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Abstract

The thesis describes a detailed experimental study of wedge
and step separated flows performed in a hybersonic gun tunnel.
Reattachment pressure and heat transfer distributions and pressures
within the s hear layer have been measured at Mach numbers of
8°2 and 9°7 using conical and contoured nozzle flows. The suitability
of an intermittent facility for such studies has been established.

" The reattachment of a straight separating shear layer was studied

and certain properties have been correlated with the external
Reynolds number in both the laminar and transitional flow regimes.
The effects of conicity on the separated length are shown to be
severe and the need for small side plates is established. An
eqﬁiyaleﬁt axisyﬁmetric model was used to check side plate effectiveness.
The reattachment pressure rise parameter was measured and found to

be strongly affected by the state of the shear layer. For the fully
laminar flows, the pressure distribution through reattachment was
smooth and the reattachment point of the dividing streamline was at
the top of the pressure rise as assumed by Chapman. 1f, however,
the shear layer was transitional, then the pressure distribution
displayed a kink and the reattachment pressure was below the peak
value. In this case, the reattachment parameter was found to be

a function of flap angle and Reynolds number and was correlated in
terms of these parameters. The variation. of the separated length

with Reynolds number exhibited opposite trends in the laminar and



transitional flow rééimes and a criterion is suggested to define the
state of the flow. The measured and calculated laminar pressure
distributions and peak heat transfer rates are compared. The
variation of the separated length with flap angle and the growth rate
of the shear layer have been predicted by Cooke's theory. Taking the
pressure rise parameter as unity and assuming the "dead air!
temperéture to be equal to the wall value, good agreement between
theory and experiment was obtained for cavity depths greater than

five times the boundary layer thickness at separation.
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Notation

Symbols

a speed of sound.

c constant in the temperature - viscosity relation,
defined by equation 3.1(i).

Cr skin friction coefficient.

Cp pressure coefficient.

Cp specific heat at constant pressure.

D cylinder diameter.

h step height or half the wedge base height.

L streamwise distance measured downstream of the step.

Lgep ~ length of the separated layer.
Lg,h step to hinge height.

L¢ distance of transition point from the leading edge.
Ly distance of reattachment point from the leading edge.
Mach number. _
N reattachment parameter Lz Pr - P2
P3 - P2
n 82/61
Pr Prandtl number.
P pressure.
Po pitot pressure.
& heat transfer rate.
R reattachment point.
Re Reynolds number.
St Stanton number.
T absolute temperature.
u velocity in the x - direction.
v velocity in the y - direction.
w total temperature ratio Tt(y)/Tt2
X distance along the surface from the leading edge.
X1 distance between the step and leading edge.

y distance measured normal to the surface.
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reattachment flap angle.
ratio of specific heats.

boundary layer thickness.

boundary layer displacement thickness.

normal distance parameter ( = y/d )
boundary layer momentum thickness.
viscosity.

kinematic viscositye.

shear stress ( = péu/ay )

Subscripts

A

av

st

attached value.

average of quantity.

undisturbed conditions upstream of
external to the shear layer.
downstream of reattachment zone.
initial driver conditions.

initial conditions in the barrel.
free stream.

ratio of quantity to value at edge
adiabatic wall.

'dead air' regione.

step.

of

outer edge of boundary layer or shear

flat plate.

shear layer.

layero

shear layer thickness below the dividing streamline.

reattachment point.
separation point.

stagnation point.

total shear layer thickness.

total (or reservoir) conditions.

shear layer thickness above the dividing streamline.

wall,



Superscripts

- conditions along the dividing streamline

of the shear layer.

conditions evaluated at a
defined by equation 3.1%.

'reference temperature!,

11
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1. INTRODUCTION

In the field of aerodynamics, one of the most significant
problems at present is that of flow separatiomn. This complex
mechanism is of fundamental importance to the aeronautical engineer
as its occurrence can seriously affect the design performance of an
aerodynamic surface. For this reason, a concerted effort is being
made to understand, in detail, the characteristics and effects of
flow separation.

Flow separation is induced by the action of an adverse
pressure gradient and when this condition is present it is essential
to know whether or not boundary layer separation will occur, and to
what extent. A discontinuity in body geometry, which occurs in
wedge compression corner and step flows, can induce pressure gradients
severe enough to cause boundary layer separation. Many problems
arise from flow separation including loss of control surface effective-
ness, aerodynamic instability, base pressure drag and, particularly
at hypersonic speeds, the occurrence of extremely high reattachment
heat transfer rates.

Until now, the bulk of the theoretical studies have been
made at subsonic and low supersonic Mach numbers. In order to test
the reliability of the theoretical work thoroughly the need was felt
for detailed experimental data at hypersonic Mach numbers where it is
easier to achieve fully laminar flow.

Theoretical studies have been directed towards the solution
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of fully laminar and turbulent separations, the former having received
most attention as it may be treated analytically without requiring
empirical information. Transition, which might be provoked by boundary
layer separation, is known to have a substantial effect on the flow

and, at present, defies a comprehensive theoretical solution.

One method of solution of laminar separations is the dividing
streamline concept in which the flow is divided into separate regions,
each of which is analysed separately. This approach, which requires
a detailed understanding of the reattachment pressure rise of the
shear layer, was originally proposed by Chapman et al. in 1957.

Cooke (1963) employed momentum integral techniques to evaluate the
velocity distribution along the dividing streamline and used the

reattachment relation suggested by Chapman et al.

The aim of this study was to investigate, in detail, the
reattachment of a laminar shear layer at hypersonic speeds, particularly
the conditions at the reattachment point. It was hoped that this
information would provide a check on the validity of the assumptions
made by Cooke in developing his theory and allow the prediction of
the scale of the separated flow. The scale of the flow geometry was
measured in both conical and uniform flow and the effect of such
influencing parameters as free stream Reynolds number were determined.
The effect of shear layer transition on the separated length was

investigated in the hope of defining the state of reattachment.
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20 REVIEW OF THE LITERATURE

The original similarity solution of the laminar mixing of a
compressible fluid was proposed by Chapman in 1951. Since then, this
idea has been developed for supersonic laminar and turbulent separated
flows by a number of authors. Notable amongst these contributions is
the work of Cooke (1963) in which he extended Chapman's analysis to
include the effects of a finite initial thickness shear layer, and
enabled estimates to be made of the scale of separation. The dividing
streamline approach requires a specific understanding of the conditions
at reattachment and relatively little data concerning this region is

available, particularly at hypersonic speeds.

Foremost among the parameters requiring study is the re-
attachment parameter N, originally proposed by Nash (1962) for turbulent
flows. Recent experimental results, such as those of White (1965)
have indicated this parameter to be less than unity, thus contradicting

Chapman's original assumption.
p p

More recently, other methods of solutien of the separated flow
problem have been proposed which regard the interaction as a whole and
do not require a definition of N, The moment of momentum solution of
Lees et al. (1964) is a notable example and Childs et al. (1966) have
also avoided the use of N by proposing a control volume analysis of the
separation "bubble". The various theoretical models considered in

this study are discussed in Section 3.
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Various authors have studied the effect of transition on the
base flow mechanism (see Section 5.3.4.), and although definite trends
have been established, a certain controversy exists concerning their

interpretation.

The most relevant reports of experimental studies are listed

in the following table.

Experimental studies concerning step and base separations.

Reference Moadel Mm ReX X1 Location of Remarks
1 - transition
h _——
Bogdonoff cone - 2°95 Ov7x106 6°72 boundary layer, no fully
cylinder - 10 " shear layer and lam. reattmts.,
(1952) fully transition at
turbulent separation for

= 1o 6
Rexl = 1-6x10

Carriere flapped - S - turbulent two critical
cavity points at
(1965) reattachment.
length of
reattachment
vs. shear
layer
thickness

w N
°
(S 3\

Carriére n " —_— _ " o Tt(y) variable

et al. thro' mixing

region.
boundary layer
thickness
effects

(1961)

CONTINUED OVER



Reference

. N
Carriere
et al.

(1964)

Chapman

(1951)

Charwat
et al.

(1958)

Crocco
et al.

(1952)

Gadd
et al,

(1956)

Model

cone -
sting -
cone

cone -
cylinder

wedge

blunt
body

wedge

Mm Re
X4
3:04 unit Re =
0.04x109/1in
- 5.1 v "
2.0 0-5x10°
- 100 "
1-98,  0-2x10°
2:78 - 7.0 M
220 0+1x10°
- 19.0 v
2:0,  1.0x10°
3.0 - 4-0x10%

%y
iy

=7-0

10-0

8-0

10-0

8-0

Location of.
transition

turbulent,
boundary layer
and shear layer

shear layer and
downstream of
reattachment

all régimes

boundary layer
and shear layer

CONTINUED OVER

16

Remarks

straight
separations.
critical points
at reattachment

no laminar

reattachments.

transition for

Re = 4-1x10°
1

transition data

correlates with
)
x, [h.Re 0
1 X 1
transition at R

for ReX1 =

6°0x10a

base pressure
variation as
for present
study.
transition at
R for Rex1 =

245%10°

extends data
of Charwat et
al. into the
turbulent
rééime
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Reference Model Mo Rex Xq Location of Remarks
1 - transition
h Pl adriedntailialiot
Hurlburt flapped 2-85 1°77x105 100 shear layer R found from
cavity - 7°1 n visualisation.
(1966) 0:6<N<0°7 .

L decreases
sep

with unit Re.,
o, = constant

Kavanau cone - 2°84 0°5x105 16°0 shear layer and transition at
cylinder - 40" downstream of R for Rex =
(1954) reattachment 5 1
1-5x10
Rom rear- 1.5, 2°0x103 9.0 " effect of
et al, facing 205 - 2°0x107 transition on
step q{(maximum) .
(1964) (2-D) dmax X1/h-ReZ
X1
Roshko axisymm. 2°0 - 1°05x106 6°6 fully no end effects
et al. rear- 4°0 - 157 n turbulent measured N =
facing 05
(1966) step
Van Hise ogive 2-62 O°5x105 16-0 shear layer and transition at
- 6-0x10° downstream of R for Rex1 =
(1959) reattachment 4=0x105
White rear- 7°0 9°0x105 up to downstream of empirically
facing 166 reattachment N=0°5 . base
(1965) step pressure for
(2-D) small steps
Present flapped 82 1°70x105 8-0, shear layer and N= 1 for
study cavity - 1°28x10" 140 downstream of laminar

reattachment reattachment.
N = f(Reo),aw)

- shear layer
transition.
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3. THEORETI1CAL STUDIES

3.1, Characteristics of the Separated Flow

Separated flows may be split into various types depending upon
the state of the separation and reattachment points. Two basic types
existj cavity flows in which both the separation and reattachment points
are fixed by the body geometry, and compression corner flows in which
both these points are free to move. The two other types of separated
flow are base flows, where the separation point is fixed and the re-
attachment point free, and forward-facing step flows where the reverse
is true. In the present study two tyﬁes of base flows are considered;
that behind a wedge where the reattachment point is at the confluence
of the two separated shear layers and that behind a rearward-facing
step in which the reattachment occurs onto a solid surface. The aim
of the study is to investigate the reattachment process and the flow
geometry of the above flows. In order to simplify the separation
mechanism of the rearward-facing step flows, straight separations,
affected by adjusting the adverse pressure gradient with a downstream

compression surface are considered.

Fig.l illustrates the main features of the separated flow
and the surface pressure distribution. The separated region may be
divided into two distinct parts, namely a constant pressure mixing
region followed by a reattachment zone through which the pressure and

heat transfer rate rise rapidly. Normally, the separating boundary
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layer undergoes a strong expansion at the step and the pressure falls
abruptly to the base value. The shear layer thickness grows with
distance from the step and then thins as it is compressed in the re-
attachment zone. This essentially isentropic compression forces the
layer to return to the free stream direction with an associated pressure
rise to the free stream value, The high momentum streamtubes in the
separated layer are able to withstand this adverse pressure gradient

and thus escape downstream, however, lower energy streamtubes are
reversed to form a low momentum recirculating cone downstream of the
stepo A dividing streamline exists which stagnates at the reattachment
point. The essential difference between the flow mechanism of the
normal rearward-facing step and the flapped cavity used in the present
study is that the expansion at the step is removed in the latter case,
thus forcing a base pressure which is constant and equal to the free
stream value. The peak pressure downstream of the reattachment zone

is close to the inviscid wedge values

3.1.1 Separated length

Chapman (1950) and Lock (1951) investigated the velocity
profiles for constant pressure, laminar mixing of a viscous, compressible,
high-velocity stream with a fluid at rest assuming a Prandtl number
of unity. By solving the boundary layer differential equations with
the appropriate boundary conditions Chapman looked for a similarity
solution for the shear layer velocity profiles. He assumed a linear

temperature - viscosity relationship of the form,
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CI = E uuu(3olui)
To Hp
R}
2 [s}
T Teo + 110°K
= — R E— 0o % a 010..
where ¢ I}w T + 110°9K (3.1.11)

from Sutherland’'s viscosity law
and showed that the dividing streamline velocity ratio, U, , was a

constant. and equal to 0°587 for all conditions.

Chapman et al. (1957) and Chapman and Korst (1957) proposed a
theoretical analysis of leading-edge separated flows in which they
considered the essential mechanism to be the balance between mass flow
scavenged from the 'dead air' region by the mixing layer and mass flow
reversed back into the 'dead air' region by the pressure rise through
the reattachment zone. For steady flow, without bleed, the dividing
streamline at separation was also the dividing streamline ag re-
attachment. The solution depended upon the assumption that Et » the
total pressure on the dividing streamline as it approached the re-
attachment zone was equal to the terminal static pfessure P3 (=py)
and that. the compression was isentropic. The Mach number M along the
dividing streamline was related to the corresponding velocity U , by
the Busemann integral of the energy equation assuming that the 'dead
air' temperature Ty , was equal to the recovery temperature T, (=Tt2
for P, = 1). This resulted in an expression for the base pressure

Py, (assumed to be equal to the external pressure p2) s

POTOOO



_ = 1 | cee(3.2)
2, Y- 2
py |1+ (- D MZ.J
where subscript r represents the reattachment point and subscript

represents conditions outside the shear layer.

For T 6 not equal to Tt2 , M and T were related by the Crocco

d
Integral for P, = 1,

wo= (1 - wg)u, + Wy e0s(3.3)
where w 1is the stagnation temperature ratio (= Tt(y)/Tt2) , and
wyg = (Td/th) i.e. the ratio evaluated for the 'dead air' region.

