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Abstract

A series of separated flow experiments has been conducted
in the Imperial College No. 2 Gun Tunnel at Mach 9 and test5 5core unit Reynolds number of 1.29 x 10 /cm and 5.17 x 10 cm. 
A turbulent cold wall boundary layer was generated over a 65 cm 
long cone-cylinder forebody fitted with a range of axisymmetric 
and asymmetric flares having included half angles below, and 
well above, the incipient separation threshold. The resulting 
two classes of flow were compared to determine the extent to 
which three dimensional influences, such as transverse pressure 
gradient and mass flux, effect the behaviour of an otherwise 
quasi-two dimensional separation region. Pitot measurements 
were taken around the cylinder circumference, and at several 
different axial locations, to establish the position of transition 
and development state of the boundary layer at separation. 
Surface pressure and heat transfer measurements were taken 
throughout the cylinder/flare interaction regions. Data from the 
axisymmetric flows were compared with flat-plate-wedge results 
obtained by other researchers in the same facility, and a large 
sample of data available in the literature. Specific relationships 
for established plateau pressure, shear layer deflection angle, 
cavity scale and pressure overshoot value, are subsequently 
introduced. Results from the asymmetric separated flow 
experiments were then compared with a set of two dimensional 
reference flows derived from the flat-plate-wedge and
axisymmetric data base. Overall dimensions of the perturbed 
separation bubbles were found to be enhanced or suppressed in 
comparison with the reference flows, depending on 
circumferential position and local flare deflection angle. A 
consistent means of identifying these trends is developed and the 
influence of transverse pressure gradient and mass flux 
quantatively examined. A relationship between cavity length 
scales and flare pressure overshoot coefficient, identified for the 
reference flows, was found to correlate the perturbed flows quite 
well. Heat transfer distributions were found to spatially 
correspond well with their surface pressure counterparts. The 
experimental results were compared with a two dimensional 
attached flow prediction utilising a free interaction pressure



rise. The theoretical position for separation was subsequently 
found to coincide with the measured plateau peak heating value.

This work was conducted under Ministry of Defence Research 
Agreement AT/2037/057 SRA.
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Total enthalpy
Empirical function identified for Elfstrom’s plateau pressure correlation defined in Figure 46
Position (X = L  ) of wall surface temperature discontinuity
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NOMENCLATURE (contin u ed )
P Reattachment pressure overshoot value
Pd Tunnel driver pressure
Pj Wedge /Flare recovery pressure measured at incipient separation
Pinv Wedge/Flare recovery pressure, predicted for an inviscid uniform flow
Po Measured reservoir pressure (Tunnel barrel)
Po( ) Total pressure where subscript is region (e) or (»)
Pt Measured Pitot pressure
Q Ratio q /qL
q Heat transfer rate.
q^ Heat transfer rate at wedge/flare intersection line forattached uniform stream
qo Heat transfer rate at given point (X) for flow over a wall of uniform temperature
qs Heat transfer rate at given point X (where X>L ) for flow over a wall with surface temperature discontinuity located at X = L
Aq Post reattachment peak heat transfer value 
R Radial distance from cylinder axis of symmetry
Re( ) Reynolds number based on length scale and region prescribed in parenthesis, i .e .

Re<5° = for cone-cylinder geometry
Rc Cylinder radius
R Reynolds number based on wall friction velocity and boundary layer height just ahead of separation i.e .

Pw Ut 6o 
yw

Re°°/cmUnit Reynolds number of undisturbed tunnel free stream
Rextr j  Transition Reynolds numbers defined in Figure 16aRe^x. j tr J
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NOMENCLATURE (continued)
T() Static temperature in region prescribed in parenthesis
Tr Recovery temperature

T( ). Q l + r. (*-1) • M( ) 2J
To( ) Total temperature in region prescribed in parenthesis
U( ) Velocity in X-direction in region prescribed in parenthesis
Ut Friction velocity, Ow/fw) .2
x Horizontal length scale (abscissa), see also Figure 30 forclarification of data presentation. Also horizontal distance from nozzle exit plane, Figure 3.
xo Position at which surface pressure departs fromundisturbed value, i .e .  start of separation pressure rise.
xr Distance from wedge/flare intersection line to reattachment point.
Xg Position at which Erdos & Pallone separation pressure rise function, F(X), attains a value of 4.22 in turbulent boundary layer flows.
Y Ordinate from model cylinder surface
Z Length scale normal to X, Y - axes



NOMENCLATURE (continued)
Greek Symbols

a  Wedge/flare local angle of incidence 
a i Incipient separation angle 
/3 Flare semi-angle 
T Energy thickness 
& Ratio of specific heats 

AX Upstream influence length, see Figure 57
AAxp Distance from wedge/flare intersection line to position of maximum pressure overshoot value, P, see also Figure 57

Ax(q) Heat transfer equivalent of AX
A  /\Ax(q) Heat transfer equivalent of Axp

Aqs Difference in the experimental separated flow andtheoretical attached flow ratio of q /qT at the separation point prescribed by F(X) =4.22
<5 Boundary layer height, see also Figure 23

6L Boundary layer height at flare intersection line (flare removed)
<5o Undisturbed boundary layer height at beginning of separation pressure rise
<5* Displacement thickness

9 Momentum thickness
0s Angle between surface prescribed by line (&) and model surface
y( ) Absolute viscosity in region ( )
)  ( ) Kinematic viscosity, u ( ) in region ( ).

II Wake component 
p( ) Density in region ( ) . 

t Shear Stress
0 Polar co-ordinate, see Figure 5
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NOMENCLATURE (continued)
Subscripts
e Region behind cone-cylinder bow shock and shoulderexpansion, at the boundary layer edge, and either:

(i) At the flare intersection line in the undisturbed flow or,
(ii) Just ahead of separation

j Region inside separation bubble at the detached shearlayer boundary with the cavity reverse flow field,(jet boundary).
p Plateau free stream
r Unless otherwise specified -  point of reattachment
w Undisturbed condition at the model surface at the wedge/flare intersection line.
oo Tunnel free stream region and/or region behind weakbow shock system of hollow cylinder or flat plate, outside the boundary layer.
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1. GENERAL INTRODUCTION

Hypersonic turbulent boundary layer separation has been 
the subject of many studies in the literature. Most of these 
relate to nominally two-dimensional flows and some to their 
axisymmetric equivalents, although these are rarely found in any 
practical situation. The ultimate purpose of the present 
research programme was to investigate the effect of weak 
three-dimensionality on a separated flow.

It is obviously important at the outset to investigate a 
two-dimensional flow field such that its perturbed case can be 
closely compared with a reference condition. It was decided to 
employ the axisymmetric configuration of a cone-cylinder-flare as 
this reference. This had the advantages of eliminating end 
effects, which are an inadvertent, but often important, 
consequence of tests on 'two-dimensional' models; it also proved 
particularly convenient from the viewpoint of instrumentation and 
from the fact that it leads on directly from Coleman's (1973) 
studies. On the debit side it introduced some extra flow field 
complexity, producing a bow shock and accompanying expansion 
process, compared with the relatively weak leading edge 
disturbance of, say the flat plate.

The perturbed separation conditions were obtained by 
offsetting the symmetry of the flare such that local regions of 
mild transverse pressure gradient would be set up in the 
vicinity of the interaction. This method was chosen in 
preference to setting the whole geometry at incidence and the 
fundamental structure of the approaching boundary layer was 
therefore preserved for both sets of experiments. The 
interaction regions generated by these geometries, in 
consequence, would embody most of the mechanisms common to 
previous studies although some differences in detail would be 
expected to arise in say, levels of pressure and heat transfer. 
It is useful to consider these mechanisms here.

Shock induced separation is a highly non-linear process. 
The reasons for this are various but we can identify several
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which are directly relevant to the present study with the help of 
Figure 1: Firstly, the turning of a hypersonic stream through a
large angle by a shock is a non-linear process, notwithstanding 
the fact that the stream itself will be non-uniform; next, for the 
range of flow deflections of interest, the scale of the bubble 
varies from an order of magnitude less than the thickness of the 
approaching boundary layer to, perhaps, an order of magnitude 
greater; thirdly, even for the longest separation bubbles the 
mixing region is unlikely to reach an equilibrium state before 
reattachment occurs ( i .e . independent of the conditions at 
separation), so that a fairly detailed knowledge of mixing layer 
dynamics is required; finally, the flow field immediately 
downstream of reattachment is dominated by the non-linear 
interaction between the separation and reattachment shocks. 
These effects combine to produce a sequence of events which are 
more clearly described by considering how the flow field 
develops as the wedge/flare angle is increased for fixed 
conditions in the approach stream.

At low enough angle the influence upstream of the 
compression corner is extremely small, limited to one boundary 
layer thickness or less generally. Apart from the region in the 
immediate vicinity of the corner, the flow field is dominated very 
much by the momentum of the outer part of the boundary layer 
which tends to behave as an inviscid rotational stream with little 
contribution from the viscous or Reynolds stresses. The 
resulting flow exhibits a single, but rather diffuse, shock in the 
corner region and the only indication of the possible onset of 
separation lies in the growth of pressure and heat transfer rates 
just ahead of the corner. The precise point at which flow 
recirculation commences has been the subject of much debate in 
the literature and there are almost as many criteria for ’incipient 
separation’ conditions as there have been authors. Gross 
separation only becomes visible in the Schlieren system for fairly 
large flow deflections, typically 30 degrees or more for the 
present tests. Further increases in corner angle cause the 
cavity region to grow rapidly with a clearly visible separation 
and reattachment shock structure. During this stage of 
development certain features of the pressure and heat transfer
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distributions remain relatively constant and to a certain extent 
characterise the nature of high speed boundary layer separation. 
These features form the basis of comparison between different 
experiments. Consequently, over this range of bubble size and 
corresponding corner angle it is traditional to partition the 
description of the interaction in terms of the static pressure 
response rather than physical features evident in the Schlieren 
system, which are generally few. Firstly there is the region of 
pressure rise up to separation. Here the boundary layer is
considered to be growing under a self induced pressure 
gradient, independent of downstream conditions, and governed 
only by similarity principles and local free stream conditions. 
The term ’Free Interaction’ is used to describe this process and 
free interaction prediction methods have been quite successful 
in the’ past although it will be shown later in the text that the 
pressure rise beyond separation cannot be treated independently 
of the downstream conditions. The initial pressure rise 
subsequently blends with the so called ’plateau' region, evident 
for well established bubble sizes, and which dominates the flow 
field to within one boundary layer thickness of reattachment. At 
reattachment the free shear layer divides and the subsequent 
pressure recovery also exhibits free interaction behaviour in so 
much as the shape of the distribution remains more or less 
constant and independent of the bubble size or the position of 
reattachment. The recirculating fluid undergoes vigorous mixing 
with the advancing shear layer, the remaining fluid is turned 
downstream largely by the action of a reattachment shock which, 
in turn, may interact with the separation shock to generate a 
pressure overshoot and subsequent relaxation downstream of the 
reattachment point. As with the plateau region, the details of 
reattachment are not properly understood, mainly because it is 
difficult to probe the separation bubble structure without grossly 
disturbing the natural flow field. Most correlations concerned 
with these regions are therefore limited to unobtrusively 
measured, or inferred properties, namely surface pressure, heat 
transfer rates and local plateau free stream Mach number. It is 
not surprising that this uncertainty has rendered analysis of the 
post reattachment region almost intractable with the exception of 
the final pressure recovery value which usually corresponds with
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the inviscid flow solution for the geometry in question.

The complete flow field is evidently highly unpredictable 
with our present knowledge limited to isolated features of the 
interaction region. This thesis sets out to improve our physical 
understanding of the simple two-dimensional case and attempts to 
extend these, and earlier, conclusions to the more practical 
three-dimensional problem.

This particular study lies within the broader field of 
interest to scientists and engineers principally engaged in the 
design of orbital re-entry vehicles where shock wave-boundary 
layer interactions cannot wholly be avoided.
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2. BACKGROUND AND LITERATURE SURVEY

As stated in the general introduction, it is important to 
establish a rigorous set of two dimensional criteria with which to 
compare the effects of mild three dimensionality. Preliminary
tests on the asymmetric models indicated that these effects were 
in fact quite subtle. Comparison of the results with the basic 
Reynolds number response of the two-dimensional cavity 
suggested that a detailed knowledge of the boundary layer input 
conditions would also be required if the results were to be 
meaningfully compared with other work in this field. 
Consequently, the following discussion not only concentrates on 
two-dimensional studies, it also includes several important 
contributions made outside the specific field of turbulent 
separation. These additional references are concerned with the 
development of the undisturbed boundary layer. They have 
been found extremely useful in providing some explanation for 
the diverse behaviour of the numerous cavity flows studied over 
the last three decades.

2.1 THE COMPRESSIBLE TURBULENT BOUNDARY LAYER

Much of the impetus of high speed research has been 
devoted to establishing the principal difference between the 
compressible and incompressible stream. A useful starting point 
to a historical review of the study of compressible turbulent 
boundary layers would, therefore, be to note development of 
transformation theories since World War II. The ability to 
predict the performance of high speed vehicles has been 
paramount during this period and for the simple case of 
undisturbed flow the parameter of most importance has obviously 
been the skin friction and its  close association with heat 
transfer. By invoking 'plausible' physical assumptions about the 
compressible turbulent stream many authors have sought to 
reduce the governing equations to the more tractable 
incompressible form. Early prior art in this field has been 
reviewed by Coles (1962), who cites the work of Dorodnitsyn 
(1942), Van Le (1953) and Mager (1958). In discussing his own 
theory of 1962, Coles pointed to some of the inherent difficulties
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in attempting to reduce the compressible case to an ’observable' 
incompressible flow. The point being that for a transformation 
to be rigorous a genuine kinematic and dynamic correspondence 
between the incompressible and compressible flow should exist 
such that the shear stress distributions should also correspond. 
Unfortunately, in recent years these difficulties have grown more 
complex rather than having succumbed to analytical treatment. 
It is now generally accepted that the turbulence structure of the 
compressible stream can be vastly different from the low speed 
case and a rigorous basis for transforming structural difference 
is unlikely to be found. Nevertheless, the results of
transformation theories still remain interesting for their empirical 
value and several of the more successful formulae have been 
subsequently reviewed by Hopkins et al (1971). These authors 
concluded that the theory due to Van Driest (1956) and Coles 
(1962) gave fair agreement with experiment in the range M = 5.9 
to 7.8 whereas those due to Sommer and Short (1955) and 
Spalding and Chi (1964) were found to underpredict values of 
skin friction. The Van Driest theory was also found to give the 
most satisfactory transformation of velocity profile data into the 
incompressible law of the wall and velocity defect curves. This 
aspect of the transformation process has proved particularly 
valuable in the comparative study of compressible layers since it 
provides a basis for determining the analog ous state of profile 
development in terms of equivalent incompressible flow. The 
wake parameter formulated by Coles (1956) has played a central 
role in such comparisons and several authors, e .g . Elfstrom 
(1971), Coleman (1973), Edwards (1976) have noted a tendency 
for this parameter to be suppressed at a given Re0 as the Mach 
number is increased.

The variation of the velocity power law exponent (N) with 
Re 0 has also proved a useful characterisation of mean flow 
development. Johnson and Bushnell (1970) surveyed a 
considerable range of experimental data using these parameters 
and found that in the range Re 0 <8OOO, for increasing Re0 , the 
exponent rises sharply before relaxing onto a steadily increasing 
almost linear trend. This overshoot in (N) was closely 
associated with evidence of transition and the subsequent gentle
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rise following the overshoot seemed to correspond to the 
developing wake. The trends appeared more clearly in the data 
for flat plates, cones and hollow cylinders, presented as one 
class of flow. Tunnel wall data, on the other hand, were found 
to be less consistent with no evidence of overshoot in (N). It is 
now believed that this lack of overshoot reflects the favourable 
pressure gradient often experienced by tunnel wall boundary 
layers. Differences in profile development history such as this 
are thought to significantly affect the outcome of separation 
studies conducted in the two classes of flow.

Boundary layer development trends can often be obscured 
by the unexpected behaviour of transition in compressible 
streams. Many authors have studied this problem, including 
Potter and Whitfield (1962), Pate and Schueler (1969), Page and 
Sernas (1970), Wagner et al (1969) and Narasimha and Viswanath 
(1975). Several of these authors concluded that great care must 
be taken to ensure that the flow field is free from acoustic 
disturbances if reliable transition trends are to be determined. 
Effects due to compression, transverse curvature, streamline 
curvature and expansion are discussed by Bradshaw (1973) 
under the broad heading of extra strain rates. These effects 
are also known to significantly influence the transition and 
development history of both the compressible and incompressible 
streams.

The tendency for transition to move to higher Reynolds 
number, particularly under cold wall hypersonic conditions, has 
been noted by Bushnell and Morris (1971). In a survey of 
hypersonic data these authors concluded that the effect of low 
density and high viscosity (high recovery temperature) in the 
vicinity of the wall can significantly delay post transitional 
development. This leads to so-called Tow Reynolds number* 
behaviour which is characterised by non-equilibrium features in 
the velocity profiles at relatively high Re 9 (i.e .
underdeveloped wake). Bradshaw (1973) in commenting on the 
structural differences of the hypersonic stream has suggested 
that the enhanced growth of the viscous sublayer is the single 
most important difference between the compressible and
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incompressible case since this can be an order of magnitude 
larger for a given Re 9 . Above Mach 5 these effects are 
thought to contribute significantly towards the breakdown of the 
inner layer analysis successfully developed for low speed flows. 
Axisymmetric geometries are also thought to have a considerable 
influence on boundary layer development. Evidence for the 
effect of concave transverse curvature (i.e . nozzle walls) has 
tended to be obscured in the literature by the presence of mean 
flow pressure gradients. Geometries with convex transverse 
curvature ( i.e . hollow or solid cylinders) on the other hand are 
normally free from these external influences and a clearer 
indication of the effects of axisymmetry should in principle be 
possible. However, from a historical point of view the unit 
Reynolds number in many hypersonic facilities has been too low 
to permit the development of turbulent layers on such 
geometries. Hence, a wealth of nozzle wall data prevail in the 
literature. However, an indication of the influence of convex
transverse curvature is given by the work of Probstein and 
Elliott (1956). These authors demonstrated that the Crocco 
integral for unity Prandtl number and zero pressure gradient in 
laminar layers was also valid for all 6 / R in axisymmetric flows. 
As with the two-dimensional case, substitution of the temporal 
mean values of the turbulent flow derivatives extends the 
usefulness of this integral to the turbulent case with an 
appropriate choice of recovery factor. Their analysis suggested 
that the terms embodying the effect of transverse curvature in 
the momentum equation behave like a favourable pressure 
gradient. Thus, transition and boundary layer development 
should be delayed by ’positive’ axisymmetry. Limited 
experimental evidence for these effects can be found in the work 
of Robinson (1974) at Mach 2.8 ( 5 /R ^ l )  and in the hollow 
cylinder heat transfer experiments of Coleman (1973) at Mach 9 
(6 /R ^ 0 .3 ). However, precise details of the range of 6/R where 
significant influences should arise are sadly lacking in the 
literature for compressible streams and the subject is clearly 
worthy of further research.

The most recent and relevant experiments to the current 
work have been conducted by Bartlett et al (1979) in the
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Imperial College No. 2 gun tunnel. These experiments were 
conducted at one of the two Reynolds number conditions and the 
same Mach number as the present study. The work was a 
repeat of the earlier flat plate experiments performed by Elfstrom 
(1971) and later by Coleman (1973) but in this case more highly 
developed instrumentation was employed including the 
application of the electron beam fluorescence technique for 
measuring the mean and fluctuating density components. Results 
from the time averaged quantities have confirmed the slow 
development of the hypersonic boundary layer. This work is 
also notable for the total temperature measurement performed by 
Edwards and later the local probe Reynolds number calibration 
performed by Bartlett. This careful, and difficult, set of 
experiments has enabled one of the few reliable comparisons with 
the Van Driest (1951) modification of the Crocco relationship. 
The results were found to be in fair agreement with this 
traditional quadratic solution to the energy equation, (Pr close 
to unity, 9P/Bx = 0 and Tw = const.) for a recovery factor of 
0.89.

In the last decade there have been some interesting 
developments in the use of hot wire anemometry to measure 
turbulence quantities in compressible layers, e .g . Owen and 
Horstman (1972), Rose (1973), Mikulla and Horstman (1975/6) 
and Laderman and Demetriades (1979). One of the principal 
challenges to turbulence high speed research today is to 
establish the limits of applicability of MorkovinTs hypothesis 
(Favre 1964) which contends that the direct effect of density 
fluctuations on turbulence is small if the root-mean-square 
density fluctuation is small compared to the absolute density. In 
practice, this implies that the structural properties of the 
boundary layer (e .g . correlation coefficients, spectrum shapes, 
etc.) below Mach 5 should not vary significantly from the 
imcompressible case. Above Mach 5 this situation becomes less 
certain as it is believed that acoustic (or pressure) 
disturbances become much stronger and can interact with 
vorticity producing mechanisms and thus alter the basic 
structure of the layer. Owen and Horstman (1972) concluded 
that these effects were still minimal at Mach 7 in an axisymmetric



10

layer, 5 / R ^ 0.15. However, Bradshaw (1975), in a fairly 
extensive discussion of this and other work in the context of 
Morkovin's hypothesis, points out that the effect of mean density 
gradients is not covered by Morkovin's simplifying assumption. 
The strong normal density gradient in a compressible stream 
may, therefore, have a significant effect on the entrainment 
properties of the outer layer. Bradshaw has suggested that this 
may be the cause of the two or threefold decrease in standard 
deviation of the intermittent interface position from its low-speed 
value (e .g . Klebanoff (1955), M = 0.05 a/ 6 = 0.14; Owen and 
Horstman (1972) M = 6 . 7 , cr /6 = 0.08; Laderman and Demetriades 
(1974), M = 9.4  a / 6 = 0 .07). The full implications of this 
mechanism remain unclear but it has further been suggested by 
Bradshaw that such structural changes would almost certainly 
control low Reynolds number effects; i .e . the tendency for wake 
development to become suppressed at high Mach numbers.

A substantial amount of the experimental data available in 
the literature has recently been recompiled by Fernholz and 
Finley (1977). The sixty sets of data selected and reviewed by 
the authors do not include the specific case of the cone-cylinder 
configuration at high Mach number. The current experiments 
should, therefore, redress this imbalance.

2.2 INCIPIENT SEPARATION

Practically all compressible flow research conducted on 
separated flows has addressed the specific problem of 
determining incipient separation conditions. For the case of the 
turbulent stream, a precise definition for the conditions under 
which reverse flow begins is problematical in view of the 
unsteadiness of the inner layer. Moreover, the scale upon which 
this initially takes place will be small and of the order of the 
sublayer thickness ( ^ 0.1 <$ ) . At high Mach number, with the 
limitations of tunnel experimental conditions, boundary layers 
have rarely exceeded a height of 3 cm. Measurement of the 
incipient state has therefore been difficult and the results very 
much open to interpretation. It can now be said with some 
confidence that this measurement problem has been compounded



11

in the past by compressibility effects and the development state 
of the approach stream chosen for investigation. Hence with an 
understandable proliferation of incipient separation criteria 
coupled with physical effects due to Mach number and Reynolds 
number, which have yet to be fully specified, even the broadest 
indication of incipient separation behaviour has been slow in 
emerging. For the range of Reynolds numbers and Mach 
numbers of practical interest a crude pattern of behaviour has, 
however, begun to emerge in the last few years. This pattern 
suggests that for an increase in free stream Mach number, for a 
fixed state of development and similar wall conditions in the 
approach stream, the boundary layer resistance to an adverse 
pressure gradient will increase. For constant Mach number the 
resistance appears to decrease following transition but then 
increases as the interaction region is moved further downstream 
where the boundary layer approaches the low speed equivalent of 
an equilibrium state, ( i .e . developed wake). The latter range of 
response spans three decades in Re<$L which, as yet, no single 
experiment has encompassed. It is important, therefore, to 
consider the contributions made and techniques employed by 
many authors to gain a complete picture of the phenomenon. All 
data from the experiments discussed here can be found in Figure 
35.

The earliest (and frequently quoted) experiments 
specifically undertaken to determine incipient separation 
conditions were the flat plate compression wedge studies 
performed by Kuehn (1959),  2 < M°° < 4, 10  ̂ < Re5L <10^.
Kuehn used the first appearance of an inflection point in the 
upstream influence surface pressure response as the criterion for 
the beginning of reverse flow, (method (a)). The incipient 
separation wedge angle ( ai) was found to increase with Mach 
number but reduced for increasing Re6L ( M o o  = const). 
Curiously, the rate of decay of ai with Re<5L was also found to 
be a strong function of Mach number; being far more abrupt at 
the highest value ( M o o  = 4 ) .  It has frequently been suggested in 
the literature that Kuehn1 s boundary layers must have been in a 
post transitional state and the reducing trend of ai with Re<$L 
therefore reflected the relaxation of the input profile. However,
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the fact that boundary layer trips were used does lead to some 
uncertainty over Kuehn’s input conditions. An interesting 
aspect of this work which seems to have been neglected of late 
was the strong hysteresis effect of the incipient separation 
condition noted on curved surfaces when the effective deflection 
is varied dynamically. In this situation it was found that, under 
constant approach conditions, the collapse of the cavity occurred 
at a lower value of ( ai) than when (a) was being increased. 
Kuehn (1961) later extended his work to axisymmetric models and 
demonstrated the same basic Reynolds number trends for (ai) 
although higher absolute values were obtained.

Sterrett and Emery (1962) extended the Mach number range 
to the hypersonic regime employing a flat plate wedge,5(4.8 < M < 5.8, Re<$L ^10 ) .  Using the same criteria as 
Kuehn, they observed the same Mach number and Reynolds 
number trends. To achieve higher values of Re<$L they utilized 
surface roughness to trigger transition. In so doing, they 
acknowledged that some uncertainty over the true state of their 
input conditions must remain. Similar hysteresis effects to those 
discovered by Kuehn were also found. However, this work is 
probably best known for the extremely high effective turning 
angles achieved without separation when curved surfaces are 
used. In one case, with an interaction close to the end of 
transition, they achieved an effective flow deflection in excess of 
46 deg. which was above the theoretical angle for a detached 
shock.

Early controversy over the behaviour of (ai) began with the 
high Reynolds number tunnel wall experiments of Roshko and 
Thomke (1969), (2 < M < 5, 105 < Re SL< 106). Using three 
additional criteria they observed quite the opposite trends for ai 
than the previous two authors. Briefly, there were:

Method
b) Plotting corner angle vs. a and noting the 

deflection angle for which the corner pressure 
ceased to rise.

c) Using an orifice-dam situated close to the 
corner on the wedge and detecting the onset
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of reverse flow.
d) Extrapolating to zero the separation length 

(determined from upstream and downstream 
orifice dams).

For values of wedge angle just below a i they found no 
appreciable upstream influence. This contrasted with Kuehn's 
results which gave significant upstream influence for (a) much 
less than ( ai ) . They concluded that the different Reynolds 
number trend observed by previous workers could be due to an 
increased relative thickness of the sublayer at lower Reynolds 
number of  the fact that tripped boundary layers are intrinsically 
underdeveloped. (This latter suggestion had also been made 
earlier by Zukoski (1967) who was studying interactions ahead of 
forward facing steps). Surprisingly, all four of the above 
methods chosen to pinpoint the incipient reverse flow condition 
gave consistent values for (a i) . Clearly, the observed abrupt 
change from attached to separated flow will have reduced the 
scope for experimental scatter in these comparisons. However, 
this tendency may be a further indication of the structural 
differences between the highly developed nozzle wall layer and 
the post transitional stream.

