gapn(15) has studied the problems associated
’ With the two dimeusional interaction between the

bo, oo ad
:_Pundary layer on a flat plate and an incident

0
. blique shock wave assumed to be of sufficient strength

t . .
© cause separation, He considered two distinct ks

A.e'
x;aaes = wholly laminar or wholly turbulent flows,

Because of the nature of the assumed problem,
i's flat plate condition, his analysis is not
rigidly applicable to the situation forming the subject
'm&tter of this thesis; however, he draws several
conclusious which other investigators have applied to

pe Convergent/divergent flow situation.




With regard to laminar flow it is assumed

that in the region immediately upstream of interaction,
Where there is no pressure gradient, the velocity

Within the boundary layer is given by

% = sin % (2'19)

By lengthyargument he concludes that
Se y ¥ . .
Paration pressure ratio is independent of shock

St ‘ :
Tength and is a function of Mach Number and Rx only.

Making the assumptions that w = P = 1 and

Zer 2 g : z :
0 heat transfer, the isentropic equations may be

use :

d for the determination of the density and viscosity
Tat j . :

los, Substitution of the relevant expressions
toge

ther with the assumed velocity ratio in the

ex
ressi ‘ ;
Pression for displacement thickness obtains

- §; - $: [ - 2ean [ (5) M] ]

x LCr-0/212 M (2. 280

This is equated to the displacement thickness
Obto
taineq by YOF\G(]é) involving Reynolds number to
8lve .
ve an expression for boundary layer thickness 81 in

Rr 2 s
MSiof. Mo —and.’''x only, viz.




1721 T+ 0-693(¥-1) Mo

g =

0636 tan ' ‘_(x%' )Vz Mo R
- K

Lcr-0/27" ™M

At this point Gadd proffers arguments in
favour of dividing the boundary layer into two
distinct portions - that which is viscosity dependent
and that which is pressure dependent, The velocity
distributiou expression is divided likewise and
Conditjons imposed on the two portions such that

Co
Ntinuity is maintained at the assumed joining

Streamline,

Near the wall it is assumed, from the Navier

S
tokes equation that

dP/dx = g ( d%u /;by2) (2.22)

Also the relationship between pressure and
defl
: €Cction of the external streamlines is derived from
Supe .
_rsoﬂlc flow theory for small angles and equated to

the
Tate of change of displacement thickness

ngm
®0cing at a zero adverse pressure gradient conditiou.

By further argument the difference of the

dj

) . :
Placement thicknesses is assumed to vary parabolically




to the point of separation as too is the pressure

difference., By successive substitution iu the
Tespective equations is derived an expression for

Pressure rise at separation, viz:

P ‘2
e (L= o

ke, 0180 ¥Mo’ (e i m2) (V-
—— o - e ——————————— \
BN TCME-)Ra]

L+ 0693 (F-1)Me

Which, in comparison with practical results,
€ives fair agreement up to Mach numbers of 73, Rey ond

this vajue divergence is high.,

Gadd suggests that a similar approach to
t
Urbulent boundary layers is not justifiable due to
t 3
v.he Mature of the problem and contents himself with

t
ghe following empirical discussion of the problem.

It is assumed that the profile

-~

1/
uw/u = (y/§ ) l

a ;
PPertains to the free boundary layer, d.c. that in

the
he immediate vicinity of separation but not affected
DY iy

Sketching the profile he suggests that a knee

0 . 8 e i
°CUrs at a velocity ratio approximating to u/U = 0.0.

LC¥-1/21"m, (2.23)



et e R

SuggléSting, from experimental result-=, that the bulk
of the pressure rise associated with scparation takes
bPlace steeply it is postulated that the pressure
ig'radient, forces in this region are considerably

Breater than the friction forces exc cptonear the walls

Lo"’“"lu‘*ntly changes occurring in the velocities of

t .

he outer boundary layer due to the pressure increase
- In J . .

4y be calculated by Bernoullit- relationship. It
is

foncluded that separation oceurs when the velocity
(& ! ; : .
“OTresponding to the ratio u/U = 0.6, is brought to

re ! s
St by the pressure increase

Y-
- e o)l

e
:
o|®

2 z] p-1
=\
~ Poo= [ie (-4 (3310 M L
s P (2.2
' 3
- 2
8ivi L Lzl Mo
" et ~ : (2.26
P |+ 064 ("_‘i') Mmz
Once again comparison with experimental results
is
faip up to a Mach number of 3.




Summing .up, Gadd suggests that an analysis
N the lines of that applied to the laminar
b(’ulhlary layer, taking a more adequate account of the

fluid at the wall would be preferable,

This was not attempted, however, because of

u““ﬁrtaintics as to the relation between the

t‘l"x'buleut friction stress and the shape of the velocity

Profijes,

SR The method of Stratford.,

STRATFURU(lh) suggests a method, for the

d > > » : . s .
;a”eF‘rmlnatlnn of the position of separation for the

t )
_u;bUl“nt boundary layer, which results from an

a g ;
Pbroximat ¢ solution of the equations of motion an

Thi. :
hY”lVes a4 single empirical factor, The equation

in : &
Volved are integrated by a modified "inner and

i*”utﬁl" solutions technique; the resulting express
e iing applicable directly to the separation positi

5 The contention that the turbulent boundary
‘-:’il :

tver 4, 4 "pressure rise" may be divided into two
‘dlsti““ regions = an outer historical region with

i ¢ ; :
; tmo < ¢ z0ro shear losses and an inner region with

incrtia forces such that pressure gradieat and




alchored profile - is identical to the method of uAuD( =
&S applied to the laminar boundary layer. Stratford,
?ppare“t1Y1 is not so uncertain as to the effect of

tu . '
‘Urbulent shear stress on the assumed velocity profiles,

The treatment applied by Stratford is

S
,r ummarised in Figures 2.2 and 2.7, At x = Xy

ti e :
he Profije jis assumed to be unchanged cexcept at y

asg , ‘ g
o Pumed change of shape in the iuner layer (B) as

?hdicated below,

o

YU |

SRR e e e, b

z=1z,

}GURE 2,2 DEVELOPMENT OF A BOUNDARY LAYER IN

A SUDDEN PRESSURE GRADIENT,




At the separation position (Figure 2.3) it

is Postulated by Stratford that the zero skin

,friction situation is reached when the backward force

YiAp is balanced by the shear stress (Ty -~ Ty)

ftere T - 0,

e  For the inner layer Strat:ford argues that

the
| pressure forces must be balanced entirely by the

i

dp_ Oy D) (2.27)

o/
"
<




Also, if,the walllsatress T ds zero,

dimensional similarity requires that ;

(cay i F[C( )y-?] (242

W . 4 = ;
when considering a region very near to the wall, 1.c,

‘

Satiseying  y( 321/ Iy?) << (¥1/3y),.

In the fully turbulent part of the inner

OW, the relative motion is independent of the

05ity and therefore Stratford contends

1
iy ¥ ar,? (2.0
u:A(%.—S}-) +B( ‘-"_

v{A and B are constants,
By approximation, equation 2.29 gives

"iQC\?’ o jé'_ AZ3 CBTIBY)c = -'E A\J aP/aﬁc. (2.3())‘:

y;ng, in turn
1
: 2
il A R ;

! Stratford prefers to write in the form

e , 2 P ;
2 eu? = (0‘3‘1 g)'-ax ey (2.7

B




is an empirical factor considered to be

i i
Where P

€ssentigl

to the analysis of turbulent boundary layers

b i 3 " ’ <
Y virtue of the necessary approximations involved.

For the outer flow region, Stratford?ts
imPOSed conditions suggest that tne dynamic head at
41y point in a turbulent boundary layer acted upon by
an adverse pressure gradient is equal to tne dynamic
Uead of 5 free boundary layer minus the rise i

st ;
atic pressure, i.e.

T ei2(x,0) = deuw® (x,8) - (p -1y (2,998

for g = 8

Whe
‘.ﬁre ¢ is a stream function given by

Y

g = u dy (2.34)
i }
A
‘Eiﬁ' The suffix i denotes the assumed streamline
Mas dividing inner and outer flow regions.

Suffix o, in tnis derivation, refers to
the situation wnere a normally free boundary
layer meets a sudden, small pressure rise,
sufficiently large to cause an instantaneous

change in tne assumed profile.