This leads t2 the expression given by Wood (1961),

oY

— Y1 2\, /., Y=l . 2\_
P, [ Wy (1 - u*‘) (l + 3 M2 ) +,K1 + 5 M2 )u* ’ Y-1

~ Y-l 2y, Y-l . 2 — ;
By |y (1 - T (1 + 5N, )+ > M, u (1-u) + T,

000(304)

Cooke (1963) replaced equation 3.3 with the following
expression from Carriere and Sirieix (1961), who assumed that the

, ‘ 2 ‘s
total temperatuce Tt} » varied with u, across the mixing layer,

L <

2
W= Lo- u, Cw eso(3a501
( wy) Uy oWy ( )
which reduces to a relation in rerms of the static temperatures

namely,

—(Y

3
3

W2u?y Tl o

Q

|

-1
2

- i
3]

~3]
No
(3]
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He used equation (3.5.1) to give

. \ Y
-2,/ Y-1 23 Y-1 2>_2 -
- L= =2 -1
p {wd (L -4 &1 + 3 M2 )+ (1 + =5 M2 u |y .
P _w(l-Ez)(1+uM2+Ez o0 (3-9)
2 d LERAN 2 2 * ]

The original assumption of Chapman's that the dividing
streamline stagnates at the terminal static pressure has received a
lot of attention. Holder and Gadd (1955) pointed out that experi-
mental work did not support this and work of Sirieix (1960) pointed
to the same conclusion. The latter experiments suggested that the
reattachment occurred halfway up the pressure rise. Noting these
experimental results, Nash (1962) introduced a parameter N, termed

the reattachment pressure rise parameter and defined by ,

p_ - p
N = T 2 voo(3.7)

Py = Py

Nash was concerned with turbulent reattachment and chose a
mean value of 0°35 for this parameter. Experiments such as those
of White (1965) at Ma> = 7 , indicated that a value of N = 05 was
more realistic for laminar flow and Cooke used this value though
other workers, including Kirk (1954) and Beheim (1961), have taken

N = 1 for both laminar and turbulent reattachments.

Knowing the conditions downstream of the reattachment zone
( and hence MZ) and using the empirical expression (3.7), the base
pressure can be determined by substituting the Chapman value of

E% (= 0-587) into equation (3.6). However, the assumption that T,

22
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is a constant is only true for a leading-edge separation in which the
shear layer grows from zero thickness and the velocity profiles are

thus similar. This assumption holds for very long separated lengths
where the velocity profiles become similar and the effects of the
boundary thickness at separation, 65 » become negligible. In realistic
separated flows with finite 65 » the length scale is small and u, is
not. constant, rising from zero at separation to an asymptotic value of
0°587. A study of equation (3.6) indicates that an increase in u_
with the length of sepatation, LSep » will cause a rise in the re-
attachment pressure ratio pr/p2 and hence a larger reattachment angle,

O:wo

Kirk (1954) considered the problem of an initial boundary
layer thickness for turbulent separating flows and regarded the shear
layer as growing from a virtual origin upstream of the step. . Cooke
also analysed this problem of the separation of a finite thickness
boundary layer and his solution can be used to predict the lengths
of the straight separations considered in this study and their variation

with o .
w

In his analysis he retained many of the assumptions made by
Chapman, notably that in the "dead air' region the velocity is zero
and the pressure there is constant. He used sinusoidal velocity
profiles to define the shear layer flow and applied momentum integral

techniques to relate the velocity on the dividing streamline with the

separated length, The results are shown in Fig.2 in which E% is
L ul\)
plorted against loglo _sep ﬁg_
v 2
X u .

-
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As the flow properties are continuous across the separation
point for a straight separation the last term reduces to the ratio of
the length of the shear layer to the length of the attached boundary
layer upstream of separation. Fig. 2 includes the results of Denison
and Baum (1962) who gave an exact solution to the same problem starting
with a Blasius profile and it is seen that their results give considerably
different values for Gé o Cooke compared his results with experi-
mental data obtained by Ginou:: (1960) for laminar flow over a rearward-
facing step and found good agreement. between the predicted and
measured separated lengths. The results of Denison et al. did not
compare so well with the experimental data suggesting that Cooke's

value for u, is the more accurate.

The procedure for determining the length of the straight
separat ion is as follows: knowing the free stream conditions and the
reattachment angle, «o s the pressure ratio pr/p2 can be determined
from isentropic flow tables and equation (3.7). Hence G% is determined

from equation (3.6) using an assumed value for T ,. Fig. 2 gives the

d

relationship between Eﬁ and Lsep’ the separated length. It is worth
noting that the separated length and the dividing streamline velocity
do not depend on the unit Reynolds number of the flow or the boundary
layer thickness at separation. Indeed LSep is only a function of the

Mach number, M, , and the length before separation, x

9 The Chapman

1 Q
method, in which a zero initial thickness shear layer is assumed,

gives x. = 0 and‘aﬁ = 0°587 and LSep is a function of M, alone.

1 2

It must be stressed that Cooke's method assumes a '"free-
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interaction'’ separated flow which is free from direct downstream
influence. If the shear layer is thick enough to be influenced by the
presence of the wall then the interaction cannot be regarded to be
"free', However, the boundary layer thickness at separation, &g , and
hence the shear layer thickness, &p , do depend upon Reynolds number.
This suggesrs thdat as long as the step is large compared to the thick-
ness of the shear layer then Reynolds number independence should hold
for laminar flow. When the shear layer is thick it probably cannot

be uncoupled from the internal recirculating region, in which case
Cooke's assumption that the shear layer behaves like a free jet with
zero velocity on one side will be violated. To summarise, for a
“free-interaction' separation, the ratio of the shear layer length to

the length before separation may be expressed as follows,

sep -
e = f(u;‘ﬂ) = g((st M s Was N) 000(308)
Xl - 2 d

wherve wyg = Td/Tt2

Fig. 3 illustrates the dependence of the flow geometry on
each of these four parameters and the experimental data is discussed

in Section 5.3.2.

3.1.2, Rate of growth of the shear layer

‘

The growth rate of the mixing layer can be determined from
Cooke's momentum integral analysis. He assumed that the mixing layer
thickness, &y , could be divided into upper and lower regions,

separated .by the dividing streamline, and of thickness &, and &)
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respectively. The analysis led to the following expressions,
Su = BT(l - u*) s 61 = 6T°u*' 0o0(3.9)
BT 1
and _— = 2 000(3010)
65 1 + bu, + cu,
where 1 = 0°1366, b = -0:0465, ¢ = 0°3169

The relation between G* and Lsep/x1 is known (see Fig. 2)
and hence it is possible to determine the growth of the layer with
distance with the aid of equations (3.9) and (3.10). The results

are plotted in Fig. 4.

3.2 Reattachment. Pressure Distribution

(a) Newtonian solution

A modified Newtonian method was used to determine the pressure
distribution on the reattachment surface at a Mach number of 8.2,
The mixing layer is regarded as an inviscid jet comprised of separate
particles, each of which, on impact with the surface, loses its
normal momentum. Considering that the ratio of directed to random
. y-1 .2 .
K.E. is equal to — M it was thought that the model might prove

relatively successful at the high Mach numbers considered in the

present study.
Using the modified form of the Newtonian pressure coefficient,

C = (Y+1) Sinz (04 090(301101)
P A\
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the following expression was obtained for the pressure distribution

on the flap,

2
p u Y(Y+1)
R =(f_)<_\) . M22 Sin® a + 1 coo(3.11011)
Py \P2/\"2

(where Y is taken to be 1°4)
P and u are 'local’ values in the constant pressure shear layer

and subscript 2 denotes external conditions.

The dividing streamline velocity at reattachment and the
extent of the reattachment zone were determined as indicated in the
previous sections. Two density and velocity profiles were considered,
namely the Chapman compressible, asymptotic profiles (i, = 0°587) and
Cooke's compressible sinusoidal profiles determined at the same value
of u, . The former were evaluated for Pr = 0°72 and 10 and found to
be almost identical. These profiles are illustrated i1n Fig. 5 which

shows a good comparison between them for that part of the shear layer

above the dividing streamline.

The comparison of the resulting pressure distributions with
experiment was poor and is discussed in Section 5.3.6.1. and

illustrated in Fig. 38(a).

(b) Momentum integral methods

Lees and Reeves (1964) calculated the pressure distribution
of a shock wave [/ boundary layer interaction by the simultaneous

solution of the momentum and moment of momentum ordinary differential
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equations together with the Crocco - Lees boundary layer mass balance
equation which couples the viscous and inviscid flows. An iterative
procedure was necessary to match the regions upstream and downstream
of shock impingement. The method incorporated the use of exact -
similar - reversed velocity profiles in the separated region and
required the numerical integration of simultaneous differential
equations. Hankey and Cross (1967) succeeded in obtaining an approx-
imate closed-form solution of the same governing equations to obtain
solutions for various laminar separated flows at supersonic speeds.
This method has been slightly modified here to predict the pressure

distribution for a straight separating mixing layer.

Adopting the procedure of Lees and Reeves, Hankey and Cross
considered the transformed equations for momentum and first moment of
momentum, which were obtained.by. integrating across the boundary
layer and making use of Stewartson's co-ordinates and the continuity
equation. By noting that the ratio of the transformed energy and
momentum thickness was nearly constant over a large range of the
velocity profile parameter, which specifies the velocity profiles,
and is proportional to the shape at the surface, they were able to

combine the two equations.

Lees and Reeves correlated the transformed boundary layer
-t
shape factor,J{,, with the pressure gradient parameter, K , for

various values of wall to free stream temperature ratios and showed

that there existed a double valued relationship. For the same
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adverse pressure gradient, two types of flow are possible i.e. separated
and attached.

By transforming back to the physical plane and applying an
approximate coupling equation between the inviscid and viscous flows

a simple. second order differential.eqdation was obtained,

2 2 2
L™ (d Me/dx ) - (Me - Ma)) = 0 009(3012)

where L. is a length scale.

A closed form solution was possible provided that L did not
vary appreciably over the interval of integration. Two types of
. A
solution are possible depending upon the sign of dH/dK, namely,

Attached Flow:

_ x/L -x/L -
Me - MOD = Alo + A,0e , dH/dk<0 e00(3:13)
Separated Flows
M_ - M_ = Bcos x/il + Bysin x/iL , AUV D0 oo(3.14)

To summarise, Hankey et al. obtained this simple closed form
solution by assuming that,
(i) The ratio of the transformed energy and momentum thicknesses
is constants
‘0 3 . * v
(ii) Variation in H (or & ) is considered much greater than the

variation of O or Méa

To obtain a complete solution to the straight separation
problem two boundary conditions must be applied i.e. Me(-a)) and

Me(+a>), the external Mach numbers for upstream and downstream of the
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interaction. In addition matching is required at the hinge and re-
attachment points where the values of Me and M; (hence K) are
considered to be continuous. The co-ordinates are given in Fig. A
and summarises the appropriate matching and boundary conditions.
Three flow régimes exist for which the coefficients Ai and Bi must
be determined. The co-ordinate system is established with the hinge

at x=0 .,

Fig. A
<
AND S NS - < o
~ < /
~ N
AN ~ //<T<:<(“\
- ~
- \
! .
-X 0 x
s b
Table I
Condition x M M’ M K
e e e
Undisturbed upstream -® Mw - 0 0 0
Step -X " " n "
s
Hinge 0 " " " "
Reattachment point X Continuous Continuous Discontinuous KS
Undisturbed downstream +® Mm + 0 0 0

Application of these tabulated conditions leads to the values

of the undetermined coefficients and we obtain equations for Mach number
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in the three flow rééimes. The pressure distributions are obtained
from the Mach number calculations using the isentropic relationships.

The comparisons between theory and experiment for different
values of a, and free stream unit Reynolds number are shown in Fig. 38

and discussed in Section 5.3.6.1.

3.3, Heat Transfer Characteristics

At hypersonic speeds, the heat transfer to an aerodynamic
surface can be extremely high, particularly in regions of flow
stagnation such as the reattachment zone of a separated shear layer.
Holden (1964) measured the total heat transfer to axisymmetric spiked
bodies and found the most important influencing parameter to be the
position of the shear layer reattachment point. In some critical
cases he found the total heat transfer to the face of a cone to be
more than doubled by the presence of a spike. There is clearly a
need to predict such reattachment heat transfer rates and the effect

/
of such parameters as reattachment angle in all the flow regimes.

3.3.1. Heat transfer rate distribution

Van Driest's (1952) paper gave the solution for the laminar
heat transfer to a flat plate as a function of Reynolds number, Mach
number and wall to free stream temperature ratio. He solved the
simultaneous, differential equations of mass, momentum and energy,

using the Crocco method, for arbitrary Prandtl number and assumed
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+
the Sutherland law of viscosity - temperature variation for a constant
specific heat gas. The Stanton number, St , was shown to be a function

ala

of Pr and g"(O), the shear function evaluated at the wall.

Rubesin and Johnson (1949) and Young and Janssen (1952)
established that if the values of the density and viscosity in a
boundary layer were calculated with relationships which hold for
constant property fluids at an intermediate 'reference temperature',
defined by empirical expression, then they accurately describe the

actual conditions in a supersonic boundary layer.

Eckert, in 1955, used this 'reference temperature' technique
to determine heat transfer rates in a zero pressure gradient flow.
He used the empirical expression for 'reference temperature' which was

proposed by Young and Janssen,
ices T = T + 0°5(T - T )+ 0:22(T_ - T ) ... (3.15)
® \ ® aw @

where the reference viscosity was evaluated using Sutherland's

viscosity law, namely,

%« 22
% T -8 1bfnsec
poo= 227 o x 10 S SR cee(3.16.1)
T + 110 f£r2
where T is measured in OK 3
% * Vs
alternatively E_ _ (ji ) X Ta> + 110 ees(3.16.11)
© Too T + 110

Applying the following Blasius relation for the skin friction
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factor, Cf , and evaluating the Stanton number, St , at the reference

conditions,
0-66 *
Ce = 4 [/ Re_ ,
% z o-.(3017)
. * _ ke Lfa
St = hc/e cp u, = (Cf/Z)Pr
Eckert expressed the heat transfer rate as,
G = hc (Taw - Tw)
0-332 0" *y=*2 (1
= e cp u, (Pr ) ( aw Tw)
.b ...(3-18)

w

Re
X

where hC is the heat transfer coefficient and subscript e refers

to conditions at the outer edge of the boundary layer.

The two theoretical models are compared with the measured

'flat plate' values in Fig. 39.

Various authors have extended the 'flat plate' solutions in
an attempt to predict the distribution of surface properties in finite

pressure gradient flows.

Cheng et al. (1961) considered the problem of blunt leading-
edge effects in high temperature, hypersonic flow. Following ideas
proposed by Lees (1956) for blunt-nosed bodies they assumed local
'flat plate' similarity in determining heat transfer rates. The
solution depended on the observation of Lees that the thermal boundary

layer is rather insensitive to pressure gradient, particularly if the
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boundary layer is cooled and pW/pe is large. Consequently, the
pressure gradient term in the momentum equation was ignored, reducing
the problem to that of a 'flat plate' . For plane flows, again

evaluating the density and.viscosity at the. 'reference temperature'

they proposed,

% % —% X L7
© - 2
. ~ 0-332 P cp u, (Pr ) (Taw TW) p\ p dx
qw - - cno(3019)
@ P

- o
Rex ® L

where L 1is a reference length.

Hence, knowing the surface pressure distribution equation
(3.19) may be used to determine the surface heat transfer. The
comparison of the theoretical model with experiment is illustrated in

Fig. 40 and discussed in Section 5.3.6.2.