Elfstrom (1971) in his flat plate compression wedge studies, 5 6(M«nj9, 10 < R e6L <10 ) , found that Kuehn’s criterion was 
difficult to apply where high wedge pressure gradients exist. 
Instead he used methods (a) and (b) above with separation and 
reattachment determined by Schlieren photography. He also 
proposed an additional criterion specifically for high Mach
number wedge interactions. He noticed that for his fully
separated flows the peak pressure on the wedge exceeded the
attached flow condition by up to 30%. He subsequently
suggested that the disappearance of the overshoot should mark 
the incipient wedge angle. The criterion was found to work 
quite well and further lead to the idea that the high Mach 
number boundary layer could be treated as an inviscid rotational 
stream with a slip condition at the wall. He argued that the 
wedge angle at which the slip Mach number produces a detached 
corner shock should prescribe ( a i) . The slip condition was 
specified by extrapolating the Mach number profile to the wall.
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Elfstrom's work will be more extensively discussed later in this 
thesis. It is sufficient to add here that, while perhaps 
physically incomplete, this criterion enabled Elfstrom to develop 
a correlation based on a family of profiles suggested by Green 
(1970/2). The slip Mach number was subsequently formulated as 
a unique function of the friction velocity Reynolds number, 
R = (/>wUx6L)/}iw ( M o o  = const., Tw/T°o = const).
The resulting correlation for (ai) showed a steep decline in the-  3vicinity of Ro, 10 but a steady increase above this value. This 
latter trend was found to be strongly influenced by the effect of 
the wake component on the slip Mach number. A link between 
the developing wake and the incipient separation trend reversal 
noted by Roshko and Thomke was thus established.

Spaid and Fishett (1972) (tunnel wall/compression wedge, 4 5Mcxn, 2.9, 10 < Re<5L <10 ) introduced a further two criteria in
a study which also included some of the earlier techniques. 
These were:

Method
e) Extrapolation of the separation length 

(determined by a liquid line technique) to 
zero.

f) First appearance of the separation shock in 
Schlier en photographs.

Methods (a) and (b) were also used and confirmed the trends 
found by Kuehn giving similar absolute values for (ai) although 
some difference in the sensitivity of each method to changes in 
Re6L were observed. Method (e) gave much lower values of ai 
(^13° compared with ^18°) and method (f) gave values as low as 
6°. Neither of the latter two sets of data showed any sensitivity 
to Re6L.

These comparisons were performed under constant adiabatic 
wall conditions. In a second series of cold wall tests higher 
values for (ai) were observed, in keeping with Elfstrom's earlier 
results. The authors concluded that the liquid line technique 
was the most sensitive way of observing a region of zero wall 
shear stress, provided this was to be the criterion for the onset 
of separation. Other methods, which depended on the
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measurement of pressure, would be less sensitive to this 
condition and would only respond when the interaction had 
developed sufficiently to cause significant changes in the flow 
structure. They pointed out that this conflicted with the results 
of Roshko and Thomke who found good agreement between 
various methods, but for higher Reynolds numbers.

Batham (1972) (flat-plate-wedge i .e . FPW, Mach 7, in the
range 10 < Re5L < 10°) appears to have used Kuehn's
criterion for determining ai. He demonstrated the same Reynolds 
number trend as Elfstrom although the dependence of a i on 
Re6L was greater, as were the absolute values of ai. Batham 
concluded that both the steeper Reynolds number trend and the 
higher absolute values of ai were due to the fact that his 
interaction had been set up closer to the end of transition.

Coleman (1973) supplemented Elfstrom's work by investigat­
ing heat transfer rates for wedge and flare interactions at 
identical tunnel conditions. With the exception of certain model 
configurations (see Section 5) pressure and heat transfer 
distributions corresponded well. However, the behaviour of 
peak heating rates at incipient separation was less clear than the 
pressure response. Whereas the attached wedge flow pressure 
distributions could be predicted with some accuracy, and thus 
provide a reference from which to perceive an overshoot, this 
was not the case for heat transfer. Moreover, for axisymmetric 
experiments, under attached flow conditions, an inherent over­
shoot in pressure and heat transfer was observed at the flare 
intersection line, indicating a tendency for the flow to behave 
two-dimensionally before relaxing to the conical flow condition. 
Consequently, Coleman was unable to use his heat transfer 
results in an analagous form of Elfstrom’s overshoot criterion for 
determining (a i ) .  Instead he found good agreement between 
method (d) using Schlieren photography, and method (g) which 
involved plotting the heat transfer rate at a point on the wedge, 
just behind the intersection line, against (a ) , and detecting a 
sudden reversal in slope. He was thus able to demonstrate the 
same trends and absolute values as Elf strom for the FPW config­
uration although the axisymmetric results were slightly higher
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( -  2°). Kuehn had also observed this difference between 
'equivalent’ two dimensional and axisymmetric flows but to a 
slightly larger extent ( - 5 ° ) .  Bradshaw (1973) has suggested 
that this may be due to the influence of extra strain rates in 
axisymmetric flows (see Section 4). However, the author is of 
the opinion that differences in the location of transition must 
also be considered carefully as this effect certainly appears to 
dominate a great deal of the experimental evidence to date in 
both axisymmetric and nominally two-dimensional flows.

Appels (1974) re-examined all the criteria mentioned so far
and conducted experiments on a tunnel wall wedge at Mach 3, 54 5and 5.4 with 9 x 10 < Re<5L < 6 x 10 . He confirmed Kuehn's
inference that very small regions of separation exist for wedge 
angles much lower than indicated by some methods. He used oil 
flow visualization and took great care to introduce only discrete 
quantities of oil into the flow, thus ensuring the minimum 
interference with the interaction. He demonstrated that the 
method of extrapolating separation lengths to zero (by whichever 
measurement technique) could be misleading if the rate of 
reduction in cavity length becomes highly non linear in the limit 
a 0. Using his own data, typical differences in (ai) for large 
and small cavity extrapolations were 20 deg. and 10 deg. 
respectively.

Appels’ results clearly imply that published trends for (ai) 
cannot be relied upon for engineering purposes until sensitive 
and consistent measurement techniques have been employed 
across the complete range of Reynolds number of interest. His 
own data produced an increasing trend with Re<$L and therefore 
directly conflicted with the trends observed by Elfstrom and 
Coleman in the same decade of Re6L(cold wall), but at higher 
Mach number. His explanation for this was based on Elfstrom’s 
observation that incipient separation is closely linked with the 
developing wake in a turbulent layer. He argued that, since his 
experiments had been conducted in a tunnel wall in the region of 
a favourable pressure gradient, the boundary layer would be in 
a relatively advanced state of development for a given value of 
Re6L, as similarly demonstrated by Johnson and Bushnell (1970).
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Boundary layer studies confirmed the existence of a developed 
wake and placed the predicted response of (a i) , according to 
Elfstrom’s theory, in the region where (ai) should be increasing 
with wall friction Reynolds number. The conflict with Elfstrom's 
experimental results was thus convincingly removed. However, 
on the strength of these studies, past and future claims for the 
successful measurement of absolute values for ( ai) clearly 
require close scrutiny. Moreover, the choice of Re<5L as the 
correlating parameter for broad comparisons could be misleading 
in the light of Elfstrom’s theory.

Law (1974) performed adiabatic flat plate wedge experiments
at Mach 2.9 in the range 10  ̂ < ReSL < 10^. Methods (a), (b ) ,
(e) and (f) were employed to determine ( a i) . Law gives no
indication of his boundary layer input condition other than7 8length Reynolds number in the range 10 to 10 . His data were5the first to indicate an increasing trend in the decade 10 
Re6L < 10 and this provided further ’indirect’ support for 
Elfstrom’s theory. Law's data will be discussed more fully later 
in this thesis (see Section 5).

Settles et al (1976) compared the results from two different 
experiments:

(i) Tunnel-wall-wedge
M = 2.9, 5 x 105 < Re<$L < 7.6 x 106

(ii) Ogive-cylinder-flare
M = 2 .9 , 1.5 x 105 < Re6L< 6 x 105 

Studies of the undisturbed boundary layer in each case indicated 
very little change in the wake component as Reynolds number 
was increased and the test stream was subsequently judged to 
have reached so-called ’equilibrium’ conditions. A review of all 
the available criteria was made with a distinction drawn between 
the methods which were considered to be capable of detecting 
’significant’ reverse flows only, and those considered suitable for 
ascertaining the presence of a ’small’ recirculation region. The 
notion of incipient separation heralded by a sudden 
disappearance in wall shear stress was rejected on the grounds 
that this particular condition had so far eluded all experimenters 
particularly in the case of compression wedge flows. In their
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own experiments, Settles and his co-workers found evidence of a 
small recirculation zone ( r l̂mm) at angles as low as 10 deg. 
Using a kerosene-graphite evaporation technique for surface flow 
visualization they demonstrated a similar asymptotic behaviour for 
the growth of separation length against wedge/flare angle as 
found by Appels (method (e )) . Methods (a), (b ), and (f) were 
also employed and it was concluded that the complete spread of 
data gave no indication of a Reynolds number trend for ( a i) . 
However, if the results for method (e ), the most sensitive 
method, are viewed independently, similar trends as found by 
Roshko and Thomke, at roughly the same conditions, can be 
identified. Moreover, these specific results were found by the 
author (not shown) to lie remarkably close to the prediction 
given by Elfstrom’s theory for Settles’ tunnel conditions. 
Surprisingly, by asserting that no Reynolds number trend could 
be detected these researchers seem to have apportioned equal 
credibility to each of the techniques employed which, of course, 
conflicts with the development of their earlier arguments. 
Although Elfstrom’s theoretical result lay within the general 
spread of (ai) detected in this decade of Re<$L, these workers 
considered the theory inconclusive on the grounds that wall 
shear had been neglected. However, in fairness, Elfstrom in his 
own work has suggested that the theory may not be accurate 
below Mach 4 due to the inviscid assumption. The agreement 
between Elfstrom’s theory and the oil flow visualization results of 
Settles et al may, therefore, be fortuitous.

Holden (1974/5) conducted a host of experiments on com­
pression wedge configurations for the conditions 6.5 < M <13 5 7and 10 < Re<SL < 10 . Separation was judged to have been 
obtained when the time average of surface shear at one point on 
the surface was zero. Skin friction gauges were used to 
determine this condition but it is unclear in both the above 
references to what extent the surface skin friction gauge was 
able to resolve the interaction. Nevertheless, the trends for 
(ai) with Re<5L published by Holden are in agreement with those 
of Elfstrom and Coleman at similar Mach numbers.
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2.3 ’FULLY ESTABLISHED’ SEPARATION

The term 'fully established’ is taken here to refer to an 
interaction exhibiting the characteristic features of a 
compressible turbulent separation region; i.e . a region exhibiting 
a clearly defined separation pressure rise blending with a 
pressure ' plateau ’ and finishing with either a full recovery to 
the ramp condition or a pressure overshoot with recovery 
further downstream for hypersonic flows (M > 5). However, the 
appearance of these features in fact marks the end of the first 
stage of development of the cavity. This initial development 
begins with the incipient separation condition but is extremely 
difficult to characterize because pressures, heat transfer rates 
and cavity scale (upstream influence), grow relatively quickly as 
the ramp angle is increased. Consequently, with the exception 
of cavity scale, there are few tangible means with which to 
compare 'developing' cavities, and it is perhaps not surprising 
that most authors have concentrated their efforts on the 
'established' rather than the 'developing' flow.

For the case of fully established separation no theory has 
yet been developed which can reliably predict both the extent of 
the interaction as well as the complete pressure distribution. 
The prospects for predicting heat transfer rates throughout the 
region are, therefore, even less promising at the moment. 
However, a number of empirical and semi-empirical correlations 
have been identified which relate to specific features of the 
cavity and several authors, e . g. McDonald (1965), Appels 
(1974/5), have brought these together to give a ’piece-meal’ 
analytical description of the interaction (see Section 2.4). 
Unfortunately, the success of these methods appears limited to 
specific sets of experimental data taken from restricted Reynolds 
number regimes. The critical problem facing researchers, 
therefore, remains that of determining the position of separation 
and reattachment for the complete Reynolds number range, given 
a variety of boundary layer input conditions. Once this can be 
achieved, construction of the cavity pressure field can be 
attempted with perhaps greater success, using existing 
correlations.
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Examination of the experimental data available to date 
indicates that growth and decay of the established turbulent 
cavity is consistent with the incipient separation trends 
discussed earlier. Generally it has been observed that when 
(ai) decreases with increasing Re6L, for a fixed Mach number 
and ramp angle, the scale of the cavity, measured in boundary 
layer thicknesses, is found to increase with an accompanying 
increase in plateau pressure and overshoot pressure, for 
hypersonic flows. The converse is found for an increase in a i 
with increasing ReSL.

With this strong similarity in behaviour between the 
incipient condition and the established cavity it is tempting to 
suggest that the two processes may both be influenced by a 
common agency residing in the approach stream. However, 
unlike the incipient separation process, where relatively well 
defined input conditions usually exist, cavity scale must also be 
strongly influenced by the rapidly developing turbulent wake 
within the cavity and the subsequent re-entrainment of the 
reverse flow. Unfortunately, conditions prevailing in the 
recirculation region are difficult to extract experimentally. 
Consequently, whereas some progress in correlating the incipient 
separation condition has been made by examining the input 
velocity and Mach number profile (Elfstrom 1971), the equivalent 
task of establishing the conditions ahead of reattachment has 
been considerably more difficult. It is important, therefore, to 
consider previous work which has studied how the flow develops 
from the separation point and to ascertain, if possible, to what 
extent any preconditioning of the detached shear layer influences 
the overall behaviour of the separation region.

Early work by Bogdonoff and his co-workers (1955) 
indicated that the initial pressure rise in a turbulent boundary 
layer interaction was independent of the agency provoking 
separation. Holder et al (1955) later attempted a physical 
explanation for this and suggested that, since the flow in the 
vicinity of separation must be in equilibrium, a local thickening 
of the boundary layer ahead of separation must balance the 
induced pressure rise. Thus the separation process must be
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'self-induced’ and independent of downstream conditions. 
Chapman et al (1958) used similar arguments and introduced the 
well-known phrase describing the process; "free interaction." 
Erdos and Pallone (1962) working from these earlier attempts to 
rationalize the phenomenon developed a semi-empirical correlation 
which has subsequently stood the test of time and supports some 
of their earlier claims for its 'universal' applicability. This has 
the form:

F(X) = Cp(Me2 -  1)*/ (2Cfe)* ----(2.1)
Where F(X) is a dimensionless function of the distance from the 
origin of the interaction and takes the value of 4.22 at 
separation and 6 in the plateau. Unfortunately, the applicability 
of the correlation beyond separation has become less clear as 
more data have become available. Several authors have found 
that the region downstream of separation is still mildly dependent 
on the strength of the pressure discontinuity provoking the 
interaction, (10, 34, 56). This directly conflicts with the 'free 
interaction' principle, and it is probable that the analysis 
produced by Erdos and Pallone is invalid beyond the separation 
point insomuch as the effects of the reverse flow field, 
stagnating just behind the separation point, are not considered.

Surprisingly, the simple empirical correlation for plateau 
pressure (Pp) produced by Elfstrom (1972) of the form:

Pp/Pinv % fn(Me) —  (2.2)
produces a good collapse of data for a wide range of angles and 
Mach number. The use of the inviscid uniform flow solution for 
the ramp recovery pressure (Pinv) implicitly caters for variation 
in ramp angle. The success of the correlation would suggest 
that gross plateau conditions are prescribed by local free stream 
turning rather than the details of the input shear layer.

The plateau free stream Mach number (Mp) also appears to 
play an important role in determining reattachment pressure. 
Batham (1969) developed a theory to cover this region based on 
the earlier free interaction analysis of Erdos and Pallone. He 
argued that flow turning beneath the reattachment shock system 
must also be self-induced and primarily governed by local 
approach conditions, namely, Mp and the Reynolds shear stress
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residing near the stagnation streamline. Batham's correlation 
takes the form,

Cpr = K (Cf, / \/Mp2 -  l' )*
where K is to be determined from a number of experiments and 
Cf. is taken from the range of values suggested by Chow and 
Korst (1963) for assymptotic mixing layers. In fact, a 
straightforward plot of Cpr against Mp gives a good collapse of 
data, and this is further confirmed in the current work.

The success of Batham's theory certainly suggests that free 
interaction exists at reattachment in well developed flows where 
the separation pressure rise and the reattachment pressure rise 
are quite distinct and separated by the plateau. As perhaps 
expected the shape of the pressure distribution at reattachment 
is also usually found to be similar to that at separation, adding 
further weight to the free interaction proposition.

For hypersonic flows, the region beyond reattachment has 
so far eluded analytical treatment save for the final recovery 
pressure which usually corresponds closely to the inviscid 
uniform flow solution for flare or ramp turning. In particular, 
attempts to predict the magnitude of the pressure overshoot 
value in hypersonic flows have not been too successful. Many 
authors have suggested that the overshoot arises from a double 
compression produced by the separation and reattachment 
shocks. However, calculations on this basis at Mach 9 by 
Elfstrom (1971), taking the plateau pressure as indicative of the 
conditions behind the first shock, generally overpredict the peak
pressure, except at high ramp angles. It is possible that the
location of the intersection of these two shocks and subsequent 
expansion and/or compression process immediately downstream, 
coupled with the effective thickness of the reattaching shear 
layer (i.e . displacement thickness) are important parameters in 
this region. If the Mach number and ramp angle are sufficiently 
high then the full effect of a double compression may reach the 
ramp surface before an expansion fan can attenuate the
compression field. At low Mach numbers (M < 5), and moderate 
ramp angles, the separation pressure rise has generally been 
found to blend smoothly with the ramp recovery condition
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without an overshoot, indicating perhaps that a consolidated 
reattachment shock has not yet formed or that the compression 
and expansion fields have become fully attenuated at the ramp 
surface.

2.4 CALCULATION METHODS

An early attempt to provide a closed solution to the variety 
of equations and empirical relationships describing specific parts 
of the established interaction was undertaken by McDonald 
(1965). This work followed from various contributions by 
Chapman, et al (1958), Korst, et al (1959) and later Sanders 
and Crabtree (1963), and Cooke (1963). McDonald’s theory is 
based on the hypothesis that the reattached velocity profile after 
recompression is close to an ’equivalent’ flat plate profile. 
Limited experimental evidence from Chapman’s results was used 
to support this hypothesis for a relatively low Mach number flow 
(M ^ 2 .7 ). Unfortunately, this hypothesis is unlikely to be 
valid for hypersonic flows having a pressure overshoot. 
Nevertheless, McDonald’s correlation procedure is worthy of note 
since it provides an indication of the intricacy of this type of 
calculation.

The object of the calculation procedure is to achieve the 
appropriate flat plate shape parameter in the post reattachment 
region by adjusting the position of separation. Values of cavity 
development length, plateau pressure and reattachment pressure 
then implicitly emerge from the analysis. Briefly the details of 
the method are as follows; given the wedge angle, initial Mach 
number, momentum thickness, and an assumed location for 
separation.

(i) The pressure rise to separation is predicted 
using the theoretical relation given by Ray 
(1962).

(ii) The flow deflection in (i) is then used as 
the first approximation for the free shear 
layer deflection and plateau conditions given 
by Mager’s (1956) relationship.
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(iii) The plateau free shear layer momentum
thickness is then assumed to be close to the 
value at separation given by the method of 
Reshotko and Tucker (1955).

(iv) The velocity profile downstream of separation 
is then predicted using Kirk’s (1959) method 
which assumes the shear layer to be 
asymptotic and emanating from a false origin 
with no initial boundary layer. The profile 
is located spatially using the analysis 
suggested by Korst et al (1959).

(v) There then follows an elaborate iterative 
operation which seeks to match the reverse 
mass flow with the length of stagnation 
streamline necessary for this reverse mass 
flow to originate. The locus of the 
stagnation streamline below which the 
reverse flow is generated within the mixing 
layer is initially specified and, following the 
iteration, this defines a velocity profile at 
reattachment consistent with the assumption 
for the location of separation.

(vi) The post-reattachment boundary layer devel­
opment, in terms of the momentum thickness 
and shape parameter, is then calculated 
using the analysis of McDonald (1964). The 
results are compared with the flat plate 
prediction for shape parameter given by 
Maskell’s (1951) curve fit to the data of 
Ludwieg and Tillman (1950), transformed to 
compressible flow using Mager (1959).

(vii) If the shape parameter is larger than the 
flat plate prediction the separation point is 
moved downstream, and vice versus if the 
shape parameter is smaller.

The method is clearly very complicated. Comparisons with 
experimental data for cavity scale were found by McDonald to be
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very sensitive to the final pressure recovery ratio. With the 
benefit of hindsight, McDonald’s analysis is arguably an attempt 
to overcome the need for an accurate reattachment criterion 
insomuch as his ’flat plate’ recovery profile hypothesis 
prescribes the position of separation and implicitly locates 
reattachment whereupon a crude reattachment model is utilized. 
The difficulty of establishing a reliable reattachment criterion 
had previously been dealt with by Nash (1962) who according to 
McDonald had indicated in unpublished work that his own 
criterion was not reliable and that reattachment pressure was 
sensitive to both Mach number and Reynolds number.

N =(Pr - ^2 ^ ^ 3  ” 2̂  ̂ where Pr = reattachment pressurePg = plateau pressure Pg = recovery pressure
where, according to White (1963), N takes the value of 0.4 for 
flows in the region Me = 2. Both the results of Nash and White 
were, however, confirmed by McDonald's analysis and on this 
basis Appels (1975) chose to retain the value N = 0.4 in a more 
recent attempt to simplify the problem at much higher Mach 
number.

Appels’ procedure was as follows:
(i) Assuming the separation position, and

knowing the free stream conditions, the 
separation angle and plateau conditions were 
calculated using the ’free interaction' theory 
of Erdos and Pallone.

(ii) With the knowledge of wedge angle and the 
conditions in (i) the reattachment angle is 
calculated. Nash's criterion is then used to 
determine the reattachment pressure and 
with the assumption of isentropic turning 
this prescribes the Mach number and velocity 
on the dividing streamline ahead of the 
stagnation point.

(iii) The data in (ii) now specify the boundary 
conditions for the Chapman and Korst (1955) 
free shear layer model (also used by Cooke 
(1963) in a similar analysis). The length of
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jet boundary required to achieve the 
reattachment stagnation condition is then 
calculated and compared with the initial 
estimate for the position of separation.

(iv) The analysis proceeds iteratively with the 
new value for the position of separation.
This iteration is only required if the known 
input conditions are a strong function of the 
separation position.

Although the details of the post reattachment region are not 
covered in the analysis it is clear that the calculation of cavity 
scale can be considerably simplified if accurate information 
regarding reattachment is available. However, it is doubtful 
that Nash’s criterion is adequate for this task and in the light of 
Batham's analysis some further consideration of the Reynolds 
shear stress residing in the vicinity of reattachment is probably 
needed. This also points to an important deficiency in the 
Chapman and Korst model which utilizes a classical eddy 
viscosity relationship in transforming the diffusion equation set 
up to model the free shear layer. This point is dealt with later 
in this thesis.

In concluding this survey, it is perhaps sufficient to note 
that while Appels’ and McDonald’s analysis may have limited 
applicability, insomuch as their predicted results only gave 
moderate agreement for a limited sample of data, they do 
constitute the first attempts to assemble prior knowledge of the 
separation process into one coherent analytical tool. Further 
extensions of this theoretical approach, using the additional data 
and correlations now available in the literature, have yet to be 
attempted.
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3. EXPERIMENTAL FACILITY AND PROCEDURE

3.1 THE IMPERIAL COLLEGE NO. 2 GUN TUNNEL

A full description of this facility is given by Needham et al 
(1970). The performance envelope is shown in Figure 2 with the 
two test conditions indicated. The extent of the uniform flow 
regime generated by the Mach 9 nozzle is shown in Figure 3. 
Typical total pressure data measured adjacent to the nozzle 
throat are shown in Figure 4. The steady running periods are 
indicated in the figures and these correspond to 3 ms and 5 ms 
of flow duration for the high and low Reynolds number 
conditions respectively. Traces were obtained for each run 
using a Kistler piezoelectric transducer. A real gas correction 
factor for the measured total pressure values was estimated 
using the computer program developed by Culotta and Richards 
(1970). Thermodynamic equilibrium was assumed to have been 
achieved at the nozzle exit plane and the free stream total 
temperature for the two operating points was inferred from the 
reservoir conditions. A complete table of tunnel conditions is 
given below. Tunnel recalibration tests conducted by Edwards
(1976), which included total temperature measurement, have 
verified the operating conditions given below:

TABLE 1: Tunnel Oper at in g Co nd i t i o n s

Po°°«
N/nr

P 00« 
N/rrT

To
d e g . K

T co 
deg.K Moo Re«/cm

1.47 x 107 

(2125 psia)

7.30 x 102 

(0.1059 psia)

1070 63.13 8.93 1.29 x 105

6.56 x 107 

(9515 psia)

2.49 x 103 

(0.3605 psia)

1070 58.36 9.31 5.17 x 105

TABLE 2: Local Flow Co nditions (Cone- Cy li nd er Forebody, X= 65 cm)

Poe9
N/rrr

Pe 9 
N/nT

Toe
d e g . K

Te
deg.K

Tw/Te Me Re /cm 
e

9.24 x 106 
(1340 psia)

6.89 x 1 0 2 
(0.100 psia)

1070 70.8 4.166 8.4 1.12 x 105

4.03 x 107 
(5850 psia)

2.48 x 103 
(0.360 psia)

1070 67.0 4.403 8.65 4.35 x 105
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All experiments required at least two operators in the 
tunnel control room; one monitoring instrumentation and the 
other controlling the tunnel pumping sequence. A rigid 
procedure is required for safe and successful operation of this 
facility and this is given in reference (70). Typical ’turn­
around’ times for a single run were 60 minutes and 45 minutes 
for the high and low Reynolds number conditions respectively. 
Approximately 500 tunnel runs were required for the present 
experiments which comprised of ten model builds spread over a 
period of three years. Each build required about six weeks of 
tunnel occupancy time of which three were actually available for 
tunnel operation since parts of the facility are shared by the 
department low density Nitrogen tunnel.

3.2 SIGNAL CONDITIONING AND DATA ACQUISITION

Analogue signals from the test section were fed to sixteen 
Fylde operational amplifiers installed in the laboratory signal 
conditioning unit. The output signals were then processed on 
different occasions by two separate systems. The surface 
pressure and heat transfer surveys were predominantly achieved 
using Tektronix 502A dual-beam oscilloscopes fitted with Polaroid 
Land cameras and simultaneously triggered. The steady running 
period on the total pressure record was then matched with each 
channel response and a line faired through the relevant point on 
the photograph. A hand calculation then yielded the desired 
data point. The boundary layer surveys were achieved using a 
recently installed high speed digital sampling system. Analogue 
outputs from the operational amplifiers were sampled at 4 MHz 
(approximately 1000 samples per channel are available for actual 
data storage) and the signals stored in a 4 x 16K bite core. 
The system is linked to the department Nova computer and a 
software package developed by Bartlett (1974) was used to 
export and import data to the laboratory control room. The 
response from each channel was systematically checked after each 
run on a visual display unit (VDU). Essentially the VDU output 
is identical to the photograph in the former case and Bartlett's 
program renders the operator free to make an individual decision 
over which part of the run averaging of the signal should be
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made. Results obtained using1 both systems simultaneously were 
found to be consistent within ±2% of each other.