Usihg the results of the work by GOLDSTE[N('7)
and SCHLICHTING(‘s), Stratford gives tne empirical

Solution for tne velocity of tne free boundary layer as L

1/n
ut A T ;
--:; = (%"‘) ("’ ;)) N
.where 8' o (n £33 (n + 2) ot (,’3, 36 ) :
: n
=15
BYL = O S b R | (2.197)

The joining situation between the inner and
ou' : :
| ter layers is said to occur where By du, By,{““w = .
:ﬁ
Bu/ dy/

L ten? By differentiation, equating

e u
',q ations 2, 35 and 2.730 and eliminating tne quotient
¥/ 61
and

) by substitution from equations 2.35, 2.730

+37 he obtains

i i - L ,
¢ 2,38

s YCP 'n-nl &
Whepg

Cp = (P - Po)/% *‘Ui‘:. Rx local value of tne
Re
= YQOlds number based on distance x aund peak :
-Ve ;

locity Uy e The limitation on Cp results formally

irg :
£ the Join of the inner and outer layers reaching

th, '
e : 3 p :
edge of the boundary layer wnen using the :




ldealised velocity profiles, The same limitation

£
g : i
4pplies to the empirical determination of e -
g e ra P £ T
Comparison with experimental results
SUggests that equation 2.738 should be satisfied for
Values of @ between 0,06 and 0,73, in order to obtain
Vi i ! g .
alues of the various parameters appertaining to thne ‘
¥ i‘?{i ;
Point . - . : . Y gant
- 0of separation, I'ne method is said to predict e S

e v R
Pressure rise to separation values from O to 10 per

Ce i . g :
. Nt low but Sstratford contends that it nas the

ady; L > : .
Vantage of speed and rationality over other

TS aetky 1¢ 20 21 22 3 2
: ‘-ho(lh( 52 ik L EYenE ) » 23s 24) involving the

So|]
= Ution of the momentum and energy equations witn

Saiq : St ;
7 of various empirical functions.

i
T()W;\’SENU(“”) states, however, that the

"‘.\Ithe P
; Ofetical results are "worse than expected" when

- Comp. : 6 )
= "Pared with the experiments of SCHUBAUER ¢ KLEBANOFF(

2,3.3

Arens and spiegler,

ARENS and SPIEGLER(27) apply a similar

a
Pbroacy to that of Gadd, when considering turbulent

OUn. : .
UYNdary Jayer separation in a convergent divergent

(]U(‘ t )




They commence their treatise with a
d“”'(‘l‘ipt.iun of the various forms of separation to be
CXpecr : . I ) (28) The

bected in a ducet as described by SHAPIRO . ey

“Ontinue with a discussion of practical results

. («
i2btained by various researchers, FRAZER ¢t al(2)),

MKENNEY(39) ang FOSTER and cowpks(3')  and conclude
that Separation occurs at the point where tne nozzle
Yall pressure reaches a particular fraction of the
ambiepnt pressure, quoting the Summerfield criterion
°f Ps/p = 0.4, It is stated that, within the

SCatter of experimental data for the ratio of wall to

a :
Mhient bPressures at separation, there is no

8 ‘C e 5 IV,
\ °nsiStent significant difference be tween two dimensiona

fiilc e i

M axisymme tric nozzles, nor can any trend be
b Ve o :
tltected as a function of nozzle half angle for a range

”?fwe”“ 79 and 300, Further assumptions are:

:( 1)

;:‘On the Sep

(2)

Reynolds number has no significant effect
aration pressure ratio.
The effect of pressure gradient and boundary
laye, history may be neglected,

(3) The pressure ratio required to separate a

t
hrbulent boundary layer is independent of the
Eeome

try of the interactions,




(1‘) Pressure: rise must be sufficient to stagnate

4 characteristic velocity u in the boundary

lay“r’, as first suggested by Gadd,

(5)

Stagnation temperature is constant,

‘Using the above assumptions they supgest a

Charg . ; :
Aracteristic Mach number of

Ms = M; ( U:/U.s)

; (2.39)
L Tr- 0727 M2 [ - TueYT} 12

For M* & 1’ stagnation is assumed to occur
s

iS(n : S X
”“r'“l)lt‘ally glving a pressure ratio requirement,

as .
Per Gadd, of

L e [Cr—1) /2] M2
& Uk ECY-*)/a]M,ZD-cu:/u,)‘]} (208

deps .
Nitjons being shown in Figure 2,4 below.

T -
|

MIXING lEEnN

OVEREXPANDED NOZZLE WITH SEPARATED FLOW.




*
IS M o]

isentropic stagnation is assumed

to be preceded by normal shock compression and an

€Xpression produced accordingly.

Comparison of
by the equations 2,739
AVailable at the time

are shown in Figure 2

the ratio Ps/Pb as computed

and 2,40 above with results
DG 0. :

of publication(z" 32, 33, 34

5 below for U;/Us = 0.6,

T =Tz
ol [T wn |w
Q:' BATC FRoM mEE N B L. .
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L { 00 .
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SEPARATION MACH NUMBER M,

Fr
SURE 2.5 N0ZZLE SEPARATLON PRESSURE RATIO.

AT



‘.
. i

A further relationship is derived by

eliminating Ms between the expression

- e o
M+ L2/Cr-01[CR 100 g oy 0] )

and 2,40 shown above giving, explicitly, the ratio
of Separation pressure to ambient pressure as a
t'unction of the nozzle pressure ratio. Which, for

Ms 21 ang assuming Pb = Pa becomes

gi s Pclp‘ v .
Fa [(&m)-cu:,u,)t FlCy-y (2.42)
J e (Qt‘/ﬂt?‘ ‘ > i

o éXtremely simple equation to use if tne value of

u* :
.s/Us is approximated, Arens and Spiegler sugpgest :

0456 as a

Tesultg .

sensible value to agree with experimental

It is interesting to note that the final
v_exprt*ssnm applies for ML Z 1 which by substitution :
cori"‘spon«l;n to an Ms of approximately 2. Therefore,
iL it assumed that back pressure only affects the

Veloe
lo‘tity in the subsonic bOUlldarY layer !

UL/Us 2 1/M

wh ;
“Ch i the basic assumption appertaining to the new

th
egry contained herein (section 3y Po )'




Mager,

MAGER(BB) commences with an approach to
the effects of an oblique plane shock impingins on a
’tuPbuJent boundary layer and suggests that the results
May be applied to free separation occurring in

divergent nozzles.,

Referring to Figure 2.6 Mager makes the

foliowing assumption

EXTERNAL
FLOW

; Sy oy = A MY AT JET-LIKE

BOUNDARY FLOW
LAYI‘.R 5 A' *‘)
DEAD FLOW

/7////// ///K/KZ%/ WALL

G .
“-E§£____ MODEL OF THE FREE SHOCK SEPARATED
TURBULENT BOUNDARY LAYER.




Which’ together with the oblique shock approximation,

glves the pressure ratio across the separation wave B e O,
ioe.
2 .
P‘IP‘ = 14 ¥ M, q W)

it T (2.44)

Since the boundary layer caunot stand a very large
Pressyre ratio without separation, the conditions across
the Wave B <« C must be similar to those across a
,y§°h wave - that is, the use of the oblique shock

a e ;
pprOleatlon is essential to the determination of the

Corp ; .
Féct pressure ratio ps/pi.

| The boundary layer is assumed to curve, after
Sepa!‘ation, under the action of a transverse pressure
“~'ifferential AP, Assuming that the pressure in the
,’F?ansiti(m region is dependent on 4P  and some

fun,
NCtion of (15 /8 ), see Figure 2.6, utilising the

-

Mo :
Bentum equation in the 1) direction and using an
e ;
“Mpressible transformation suggested by
‘DER : .
. NODNTRrZyN_sTEWARTSON'3?),  Mager, after much

gy '
"iDUlatinn, obtains
2
s ¥ Mg 6f

B ki e R (v = 1)/2]Ms? 2:457)

bejné%defined in Figure 2.6,




stream shock £
4 b

the main

As per Gadd, Mager uses
expression relating

Wave approximation to give anothe

or, Mg and pf/pi

Lyg. OF 2 (.‘Mi? -~ /e My?) [(pr/pi) =~ 1](2 46)
Eiving the ultimate approximation

Pf » ~

i = (Ps/pi) { ki ¢ G L [ (,Ps/Pi)]} (2470
Where G = -—-o328 _KIM*—| (2.48)
' i+ (r-Vv/2)emi? e '

Comparison with the data proffered by

K = 0.55 would

: ‘:S 0
S CHUH(& ) indicated to Mager that

comparison of

b
S @ suitable value to assume for fair

h
s theory with practice.