3.3.2. Peak heat transfer rates

Cooke's analysis of a mixing layer may be used in conjunction
with Eckert's 'flat plate' heat transfer theory to determine the peak
heat transfer rate at reattachment and the subsequent. distribution
downstream of the interaction. It has been shown in Section 3.1.2.
that the thickness of the mixing layer above the dividing streamline
( which will pass downstream through the reattachment zone) can be
estimated in terms of the boundary layer thickness at separation and
the appropriate dividing streamline velocity. By applying the condition

of continuity across the r eattachment zone, the thickness of the
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reattaching layer may be represented in terms of the thickness at
separation, 65 ,
— — r —
Ty U, | Uy + 2 (1-u,) L} 1 -u,

63 = e R ——} ) 000(3.20)
ZFé ug T l+bu, -cu

*
subscript 3 denotes conditions downstream of reattachment.

It is assumed that the reattachment thickness is reached by
a boundary layer advancing from an origin upstream and growing in the

external free-stream conditions existing downstream of the reattachment

zone. The length is obtained from Cooke's expression for displacement
thickness,
V3 G5 %5
63 = 42795 eo0e(3.21)
3

where C 1is the constant in the temperature - viscosity relation

(equation (3.1.1i)).

Knowing 63 , from equation (3.20), the length of growth
of the boundary layer, X3 » is determined from equation (3.21).
This value is substituted into equation (3.18) together with the flow
properties downstream of the reattachment zone to:give an estimation
of the peak heat transfer rate, which is assumed to occur where the
boundary layer is thinnest. The comparison between the theoretical

and measured peak heat transfer rates are shown in Fig. 40.

Chung and Viegas (1961) derived an approximate expression
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for the average heat transfer rate in the reattachment region of a two-
dimensional, laminar shear layer flow normal to a wall, In their
incompressible analysis, the reattaching flow was considered inviscid
but rotational and the viscous effects were assumed to be confined

to the boundary layer growing along the wall. They developed a
closed-form solution of the flow field from which the pressure and
velocity distributions along the wall were obtained. The length of
the reattachment zone was defined as the length required for the wall
velocity to reach the dividing streamline value and was empirically
related to the length of the separated shear layer., The heat transfer
analysis was based on the theory developed by Lees (1956) using the
pressure and velocity distributions mentioned above. Due to the
drastic reduction of the local heat transfer within the small length,

L , (which was of the order of the mixing layer thickness), a semi-
empirical expression for the average heat transfer in this zone was

developed for 0-1 gp/ptg0-5 , i.€o

. -%_ " % % -
G, =01035, pr c_Re ' (Pe|0-76+1-411 Pe |HeTauw Ty
av P sep 'EZ 'ﬁz Esep
e
= G ’ Say ooo(3.22>

where LSep is the length of the mixing layer.

Chung and Viegas assumed the asymptotic value for G% o

Equation (3.22) has been modified to include a variable E% o

In order to provide a rough check on this approximate theory,

the stagnation point heat transfer to a cylinder is derived by
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applying the blunt body formula of Lees. Substitution of the approx-
imate Newtonian value for the stagnation velocity gradient from Cohen

and Reshotko (1955) gives,

/2 u
. _ R '%3, @
Y, st 0-47 Pr (Pe l'Le)st (hest-hw) g _E— 200(3023)

where R 1is the radius, th.the static enthalpy and U, denotes

the velocity ahead of the bow shockwave.

By considering the stagnation point heat transfer to a cylinder
whose radius is equal to the step height considered in the present
study, it is hoped that it will be possible to establish the order
of magnitude of the measured peak heat transfer rates. The results

are shown in Fig. 40.

3.3.3. Effect of reattachment angle

The expressions developed in the previous section offer a
solution to the problem of a normal reattaching flow whereas the
angles of reattachment considered in this study are small. Consequently,
an analysis is proposed that will include the effect of angle on the

stagnation velocity gradient and hence peak heat transfer.

Lees proposed that the heat transfer to a two-dimensional

stagnation point could be expressed as,

° _ - _1/3
Ye,st 0°5 Pr MEGe l‘Le)st (he -hw)

st

» F(x) ce0(3024)

= | e

where L 1is the length of the reattachment zone, U 1is the velocity
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of the stagnating streamline and,

/2 (plp. ) (u_/[u)
F(x) Jr_ te €

~ x/L _ e
JColp, ) (u fu) d(X/L)J
° e

At. a stagnation point, p/pt is unity and, assuming a linear
e
velocity - distance relation, F(x) reduces to,

1 [1 2

( due )
»\/; u dx/L x=20

which can be substituted back into equation (3.24). Hence,

=

o du Vz
U, st oc | — (—3> voo(3025)

X
d /L x=0

=]

and the average reattachment heat transfer for a general reattachment

angle, ®. s is obtained from equation (3.22) to give, -

2
X
) - ¢ (due/d /L)x=0,aw

X
v (du /d"/})

00a(3.26)

x=0, st

where subscript st denotes orthogonal reattachment.

To get .some idea of the stagnation point velocity gradients
in equation (3.26), a method is used which was proposed by Milne -
Thomson in 1949, This involves the potential flow solution of the
direct impact of two equal, incompressible jets (which are illustrated

in Fig. B)

Two streams A1 and A2 » each of thickness k and travelling



at a speed Ua>’ impinge symmetrically at an included angle of 2 o
and branch off into two other streams B1 and B2 of thickness h1

and h2 respectively. The streamline y = 0 may be regarded as a

solid surface. The ratio h1/h2 is determined in terms of a. from

the continuity equation, i.e.

h 1 + cos
Hb = —1- = —-———-—.-a—w- 900(3027)
h 1 - cos «a
2 W

FIG. B:

k
The complex velocity,\p,and the complex distance parameter,

z , are related by the expression,

@
2 = e —
¥

u_ |y 1og(1-v>+ h, 1'\))

-k log /1l -P\v-'k /1-Y
= ( ‘;‘) ;—( a-) c0a(3.28)
2 2

39
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= = ] = w =
where b1 UCD R b2 UCD e a, UCD e R a2 Um e W

and z=x+4+ iy, Y =u-iv

On the surface, y = 0, Z =X boundary

v = 0, Y =u conditions

Substituting for al, az, bl’ b2 and the boundary conditions

and considering only the real part we obtain,

Ef = Hb log - E_ - log 1+ E_
h U U
2 @ ®
(H,+1) 2
P 7 | cos w, log J1 - 22 + 2 |+ sin o« tan ! { }1
2 1) 1) J
@ @
27 Sin a (1 -5 Cos ozw>
@ 000(3529)

where % } = Uw
2 2 2
u u .
<1 -3 Cos a%) - (ﬁ ) Sin aw
@ ®

Differentiating equation (3.29) and putting x =0, u =0
at the stagnation point we obtain a relationship for the stagnation
velocity gradient in terms of o i.eo

d(u/Ua)) Cos @ - 1

= - 000(3030)

L 2
d(ﬂx/hz) x=0, u=0 4 Sin o«

Hence the stagnation point velocity gradient ratio, appearing

in equation (3.26), can be determined and is plotted in Fig. 6.

The success with which heat transfer rate properties can be
predicted by the solutions mentioned above is limited and is discussed

in Section 5.3.6.2.
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4.0 EXPERIMENTAL WORK

4ol The Hypersonic Gun Tunnel

4olols Description

The experimental study was performed in the Imperial College
gun tunnel. This is an intermittent, blowdown facility incorporating
a free, light, aluminium piston. The original tunnel has been
described by Stollery et al. (1960) whilst the subsequent modifications

and recalibration appear in a report by Needham (1963)..

In brief, the tunnel consists of a high pressure drive vessel
of 4 cu.ft. capacity designed to operate with a drive pressure of
3000 paosci.ae Immediately downstream of the pressure vessel, and
separated from it by a double diaphrégm assembly, is the barrel which
is.20,ft; long and has an I.D. of 3 inches. The barrel contains a
volume of test gas at a pressure of up to 100 po.s.i.a. The nozzle,
located at the downstream end of the barrel, enters a square cross-
section, open-jet type working section, downstream of which is a
10 inch diameter diffuser leading to a dump tank. The diaphragms
at the upsteam and downstream ends of the barrel are made of unscribed
aluminium and 'Sellotape' respectively., .The tunnel is operated at
Mach numbers. of 7°5, 10 and 15, using a 100 semi-angle conical nozzle
with various throat diameters and at 8°2 with the use of a contoured
nozzle, Both nozzles have exit diameters of 8 inches and the diameter

of the inviscid cone of test gas which is expanded into the working
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section is approximately 5 inches.

The light piston, which weighs 100 grms., is located at the
upstream end of the barrel and when the diaphragms fracture, it
accelerates down the barrel compressing the test gas ahead of it.

The shock wave preceeding the piston heats the gas to temperatures as
high as 1300°K and the high temperature and pressure gas is then

expanded through the nozzle into the working section.

The freevstream flow parameters may be varied by operating
the tunnel at different drive (reservoir) and driven (barrel) pressures.
The free stream total pressure is a fraction (approx. 80%) of the
drive pressure, p4 , whereas the free stream total temperature is a

function of the drive pressure ratio, Free stream Reynolds

Par’
number is calculated from the reservoir conditions by assuming that

the gas is perfect and that the expansion through the nozzle is
isentropic, Fig. 7 shows the calculated Reynolds number range of the
tunnel at a Mach number of 8°2. One important factor which limits

the Reynolds number range is the occurrence of condensation in the test
gas at low values of Put (L.e. low free stream total temperature) and

the figure includes the condensation limit established experimentally

by Daum (1963).

The total running time of the tunnel,which is estimated as
the time taken for the pocket of compressed gas to discharge through

the nozzle,is a function of the drive pressure ratio, and the

palﬁ

throat diameter. For relatively low Mach numbers, and hence large

throat sizes, the running times are short, conversely when Mach numbers
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are high the running times are long. For example, to obtain a useful
duration of run at Mach 7 the tunnel must be operated under relatively
low drive pressure ratios, a value of Pyu1 of 40 being necessary for a
running time of 30 m.secs. whereas at Mach 10 the same value of p41
allows a running time of 140 m.secs. However, care must be exercised
when recording measurements during the total running time due to the
drop in reservoir pressure which is caused by the arrival of the
reflected expansion head at the nozzle location approximately 50 m.secs.
after the start of the run. This curtails the period of steady
pressure to about 30 m.secs. duration in each acoustic wave, commencing

at about 8 m.secs after the initial shock in the starting process.

4ala2, Tables of test conditions

1 Cylinder and wedge studies

Group M Py Pib Pt Tta> Re per inch
No. @ peScicde  peSeicds  pesei.as K @
1-8 82 2000 1407 1580 1290  2:37 x 10°
" " 100 1640 680  6°99 x 10°
9 - 11 82 1000 50 820 670 350 x 10°
" 1500 75 1230 " 5025 x 10°
" 2000 100 1640 " 6:99 x 10°
" " 90 1650 695  6°75 x 10°
" 600 24 490 724 1-87 x 10° "
" 1000 40 816 " 3212 x 10°
" 1500 60 1225 " 468 x 10° ©

CONTINUED OVER
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Group M p4 Pib Proo Tta> Re per inch
No. [45] ) . . o) [0s]
poSoloao poSoloae poSoloao K
9 - 11 8°2 2000 80 1632 724 6°24 x 10°
" 2500 100 2042 " 7:80 x 10°
" 2000 65 1640 775 5062 x 10°
" 2500 811 2050 " 7:02 x 10°
" 2000 50 1620 854 4°73 x 105
" 1000 1427 800 1038 1969 x 10°
" 1500 2201 1200 " 2:54 x 10°
" 2000 2904, 1600 " 3438 x 10°
" 2500 368 2000 " 4023 x 10°
" 2000 1427 1580 1290 2:37 x 10°
¥* Flow geometry study (Group 11)
- Boundary layer profile study (Group 10)
11 Rearward-facing step studies
Group M Py Pib Pt Tta) Re  per inch
No. w K . . 0o ®
PeSecicas PeSecicae PeSoicas K
13 - 15 9.7 1000 24°5 800 866 159 x 10°
" 1500 18 1200 1110 "
" 2000 147 1600 1290 "
" 2500 4401 2000 975  3.36 x 10°
" 1000 1407 800 1030 118 x 10°
" 1500 217 1200 " 178 x 10°
" 2000 2904 1600 " 2:37 x 10°
" 2500 36°7 2000 " 2:96 x 10°
12 82 500 1693 400 780 1°40 x 10°
" 1000 325 800 " 2:80 x 10°

CONTINUED OVER




Group M p4 Pib Pt Tta) Re per inch
No. @® . . . (o} @®
poScisao peSeio.as PeSoioa. K
15 - 17 842 500 1427 400 820  1°30 x 10°
" 1000 25 800 860 237 x 10°
" 1500 3745 1200 " 3956 x 10°
" 2000 50 1600 " 4oTh x 107

bLolo Description of Models

Three distinct types of model were used in the experimental
studyo Cylinder and wedge models were used in the preliminary work
whereas, for the later detailed studies, a flapped cavity model,
consisting of a rearward-facing step with a downstream flap, was
considered.

The cylinder model was of 1" diameter and had a span of 5'".

45

It was supported from the sides b 2 diameter rods, the ends of which
b

were connected to a rigid side support mounting. The 10° half-angle

wedge models were of 5 " span and 2" base height and were also side
mounted, the side supports in this case being wedge cross-section
bars of 10° half-angle and%" base. The preparatory model was made

of wood as it was required solely for flow visualisation studies.

The instrumented wedge model was constructed of mild steel
and had a measured leading edge thickness of approximately 0°001" .
Separate base plates were used for the measurement of pressure and
heat transfer rate. Rows of pressure tappings of%g" diameter were

located down the base at certain spanwise positions, including the
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centre spano Tappings were also spaced along the base centre line in
order that side effects might be detected. The model was hollow to
accommodate four pressure transducers, the leads of which were led out
behind the side supports without disturbing the flow. Heat transfer
rates were measured with thin film gauges, which were painted onto

the 2 mm. thick pyrex glass base plate, The gauges, which measured
approximately +" long and 52" wide, were spaced at intervals of 0-1"
down the mid-span of the base and also at larger intervals across the
span to measure possible side effects. The pyrex was drilled in order
that the electrical leads could be led out of the model without
disturbing the base flow. Fig. 8 shows the wedge model with its

base instrumented for heat transfer measurements.

The flapped cavity model, which is also shown in Fig. 8,
was of 5" span and sting mounted from its underside. The leading edge
thickness was maintained at approximately 0°001" and the bevel angle
was 10°. The leading edge to step length was 2" or 3-5" and step
heights ranging from;%" to £ were considered. The flap downstream
of the step was made off;" thick gauge plate and had a 4" chord length,
it could be rotated through about 30° and its position relative to the
step was variable. Downward-facing side curtains were attached to the
model between the leading edge and the hinge to prevent high pressure
disturbances, generated at the underside of the model, affecting the
separated flow. The flap was instrumented for the measurement of

pressure and heat transfer rate along its centre line (as shown in

Fig. 8). The pressure tappings and heat transfer gauges were spaced
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at 0-1" and 0°2" intervals respectively. Provision was made for the
spanwise distributions of pressure and heat transfer rate to be

measured. To facilitate the measurement of the low pressures encountered
in the separated flow region the transducers were mounted in the support
sting. Care was needed to thoroughly seal the hinge and the step
junction and so prevent base bleed occurring from the underside of the

model into the separated region.