3.3 MODEL DESIGN AND SCOPE OF OPERATION

The mechanical design of the three dimensional model 
evolved from several basic requirements of the experimental 
programme. Firstly, there was a requirement to generate a 
separated Dow at similar conditions to the work of Coleman and 
Elfstrom. However, in this case the Dow was to be perturbed 
such that the effects of a transverse pressure gradient and 
induced cross Dow on the separation bubble behaviour could be 
studied. The two effects as far as possible being isolated by a 
careful choice of geometry.

As indicated in the introduction, a two dimensional 
reference model would also be required at the outset and it was 
important that, as far as possible, this model should generate an 
identical Dow field upstream of both the two and three 
dimensional interaction regimes.

3.3.1 Design Considerations for Creating a Transverse Pressure Gradient in the Vicinity of Separation

Examination of the data provided by Coleman (1973) 
suggested that separation is  fully established by the
cone-cylinder geometry for a Dare deDection angle of 35 
degrees. Incipient separation was estimated to occur at approxi­
mately 30 degrees and a substantial separation zone was 
produced at 40 degrees. The flare reattachment pressure fields 
varied considerably over this range and it was considered 
important to reproduce these conditions locally with the proposed 
three dimensional models. The solution finally chosen involved 
tilting a 37.5 degree and a 32.5 degree half-angle Dare by 2.5 
degrees relative to the cylinder axis. This would provide the 
required range of local deflection angles in addition to 
generating a circumferential pressure gradient at reattachment 
associated with the asymmetry of each Dare, see Figure 5. From 
a series of geometric constructions it was found that the
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c irc u m fe re n tia l c y lin d e r/ f la re  in te rs e c tio n  lin e  could  be k e p t 

alm ost no rm a l to  th e  fre e  s tre am  flow  b y  c a re fu lly  c o n tro llin g  th e  

Y-d isp lacem ent o f th e  f la re  v ir t u a l apex from  th e  c y lin d e r a x is . 

In  fa c t, le ss  th a n  0.025 cm v a ria tio n  in  th e  X-d im ensiona l 

lo ca tio n  o f th e  in te rs e c tio n  lin e  was u lt im a te ly  ach ieved  a ro u n d  

th e  c y lin d e r c irc um fe ren ce  d u r in g  m anu fac tu re . S ince the  p lane  

o f th e  in te rs e c tio n  lin e  b e tw een  the  c y lin d e r and fla re  was 

v ir t u a lly  no rm a l to  th e  u n d is tu rb e d  flow  i t  cou ld  be assumed th a t 

th e  re s u lt in g  in te ra c tio n  w o u ld  be p re d o m in a n tly  in flu e n c e d  b y  a 

c irc u m fe re n tia l v a r ia tio n  in  re a tta c hm en t su rfa c e  geom etry w ith  

an accom panying  lo ca l tra n s v e rs e  g ra d ie n t in  th e  p re s s u re  

re c o v e ry  re g io n  o f th e  f la re .  T h e  s ta r t in g  processes w ith in  th e  

d e ve lo p in g  c a v ity  a ro u n d  th e  c irc um fe ren ce  w ou ld  be s im ila r to  

th e  a x is ym m e tric  case in som uch  as ad jacen t s tream lin es  sho u ld  

app roach  th e  in te ra c tio n  a t th e  same in s ta n c e . T he  in flu e n c e  o f 

c ross flo w , i f  a n y , w ou ld  in  p rin c ip a l be d e la yed  u n t il th e  sh e a r 

la y e r had  e n te re d  th e  tra n s v e rs e  p re s s u re  g ra d ie n t d e ve lo p in g  

w e ll in to  th e  f la re  p re s s u re  re c o v e ry  re g io n . T he  c o n s tru c tio n s  

re s u lte d  in  geom etries A  and  B , F ig u re  5.

3 .3 .2  D e s ig n  C o n s id e ra tio n s  fo r  In d u c in g  C ross Flow  in  

th e  V ic in ity  o f S e p a ra tio n

A  la rg e  n um b e r o f m odel p e rm u ta tio n s  w ere a va ila b le  fo r 

th is  ta s k  once th e  tw o  p r in c ip a l geom etries in  section 3 .3 .1  had  

been chosen. I t  was dec ided  to  re s tr ic t  th is  case to  a geom etry 

h a v in g  a c irc u m fe re n tia lly  u n ifo rm  lo ca l d e fle c tio n  ang le  o f 35 

deg rees s ince th is  ang le  was common to  th e  two p re v io u s  cases. 

B y  m a rg in a lly  d is p la c in g  th e  a x is  o f a 35 deg ree  ha lf- ang le  f la re  

p a ra lle l to  th e  c y lin d e r a x is  a t ilte d  in te rs e c tio n  p lane  be tw een 

th e  f la re  and c y lin d e r can be ach ie ved  (g eo m e try  C , F ig u re  5 ). 

S ince th e  axes o f th e  c y lin d e r and f la re  rem a in  p a ra lle l a 

co ns tan t lo ca l d e fle c tio n  ang le  o f 35 deg rees is  m a in ta ined  a ro un d  

th e  c y lin d e r c irc um fe ren ce . In  p rin c ip le , th e  c irc u m fe re n tia l 

p re s s u re  g ra d ie n t in d uced  b y  th e  geom etry shou ld  be zero  b u t 

ad jacen t s tre am lin e s  sho u ld  re a c h  the  f la re  in te rs e c tio n  lin e  a t 

d if fe re n t in s tan ce s  caus ing  a c ro ss  flow  v e lo c ity  component to  

deve lop  lo c a lly . B y  v ir tu e  o f th e  th re e  d im ensiona l n a tu re  o f 

th e  in te rs e c tio n  lin e  th is  e ffe c t w ou ld  be s tro n g e s t a t th e
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0 = ± 90 deg . lo ca tio ns  w h e re  a maximum slope o f 8 deg rees 

w ould  re s u lt .  A t 0 = 0 and  180 deg rees th e  in te rs e c tio n  lin e  is  

no rm a l to  th e  fre e  s tream  and  th is  slope is  ze ro . H ow eve r, fo r 

an a ttached  flow  p a ss in g  o v e r th e  geom e try , su rface  s tream lin e s  

on th e  f la re  w ou ld  be e xp ec ted  to  d iv e rg e  a t 0 = 0 and conve rg e  

a t 0 = 180 deg . Some o f th e se  fe a tu re s  can be deduced from  th e  

s ide e le va tio n  o f th e  m odel show n in  F ig u re  5 w he re  i t  can a lso  

be seen th a t th e  m e rid ia n a l in te rs e c tio n  p o in ts  a t 0 = 0 and 180 

deg rees a re  d isp laced  w ith  re s p e c t to  th e  X - ax is .

U n fo rtu n a te ly , w ith  th is  model a rra n g em en t, ad jacen t 

s tre am lin e s  a r r iv in g  a t th e  in te rs e c tio n  lin e  w ou ld  u n d e rg o  

d if fe r in g  le v e ls  o f c ro ss- flow  ind ucem en t, d epend ing  on th e ir  

c irc u m fe re n tia l p o s itio n . T h is  w as un avo id ab le . H ow eve r, s ince  

th e  lo ca l d e fle c tio n  ang le  was c o ns tan t a ro und  th e  c irc um fe ren ce , 

i t  was conc luded  th a t th e  re s u lt in g  c a v ity  flow  shou ld  be 

p re d o m in a n tly  in flu e n c e d  b y  la rg e  tra n s v e rs e  mass flu x e s  w ith in  

th e  sep a ra tio n  b u b b le , accom panied b y  a re la t iv e ly  sm a ll 

tra n s v e rs e  p re s s u re  g ra d ie n t. T h is  flow  shou ld  th e re fo re  

e x h ib it fe a tu re s  g o ve rn ed  m ore s tro n g ly  b y  th e  in te rn a l m ix in g  

dynam ics o f th e  se p a ra tio n  b u b b le  in  c o n tra s t w ith  the  flow s 

deve loped  b y  geom etries A  and  B w he re  a s tro n g  c irc u m fe re n tia l 

p re s s u re  g ra d ie n t cou ld  be e xp ec ted  to  dom inate in te ra c tio n  w ith  

th e  lo ca l fre e  s tream  in  th e  v ic in it y  o f th e  c a v ity .

3 .3 .3  M odel G eom etric  Anom alies

I t  is  n e c e ssa ry  to  p o in t o u t th a t in  a ll th re e  geom etries 

(A , B and C ) th e  s u rfa c e  d e fle c tio n  ang le  a t th e  f la re  in te r ­

sec tion  lin e  p re s c rib e d  b y  th e  f la re  h a lf- ang le , a n d /o r a x is  t i l t ,  

e ffe c tiv e ly  decays dow nstream  o f th is  p o s itio n  on th e  model 

re la tiv e  to  an e q u iv a le n t a x is ym m e tric  con ica l flow  e xp e rie n c in g  

th e  same in it ia l d e fle c tio n . T h is  is  p u re ly  a consequence o f 

model asym m e try  and  can , p e rh a p s , be v is u a liz e d  more e a s ily  fo r 

th e  extrem e  case o f geom etries A  and  B w he re  th e  f la re  a x is  is  

n o tio n a lly  p u t a t 90 d eg rees  to  th e  c y lin d e r a x is , o r 

a lte rn a tiv e ly ,  th e  f la re  is  d isp la ced  b y  as much as one c y lin d e r 

d iam e te r below  th e  c y lin d e r a x is , in  th e  case o f geom etry C . 

T h e  e ffec t w ill be sm all fo r th e  p re se n t geom etries, i.e .  less 

th a n  1/2 deg ree  o v e r th e  e n t ire  le n g th  o f the  fla re s , and w ill
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occu r a t a ll v a lu e s  o f 0 e xc ep t 0 and 180 deg rees . A t these  

lo ca tio ns  th e  fre e  s tream  flow  v e c to r lie s  in  the  same p lane  o f 

s ym m e try  as th e  f la re  a x is  and su rfa c e  s tream lin e s  w ill 

e xp e rie n ce  a cons tan t d e fle c tio n  ang le  as th e y  pass o ve r th e  

m odel. In  p ra c tic e , due to  th e  re la t iv e ly  sm all c a v ity  flow s 

deve loped  in  th e  c u rre n t s tu d y  ( i. e .  le ss  th a n  25% o f th e  f la re  

s la n t h e ig h t) , th e  re a tta c hm e n t ang les e xp e rie nced  b y  the  lo ca l 

fre e  s tream  be tw een th e  tw o  m e rid ia n s  w ill no t v a ry  s ig n if ic a n tly  

from  those  p re s c rib e d  b y  th e  g eom e try  a t th e  in te rs e c tio n  lin e .

3 .3 .4  In s tru m e n ta tio n  C o n s tra in ts

H a v in g  a rr iv e d  a t th e  th re e  bas ic  c o n fig u ra tio n s , i t  

became c le a r th a t a ho llow  c y lin d e r fo re b o d y  could  no t be 

em p loyed . A lth o u g h  th is  w ou ld  have  p ro v id e d  an expans ion  fre e  

s h e a r la y e r  ahead o f th e  in te ra c tio n , th is  w ou ld  have  re q u ire d  

each c y lin d e r and f la re  assem b ly to  be h e a v ily  in s tru m e n te d .

T h e  p rob lem  a ris e s  because th e  in t r in s ic  c o o rd ina te  

system s o f th e  c y lin d e r and  f la re  a re  no t a lig n e d . T h is  leads to  

a ra th e r  com plicated s itu a tio n . F o r in s ta n c e , i f  i t  is  d e s ire d  to  

s tu d y  th e  c a v ity  - flow  a t a f ix e d  va lu e  o f 0 and loca l d e fle c tio n  

an g le , th e  f u ll in s tru m e n ta tio n  d e n s ity  m ust be ach ieved  a long  

th e  x- co o rd ina te  a t th a t sp e c ific  p h y s ic a l lo ca tio n  on th e  m odel.

L in e s  o f in s tru m e n ta tio n  se t a t d if fe re n t va lu e s  o f 0 w ill,  o f

c o u rse , be sens ing  c o nd itio n s  p re s c rib e d  a t a d iffe re n t lo ca l 

d e fle c tio n  ang le . Hence th e  m ethod o f ro ta tin g  ad jacent lin e s  o f 

f la re  in s tru m e n ta tio n  abou t th e  c y lin d e r a x is  to  ach ieve  a dense 

in s tru m e n ta tio n  p itc h in g  a t one p a rt ic u la r v a lu e  o f 0 , as fo r 

a x is ym m e tric  geom etries , w ou ld  n o t be poss ib le  in  th is  case.

T h e  p rob lem  was overcom e b y  s p lit t in g  th e  e xp e rim e n ta l 

p rog ram m e in to  tw o  m ain sec tio n s . T h e  f ir s t  was to  be 

com prised  o f f la re  m easu rem ents; ach ieved  b y  ro ta tin g  each f la re  

about its  own a x is , th u s  b rin g in g  ad jacen t lin e s  o f

in s tru m e n ta tio n  in to  p la y  a t a fix e d  va lu e  o f 0 and lo ca l 

d e fle c tio n  ang le . T he  second was to  be com prised o f a

c o rre sp o n d in g  se rie s  o f c y lin d e r m easurem ents; ach ieved  b y  

ro ta tin g  a set o f ’dum m y' f la re s  about th e  c y lin d e r a x is . T he
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e n tire  c irc um fe ren ce  o f th e  geom etries cou ld  now be f u lly  

in v e s tig a te d  w ith  ju s t a few  lin e s  o f in s tru m e n ta tio n  f itte d  to  

each o f th re e  f la re s  and  one c y lin d e r. U n fo rtu n a te ly  th e  

in s tru m e n te d  f la re  assem b lies w ou ld  re q u ire  a s tro n g  and  c lo se ly  

to le ra n ced  co up lin g  a t th e  c y lin d e r/ f la re  in te rfa c e . C o n seq uen tly  

th e  e n g in e e rin g  so lu tio n  p re c lu d e d  flow  w ith in  th e  c y lin d e r 

fo re b o d y  and th e  so lid  c o n e - c y lin d e r geom etry used  b y  Coleman 

was s u b se q u e n tly  chosen as th e  most s u ita b le  c o n fig u ra tio n .

F o r th e  h ea t t ra n s fe r  e xp e rim e n ts  a s in g le  in s tru m e n ta tio n  

m odule was des ig ned  w h ich  co u ld  be m ounted in  a n y  o f th e  th re e  

in s tru m e n te d  f la re s . T h e  m odule was co n s tra in ed  to  s lid e

p a ra lle l to  th e  f la re  s la n t h e ig h t and a v e rn ie r  sc rew  

a rra n g em e n t p e rm itte d  sm a ll in c re m en ts  o f th e  su rfa c e  to  be 

tra v e rs e d  in  s tages . A lth o u g h  th e  f la re  h a lf- ang les  w e re  

d if fe re n t in  each case a s in g le  ’com prom ise’ p ro f ile  fo r th e  

m odule su rfa c e  was e v e n tu a lly  fo u n d  w h ich  gave less th a n  0.0025 

cm su rfa c e  im p e rfe c tio n  o v e r th e  maximum  tra v e l o f the  u n it 

(0 .75  cm ).

A  rem ovab le  m odule was a lso  des igned  fo r th e  c y lin d e r 

h ea t t ra n s fe r  in s tru m e n ta tio n . A f te r  some e a rly  e xp e rim e n ta l 

d if f ic u lt ie s  a s im ila r in s tru m e n ta tio n  m odule was deve loped  fo r 

th e  c y lin d e r p re s s u re  tra n s d u c e rs . T h is  had  th e  advan tage  o f 

a llo w in g  th e  tra n s d u c e rs  to  be  m ounted w ith  v e ry  s h o rt p ip e  

ru n s  w ith in  th e  c y lin d e r b o d y .

T he  fo llo w in g  se ts  o f m odels w ere  th e re fo re  re q u ire d  to  

f u lly  in v e s tig a te  th e  th re e  bas ic  geom etries:

( i)  One nose cone (10 deg rees h a lf a ng le , 

a f te r Colem an)

( i i)  Tw o c y lin d e r fo re b o d ie s , one a llo w ing  

f la re  ro ta tio n  ab o u t th e  c y lin d e r a x is  

and  in s tru m e n te d , th e  o th e r a llo w in g  

f la re s  to  ro ta te  about th e ir  own axes 

and  u n in s tru m e n te d . (T h is  la t te r  

c o n fig u ra tio n  re q u ire d  th re e  c y lin d e r 

subassem b lies to  p ro v id e  a p ro file d  

and  g a s- tig h t ro ta tin g  seal fo r th e  

th re e  in s tru m e n te d  f la re s .)



34

( i i i)  6 f la re s , 3 ro ta tin g  about th e  c y lin ­

d e r a x is  and u n in s tru m e n te d , 3 

ro ta tin g  abou t th e ir  own axes and 

in s tru m e n te d , each 3 co rre sp o n d in g  

to  geom etries A , B and C .

D e ta ils  o f th e  f la re  m o un ting s  and in s tru m e n ta tio n  la yo u ts  

a re  show n in  F ig u re s  6 and  7 w h ich  have  been ske tched  from  

tw o o u t o f s e v e ra l e n g in e e rin g  d ra w in g s  p roduced  b y  th e  a u th o r 

fo r th e  d ep a rtm en t w o rksh o p s . T he  models w ere  s tre s se d  to  

g ive  o v e r a fa c to r o f tw o  in  s a fe ty  u n d e r th e  w o rs t poss ib le  

tu n n e l s ta r t in g  c o n d itio n s . T hese  w ere  deemed to  be th e  re s u lt 

o f a f u ll p re s s u re  re c o v e ry  b e h in d  a no rm a l shock p ro p a g a tin g  

on one s ide o f th e  m odel p a rt it io n e d  b y  th e  0 = 0 - 180° p lane  o f 

s ym m e try . T h is  is  th e  p la ne  o f le a s t s tiffn e s s  fo r th e  com plete 

model and  tu n n e l te s t sec tio n  m o un tin g  fram e .

3 .3 .4  A x is ym m e tric  R e fe rence  M odel

T h e  a x is ym m e tric  re fe re n c e  e xp e rim en ts  w ere  p e rfo rm ed  

u s in g  models p re v io u s ly  em p lo yed  b y  Colem an. Some m od ifica­

tio n s  to  th e  f la re  m o un tin g  f ix tu re s  w ere  re q u ire d  b u t i t  is  

im p o rta n t to  s ta te  th a t th e  fo re b o d y  geom etry was id e n tic a l fo r 

b o th  th e  tw o  d im ens io na l and  th re e  d im ensiona l e xp e rim e n ts . 

O v e ra ll d im ensions o f th e  No. 2 T u n n e l and ty p ic a l model la yo u t 

a re  g ive n  in  F ig u re  8 . View,? o f some o f th e  fin is h e d  m achined 

asym m etric  and  a x is ym m e tric  m odel subassem blies a re  shown in  

th e  p h o to g rap h , F ig u re  9.

3 .4  IN S T R U M E N T A T IO N

3 .4 .1  S ta tic  P re s s u re

I t  can be seen from  th e  da ta  (Sec tion  5 and 6 ) and 

F ig u re s  6 and 7 th a t th e  s u rfa c e  p re s s u re  in v e s tig a tio n  cove red  

th e  re g io n  bounded  b y  th e  b e g in n in g  o f th e  in te ra c tio n  and th e  

re la x a tio n  to  an o th e rw ise  u n d is tu rb e d  p re s s u re  re c o ve ry  on th e  

f la re . F o r th e  th re e  d im ens io na l e xp e rim en ts , tap p in g s  on th e  

c y lin d e r w ere  a rra n g e d  such  th a t a com posite p itc h  o f 4 holes/cm
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cou ld  be ach ie ved  b y  d is p la c in g  th e  f la re  in te rs e c tio n  lin e  in  th e  

x- d ire c tio n  b y  up  to  0 .5  cm ( i.e .  less th a n  0.8% o f th e  

u n d is tu rb e d  b o u n d a ry  la y e r  r u n ) . F o r th e  a x is ym m e tric  

e xp e rim e n ts  a s im ila r p itc h in g  cou ld  be ach ieved  w ith  Colem an's 

model b y  ro ta tin g  th e  c y lin d e r to  ad jacent row s. T h re e  row s 

w ere  f it te d  to  th e  in s tru m e n te d  f la re s  to  g ive  th e  same p itc h . 

C oppe r tu b e  (0 .24  cm, I . D . )  was used and connected v ia  Esco 

s ilic o n  ru b b e r tub es  (0 .15  cm I . D . )  to  0 - 75 p s ia  and 0 - 5  

p s ia  S o la tro n  and S ta tham  bonded  s tra in  gauge tra n s d u c e rs . 

A f te r  some e a r ly  e xp e rim e n ta l d if f ic u lt ie s  m od ifica tio n  o f th e  

c y lin d e r p ip e  ru n s  was fo un d  n ec e ssa ry  ow ing  to  th e  e x tre m e ly  

low  p re s s u re s  e n c o un te red  d u r in g  th e  low  R eyn o ld s  num be r 

in v e s tig a tio n s , ( i. e .  as low  as 0.09 p s ia ). U ltim a te ly , re lia b le  

re a d in g s  w e re  ach ie ved  in  th e  c a v ity  re g io n  b y  in s ta llin g  th e  

tra n s d u c e rs  close to  th e  m e a su rin g  s ta tio n  in s id e  th e  c y lin d e r 

(F ig u re  6 ) ,  a lth o u g h  e ven  h e re  th e  accu racy o f da ta  ta ke n  ahead 

o f th e  in te ra c tio n  in  th e  u n d is tu rb e d  b o u n d a ry  la y e r was 

d if f ic u lt  to  gauge.

3 .4 .2  P ito t P re s s u re

T h e  p ito t sp e c ific a tio n  fo r  these  te s ts  a rose from  th e  w o rk  

conduc ted  b y  B a r t le t t  (1 97 5 ). F ig u re  10 g ive s  d e ta ils  o f one o f 

th e  two p ro b e  assem blies u sed . Each ra k e  con ta ined  20 p robes 

and was des ig ned  to  in v e s tig a te  th e  e n tire  c ircum fe rence  o f th e  

c y lin d e r. T h e  s u p p o rt f la re  h a lf  ang le  ( a = 20 d e g .) was se t 

w e ll be low  th e  in c ip ie n t s e p a ra tio n  ang le  ( a = 30 d e g .)

e s ta b lis h e d  b y  Colem an fo r  th e  65 cm s ta tio n . As a fu r th e r  

m easure to  a vo id  th e  e ffe c ts  o f up s tream  in flu e n c e  th e  p robes 

w ere  se t w e ll fo rw a rd  o f th e  f la re  in te rs e c tio n  lin e . S tiffe n in g  

o f th e  e x te n d e d  tub e s  was th e re fo re  cons ide red  necessa ry . A  

com plete assem b ly is  show n in  o p e ra tio n  in  F ig u re  10 w h ich  is  a 

syn c h ro n o us  S c h lie re n / fla s h  e xp o su re . F u r th e r  S c h lie re n  

p ic tu re s , ta k e n  a t fo u r o f th e  s ix  poss ib le  com binations o f tu n n e l 

co nd itio n  and  s ta tio n , con firm ed  th a t the  p ito t heads w ere  w e ll in  

f ro n t o f th e  d is tu rb a n c e  p ro p a g a te d  b y  th e  ra k e  s u p p o rt. (T h e  

most fo rw a rd  s ta tio n  was up s tre a m  o f th e  nozz le  e x it p lane  and 

cou ld  no t be p h o to g ra p h e d ). P ro b e  h e ig h ts  w ere  fix e d  d u r in g  

m anu fac tu re  b u t w ere  s y s te m a tic a lly  checked u s in g  an e sp ec ia lly  

adap ted  m ic rom e te r in c o rp o ra tin g  an e le c tro n ic  contac t in d ic a to r
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m ounted on a m achined V - b lo c k  w h ich  cou ld  be a c c u ra te ly  h e ld  

down on th e  c y lin d e r s u rfa c e .

3 .4 .3  Heat T ra n s fe r

T h ro u g h o u t th e  e n t ire  d u ra tio n  o f th is  e xp e rim e n ta l 

p rog ram m e hea t t ra n s fe r  in s tru m e n ta tio n  fo r h ig h  speed 

a p p lic a tio n s  was u n d e rg o in g  deve lopm en t. T h in  film  P la tin um  

re s is ta n c e  th e rm o m e te rs  m oun ted  on fo rm ed P y re x , used

p re v io u s ly  b y  Colem an am ongst o th e rs , w ere  cons ide red  

u n s u ita b le  in  v iew  o f th e  s tro n g  ten d en cy  fo r th e  P y re x  slab to  

l i f t  p ro u d  o f th e  m odel s u rfa c e . F o r th e  th re e  d im ensiona l

e xp e rim e n ts , w he re  lo c a l g ra d ie n ts  in  hea t t ra n s fe r w ere  lik e ly  

to  be fu n c tio n s  o f b o th  th e  (X )  and  (0 ) co-o rd ina tes , th is  sim p le 

a rra n g em e n t was fe lt  in a d e q u a te . T he  m ethod f in a lly  chosen b y  

th e  a u th o r in v o lv e d  th e  m a n u fa c tu re  o f a m ild- s tee l jig  in to  

w h ic h  35 q u a rtz  beads cou ld  be in d iv id u a lly  m ounted . These  

beads w ere  g ro u n d  and  p o lis h e d  as shown in  F ig u re  7 from  0 .3  

cm q u a rtz  ro d . T h e  jig  a ssem b ly  was th e n  m ounted in  a vacuum  

s p u tte r in g  cham ber and  a 3 m ic ro n  film  o f P la tin um  deposited  

o v e r a re g io n  m easu rin g  0 .3  cm x  0.03 cm on th e  top  face. T h is  

p rocess was c a rrie d  o u t b y  th e  D epa rtm en t o f E le c tric a l 

E n g in e e rin g  a t Im p e ria l C o lle g e . W ire  leads w ere  th e n  so lde red  

to  th e  s p u tte re d  beads u n d e r a m icroscope and th e  f in a l e lem ent 

was s u b se q u e n tly  p o tte d  in  th e  in s tru m e n ta tio n  m odule u s in g  an 

e p o xy- re s in  fo r in s u la tio n . R es is tance  te s ts  w ere  p e rfo rm ed  a t 

each stage  o f m anu fac tu re  and  th e  fa ilu re  ra te  was d isap p o in t­

in g ly  h ig h  (^ 5 0 % ). N e v e rth e le s s , once m ounted , th e  complete 

u n it  was fo und  to  g iv e  good s e rv ic e  u n d e r h ig h ly  a b ra s ive  

c o n d itio n s . A  ty p ic a l in c re a se  in  film  re s is ta nce  b e fo re  and a fte r 

com p le ting  a se rie s  o f tu n n e l e xp e rim e n ts  was le ss  th a n  1% o f th e  

s ta r t in g  v a lu e . T h e  th e o ry  a n d  o p e ra tio n  o f th in  film  heat 

t ra n s fe r  gauges is  g iv e n  b y  S c h u ltz  and Jones (1973 ). The  

s ig n a l o u tp u t from  these  gauges was p rocessed  u s in g  a se rie s  o f 

e le c tric a l ana logue c irc u its  a v a ila b le  in  th e  tu n n e l data 

c o n d itio n in g  u n it .