The theory is shown plotted in Figure 2,7 and is

doge
MPared with the results of various investigators.
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The theory, it is suggested, may be used for

fre

® shock separation simply by plotting Po. /Pi
Ver !
" "SUs  Mi  on Figure 2.7y the.point of intersection

opr : :
Teésponding to the separation situation, i.e. it is

a.Ss
Umed that Pq = Pf for free separation,

Tup
bulent mixing processes are ignored,

2.1‘

Concluding comment,




f turbulent boundary layers, e¢.g. the methods of

9)

BURI: TRUCKENBRODT(QY), DOENHOREF and TETERVIN(‘
and GARNER(QQ), cach attempting to derive particular
‘Shap“ factors applicable to the problems associated

. With Separating boundary layers, Generally, though,

they are not readily applicable to the problems

0¢C ¢ . 3 . .
S fUrring in overexpanded supersonic jets,

It is concluded, from the brief review put
Cory: ' Wl ,
' °rwdrd above, that the methods of Arens and spiegler
*gﬁd Maner, neglecting their tharetical limitations,

-
ubre‘PPObably the easiest to apply and give a fair

'ﬂmndlcation of the conditions appertaining to separation of

e
o ‘)%b"““hﬂy layer under the duress of an adverse pressure

%§ aﬁient. For theoretical plausibility, and perhaps

“ ”'Lbetter acoe

uracy, the method derived in the following
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3. THEORETICAL APPROACH TO SEPARATION.

Introduction,

Considered is a discrete point in the formation

,Of the boundary layer; that of the begiuning of the

Process of separation. Use of the theory shows that
SUPSPSOH;'L(‘, laminar or turbulent, compressible boundary
1ay9rs with imposed adverse pressure pgradient may be treated

Wit dise s 8§ ; g
h €qQuanimity providing the immediate velocity

Prorp; : ;
ofile is known or may be approximated, Fortunately,
su . P s ; : :
f‘ficlent detail is given in the literature of

ex : ; ;
Peérimental velocity profile determinatioun such that

USe
10 longer becomes assumptive,

Before considering the mathematical argument
th
e §
Suggested cause of separation must be accepted,
™
is is as follows,

SR :
- The concept of boundary layer feedback,

In what follows, free separation refers to
i et : _
lch may occur in supersonic flow through
CQn
v ; ; ;
ergent—dlvergent ducts, i.e, not induced by

man
uraCtured discontinuities such as a shock generated




Dy knife edge in the free stream or an abrupt step
OCCUr‘riug in the wall adjacent to the boundary layer
c“nsidﬂr(‘d. The latter form of separation will be
Teferred to as shock induced separation.

% .
3.2 4 Free separation,

Theoretical consideration of a gas expanding
nu““Eh a duct requires knowledge of the conditions
Drevailing in two principle flow regions = main stream
wid bOundary layer. The former, in a convergent
divergent duct, is usually assumed to be inviscid and
sent”'mpic with virtually zero transverse velocity
8radieut; the latter, viscous flow with a varying
.tl‘ansverse velocity profile, If the velocity of the

ma
in Stream is supersonic it seems reasonable to assume

that the

“ffeny

downstream conditions can have little or no
on the flow characteristics unless somewhere in

t
he total flow development there is a feedback path

Proy ;
OVideq, The assumption with boundary layer theory

is .
that at an adjacent wall the stream velocity is

e 3 . .
%0 With a large transverse velocity gradient, until
SOme

clearly defined thickness the velocity is

ap g : 5
Iprmumatp,ly that of the main streaise Obviously,




Somewhere between these two boundaries is situated a
SOnic stream line, The gas trapped between the
SOnic line and the duct wall is conscious of the
preVailing downstream conditions and, more important,

Provides a feedback path for this information.

The high pressure experienced in the convergent
Portjon of the duct is followed by rapid expansion and
Subsequent pressure drop, often to pressures as low
fiE 2 lb/in? absolute when followed by reattachment,
This Pressure distribution, for most purposes, may be
48sumeq constant across the total flow section.
Therefore' a superimposed adverse of positive pressure
fradient introduced to the boundary layer by ambient
Fonditions acting downstream, will cause a slowing

down of the subsonic flow stream causing, in turn, a

general thickening of the boundary layer. If the

adver

Se pressure gradient is of sufficient magnitude,

t o

he bouﬂdary layer separates from the duct wall causing

a g 3 5
S€ries of compression wavelets which combine to form

] i : . Hh e
4 obllque shock. This has a distinct effect on the

m Ve
8in Stream flow because of the abrupt pressure rise

w i : - 3 x
h;ch Occurs across the shock wave. Of importance 1S

t -
he Suggestion that the main stream oblique shock occurs

as a

: 14 aration
Consequence of, and immediately after, separat 1




which is itself a function of the momentum and pressure

EPadient in the immediate vicinity, From the resulits
°f free separation contained herein, it ix obviou=
that the resulting shock has little or no offect on
the Seéparation condition once affected - i.c¢. no
.iteration is necessary about the initial point of
separation due to any subsequent pressure developments
asSOCiated with the generated shock. - The adverse
presSUPe initially causing separatiunbis rreater than
tﬁat which may occur due to any rise across the shock.

‘Therefore'it i3 further postulated that the

e 7 : y .
- onsideratlon of the shock wave in the determination of

ey
Jﬂ%he Point of separation is unjustifiable in the free

e
~;'9Paration situation.

; Shock induced separation,

Following this argument to its logical

°°“°luaiun it can be seen that the process may be

: e;te“ded to include shock and step induced separation
also- For example, a generated shock impinging ou

.a boundary layer will cause an abrupt pressure rise
qow"StrPam of interaction which is, in turn, fed back

t .
hro‘-'gh the subsonic boundary layer until the

m . : $ 1 S 3
ome“tum/forcv compatibility situation is reached,




Similar reasoning is applicable to the sulden step

Situation,

f On the basis of the previous argument the
r0110Wing simple theory has been developed. Lt will
De shown that it is not only applicable to laminar i 2

- “Ompressible flow but also to turbulent bouudary layers

;With or without subsequent reattachment,

Theoretical evaluation of the
conditions at separation, i
The conditions appertaining to the situation ;

8880, . ; * :
.i?otiated with the immediate pressure gradient,

Sarp. g ;
_,;pdratxuu and the overall pressure ratio. A

de
v npe“dencv on Reynolds number is indicated.

,3'3.1

Assumptions,

1. All the conditions are those appertaining

at 3 . " :
the minimum pressure situation immediately prior




e

to the commencenient of separation.
2., The velocity profile of a free boundary

laYHp, i.e. that which is not subjected to an adverse
Pressure gradient, is known and may be related to the
locay) Reynolds number,

3. Density may be assumed constant across
the flow section considered.

4. Main stream conditions at the point
“Onsidered may be determined by the one dimensional
ise"tropic gas equations.

5. The adverse pressure gradient affects utie
SUbsonje layer only. Turbulent jet mixing may be

Neglected,

~-U
. — o

i
% Pl
e
RN
g = . Sowmic Line - By
x 2C
(«'s \ N
) Freo boundary (b) Free boundary layer profile
layer profile, with superimposed pressurc

gradient,

FI('LRF v L . = S o v oy <IN 1) AT r
\_;;1_ IHE AS<UMED =S1TUATION NEAR SEPARATLON.




Figure 3.1 shows the assumed effect of an
adverse pressure differential superimpo=ed on o free
bou“dary layer velocity profile at a position «lose

to Separation.

The momentum of the boundary layer below the

sonj : : . :
Ouic stream line per unit width of flow is
Ss

ﬁs = e. u? dy (3.1)

]

" Where |
T E f(j}'-) (3.2)

cle

At the beginning of the process of separation
’-i
tis assumed that the momentum of the fluid between

‘t
he Sonic line and the wall buundary is reduced to

z £
“ST0 by the action of the fed back pressure,

The force capable of such action is given by

8

(Pa = P) dy (3.3a)
g :

Invoking the usual assumption with boundary

er tye, ry,

i‘e,

gla

<o
1
i

(3'33) becomes

(Pa = P) 85 per unit width of flow (3.3b)




Therefore, at the instant of separation

Mg = e u? ?u (L) Ay = (Pa - 1 18 (3e4)

Where §‘3 (§) D [? (g.).] 2 (‘“ ‘

P is the local mainstream pressurc correspouding
t 5 i
O the local Mach number M - assuming a zero

t | ;
Fansverse pressure gradient,

By selecting a particular velocity profile,
fQuatjoy (3.4) may be satisfied by a method of trial
gid €rror to obtain tne assumed point of separation,
If the left-hand side (L.H.S,) is larger than the

r
i€ht-hand side (ReH.S.), the subsonic boundary layer

48 an excess of momentum and separation has not yet

be
£n Teached, a larger Mach number must therefore be

Ils‘Sumﬂd ,

BHIS . > | LS.