The basic model was supplemented with axisymmetric and half-
scale models which are shown in Figs. 9(a) and 9(b). The axisymmetric
model consisted of a mild steel, 2°5" diameter cylinder around which
was wrapped a%ﬁ' step, 2" downstream of the leading edge. The two-
dimensional flap was simulated by conme frustums of 10°5° and 13° half-
angle which could be positioned at the required step to hinge length.
The .model was supported in a collar held by wedge cross-section side
supports positioned behind the compression surface. The model was not

instrumented but used only for flow visualisation studies.

H4o3e Instrumentation

The pressures and heat transfer rates were displayed on two-

beam Tektronix 502 oscilloscopes and recorded by Land polaroid cameras.

Solartron NT4 - 313, 0-15 psia. and 0-30 psia. and C.E.C.
4-326, 0-10psia. strain gauge diaphragm transducers were used to
measure pressure. The former were operated with an excitation voltage
of 5 volts with a peak output voltage of 20 mV. whereas the latter

operated with a 10 volt excitation voltage with a corresponding maximum
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output of 40 mV, The transducers record the out-of-balance voltage
produced across a Wheatstone bridge when an applied pressure causes

a displacement of the diaphragm. The transducers have a nominal linear
calibration over their full range, however, as the test pressures
encountered were of the order 0°01 - 1-00 psia. the gauges were care-

fully recalibrated in this range.

The transducers were calibrated statically. The output
voltages were measured on a Solartron digital voltmeter. A McLeod
gauge was used to record pressures in the 0-10 mm. of mercury range
and higher values were measured with an o0il manometer. Though the
low range calibrations were not linear, they were found to be repeatable

to within =3 %.

Heat transfer rate was measured with the thin film platinum
gauges mentioned in the previous section. Each gauge was situated in
one arm of a Wheatstone bridge and its change of resistance with
temperature during a run caused an out-of-balance voltage, proportional
to the surface temperature. This output was amplified approximately
25 times and integrated in a five channel electronic analogue unit to
give the surface heat transfer rate distribution which was recorded
on an oscilloscopeo The construction of the gauges, the analogue
equipment. and the calibration technique has been fully described by

Holden (1964).

LGaols Flow Visualisation Techgigggi

Goblpal, Schlieren photography
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One of the main requirements of the experimental study was the
need to establish certain details of the separated flow geometry,
including the boundary layer growth, the length of the separated layer,
the angles of separation and reattachment. Another requirement was to
detect transition of the boundary layer or the separated shear layer.
Spark schlieren photography, which detects density gradients in the
flow, was a valuable technique with which the above data could be

established.

The spark was generated by the discharge of a 0°1pF capacitor
at a potential of 15 KV. Coaxial with the spark gap was a constant
light source used to aligne the system. A delay circuit was used to
generate the spark at a pre-set time which was typically 22 m.secso.,
commencing at about 8 m.secs. after the initial shock in the starting

process.

bobo2a High speed ciné photography

A Fastax 16 mm. camera, operating at 5000 frames per second,
was used to study details of the flow establishment time and the
stability of the separated flow field. The results are discussed in

Section 5.1.2-.1.

Gobo3, Surface visualisation

Surface visualisation techniques were employed with the flapped
cavity model in an attempt to establish the location of the reattachment

line of the separated shear layer and also the extent of the two-
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dimensional flow and the effectiveness, or otherwise, of side plates

bounding the separated flow region.

The first medium tried was low viscosity silicon o0il which
was spotted onto the reattachment surface. The spot size was 0-05"
diameter which was regarded as the optimum value from a study performed
by Meyer (1966). This surface shear measuring technique proved to
be quite valuable and the reattachment line, where there is no shear,
could be located within a band of 0-1". It was just possible to
detect the reversed flow upstream of the reattachment line and also
the side wash effects occurring in the reattachment region. When
this region was bounded by side plates the oil spots indicated that
the side wash had been cancelled without the generation of any
disturbance to the flow. Close to the step, where the surface shear
is very small, the oil spot technique proved to be insensitive. Fig.

10(b) shows a typical oil spot pattern.

Light talcum powder was used as an alternative method of
determining the extent of the separated region. The results were
disappointing, though the residual deposit of powder indicated the
general extent of the separated flow, only a rough qualitative estimate
of the reattachment line was possible. However, the powder technique
was useful in other ways. Fig. 10(a) shows a schlieren picture which
indicates the flow recirculation downstream of the step, which is made
visible by the powder. The application of powder at the step and

hinge positions provided a check that there was no bleed into the



51

'dead air' region due to poor sealing.

1t was necessary to define the reattachment point more precisely
than was possible using oil spots. This was achieved using a forward-
facing, surface pitot probe technique. At the reattachment point, the
velocity is zero and thus the static and pitot pressures are equal.
Upstream of reattachment where the flow is reversed, the pitot pressure
(which is, in effect, the base pressure behind the probe) is less than
the static pressures. The converse is true downstream of reattachment.
Hence, the reattachment point occurs at the intersection of the measured
static and pitot pressure distributions. This technique proved to be

both precise and repeatables

The probe was inserted through the static pressure tappings
(as shown in Fig. 1) and great care was exercised in insuring an air-
tight seal. Consistent with not incurring excessive response times,
the orifice, which was rectangular in cross-section, was made as small

as possible, 0°010" deep and 0-045" wide.
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5, RESULTS AND DISCUSSION.

5.1. Cylinder and Wedge Studies in Uniform Flow

(a) Cylinder in uniform flow

The aims of the preliminary cylinder studies were twofold,
namely to test the sensitivity of the schlieren apparatus in detecting
a separated mixing layer and to measure pitot pressure profiles through
the wake in order to establish the existence and extent of side effects.
Interest was centred on the near wake flow, i.e. the region as far as
the recompression zone at the wake neck where the mixing layers
converged. The flow conditions for this series of tests (Groups 1-3)

are defined in the table of Section 4.1.2. on page 43.

Both the separated mixing layers and the wake neck, which
occurs approximately one diameter downstream of the cylinder, are
discernable from schlieren photographss. The lip shocks, occurring
at the separation points and the trailing shocks, generated at the
neck recompression zone, are also clearly visible, Further details
of the wake flow are not detectable, particularly the wake growing
downstream of the necks A study of the photographs indicated that
transition was occurring in the mixing layers before their confluence

at the wake neck.

The schlieren system measures.d?/dy and for a hypersonic,

laminar boundary. layer, where the maximum density gradient is very
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pronounced, the layer appears as a thin line. However, as the layer
becomes transitional, the increased mixing causes a reduction in density

gradient and the line weakens and vanishes.

It was hoped that the flow would be fully laminar but, unfor-
tunately, it was not possible to reduce the Reynolds number or increase
the Mach number to provide conditions more likely to maintain a fully

laminar separated flow.

Pitot pressure distributions were measured both across the shear
layers and in a spanwise direction at a location just upstream of the
wake neck i.e. one diameter downstream of the cylinder. The results
are shown in Figs. 11(a) and 11(b). Spanwise measurements were made
at various vertical distances, Z/D, from the wake centre-line and Fig.
11(a) shows that strong end effects were clearly evident. The flow
was sensibly two-dimensional for some 60% of the cylinder centre-span
along the axis of symmetry, however, this extent of two-dimensional

flow decreased as Z/D increased and vanished at 2Z/D = 1.5 .

The profiles across the shear layer were measured at various
spanwise positions, y/D . Within the centre 60% of the span the
profiles were sensibly similar and indicated a pronounced trough at
the centre line, within the 'dead air' region, However, as Fig. 11(b)
shows, side effects were evident at 80% of the centre span, the profile

indicating a sharp rise of the base pressure-

Due to the onset of transition discussed above, it was decided

to study its effect upon the separated flow geometry. A wedge model
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was used.for these tests as the geometry forced fixed separation points.

(b) Wedge in uniform flow

Spanwise pitot pressures were measured downstream of the wedge,
without side plates, to establish the presence of side effects. The
free stream conditions were the same as those used in the previous
cylinder studies. The results indicated that the,sidg effects present
were similar in extent to those determined behind_the cylinder model,
i.e. the region of uniform flow on the axis of symmetry was found to
occupy 60% of the centre span at a distance of one base width downstream

of the wedge.

A schlieren photograph of the base flow is presented in Fig.
12, A study of the photographs indicated two main points, firstly,
transition was occurring, either in the attached boundary layer or in
the separated mixing layer, depending upon the flow conditions, and

secondly, unsteadiness was present in the separated flow.

5.1.1. Separated length

Characteristic properties of the mixing layer geometry,
notably the .average value of LSep s the separated length, were
measured over a considerable range of Reynolds number (which is
tabulated in Section 4.1.2., page 43). 1In some tests the boundary
layer was tripped into turbulence by a strip of three-dimensional
roughness placed across the wedge%&" downstream of the leading edge.

The strip consisted of closely spaced glass spheres of 40 thou. diameter
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(which is of the order of the boundary layer thickness).

In order to relate the flow geometry for both free and solid
surface reattachments, some tests were performed with a 'splitter plate’
fixed to the wedge base to form a rearward-facing step with a height
equal to half the wedge base width. The results are shown in Fig. 13

in which the ratio Lsep/X is plotted against ReX1 » the Reynolds

1
number based on the wedge chord, at a local Mach number of 5¢7. The
results are compared with the previous experiments of Rom and Seginer

(1964) who measured Lsep for a fully laminar flow for a Mach number

range of 15 - 25,

Within the accuracy of measurement, the mixing layer lengths
for the free and solid surface reattaching flows were equal and
exhibited the same variation with Reynolds number. This indicated
that the presence of a solid reattachment surface, which imposes
the condition of zero streamwise velocity along it, does not seriously

affect the base flow mechanism.

The photographs indicated that when the boundary layer was
'untripped’, transition occurred on the wedge surface. Consequently,
the corresponding increase of Lsep with Rex1 shown in Fig. 13 was
expected.. Crocco and Lees (1952) predicted this phenomenon in their
approximate mixing theory. They argued that as the Reynolds number

increases, the base pressure (and hence the separated length) increases

because of the growth in the boundary layer thickness at the trailing
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edge as the transition point moves forward. For fully turbulent flow,
in which the transition point is practically fixed i.e. close to the
leading edge, they predicted that the base pressure drops slowly with
increasing Reynolds number because of the normal decrease in the
boundary layer thickness at the trailing edge. The ttripped' boundary
layer data agreed with this argument and the photographs also indicated
that the flow on the wedge surface was fully turbulent., The data of
Rom and Seginer, at. a lower Reynolds number and Mach number range, show
that, for fully laminar flows, Lsep increases with Rexlo This result
is confirmed by the laminar step separations of the present study
(which are given in Section 5.2. and 5.3.) Clearly there is a strong

variation of base properties in relation to the transition location,

This behaviour is discussed fully in Section 5.3.4.

Unfortunately, the variation of LSep with Rex1 for separations
. of transitional shear layers could not be studied with the wedge model
due to the limitation of the Reynolds number range available. However,

I3 / I3
subsequent step studies do include this important intermediate regime.

5.1.2, Influence of transition

As the phenomenon of transition is clearly of importance to
the separated flow it was thought necessary to study it in some depth,
particularly the way in which its location on the wedge surface is
affected by the free stream unit Reynolds number, The movement was

thought to be a likely cause of the instability detected in the mixing
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layer and this hypothesis was investigated.

5.1.2.1. Location of transition

The onset of transition within a laminar boundary layer is a
function of the free stream Mach number Ma>’ unit. Reynolds number ReG),
and wall-to- recovery temperature ratio Tw/Taw o In the present
tests (Group 9 in the table of Section 4.1.2., page 43) transition of
the 'untripped' boundary layer was measured from the schlieren photo-
graphs over a range of Re. and T /T __ at a fMocal! M= 5°7, The

® w' Taw
results are illustrated in Fig. 14, where comparison is made with data

from previous studies.

For a constant Tw/Taw there is a linear correlation between

ReCo and Re the Reynolds number based on the length to transition.

Lt’
The slope of the line is less than 450 and thus indicates that the

transition point moves forward in the boundary layer as ReCo increases.

In order to provide a conclusive check on the state of both
the 'tripped' and ‘untripped' boundary layer, pitot pressure profiles
were measured at the wedge trailing edge for TW/Taw = constante
The profiles are illustrated in Figs. 15(a) and 15(b) in which they
are compared with both laminar and turbulent theoretical profiles

determined from the analyses of Van Driest (1951 and 1952),

The character of the wedge boundary layer determined from the

schlieren pictures is clearly substantiated by these results.
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5.1.2.2. Flow establishment time

A possible criticism of separated flow studies performed in an
intermittent facility such as a gun tunnel is that the complicated
separated flow mechanism might not establish a steady state within the

available running time.

Needham (1965) investigated the establishment time for the
flow over a wedge compression corner at Ma> = 9.7 , He took a high
speed ciné film of the separated flow covering the whole of one run
and measured the length of the separated region at intervals cxfé;maseco
Comparing the plot of LSep against time with a typical free stream
pitot pressure trace, he found that the initial response of the
separated flow was faster than that of the probe itself and that LSe

followed the fluctuations in pitot pressure very closely.

Exactly the same technique was employed in this study at
Mq) = 8°2 . High speed ciné films were taken of the wedge separated
flows (with and without the 'splitter' plate attached) which have
been described, and also of a rearward-facing step which had an attached
flow length of 3". The response of the separated flow for all three
models was extremely rapid leading to the conclusion that the gun

tunnel is quite suitable for this type of study, the only limitation

being the response time of the instrumentation.

5,1-2.3. Shear layer stability

The ciné film studies indicated a fundamental difference in the
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behaviour of the transitional wedge separated flows and the fully laminar

flow generated by the smaller step model.

For the latter model, the length of the separated region
followed the fluctuations in the pitot pressure very closely suggesting
that the mechanism is quite stable, However, a distinct and regular
oscillation of the length of the separated region of the wedge models
was observed which was quite independent of any variation in the tunnel
conditions. This suggests that the motion of the transition point on
the wedge surface and the associated variation of the boundary layer
thickness, caused by.fluctuations in the free stream pressure, generate
an instability of the pressure in the separated flow region which does

not exist when the flow is fully laminar.

5.1.3% Heat transfer rate distributions

Prior to considering the heat transfer rate distribution to
the wedge base, this property was measured on a rearward-facing step
model, which had ar%" step located A%ﬁ downstream of the leading edge.
It was felt that it would be useful to compare the surface distribution
of this property for the cases of both free and solid surface re-
attaching flows, The centre-line heat transfer rate distributions
were measured both up to and down the step at MGD = 82 , Rea) = 237
X 105/ino and Tt = 1290 °K, for which conditions the boundary layer

was entirely laminar. These distributions are shown in Fig. 16(a)-

It can be seen that the flat plate distribution compared well
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‘with the theoretical distribution of Eckert and the distribution of
heat transfer down the step exhibited two points of interesty firstly,
the rate of heat transfer to the step was approximately one order of
magnitude lower than the equivalent flat plate value and secondly, the
distribution had a distinct peak at a location about 40% up the step
heighto The peak is thought to be generated by the shearing action
of the low-speed recirculating flow where it comes closest to the step

surface and .the boundary layer is’/thinneste.