3 .4 .4  F low  V is u a lis a tio n

T h e  te s t fa c ility  in c o rp o ra te s  a s in g le  pass S c h lie re n
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system  w ith  an o p tic a l p a th  o f a p p ro x im a te ly  50 m etres (d ue  to  

u n u s u a lly  c ram ped c o n d itio n s ). C o n seq u en tly , th is  system  ten d s  

to  p roduce  p h o to g rap h s  w ith  a g ra in y  te x tu re  in  reg io n s  o f 

u n d is tu rb e d  flow  due to  convec tio n  c u rre n ts  o u ts id e  th e  

cham ber. T h e  a rg o n  s p a rk  lig h t  source is  tr ig g e re d  from  a 

tra n s d u c e r p laced  close to  th e  p is to n  s ta r t in g  p o s itio n  in  th e  

b a rre l.  A  re c o rd  o f th e  t r ig g e r  p u lse  was co llec ted  on th e  same 

P o la ro id  p ho to g rap h  as th e  to ta l p re s s u re  s ig n a l th u s  e n s u rin g  

th a t th e  S c h lie re n  p ho to  and  d a ta  co rresponded  e x a c tly . T h e  

e xp o su re  tim e (o r s p a rk  d is c h a rg e  tim e ) was m easured u s in g  a 

p ho to - e le c tric  d iode c irc u it  in  a s in g le  te s t made e a rly  in  th e  

se rie s  and  was fo un d  to  h a ve  an e ffe c tiv e  d u ra tio n  o f 1 
m icrosecond. A ssum ing  an a ve ra g e  tu n n e l fre e  stream  v e lo c ity  

o f 1400 m /s. th is  sys tem  was th e re fo re  ab le  to  re so lve  th e  

passage o f la rg e  d e n s ity  f lu c tu a tio n s  to  w ith in  1.5 mm. T h is

was fo und  adequate  to  re s o lv e  some o f th e  f in e r  d e ta ils  o f th e  

in te ra c tio n  shock sys tem  as can be seen in  th e  p h o to g ra p h s , 

F ig u re s  11 to  12 and  60 to  77.
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4. R E S U LTS  AN D  D IS C U S S IO N  OF TH E  A X IS Y M M E T R IC  

T U R B U L E N T  B O U N D A R Y  LA Y E R  S TU D Y

4.1  P R E D IC T E D  FLOW F IE L D  AND  E X P E R IM E N T A L  

C O M PAR IS O N S

A  com pu te r p ro g ram  based on the  m ethod o f ro ta tio n a l 

c h a ra c te ris tic s , (P u llin  1974 ), was em ployed to  ob ta in  a 

p re d ic tio n  o f th e  fo re b o d y  flow  fie ld  a t Moo = 9 .31 . The  re s u lts  

a re  show n in  F ig u re s  13, 14 and  15. T he  f ir s t  d is tu rb a n c e  from  

th e  cone s h o u ld e r e xp an s io n  fa n  in te ra c ts  w ith  th e  bow shock 

w ave a f te r an a x ia l ru n  o f 28 cm s. T he  in te ra c tio n  gene ra tes  a 

re g io n  o f ro ta tio n a l flow  some d is tance  o u tb o a rd  o f th e  c y lin d e r 

s u rfa c e . T h e  b o u n d a ry  o f th e  ro ta tio n a l la y e r re la xe s  s lig h t ly  

to w a rd  th e  c y lin d e r su rfa c e  as th e  f la re  in te rs e c tio n  lin e  (X  = 65 

cm) is  app roached . T h e  re g io n  is  c h a ra c te ris e d  b y  ra d ia l 

g ra d ie n ts  o f to ta l p re s s u re , Poe and  e n tro p y . T h is  is  d is tin c t 

from  th e  b o u n d a ry  la y e r  in  th e  re a l flo w , and i t  is  im p o rta n t to  

assess its  lik e ly  e ffe c t upon  th e  e xp e rim e n ta l f la re  p re s s u re  

f ie ld . F ig u re  15 shows th e  p re d ic te d  v a ria tio n  o f Poe w ith  ra d ia l 

p o s itio n  a t X  = 65 cm. T h e  re s u lt  in d ic a te s  th a t th e  s lip- s tream  

e ffe c t from  th e  bow shock m ay be  o f s ig n ific ance  fo r th e  h ig h e s t 

f la re  a n g le , (cc= 40) w he re  th e  re a tta c hm en t p re s s u re  f ie ld  m ay 

no t have  re la x e d  f u lly  b e fo re  s tre am lin e s  from  th is  re g io n  

in te rs e c t th e  f la re . T h e  f la re  su rface ' and  p o s itio n  o f (£ ) fo r  

th e  e x trem e  case in  th e  p re s e n t e xp e rim en ts  is  in c lu d e d  in  th e  

F ig u re  to  c la r if y  th is  p o in t.

T h e  fo re b o d y  s ta tic  p re s s u re  d is tr ib u tio n , w h ich  was 

m easured  b y  Co lem an, is  com pared  w ith  th e  th e o re tic a l re s u lt in  

F ig u re  14. T h e  ag reem en t is  good w ith  l i t t le  change in  p re s s u re  

fo r th e  f in a l 30 cm o f b o u n d a ry  la y e r deve lopm ent up to th e  

lo ca tio n  o f th e  f la re  in te rs e c tio n  lin e . In  th e  v ic in ity  o f th e  

cone s h o u ld e r F ig u re  13 in d ic a te s  th a t a s tro n g  ra d ia l s ta tic  

p re s s u re  g ra d ie n t sho u ld  e x is t o u tb o a rd  o f th e  c y lin d e r. 

M oderate  su rfa c e  p re s s u re  g ra d ie n ts  a re  e v id e n t in  Colem an’s 

e xp e rim e n ta l re s u lts  fo r th e  same lo c a tio n . T he  e xp e rim e n ta l 

re s u lts  a re  o b v io u s ly  connec ted  w ith  a v iscous  in te ra c tio n  

betw een th e  b o u n d a ry  la y e r  and  fre e  stream  as th e  flow  a d ju s ts  

from  con ica l to  a x is ym m e tric  flow  dow nstream  o f th e  sho u ld e r.
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B o th  th e  th e o re tic a l and  e xp e rim e n ta l re s u lts  fo r th is  re g io n  

sugges t th a t i t  is  im p o rta n t to  c o ns id e r th e  c um u la tive  e ffe c t o f 

fo re b o d y  geom etry on th e  b o u n d a ry  la y e r deve loped  in  these  

e xp e rim e n ts , p a r t ic u la r ly  w ith  re sp ec t to  tra n s itio n  b e h a v io u r. 

T h is  is  d iscussed  f u r th e r  in  th e  n e x t sec tio n .

4 .2  T R A N S IT IO N

N a tu ra l t ra n s it io n  was chosen in  o rd e r to  m a in ta in  some 

deg ree  o f c o m p a tib ility  w ith  th e  e xp e rim en ts  o f Coleman and 

E lfs tro m  and  to  a vo id  th e  p o s s ib ility  o f anom alous e ffec ts  w h ich  

can som etimes a ris e  w ith  tr ip p e d  h yp e rso n ic  flow s w he re  

deve lopm ent le n g th s  a re  in a d e q u a te . T he  loca tio n  o f tra n s itio n  

was in v e s tig a te d  u s in g  th e  s u rfa c e  p ito t m ethod o u tlin e d  b y  

R ic h a rd s  and  S to lle ry  (1966 ). T h e  re s u lts  a re  shown in  F ig u re  

16 (a ) . T h e  c o rre sp o n d in g  h ea t t ra n s fe r d is tr ib u tio n  ob ta in ed  

b y  Colem an fo r th e  h ig h  u n it  R e yn o ld s  num be r tu n n e l co nd itio n  

is  show n in  F ig u re  16 (b ) .

5
F o r Reoo/cm  = 5.17 x  10 th e  hea t t ra n s fe r d is tr ib u tio n  is  

f a ir ly  c o ns tan t and  th e  su rfa c e  p ito t p re s s u re  is  re la x in g  o v e r 

th e  e n tire  le n g th  o f th e  c y lin d e r,  in d ic a tin g  th a t tra n s itio n  has 

o c c u rre d  b e fo re  th e  cone s h o u ld e r. T he  re s u lts  fo r Reoo /cm =
5

1.29 x  10 a re  q u ite  d if fe re n t and  e x h ib it a steep ris e  in  p ito t 

p re s s u re  c h a ra c te ris tic  o f a tra n s it io n a l b o u n d a ry  la y e r.  T he  

tra n s itio n  R e yn o ld s  n um b e rs  a re  g ive n  in  T ab le  3 w h ich  is  a 

sum m ary o f d a ta  o b ta in ed  from  th e  Im p e ria l Co llege No. 2 tu n n e l, 

to  d a te . T h e  p a ram e te rs  a re  d e fin e d  in  F ig u re  16 (a ).

TABLE 3: Transition Data from the No. 2 Gun Tunnel
Author Model Type M CO Re°o /cm 

x 10'5
ReAx 
x 10“6

Rextrg 
x 10'6

Elfstrom Flat Plate 8.93 1.29 1.8 4.1M i i 9.31 5.17 6.3 13.8
Coleman i i 8.93 1.29 2.2 5.0n II 9.31 5.17 7.1 14.1

i i Hollow J 8.93 1.29 3.6 6.2
i i Cylinder l 9.31 5.17 9.4 19.3

Experiment* Cone f 8.93 1.29 3.9 6.7
i i Cylinder \ 9.31 5.17 <7.4 <7-4

*Note: These data are based on conditions downstream of 
shoulder.

the cone
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T he  sh ro ud ed  m odel te s ts  o f Pate and S c h u le r (1969) have  

con firm ed  th a t th e  lo c a tio n  o f tra n s itio n  can be s tro n g ly  

in flu e n c e d  b y  no zz le  w a ll acoustic  ra d ia tio n  re s u lt in g  in  a 

s p u rio u s  u n it R e yn o ld s  n um b e r tre n d . I t  is  b e lie ve d  th a t th e  

ra d ia tio n  f ie ld  becomes focused  on th e  model geom etry and  

b o u n d a ry  la y e r ,  t r ig g e r in g  p re m a tu re  in s ta b ilit ie s . T he  p o s itio n  

o f tra n s itio n  is  th e n  dependen t on th e  in te rs e c tio n  o f th e  Mach 

cone o rig in a tin g  from  th e  n o zz le  tra n s itio n  p la n e . F o r constan t 

Mach num b e r in  th e  fre e  s tre a m , b u t v a ry in g  nozz le  tra n s itio n  

lo c a tio n , ( i. e .  v a ry in g  u n it  R e yn o ld s  n u m b e r), a fa lse  R eyno ld s  

num b e r tre n d  can be im posed on th e  model tra n s itio n  reg im e . I t  

is  p ro b ab le  th a t th e  re s u lts  in  T ab le  3 have  a ll come from  flow s 

enve loped  in  ra d ia tio n  f ie ld  and accu ra te  q u a n tita tiv e

com parisons be tw een th e  th re e  d iffe re n t geom etries a re  d if f ic u lt  

to  m ake. I t  sho u ld  be m en tioned  th a t d u rin g  th e  p re s e n t

e xp e rim e n ts  th e  m odel s u p p o rt was p laced  w ith in  0 .5  cm o f 

Colem an’s o r ig in a l p o s itio n . T h e  hea t t ra n s fe r and su rface  p ito t 

d is tr ib u tio n s  fo r th e  h ig h  u n it  R eyn o ld s  num be r a re  th e re fo re  

cons id e red  m u tu a lly  com pa tib le .

W ith  th e  above comments in  m ind , and c o n s id e rin g  say , th e  

h ig h  u n it R eyn o ld s  n um b e r c o n d itio n , th e  ho llow  c y lin d e r 

tra n s itio n  R eyn o ld s  n u m b e r ( R e x ^ )  ob ta in ed  b y  Coleman is  

p e rc e p tib ly  h ig h e r th a n  th e  f la t  p la te  v a lu e . Coleman suggested  

th a t th is  in c re a se  was in  ag reem en t w ith  th e  a n a lys is  o f 

P ro b e s te in  and  E llio t (1956) who conc luded  th a t th e  shea r s tre s s  

d e r iv a tiv e  in  th e  tra n s fo rm e d  momentum  e q ua tio n , w h ich  embodies 

th e  e ffe c ts  o f tra n s v e rs e  c u rv a tu re ,  behaves lik e  an e x te rn a l 

fa vo u ra b le  p re s s u re  g ra d ie n t. T he  in fe re n c e  b e ing  th a t 

tra n s itio n  w ill be d e la yed  on a x is ym m e tric  bod ies. E c k e rt (1952) 

conc luded  th a t tra n s v e rs e  c u rv a tu re  e ffec ts  o n ly  became 

ap p re c iab le  w hen g /R  app roaches u n ity .  T he  p re se n t re s u lts , 

and those  o f Colem an, w e re  o b ta in ed  fo r siR in  th e  reg io n  o f 

0 .3 . T h e  ' e ffe c ts  o f a x is ym m e try  on th e  c y lin d e r shou ld  

th e re fo re  be w eak a lth o u g h  a 37% in c re a se  in  Rex^r  is  e v id e n t in  

th e  above com parison . T h e  p o s s ib ility  o f anom alous e ffec ts  due 

to  no zz le  acoustic  ra d ia tio n  canno t th e re fo re  be ru le d  ou t as a 

c o n trib u tin g  fa c to r in  th is  d iffe re n c e .
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I t  is  in te re s t in g  to  no te  th a t th e  data  fo r th e  f la t p la te  and

ho llow  c y lin d e r geom etries  in  T ab le  3 e x h ib it s tro n g  u n it

R eyno ld s  num b e r tre n d s  fo r th e  p a ram e te r Rex^r  w hereas fo r th e

cone c y lin d e r geom etry  th e y  do n o t. In  th is  case, a t Reoo/cm  = 
5

1.29 x  10 th e  v a lu e  o f R ex^ r  is  s im ila r to  th e  ho llow  c y lin d e r

re s u lt  b u t i t  is  c le a r from  F ig u re  16 th a t tra n s itio n  is  b a re ly

com pleted a t th e  f la re  in te rs e c tio n  lin e  and th e  b o u n d a ry  la y e r

has p h y s ic a lly  ta k e n  lo n g e r to  d eve lop . In c re a s in g  Reoo/cm  to  
5

5.17 x  10 fa ile d  to  p ro d uce  an inc rease  in  R e x t r . In s te a d , 

ra p id  deve lopm ent has o c c u rre d  o v e r th e  nose cone g iv in g  ris e  

to  an even  lo w e r v a lu e  o f R e x .^  com pared w ith  th e  f la t p la te . 

T h e  subsequen t ru n  o f p o s t t ra n s it io n a l flow  is  in c re a sed  b y  

o v e r 200%. T h e  s ta te  o f th e  b o u n d a ry  la y e r re a c h in g  th e  f la re  

in te rs e c tio n  lin e  in  th e  c u rre n t e xp e rim en ts  th e re fo re  co ve rs  a 

w id e r ra n g e  o f deve lopm en t th a n  was e xp e rie nced  b y  Coleman 

and  E lfs tro m  u s in g  th e  same tu n n e l c o nd itio n s .

E v id e n tly , changes in  u n it  R eyn o ld s  num be r can have  an 

u n c h a ra c te ris tic  in flu e n c e  on co n e- cy lin d e r tra n s itio n  b e h a v io u r. 

T h e  reason  fo r th is  is  p ro b a b ly  connected . w ith  th e  lo ca tio n  o f 

tra n s itio n  re la t iv e  to  th e  cone s h o u ld e r. T ra n s itio n  b e fo re  th e  

s h o u ld e r w ill be in flu e n c e d  b y : -

i)  Concave s tre a m lin e  c u rv a tu re

i i)  L a te ra l d ive rg e n c e

i i i )  C om pression

W hereas tra n s it io n  a f te r th e  s h o u ld e r w ill be in flu e n c e d  b y :

iv )  C o n vex  s tre a m lin e  c u rv a tu re

v )  L a te ra l conve rgence

v i)  E xp ans io n

B rad shaw  (1972) has c la s s ifie d  these  e ffec ts  as " e x tra  ra te s  

o f s tra in "  and from  e m p iric a l s tu d ie s  concluded th a t th e  e ffec ts  

o f mean com pression on th e  R e yn o ld s  s tre sse s , in  p a rt ic u la r, a re  

u n e xp e c te d ly  la rg e  u n d e r such  co n d itio n s  and m ust th e re fo re  be 

ta ke n  in to  c o n s id e ra tio n  a long  w ith  th e  e ffec ts  o f s tream lin e  

c u rv a tu re  and  la te ra l d iv e rg e n c e . He concludes th a t the  

co nd itio n s  i )  to  i i i )  in c re a se  tu rb u le n c e  in te n s ity  and iv )  to  v i)  

red uce  o r " fre e z e " th e  tu rb u le n t f ie ld . T h e  re s u lts  ob ta in ed  b y
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Rose (1973) fo r a sho ck w ave  b o u n d a ry  la y e r in te ra c tio n  

c e rta in ly  sugges t th a t th e  m axim um  R eyno ld s  shea r s tre s s  is  

s ig n if ic a n tly  in c re a sed  u n d e r th e  in flu e n c e  o f mean com pression. 

C o n ve rs e ly , Page and  S e rn a s  (1970) have  ob se rved  th e  ap p a re n t 

s up p re ss io n  o f tu rb u le n c e  in  a P ra n d tl- M e ye r e xp ans io n . 

E v id ence  fo r th e  a d d itio n a l e ffe c ts  o f s tream lin e  c u rv a tu re  and 

d ive rg e n c e  is  con fused , a t p re s e n t, and the  q u a n tita tiv e  

in flu e n c e  o f " e x t ra  s tra in "  in  tu rb u le n t fie ld s  con tin ues to  be th e  

sub je c t o f c u rre n t re s e a rc h  in  low  speed flow s.

These  o b se rva tio n s  in d ic a te  th a t th e  co ne- cy lind e r tra n s itio n  

b e h a v io u r is  fa r  m ore com p lica ted  th a n  th e  e q u iv a le n t f la t p la te  

and  ho llow  c y lin d e r case. T h e  p o s s ib ility  o f anom alous e ffec ts  

on tra n s itio n  due to  changes in  u n it R eyno ld s  num be r is ,  in  

these  e xp e rim e n ts , com pounded b y  even  g re a te r in flu e n c e s  

a ris in g  from  m odel g e o m e try . H o w eve r, i t  is  c le a r from  th e  

e xp e rim e n ta l re s u lts  th a t th e  b o u n d a ry  la y e r e n te r in g  th e  f la re  

p re s s u re  f ie ld  a t th e  low  u n it  R eyn o ld s  num be r is  ju s t post 

t ra n s itio n a l and  th e  tu rb u le n c e  s tru c tu re  is  th e re fo re  lik e ly  to  be 

u n d e rd e ve lo p e d ; w he reas a t th e  h ig h  u n it R eyno ld s  n u m b e r, a 

co ns id e rab le  ru n  o f post t ra n s it io n a l flow  is  ach ie ved . These  

conc lus ions a re  f u r th e r  s u p p o rte d  b y  th e  re s u lts  o f s e ve ra l 

b o u n d a ry  la y e r  s u rv e y s  p e rfo rm e d  on th e  co ne- cy lind e r 

g e o m e try .

4 .3  B O U N D A R Y  L A Y E R  S U R V E Y S

S ix  p ito t p re s s u re  p ro f ile s , th re e  a t each tu n n e l co n d itio n , 

w e re  o b ta in ed  u s in g  th e  p ro b e  assem b ly d esc rib ed  in  Section

3 .4 .2  T h e  m easu rin g  s ta tio n s  w e re  set a t re g u la r a x ia l in te rv a ls  

o f 25 cm w ith  th e  f in a l p o s itio n  se t a t th e  f la re  in te rs e c tio n  lin e  

( f la re  re m o ve d ). T h e  R a y le ig h  p ito t fo rm u la  was u sed , a long  

w ith  th e  u s u a l assum p tion  o f c o n s ta n t s ta tic  p re s s u re  across the  

b o u n d a ry  la y e r ,  to  c a lc u la te  M ach num be r p ro file s . V e lo c ity  

p ro file s  w ere  o b ta in ed  u s in g  th e  lin e a r C rocco re la tio n  fo r the

te m p e ra tu re  d is tr ib u tio n  

T = 1 + r. (ir-l)Me2 .
g ive n  b e lo w . 

1 -  A i + Tw - Tr
Te 2 - \ ue ) _ Te

where Tr = 1 -f r. (y-1) Me2 and r = 0.89
Te 2.

also u = M . a  = M T '2
ue Me ae Me Te

1 - u_
ue J

-- (4.1)

-- (4.2)
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B y  s u b s titu t in g  (4 .2 ) in  e q u a tio n  (4 .1 ) a q u a d ra tic  in  (T /T e )^  

is  ob ta in ed  th e  so lu tio n  o f w h ic h  can th e n  be used in  equa tio n  

(4 .2 ) to  y ie ld  u /u e . T h e  m ethod th e re fo re  fo llow s the  s ta n d a rd  

tw o d im ensiona l a p p ro ac h , in  th e  absence o f m easured to ta l 

te m p e ra tu re  p ro f ile s . P ro b e s te in  and E llio tt  (1956) dem onstra ted  

th a t th e  C rocco In te g ra l,  fo r u n ity  P ra n d tl num be r and ze ro  

p re s s u re  g ra d ie n t in  la m in a r b o u n d a ry  la y e rs , is  also v a lid  fo r 

a ll <$/R in  a x is ym m e tric  flo w s . A s w ith  th e  two d im ensiona l case, 

s u b s titu tio n  o f th e  te m p o ra l m ean va lu e s  o f th e  tu rb u le n t flo w  

d e riv a tiv e s  e x te n d s  th e  v a lid it y  o f th is  in te g ra l to  tu rb u le n t 

b o u n d a ry  la y e rs , w ith  an  a p p ro p ria te  choice o f re c o ve ry  fa c to r. 

W ith o u t sp ec ific  kno w led g e  o f th e  tu rb u le n t P ra n d tl num be r 

d is tr ib u tio n  fo r these  e xp e rim e n ts  th e  commonly accepted 

re c o v e ry  fa c to r fo r tw o  d im ens io na l flow  has been u sed . 

C a lc u la tio n  e r ro rs  in  th e  v e lo c ity  p ro file s  due to  a x is ym m e tric  

e ffec ts  m ay th e re fo re  e x is t d ue  to  an incom p le te  know ledge o f 

th e  R eyn o ld s  s tre s s  b e h a v io u r u n d e r tra n s v e rs e  c u rv a tu re . I t  

is  a lso acknow ledged  th a t th e  b o u n d a ry  la y e rs  deve loped  in  these  

e xp e rim e n ts  m ay s u ffe r from  a h is to ry  o f p re s s u re  g ra d ie n t 

e ffec ts  deve loped  o v e r th e  nose cone. T he  use o f th e  lin e a r 

C rocco re la tio n s h ip  m ay th e re fo re  be in a p p ro p ria te  fo r tho se  

p ro file s  ta k e n  close to  th e  n o zz le  s h o u ld e r, a t x  = 25 cm.

T he  re s u lts  a re  show n in  F ig u re  17 th ro u g h  to  F ig u re  22. 

T h e  m ethod used  to  c a lc u la te  ( <5L ) is  shown in  F ig u re  23 w h ich  

also in c lu d e s  a com parison o f da ta  ob ta in ed  b y  Coleman and  

E lfs tro m . I t  can be seen th a t th e  estim ated  e r ro r  fo r 6 L is  q u ite  

h ig h , ty p ic a lly  tw o p ro b e  h e ig h ts  o r 0 .1  <5 a t x  = 65 cm. T h e  

q u a lity  o f th e  da ta  is  d is a p p o in tin g , p a r t ic u la r ly  in  v iew  o f th e  

a d d itio n a l p ro b e  deve lopm en t w o rk  w h ich  was u n d e rta ke n  to  

im p ro ve  on th e  re s u lts  o b ta in ed  b y  E lfs tro m .

In it ia lly ,  i t  was th o u g h t th a t  th e  e xp e rim e n ta l s c a tte r m ay 

have  been due to  a ’re p e a ta b le 1 flow  asym m e try  compounded b y  

th e  use o f a c irc u m fe re n tia l a r ra y  o f p ito t tu b e s . H ow eve r, an 

e x te n s iv e  re- exam ina tio n  o f each s ta tio n , b y  m o n ito rin g  f iv e  

equ ispaced  p robes  s im u lta n e o u s ly , gave no in d ic a tin g  o f 

’re p e a ta b le ’ (o r p e rs is te n t)  asym m e try  in  th e  flow . T h e  

a d d itio n a l d a ta  p o in ts  te n d e d , i f  a n y th in g , to  e n la rg e  on an
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a lre a d y  p e rp le x in g  s ta te  o f a ffa irs  le ad in g  to  a d is tin c t ly  random  

sp read  o f d a ta  to w a rd s  th e  o u te r reaches o f th e  b o u n d a ry  

la y e rs . In  th is  re g io n , in  p a r t ic u la r ,  p ito t p re s s u re s  v a r ie d  

c o n s id e ra b ly  on a ru n  to  ru n  b as is , re g a rd le s s  o f a n y  g iv e n  

p ro b e  o r p o s itio n . C u r io u s ly , th e  e xp e rim e n ta l s c a tte r in  th e  

o u te r re g io n s  a lso ap p ea rs  to  g e t w orse tow a rds  the  re a r o f th e  

m odel. I t  sho u ld  be added th a t th e  q u a lity  o f th e  unp rocessed  

ana logue s ig n a ls  o b ta in ed  in  th e  o u te r re g io n  was co ns is ten t w ith  

th a t o b ta in ed  c lo se r to  th e  c y lin d e r w a ll. C o n seq uen tly , i t  was 

n o t poss ib le  to  d is c rim in a te  on th e  bas is  o f u n c h a ra c te ris tic  

p re s s u re  f lu c tu a tio n s  d u r in g  th e  p re s c rib e d  s te ad y  ru n n in g  

p e rio d . M o re o ve r, th e  d a ta  a re  no rm a lized  w ith  th e  m easured 

re s e rv o ir  p re s s u re  (P o ) and  ru n  to  ru n  v a ria tio n s  sho u ld  

th e re fo re  be la rg e ly  accoun ted  fo r .