Obviously the converse obtains for

[t will be shown later (section 3.3.73),
*Ver, that an explicit relationship equating overall
Sure ratio to Mach number, may be obtained when
Ssumilltr isentropic expansion to the point of

ation, simplifying the arithmetical effort

conside

rably,




Ly

ction.of the velocity profiles.

A dependable relationship for the variation

fach number and pressure gradient for compressible
Urbulent boundary layers is, at present, unknown and
N this context unnecessary. From the experimental

(10 2y 3y s Do 6) it is known that

available
velocity profile in a compressible turbulent
layer under zero or favourable (nepative)

gradients can be approximated by the similar

Ower law profile

1/

@)

In his experiments with smooth pipes and

8)

has shown that expression

at plates, NTKURAD=E( 72

«5) holds for the discrete range of Reynold?®s

6

RXS=ailio 7110 to 18 x 106. Indications

€ that the value of the profile parameter increases

(1, 3,

th increase in Reynoldt®s number and as an

Pbroximate guide tucker(2) sﬁggests

2.6 Rx‘/”' (3.6)

Rx 1is based on the effective




length of boundary laver growth, e expression was

obts M o
btained empirically.

For an indication of the velocity profiles

")f’911a1r11r1f§ to the transition region the reader is

e "y . > S
*ferred to the results of Schubauer and Klebanoff;

a gea . ; 3 : s 7 5
Selection of profiles being shown in Figure 3.2 for

a : : o :
turbulence intensity of 0.03%., Usually turbulence

Intd. g : e 5 G :
“‘f"blty is of the order of 0.5% in flow situations

Milar to those under consideration whereupon transition

is 1 o < ,
3 llkely to occur at HXSS ] iy sy 10~ to H)()

25 e D o

04

) Laminar flow. Blasius profile. =8 = 1.36 in)
)

(1
(2 8( < ~
9 ft/bec.)

Turbulent n = 7 power law. ( U

i

FI»(H_JRE

Je.2 VELOCITY PROFILES IN A BOUNDARY LAYER

ON A FLAT PLATE IN THE TRANSITION REGION.(ref.9)




Therefore, it is concluded tnat for tne range

Suggested by Nikuradse the power law (expressiou 3.0)
wily hold, For laminar profiles of rvrelatively high

: - 0
Re}’nold's numbers the Blasius })I‘()fil('(l ) i-

ACceptable and at low values of Rx (< 10”) the Praadtld
Profijje may be assumed or the approximation n = 2
Used in this context.,. Similar results may be expected

When using the sine approximation to the laminar profile,

3:5.3 General power law profile solution.

Assuming, initially, that the velocity profile
i
R a boundary layer before an adverse pressure

€fadient is superimposed may be represented by the

Power law, “i.e.

' i = (g—) (3.5)

they 2 3 U2 ()6;)’-/'1
. 2/n
M = e U? (&) dy
$ 8
-]

W
hichs by virtue of assumption (3) integrates to:

8
W e U? n [ BCm)+ l] )
< 8/n (n+2) y o

ol

. (3.7)

n e U? ds
T )




Which modifies {37}

e s

o (n+2) M2 ° 8 s

This may be substituted in (3.5) to give

n e U/ (n'+ 2)M? = Pg

ey, U and P are the local values of

k/k=1

+ (k=1) Mz/é]

1/k=1

(l(_:_l) M2/2]

R (To = T)/(k=1)




L”tling ?: 1~*% (k-l) \I?/’L’ for rnu\'(-nivm-t-" t he

V()l()(‘i,',y expression CS. 1'5) bhecome s

U7 = 2 kR (@ = 1)T,/@ (k - 1)

(3143

Whjc-h, on substitution in ('3.‘)) together with the

Fespective expressions for e and P

ﬂ'i Ves

Po

(3.

+ 2kn ToCoR(\'- |!B)

8 R/Ck-1) (-1 (n42) g"/“‘“) .

Us“lt{ the universal gas equation viz:

Po = e 0 R'I'o

r"‘il‘rangr,ing and substituting back for

[kn/(xui.’) + l] Po/Pa = [I +

‘Reg ; :
®Sulting in the expression for local

the

beginning of separation;

2

F
M?(k

Mach

(k-0)/R

11 and 3.10)

(3.15)

gives
R/(k-1)
-1)/2]  (3.16)

number at

M2 o 2{<$yn/(n+2) s o] (vo/Pag> - l} /(k=1) (3.1
wh(f“ Reie= 7 losi=tusis equation (')07) simplifies to

0 .28¢
‘_().17 (Po/Pa) Lpt 5-_\ =

(3.17b)




It will be noted that a 40% change in n

Tesults jn a variation of the Mach number, M, of only

1%.

Figure 3.3 shows tne variation of separation

Mach number with pressure ratio for n = 7.

Determination of the Mach number at separation

“hables the area ratio to be computed from

(ktmﬂ(K‘O
A +[(k=1) / 2] m2
R s [1 J%k+1§ an (3.18

4 .
= [(5 +M2) /6] /m (3.18b

b

ﬂ*'f~* : It is interesting to note that separation
| ,

: will theoretically occur at a particular value of P/Pa

r
r.‘-..i..Or any given Reynold?®s number or choice of index n.

The point of separation may be derived from

‘ﬂ,i}f(s°° Figure 3.4)

(A/At  =iitn/ioos=it n (3-'9)

nd Xy a cos ec( 0(-/2) (3.20)
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whel"e X is the distance from the throat to t he

Point of separation.

3‘3-24 Numerical example.

Consider the duct shown below (Figure 3.4)

S.p

P
~IGURE 3. THE EXPERIMENTAL DUCT.

X is measured from the assumed stagnation

Poj : 4 . ’ .
int (-\.l’.) and for the configuration shown is giveu by

(3218

whel‘e’

inches.

~J
.
o

in this'caseq -« Xg = 0.




’Eeguirement:
To derive the theoretical position of the

';be€inning of separation for the conditions

o = 215 1b/in2? Abs. T, = 480°K

[¢]

tn. = 0,20 o = 1400
B s assumed 'to be 14.7 1b/in? Abs.
FromAexpression (3.17b), i.e. assuming

M 2.885

M A/At eo/e U2

6.98 2.885 3.8 11.6 3.59x10°

a = 0,28 inches xy = 0.82 inches

Using the value of viscosity pu, at

®Mperature T, obtained from Figure 3.5 in co@bi




With the vis osity approximation

for ;
01mu]‘,, T

lhe Reynold®s number Rx calculates to

s

g0 x 100 sugpesting that the computed value flit

ACceptod at el

Comparable experimental results are
l) - “.H-) l) — l:.t‘( \" ‘[1 — '5.,'"—\
8 e ; : p : . ) p
h““lllt', a positional variation of approximately w 3%

L

i g

1 e Sutheriand formuia

2ecmeee @) =05 ]
Jomemm ) =075
f———w =1 ]
o messured
1o x
a Ke 'QW[TF] e |
To = 4% %]
| o] R
ol 0 2% 50—~

FIG. 3 5.

VARIATION OF VISCOSITY WITH TEMP,

1
:
G
\
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Immediately after sceparation the main low

Stream experiences conditions =imilar to tto-c of o

Ffraa : . i i
fee jet exhausting near an inclined wal!

The boundary of the separated flow mixe- with
Eithe o ; ; : . _ e
surrounding air of ambient pressure promoting

Al_arge velocity gradients with subsequent localised

The pressure gradient across the shock topether

at a point somewhere

At reattachment, the flow/momentum relationship

‘abiljigses in the enclosed reverse flow region, the

¥
Erag(. pressure of which is somewhat below ambicnt

€ : i .

t' As sugpested earlier, for any assumed velocity
br 1 .
Ve separation begins at a particular pressure

i tio (P/Pa)  consequently, the point of separation




iterates downstream until momentum/forve balance is
Once again achieved. Providing the value of the
aver

age pressure in the vortex is known or may be

4PProximated the above theory holds.

Surprisingly, even allowing for the errors
lnvolved due to asymmetric separation experienced
in @ duct designed for overexpansion with subsequent
reattachment, comparison with experiment show differences

o5 Similar order to the free separation situation.