The heat transfer rate distribution along the centre line of
the wedge base was measured, both with and without side plates spanning
the near wake region, for Mq) = 8°2 and ReGD = 237 x 105/in° and
6°99 x 105/in° Due to the transitional state of the separating
boundary layer and its associated unsteadiness the measurements of
heat transfer rate were also unsteady and difficult to define,
particularly at the lower Reynolds number. However, the higher Reynoclds
number data shown in Fig. 16(b), established certain pointsj the order
of magnitude of the distribution was the same as that measured on the
rearward-facing step and two heat transfer peaks were detected, located
symmetrically about the base mid-height, indicating that the mechanism
is similar to that behind the rearward-facing stepo This is contrary
to the conjecture that the maximum heat transfer rate occurs at the
mid-point of the bases The presence of side plates had little effect
on the character of the heat transfer rate distributions, this was

expected due to the unsteadiness of the separated flow.
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5.2, Straight Separations in Conical Flow

Flapped cavity model

Weiss et al. (1966) studied turbulent wedge separation at MOD

= 2°95 and ReX = 7°0 x 106 and observed a profound effect of the

1
shoulder expansion on the base flow region. The strong normal pressure
gradient. generated by this expansion and the following compression wave

at the separation point were shown to cause a large curvature of the

dividing streamline.

Due to this problem and those encountered in the previous
studies, attention was centred on the problem of straight separating
flow over a flapped cavity. Schlieren techniques were used to
establish the presence of straight separations, the priciple being
that, for such a condition, the waves generated at the separation point

are weakesto

In order to establish fully laminar flow, the model length was
reduced and the free-stream Mach number was increased to Ma> = 9.7 with
the use of a conical nozzle. This model provided an ideal flow for
testing Cooke's mixing layer analysis, and the high pressures in the
reattachment zone made it possible to measure N, the reattachment
pressure rise parameter. it was also hoped that problems of boundary
layer transition and mixing layer unsteadiness would be removed, and
that the base pressure, being equal to the free-stream static pressure,
would. be measurable. Rather than establishing a relationship between

the separation angle and the flow parameters, the important characteristic
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with the straight-separating flow was the mixing length and its

variation with o the reattachment angle.

The flow conditions used for this series of tests (Groups 13 -

15) are presented in Table II of Section 4.1.2. on page 44.

5.2.1. Upstream influence - Step height effect
Flapped cavity model - straight separations

One of the basic assumptions contained in Cooke's mixing layer
analysis is that the mixing layer is free from any influence which
might be generated downstream of the separation point. In practice,
this assumption can be easily violated. When the ratio of the step
height to the boundary layer thickness, L/&S, is small enough, the
interaction between the mixing layer and downstream surfaces can
severely affect the flow mechanism and thus prevent a '"free-interaction"

separation.

In the ideal case, where the bottom of the cavity is well away
from the lower boundary of the separated layer, the velocity is zero
inside the ‘dead air' region and the flow over it is like that of a
free jet with zero velocity one side and free stream velocity the other
side. The presence of a wall, with its associated shear can invalidate
this simple picture. Consequently, before a study of the mixing layer
léngth can be started it is necessary to investigate the effect of step
height, h , upon the flow and to establish, if possible, a critical step

height, hC above which upstream influence has no effect.

rit’
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Straight separations were established for a range of step
heights (between;%" and:%“) and flap angles for ReGO = 237 x 105/ino,
with no side plates attached to the model, The length of the straight
shear layer was taken to be that of a horizontal line drawn parallel to
the free stream flow direction from the separation point to a point on
the reattachment flap, (which will be called the geometric reattachment
point). For a fixed value of o, the length was measured for each
value of h , the procedure being repeated for four other values of o o
It was hoped that, for aw constant, the mixing length, Lsep s would
asymptote to a fixed value as the step height was increased, thus

indicating that a free-interaction separation was established. In such

circumstances the theoretical assumption is valid.

Results plotted in Figs. 17(a) and 17(b) show that a critical
step height does exist and that its value is a .function of the reattach-

ment pressure rise, hC becoming larger as @, increasess For the

rit
reattachment angles considered in subsequent studies a typical value

(s o 5.
for (h/6s)Crit is 3,

For step heights. smaller than the critical value, where 65
is thick, the shear layer is compressed at the step corner for a
fixed o and the separation is no longer straight. Lsep increases,
indicating a higher value of the base pressure, Pye This rise of
Py with 65 was observed by White (1965) who performed experiments on

a conventional rearward-facing step flow at Mach 7.

The observed violation of the straight separation over the
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flapped cavity is explained in physical terms by considerations of the
influence of the surface below the step on the dividing streamline

velocity, u, o For h:>hcr_

it where 65 is relatively thin, Cooke's

assumption of !free-interaction' is valid, i.e. E* ( and hence Lsep)
are constant for a particular value of @ However, when h<:hcrit
and 65 is relatively thick, then the shear layer is thick enough to

be influenced by the presence of the wall. In this case, the interaction
is no longer 'free' and, as 65 depends upon Reynolds number, the

Reynolds number independence predicted by Cooke no longer applies. The
viscous shear imposed by the wall reduces the value of E* and the
dividing streamline requires a longer separated length to enable E%

to reach its original value corresponding to the constant . e In

order to achieve this increase in LSep , the shear layer must compress

at the step corner, thus causing Py to riseo The dependence of Py

on G; is clearly shown by equation (3.2.) from which it can be seen

that, as E* decreases the reattachment pressure rise ratio pr/p2

of the dividing streamline decreases. However, assuming the pressure

rise paramater N , to be constant, pr is fixed for a constant aw and

thus p, must rises

If the shear layer is to remain horizontal, with p2 constant
for a fixed @, o then LSep must be increased by moving the flap further
away from the step (as shown by the results of Fig. 17). This allows
the dividing streamline to attain rthe value of E; which enables it to

reach the pressure rise ratio pr/pz o Alternatively, if LSe is



65
considered constant, then to maintain the shear layer horizontal aw

and hence pr/p2 would have to be reduced.

Typical schlieren photographs of the flapped cavity flow are
shown in Fig. 18 which illustrates the effect of step height on the

shear layer length.

5.2.2, Separated length

As a mixing layer with finite initial thickness grows, the
velocity on the dividing streamline, u, , increases from zero at the
step and asymptotes to the Chapman value of 0°587 which corresponds

to the case of zero initial shear layer thickness. In physical terms,

u, increases with Lsep’ as predicted in Fig. 2, and the dividing stream-

line is able to withstand a higher pressure rise pr/p2 (as shown by
equations (3.6) and (3.7) ). However, for a horizontal separation,
Py is fixed and equal to the upstream pressure and thus the downstream
pressure and hence o must increase. The limiting value of LA will

be reached as G% approaches the Chapman value.

1f a horizontal separation is established and the flap is then

moved towards the step, keeping o constant, then the balance between

u, and o is violated. The shear layer attempts to maintain Lsep

constant and does this by compressing at the step causing p, to rise, and
thus reattaching further down the flap. Cooke's analysis has been

described in Section 3.1.1l. and the relation between Lsep/XI and G%

is the controlling length

is shown in Fig. 2. The fact that L /x
sep’ 1
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scale indicates the importance of the body length x in determining

1
the length of the separated region.

Initial tests were performed at Req) = 2°37 x 105/ino with
flapped cavity models which did not have side plates attached. Three
values of x, were considered i.e. 1°75" , 20" and 35" and the

1
step height was varied fronL#" toéﬂ'o 65 was kept small to ensure
that any upstream influence effects generated downstream of the step
would be prevented. Care was taken to position the model surface
accurately at a fixed distance from the nozzle centre line in order to

ensure that the effective incidence of the leading edge in the conical

flow was constant.

As expected, o increased with LSep and was observed to tend
towards a constant limiting value. Unfortunately, this value could
not be established due to the onset of cavity flow closure. This
limitation occurs when the ratio of cavity length to depth, Lsep/h s
becomes sufficiently large for the flap to lose its effectiveness, i.e.
a small step height h can only support a relatively small straight
separated length., Under such conditions, the adverse pressure gradient
imposed by the flap ceases to control the separation mechanism and the
mixing layer expands at the step to reattach on the cavity floor.
Merritt (1964) established an empirical expression for the critical

value of Lsep/h at which the laminar cavity flow closes,

, : L
i.eo sep X1
> eoo(5-1)
h M
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Charwat et al. (1961) also found a critical cavity length for
supersonic, turbulent separations and established that the pressure
distribution along the cavity floor depended on this length rather than
the geometry of the reattachment surface. Subsequent pressure
distributions in which the pressure is uniform upstream of the flap

indicate that the cavity lengths considered here are relatively short.

The variation of LSep with «@, is shown in Fig. 19 for three
values of Xy o A comparison between the results led to the surprising
result that the correlating length scale was the absolute separated
length and not Lsep/x1 i.,e, for a fixed o the separated length was

constant regardless of the value of x, o This conclusion contradicts

1
the theoretical argument of Cooke and is impossible on dimensional
grounds. It would suggest that the mixing layer behaves as a free

jet, emerging from the step location, which is independent of the body

shape.

The schlieren photographs in Figs. 20 and 21 illustrate the
variation of L with o and the effect of x, on L respectively.
sep w 1 sep
Subsequent tests in uniform flow (presented in Section 5.3.) showed

1

the correlating length scale to be Lsep/xl for all values of x, and

suggested that the conical data was open to criticism.

5.2.3. Influence of Reynolds number

The effect of boundary layer thickness on the sepafaned flow

geometry, with regard to upstream influence effects, has been described
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in Section 5.2.1. for flows in which h<h However, contrary to

crit’
the analysis of Section 3.1.1. in which the base properties are shown to
be unit Reynolds number independent, it was expected that this thickness
would also affect the separated flow mechanism when h:>hcrit° In other
words, it is thought doubtful that the interaction will ever be entirely
Vfree! or that the shear layer can be uncoupled from the internal re-
circulating region as assumed by Cooke.- For a constant Mach number,
the flow parameter which controls the separation thickness, 65 » and

also the mixing coefficient in the separated layer, is the free stream

unit Reynolds number Rea)a‘

Crocco and Lees (1952) regarded mixing, or the transport of
momentum from the outer stream to the dissipative flow, to be the
fundamental physical process determining the base flow properties.
Following their argument, the base pressure (and hence the length of
the separated layer) is a function of both the thickness BS and the
mixing coefficient of the layer, k , the effect of each being in the
opposite sense for a variation of ReG)a- This explains the large
differences in behaviour of a separated-flow with Reynolds number  in
the various flow rdgimes. They predicted that, fo? fully laminar

flow, the mixing coefficient, k s of the separated layer is the

lam
dominant controlling parameter, whereas, in the turbulent rééime, the
boundary layer thicknes is the important term. Transition confuses

the picture somewhat and its effect is described in detail in Section

502:2,
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Considering the case of fully laminar flow, they showed than an
increase in the Reynolds number causes a decrease in the mixing co-
efficient, the effect of which is to cause less mass to be scavenged
from the "dead air' region. Due to this reduction of the mixing rate
and the less efficient mixing, the rate of increase of E* with distance
is diminished. In the case of a straight-separating shear layer on
the flapped cavity model the dividing streamline is no longer able to
accomplish the reattachment pressure rise ratio pr/p2 associated with
a fixed a and Py rises. In order for pr/p2 of the dividing stream-
line to be reached by a horizontal shear layer, Lsep’ and hence E% »
must increase with the Reynolds number. This trend was expected in
the present study as schlieren photographs indicate that the flow is

laminar over the full extent of the separation.

The length of the separation was measured for a range of
Rea) between 1°18 x 105 and 3-:96 x 105/ino using a flapped cavity
model with a leading-edge to step length of 3-5", without side plates.

The flow total temperature was approximately constant.

The results ére shown in Fig. 22(a) where L“ep/X is plotted
2

1

against ReX » the Reynolds number based on the attached flow length,
1

It can be seen that the expected laminar trend is evident, Lsep being

a weak function of ReX . The result of varying ReX by changing x
1
for constant unit Reynolds number is the same which suggests that the

1

unit Reynolds number is not, in itself, the influencing parameter, but

Rex °
1
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5.2.4. Effect of side plates

Though the variation of LSep with a. illustrated in Fig. 19
showed the expected trend, the reattachment angle for a given separated
length was far in excess of that predicted using Cooke's mixing theory.
This phenomenon was assumed to be caused by the presence of side-wash
effects in the reattachment zone which caused a loss of the flap

effectiveness.

Two basic types of side plate were employed to test this
assumption, namely those extending parallel from the separation point
to include the base region and the reattachment pressure rise, and those
extending from the beginning of the reattachment pressure rise to a
point downstream of the peak. Both types generated precisely similar
flows in which the variation of LSep with aw (shown in Fig. 19) was much
closer to the predicted distribution. A typical photograph of the two
types of side plates and the associated flow pattern is shown in Fig.
23, Repeatable results were obtained using smaller side plates which
enclosed the reattachment pressure rise only. The conclusions, which
were supported by oil spot visualisation tests, substantiated the
assumption that side flow occurred only in the region of the reattach-
ment point where the streamwise momentum was small and the pressure higher

than the free stream static value.

Many doubts have arisen about the validity of tests performed
in conical flow in which models without side plates have been used, the main

cause for concern being the lack of comparison between the measured and
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predicted correlating length scales of the separated region. The
independence of LSep on x; is thought to be due to the effects of
conicity where models of different length scales were used in a source
flow stream which expanded in a downstream direction. - . However,
conclusions concerning the effect of step height and Reynolds number,
discussed in Sections 5.2.1. and 5.2.3. respectively, are suggested

to be qualitatively correct, In these particular studies great care
was taken to maintain Xy constant and the model was always tested in

exactly the same position in the working section. Subsequent tests,

which are presented in Section 5.3. confirm this view.

To avoid doubts over conicity and side effects all further
studies were made using models with side plates in a Mach 8°2, uniform

flow provided by a contoured nozzle.

The conical and uniform flow studies are compared and contrasted

in the discussion in Section 5.3.7.

5.3, Straight Separations in Uniform Flow

Flapped cavity model
5.3.1. Effect of side plates

The flow visualisation techniques mentioned in the previous
section suggested the merit of side plates in this study of step flows,
in which three-dimensional side flows are severe for the small span

models considered. However, before detailed studies of the separated
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flow were commenced, the validity of the assumption that the use of such
devices provided a truly two-dimensional flow, free of side effects,
without generating disturbances, was thoroughly checked in the uniform

flow. Two techniques were used.

The first method entailed the measurement of transverse pressure
distributions on models with and without the addition.of side plates.
The distributions were measured at two locations downstream of the step,
denoted by xS/h » namely the constant pressure ‘dead air' region (where
xS/h = 122) and the reattachment zone, close to the reattachment point

(xS/h = 4°8). Spanwise pressures could be measured at tappings spaced

2n
%

pressure distributions were also measured, with and without the addition

and 1&” to each side of the model centre-line. The streamwise

of side plates, and the two compared. The measurements were made for
X, = 35", h==" and o = 9.2° at Re = 2237 x 105/ino and the
4 w @

transverse and streamwise distributions are shown in Figs. 25(a) and

25(b) respectively.