U n fo rtu n a te ly  no s a tis fa c to ry  e xp la n a tio n  fo r th e  

e xp e rim e n ta l s c a tte r has y e t b een  fo un d . H ow eve r, i t  may be 

re le v a n t to  no te  th a t th e  da ta  o b ta in ed  b y  B a r t le t t  e t a l (1979) 

in  th e  same fa c ility ,  b u t u s in g  a f la t p la te  m odel, e x h ib it th e  

same tendenc ies  a lth o u g h  to  a le s se r e x te n t. T he  p robe  

sp ec ific a tio n  fo r B a r t le t t ’s e xp e rim e n ts  was s im ila r to  th a t used 

h e re  b u t th e re  is  no e v id en ce , to  d a te , to  suggest a fa u lt in  th e  

d e s ig n . In  v ie w  o f th e  good q u a lity  o f th e  unp rocessed  s ig n a ls , 

and th e  te n d en c y  fo r s te ad y  s ta te  re a d in g s  ta ke n  from  in d iv id u a l 

p robes  to  v a ry  on a ru n  to  ru n  b as is , i t  is  conce ivab le  th a t 

random  asym m e try  m ay be p re s e n t in  th e  te s t flow  co re . Such a 

s itu a tio n  cou ld  be v is u a liz e d  i f  tra n s itio n  d id  no t a lw ays occu r 

s ym m e tric a lly  a ro u n d  th e  no zz le  w a ll from  one ru n  to  the  n e x t. 

F o r th e  reason  s ta te d  in  S ec tio n  4 .1 .2  th is  w ou ld  also lead  to 

v a ria tio n s  in  th e  lo ca tio n  o f t ra n s it io n  on th e  model in  bo th  th e  

a x ia l and  c irc u m fe re n tia l sense. T h e  in te g ra te d  e ffec t o f te s t 

core asym m e try  on th e  bow shock system , coup led w ith  th e  use 

o f a c irc u m fe re n tia l a r ra y  o f m easurem ent p ro b e s ,w o u ld  c e rta in ly  

be expec ted  to  cause la rg e  d iffe re n c e s  in  p ito t p re s s u re  a ro und  

th e  m odel. F o r in s ta n c e , a t a nom ina l fre e  stream  cond itio n  o f 

Moo = 9 .3  and  Po = 9500 p s ia , a one deg ree  p o s itiv e  v a ria tio n  in  

mean flow  d ire c tio n  w ou ld  be s u ff ic ie n t to  cause o v e r a 20% 

re d u c tio n  in  to ta l p re s s u re  b e h in d  th e  bow shock. T h is , in  

tu rn ,  w ou ld  re s u lt  in  a s im ila r re d u c tio n  in  th e  p ito t
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m easurem ent dow nstream . P u t c ru d e ly , th is  cou ld  am ount to  a 

40% d iffe re n c e  in  re a d in g  be tw een tw o d ia m e tric a lly  opposed 

p robes d u r in g  a g ive n  ru n .  In  fa c t, le ss  th a n  h a lf  o f th is  flow  

d e fle c tio n  ( i.e .  i d e g re e ) w ou ld  be s u ffic ie n t to  account fo r th e  

e xp e rim e n ta l s c a tte r in  th e  c u rre n t re s u lts . T h is  suggestio n  is  

a lso com patib le  w ith  B a r t le t t ’s o b se rva tio n s  s ince , fo r th e  f la t  

p la te  c o n fig u ra tio n , th e  le a d in g  edge shock is  c o n s id e ra b ly  

w ea ke r and  th e  in te g ra te d  e ffe c ts  o f asym m e try  on th e  to ta l 

p re s s u re  b e h in d  th is  d is tu rb a n c e  w ou ld  also be s ig n if ic a n tly  

sm a lle r. M o re o ve r, B a r t le t t ’s p ito t ra k e  w ould  have  been 

in h e re n tly  in s e n s itiv e  to  th e  c u m u la tive  e r ro r  to  be expec ted  

w ith  a c irc u m fe re n tia l ra k e , s ince  h is  in s tru m e n ta tio n  la y  a t th e  

c e n te r o f th e  p la te  and  v ir t u a l ly  in  one p lane  o f s ym m e try . I t  is  

im p o rta n t to  s ta te  th a t p ito t p ro b e s  a re , them se lves, re la t iv e ly  

in s e n s itiv e  to  flow  a s ym m e try . T h e  e ffe c t d iscussed  he re  re s u lts  

from  th e  n o n - lin e a r b e h a v io u r o f to ta l p re s s u re  b eh ind  v a ry in g  

s tre n g th s  o f o b liq ue  shock.

T he  m ain d if f ic u lty  w ith  th e  above sugges tio n  is  th e  fac t 

th a t th e  unp rocessed  s ig n a ls  gave  no h in t o f unstead iness  in  th e  

te s t co re . T h is  w ou ld  sug g es t th a t a n y  m ino r d e flec tio ns  in  th e  

flow  rem a ined  re la t iv e ly  s ta b le  d u r in g  a g ive n  ru n . T h is  is  

ra th e r  d if f ic u lt  to  im ag ine  i f  one cons id e rs  th a t n e a rly  tw e n ty  

no zz le  e x it  d iam e te rs  o f te s t- c o re  flow  past th e  model d u r in g  th e  

f iv e  m illiseconds s te a d y  ru n n in g  p e rio d . Hence, a p a rt from  

these  ra th e r  s p e c u la tiv e  s u g g e s tio n s  th e  p rob lem  re a lly  rem a ins a 

m y s te ry  and c le a r ly  needs f u r th e r  e xp e rim e n ta tio n  and a n a ly s is .

In  sp ite  o f th e  e xp e rim e n ta l e r ro r ,  th e  e ffec t o f th e  ra d ia l 

p re s s u re  g ra d ie n t p re d ic te d  e a r lie r  fo r th e  sh o u ld e r re g io n  

(F ig u re  13) is  c le a r ly  e v id e n t in  th e  p ito t re s u lts  fo r x  = 25 cm 

and y  > 0 .5  cm in  F ig u re s  17 a n d  20. H e re , th e  ris e  in  s ta tic  

p re s s u re  th ro u g h  th e  e xp a n s io n  fan  p roduces an in c re ase  in  

p ito t p re s s u re  even  th o u g h  th e re  is  no p re d ic te d  g ra d ie n t in  

to ta l p re s s u re  fo r these  va lu e s  o f ( R ) . T he  re s u lts  fo r x  = 45 

and  65 cm a re  p re d ic te d  to  b e  in  a re g io n  o f w eak no rm a l 

p re s s u re  g ra d ie n t, i.e .

(Pe - Pw)/Pw<2% (S ec tio n  4 .1 .1 )
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and the  u s u a l b o u n d a ry  la y e r  assum ptions a re  cons ide red  f u lly  

ju s t if ie d  a t these  s ta tio n s . F o r th e  v e lo c ity  p ro file s  shown in  

F ig u re  19 and  22 th e  e ffe c ts  o f th e  ra d ia l p re s s u re  g ra d ie n t a t 

x  = 25 cm a re  m asked b y  th e  sq ua re  ro o tin g  o f th e  Mach num be r 

and te m p e ra tu re  te rm s  in  th e  C rocco re la tio n . T h is  p rocess a lso  

tends  to  ob scu re  th e  e xp e rim e n ta l s c a tte r as can be seen b y  

com paring  th e  re m a in in g  p ro file s  w ith  th e ir  p ito t p re s s u re  

c o u n te rp a rts .

V e lo c ity  p ro f ile  deve lopm en t tre n d s  a re  shown in  F ig u re  24 

w he re  d iffe re n c e s  in  p ro f ile  shape can be id e n tif ie d . The  low  

R eyno ld s  n u m b e r re s u lts  a re  d e ve lo p in g  in  a no n- s im ila r fa sh io n  

to w a rd  th e  f la re  in te rs e c tio n  lin e ,  co ns is ten t w ith  th e  evidence o f 

tra n s it io n , w he reas  th e  h ig h  R e yn o ld s  num be r p ro file s  e x h ib it 

s im ila r ity ,  in d ic a tiv e  o f post t ra n s it io n a l b e h a v io u r. A  d ire c t 

com parison made a t th e  in te rs e c tio n  lin e  (F ig u re  25) in d ic a te s  

th a t th e  tra n s it io n a l p ro f ile  is  m a rg in a lly  fu lle r .

H op k in s  e t a l (1970 ) fo u n d  th a t th e  V an  D rie s t (1951)

fu n c tio n  y ie ld e d  th e  b es t tra n s fo rm a tio n  o f nonad iaba tic  w a ll 

v e lo c ity  p ro f ile s  to  th e  e q u iv a le n t incom p ress ib le  v a lu e s . T h e  

fu n c tio n  is  show n below  a long  w ith  th e  equa tio n  fo r th e  Law o f 

th e  W all and  W ake (C o les 1956).

V A N  D R IE S T  I I

u = 1 Sin 1 2D2U/Ue-E
U£ D/Cfe Tw"\̂  \2  ' TeJ (E2 + 4D2)^
where D = (0.2)M e2 .TeTw_

E = Te + D2 - 1Tw

+ Sin”1

COLES

u = In R (Y/6) + Bi + 7i_ w(Y/6)
uT Ki Ki

where Ki = 0.41, Bi = 5.0

______E
? 9  V *(E + 4D

-- (4.3)

-- (4.4)

The  w ake fu n c tio n  (w ) has b een  app ro x im a ted  fo llo w in g  th e  

m ethod o f A lb e r and Coats (1 96 9 ):

W (Y /5 ) = 1 - Costt (Y /6 )
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T he  e xp e rim e n ta l and th e o re tic a l re s u lts  a re  com pared in  F ig u re  

26. Sm oothed da ta  h ave  b een  used  in  o rd e r to  c la r if y  th e  

deve lopm ent o f th e  w ake re g io n . T he  th e o re tic a l va lu e s  o f ifw e re  

ta ke n  from  th e  ta b u la tio n  g iv e n  b y  Coles (1956). T h e  f la t p la te  

re s u lt ,  re c e n tly  o b ta in ed  b y  B a r t le t t  (1979 ), is  a lso shown fo r 

com parison .

D iffe re n c e s  be tw een th e  f la t  p la te  and a x is ym m e tric  p ro file s  

a t Re9 = 11300 and  13000 re s p e c tiv e ly , a re  ap p a re n t w ith  th e  

la t te r  d is tr ib u tio n  e x h ib it in g  a s lig h t ly  more advanced s ta te  o f 

deve lopm ent in  th e  w ake re g io n . H ow eve r, a p a rt from  th is  th e  

tw o  p ro file s  a re  q u ite  s im ila r. T h e  low  R eyno ld s  num b e r 

d is tr ib u tio n  is  c le a r ly  in  a m uch e a r lie r  s ta te  o f deve lopm ent and 

does no t e x h ib it  a w ake re g io n  o f a n y  s ig n ific a n ce .

P e rhap s  th e  most s t r ik in g  aspect o f these  p ro file s  is  th e  

fa c t th a t th e y  a re  a ll e x tre m e ly  un d e rd e ve lo p ed  com pared w ith  

low  speed re s u lts  a t s im ila r le n g th  R eyno ld s  num be rs . T h is  has 

been a fre q u e n t o b s e rv a tio n  in  h ig h  speed e xp e rim en ts  and is  

g e n e ra lly  b e lie ve d  to  be th e  re s u lt  o f th e  tre n d  to w a rd  h ig h  

tra n s itio n  R eyn o ld s  n um b e rs  a t h yp e rso n ic  co nd itio n s . A s 

d iscussed  in  Sec tion  2 , th e  d e la y  in  h yp e rso n ic  tra n s itio n  is  

th o u g h t to  be connected  w ith  h ig h  w a ll re c o ve ry  tem p e ra tu re s  

and  an in c re a sed  tu rb u le n c e  dam p ing  e ffec t close to  th e  w a ll, 

( i. e .  h ig h  y ,  low  p  ) ,  in  com parison  w ith  th e  fre e  stream  

c o n d itio n s .

4 .4  B O U N D A R Y  L A Y E R  P A R A M E T E R S

N um e ric a l in te g ra tio n  o f th e  raw  da ta  p ro ve d  d if f ic u lt  due 

to  th e  e xp e rim e n ta l s c a tte r. In s te a d , th e  tra p e zo id a l ru le  was 

ap p lie d  to  a lo cus m an ua lly  fa ire d  th ro u g h  th e  e xp e rim e n ta l 

re s u lts . T h e  in te g ra l p a ra m e te rs  fo r th e  s ix  p ro file s  w ere  th e n  

ob ta in ed  u s in g  th e  s im p lifie d  fo rm u la  fo r a x is ym m e tric  flow s 

w he re  0.01 <6 /Rc <1 .0 , nam e ly :

6* + <5*2 /2Rc = Jq (1 - (OU/^eUe) (1 + Y/Rc) dy -- (4.5)

-- (4.7)

-- (4.6)
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w he re  Rc is  th e  c y lin d e r ra d iu s ,  <$ * th e  d isp lacem ent th ic kn e s s ,

0 th e  momentum  de fec t th ic k n e s s , E th e  k in e tic  e n e rg y  de fec t 

th ic kn e s s  a n d £  th e  lo ca l b o u n d a ry  la y e r h e ig h t.

T he  re s u lts  a re  show n in  T a b le  4 and a re  mapped in  F ig u re  

27 w he re  i t  can be seen  th a t th e  lo w e r R eyno ld s  num be r 

p a ram e te rs  a re  d e ve lo p in g  m ore ra p id ly  betw een x  = 45 cm and  

65 cm.

TABLE 4: Boundary Layer Integral Parameters
-5Reoo /cm x 10 X(cm) S*( cm) 9 (cm) E (cm) <$*/e

25 0.228 9.5 x 10"3 0.016 24 (result 
suspect]

1.29 45 0.302 0.016 0.029 18.9
63.6 0.528 0.029 0.054 18.2
25 0.279 0.015 0.027 18.6

5.17 45 0.387 0.020 0.036 19.35
65 0.518 0.030 0.055 17.27

S u rp r is in g ly  th e  th ic kn e s se s  a t th e  in te rs e c tio n  lin e  ( x  = 6 3 .6 , 

and  65 cm, f la re  rem oved ) a re  v ir t u a lly  id e n tic a l w ith in  th e  

e xp e rim e n ta l a c cu rac y . T h is  somewhat unexpec ted  re s u lt  

sugges ted  th a t f u r th e r  e xa m in a tio n  o f th e  p ro file s  e n te rin g  th e  

in te ra c tio n  was needed to  b r in g  o u t a n y  im p o rta n t d iffe re n ces  in  

d e ta il.

E v id ence  o f s tru c tu ra l d iffe re n c e s  betw een th e  two sets o f 

p ro file s  was u lt im a te ly  o b ta in ed  b y  p lo ttin g  pow er law  exponen t 

tre n d s  a g a in s t momentum th ic k n e s s  R eyno ld s  n um b e r. T h e  

e xp o nen t (N ) in  th e  re la tio n :

y  IS = ( u / u e )1/N

was o b ta in ed  b y  f it t in g  a s tra ig h t  lin e  to  a lo g a rith m ic  p lo t o f. 

th e  sm oothed da ta  and m e a su rin g  th e  s lope. T h e  re s u lts  a re  

shown in  F ig u re  28. T h e  c h a ra c te r is tic  o ve rsho o t in  (N ) , no ted 

b y  Johnson and  B u s h n e ll (1 9 7 0 ), am ongst o th e rs , as a fe a tu re  o f 

t ra n s itio n a l flo w s , is  c le a r ly  e v id e n t fo r low  va lu e s  o f R e 0 . 

T he  va lu e  fo r x  = 25 cm and R e 00 /cm = 1.29 x  10 is , h o w eve r,
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in c o n s is te n t w ith  th e  g e n e ra l tre n d  and  p ro b e  w a ll in te rfe re n c e  

m ay be th e  cause o f th is  d is c re p a n c y . T h is  m ay also e xp la in  th e  

h ig h  v a lu e  o f shape p a ra m e te r c a lc u la te d  fo r th is  p ro f ile  in  T a b le

4 . I t  is  in te re s t in g  to  no te  th e  w ide ra n g e  in  ReQ g ene ra ted  b y  

th e  c o n e - c y lin d e r g e o m e try . A s  no ted  in  Sec tion  4 .1 .2  th is  is  

p ro b a b ly  a consequence o f th e  re la t iv e ly  a c ce le ra ted  and  d e la yed  

t ra n s it io n  tre n d s  no ted  fo r  th is  geom etry  a t th e  tw o  tu n n e l 

c o n d itio n s , w hen com pared  w ith  th e  f la t p la te  and  ho llow  c y lin d e r 

re s u lts  o f E lfs tro m  and  C o lem an.

4 .5  S K IN  F R IC T IO N

T h e  s k in  f r ic t io n  v a lu e s  in  eq ua tio n  4 .3  w e re  c a lc u la te d  

from  m easu red  S ta n to n  n u m b e rs  w he re

St = q/ta>elle (Hr - Hw)) jnd 2St/Cfe = 1.16

T h e  cho ice o f R e yn o ld s  a n a lo g y  fa c to r above is  c o n s is te n t 

w ith  th e  recom m endations o f C h i and  S p a ld in g  (1966) and was 

made in  th e  absence o f a n y  c o n c lu s ive  e v id ence  fo r a m ore 

s u ita b le  v a lu e  u n d e r h ig h  M ach n u m b e r, co ld  w a ll c o n d itio n s . 

T ab le  5 lis ts  th e  s k in  f r ic t io n  re s u lts  from  th e  co ne- cy lin d e r 

e xp e rim e n ts  and  a lso  in c lu d e s  re c a lc u la te d  estim a tes o f C fe from  

Co lem an’s f la t  p la te  and  ho llo w  c y lin d e r h ea t t ra n s fe r  

e xp e rim e n ts , u s in g  th e  same R e yn o ld s  ana lo g y fa c to r.

TABLE 5: Skin Friction Coefficients At Wedge/Flare
Intersection Line

Model Conditions Station Cfe
Me(oo) Re («)/cm

e -5 x 10 3
Reg
x 10'3

cm
x 104

Flat Plate (Coleman) 9.31 5.17 4.65 42.7 7.40
Hollow Cyl (Coleman) 9.31 5.17 3.86 45.7 6.78
Hollow Cyl (Coleman) 
(forced transition)

8.93 1.29 2.68 45.7 7.85

Cone Cyl. (exp.) 8.65 4.35 13.05 65.0 5.41
Cone Cyl. (exp.) 8.40 1.12 3.25 63.6 6.60

T h e  momentum  th ic k n e s s  R e yn o ld s  num be rs  fo r Colem an’s da ta
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above w ere  com puted from  th e  re la tio n : 

r = 0 (,2St\ # (Hr - Hw)
\Cf j* (He - Hw) __ (4.8)

(assuming 2St. = 1*16)
Cf

w he re  va lu e s  fo r r  w e re  com puted b y  Coleman from  the  e n e rg y  

in te g ra l re la tio n s h ip :

W here R  = body ra d iu s .

N o te :

£ = 0 fo r f la t p la te  flo w s .

£ = 1 fo r a x is ym m e tric  and  con ica l flow s.

H o p k in s  and In o u ye  (1971) u n d e rto o k  a f a ir ly  e x te n s iv e  

e va lu a tio n  o f th e o rie s  fo r  p re d ic tin g  tu rb u le n t s k in  f r ic tio n  and  

hea t t ra n s fe r in  co m p ress ib le  flo w s . T h e y  concluded th a t th e  

V a n  D rie s t I I  (1956) th e o ry  p ro v id e d  th e  best ag reem ent o f co ld 

w a ll f la t  p la te  da ta  w ith  e s ta b lis h e d  in com p ress ib le  th e o ry . T h e y  

based  th e ir  com parisons on th e  tra n s fo rm e d  momentum th ic kn e s s  

R eyn o ld s  num b e r (R e 0 ) in  o rd e r to  avo id  d isc repanc ies  a r is in g  

from  an in c o rre c t (o r ju d ic io u s ) choice o f tu rb u le n t b o u n d a ry  

la y e r  o r ig in . T h e  same p ro c e d u re  has been adopted h e re  fo r th e  

da ta  g iv e n  in  T ab le  5 and  th e  re s u lts  a re  shown in  F ig u re  29.

In  th is  a n a ly s is  v a lu e s  o f R e  9 w ere  com puted from

w he re  F 9 and Fc a re  th e  V a n  D rie s t tra n s fo rm a tio n  fu n c tio n s  

g ive n  b y :

r
-- (4 .9 )

and

Re 0 = F 0 Re 0 
C fe = Fc C fe

F0 = ye/yw =(Te/Tw)*76

Fc = 0.2r Me2/(Sin*"1a + Sin )

-- (4 .1 0 )

-- (4 .1 1 )
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w he re a = (2 A 2 - B ) / (4 A 2 + B 2)

3 = B / (4 A 2 + b V

A = (0 .2 r  Me2/ ? )*

B = (1 + 0 .2 r  Me2 - F ) / F

F = T w /T e

T he  da ta  in  F ig u re  29 a re  com pared w ith  th e  K a rm an- S choenhe rr 

in co m p re ss ib le  s k in  f r ic t io n  p re d ic tio n  g ive n  be low :

1/C fe  = 17.08 ( lo g 1Q R e 0 )2 + 25.11 (lo g 10 Re0 ) + 6 .0 1 2

— (4 .12 )

T h is  eq ua tio n  has been  v e r if ie d  b y  s e ve ra l a u th o rs  ( in c lu d in g  

Locke (1952) u s in g  d ire c t s k in  f r ic t io n  m easurem ents) and is
5 __

b e lie ve d  to  be accu ra te  w ith in  ± 5% in  th e  rang e  4 x  10 <Rex<5

x 108.

I t  is  im p o rta n t to  no te  th a t  these  com parisons a re  h ig h ly  

s e n s itiv e  to  th e  choice o f R e yn o ld s  ana log y fa c to r. N e ve rth e ­

le s s , i t  can be seen th a t th e  f la t  p la te  re s u lt fa lls  v e ry  close to  

th e  p re d ic tio n  w he reas th e  h o llo w - c y lin d e r and cone c y lin d e r 

va lu e s  fa ll p ro g re s s iv e ly  be low  th e  p re d ic tio n . T he  tre n d  w ith  

Re 0 is ,  h o w e ve r, c o n s is te n t in  each case. T he  re la t iv e ly  

supp ressed  a x is ym m e tric  re s u lts  c o n tra d ic t e a r ly  th e o re tic a l w o rk  

b y  E c k e rt (1952) who p roposed  a f ir s t  o rd e r c o rre c tio n  o f th e  

fo rm :

C f( c y l) / C f( fp )  = (1 + B  6 / R )1/5

w h ich  p re d ic ts  a 2% in c re a se  in  C fe  fo r these  e xp e rim en ts . T h e  

ra n g e  o r 'b and  w id th ' o f th e  e xp e rim e n ta l p o in ts  p lo tte d  in  

F ig u re  29 is  s im ila r to  th a t fo u n d  b y  H opkins  and In o u ye  in  

th e ir  own com pa risons. H ence , i t  is  no t poss ib le  w ith  th is  

lim ite d  se t o f da ta  to  d is c rim in a te  betw een w hat may be a 

g enu ine  re d u c tio n  in  f r ic t io n  c o e ffic ie n t fo r a x is ym m e tric  bodies 

o r in h e re n t e xp e rim e n ta l e r ro r .
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T he  use o f h ea t t ra n s fe r  d a ta  to  in fe r  s k in  fr ic tio n  b y  

in v o k in g  th e  R e yn o ld s  a n a lo g y  h yp o th e s is  le aves  much to  be 

d e s ire d . E xp e rim e n ta l v e r if ic a t io n  o f th e  th e o re tic a l re s u lt is  

in v a r ia b ly  o b scu red  b y  th e  assum p tions conce rn ing  th e  tu rb u le n t 

p rocesses w ith in  th e  b o u n d a ry  la y e r.  A t h ig h  Mach num b e r 

know ledge  o f th e  tu rb u le n t f ie ld  in  th e  p re se n t c lass o f flow s 

rem a ins in ad eq ua te  a t th e  moment a n d , w ith o u t sp ec ific  

e xa m in a tio n , p a ram e te rs  such  as re c o v e ry  fa c to r and tu rb u le n t 

P ra n d tl n um b e r m ust be b ro a d ly  in fe rre d  from  th e  lite ra tu re .  

These  u n c e rta in tie s  a re  com pounded b y  a x is ym m e try  and v a ry in g  

up s tream  h is to ry  in  th e  p re s e n t com parisons.

A lte rn a t iv e  e xp e rim e n ta l m ethods w h ich  use v e lo c ity  p ro f ile  

da ta  in  th e  lo g  law  re g io n , e .g . S ivasegaram  (1971 ), o r P re s to n  

tu b e  m easurem ents u s in g  an a p p ro p ria te  c a lib ra tio n  fo rm u la , e .g . 

H o p k in s  e t a l (1970) w h ile  p e rh a p s  g iv in g  co ns is te n t re s u lts  fo r 

a g ive n  e xp e rim e n t, s t i l l  s u ffe r from  th e  fundam en ta l defect th a t 

C fe is  in fe r re d . Colem an (1 9 7 3 ), in  a re v ie w  o f th e  e xp e rim e n ta l 

p ro b lem , conc luded  th a t th e  f lo a tin g  e lem ent ba lance techn iq ue  

was p ro b a b ly  th e  o n ly  re lia b le  w ay  o f m easu ring  C fe a t e x trem e  

c o n d itio n s . U n fo rtu n a te ly  e ven  th is  m ethod rem a ins q ues tio nab le  

w hen used  in  s h o rt d u ra tio n  fa c ilit ie s  w he re  in s tru m e n ta tio n  

response  is  p ushed  to  th e  lim its  and b uo yancy e ffe c ts , due to  

su rfa c e  im p e rfe c tio n s , a re  d if f ic u lt  to  account fo r. T h e  flo a tin g  

e lem ent a lso  has a p o o r re s o lu tio n  c a p a b ility  p a r t ic u la r ly  w hen 

in v e s tig a tin g  sm a ll changes in  s k in  f r ic tio n  close to  a sep a ra tio n  

re g io n . H e re  th e  s ize  o f th e  e lem en t re q u ire d  fo r reasonab le  re ­

s u lts  can be g re a te r th a n  th e  c a v ity  re g io n  u n d e r in v e s tig a tio n . 

C le a r ly , m ore w o rk  w ith  a x is ym m e tric  c o n fig u ra tio n s  is  re q u ire d  

in  th is  f ie ld  and  th e  p re s e n t d a ta  s tand  as a bas is  fo r fu tu re  

com parisons.
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5. R E S U LTS  AN D  D IS C U S S IO N  OF TH E  A X IS Y M M E T R IC  

S E P A R A TE D  FLOW E X P E R IM E N T S

5 .1  H O LLO W -C YL IN D ER  F L A R E  (H C F ) - A F T E R  CO LEM AN 
(G E N E R A L  O B S E R V A T IO N S )

Colem anfs da ta  fo r th is  c o n fig u ra tio n  a re  g ive n  in  F ig u re s  

30 and 31. Colem an no ted  a close s im ila r ity  be tw een h is  da ta  

and  th e  f la t  p la te  re s u lts  o b ta in ed  b y  E lfs tro m  a t th e  same 

tu n n e l c o n d itio n s . A ll o f th e  c h a ra c te ris tic  tw o d im ensiona l 

fe a tu re s  a re  e v id e n t, e .g . p la te a u  p re s s u re  re g io n , re a ttachm en t 

p re s s u re  o ve rs h o o t, b u t some d iffe re n c e s  in  d e ta il w e re  found  to  

e x is t. In  p a r t ic u la r  th e  in c ip ie n t sep a ra tio n  ang le  a t each tu n n e l 

c o n d itio n  was fo un d  to  be a p p ro x im a te ly  tw o deg rees h ig h e r.