33,6 Example with reattachment,

Assuming a duct of similar dimensions to that
8
howy in paragraph 3.3.4, but inecluding reattachment,

t
he respective initial conditions become

Ho o 215 psia.; To = 480°K.; tn = 0.200 inches
- &= 00, Pa = 5.2 psia., (measured),
The theoretical values at separation areg
therefore,
p M A/At eo/e U2 Po/P

2046 3.6 7.5 24.4 4.16x100 87.5




should be compared wit e values determined

;f°? the free separation condition (paragraph Yo T i)

From equations (3.19) and (3.20)
0.65 inches Xt = 1.9 inches
xt/tn = 0.95

Aqtual measured values being

S

523 P = 2,6; Xe/ty, = 0.925

Therefore, even allowing for the errors




COMPRESSION WAVELETS SECONDARY

EXPANSION WAVES

PQ
—t—
SECONDARY COMPRESSION
REVERSE FLOW ARCA BOUNDARY LAYER

FIG. 3.6. FLOW SCPARATION AND REATTACHMENT.

b :
3.7 Brief note on laminar boundary layers,

It is suggested that for boundary layers of
Te
latively low Reynold?'s number, i,e, R, < 105
th -
€ Sine approximation should be used. An

alte -
Tnative is to put n = 2 on the power law series,

The expressions relating to the sine

a
ppt'Oximation are:

8s




E)]72 = (va = p) (ezen)

1/f = 65/6 = % sin™~! ( (3-205Y

z|-
SN—

Use of the above expressions with fully
.geVeloped turbulent flow show positional errors (JEHJQ
gf_the order of 10% - suggesting that the method may

‘Pe'applied with confidence,

343.8 Final comment,

Severalaattempts were made to solve,
heoretically, the problem of reattachment but with
e ccoas. A5 with BOURQUE and NEWMAN('2) .4
*iAwYER(17) any such approach required the

o

“épbstitution of empirical coefficients which tended

to invalidate the theoretical argument ,

: Their submission, it was considered, would add
};ttle to the subject and in the circumstances, of fer
;fﬂo Teal advantages over a purely empirical approach.

 ]!?h°Y have, therefore, been excluded,




CHAPTER IV

EXPERIMENTAL INVESTIGATION




b EXPERIMENTAL INVESTIGATION

4o Introduction.

As detailed in an earlier chapter (1),
Successful operation of a supersonic bistable switch
was thought to depend on axisymmetric separation
followedq by subsequent asymmetric autonomous reattachment,
ReSults available in the literature generally
aPpertained to convergent-divergent ducts with either
Shock or step induced separation or free separation
Without subsequent reattachment, In addition, most of
the work was attempted on relatively large scale
4Pparatus. Therefore, to promote a further understanding
°f the underlying principles involved a comprehensive
tie""earch programme was instigated. Two basic
prOCGSSes were involved = Schlieren for visual
inteI‘pretation and pressure tappings for analytical

purposes.

b2 Visual methods.

Excluding holography, three optical methods are
genel‘ally available for the analysis of a flow field;
nterferometry, shadowgraph and Schlieren. Of these,

n :
terferometry was considered to be an unnecessary




a9

Complication for the relatively straightforward
€Xperimental requirement. Shadowgraph methods proved
Useful but for clear representation Schlieren was
found to be more acceptable. Comparison of results
Obtained from the latter two methods are shown in

Figure L.,

bo2.9 Schlieren apparatus.

The Schlieren apparatus used was conventional
4nd consisted of a mercury vapour lamp source,
c°ndensing lens and slit, two 8 inch diameter spherical
Mirrors of 6 ft. focal length, a variable position
knife edge, focussing lens and a reflex camera. The
knife edge, focussing lens and camera were supported

°n an optical bench.

The only problem encountered during the
*Xperimental work was found to be in the correct
positioning of the various components with respect to
fach other. This was overcome with familiarity and

e"perience.

Figure 4.2 shows the positional arrangement

0
f the apparatus.,




FIGURE 4.1

Shadowgraph Schlieren

CHb
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Figure 4.3 shows the assembled two=dimension
- duct,

Apart from the perspex side plates and stcel

‘;jﬁase support, the material used was brass.

The included divergent angle was 300 and the
@Spect patio infinitely variable between 2 amd 404
'?Dl?,ct width was 0.75 inches. The whole asscmbly was

E%FUated on a settling chamber to reduce unwatt ed

“_t‘{#“bulence and velocity effects in the supply =tre

It will be noted that the inlet nozzle wasss

to permit tne acceleration of the supply

Proving tests showed severe leakage in the

Sy g i
urpl?l)' area, Rubber seals were therefore inserted 1ntONg

Figure 4.4 shows the total assembly with

,er.ljector board in situation to prevent damage to the

\I‘él‘head lighting system of the laboratory.
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Fig. 4.4,

The Total Assembly.

g



Photographs were taken of the flow =ituation
the duct, =upply pressures
200 psig. in i1ncrements of
ange of aspect ratios, For these tests,

tne splitter removeds.

ere taken

‘a-i"IY out of interest and not for tne pul‘ﬁ,?iﬁe* of’

€tailed assessment,

Implementation, nowever




iﬂx variable geometry configuration capability,

1) ‘
4o dql The variable geometry duct,

Figure 4+5 shows tihe basic configuration of
the Qucet under consideration, As with the previous
d“‘-‘i;;n, the aspect ratio wa= variable between 2 and 40;

M this case, however, the inclusive wall angle was

also variable between 20° and 1109, 'Th'wi‘undmnental{
fliterial was brass. An additional feature was the

Mcorporation of a variable width slot machined into
e of the oblique walls to permit switching of the
Main jet by the ingress of air from the atmosphere,

D‘”‘in;: pressure measuring experiments the control port

Was k!’pl closed.,

.

Pressure measurement was by 25 pressure gauges
“Onnected by screw connections to a support board,
Via polythene and brass tubes to a series of small
Yiameter holes drilled in one wall of the duct,  The

Eaupes were progressively counnected to each successive

«
.

Pressure distribution characteristic, The first
Bauge was left in position for checking purposes, By

Far the most difficult problem encountered was the

=Y tappings during testing tnereby obtaining a complete

@




r~
v

The Variable Geometry Duct,

Fig, 4.5.




e

ining of the small bores in the wall such that &

ssure measurements could be taken with the minimum

Of difficulty.

3,2 Pressure tappitge.

Figure 4.0 shows the first attempt at the

bProbjey, Three rows of .0173 inch diameter holes were

bore perpendicular to the divergent face of the duct

At L050" intervals (see Figure 4.7) and cross drilled

' by vertical bores of 080 inches diameter, _,Brass
tubing was driven into the 080 inch diameter holes and
. Sealed with solder, Polyvtnene tubes ran frqm the

tubes to the screw connectors, which in turn we

The (080 inch holes were zigezagged .
Lo allow sufficient room for the =hrinking o

W'P(’lythenu tubing, The tubes, prior to conne

5101 in the perspex wall,

When assembled the aspect ratio could b

“ltered without too much difficulty by moving t

“’?U the required distance, A change in wall angle

h"wﬂ\mr, required a new top plate.
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Nacceptable because they showed transverse pressure

 Bradient effects, Figure 4.8 shows the "see-~saw'"

ten(]enc'y of the plotted curves, This was attribuged

o the necessity of drilling the ,013 inch diameter

holag in three rows to permit unidirectional access,

A new wall was manufactured with all the
‘_hol-‘%s bored in two rows straddling the centre line off
he wall, Because of access these holes were tapped

lternatoly from both top and bottom of the wall and

faled with hot wax. Therefore, change of divergeant

Results were found to be most acceptable

d form the basis of Chapter 5.

Variable port,

able to increase or decrease the area during

Ctua] testing. Figure 4.9 shows the small spring

the other to hold the
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g, 4.9, Variable Port Cam Device,




€ference to a chart in the normal w

The air supply system.