Fig. 25(a), as expected, showed that the ‘'dead air' pressure
was constant across the span whether or not side plates were used,
whereas the transverse distribution in the reattachment region, which
exhibited a symmetrical parabolic shape with a peak at the centre-line
when side plates were not present, was forced to a constant value by
their addition, It was noted that the centre-line pressure was not
affected by the side plates, thus indicating that side effects dimin-

ished to zero on this line. The equivalent streamwise distributions
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were identical showing that side plate disturbance effects were non-

existento.

As straight separations were required for a constant wvalue of

@, o the step to hinge distance L had to be less for the case of

s.h ’
the model without side plates than that in which they were present due

to the loss in flap effectiveness caused by flow escaping over its side.

To check a possible loss of flap effectiveness due to an
inadequate length of reattachment surface, the streamwise pressure
distribution was measured with the 4'' flap replaced by one measuring
8", No variation was observed and it was concluded that the re-
attachment surface length was adequate, provided that it extended

downstream of the peak pressure at the end of the reattachment zone.

The axisymmetric model, described in Section 4.2., was used
to provide the second method for checking side plate effectiveness.
The procedure was to generate straight separated flows on both the
axisymmetric model and the two-dimensional model with side plates for
similar free stream conditions and model geometries. The effective-
ness of the side plates would be established if both types of model

generated the same separated length.

For Re = 237 x 105/ino, x, =2°0", hs= and a flap

A
1 4
angle of 10040, straight separations were established and identified
from schlieren photographs, such as the one shown in Fig. 26 for the

axisymmetric model. The lengths obtained with the two models were in
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very good agreement (see Fig. 27).

This thorough investigation proved the validity of the side
plates and they were used in all the subsequent investigations in which
the aspect ratio of the separated region (defined as the ratio of the
model span to the separated length) was relatively small i.e. between

1-7 and 3.

503.2. Separated length - Correlation with Cooke's theory

At M = 8°2 it was expected that transition would occur within
the mixing layer at the higher values of Reynolds number and indeed,
the 'kink! in the pressure distribution shown in Fig. 25 indicated its

presence in that particular case.

In order to compare Cooke's mixing theory with the experi-
mental data, it was vital that fully laminar reattachments could be
established. and. identified. Three techniques were used to establish
the flow régime, namely, schlieren methods, the measurement of pitot
profiles in the attached boundary layer and the separated shear layer

and finally, the study of the pressure and heat transfer distributions.

A series of straight separations were generated on the flapped
cavity model at the free-stream conditions shown in Table II (page 44)
using the side-plated models. Three values of X, were considered i.e.
175" , 2:0" and 3-5" and the step height h was varied froml—r” to %”a

The relationship between the separated length and the reattachment angle

is shown in Fig. 27. As was shown in the tests performed in the
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conical flow, the addition of side plates to the model clearly increased

the effectiveness of the reattachment surface.

For a constant unit Reynolds number the expected trend was
evident. As prediqted by Cooke, the correlating length scale was shown
to be Lsep/xl for all values of Xy which indicated the importance of
the body length Xy in determining the length of the mixing layer. The
reattachment angle @, s increased with Lsep/x1 and was observed to

asymptote to a constant maximum value. Hurlburt (1966) established

with u for similar straight separations

the same trend of L /x
sep 1

from a flapped cavity model at M= 2:85 (see Fig. 32(a) ). In
physical terms, this variation meant that as the mixing layer length
increased (and with it the dividing streamline velocity, E*), the shear
layer was able to withstand a larger pressure rise, and hence re-
attachment angle, due to its higher energy content. The fact that o
tended to a constant value showed that the shear layer had reached a
limiting (or asymptotic) state in which E% , and hence the energy level,
had risen to a maximum value. Chapman's similarity solution of a
mixing layer growing from zero thickness with a constant E* = 2587)

can be used to predict this limiting condition onlys.

The reattachment pressure rise ratio p3/p2 s, was measured and
its variation with . is shown in Fig. 28 which shows that, though
p3/p2 is relatively independent of Reynolds number, its variation with

The

o exhibits a similar asymptotic behaviour to that of Lsep/xl o

corresponding relation between Lsep/xl and p3/p2 for laminar reattachment
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shown in Fig. 29, exhibits a limited range of linearity i.e.

Sep/x1 ~ (py/p,) 000(502)

for 0.6 <L [x. <13
sep 1

This indicates the larger pressure rise that the increased separated

lengths can withstand before the asymptotic limit is reached.

The limiting condition of the flow mechanism considered in
this study is that of an attached, flat plate boundary layer namely,
as o and hence Lsep/xl tend to zero, the step height must also reduce
identically to zeroa. This condition is quite different to that which
occurs for a compression corner separated flow i.e. that of incipient
separation, the condition at which the attached boundary layer just
separates due to the induced adverse pressure gradient generated by a
finite flap angle. For comparison, Fig. 27 includes the value of o
for incipient separation determined for the same flow conditions by
Needham. This value of 7-8° compares with the asymptotic value of

10°4° measured in the present study.

A severe Reynolds number effect of the flow geometry was clearly
evident (see Fig. 27) and was thought to be due to the onset of tran-
sition in the shear layer at the higher values of Rexl, the separation
Reynolds number. The effect of the transition was to cause the
separated length to fall sharply with increasing Rexl, for a constant

a e This phenomenon, which is of fundamental importance to the base

flow problem, is discussed fully in Section 5.3.4.

At the lower values of Rex the flow appeared to be entirely
1
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laminar and these results were compared with Gooke's theoretical analysis.
The comparison which is shown in Fig. 30, is seen to be very good for
the separated lengths considered, the main error of the theory being an
over-estimation of the limiting angle of reattachment. This value,
which was evaluated using the assumption that G%-——m587 as Lsep/xl—a—aa,
was found to be a factor of two greater than the measured value. The
results clearly show that the shear layer profile approaches the
Chapman distribution, corresponding to the case of zero imitial thick-
ness, more rapidly than predicted by the asymptotic, theoretical model.
However, it must be stressed that this divergence occurs at large
values of separated length which would be impossible to achieve
experimentally with the flapped cavity models considered due to the

occurrence of flow closure.

As discussed in Section 3.1.1., two basic assumptions about
the flow mechanism have to be made when applying Cooke's theory. They
concern the estimation of N, the reattachment parameter, and the value
of Td » the 'dead air' temperature. The best correlation with the

measured Lsep/x1 VS. o relationship was obtained by assuming that N = 1

and Td = Tw , the wall temperature.

N was measured for both the laminar and transitional reattaching
flows and was found to be unity in the former case, since the peak
pressure was measured at the reattachment pointe The onset of transition
was found to severely affect N, causing the dividing streamline to

stagnate at a lower pressure. A discussion of N and its measurement
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is presented in Section 5.3.5. The low heat transfer rates measured
in the separated region suggest that the assumption Td = Tw is realistic,

even though other investigators, including Chapman, assumed Td = th o
A subsequent comparison between the measured and Van Driest's theoretical

separated layer profiles confirmed the validity of the present

assumption.

The validity of using the Carriere and Sirieix expression for
the variation of total temperature with u, across the mixing layer,
rather than that of Crocco, has been justified by the good agreement
obtained between theory and experiment. Cooke also established a good
comparison between his results and some experimental data of Ginoux

(1960) for laminar rearward-facing step flows using this relation.

The experimental results presented in Fig. 22(a) showed that

Ix

LSep 1 increased with ReX in the laminar régime, However, this trend

1

was very slow indicating that the contrastihg effects on the base flow of
variations in the boundary layer thickness and the shear layer mixing
rate were almost compensating each other for a change of Reynolds

number (as was suggested by Crocco and Lees). Consequently, the unit

Reynolds number independence shown by Cooke's laminar theory was

regarded as being reasonable.

5.303. Pitot profiles of the attached and separated layers

A probe with a rectangular cross-section orifice measuring 0°16"

deep and 0°70" wide was used to measure pitot profiles at three locations
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in the flapped cavity flow, namely, just ahead of the step, approximately
half-way along the shear layer and downstream of the reattachment zone.

The relevant test conditions were M = 8-2, Reaj= 0-13 x 105/ino, X, =

2°0" and ¢ = 10-3°.
W

Fig. 31(a) shows the pitot pressure profile of the attached
boundary layer. The well known laminar form is evident, the majority
of the mass flux being situated atr the outer edge of the layer. The
figure also shows a comparison between the measured Mach number profile,
plotted against the normal distance parameter y/xv/ﬁg;, and that
determined from the laminar theory of Van Driest for the same free
stream conditions. It can be seen that the two compare extremely well
and the Van Driest thickness (defined as extending to the streamline

along which u, = 0°99) is within 3% of the measured value.

In order to convert the pitot pressure to Mach number it is
assumed that the normal static pressure gradient in the boundary layer
is zero, which is quite valid in the case of a zero stream-wise pressure
gradient. It is extremely difficult to check this assumption with a
static pressure probe due to interference effects and the long response
times incurred in trying to measure a small pressure with a limited

orifice size.

The pitot pressure profile of the shear layer shown in Fig. 31(b)
also exhibits a laminar shapes The step height wasiﬂh and if the
layer is considered to be divided into upper and lower thicknesses, 6u

and 61, extending above and below this height, it can be seen that the
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upper part exhibits the form of an attached layer, carrying the bulk of
the mass flux, the pressure at the step height being approximately the
ambient static value. The cavity is full of low-velocity, recircul-
ating flow and an attempt was made to measure the reversed flow profile.
The reversed flow could be detected with a forward-facing probe which
measured pressures below the ambient static value in this region. By
reversing the probe it was just possible to detect pressures above this
value thus indicating the recirculation. The results indicated an
extremely low momentum content, the reversed flow pitot pressure being
of the same order as the static value. The zero velocity'streamline
was identified by extrapolation of the pitot pressure profile to the
ambient static value, however this technique was crude considering the

extent of low momentum flow described above.

The measured values of Gu and 61 were within 12% and 30%
respectively of the values 0°086'" and 0°055" predicted from the

momentum integral technique of Section 3.1.2.

Once again, the Mach number profile was determined using the
assumption of constant static pressure, which is certainly valid when
there is no expansion or compression at the step. In order to compare
the profile with the Van Driest attached layer profile, the total shear

layer thickness, &, was taken to extend from the measured zero velocity

T,
streamline. The comparison between the profile shapes, shown in the

figure, is seen to be very good if the Van Driest profile is determined

assuming T ,6 = Tw whereas the comparison is poor if it is assumed that

d



81

Td = tho However, the measured 6T (= 0°14") was much larger than that
predicted by Van Driest for an attached layer. This result was

expected and illustrates the increased rate of growth of the separated

mixing layer-.

The assumption in Section 3.1.2. that the dividing streamline
separated straight from the step was checked by measuring the Mach
number ratio along it, ﬁ% , and comparing it with the value obtained
from the calculated G% at. the traverse position L/x1 (obtained from

Fig. 2). Assuming (as in Section 5.3.2.) that T, is equal to the

d

wall temperature Tw » the dividing streamline temperature ratio, T

)

w

was determined from equation (3.5.(ii)) and, using the relation

M, = u./a, coe(5.3.)
ﬁ* was found to be 0¢19, which compared well with the measured value
of 0-20. This result supported the assumption that Tw = Td and
contrasted with the value of ﬁ% = 0-11 obtained by using Chapman's

assumption that Td = tho

The pitot pressure and Mach number. profiles of the reattached
boundary layer for M= 5-78 and Tw/Ta> = 2°7 are illustrated in
Fig. 31.(c). They show a laminar form in the outer region of the
layer which is closely related to the Van Driest profile. However,
the high values of the pressure clese to the wall suggested the |
existence of a relatively high mass flow. This was explained by
the fact that the traverse was made relatively close to the reattach-

ment point, where, due to the high rate of centrifugal compression,
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the layer was thin (see Figs. 19, 20 and 21) and had not yet re-
established an attached flat plate character. One would expect the
profiles to revert to this character downstream of the reattachment
zone, where both the normal and streamwise pressure gradients are
zero. Under these conditions the mass flow, forced close to the
wall at reattachment, would be able to move towards the edge of the

boundary layer.

These conclusions confirmed the assumption that the entire

separated flow mechanism was fully laminar.

5:3.4. Influence of shear layer transition
- Straight separations

The transition studies and the subsequent measurement of N
and the pressure and heat transfer distributions were performed for
flapped cavity separations selected from those discussed in Section
5.3.2. and displayed in Fig. 27. The step height was constant
(h ==ﬁ'0 and two values of attached flow length (x1 = 2.0" and 3-:5")
were used. The salient flow parameters are listed in the table

shown in Appendix A.

The non-dimensional length Lsep/x1 is correlated in terms of
ReL » the Reynolds number based on the total length of the mixing
r
layer from the leading edge to the reattachment point, and the results

are shown in Fig. 32. The effect of Reynolds number on the separated

X . s ‘., ,
length in the laminar and transitional flow régimes is demonstrated,
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/x1 exhibiting. a distinct peak at ReL:z 09 x 106 for all values of

sep r
o and x, considered. For Re, < 0°9 x 106 the variation of L /x, was
w 1 Lr sep 1
small whereas, for ReL > 0°9 x 106, the separated length decreased
r

rapidly with increasing Re and using. the techniques described before

Le

it was established that. the former trend was exhibited by the fully
laminar reattaching flow whereas the latter was caused by transition
moving upstream.of the reattachment paint.. The peak value of

Lsep/x1 occurred when transition was located at the reattachment point.

Additional laminar data could not be obtained due to the limited

Reynolds number range of the facility.

The fact that the maximum.Lsep/x1 occurred at a constant
value of ReLr for all values of X, suggests that the location of
transition within the straight mixing layer is independent of the
length of the flow which is attached to that which is separated, but
is only a function of unit Reynolds number. This further suggests
that the mechanism of transition in the shear layer is analogous to
that in a fully attached boundary layer. Results obtained for the
model without side plates exhibited a transitional behaviour and are
shown in Fig. 22(b)'where Lsep/x1 is plotted against Rexl for X, =
3-5",

The existence of the . high base pressure ( and hence Lsep/xl)
which was evident for the laminar flows and the variation with Reynolds

number had already been explained in terms of the shear layer mixing

rate and this argument can be extended to consider the effect of
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transition. As the Reynolds number is increased and transition
eventually begins to move upstream into the mixing layer, the local
mixing rate kturb (=5 - 10 klam) counteracts the controlling effects
present in the laminar régimeu The precipitous drop of Lsep/x1 s
which is observed for straight separations with fixed @ when the
separation Reynolds number is increased, is due to the large increase
in the mixing rate. This increase is much more important than the
associated increase in the mixing layer thickness which, by itself,
would have an opposite effect on the straight separated length.

The relatively high values of Lsep/x1 observed for the straight
separations in laminar flow are established due to the low laminar
mixing rate. The precipitous drop of Lsep/x1 (for constant aw)
would be expected to become less rapid as the transition point moves
close to the step as the decrease of the boundary layer thickness at
the step is now the controlling effect. Eventually, as the transition

point moves upstream of the step, Lsep/x of the separation (straight

1
or otherwise) would begin to rise due to the increased thickness of
the step boundary layer caused by the upstream movement of the

transition point as the Reynolds number increases. This behaviour
was demonstrated by the transitional wedge flows (shown in Fig. 13).

The variation of the base properties in relation to the transition

located is shown in Fig. 32 for all the flow régimes.