Colem an a lso  no ted  th a t th e  a tta c he d  flow  p re s s u re  d is tr ib u tio n  

ro se  to  th e  p re d ic te d  w edge v a lu e  be fo re  re la x in g  to  the  con ica l 

flow  so lu tio n . C o n se q u e n tly  fo r  a ttached  flow s th e  in te ra c tio n  in  

th e  c o rn e r re g io n  was a p p a re n tly  two d im ensiona l. T h is  in h e re n t 

o ve rsho o t in  s u rfa c e  p re s s u re  fo r  a x is ym m e tric  flow s p rec lud ed  

th e  use o f E lfs tro m ’s tw o  d im ens io na l c r ite r io n  fo r e s ta b lis h in g  

in c ip ie n t s e p a ra tio n . E lfs tro m ’s c r ite r io n  depended on the  f ir s t  

appearance o f a p re s s u re  p ea k  on th e  w edge. C le a rly  in  th e

case o f these  e xp e rim e n ts  th is  assum ption  was unsa fe  and th e

in c ip ie n t s e p a ra tio n  ang les  q uo te d  b y  Coleman w ere  th e re fo re  

d e te rm ined  b y  e x tra p o la tin g  th e  sep a ra tio n  le n g th  (L  s ) v s . 

c o rn e r ang le  ( a )  to  ze ro . T h e  e xp e rim e n ta l p rob lem  o f

m easu ring  o r in fe r r in g  in c ip ie n t sep a ra tio n  cond itio ns  is  

d iscussed  m ore f u lly  in  S ec tio n  5 .3 .1 . I t  is  p e rtin e n t to  m ention 

h e re  th a t th e  d e ta il o f th e  se p a ra tio n  re g io n s  p roduced  b y  

Colem an and  E lfs tro m  c o n s titu te  th e  m ain bas is  o f com parison fo r 

th e  p re s e n t e xp e rim e n ta l re s u lts .  A  fu lle r  d iscuss ion  o f these  

e a r lie r  e xp e rim e n ts  is  th e re fo re  in c lu d e d  in  th e  g en e ra l te x t to  

fo llo w .

5 .2  C O N E - C Y L IN D E R - F LA R E  (C C F ) - G EN ERAL O B S E R V A T IO N S

Colem an (1973) conduc ted  a num be r o f e xp e rim en ts  u s in g  

d iffe re n t nose c o n fig u ra tio n s  fo r  the  same bas ic  c y lin d e r- fla re  

g eo m e try . These  in c lu d e d  th e  C C F c o n fig u ra tio n  fo r a=  30 and
5

35 deg rees a t Reco/cm = 5 .17  x  10 . T h is  w o rk  has been
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extend ed  h e re  to  in c lu d e  th e  case fo ra =  40 deg rees a t Rea?/cm =

5.17 x  105 and  a= 30, 35 and  40 deg rees a t Re<»/cm = 1.29 x  
5

10 . T he  re s u lts  a re  show n in  F ig u re s  32 and 33.

F o r th e  e x trem e  case o f a =  40 deg rees and  h ig h e r R eyno ld s  

num be r c o n d itio n  (F ig u re  32) th e  c a v ity  deve loped  d u rin g  th e  

e xp e rim e n t was u n e xp e c te d ly  la rg e  and e x tend ed  upstream  o f th e  

f ir s t  su rfa c e  p re s s u re  ta p p in g . In  o rd e r to  o b ta in  d e ta ils  o f th e  

sep a ra tio n  p re s s u re  r is e , th e  f la re  was in c re m e n ta lly  rep o s itio ned  

dow nstream  and  a d d itio n a l d a ta  ob ta ined  from  the  le a d in g  

p re s s u re  ta p p in g s . S c h lie re n  ev id ence  had  in d ic a te d  th a t a 

dow nstream  s h if t  o f 1 cm fo r  th e  f la re  in te rs e c tio n  lin e  ( i.e .  1.5% 

o f b o u n d a ry  la y e r  d eve lo p m en t ru n )  w ould  be s u ffic ie n t to  

em brace th e  b e g in n in g s  o f th e  in te ra c tio n . In  th e  e ve n t, a s h if t 

o f 4  cm was re q u ire d , in d ic a tin g  th a t th e  c a v ity  d im ensions

had  in c re a sed  s u b s ta n tia lly  as a re s u lt o f th e  change in  

re fe re n c e  c o n d itio n s . T h e  re a so n s  fo r th is  a re  u n c le a r b u t th e  

re s u lts  do ap p ea r to  c o n firm  th e  com pute r p re d ic tio n  d esc rib ed  

in  Sec tion  4 .1 .1  w h ich  in d ic a te d  th a t,  fo r th is  e x trem e  case, th e  

re a tta chm en t flow  f ie ld  m ay be in flu e n c e d  b y  the  bow shock s lip  

s tream . A s d e sc rib ed  e a r lie r ,  th is  la y e r app roaches the  c y lin d e r 

su rfa ce  to w a rd s  th e  re a r  o f th e  model (F ig u re  13) and w ill 

in te rs e c t th e  f la re  a t a s lig h t ly  lo w e r p o s itio n  i f  th e  f la re  is  

re p o s itio n e d  dow nstream . O th e r e ffec ts  such as th e  g ro w th  o f 

th e  in p u t b o u n d a ry  la y e r  th ic k n e s s  o v e r an a d d itio n a l ru n  o f 4 

cm w ou ld  no t account fo r th e  s u b s ta n tia l in c re ase  in  c a v ity  s ize . 

U n fo rtu n a te ly  th e  f u ll s ig n ific a n c e  o f th is  anom aly was no t 

ap p rec ia ted  u n t i l a f te r  th e  e xp e rim e n ta l p rog ram m e had  been 

com pleted and  c o rre la tio n s  o f c a v ity  scale w ere  b e ing

in v e s tig a te d . H o w eve r, i t  s h o u ld  be added th a t in  v iew  o f th e  

ev idence  fo r fre e  in te ra c tio n  a t sep a ra tio n  in  these  e xp e rim en ts  

(to  be d e sc rib ed  s h o rt ly )  th e  d a ta  ob ta ined  u n d e r th e  d isp laced  

re fe re n c e  co nd itio n s  a re  s t i l l  u s e fu l. M o reo ve r, th e  data 

ob ta in ed  in  th e  p la te au  and on th e  f la re  ( i.e .  - 7 .8< (X - L) <8  cm) 

w e re , o f c o u rse , ob ta in ed  p r io r  to  th e  change in  f la re  p o s itio n  

and th e re fo re  rem a in  as a v a lid  bas is  fo r com parison. T he  

c a v ity  d im ensions and p o s itio n  o f sep a ra tio n  fo r th is  case w ere  

s u b se q u e n tly  deduced from  th e  S c h lie re n  p h o to g rap h  w h ich  was 

also ta ke n  p r io r  to  th e  change in  th e  f la re  p o s itio n .



55

G iven  th e  d if f ic u lt ie s  e xp e rie n ced  fo r the  case o f a = 40 

deg rees and h ig h  R e yn o ld s  n um b e r i t  can n e ve rth e le s s  be seen 

th a t th e re  e x is ts  an e s ta b lis h e d  re g io n  o f sep a ra tio n  w ith  a w e ll 

d e fin ed  se p a ra tio n  and  re a tta c h m e n t shock s tru c tu re  (F ig u re  11 ). 

T he  p la te au  p re s s u re  d is tr ib u tio n  ris e s  s lig h t ly  to w a rd  th e  

in te rs e c tio n  lin e  b u t a tta in s  th e  same va lu e  at th e  c o rn e r as 

Colem an’s re s u lt  fo r a = 35 d eg rees . T h e  p re s s u re  ris e  a t

re a tta c hm en t does no t b e g in  fo r  some w ay a long  th e  f la re  as a 

consequence o f th e  la rg e  c a v ity  re g io n . E v id e n tly  u n d e r c e rta in  

co nd itio n s  th e  in flu e n c e  o f th e  re a tta c hm en t p re s s u re  f ie ld  on th e  

c a v ity  re g io n  is  lim ite d . T h is  b e h a v io u r is  c h a ra c te ris tic  o f 

’F re e ly  In te ra c tin g ’ s h e a r la y e rs  and th e  evidence  h e re  g ive s  

f u r th e r  s u p p o rt to  th e  id e a  th a t b o th  sep a ra tio n  and  

re a tta c hm en t a re  e s s e n tia lly  ’F re e  In te ra c tio n ’ p rocesses fo r la rg e  

c a v ity  re g io n s . I t  has been  sugges ted  b y  Batham  (1971) th a t a 

f re e ly  in te ra c tin g  re a tta c h m e n t p re s s u re  f ie ld  is  la rg e ly  g o ve rned  

b y  lo ca l app roach  c o n d itio n s . T h e  c u rre n t re s u lts  s u p p o rt th is  

v ie w , and  i t  can be seen th a t as ( a )  is  in c re a sed , and th e  

re a tta c hm en t zone c lim bs to  a h ig h e r f la re  p o s itio n , th e  g e n e ra l 

shape o f th e  p re s s u re  d is tr ib u tio n  rem a ins u n a lte re d  b u t its  

lo ca tio n  is  c a rr ie d  w ith  th e  re a tta c hm en t p rocess, le a v in g  th e  

p la te a u  p re s s u re  f ie ld  fre e  to  e x te n d  its  in flu e n c e  w e ll beyond  

th e  in te rs e c tio n  lin e .

D e p a rtu re  from  tw o  d im ens io na l b e h a v io u r a t th e

in te rs e c tio n  lin e  w ou ld  ap p ea r to  occu r be tw een a=  30 and 35 

d eg rees , and  th e re  a re  c le a r p re s s u re  o ve rsho o ts  f o ra =  35 and 

40 d eg rees . F o r a = 30 d eg rees  th e  p re s s u re  re la xe s  to  th e  

in v is c id  p re d ic tio n ; h o w e ve r a t x  = 35 and 40 deg rees th e  flow  is
/ V

m a n ife s tly  sep a ra ted  and  th e  p re s s u re  re c o ve ry  fo llo w in g  P/P°° is  

incom p le te  w ith in  th e  ra n g e  o f th e  in s tru m e n ta tio n . B o th  th e  

(H C F ) and (C C F ) d a ta  e x h ib it  in c re a sed  e xp e rim e n ta l s c a tte r in  

th is  re g io n  and  th is  m ay w e ll be associated w ith  th e  p rob lem s 

d e sc rib ed  in  Sec tion  4 .1 .3  w he re  th e  p o s s ib ility  o f random  

asym m e try  in  th e  tu n n e l flow  has  a lre a d y  been d iscussed .

F ig u re  33 shows th a t a re d u c tio n  in  u n it R eyno ld s  num be r 

reduces  th e  e x te n t o f s e p a ra tio n . T h is  is  com patib le w ith  th e  

tre n d  fo un d  b y  Colem an and  E lfs tro m  a lth o ug h  th e  u n d is tu rb e d
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th ic kn e s s  p a ram e te rs  in  th e  c u rre n t e xp e rim en ts  v a rie d  o n ly  

s lig h t ly .  Tw o  d im ens io na l b e h a v io u r in  th e  c o rn e r reg io n  is  

e x te nd ed  to  a = 35 d eg rees  b u t th e re  is  lim ite d  p h o to g rap h ic  

ev id ence  to  sug g es t th a t a sm a ll c a v ity  re g io n  does e x is t a t th is  

a n g le , F ig u re  12. In  g e n e ra l th e  maximum  p re s s u re  ra tio s
A

(P/pOT) g ene ra ted  a t th e  low  R eyno ld s  num be r cond itio n  a re  

c o n s id e ra b ly  reduced  in  com parison  w ith  th e  p re v io u s  set o f 

d a ta .
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5 .3  C O R R E LA T IO N S  OF S E P A R A TE D  FLOWS

5 .3 .1  In c ip ie n t S e p a ra tio n

M any m ethods have  been suggested  in  th e  lite ra tu re  fo r 

th e  d e tec tio n  o f in c ip ie n t s e p a ra tio n  co nd itio n s . P ra c tic a lly  a ll o f 

these  te c h n iq u e s  g ive  d if fe re n t answ ers acco rd ing  to  th e ir  

s e n s it iv ity  to  re v e rs e  flo w . F o r in s ta n c e , in  th e  te s ts  conducted 

b y  A p p e ls  (1974) d iffe re n c e s  o f up  to  10 deg rees fo r (a i)  in  th e  

same e xp e rim e n t w e re  o b se rve d  be tw een sim p le in te rp re ta tio n  o f 

S c h lie re n  p h o to g rap h s  and  th e  more s e n s itiv e  o il flow

v is u a liz a tio n  m ethod. T hese  and  o th e r techn iq ues  have  been 

e va lu a te d  a t le n g th  b y  S te r re t t  and  E m e ry (1962 ), Roshko  and  

Thom ke (1969 ), S pa id  and  F r is h e tt  (1972) and S e ttle s  e t a l 

(1975 ), to  m en tion  a few . None o f these  a u th o rs  reached  a f irm  

conc lus ion  as to  w h ic h  m ethod was th e  most re lia b le . In  v iew  o f 

th e  ev id ence  o f s e p a ra tio n  o b ta in ed  b y  A ppe ls  a t v e ry  low  ang les 

i t  is  conce ivab le  th a t some in te rm itte n t re c irc u la tin g  flow  is  

a lw ays  p re s e n t ahead o f a su rfa c e  d is c o n tin u ity  and , in  th e  lim it 

(a->o), such  a flow  w ou ld  p ro b a b ly  re q u ire  a s ta tis tic a l c r ite r io n  

to  d e fin e  in c ip ie n t s e p a ra tio n .

S ince an ab so lu te  d e fin itio n  is  p ro b lem a tic a l i t  is  

n e ce ssa ry  to  choose some in te rm e d ia te  co nd itio n  o f p ra c tic a l 

s ig n ific a n c e . F o r th e  p re s e n t te s ts  ( a i)  was de te rm ined  b y  

e x tra p o la tin g  th e  m easu red  se p a ra tio n  le n g th  to  ze ro  (F ig u re  

3 4 ). T h e  re s u lts  a re  show n in  T ab le  2 a long  w ith  th e  re s u lts  

o b ta in ed  b y  E lfs tro m  and  Co lem an w hen s p e c ific a lly  u s in g  th is  

m ethod. T h e  se p a ra tio n  le n g th  (L s e p ) is  d e fined  as th e  d is tance  

be tw een se p a ra tio n  and  th e  c o rn e r. T he  lo ca tio n  o f sep a ra tio n  

fo r th e  (C C F ) flow s was d e te rm in e d  u s in g  th e  E rdo s  and Pa llone 

re fe re n c e  p o in t sp ec ifie d  in  F ig u re s  40 and 41.
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TABLE 6 : Incipient Separation Angles

Model Moo(e) Reoo/cm x 10"̂ ai(deg.) Comments

2D-Wedge 8.93 1.29 31
2D-Wedge 9.31 5.17 30
HCF 8.93 1.29 33
HCF 9.31 5.17 32
CCF 8.4 1.29 ^35 Insufficient

Data
CCF 8.65 5.17 30

I t  can be seen th a t some d o ub t e x is ts  fo r th e  co ne- cy lind e r 

f la re  a t th e  lo w e r u n it  R e yn o ld s  n um b e r. T h is  arose because 

th e  p re s s u re  d is tr ib u tio n  fo r  a=  35 deg. d id  no t a tta in  th e  E rd o s  

and  Pa llone  re fe re n c e  v a lu e  ( F ( X )  = 4 .22 ) ahead o f th e  f la re  

a lth o u g h  th e re  is  S c h lie re n  e v id en ce  o f s e p a ra tio n . H ow eve r, no 

sep a ra tio n  shock s tru c tu re  is  a p p a re n t and th e  two d im ensiona l 

wedge p re s s u re  is  no t e xceeded  on th e  f la re . T h is  suggests  

th a t th e  in c ip ie n t s e p a ra tio n  a n g le  m ust be v e ry  close to  35 

d e g ., a v a lu e  s ig n if ic a n tly  h ig h e r th a n  o b se rved  fo r th e  

e q u iv a le n t ho llow  c y lin d e r flo w . C o n seq uen tly  th e  CCF re s u lts  

e x h ib it th e  same tre n d s  as th e  f la t p la te  and ho llow  c y lin d e r 

s tu d ie s  b u t,  as in d ic a te d  h e re  and e a r lie r ,  th e  lo w e r u n it 

R eyn o ld s  num b e r CCF flow  e x h ib its  th e  g re a te s t re s is ta nce  to 

se p a ra tio n  o f a ll th re e  e x p e rim e n ts . T h e  c u rre n t va lu e s  h ave  

been added to  th e  tra d it io n a l com posite p re se n ta tio n  shown in  

F ig u re  35.

S ince a u n iv e rs a lly  accep tab le  d e fin itio n  o f in c ip ie n t 

s ep a ra tio n  has y e t to  be e s ta b lis h e d  th e  accu racy o f e x is tin g  

c o rre la tio n  m ethods m ust a lso  rem a in  d if f ic u lt  to  gauge. 

N e ve rth e le s s , these  m ethods do p ro v id e  some bas is  fo r 

u n d e rs ta n d in g  th e  p h y s ic a l p ro b lem  and s e ve ra l th e o rie s  a re  

com pared h e re .

Tod isco  and Reeves (1969) used  a momentum in te g ra l m ethod 

to  p re d ic t ( a i)  and  th e ir  re s u lt  is  shown in  F ig u re  36. T h e ir  

th e o ry  is  based on th e  e q u ilib r iu m  b o u n d a ry  la y e r so lu tio ns  o f 

M e llo r and G ibson (1966) and  show s a m onotonic inc rease  in  (a i) 

w ith  (M e ). A s  such , th e  p re d ic tio n  is  im p lic it ly  independen t o f
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R eyno ld s  n u m b e r. E lfs tro m  has suggested  th a t th e  m ethod cou ld

p ro b a b ly  be m od ified  to  accoun t fo r these  e ffec ts  b y  a d ju s tin g

the  in p u t c o n d itio n s  and u s in g , in s te a d , Co le 's law  o f the  w a ll

and w ake fo r th e  tra n s fo rm e d  p ro file s . T he  und e rd e ve lo p ed

n a tu re  o f th e  b o u n d a ry  la y e rs  p roduced  in  th e  c u rre n t

e xp e rim en ts  (F ig u re  26) c e r ta in ly  suggests  th a t th e  use o f

e q u ilib riu m  p ro file s  a t h ig h  M ach num be r m ig h t cause s ig n ific a n t0
e rro rs  fo r sa y  R e 6 ^  10 . H o w eve r, th e  p re se n t e xp e rim e n ta l 

re s u lts  fo r ( a i)  ag ree  q u ite  w e ll w ith  th e  c o rre la tio n  in  sp ite  o f 

b o th  th is  d iffe re n c e , and  th e  in h e re n t d iffe re n c e s  in  th e  

app roach  s tream  fo r th e  tw o  tu n n e l c o nd itio n s .

T he  a d ia b a tic  w a ll c o rre la tio n  due to  K e s s le r e t a l (1970 ),

as p re se n te d  b y  E lfs tro m  (1 9 7 1 ), is  shown in  F ig u re  37.

S u rp r is in g ly  th e  h ig h e r R e yn o ld s  num be r (C C F ) cold w a ll v a lu e

is  in  good ag reem en t b u t th e  th e o ry  g e n e ra lly  appea rs  to  b re a k2 2
down in  th e  re g io n  Re So /M e ^  10 . H e re , th e  e ffec t o f w a ll 

te m p e ra tu re  ra t io  and  th e  p ro x im ity  o f tra n s itio n  may w e ll be 

s ig n ific a n t fo r h ig h  Mach n u m b e r flow s as in d ic a te d  b y  E lfs tro m ’s 

re s u lts  and  th e  p re s e n t C C F d a ta  p o in t fo r R e 00/cm = 1.29 x5
10 . T h e  tre n d  re v e rs a ls  a p p a re n t in  F ig u re  35 a re  also im p lie d  

b y  th e  c o rre la tio n  fo r a c o n s ta n t Mach num be r. H ow eve r, th e  

c o rre la tin g  p a ram e te rs  g iv e  l i t t le  in d ic a tio n  o f w h y  these shou ld  

occu r.

T h e  sem i-em p irica l c o rre la tio n  o r ig in a lly  due to  Needham

(1965) and R oshko  and Thom ke  (1966 ), as sub se q u e n tly  m od ified

and p re se n te d  b y  E lfs tro m  e t a l (1971 ), is  shown in  F ig u re  38.

T he  c o rre la tio n  is  based  on th e  Chapm an (1958) o rd e r o f

m agn itude  a n a ly s is  fo r sho c k  in te ra c tio n s . In  p rin c ip le ,

s ep a ra tio n  can be expec ted  w h e n e ve r th e  p re s s u re  ris e  across an

in te ra c tio n  exceeds th e  p la te a u  p re s s u re  fo r fre e  in te ra c tio n .

Chapm an’s a n a ly s is  in d ic a te s  th a t  the  fre e  in te ra c tio n  p re s s u re

3/2 1/2
r is e  sho u ld  be p ro p o rtio n a l to  th e  p ro d u c t Me . C fe , to

5/2
th e  f ir s t  o rd e r (a lth o u g h  E lfs tro m  chose th e  p ro d u c t Me 1/2
Cfe to  im p ro ve  ag reem en t w ith  h is  data  and those o f o th e r 

w o rk e rs ) . In  p ra c tic e , s tre a m lin e  c u rv a tu re  in  th e  c o rn e r 

re g io n  o f wedge ty p e  flow s w ill s e rve  to  reduce  the  s e v e r ity  o f 

th e  in it ia l in te ra c tio n  p re s s u re  g ra d ie n t. C o n seq uen tly , th is  c lass



60

o f flow  can p ro b a b ly  s u s ta in  a m uch h ig h e r o v e ra ll p re s s u re  ris e  

b e fo re  th e  appearance o f se p a ra tio n  th a n  m ig h t o th e rw ise  be 

expec ted  from  sim p le shock in te ra c tio n  th e o ry . T h is  p o in t can 

be seen c le a r ly  in  F ig u re  38, p a r t ic u la r ly  fo r th e  p re se n t 

e xp e rim e n ta l re s u lts . H e re , th e  wedge re c o ve ry  p re s s u re  fo r 

in c ip ie n t sep a ra tio n  fa r  exceeds th e  p la te au  p re s s u re  u ltim a te ly  

ach ie ved  a t h ig h e r f la re  in c id en ce s . E v id e n tly  th e  c o rre la tin g  

p a ram e te rs  s t i l l a p p ea r u s e fu l in  sp ite  o f th is  a p p a re n t 

th e o re tic a l d e fe c t, and i t  can be seen th a t th e  p re s e n t CCF 

re s u lts  fa ll close to  th e  g e n e ra l tre n d  ob se rved  b y  o th e r w o rke rs  

fo r s t r ic t ly  tw o  d im ens iona l flo w s .

E lfs tro m  (1971) sug g es ted  th a t th e  h yp e rso n ic  tu rb u le n t 

b o u n d a ry  la y e r  cou ld  be tre a te d  as an in  v is c id  ro ta tio n a l la y e r 

h a v in g  a w a ll s lip  c o n d itio n  (o r w a ll Mach n u m b e r). He 

p roposed  th a t th e  wedge ang le  a t w h ich  th is  th e o re tic a l w a ll 

la y e r  f ir s t  p ro d uced  a de tached  shock sho u ld , in  e ffe c t, 

c o rre sp o nd  to  th e  f ir s t  appea rance  o f a sm all sep a ra tio n  re g io n  

in  th e  v isco u s  s u b la y e r o f th e  re a l flo w . To  de te rm ine  th e  w a ll 

Mach num b e r he used  a se t o f a n a ly tic a l p ro file s  suggested  b y  

G reen  (1970/72) and  e x tra p o la te d  th e  lin e a r p o rtio n  to  th e  w a ll. 

T h is  m ethod is  s e n s itiv e  to  C o le ’s w ake com ponent, in c o rp o ra te d  

in  G re en ’s p ro f ile s , and  E lfs tro m  sub se q u e n tly  fo und  th a t 

changes in  th e  th e o re tic a l in c ip ie n t sep a ra tio n  ang le  a t constan t 

lo ca l Mach num b e r w ere  s tro n g ly  dependen t on th e  va lu e  o f th is  

com ponent. U s in g  th e  fu r th e r  o b se rva tio n  b y  Coles (1962) th a t 

th e  deve lopm ent o f th e  w ake ap p ea rs  to  be a fu n c tio n  o f R , 

E lfs tro m  p roposed  th e  c o rre la tio n  shown in  F ig u re  39 w h ich  

p re d ic ts  a i  a t v a rio u s  Mach num b e rs  o v e r a common rang e  o f R , 

u n d e r ad iab a tic  w a ll c o n d itio n s . A  re v e rs a l in  a i is  p re d ic te d  at 

h ig h  R eyn o ld s  num be rs  and  th is  appears to  conform  w ith  th e  

ad iab a tic  w a ll re s u lts  o f K u e h n , and Roshko  and  Thom ke. 

E lfs tro m ’s co ld  w a ll p re d ic tio n  fo r Me = 9 is  a lso p lo tte d  in  

F ig u re  39 and th is ,  ag a in , ap p ea rs  to  be in  good ag reem ent w ith  

h is  da ta  a t th is  c o n d itio n . H o w e ve r, th e  cold w a ll a x is ym m e tric  

re s u lts  o f Colem an and  th e  p re s e n t w o rk  a re  no t in  good g ene ra l 

ag reem en t. T h is  m ay be due to  th e  in flu e n c e  o f a x is ym m e try  as 

w e ll as th e  p ro x im ity  o f t ra n s it io n , i.e .  low  R eyno ld s  num ber 

e ffec ts  in  u n d e rd e ve lo p e d  h yp e rs o n ic  b o u n d a ry  la y e rs . N o te ,
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fo r in s ta n c e , th a t th e  h ig h e r R eyno ld s  num be r CCF re s u lt  

o b ta in ed  from  a re la t iv e ly  w e ll deve loped  b o u n d a ry  la y e r does in  

fac t fa ll close to  th e  tw o  d im ens io na l p re d ic tio n .

In te rp re ta tio n  o f a x is ym m e tric  da ta  c o rre la te d  w ith  R in  

th is  fa sh io n  is  d if f ic u lt .  Co les (1962) in  h is  o rig in a l w o rk  lis ts  

m any cases w he re  b o u n d a ry  la y e rs  h a v in g  a p re s s u re  g ra d ie n t 

h is to ry  do no t confo rm  to  th e  sim p le w ake deve lopm ent ru le . 

H ence, E lfs tro m ’s th e o ry  m ay o n ly  be a p p ro p ria te  fo r e ith e r; ( i)  

id e a l flow s w he re  d eve lopm en t from  tra n s itio n  th ro u g h  to  an 

in v a r ia n t w ake p ro f ile  has o c c u rre d  w ith o u t p e rtu rb a tio n  in  th e  

lo ca l fre e  s tream , o r ,  ( i i)  s u ff ic ie n t deve lopm ent u n d e r ze ro  

p re s s u re  g ra d ie n t has been ach ie ved  fo r th e  in flu e n c e  o f th e  

in it ia l p e rtu rb a tio n  to  be n e g lig ib le . T h is  may e xp la in  th e  good 

ag reem en t ob ta in ed  fo r  th e  h ig h e r R eyno ld s  num be r CCF re s u lt .  