The air used in the test

stage, oil:.free,

Saturated free air at a maximum supply p

e sSystem was n‘.’l])iibl(‘ of




)

The Local Assembly,

Fig. 4,10a,




oS

Fig., 4,10b The Total Test Assembly,




Laborat(n'y of the lUniversity,

'll.h Test procedure,

Measurements were taken of the pre-surc di-tribu

Bln the boundary layer at supply pressures of 50 psig.

to 200 psig. in increments ; 5 i for a range of
a8pect pratios (a5 600375 . Nospll traritvn sl s ie
dﬁd..'”f'f‘f’?t was maintained at zero, The initial

1ntent1°n was to measure temperature during each test

to make spot checks at frequent intervals,

As with the visual test programme, results
aken to determine, qualitatively, the effect of
on the pressure distribution in the boundary

they are discussed in Chapter 5 dealing with




Experimental results.,
Schlieren results,

The prime function of the schlicren process

10 this jinvestigation was to obtain some visual

s Idication of the flow process involved and hence

determine the areas of potential interest, However,

Y0 promote useful comparison with subsequent pressure

dj'Stl‘ibutinn results a large number of measurements

Were taken, from photographic prints, of the position

v

) :
,f Separation and reattachment, All results were

'liMited to a wall divergent angle of 300,

Figure 4.11 shows a typical photograph L

“btained with the test apparatus. The dark a%g

the main flow stream indicate expansion aud the

4..1& ¢ + .
Afeas compression.

be . SHUTHERE
? Seen on both walls of the duct, occurring

(iﬂ% further upstream) and quite distinctly when

aking place at the point where the projected nbliqlie'
Shock

wave intersected the adjacent wall, Comparison




;
|
!
!

FIG 4. 1.

TYPICAL SCHLIEREN PHOTO SHOWING
SEPARATION AND REATTACHMENT.

V08



109

Separation was, -in practice, occurring a little
before this point, A similar approximation was

Necessary to determine the position of reattachment,

Figure 4.12 shows, pictorially, the
édvancement of the reverse flow.region along the wall
to Which the jet is attached with increase in supply
F& Pressure at a Cénstant throat width of 0,125 inches

-(aspect ratio of 6). Figures 4.13 and 4.14 indicate

the measured position of separation and reattachment

resPectively at various throat widths with variation

of Supply pressure, Pgoy and are shown plotted
nondimensionally,with respect to throat width, in
Figure Le15. The shaded area between the two

Characteristics is assumed to be the reverse flow reéidh\;;

and j, practice determines the useful working range‘of_'.m

8 Supersonic bistable switch.

1 Figure 4.16 is a photograph of the flow

Situation when large asymmetric offset has been set in
t X
he duct, (offset equals throat width). Figure Le17

indicates the effect of splitter position on the flow

sttuation.
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: divorgent angles 309 0% Lignd - 508 ; : ‘T'a , Sl
ASpect ratios and supply pressures.
€Xpec ted the results so obtained were
Tepetitive in nature and in consequence Imv‘«’} been
Telegated to Appendix ( 4 ) (page Yoirdin TEHS int erests
T clarity, Fortunately the results may be

Condensed into one series of curves for cach incluted o

are shown in Figures }4.18,

For ©

ase of comparison each figure shows ba
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The position of minimum pressure
0) occurring at the end of isentropic expansion

in Figures 4.21, 4.22 and 4.23, together with

.

position of minimum pressure but at

For expediency, separation was assumed

Occur midway along this adverse pressure gradient.

he24 and 4.25 show the curves resulting from
asurements, Fipgure 4.26 shows the average

higi O X
“Verse flow pressure characteristics for the =

The effect of

AR

on switching.

Attempts were made to determine the effect

TR
and width on jet attachment
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Stability. The main flow was forced to attach to the
_Wal] with the moveable control Aaperture o] oseul

the Supply pressure increased to maximum o ol
“"uhi]“_\». Assuming that no switching occurred e
Pres<yre was reduced to approximately 5 psiae and

Lhe control vent openced to a maximum of OL300 it he - .
Sul’l)ly pressure was then increased gradually unt il
swit.~}|im; occurred, The process was repeagted with
;de('r‘“nsing values of control port width until switching

Coulqg not be obtained in this way; the corresponding port

width and supply pressure were noted, All tests woere

Pepeateq for differing wall angles and main port widths,

Figure }4.27 shows the supplyv pressure
°‘vbAtaiuc=«l Just on the point of switching plotted apgainst
ASpect ratio for all three divergent angles, It was
»f'_ou",] that a similar limiting control port width
Was required to just prevent swjh-hinﬁ in all cases

@t‘he Main valve being 0,085 inches (aspvvt rabio 8.8)
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ANALYSIS OF RESULTS




3 ANALYSIS OF RESULTS.

1, The general situation,

The process of events leading to the flow
Situation indicated in the Schlieren photographs

illUStrated in Chapter 4 is as follows,

At the instant flow is introduced to the test
duct separation occurs, to all intents and purposes
a'xj'°)’llllnetrically. Due to a turbulent jet mixing
Procesg along the jet boundaries a pressure drop occurs
immediately after each separation point, Asymme try
‘aused, either by manufacture or the general flow
situ&tion permits the entrainment process to be more
¥i€orous on one wall causing, in turn, progressive
Yeorientation of the jet toward that wall until
Teattachment occurs., Enclosedy, is a region of reverse
flow. the average pressure of which is somewhat lower
than ambient but higher than the static pressure of

t
he main stream.

Reference to the results contained in
Appendix 4 , and also Figuresl4.18, 4.19 and 4.20

(chapter 4) indicates that separation begins at a




Particular pressure ratio, i.e. the minimum pressure

Prior to separation to that immediately after is

vi : ;
Irtually constant for any assumed flow situation,

'Because of the drop in pressure due to vorticity, etc.,
this ratio occurs further downstream with the
Teattached flow condition = isentropic expansion
OCCUrring for a longer period, The net result is a
transverse pressure gradient across the jet reinforcing
““ilateral attachment, Destruction of the operating
Y°rtex by venting to the prevailing ambiat pressure
fauses the jet to transfer allegiance to the opposite
¥all where attachment takes place by a similar process

0 ;
£ entrainment.,

Referring again to Figures 4.18, 4.19 and }4.20,
t 3
: he Pressure distribution at attachment can be seen

t Fut : 2 ! ; .
® divide into four priunciple regions, i.e, those of,

(1) Initial expansion
(2) Adverse pressure gradient
(3) Constant pressure distribution

(u) Positive pressure gradient,
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These may be related to

(1) Normml supersonic acceleration
of the gas
(2) Boundary layer back pressure
interaction terminating in separation
(3) Mean reverse flow region

(4) Reattachment.

The nondimensional curves appertaining to
fonditions on the opposite wall, included in Figures
b'18. 4.329 and 4.20, show similar tendencies but do not

teI‘minate in reattachment,

Of interest, to the successful operation of the
Proposed switch are the positions of separation, reattachme %1

- 3"d minimum pressure and for analytical purposes the revers

‘rlOW pressure characteristic, These are detailed below,

5'2- The position of separatione

Comparison of the results obtained by the
Schlieren method with those of pressure measurement
(F18Ures 415 and 4.24a) show that the approximation

Useq o measure, from photographs, the position of




Seéparation overestimated the related distance to such
an extent (approximately 30%) that it would appear

Lo occur in the reverse flow regione Obviously,

the apparent "bending" effect known to occur with
Shock wave interaction/generation etc, has been
""651*’(‘Lwl, the pressure rise in the boundary layer
being cousiderably less steep than that occurring in
the main Stream, Also separation cannot be expected
to Occur instantaneously at the minimum pressure

Situation but occurs gradually due to turbulent mixing =

drﬂér effects obtaining to the assumed sonic stream line,

Ther‘ﬂ(‘ure-, a seemingly sensible approximation is to assume

that separation occurs somewhere along the positive

Pressure gradient and probably at the point where
d?p/'u;- = 0, From Figures 4.18, 4.19 and 4.20 this

" 8Ppears at an approximate pressure occurring midway
b"tWe«-n the minimum and that of the mean reverse flow,

Fi"mr(‘ 4.24 is plotted at this situation.,

With reattached flows, separation occurs at a
boint approximately 10% further downstream than the

mip i
inimum pressure

iot‘.

23




.

For free separation without subsequent
Teattachment a value of 5% would appear more applicable

for the range considered.,

5.3. Reverse flow pressure,

The position of separation depends oun the pressure

fed back along the boundary layer and therefore is
dependent on the reverse flow pressure condition.
RefErence to pressure distribution character;stics
(Q°18, 4+19 and 4.20) shows that the pressure of the
Teverse flow region may only be considered constant at
the jower supply pressures, i.e, Po < 115 psia.
Beyong this the pressure experiences small negative and
POsitive gradients until approaching the reattachment
POosition where the pressure gradient once again becomes

large and positive,

This is thought to be due to the non-symmetrical
r°I‘mation of the enclosed vortex; the asymmetories
beComiug more noticeable with increase in vortex

le“gth which is itself a function of supply pressure.