The present results are compared with the straight separation
data of Hurlburt which are presented in Fig. 32(c) where Lsep/xl is

plotted against Rex for X, = 1-0", The latter results, obtained
1
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at MG) = 285, clearly exhibit a transitional trend and the levelling-
out of Lsep/xl at the higher values of Reynolds number indicated that
the transition point was close to the step-. This surmise was sub-

stantiated by schlieren photographs of the flow.

The dividing streamline velocity E% is strongly affected by
the viscous mixing in the shear layer and its variation, due to the
onset of transition determines the length of the separation. Due to
; the low mixing rate in the laminar shear layer the rate of increase of
G% is low and relatively long separated lengths are required to enable
the dividing streamline to accomplish the reattachment pressure rise.
However, when transition enters the layer, it causes a rapid increase
in the mixing actioni the shear layer is re-energised and G% increases
thus enabling the dividing streamline to satisfy the reattachment
criterioﬁ within a shorter separated length. If one considered a
horizontal shear layer where Lsep is maintained constant then, as the
mixing rate increases with the onset of transition, the flap angle and
hence ;:r,/p2 would have to be increased due to the increase in G; .
These trends a?é shown by the experimental results of Fig. 32(a).

Contrary to the previous discussion, Hurlburt suggests that
his experimental results demonstrate laminar characteristics, basing
his argument on the variation of a laminar mixing rate with Reynolds
number. The present laminar data indicate that this effect is too
weak and indeed in an opposite direction‘to cause the variation
exhibited by his results. He calculated the dividing streamline

velocity for a range of Reynolds numbers by determining the reattachment
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pressure p_ , and incorporating Chapman's limiting solution of a layer
with zero initial thickness. Regarding the reattachment point to be
located at a point on the flap, level with the step corner, he found
that the reattachment parameter N, was between 06 and 0+7 . Sub-
stituting P, into equation (3.2.) he calculated that E* asymptoted to
0+665. Indeed, if it is assumed that N = 1 , then Hurlburt's data
gives E% = 0*73. These very high values of reattachment pressure,
and hence E% ,» suggest the presence of a high mixing rate in the shear
layer. It has been argued earlier that this increase is explained by
the onset of transition upstream of the reattachment point which also

explains his observed variation of Lsep/XI with Reynolds number shown

in Fig. 32(c).

The limitations of Chapman's laminar analysis have been
described and it is thought doubtful that the separated lengths considered
by Hurlburt were long enough for the mixing layer to establish a
limiting velocity profile. The assumption that the reattachment point
is fixed geometrically is contradicted by the results of Section 5.3.5.
which indicated that its location is above the horizontal line and that

it is a function of both pressure gradient and Reynolds number.

Many investigators have measured base pressures, using models
with laminar separating boundary layers. However, a certain con-
troversey exists concerning the variation of this pressure (which is
analagous to the variation of the separated length) in the fully laminar

4
regime.
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Chapman (1951) and Chapman et al. (1952) considered a laminar
separating flow at MCD = 1225 - 3-1 and correlated the variation of
base pressure with the parameter x1/hRe:1 which expresses the ratio
SS/h for a laminar layer at the step. They established that the base
pressure dropped 1inearly with this term and, extrapolating the
experimental data to zero boundary layer thickness i.e. x1/hRe:? = 0,
they found that the minimum base pressure agreed with that determined
by the Chapman - Korst inviscid theory. Nash (1962) who showed that
this extrapolation overestimated the limiting pressure due to the rapid
decay of pressure at small values of 68 , established that the minimum
pressure occurred when transition was close to the separation point and
the boundary layer was thin, This conclusion agrees with the argument
presented here, namely that when transition is located just downstream
of separation, the boundary layer thickness, and not the mixing rate,
is the controlling effect and the governing parameter is x1/hRezi
since the flow up to the step is still laminar. As the Reynolds
number increases, the boundary layer thins and the pressure reaches
a minimum value before the transition 'jumps' upstream of separation.
This condition which is shown in Fig. 32.(b) corresponds to the
limiting value obtained by Chapman - Korst in their analysis of a

zero initial thickness mixing layer.

This argument is corroberated by the results of Charwat et
al. (1958) who studied the separation of laminar and transitional

shear layers from a wedge at MCD = 1-98 and 2°78 and 1 x 104 <
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Rex1<( 7 x 105 and established the same trends of base pressure as
shown in the present flapped cavity study. The base pressure in the
transitional régime correlated with the parameter x1/hRe:z and they
extended the results into the régime of fully turbulent separation

by incorporating the results of Gadd et al. (1956) who considered an

identical wedge geometry at MOD =30 .

Some authors, including Bogdonoff (1952), Reller and Hamaker
(1955) and Carriere and Sirieix (1964) have regarded this behaviour
to be due to a fully laminar mechanism and not one in which transition
is occurring in the mixing layer. However, Kavanau (1954) and Van
Hise (1957) have obtained data which exhibits the Reynolds number

variation shown by the present laminar data.

Miller et al. (1964) studied wedge compression corner
separations at Mach numbers between 8 and 22 and observed the variation
of LSep with Rea). They found that, at low supersonic speeds, an
increase of Rea) decreased the separated length whereas the reverse
occurred at MOD = 16, These results suggest that transition was
occurring in the separated layer at the lower Mach numbers which they

considered.

Hama (1967) has illustrated the variation of base pressure
with Reynolds number and the characteristics are shown in Fig. 32(b).
The four flow rééimes are clearly evident and the laminar and shear
layer transition variations compare with the present data. The

variations of base pressure shown in Fig. 32(b) for the cases of
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boundary layer transition and fully turbulent flow also compare with
those established in the previous wedge studies of Section 5.1.1. which

are shown in Fig. 13.

5.3.5. The reattachment parameter

The extreme importance of defining a correct value of the
reattachment pressure rise parameter N, when applying the dividing
streamline analysis to a separated flow problem has already been
described and the theoretical predictions illustrated in Fig. 3(b)
show the profound effect which this parameter can have on the flow
geometry. However, up to the present time, a precise knowledge of
N and its dependence on the influencing flow parameters in the various
flow régimes is not available even though some authors have used
experimental evidence to suggest particular values for fully laminar
and turbulent flows. The effect of transition -on the reattachment
mechanism has not been studied to the author's knowledge. For these
reasons, the measurement of N was considered to be essential and results
were obtained using the techniques already described. Both surface
static and pitot pressures were measured successfully and typical

oscilloscope traces of the transducer outputs are shown in Fig. 24.

The variations of the reattachment parameter with the angle of
reattachment and ReL for the flapped cavity model are shown in Figs.
T

33(a) and 33(b) respectively. For a fully laminar shear layer it was

observed that the dividing streamline reattached at the peak of the
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reattachment pressure rise, i.e. N = 1 , and the mechanism was independent
of both the pressure gradient and the external Reynolds number. However,
when transition entered the layer, the reattachment mechanism was

severely affected, N decreasing for an increase of both the angle of

reattachment and the Reynolds number.

It is suggested that the difference in behaviour of N in the
laminar and transitional flows is due to the change of the shear layer
mixing rate and the fact that the pressure recovery which takes place
downstream of the reattachment point is associated with the rehabilitating
velocity profile. In the case of a laminar reattachment, where the
mixing rate is low and the reattaching layer thin, it is assumed that
the shear layer profiles are independent of Reynolds number, as was
suggested by Cooke's theory. The compensating effects of the boundary
layer thickness at separation and the laminar mixing rate (which have
already been described) also explain the observed independence of the

base flow properties on this parameter.

When the Reynolds number is further increased and transition
moves upstream into the shear layer it is suggested that the rapid
increase of mixing rate and shear layer thickness distort the laminar
velocity profile. The corresponding change of the pressure recovery
of the dividing streamline at reattachment then causes the observed

variation of N with the Reynolds number.

It was noted that in all the reattachments considered the

reattachment point, though variable, was always located downstream of
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the geometrical position, being furthest downstream for laminar flow.
As transition entered the layer with increasing Reynolds number the
point moved closer to the geometrical position. This observation
contradicts Hurlburt's assumption that the reattachment point is fixed.
Due to the large pressure gradients present, a small error in the
estimation of the reattachment point would lead to a large error in

the value of P, > the reattachment pressure.

For the transitional flows considered it was thought useful

to try and relate N with a parameter including both a. and Re .

L

If one considers the case of a turbulent flow in which the boundary
layer profile is approximated with a 1/7th. power law, the thickness of
the layer is inversely proportional to the 1/5th. power of the Reynolds
number. It has already been suggested that, when transition is

located upstream of the reattachment point, then the shear layer thick-
ness has an effect on N and thus it was thought possible that N would be

correlated by some parameter including Re o Indeed, a single line

Ly

i
correlation of this type was found using the parameter (aW.ReLG-) and
r
it is shown in Fig. 34.

.
1t is seen that N varies linearly with (aw°Re1.5) for the
r

transitional data and that its value decreases from 10 to 0°35 in the

Y
s)‘<3-1a This range is regarded to cover the entire

range 2+2 <(a -Re
w r

L

Vi
> )<2-2 , the re-

s . A
régime of shear layer transition. For (awoRe
r

L

attachment is laminar and N is constant and also equal to unity which

confirms Chapman's original assumption. The layer is assumed to be
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Ly
fully turbulent for (ctW.ReL/o Y>3°1 due to the fact that the lowest
r
value of the reattachment parameter (N = 0-35 at (aWaReIF’) = 3°1) was
T

identical to the value proposed by Nash for fully turbulent separations.

It is suggested that this value of N is constant (as in the
laminar rééime) due to the relative independence of Reynolds number

exhibited by turbulent flows and that large variations are caused by

Vs

L
r

covered by Hurlburt's investigation and again suggests that his results

)

the onset of transition. The figure shows the range of (aw.Re

display transitional behaviour.

Carriére and Sirieix (1964) and Carriére (1965) studied the
reattachment mechanism of a turbulent shear layer for Ma) = 3 to 6.
Rather than establishing a reattachment point and a value for N, they

determined the existence of two critical points, K1 and K2 » on the

reattachment pressure rise. They used a rearward-facing step, down-
stream of which was a corner P. The adjustment of a flap allowed
them to impose an arbitrary, constant pressure, P3» downstream of P
and they studied the effect of Py on the induced pressure distribution
p(x), comparing it.with the reference or unperturbed distribution

*
p (x). The upstream critical point, K, was found to be very close to

1

the reattachment point, R whereas K, occurred further downstream.

2

The two points displayed the following propertiess
For all positions of P behind Ki» the distribution p(x) was un-
*
changed provided that Py was adjusted to equal the unperturbed p (x=P)

after Kl' If P3 <Py then the base pressure and p“(x) were affected.
1

For positions of P behind K the curve p(x) remained unaltered up

2’
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to K1 provided that py was between the limits p3(max) and p3(min).
%*
p(x) became different to p (x) if Py occurred outside these limits

and the base pressure was affected.

Following these results, Carriere et al. thought it logical
to replace N with the parameter w Due to the significance of the
point K1 they defined W= P - Py where w = 0 at the start of the

pKl-pZ

pressure rise and w= 1 at the point K

°

1
From their experimental results, they found that the extent

of the two-dimensional reattachment zone fromw =0 to w= 1 was
7-5)\, where X was the thickness of the shear layer at the end of the
constant pressure mixing region. Indeed the transitional reattachment
pressure distributions of Fig. 35 for o constant show that the length
of the pressure rise up to R , and the associated value of N , increase
with the mixing layer length, and hence X, as the Reynolds number is

reduced.

As extraneous disturbances to the pressure distribution down-
stream of the dividing streamline stagnation point would have no
effect on the recirculating flow behind the step, the fact that the
reattachment point is closely analogous to the upstream critical point
K1 (as shown by Carriere and Sirieix) would seem to be reasonable.
Following the results of the present study, it is suggested that the
critical point occurs at the peak of the pressure rise for a laminar

reattachment whereas, for turbulent flows, where N is low, then the
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critical pressure is also low and K, occurs on the pressure rise. This

1
is shown by the conclusions of Carriére and Sirieix.

It must be stressed that these conclusions are confined to
supersonic speeds. Nash (1962) collected experimental data on the
reattachment parameter and its variation with Mach number for both
subsonic and supersonic turbulent flows. Though N was constant and
equal to 035 in the latter case, the subsonic flow exhibited values of
N>1. At low speeds, the flow mechanism is not amenable to the
dividing streamline analysis of Chapman - Korst. Values of N exceeding
unity occur at these speeds because the reattachment pressure rise
exhibits a distinct peak and P> although less than the pressure max-
imum, is larger than the downstream pressure Pye At supersonic speeds
the pressure rises continuously from Py to Py without a distinct max-
imum (as shown by the results in Section 5.3.6.1.) and thus N cannot

exceed unity.

5.3.6. Pressure and heat transfer rate distributions

The pressure and heat transfer rates in the reattachment zone
were well within the measuring capability of the instrumentation, and
checks on both the repeatability and spanwise variation of both these
properties established the steadiness and two-dimensionality of the
flow during the period of steady tunnel conditions. The onset of
transition in the reattaching layer was clearly illustrated by both

the pressure and heat transfer distributions.
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5.3.6.1. Reattachment pressure distributions

The schlieren photographs in Figs. 18, 20 and 21 illustrate
the main characteristics of the flow pattern and the model geometry.
The reattaching shear layer is seen to thin rapidly as it encounters
the large adverse pressure gradient induced by the flap and a strong
oblique shock wave is visible at its outer edge. The associated
reattachment pressure distributions are shown in Fig. 35 in which the
ratio of the local pressure on the flap to the upstream value p/p2
is plotted against xh/h, the non-dimensional streamwise distance
measured from the flap hinge, which is located at a variable distance
Ls.h downstream of the step. The figures includes the surface pitot
pressure distributions and the locations of the reattachment point.

For all the step-hinge lengths considered, the surface
static pressure was constant and equal to the upstream value in the
'dead air' region downstream of the step and began to rise at the
flap hinge. When the reattachment was fully laminar the pressure
rose continuously to a maximum value which asymptoted to the inviscid
value of the downstream pressure determined from oblique shock tables.
However, the onset of transition had a distinct effect upon this
laminar behaviour, the pressure rise ceased to be continuous and
exhibited a definite peak value which was approximately equal to the
calculated inviscid pressure. A 'kink' was observed in the pressure
rise, where the pressure levelled-off and then increased, which became

more severe as the reattachment angle and Reynolds number increased
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and indeed, at the largest flap angle considered (aw = 10°40) the
distribution exhibited a distinct unsteadiness of the flow. Ginoux
(1958) observed spanwise perturbations in the reattachment region of
a Ma)= 2+05 laminar separating flow which are thought to be attrib-
utable to the onset of transition. The reattachment point, R ,
given by the intersection of the surface static and pitot pressure
distributions, is seen to move down the pressure rise as the reat-

tachment angle and Reynolds number increase.

The influence of transition on the pressure distribution is
clearly exhibited in Fig. 36 where the distributions for various
Reynolds numbers are compared for each reattachment angle considered.
The effect of o, is shown in Fig. 37 which indicates the increase of
the pressure gradient and the decrease of the length of the re-

attachment zone as aw increases.