I t  w ill be re c a lle d  from  S ec tio n  (4 ) th a t th e  b o u n d a ry  la y e r a t 

th is  c o nd itio n  su s ta in e d  a co n s id e rab le  ru n  o f post tra n s itio n a l 

deve lopm en t dow nstream  o f th e  cone s h o u ld e r p re s s u re  fie ld .

P e rh ap s  th e  most s ig n if ic a n t c o n trib u tio n  o f E lfs tro m 's  

th e o ry  is  th e  sug g es tio n  o f a s tro n g  connection betw een w ake 

deve lopm ent and  te n d e n c y  fo r  e xp e rim e n ta l va lu e s  o f a i  to  

e x h ib it  a tre n d  re v e rs a l.  I t  w ill be shown la te r , in  Sec tion  

5 . 3 .6 . a th a t th is  b e h a v io u r a lso ap p ea rs  to  be lin k e d  to  the  tre n d  

in  c a v ity  s ize  fo r v a lu e s  o f a  g re a te r th a n  cci.

5 .3 .2  S ep a ra tio n  P re s s u re  R ise

U s in g  e x p e rim e n ta lly  d e te rm in ed  va lu e s  o f S tan to n  num be r 

and a R e yn o ld 's  ana lo g y fa c to r o f 1 .16 , da ta  from  Coleman (1973) 

and th e  c u rre n t e xp e rim e n ts  h ave  been f itte d  to  the  two 

d im ens iona l ’fre e  in te ra c tio n ' c o rre la tio n  o f E rdo s  and Pa llone , 

F ig u re  40. E lfs tro m 's  2D-wedge re s u lts  have  also been 

com puted, (F ig u re  41 ). T h e  a x is ym m e tric  da ta  c o rre la te  as w e ll 

as th e  2D da ta , e xcep t fo r tw o te s t cond itio ns  nam e ly:

i)  H C F , a =  40, Reoo / cm = 5.17 x  10^

i i )  C C F , a= 40, Re “ /cm = 1.29 x  105
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T h e  c a v ity  s ize  p ro d uced  fo r these  flow s was le ss  th an  2 6 ^ and  

sep a ra tio n  does no t a p p e a r to  have  been f u lly  e s ta b lish e d . 

Hence th e  p re s s u re  f ie ld  ahead o f th e  f la re  in  each case s t i l l  

appea rs  to  be u n d e r c o n s id e rab le  in flu e n c e  from  th e  rea ttachm en t 

zone. N e ve rth e le s s , th e  r is e  to  th e  sep a ra tio n  re fe re n ce  p o in t 

( F ( x )  = 4 .22 ) fo llow s th e  th e o re tic a l c u rv e  q u ite  c lo se ly  and 

even  fo r these  tw o e xc ep tio n s  th e  in it ia l response o f the  s h e a r 

la y e r is  o f a 'fre e  in te ra c tio n ' ty p e .

T he  fig u re s  d em o ns tra te  th e  con tin ued  u se fu ln e ss  o f th e  

fre e  in te ra c tio n  p rin c ip le  a t h ig h  Mach num be r fo r d e te rm in in g  

th e  g e n e ra l shape o f th e  p re s s u re  d is tr ib u tio n  a t s e p a ra tio n . 

D isag reem en t in  ab so lu te  v a lu e s  o f p re s s u re  does how eve r e x is t 

and th is  has p ro b a b ly  o c c u rre d  fo r a num b e r o f reasons . 

F ir s t ly ,  th e  in s tru m e n ta tio n  p itc h  chosen fo r a ll th e

c o n fig u ra tio n s  is  ra th e r  coarse  and  when th is  is  com bined w ith  

th e  e xp e rim e n ta l s c a tte r i t  is  d if f ic u lt  to  f it  th e  da ta  th ro u g h  th e  

re fe re n c e  p o in t on th e  th e o re tic a l c u rv e . S eco nd ly , a w eak 

dependency on dow nstream  c o n d itio n s  is  e v id e n t fo r bo th  sets o f 

da ta  and th is  is  no t a llow ed  fo r  in  th e  th e o ry . H ow eve r, an 

im p o rta n t p o in t to  be g a ined  from  th e  fig u re s  is  th e  o b se rva tio n  

th a t la rg e  d iffe re n c e s  in  d e ta il due to  a x is ym m e trie  e ffec ts  a re  

no t a p p a re n t w ith in  th e  e xp e rim e n ta l s c a tte r. Hence, fo r th e  

p u rp o se  o f la te r  com parisons, i t  is  u s e fu l to  no te  th a t th e  

co nd itio n s  a t s e p a ra tio n  in  th e  c u rre n t se rie s  o f e xp e rim en ts  

conform , b ro a d ly  to  th e  tw o  d im ens iona l th e o ry 5 p ro v id e d  th e  

c a v ity  re g io n  is  la rg e r th a n , s a y , 26^.

5 .3 .3  P la te au  P re s s u re

Tw o p re d ic tio n s  based  on in te g ra l m ethods a re  shown in  

F ig u re  42. T h e  Tod isco  and  R eeves  th e o ry  g ro s s ly  o ve rp re d ic ts  

p la te au  p re s s u re  a t h ig h  Mach n u m b e r. T h is  m ay be due to  th e  

assum p tion  o f a s im p le  P ra n d tl - M eye r flow  in  th e  loca l fre e  

s tream . T he  th e o ry  o f R esh o tko  and T u c k e r (1955) g ives  b e tte r 

ag reem ent w ith  th e  m ore re c e n t h ig h  Mach num be r data shown in  

th e  f ig u re . B o th  th e o rie s  n e g le c t a n y in flu e n c e  due to  R eyno ld s  

num b e r.
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The  fre e  in te ra c tio n  c o rre la tio n s  o f E rdos and Pa llone (1962) 

and  P o p in s ky  and  E h r lic h  (1966) go some w ay to account fo r 

R eyno ld s  num b e r e ffe c ts . T h e  c u rre n t re s u lts  and those o f Law  

(1975 ), R oshko  and  T ho m ke , and  Batham  have  been ca lcu la ted  

and added to  th e  c u rv e s  p ro v id e d  b y  W atson e t a l (1969) in  

F ig u re  43. R e yn o ld s  n u m b e r appea rs  in  these  c o rre la tio n s

in d ire c t ly  v ia  th e  f r ic t io n  c o e ffic ie n t w h ich  was chosen as a bas is  

fo r th e  a n a ly s is . I t  fo llo w s  fro m  th e  b e h a v io u r o f h yp e rso n ic  

b o u n d a ry  la y e rs  d iscu ssed  in  C h a p te rs  2 and 4 th a t th e  

assum p tions made fo r th e  d ependency o f C fe on Re ( in  th is
f ^

case C fe = i( l/R e x /̂ > ) ' m ay w e ll in flu e n c e  the  success o f these

c o rre la tio n s  a t h ig h  Mach n u m b e r. H ow eve r, th e  e x te n t to  w h ich  

R eyn o ld s  num b e r p la y s  a s ig n if ic a n t ro le  in  d e te rm in in g  th e  

p la te au  p re s s u re  o f th e se  flo w s  is  obscu red  b y  s e ve ra l fa c to rs . 

F o r exam p le , an abundance o f e v id en ce  in  th e  lite ra tu re  in d ic a te s  

th a t dow nstream  c o nd itio n s  a lso h ave  an im p o rta n t in flu e n c e . A ll 

o f th e  p la te a u  p re s s u re  d a ta  re v ie w e d  th u s  fa r  con tin ue  to

e x h ib it a m ild  d ependency on  wedge ang le  lo n g  a fte r th e

sep a ra tio n  re g io n  has been  e s ta b lis h e d . T h is  can be seen 

c le a r ly  in  a com parison o f E lfs tro m ’s 2D-wedge da ta  and th e  

c o n e - c y lin d e r- fla re  d a ta  in  F ig u re  44. D a ta  from  bo th  tu n n e l 

c o nd itio n s  a re  show n in  th e  f ig u re  b u t th e  low  R eyno ld s  num be r 

re s u lts , w he re  a p la te a u  in  th e  p re s s u re  d is tr ib u tio n  is  d if f ic u lt  

to  f in d , have  been com puted fro m  th e  mean p re s s u re  m easured  

be tw een se p a ra tio n  and  th e  f ir s t  re a d in g  on th e  w ed g e /fla re .

A  fo r tu ito u s , b u t u s e fu l, m ethod fo r c la r ify in g  p la te au

p re s s u re  response  to  R eyn o ld s  n u m b e r, w h ils t accoun ting  fo r its  

dependence on wedge an g le , can be dem onstra ted  b y  d e fin in g  a 

p re s s u re  c o e ffic ie n t:

C pp = (P  - Pe) / ( | y p e M e 2) -- (5 .1 )

and p lo ttin g  Cp a g a in s t c o rn e r ang le  as shown in  F ig u re  45.

Tw o d is tin c t d a ta  bands em erge and  i t  is  in te re s tin g  to  no te th a t 

th e  u p p e r band  is  fo rm ed  b y  d a ta  ta ke n  from  flow s shown e a r lie r 

to  e x h ib it fre e  in te ra c tio n  b e h a v io u r, w hereas th e  p o in ts  on th e  

lo w e r band  come from  flow s no t h a v in g  a w e ll e s tab lished  p la teau  

p re s s u re  e xcep t a t h ig h  in c id en c e .
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Some im p o rta n t o b s e rv a tio n s  can be made from  th is  re s u lt :

( i)  T h e  tw o d a ta  bands a re  now c le a rly  

assoc ia ted  w ith  th e  tw o R eyno ld s  
n um b e r reg im es o f the  e xp e rim e n ts .

( i i)  T h e  da ta  in  each band c o rre la te  w e ll, 

ir re s p e c tiv e  o f th e  loca l g eom e try , i.e .  
wedge o r f la re .

( i i i )  T h e  tre n d s  a re  c o n ve rg in g  w ith  

in c re a s in g  ( a ) in d ic a tin g  th a t the  

in flu e n c e  o f R e yn o ld s  num b e r, i f  a n y , 

is  d e c lin in g  w ith  (a  ) and in c reased  

c a v ity  d im ens io ns .

In  b o th  in s ta n ce s  th e  in c re a se  in  Cpp suggests  th a t th e  

ang le  a t w h ich  th e  sh e a r la y e r  leaves th e  su rfa c e  is  in c re a s in g  

w ith  (a ) b u t th e  ra te  o f in c re a se  is  reduced  fo r those  

e s ta b lis h e d  flow s e x h ib it in g  fre e  in te ra c tio n  b e h a v io u r. T h e  

e s ta b lis h e d  p la te a u  p re s s u re  re s u lts  fa ll close to  th e  re g io n  

p re s c rib e d  b y  th e  E rd o s  and  P a llo ne  c o rre la tio n  g ive n  below  fo r 

bo th  R eyn o ld s  num b e r c o n d itio n s , nam e ly:

C pp = F (X )  (2 C fe )*  / ( M e2 - 1 )^  ---(5 .2 )

w he re  F (X )  = 6 fo r tu rb u le n t flo w s  (re fe re n c e  36) and C fe was 

e va lu a te d  from  hea t t ra n s fe r  d a ta .

From  th e  lim ite d  sam ple o f d a ta  th e  re s u lts  in  F ig u re  45 

in d ic a te  th a t , a t low  in c id e n c e , R eyno ld s  num be r can have  a 

d ram a tic  in flu e n c e  on th e  m ean c a v ity  p re s s u re  w hereas<^h igh 

in c id en ce , w hen a fre e  in te ra c tio n  can be c le a r ly  id e n tif ie d  a t 

s e p a ra tio n , a n y  in flu e n c e  due to  R eyno ld s  num be r has p ra c tic a lly  

va n is h e d  w ith in  th e  e xp e rim e n ta l s c a tte r. T h is  la t te r  se t o f 

co nd itio n s  m ay in  p a rt e x p la in  th e  success o f E lfs tro m 's  (1972) 

c o rre la tio n  shown in  F ig u re  46 w he re  a ll th e  data  p re sen ted  have  

come from  w e ll e s ta b lis h e d  c a v ity  flo w s . In  th is  c o rre la tio n  th e  

e ffe c t o f R eyn o ld s  num b e r is  once more om itted  and the  in flu e n c e  

o f th e  c o rn e r ang le  is  in tro d u c e d  th ro u g h  th e  use o f th e  

p re d ic te d  p re s s u re  re c o v e ry  fo r an in v is c id  un ifo rm  flow  fie ld .

No p h y s ic a l e xp la n a tio n  o f th e  success o f th is  c o rre la tio n  is
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ap p a re n t in  th e  lite ra tu r e ,  and  th is  is  p e rhap s  no t s u rp r is in g  

s ince most e xp e rim e n ts  show  th a t th e  f in a l p re s s u re  re c o v e ry  

(P in v )  occu rs  w e ll dow nstream  o f th e  rea ttachm en t ’th ro a t’ . 

Hence, i t  is  e x tre m e ly  d if f ic u lt  to  conceive o f a mechanism  

em anating  from  th e  re c o v e ry  re g io n  th a t cou ld  in flu e n c e  even  th e  

re a tta c hm en t zone, q u ite  a p a rt from  th e  p la teau  re g io n . In  v iew  

o f th is , i t  w ou ld  seem rea so nab le  to  suggest th a t th e  use o f 

(P in v )  in  fac t c h a ra c te ris e s  th e  in flu e n c e  o f th e  lo ca l fre e  stream  

w h ich  behaves as th o u g h  i t  w e re  n e g o tia tin g  a double-wedge 

geom etry fo rm ed  b y  th e  c a v ity  re g io n  and th e  so lid  b o u n d a ry  o f 

th e  m odel.

T h e  close co llapse o f da ta  on to  th e  s in g le  c u rv e  in  F ig u re  

46 a lso  in d ic a te s  th a t c a v ity  g eo m e try  is  p re s c rib e d  a p r io r i o v e r 

th e  rang e  o f Mach num b e rs  exam ined . F o r in s ta n c e , a t f ix e d  

Mach num b e r E lfs tro m ’s c o rre la t in g  p a ram e te rs  suggest th a t th e re  

is  a u n iq u e  re la tio n s h ip  fo r (P  ) such  th a t:

P = fn (P in v ) ,  a lone .
P

Hence, fo r g iv e n  fre e  s tream  c o nd itio n s  and c o rn e r a ng le , th e  

geom etry o f th e  c a v ity  re g io n  a p p a re n tly  g ive s  ris e  to  a spec ific

va lu e  o f (P  ) .P

In  o rd e r to  e x tra c t th is  re la tio n s h ip  from  E lf  s tro m ’s p lo t, an 

e m p iric a l fu n c tio n  has been id e n tif ie d  w h ich  f its  th e  o rig in a l da ta  

p re se n ted  b y  E lfs tro m  re m a rk a b ly  w e ll. T h is  fu n c tio n  is  shown 

below  and  c o n s titu te s  th e  so lid  lin e  in  F ig u re  46.

P p /P in v  = E X P (K ) (V a lid  fo r  2 <  Me ^  14) 

w he re  K  = (0 .48  - 1.23 L r  (M e  ) 

and P in v  is  th e  f in a l p re s s u re  on th e  wedge 

o r f la re , ta k e n  from  shock ta b le s .

(N o te : E X P (K ) w ill f u r th e r  reduce  to  th e  form  

1-616/Me1 *23)
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T h e  p la te a u  p re s s u re  c o e ffic ie n t d e fin e d  e a r lie r  now 

becom es:

CpP (P in v/P e)e^  -  1 
^ % Me^ -- (5 .4 )

T h e  sp ec ific  p re d ic tio n  fo r  Me = 9 has also been p lo tte d  in  

F ig u re  45. T h e  ag reem en t is  e xc e lle n t fo r th e  e s ta b lis h e d  

sep a ra te d  flow s w ith  th e  c o rre c t tre n d  p re d ic te d  fo r C Pp. T h e  

low  in c id en ce /lo w  R e yn o ld s  n u m b e r d a ta  fa ll w e ll be low  th e  

p re d ic tio n  as e xp ec ted .

I f  i t  is  ta c it ly  accep ted  th a t th e  c a v ity  lo ca l fre e  s tream  

does b ehave  as th o u g h  i t  w e re  n e g o tia tin g  a doub le  w edge 

g e o m e try , th e n  i t  is  p o s s ib le  to  ta k e  th is  a n a ly s is  one f u r th e r  

u s e fu l s te p . T h e  p la te a u  p re s s u re , b y  th is  a rg u m e n t, w ou ld  

co rre sp o n d  to  th e  s u rfa c e  p re s s u re  e xp e rie n ce d  b y  th e  f ir s t  

w edge fo rm ed  b y  th e  se p a ra te d  sh e a r la y e r .  T h e  ang le  o f th is  

wedge is  ana logous to  th e  mean ang le  o f th e  d iv id in g  s tre a m lin e  

w ith in  th e  c a v ity  o r ,  a lte rn a t iv e ly ,  a n o tio n a l sep a ra tio n  ang le  

6s . T h u s , g iv e n  th e  e m p iric a l f i t  to  E lfs tro m ’s c o rre la tio n , a 

ra n g e  o f 0 s v a lu e s  can be  d e te rm in e d  fo r w e ll e s ta b lis h e d  

c a v itie s  w ith  s im p ly  a kn o w le d g e  o f Me and  a and th e  use o f th e  

shock re la tio n s . A  b r ie f  a n a ly s is  is  g iv e n  in  A p p e n d ix  1 and  

th e  re s u lts  a re  show n in  F ig u re  47. D a ta  from  th e  lite ra tu re  

and  th e  c u rre n t e xp e rim e n ts  h a ve  been  added to  show th e  

p o ss ib le  ra n g e  o f u s e fu ln e s s  o f such  a p lo t. T he  b o un d a rie s  

p re s e n te d  b y  E lfs tro m ’s in c ip ie n t s e p a ra tio n  p re d ic tio n  m ethod 

and  th e  s tro n g  shock s o lu tio n  a re  also in tro d u c e d  to  c la r if y  th e  

re g io n  w he re  s e p a ra tio n  can be  e xp ec ted . A lth o u g h  no t an

e x p lic it p re d ic tio n  o f s e p a ra tio n , th e  f ig u re  cou ld  p ro ve  u s e fu l in  

a id in g  c ru d e  p re d ic tio n s  o f s e p a ra tio n  c a v ity  d im ensions once 

re lia b le  m ethods fo r d e te rm in in g  th e  le n g th  o f th e  d iv id in g  

s tre a m lin e  h ave  been accom p lished . U n fo rtu n a te ly , th e  ra th e r  

vag ue  d is tin c tio n  be tw een  w u n d e rd e ve lo p e d ” and  " f u lly  

d e ve lo p ed ” c a v itie s  in d ic a te d  in  F ig u re  45 w ou ld  need to  be more 

r ig o ro u s ly  d e fin ed  f i r s t .  T h is  re q u ire m e n t m ay w e ll p ro ve  to  be 

th e  b as is  upon  w h ic h  th e  in flu e n c e  o f R eyn o ld s  num b e r on 

p la te au  p re s s u re  g a ins  m uch g re a te r s ig n ific a n c e  in  fu tu re .
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5 .3 .4  R ea ttachm en t P re s s u re

T he  re s o lu tio n  o f th e  S c h lie re n  p ho to g rap hs  was found  

in ad eq ua te  to  d e te rm in e  th e  rea ttachm en t p o in ts  a c c u ra te ly . 

In s te a d , th e  d iv id in g  s tre a m lin e  concept was assum ed and a lin e  

was d raw n  from  th e  p re v io u s ly  c a lcu la ted  sep a ra tio n  p o in t a t an 

ang le  c o rre sp o n d in g  to  th e  2D wedge o b liq ue  shock so lu tio n  fo r 

th e  p la te au  p re s s u re  r is e . R ea ttachm en t p re s s u re s  w ere th e n  

ta ke n  from  th e  e xp e rim e n ta l d a ta  fo r th e  in te rs e c tio n  p o in t on 

th e  f la re . T h is  m ethod w as f ir s t  te s ted  u s in g  the  two 

d im ensiona l p re s s u re  d is tr ib u tio n s  m easured b y  E lfs tro m  and was 

f u r th e r  com pared w ith  h is  s c h lie re n  p h o to g rap h s . T he  re s u lts  

w ere  c o n s is te n t w ith  E lfs tro m ’s o rig in a l va lu e s  and bo th  th e  

2D-wedge and  CCF re s u lts  a re  com pared w ith  B atham 's p re d ic tio n  

in  F ig u re  48. T h e  a x is ym m e tric  re s u lts  lie  close to  th e  2D da ta  

and an e x tra p o la tio n  o f th e  th e o re tic a l p re d ic tio n . T h is  f ig u re  

p ro v id e s  fu r th e r  e v id ence  o f flow  s im ila r ity  be tw een the  tw o  

bas ic  geom etries .

Batham 's m ethod c lo se ly  fo llow s th e  fre e  in te ra c tio n  

a rg um en ts  deve loped  b y  E rd o s  and  P a llo ne , fo r se p a ra tio n , w ith  

th e  e xcep tio n  th a t th e  f r ic t io n  c o e ffic ie n t is  now e va lu a ted  on th e  

fre e  je t b o u n d a ry . T h e  a n a ly s is  o f Chow and K o rs t (1963 ), 

em ployed in  B a tham ’s th e o ry  fo r  an asym p to tic  e r ro r  fu n c tio n  

p ro f ile , had  show n th a t th is  f r ic tio n  co e ffic ie n t could  be 

e xp re ssed  as a s im p le fu n c tio n  o f lo ca l fre e  stream  Mach num be r. 

B o th  fre e  in te ra c tio n  th e o rie s  th e re fo re  em ploy th e  tra d itio n a l 

h yp o th e s is  th a t th e  e n te r in g  la y e r  is  s e lf s im ila r and  ind ep end en t 

o f dow nstream  c o n d itio n s . H o w e ve r, as w ith  th e  m easured 

p la te au  p re s s u re  v a lu e s , th e  p re s e n t re s u lts  fo r rea ttachm en t 

and those  o f E lfs tro m , ap p ea r to  show a m ild  b u t cons is ten t 

dependency on c o rn e r a ng le . S ince  an accu ra te  v is u a l check on 

th e  p o s itio n  o f re a tta c hm e n t was poss ib le  w ith  E lfs tro m ’s da ta , 

th is  te n d en c y  canno t be d ism issed  as a consequence o f th e  

s im p lify in g  d iv id in g  s tre a m lin e  assum p tion . Hence, the  data 

suggests  th a t th e  p o s itio n  o f re a tta c hm e n t in  these  flow s c lim bs 

s lig h t ly  h ig h e r in to  th e  p re s s u re  re c o ve ry  re g io n  as the  c o rn e r 

ang le  in c re a se s . A lth o u g h  a re la t iv e ly  sm all e ffe c t in  F ig u re  48, 

th e  tre n d  m ay be connected w ith  d if fe r in g  s ta r t in g  cond itio ns at
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sep a ra tio n  and  th e  s ta te  o f deve lopm ent ach ieved  b y  the  m ix in g  

la y e r ju s t b e fo re  re a tta c h m e n t. In  p a rt ic u la r th e  m agn itude  o f 

th e  tu rb u le n t sh e a r s tre s s  on th e  s tag n a tio n  s tre am lin e  cou ld  

c e rta in ly  be e xpec ted  to  in flu e n c e  th e  shape and p o s itio n  o f th e  

re a tta c hm en t p re s s u re  f ie ld . S t r ic t ly  sp ea k in g , a n y  m ajo r 

d e p a rtu re  from  th e  f u lly  d e ve loped  s ta te  assum ed b y  Chow and  

K o rs t in  th e ir  a n a ly s is  sho u ld  in v a lid a te  th e  use o f th e ir  re s u lts  

in  B atham 's m ethod. H ence, i t  is  enco u rag ing  to  no te from  th e  

p re s e n t re s u lts  th a t a s im p le  e x te n s io n  o f B atham Ts th e o re tic a l 

c u rv e  s t i l l appea rs  re a so n a b ly  u s e fu l even  a t these  h ig h  Mach 

num b e rs .

5 .3 .5  R ea ttachm en t P re s s u re  O ve rsh o o t

F ig u re  49 shows th e  re a tta c hm e n t o ve rsho o t co e ffic ie n t
A

(C p ) p lo tte d  a g a in s t lo ca l d e fle c tio n  ang le  fo r th e  geom etries 

s tu d ie d  b y  Colem an and  E lfs tro m  in c lu d in g  th e  p re s e n t w o rk . I t  

is  in te re s tin g  to  no te  th a t no d a ta  p o in ts  s it on th e  th e o re tic a l 

c u rv e  fo r a ttached  con ica l f lo w . T h is  fu r th e r  re fle c ts  th e  tw o 

d im ensiona l te n d en c y  o f th e  flow s d iscussed  e a r lie r .  

S u rp r is in g ly  th e  2D-wedge and  CCF h ig h  R eyno ld s  num be r da ta  

lie  on one lo c u s . T h is  s im ila r ity  m ust be d ue , in  p a rt,  to  b o th  

flow s h a v in g  an in c ip ie n t s e p a ra tio n  ang le  close to  30 deg rees. 

H ow eve r, th e  close co rre sp o nd ence  o f th e  slopes w ould  suggest 

th a t th e  lo ca l fre e  s tream  and  shock system  fo r each geom etry 

h ave  s im ila r deve lopm en t h is to r ie s . T he  low  u n it R eyno ld s

num b e r d a ta  do n o t have  q u ite  th e  same c la r ity  o f b e h a v io u r b u t 

th e  re s u lts  a re  com patib le  w ith  th e  in c ip ie n t sep a ra tio n  tre n d s .
A

T he  th e o re tic a l v a lu e  fo r Cp u s in g  th e  m ethod suggested  b y  

E lfs tro m  is  a lso show n fo r th e  h ig h  u n it R eyno ld s  num be r da ta . 

In  th is  m ethod, Cp is  c a lc u la te d  b y  tu rn in g  a two d im ensiona l 

fre e  stream  th ro u g h  th e  th e o re tic a l sep a ra tio n  and rea ttachm en t 

shocks p re s c rib e d  b y  th e  p la te a u  p re s s u re  ris e  and f in a l 

re c o v e ry  v a lu e  P in v . P ra c tic a lly  a ll o f th e  e xp e rim e n ta l p o in ts  

fa ll w e ll be low  th e  th e o re tic a l c u rv e . T h is  ap p a re n t supp ress io n  

o f p re s s u re  o ve rsho o t is  th o u g h t to  be due to  an expans ion  fie ld  

p ro p a g a tin g  from  th e  in te rs e c tio n  p o in t o f th e  sep a ra tio n  and 

re a tta c hm en t shocks , c lose to  th e  edge o f th e  re a tta ched  

b o u n d a ry  la y e r .
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E lfs tro m  sugges ted  th a t th e  appearance o f th e  p re s s u re  

o ve rsho o t was a good g u id e  to th e  onset o f h yp e rso n ic  

se p a ra tio n . U s ing  th is  c r ite r io n  to  de te rm ine  in c ip ie n t sep a ra tio n  

ang les he fo und  good ag reem en t w ith  o th e r m ethods. Colem an 

no ted  th a t th is  te c h n iq u e  was u n su ita b le  fo r a x is ym m e tric  flow  

s ince , ow ing  to  th e  lo c a l tw o  d im ensiona l b e h a v io u r a t th e  

in te rs e c tio n  lin e , th e re  was an in h e re n t ten d en cy fo r th e  

p re s s u re  to  o ve rsho o t th e  a tta c hed  flow  con ica l shock so lu tio n . 