Sel., The position of reattachment,

As with separation, some difficulty in
Predicting exactly the position of reattachment from
Schlieren photographs was experienced and therefore
& similar approximation was made, i.e. the
dap/dxz = 0 position was considered appropriate in
the reattachment positive pressure gradient,
Comparison of the position so predicted from the
Pressure characteristics (Figure %.25) with those from
the Schlieren process (Figure 4.15) suggests that the
latter process tended to overestimate reattachment
dsplacement, However, comparison with the control
'Dort switching characteristic (Figure 4.27) shows
StrOHg agreement with the results obtained by visual
_means' indicating that Figure 4.15 may be used to give
the minimum wall length requirement for reattachment

t
© take place, having the advantage of extended range

Oov -
€r Figure 4.27.

Surprisingly, the reattachment position appears
t
° be independent of wall angle for the test raunge
c :
Onsldered, being a function of supply pressure and

t
hroat area only.




D55 Minimum pressure situation,

As indicated in para. 5.2, the minimum
Pressure position occurs in close proximity to that of
Seéparation and has the advantage of being relatively
€asy to determine both in theory and practice,
Analysis of the results shown in Figures .18, .19 and
4420 indicates that, in this two=dimensional flow
SitUation, the minimum pressure position occurs at a
distinct pressure ratio (P/Pb or P/Pa) of average value
0d49 for the range of Reynolds number, Rx = 2 Xx 100
to 6 x 106. For flow rates with Reynolds number between
1.2 x 106 and 2 x 100 the pressure ratio appears to

i“Crease presumably because of a change in the assumed

’
velOCity profile. Actual physical measurement at
th“Se conditions (small nozzle widths and low Po vulues’
65 Psia) however, was difficult due to the dP/dx = 0
Situation occurring very near to the throatj the first
Pressyre tapping point being physically limited to a

dlstance of 0,200 inches (xt)'

The position of minimum pressure prior to

S g £ : : s
eparatlon can be seen to increase with increase in




Supply pressure and throat area

licrease in wall angle and back

Figures 4,21, 4.22, and 4.23 of

L
5.5.1 Comparison with theoryv,.

Figure 5.1 shows the theoretical position

but decrease

pressure

Chapter

as

e

with

shown

t o 2 g
he minimum pressure prior to separation for the

fondition of no reattachment when the main flow is

i85t

of

Xhausting into an ambient pressure of 14.7 psia, i.e.

asSUming zero pressure drop due to turbulent jet

mixing etc, Figure 5.2, reproduced from Figures

4.21,

ho22 and 4.23, shows the measured position of minimum

Pressure together with the theoretical values

to include the effect of pressure drop due to

®Ntrainment without subsequent reattachment,

Comparison

0 ; . ; :
£ the two characteristics shows an interesting

te“dency. At total included wall angles

of

3()()

o . ,
o Pressure drop due to entrainment is large,

Darticularly with the former but at &

fUrves of Figures 5.1 and 5.2 show fair

Woulq appear, therefore, (from these experiments) that

there is an optimum wall angle at which the

“Otrainment process may be minimised,

LOO the

agreement,

mod ified

and
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Figures 4.21, 4.22 and 4.23 show the accuracy
°f the theory detailed in Chapter 3 when compared
With experimental data - generally within a positional
tolerance of 6% o Experimental results could be
Measured within a tolerance of + 1e5%. It should be
Noted that the method used to obtain theoretical and

eXperimental comparison was to insert in equation (347 )

the measured value of Pa or Pb to obtain the overall
Pressure ratio necessary for the solution of equation
(3-20 ), Pe as no satisfactory theoretical means of

“btaining these values is known to the author,

5.6, The design approach.

The net results of this research programme
Are shown in Figure 5.3 and are presented in a form
particularly useful to the design of a supersonic

bistahle switch,

5'6-1. Control port position.

The shaded portion between the characteristics
sh()wi'lg: wall a[lgle, [o & = 5()0, l‘()o alld 3()()' a[l(i th?

T
fattachment curve represents the reverse flow or the
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Optimum range of control port position when

With air as the control mediom,

For example, if control ports arc situatod o
an  xt/tn ratio of 8 then switohing off the wmalin ot

by atmospheric venting could be expected within the

ARV Increase of divergent angle increa-o-

-0
yH A O

lective operating range, i.c, for o< = Y4

above working range becomes 100 < 180 psiae ol

psia. respectively,

Control port width.

As suggés't.ml in Chapter !4, para. 4.0¢3,

It is concluded, therefore, that to ensure




angle on opevation,

5'(’-3. Effect of divergeant

As indicated in paraes O thhove, the L
?ffem of increase of divergent augle on operat pon b

to increase the effective working range Corany

E",‘lvuu position of control port., [he mo=t =table

6G.4. Wall length.,

The minimum wall length may be determined Prom

-

5.3 and will always exceed reattaclonent dis Fane e

Manners ine "splitter" position may be determined a-

Determine either by Figure 4.24% or by theory

position of scparation ou the noneat tached wirl
maximum main jet pressure (if theory - preferseld

that a 1 o 2 psia.s pressure lrop occur- betwen

and separation position). Ihe onter




Streamline of the jet separating on the free wall mayv
th"” be assumed to be parallel to the opposite
’(Peattachpd) wiaalla, The splitter must be positioned

ta“gf'ntial to this flow as shown below in Figure

”‘.and at an apex distance greater than the centroe line

Blistance 72  to reattachment . A 'blunt nose =plittept

iﬁ to be preferred,

Free separation

: 3ok Reattachment
Separation

F Y
1GURE 5, DETERMINATION OF SPLITTER POSITION.,




5.6.6 The effect of offset,

No direct experimental or theoretical vialues
an be given for the effect of offset on the £1ow
Situation but, in view of the qualitative results

Obtained (viz. Figure ) the following points may

~ be made,

Offset should be limited to the throat
§ituation if effective swifching is to be maintalned
(Fnd only has advantages where high pressure operation
is to be considered, i.e. Po greater than 250 psia.
Its net effect is to move the position of secparation
ZQPStream and if excessive the flow will have
~iNSufficient energy to expand into the offset regidn
Ehereby destroying the operating characteristic
‘ﬂQOGSSary for successful operation. As with subsonic
a'upl;if‘.iers with large offset the device may be

®Xpected to act as a momentum interaction device rathernr

Blan o Listable switch.

Small differential offset will cause instability
in the flow situation. Initially, the jet will attach

to the wall without offset but as supply pressure is

iflcreased it will have the tendency to spread toward




the wall with offset until, at =ome critical pressure,

it will swit ch.

With regard to a theoretical approach g
-~ offset, the prediction of separation becomes morpe

difficult as isentropic expansion can no lnngnr{lg)

assumed to occur to that position, as a shock wave is

Mormally formed in the offset corner (see Figure

It is concluded that offset is generally
an unnecessary complication for switches operating
i‘n‘the range of parameters dealt with in this rescarch

Programme and should be avoided where possible.




CHAPTER VI

SUMMARY AND CONCLUSIONS




6. SUMMARY AND CONCLUSIONS,

The bistable switching of supersonibc pas jets

by atmospheric venting of the control ports- his bheon

Shown to be a relatively simple process providing the
Mode of operation is fully understood. I he

advantages of this form of actuation are obvious=, viz.
N0 moving parts in the power stream, control system i
Stream isolation, ease of manufacture, increased
Feliability over conventional thrust vector control

Systems and operating simplicity,

Operation has been shown to depend on the
Phenomenon of boundary layer separation followed by
as}'mmet;ric reattachment enclosing a region of reverse
I-"J-O\m' of average pressure midway between that of the main
-strean; and ambient condition, Destruction of the
®lclosed reverse flow region by access to ambient
Pressure via strategically positioned control ports

fauses a change in the thrust vector of the main jet.

Separation position, relative to main jet
_throat, has been shown to increase proportionally with

throat width and some function of supply pressure but




decrease with increase in back pressure and diverpent

wWall angle,

The ratio of the minimum pressure experienceld
by the fluw.:-tream immediately before separation to
that immediately after has been shown to be almost
Constant for the operating rauge considered. A

dependence of Reynolds number, however, is indicated,

The new theory evolved to predict the
condition appertaining to this minimum pressure situation
€ives close agreement with the corresponding values
- Obtained experimentally. It is equally applicable
to both laminar and turbulent boundary layvers at
Supersonic velocities acting under the duress of n‘n

- adverse pressure gradient and has the advantages of

’beiug simple to use and independent of anv empirical

Coefficient, Indications are that the pressure ratio
considered decreases with increase in Reyunolds number
untji] s definite minimum value is expericnced - slightly

in excess of Ol o

Reattachment position appears to be independent
Of wall angle for the test range considered and is a

function of overall pressure ratio (Pu/!’a) and throat




area only.,. Wall length must exceed roattachment
distance by 20% to promote satisfaciory =stable jet

attachment ,

Indications are that the entraiument activiity
of & separated jet passes through a minimun at o
definite divergent wall angle near to L0", suggresting
that this value be accepted as the optimum for jet

Attachment stability.