The measured distributions and those calculated using the
simplified moment of momentum solution of Hankey and Cross (see
Section 3.2.) are shown in Fig. 38. One point of difference between
the two is the location of the reattachment point, R , whereas R was
determined experimentally to be at the peak of the pressure rise, the
theory required that R was located at the inflection point of the
distribution. However, the comparison is seen to be good considering
that the analysis is meant to apply to low supersonic speeds and also
embodied several sweeping assumptions. Certain of these assumptions,

particularly that of a small variation of the momentum thickness through
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the interaction, were considered to be valid for the case of the flapped

cavity where there were no discontinuities at the separation point.

It is thought that the main error involved in the method is the
poorly defined technique for evaluating the interactionblength L (which
was discussed in Section 302?) The assumption that L is constant and
has an average value over the interval of integration is considered to
be too limiting in regions of advanced separation where the pressure

gradient is large.

As the theory requires the values of the upstream and down-
stream Mach numbers as boundary conditions and uses matching at the
hinge and reattachment points, where Me and M; are assumed to be con-
tinuous, the resulting distribution is forced to a certain extent to
match with that measured in the experiment. The critical parameter
with which to test the theory is the length scale of the interaction.
The results illustrated in Fig. 38 show that the predicted length scale
exceeds the measured value and thus indicated a more gradual re-

compression than that which was observed experimentally.

Pitot profiles of the separated mixing layer have shown that
the growth rate determined from the momentum integral analysis of
Section 3.1.2. compares well with the measured value. This predicted
growth rate was. incorporated in the Newtonian solution of Section 3.2.
to determine the reattachment pressure distribution. Fig. 38(a)
compares the predicted and measured pressures and shows that the

calculated growth rate gives a reattachment length which underestimates
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the measured value by 40% and that Newtonian techniques are clearly
inadequate for predicting the reattachment pressure distribution. An
inviscid, corpuscular flow model in which the dominant mechanism is
the directed kinetic energy is too simple in the reattachment region

where severe viscous and pressure gradient forces exists

5,3.6.2. Reattachment heat transfer rate distribution

The comparison between the measured flat plate heat transfer
distributions and those predicted using the methods of Eckert and
Van Driest (see Section 3.3.1.) is shown in Fig. 39. It is thought
that the rather poor comparison is due to the effect of leading edge
bluntness. The curvature of the leading edge shock wave associated
with model bluntness causes a non-uniform flow external to the
boundary layer which influences its growth and hence the surface heat
transfer. It was decided, therefore, to reference all the subsequent
reattachment heat transfer rates with the flat plate distribution as

given by Eckert's method.

)

The heat transfer rate, q , was non-dimensionalised with
respect to the local flat plate values The reattachment distributions
along the cavity for constant angle of reattachment and various
Reynolds numbers, are shown in Fig. 40 where a/afp is plotted against
xS/h » a non-dimensional streamwise distance measured from the step.
This co-ordinate correlates the measurements better than Xh/h because

the heat transfer rate, which is a minimum in the ‘dead air' region,
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rises from the step and not the hinge (as in the case of the pressure),

regardless of the step-hinge length.

The laminar distributions are continuous. For the reattach-
ment angles considered the heat transfer rate rises from the base of
the step (where it is an order of magnitude below the local flat plate
value), to a maximum at the end of the interaction which is 6 to 8
times the local flat plate value (evaluated for upstream conditions).
Downstream of the interaction the reattached layer rehabilitates in
the downstream flow conditions and the heat transfer rate is observed
to adopt a flat plate character i.e. A/afp = constant. The figure
includes the geometric and measured reattachment points (Rg and Rm)
and indicates that the maximum heat transfer rate (which is expected
to occur where the attached layer is thinnest) occurs close to.,but
just downstream of,the measured reattachment point which coincides with

the peak of the pressure rise.

One conclusion is that the reduction of the attached heat
transfer rate values in the 'dead air' region is entirely nullified
by the high rates in the reattachment zone and suggest that the use
of flow separation to reduce average surface heating is limited at
high speeds. This behaviour at hypersonic speeds was observed by
Nicoll (1964) and Holloway et al. (1965) for cavity and step separated

flows.

The onset of transition in the mixing layer is clearly ex-

hibited in the figurej as the Reynolds number increases the gradient
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of &/afp is observed to increase sharply and a distinct peak is
evident downstream of the measured reattachment point. The peak
values of a/afp are very high,reaching as much as seventeen times the
local flat plate values. For the highest Reynolds number considered
the heat transfer rates close to and downstream of the peak exhibit an
unsteadiness which was also observed in the equivalent pressure
distributions. The increase in the gradient of a/afp as transition
occurred was expected and is due to the associated increase of the
mixing rate in the layer. This leads to a ‘'fuller’® velocity profile
and increased shear, The distinct peak of the pressure distribution
for transitional reattachment indicates an over-compression of the
mixing layer. Also the heat transfer rate distributions suggest the
existence of extremely thin attached layers with a minimum thickness
occurring at the heat transfer peak and not at the reattachment point.
The schlieren photographs shown in Fig. 18 lend supporting evidence

to this conclusion.

The remarked behaviour of the reattachment point and the
location of the thinnest attached boundary layer is clearly exhibited
in Fig. 41 in which the heat transfer rate and pressure distributions
are compared for laminar and transitional reattachments at @, = 10°40
and three values of Rea>° The figure shows that, regardless of the
state of the mixing layer, both the distributions reach a maximum value
at approximately the same streamwise location thus suggesting that the

reattaching layer has a minimum thickness at the peak of the pressure
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rise.

The merit of using Xs/h as a correlating length scale is
clearly shown by Fig. 42 which shows constant Reynolds number dist-
ributions of a/afp for various values of o, e It is seen that the
effect of @ on 5/afp is relatively small compared to that of Reynolds

number for the limited range of 8olos;aws;10o4oa

It has already been noted that, provided the boundary layer
at separation is laminar, a suitable correlating parameter for the base

flow is h/&S » the ratio of step height to boundary layer thickness

Y
which is expressed by the term hRex2 /x1
1

separated length data illustrated in Fig. 32(a) showed that as the

for a laminar flow. The

Reynolds number increases and 65 decreases transition moves upstream
in the mixing layer and the base pressure falls causing an associated
increase in the abruptness of the pressure rise at reattachment (see
Fig. 36), thus resulting in high velocity gradients. The corres-
ponding increase in &max/afp is clearly shown in Fig. 40 for low
Reynolds number, and hence low hRe;? /x1 s, the heat transfer distrib-
ution is smooth and the reattachment gradual, amax/afp reaching the
local flat plate value (evaluated for downstream external conditions

on the flap). However, for higher Reynolds numbers, where 65 is thin,

qmax/qu peaks severely.

Rom and Seginer (1964) noted the same 'peaking' behaviour of
. . . o . I/2
qmax/qu with a rearward-facing step model for hReX1 /x
determined the variation of qmaxqupthh hReX1 /x1

[ >15.  They

for 1-5<M <25
®
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and 2 x 104<:Rex <2 x 105 and established the following relation,

1

- » _ o '/2, .]."3
qmax/qu = 0°0465 (hReXl /%)) voo(50b0)

which is shown in Fig. 43.

The present results for 48<(hRe;@ /x1)<<105 are included in
1
the figure and fall about the same line. The importance of the

boundary layer thickness at separation on the flow mechanism is

clearly established.

Fig. 40 shows the disappointing comparison between the experi-
mental heat transfer rate distributions and those predicted using the
laminar theory of Cheng et al. which incorporated the empirical pressure
distribution (see Section 3.3.1.). These results contrast with those
of Miller et al. (1964), who studied & wedge compression corner separ-
ation at M_ = 16 and a = 725° and obtained a good comparison with
Cheng's theory for lower reattachment pressure gradients. Consequently
the results show, not surprisingly, that the assumption that the thermal
boundary layer is insensitive to pressure gradient and that local flat
plate similarity exists is clearly inadequate for a reattaching flow

in which the pressure gradient is high.

As the flat plate distribution downstream of the reattachment
point, predicted from equation (3.18.),requires that the heat transfer
rate is infinite at the origin or the re-established boundary layer
(taken as the measured reattachment peint), the momentum integral method

of Section 3.3.2., is used to establish the minimum boundary layer thick-
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ness and its distance downstream of the geometric reattachment point.
Equation (3.18.) can then be applied to determine the peak heat transfer
rate at this point and the subsequent downstream distribution. The
figure shows that this predicted location coincides with the measured
reattachment point, however, the resulting heat transfer rates are

well below the measured_valuesc

The comparison between the peak heat transfer rates predicted

from equation (3.22.) (containing the appropriate value of u

wha
w

) and the
measured values is fair considering the low reattachment angles studied
and remembering that the predicted values were for a normal reattachment.
The stagnation heat transfer to a cylinder of radius equal to the step
height is included in the figure and provides a rough check on the order
of magnitude of the present results. The correlation for o« shown in
Fig. 6 exhibits a much smaller effect than that suggested by the
cylinder results and the corresponding values of the predicted amax do

not compare with the measured values.

It is seen that none of these simple but crude models offer
a good prediction of the heat transfer rate distribution of a laminar,
reattaching shear layer, which is not surprising if one considers the
assumptions which have been made. Whereas the theoretical treatment
for the heat transfer to flat plates and blunt-nosed bodies is well
advanced, there is a clear need for methods of predicting this quantity

in flows where the pressure gradient is large and the surface has some
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arbitrary slope.

5.3.7. Comparison between conical and uniform flow

The contrasting effects of the conical and uniform flows on
the length of the shear layer have been described in Section 5.2.2.

and 5.3.2.

The experimental studies at MGD = 97 were made using two-
dimensional models of various lengths and the conicity of the flow
presented two main problems i.e. the presence of a streamwise pressure
gradient and an effective incidence of the free stream relative to the
model surface. As a range of step heights was considered, great care
was taken to ensure that the surface of the model was located at a
fixed distance from the nozzle centre-line (=0°75") in order that the

effective incidence of the leading edge was a constant value.

Due to these effects, all the resulting reattachment pressure
distributions were scaled by the equivalent measured flat plate values.
However, the length scale of the separated flow cannot be scaled and it
is felt that its behaviour as a free jet, independent of the upstream
attached length, is caused by the presence of the streamwise pressure

gradient.

The variations of L /x., with ¢ for the laminar, M = 8°2
sep W ®

1
and Tt = 8600K, uniform flow and the Ma)= 9.7 and Tt = 10300K, conical

flow were compared for the models with side plates. x, was kept constant

1

to allow for the different correlating length scales and the variation of
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the separated length for the two types of flow was shown to exhibit

the same form.

L was observed to decrease for M increasing and « constant.
sep ® W

This variation is shown by the theoretical conclusions of Section 3.1.1,

which are shown in Fig. 3(a) for a constant pressure rise pr/p2 and

N=1, This laminar behaviour would be seriously affected if transition

was located upstream of the reattachment point, as discussed in Section

5.3.4.

It is stressed that these results can only be regarded in a

crude qualitative manner due to the conicity effects present.
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6. CONCLUSIONS

A detailed experimental study of separated flows has been
performed in the hypersonic gun tunnel and properties of both the
separated shear layer and the reattachment region have been measured
and correlated with the main influencing parameters. The
suitability of an intermittent facility for such a study has been
demonstrated by the ability to measure these properties and the
established steadiness of the separated flow in the running time

available.

For the case of a straight-separating shear layer in uniform
flow where the cavity depth was greater than five times the boundary
layer thickness the theoretical model of Cooke, incorporating N = 1
and Td = Tw » was found to predict the observed laminar variation
of the separated length with reattachment angle, though it over-
estimated the limiting (or asymptotic) reattachment angle by a
factor of two. The correlating length scale, predicted by the
theory, was confirmed experimentally and the results indicated the
importance of the body length as an influencing parameter on the

length of the shear layer.

The effect of Reynolds number on Lsep/xl was found to be
very small and the results suggested that.the contrasting effects of
boundary layer thickness and the s hear layer mixing rate on the base

flow were almost compensating. Consequently, the independence of
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Lsep/x1 on Reynolds number, predicted by the theory, was thought to

be reasonable.

Successful pitot probe surveys of the shear. layer demonstrated
the laminar nature of the flow and a comparison of the measured and
calculated Mach number profiles corroberated the assumption that
Td = Tw » although the predicted effect of wall cooling was larger
than that observed experimentally. The rate of growth of the shear
layer, exhibited by the pitot pressure profiles, compared satisfactorily

with that predicted by Cooke's method.

The experimental results obtained using models with side plates
in uniform flow have established the validity of Cooke's supersonic
theory as a solution for the problem of hypersonic laminar step
separated flows provided the cavities were deep enough for the

separation to be free from direct influence from downstream.

It has been shown that the onset of transition in the shear
layer as the Reynolds number increases has a profound effect on the
base flow mechanism. In the laminar régime Lsep/x1 was relatively
high and ovserved to increase slowly with Reynolds number for a constant
reattachment angle, whereas the occurrence of transition caused Lse /x1
to fall precipitously, due to the associated large increase of the
local mixing rate. The difference in the behaviour of the base flow
mechanism in the two régimes explains the anomalous results of some

authors who, it is thought, have been unaware of the presence of

transition upstream of the reattachment region.
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The peak value of Lsep/xl was found to occur at a constant
ReL » the Reynolds number based on the total length of the layer to

r

the reattachment point, for all the values of a, s X and Rea)

1
considered, and a criterion was established to define the location of

the transition point and the state of the reattaching shear layer.

The flow rééime in .the reattachment region has been shown to
have a critical effect on the reattachment parameter N. In the case
of laminar reattachment the dividing streamline was found to stagnate
at the peak of the pressure rise and was independent of both the
pressure gradient and. the external Reynolds number. This indicated
the validity of Chapman's original assumption that N = 1 and the
dividing streamline recompresses isentropically, and justified its

substitution in the analysis of Cooke.

When transition occurred the reattachment mechanism was
severely affected, and N was found to be a function of both o, and
unit Reynolds number, decreasing for an increase of both these
parameters. The variation of N with the unit Reynolds number was

and is explained by the presence of

analogous to that of Lsep/xl

the large local mixing rates in the shear layer. It has been shown

<3 . s
) in the transitional

that N varied linearly with the term (ozw.ReL
T

régime and that it decreased from unity to 0+35, the turbulent value

proposed by Nash.

The onset of transition has been found to have a distinct

effect on the reattachment pressure and heat transfer distributions
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which ihdicated an unsteadiness of the flow at the higher values of
o, and Rea). The laminar pressure distributions have been predicted
quite successfully using a simplified moment of momentum analysis
although the predicted length scale of the interaction exceeded the
measured value. However, whereas the results justified the
extrapolation of this particular supersonic solution to hypersonic

Mach numbers, a simple Newtonian solution has been found inadequate.

Theoretical predictions of the laminar heat transfer
distributions were not confirmed by experiment, although the maximum
value, which was observed to occur at the peak of the pressure rise,
has been predicted satisfactorily and correlated in terms of

o
X1

h.Re Xy for laminar separating flows.

The need for side plates, to prevent a loss of flap
effectiveness, and uniform free stream conditions has been shown to
be essential in the step separated flow studies, and the severe effects

of conicity on the length of separation have been established.
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