Providing that the control port is positioned
Somewhere between the points of separation and
‘Teattachment for the required working range and

€Xceeds a clearly defined minimum area its effect on

‘switching is minimised.

Splitter position also is not too critical
‘but must be placed such that no interference with the

Wain flow occurs at the asymme tric attachment conditions.

Offset is generally considered to be detrimental

Yo the stable operation of supersonic bistable switchess

Before the design of such a switch may be

rully described theoretically, an accurate model of the




Teattachment process is required and i= therefore
considered to be the principal objoective for (urthe;
Tescarch, Dynamic switching chavacteristiocs qre

also of vital interest,

Finally, it may be said that, this resecarch
Programme has been rewarding, in that it has providoed
a fairly; complete understanding of the process
involved in the directional control of supersounic jot-

together with the formulation of a new theory

applicable to the separation of supersonic laminar

and turbulent boundary layers under the Jduress of an

#4dverse pressure gradient.
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APPENDIN 1,

The Method of Pohlhausen applicd to

Laminar Incompressible Boundary lLayers.

The original approach of K. Pohlhausenr
later amended by Holstein and Bohlen* was to -eleorn o
Suitable velocity profile to satisfy the impo=ed

bOundary conditions such that incorporation in the

Momentum equation gave an ordinary differential equation

in terms of the boundary laver thickness.

To satisfy the various boundary conditions he

Selected the profile

% —S-('?) = c\‘z +b‘ZZ*C1L3fd"z+ (Ael)

in the range 0 = "L < IhEs fox 7L,>/ l/ u/U  assume s

Unity where ﬂz =i y/8(x)

Assuming dp/dy = 0, the four constant

Coefficients can be determined for the boundary conditions

3=° s uw = o \rili‘ -.--Lg-P =-¢Udu
\l < s

: AeR)

M= UL =10 LY e

—5—3 é—‘.Jl it

By successive differentiation and substitution

Chapter 2),




of the boundary conditions the coefficients become;

= -2+ A

—

a = 2+ éi g b = —-lﬁ C
: 2 | 2

= =

whoere A = é_?‘ 4dv

VvV duxc
substitution of these values in (Ael) and

earranging gives:

F) + LGy

() = (t—vz,)3(\+1l)
G Gt )

Obviously equation (A.4) constitutes a

Parametric set of velocity profiles with A as the

shape factor, Note thatg

A= oA UR S e 5

which may be interpreted as the ratio of pressure forces

to viscous forces,

It is to be expected that the shape factor

Will have a particular value at separation which may




be determined by invoking the condition

at =ceparat fon

it‘—‘. a’l=.10

Which, in turn,

i.e, A sep
or in terms of pressure gradient becomes

e

dx

The shape factor is limited to the range

S <A <

as for values greater than +12, values of u/U>1 occur,

Substituting the velocity profile cquation
(A.L;) into the respective equations for displacement

and momentum equations (Appeudix 3) results in




8 .37 _A
§ 35 Q4s

Similarly the viscous stress at the wall becomes

Tod = 2 + A

e

MU

Multiplyiung the momentum equatiou (Appeadix 3) by

L
)

/Y U is obtained

(A.9)

where . bl 93 : é_-.g (1\.1())
v A

I'he object nowy is to obtain expressions
involving K and A only such that for any assumed
Value of the shape factor, K or some function of K,
may be obtaiued and re=related to the defined boundary

layer thickuesses, which by successive iteration

Provide solutions to the form of the boundary laver

at any value of x.

’ ) du {
Eliminating 3= between equations (A.10) and

o}




Using the momentum thickness equation (A,‘,‘)
J

becomes

A _p
37 /3 = )
35 qas qmz] A Ls T2

Scrutiny of the momentum equation (A.9) sugErests
that expressions for &*/6 and U656t will be
required, preferably in terms of K and /) il 4 simple

linear equation is to be obtained,

8‘
Therefore, as 5‘/5 ’8/9 by /6 cquations

(Ae7) and (A.9) provide (as

e L o

——

T Z o4 -4

s q45 Qqoi2

2 §‘<K) (Ae13)

Similarly (A.5) becomes
T.lel i =lTo0 1o

—

T AT

: Aq_
= [2+A] 3 A -2
ZJL3s qas Qo

To O = +Z(K)

a——

JUERAE:




Substitution of these derived functions in

the momentum equation (Ae9) provides;

/

U%e + [2+ () ]k = 2 ()
/v

zo . 29
-

¢

2

:c_r_z.i?. t [2+ f]x = Jr,_CK)‘

',.Multiplyiug by 2 and gathering the K

=

terms the

finalised expression becomes

UidZg i e
o2 (x)

ML () 2,k — ak - 24(k) k.

37 AR AL ] 0 :
2L Lo 2-U6 A +(2 S T T T :
3§ q4as Qa72 ) 315 (q4$ % azo) s 2/33

Q.. \7.) |




Summarising

dz F ()
doac o

IF'or a pgeneral method of solution to the
above equations the reader is referred to Schlichting*,
The interest, in this rescarch programmey is mainly
Jimite& to the point of separation and a general

solution to the condensed momentum equation at this

~boint may be obtained as follows.

Using expression (A.10)

&iving

U’CC% = (Ae18)

which, from (A.16), becomes a function of K and U

only, i.e.

Fx)
K

* (Schlichting, "Boundary lLayer Theory, p.,
McGraw Hill Cos, 1962).




At separation A

P (K) le7251
hence S 11 at the limit of attachment.

Therefore, to predict the position of separation
‘by this method, it is necessary to obtain an

CXpression for main stream velocity U in terms

which has distinct first and second derivatives,

Substitution of the expression for main stream velocity
and its derivatives in o= 11 gives an expression
X at the point of separation, Note that x  is

Mmeasured along the contour of the boundary layer.\




APPENDIX 2.

—

Theoretical prediction of the point of separation

1 a couvergent divergent duct assumiug iucompressible 1oy

As suggested in Chapter 1, the method of
Pohlhausen may be used to determine the position of
Separation in a flow situation similar to that occurring

in a subsonic tFluidic Switche, The method is as

follows.

Assume that the duct in the vicinity of its

throat may be represented by two cylinders as shown

‘below (Figure A.1).,

4

B

-

i
N5

Ereoa Al




Assuming that 0O is stagnation point then
tangential £low at 7e10

tangential flow at 2 VUsa

Assuming a =ine function for main stream £1low,

W e e S ¢ (A.20)

d0x _ 2‘U«,Co3<}>d¢
e eI (Ae21)

A0 . 2T cosd d¥ - dd . 2y shd dd
T dxr d= dac .

However, @4 is proportional to x therefore

2

hence 37 @ 2' o {A.22)
d20x (dc-i'x) ,ZT“’S 9

d=?

which, on substituting (A.20), (A.21) and (AWRZ) an

expression (A.19), Appendix 1, gives

o Z‘Uauga-ncf > 2"0:6 SW¢(C£>Z

~. C2 0, caa¢ %Q)Z

—ran2¢ .




the limit of attachmeut,

provides

10¢ .!0“

Suggesting that separation will oo our
approximately 169 after the throat., Obviou=ly, with

offset, it may be assumed to occur at the throat,

To the author®s knowledge, the =olution

offered above to flow past two cylinders is original,

the usual method ( 4 ) being to assume the
jBlasius series for velocity distribution containing six
‘terms in X up to the power eleven, providing a
‘VS().lution O Lasae] 0O HH 03 (seu Schiliehiting, s p. 253 anc\l

‘P. 153, 2nd Edition). This approachy in the authorts

Opinion, seems unnecessarily complicated,
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APPENDIX 3.

Some Definitions.

The following includes quantities referred

to in the test.

Displacement Thickness.

)
Y
XC e )dy (
o
Momentum Thickness,
8
eu iy
e - So e.v Cl -U-) d& (A025)
Energy Dissipation Thickness.
§
eu =
i O S e‘v(' -‘6-') dy (A.26)
o i
Enthalpy Thickness. x
ed /h
O, = = -1)d
h )e:u‘ h, ) J (A.27)
°
where h = 9CPT
Velocity Thickness, 5

5, kil j Q= %%) dy (A.28)




Continuity Equation.,

ou e

2w

1
O

The Momentum Integral Equation.

J h
P) 3 =
| &lut-wla Tl