H o w eve r, some in d ic a tio n  o f th e  app roach to  g ross sep a ra tio n  fo r 

b o th  2D and a x is ym m e tric  bod ies  can be ach ie ved  b y  e xam in ing
/N

th e  b e h a v io u r o f th e  p re s s u re  g ra d ie n t ahead o f P and th e
A

sub seq uen t p o s itio n  o f P re la t iv e  to  th e  w ed g e /fla re  in te rs e c tio n  

lin e . In  a ll th e  h ig h  Mach num be r da ta  re co rd ed  in  th e

lite ra tu re  ( i. e .  Me ^ 5 )  th e  fo llo w in g  p a tte rn  o f e ven ts  can be 

id e n tif ie d  as (a ) is  in c re a s e d  th ro u g h  th e  in c ip ie n t cond itio n  fo r 

g ro ss s e p a ra tio n .*

/A

i )  a < a i~  P re s s u re  g ra d ie n t ahead o f P is  low and 

th e  p re s s u re  d is tr ib u tio n  app roaches P 

a s y m p to tic a lly .

A

i i )  a Ss a i  - P re s s u re  g ra d ie n t ahead o f P inc reases
A

and  P m oves c lo se r to  th e  in te rs e c tio n  

lin e .

i i i )  a > a i-  P re s s u re  g ra d ie n t ahead o f P rem ains 

c o ns tan t ( in d ic a tiv e  o f fre e  in te ra c tio n  atA
re a tta c h m e n t) and P b eg in s  to  move aw ay 

from  th e  in te rs e c tio n  lin e  as th e  c a v ity  

becomes la rg e r .

T hese  o b se rva tio n s  le ad  to  an in te re s tin g  re la tio n s h ip  

be tw een th e  up s tream  in flu e n c e  p a ram e te r ( A x )  and th e  p o s itio n
A

and m agn itude  o f (P ) . T h e  c o rre la tio n  is  shown in  F ig u re  56 

and d iscussed  in  Sec tion  5 .3 .6 .

*See, fo r in s ta n c e , F ig u re s  30 th ro u g h  33 and also the  

asym m e tric  CCF d a ta , F ig u re s  60 to  77.
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5 .3 .6  In te ra c tio n  Scale

E v id e n tly  R e yn o ld s  n um b e r p la ys  a c ru c ia l ro le  in  

d e te rm in in g  th e  scale o f th e  in te ra c tio n  fo r these  e xp e rim e n ts . 

In  p a rt ic u la r th e  low  R eyn o ld s  num be r flow s e x h ib it a fa r  

g re a te r re s is ta n c e  to  se p a ra tio n  and from  th e  evidence  o f 

tra n s itio n  (S ec tio n  4 .1 .2 ) i t  is  poss ib le  th a t th is  in c re a sed  

re s is ta n c e  is  connected  w ith  th e  c lo se r p ro x im ity  o f th e  end o f 

tra n s itio n  to  th e  se p a ra tio n  p o in t. In  th is  re sp ec t th e  (C C F ) 

c a v ity  b e h a v io u r and tra n s it io n  tre n d  a re  s im ila r to  th e  (H C F ) 

and f la t p la te  re s u lts  o f Colem an and E lfs tro m . Batham  (1971) 

a lso no ted  th is  e ffe c t in  h is  f la t  p la te  s tu d y  a t Mach 7 in  th e  

same decade o f ReSQ. A s  w ith  th e  p re se n t re s u lts , th e  v a ria tio n  

in  th ic kn e s s  p a ram e te rs  in  h is  s u rv e y  was also in s u ff ic ie n t to  

e xp la in  th e  re d u c tio n  in  se p a ra tio n  b ub b le  s ize . Batham  

suggested  th a t th e  h ig h e r s k in  f r ic t io n  g e n e ra lly  associated w ith  

th e  end o f tra n s it io n  re fle c te d  a h ig h  shea r s tre s s  g ra d ie n t close 

to  th e  w a ll. T h is  w ou ld  th e n  re s u lt  in  a reduced  re v e rs e  flow  a t 

re a tta c hm en t s ince  th e  fre e  in te ra c tio n  e q u ilib riu m  co n d itio n , 

w h ich  im p lic it ly  locates th e  d iv id in g  s tre a m lin e , w ou ld  th e n  be 

reached  lo w e r in  th e  de tached  s h e a r la y e r.

B atham 's sug g es tio n  im p lie s  th a t, as th e  w a ll shea r s tre s s  

p ro f ile  is  convec ted  th ro u g h  th e  c a v ity  to w a rd  re a tta c hm en t, th e  

m agn itude  o f th e  sh e a r s tre s s  g ra d ie n t rem ains re la te d  in  some 

w ay to  th e  s ta r t in g  v a lu e . U n fo rtu n a te ly , th is  mechanism  does 

no t c o n s is te n tly  d e sc rib e  th e  b e h a v io u r o f c a v itie s  deve loped  in
7

th e  h ig h e r decade o f R e 6 ( i. e .  ^  10 ) .  H e re  s e ve ra l w o rk e rs  

(see F ig u re  35 fo r a u th o rs ) h a ve  found  th a t an in c rease  in  

R eyn o ld s  num b e r a lso reduces  th e  scale o f th e  in te ra c tio n . In  

these  la t te r  cases th e  w a ll s h e a r s tre s s  g ra d ie n t, and g en e ra l 

s ta te  o f th e  a p p ro ac h in g  b o u n d a ry  la y e r w ill h ave  been c lo se r to  

so ca lled  ” e q u ilib riu m " co n d itio n s  and th e  mechanism  suggested  

b y  Batham  sho u ld  h ave  p ro d u ced  la rg e r ra th e r  th a n  sm a lle r 

c a v ity  re g io n s . C le a r ly , a d d itio n a l m echanism s m ust be a t w o rk  

w ith in  th e  c a v ity  and  i t  w ou ld  be reasonab le  to  assume th a t th e  

m agn itude  o f th e  tu rb u le n t R e yn o ld s  s tre s s  in  th e  m ix in g  la y e r,  

and its  re la tio n s h ip  w ith  th e  m echanism  o f scaveng ing  re v e rs e d  

f lu id  from  th e  re a tta c h e d  zone, m ust also p la y  a m ajo r p a rt in
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d e te rm in in g  th e  com plete s ize  o f th e  re c irc u la tin g  re g io n .

In  h yp e rso n ic  flo w s , w he re  e xp e rim e n ta l co nd itio n s  ra re ly  

ach ieve  c a v ity  d im ensions g re a te r th a n  10 <5 i t  is ,  h o w eve r, 

conce ivab le  th a t th e  m ix in g  la y e r  may no t have  re la xe d  to  a s ta te  

p re s c rib e d  b y  th e  lo c a l c a v ity  flow  fie ld  b u t m ay s t i l l be 

s tro n g ly  in flu e n c e d  b y  th e  co nd itio n s  p r io r  to  se p a ra tio n . T h e  

c u rre n t e xp e rim e n ts , and  those  conducted  b y  E lfs tro m  and  

Colem an, fa ll in to  th is  la t te r  c a te g o ry  o f flo w s . D ire c t 

m easurem ent o f th e  c a v ity  v e lo c ity  and tu rb u le n t fie ld s  in  th e  

e xp e rim e n t was no t attem pted*, c o nseq uen tly  i t  has no t been 

poss ib le  to  deve lop  B a tham ’s e a r lie r  sug g es tio n s . H o w eve r, a 

u s e fu l e xam ina tio n  o f R e yn o ld s  n um b e r in flu e n c e s  on c a v ity  scale 

can s t i l l be a ttem p ted  b y  re fe r r in g  to  d im ensions p re s c rib e d  b y  

th e  su rfa c e  p re s s u re  d is tr ib u tio n .

To  exam ine c a v ity  scale m ore c lo se ly  an upstream  in flu e n c e  

p a ra m e te r (A x ) ,  a f te r  S e ttle s  e t a l (1975 ), has been em p loyed . 

T h is  is  d e fin ed  in  F ig u re  50 w h ic h  also shows th e  e ffe c t o f (a ) 

on ( A x )  fo r th e  a x is ym m e tric  geom etries . E s tim a tio n  o f ( A x ) 

below  th e  in c ip ie n t s e p a ra tio n  ang le  is  d if f ic u lt  and lim ite d  v e ry  

much b y  th e  choice o f in s tru m e n ta tio n  p itc h . T he  accu racy in  

th is  re g io n  is ,  th e re fo re , p o o r ( + 25%), ho w eve r, i t  can be seen 

th a t in  g e n e ra l (A x ) v a rie s  sm oo th ly w ith  (a ) and th is  conform s 

w ith  th e  v iew  th a t s e p a ra tio n  o rig in a te s  as a sm all re g io n  o f 

re c irc u la tio n  a t v e ry  low  d e fle c tio n  ang le s , A p p e ls  (1975), 

W in te rw e rp  (1975 ).

R eyn o ld s  n um b e r e ffe c ts  on a no rm a lized  v e rs io n  o f S e ttle ’s 

p a ram e te r a re  show n in  F ig u re s  51 and 52. The  choice o f (<$ ) 

fo r sc a lin g  w ith  ( A x )  is  som ewhat a rb it r a r y  b u t o f lit t le  

consequence in  th e  case o f th e  (C C F ) re s u lts  w he re  th e  

th ic kn e s s  p a ram e te rs  w e re  fo un d  to  v a ry  in s ig n if ic a n tly . B o th  

se ts o f da ta  show d if fe re n t tre n d s  above and below  the  in c ip ie n t 

s e p a ra tio n  ang le s , (cd 32 d e g re e s ), w h ich  co rresponds to  th e  

re g io n  A x/ SQ~ 1 .5 .

T h is  b e h a v io u r is  p re s e rv e d  w ith in  th e  e xp e rim e n ta l s c a tte r 

and  is  fu n d am e n ta lly  d if fe re n t to  th e  tre n d  o b se rved  b y  S e ttle s ,
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a lb e it a t Moo = 2 .9 , w he re  A x / 6o c o n s is te n tly  reduced  w ith  

in c re a s in g  R e 6o even  fo r w e ll sepa ra ted  flo w s . S e ttle 's  re s u lts , 

th e re fo re , co rre sp o n d  m ore w ith  th e  lo w e r inc idence  te s ts  o f 

F ig u re s  51 and  52. A n  a lte rn a tiv e  m ethod o f p re se n ta tio n  is  

show n in  F ig u re s  53 and  54. H e re , th e  in flu e n c e  o f R eyno ld s  

num b e r is  f u r th e r  c la r if ie d , and  i t  is  q u ite  e v id e n t th a t th e  

h ig h e r R eyn o ld s  n um b e r c a v itie s  a re  d eve lo p ing  much m ore 

ra p id ly  w ith  in c re a s in g  w e d g e /fla re  ang le .

Due to  a fo rtu ito u s  s im ila r ity  in  Re 6 o fo r th e  f la t p la te  and  

a x is ym m e tric  g eom e trie s , a t th e  low  u n it R eyno ld s  num be r 

c o n d itio n , i t  has been p o ss ib le  to  make a d ire c t com parison o f 

Ax/ 6o o v e r th e  com plete te s t ra n g e  in  ( a ) . T h is  is  shown in  

F ig u re  55. T h e  d a ta  c lo se ly  c o rre sp o nd  a t low  inc idence  b u t 

d iv e rg e  co ns id e rab le  once se p a ra tio n  has become e s tab lish e d , 

(C<*32 d e g .) T h e  s ig n ific a n c e  o f th is  com parison is  p e rh ap s  le ss  

c le a r th a n  fo rm e r cases o f f ix e d  geom etry and v a ry in g  Re S o , in  

v iew  o f v a s t ly  d if fe r in g  up s tre am  h is to rie s  and poss ib le  geom etric  

e ffe c ts . A n  in d ic a tio n  o f these  d iffe re n c e s  is  g ive n  in  th e  f ig u re  

b y  th e  p a ra m e te r X^J So w h e re  X .̂ is  th e  d is tance  from  th e  

m aximum  su rfa c e  p ito t p re s s u re  (o r maximum  su rface  hea t t ra n s ­

fe r  v a lu e ) to  th e  in te rs e c tio n  lin e .  T he  p a ram e te r c ha ra c te rise s  

th e  p ro x im ity  o f th e  c a v ity  to  th e  tra n s itio n  reg im e in  th e  

ap p ro ach ing  b o u n d a ry  la y e r .  T h e  CCF data  a re  c le a r ly  d e riv e d  

from  a post t ra n s it io n a l c a v ity  w he reas th e  FP-wedge and HCF 

re s u lts  h ave  been o b ta in ed  from  a re g io n  w e ll dow nstream  from  

th e  tra n s it io n  p ro cess . T h e  fa c t th a t th e  h ig h  inc idence  HCF 

and  FP-wedge c a v itie s  a re  g ro w in g  more ra p id ly  w ith  (a )  adds 

some w e ig h t to  th e  sug g es tio n  th a t  th e  deve lopm ent s ta te  o f th e  

app roach  s tream  m ay be an im p o rta n t fa c to r in  d e te rm in in g  

c a v ity  scale in  these  e xp e rim e n ts .

To  sum m arize th e  o b s e rva tio n s  made in  th is  section so fa r  

th e  fo llo w in g  g e n e ra l p o in ts  can be  made.

i)  O b v io u s ly  fo r f ix e d  geom etry and loca l

fre e  s tream  c o n d itio n s , in c re a s in g  ( a )  

causes an in c re a se  in  ups tream  

in flu e n c e .
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i i )  F o r fix e d  g eo m e try  and in c id en ce , in ­

c re a s in g  Re <5o a t constan t Mach num be r 

causes an in c re a se  in  upstream  in flu e n c e  

fo r cl > a i and  th is  tre n d  is  a p p a re n tly  

re v e rs e d  fo r a < a i. (N B  a i is  a lso a m ild  

fu n c tio n  o f R e  5 o in  these  e xp e rim en ts .

I t  is  used  h e re  as a co nven ien t re fe re n c e  

ang le  and no d ire c t connection w ith  th e  

tre n d s  is  im p lie d . )

i i i )  F o r f ix e d  lo c a l fre e  stream  co n d itio n s ,

and  in c id e n c e , th e  f la t p la te  re s u lts  o f 

E lfs tro m  g iv e  th e  h ig h e s t up s tream  in ­

flu ence  v a lu e s , and  th e  (C C F ) g eom e try , 

th e  lo w es t.

iv )  T h e  tre n d s  fo r w e ll sepa ra ted  flow s in

i i )  and  i i i )  m ay be connected w ith  the  

lo ca tio n  o f t ra n s it io n  and the  sub sequen t 

s ta te  o f a p p ro a c h in g  b o u n d a ry  la y e r.

I t  is  a p p a re n t th a t an  up s tre am  in flu e n c e  p a ram e te r has 

some v a lu e  w hen m ak in g  q u a lita tiv e  com parisons betw een 

d iffe re n t flow  sys tem s. Q u a n tita tiv e  use o f th e  p a ram e te r has 

p ro ve d  m uch m ore d if f ic u lt .  Law  (1975 ), em p lo y ing  th is

p a ra m e te r, has com pared e m p iric a l p re d ic tio n s  b y  Roshko  and 

Thom ke (1975) and  S e ttle s  an d  B ogdono ff (1973) w ith  lim ite d  

ag reem ent a t Mach 2 .9 6 , (F ig u re  56 ). These  c o rre la tio n s  w ere  

fo und  b y  th e  a u th o r to  fa il co m p le te ly  a t h ig h  Mach num be r and 

c o rn e r ang le s  m ore ty p ic a l o f  th e  c u rre n t te s ts . These

d iff ic u lt ie s  a re  o b v io u s ly  lin k e d  w ith  the  h ig h ly  no n- lin ea r 

response o f ( a x /<$o ) w ith , s a y , ( a )  and (R e 5 o ) , and a more 

s a tis fa c to ry  m ethod fo r c o rre la t in g  in te ra c tio n  scale is  c le a rly  

re q u ire d .

T he  onse t o f h yp e rso n ic  tu rb u le n t  sep a ra tio n  was found  in  

th e  w o rk  b y  S e ttle s  e t a l (1975) and A p p e ls  (1975 ), in  

p a rt ic u la r,  to  be a g ra d u a l p ro cess  s ta r tin g  from  e x tre m e ly  sm all 

re g io n s  o f re c irc u la tin g  flow  w h ic h  th e n  g row  w ith  c o rn e r ang le
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to a ffe c t th e  w hole s h e a r la y e r .  T h is  suggests  th a t a b ro a d e r 

a p p re c ia tio n  o f th e  p ro ce ss  o v e r th e  e n tire  rang e  o f ( a ) 

in v e s tig a te d  can be a c h ie ved  b y  re fe r r in g  to  le n g th  scales 

assoc ia ted  w ith  the  in te ra c tio n  w h ich  do no t app roach ze ro  w hen 

g ro ss sep a ra tio n  ceases.

T he  up s tream  in flu e n c e  p a ra m e te r used  b y  S e ttle s  e t a l, 

(A x ) ,  has a lre a d y  been  d iscu ssed . A  s im ila r p a ram e te r fo r th e  

f la re  o r wedge p re s s u re  d is tr ib u tio n  is  also re a d ily  id e n tif ie d .
~  /s

( Axp - d e fin ed  in  F ig u re  5 7 ). B y  p lo ttin g  A xp /Ax v e rs u s  Cp an 

in d ic a tio n  o f th e  g ro w th  o f th e  com plete c a v ity  re g io n , from  

p e rc e ive d  a ttached  c o n d itio n s  to  w e ll sep a ra ted  f lo w , can be 

o b se rve d .

From  th e  da ta  a v a ila b le  tw o  m ain ca tego rie s  o f flow  appea r 

e v id e n t a t th e  p re s e n t tim e : -

i)  F low s above Me o r Moo= 5.8 (F ig u re  57)

i i )  F low s in  th e  re g io n  Me o r Moo = 3 (F ig u re  58)

I t  is  p a r t ic u la r ly  in te re s t in g  to  no te  th e  co rrespondence o f 

p o in ts  in  F ig u re  57 o v e r a w id e  ra n g e  o f Cp and  A x p / A x

e sp ec ia lly  th e  re s u lts  o f E lfs tro m  w h ich  a lm ost e n t ire ly  span th e  

a va ila b le  d a ta  in  th e  lite ra tu re .  T h e  nom ina l th re s h o ld  fo r g ross 

sep a ra tio n  is  a lso show n in  th is  f ig u re  b u t th is  re la te s  

s p e c ific a lly  to  flow s fo r M e ^ 5 .8 . P lo tte d  in  th is  m anner i t  w ou ld  

ap p ea r th a t h yp e rso n ic  tu rb u le n t  shea r flow s a ll have  th e  same 

bas ic  response  to  in c re a s in g  c o rn e r ang le  (o r s tro n g  ad ve rse  

p re s s u re  g ra d ie n t) , ir re s p e c tiv e  o f geom etry o r d if fe r in g

app roach  co nd itio n s .

T he  e ffec ts  o f la rg e  changes in  Mach num be r and R eyno ld s  

n um b e r a re  a p p a re n t in  F ig u re  58. These  flow s behave  s im ila r ly  

a lth o u g h , from  th e  o r ig in a l d a ta , i t  was found  th a t g ross

se p a ra tio n  was o c c u rrin g  w e ll b e fo re  an y steep ris e  in  cp* T he

tra n s itio n a l da ta  o f Johnson (1968) a re  a lso show n fo r h ig h  Mach 

num b e r in  th is  second g ra p h . A g a in , th e  b e h a v io u r is  s im ila r 

b u t th e  low  in c ip ie n t s e p a ra tio n  ang le  o b se rved  in  th e  o rig in a l
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d a ta , a fe a tu re  o f v e r y  low  R eyn o ld s  num be r flo w s , re s u lts  in
A A

sup p ressed  va lu e s  o f Cp. a t low  va lu e s  o f A x p /A x . N o te ,
A

ho w e ve r, th a t the  s teep  in c re a se  in  Cp s t i l l occurs o ve r th e
a

same ra n g e  o f A x p / A x  as fo r th e  h ig h e r R eyno ld s  num b e r 

tu rb u le n t b o u n d a ry  la y e r  flo w s . The  choice o f c o rre la tin g  

p a ram e te rs  in  F ig u re s  57 and  58 was som ewhat fo rtu ito u s  and  

arose from  th e  d e s ire  to  lin k  th e  p rin c ip a l d im ensions o f th e  

c a v ity  w ith  an e a s ily  id e n tif ie d , and m easu red , p re s s u re  v a lu e  

c h a ra c te ris in g  th e  w ho le  in te ra c tio n  re g io n .

F u r th e r  c la rif ic a tio n  o f th e  re la tio n s h ip  can be ob ta ined  b y  

fo llo w in g  th e  c a v ity  d eve lopm en t tre n d  d e riv e d  from  E lfs tro m ’s
A

re s u lts , (F ig u re  5 7 ). S ta r t in g  w ith  th e  p o in t a t A xp /A x  = 15, 

w h ich  co rre sp o nd s  to  a w edge an g le  o f 28 d eg rees , and p roceed­

in g  to  th e  le f t  o f th is  p o in t, i t  can be seen th a t in c re a s in g  (a )
A

b y  o n ly  tw o  deg rees has p ro d u ce d  a la rg e  d rop  in  A xp / Ax to  

a p p ro x im a te ly  5. T h e  o r ig in a l d a ta  shows th a t th e  flow  is  s t i l l
A

a ttached  a t th is  p o in t and  Cp has  in c re a sed  o n ly  s lig h t ly  w ith  

( a ) .  P ro g re s s iv e  2 d eg ree  in c re m e n ts  in  ( a )  p roduce  a moreA ^
ra p id  in c re a se  in  Cp w ith  a c o rre sp o n d in g  re d u c tio n  in  A xp /A x , 

and fo r w e ll sep a ra ted  flow s th e  c o rre la tio n  suggests  th a t th e  

ra tio  A xp /A x  is  v e ry  n e a r ly  c o n s ta n t. C o n seq u en tly , e s tab lish ed  

c a v ity  re g io n s  ap p ea r to  g ro w  alm ost e q u a lly  ahead and  

dow nstream  o f th e  in te rs e c tio n  lin e .  T h is  is  shown more c le a r ly  

in  F ig u re  59. H e re , th e  le n g th  o f a n o tio n a l d iv id in g  s tream lin e  

(£) has been com puted from  th e  p o s itio n  o f sep a ra tio n  and th e  

ang le  p re s c rib e d  b y  th e  o b liq u e  shock so lu tio n  fo r th e  p la te au  

p re s s u re  r is e . T h e  ra t io  O t/n ), w he re  (n ) is  th e  no rm a l to  th e  

com pression c o rn e r, is  seen to  be a lm ost constan t fo r those 

e xp e rim e n ts  conduc ted  in  th e  Im p e ria l Co llege No. 2 T u n n e l. 

T h e  choice o f 6Q fo r s c a lin g  w ith  (£) and (n )  in  th e  f ig u re  is  

a r b it r a r y .

F o r h yp e rso n ic  tu rb u le n t flo w s  (sa y  M e^ 5 . 8 ) th e  method o f 

p re s e n ta tio n  in  F ig u re  57 does n o t appea r to  be too se n s itiv e  to 

R eyn o ld s  n u m b e r. H o w eve r, th e re  rem a ins an obvious d if f ic u lty  

w ith  th e  choice o f c o rre la tin g  p a ram e te rs  in  so much as n e ith e r 

Cp n o r A xp /A x  can be d e riv e d  a p r io r i a t th e  p re se n t tim e.M ore-
y y  A

o v e r, fo r low  va lu e s  o f A xp /A x  th e  p a ram e te r Cp is  in c re a s in g
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a s ym p to tic a lly  re n d e rin g  a fo re kno w led g e  o f Cp b y  o th e r means 

d e s ira b le  fo r good a c c u ra c y . T h e  p a ram e te rs  Cp and Ax have  

p re v io u s ly  been show n to  be s e n s itiv e  to  R eyno ld s  num be r 

(F ig u re s  49, 51 and  5 2 ). C o n se q u e n tly , a lth o ug h  b o th  h e re  and 

in  th e  lite ra tu re  th e re  has been some success in  p re d ic tin g  

in c ip ie n t s e p a ra tio n  (E lfs tro m , 1973), re a ttachm en t p re s s u re  

(B a tham ) and e lem ents o f e s ta b lis h e d  c a v ity  geom etry (F ig u re  

4 7 ), th e re  rem a ins  th e  fun d am en ta l p rob lem  o f d e te rm in in g  th e  

e x te n t o f c a v ity  g ro w th  ahead and  dow nstream  o f re a tta c hm e n t, 

g ive n  d e ta ils  o f th e  in co m in g  b o u n d a ry  la y e r.  Once th is  can be 

ach ie ved  th e  u se fu ln e ss  o f c o rre la tio n s  such as th a t shown in  

F ig u re  57, w hen a p p lie d  as s im p le  " f ir s t  o rd e r"  des ign  to o ls , w ill 

o b v io u s ly  be s ig n if ic a n tly  enhanced .
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6 . R E S U LTS  AN D  D IS C U S S IO N  OF TH E  TH R EE  

D IM E N S IO N A L  S E P A R A TE D  FLOW S TU D Y

6.1  PRESSU RES  AND  S C A LE

In  v iew  o f the  com p lex n a tu re  o f th e  geom etries te s ted  in  

th is  la t te r  se rie s  o f e xp e rim e n ts  i t  is  c o nven ien t to  in tro d u c e  an 

a b b re v ia te d  n o ta tio n  to  c la s s ify  th e  p rin c ip a l flow  pa th s  (o r 

m e rid ia n s ) u n d e r in v e s tig a tio n . T h e  k e y  to  th is  n o ta tio n  is :  

G eom etry/ a-  lo ca l/ 0 - T u n n e l C o n d itio n  i.e .  A /40/0  - HP 

co rre sp o nd s  to  th e  s u rfa c e  lin e  ly in g  in  th e  xy- p lane  o f 

s ym m e try  o f geom etry  (A )  w he re  a - lo ca l = 40 deg . and 0 

th e re fo re  equa ls  ze ro  d e g re e s , ta ke n  fo r th e  H ig h  P re s s u re
5

tu n n e l c o nd itio n  (Reoo/cm  = 5.17 x  10 ) .  S im ila r ly  B /32 .5 /90-LP  

co rre sp o nd s  to  th e  su rfa c e  lin e  in  th e  xy- p la n e  o f geom etry (B ) 

w he re  a- lo ca l = 32.5 deg . (n o m in a lly ) and 0 = ± 90 d e g ., ta ke n  

fo r th e  Low  P re s s u re  c o n d itio n  (Re<» /cm = 1.29 x  10 ) .  

C o n se q u en tly , th e  n in e  flow  p a th s  co ve red  in  these  th re e  

d im ens iona l s tu d ie s  a re  c h a ra c te ris e d  b y  th e  fo llo w in g  n o ta tio n  

and sym bo ls fo r th e  tw o  tu n n e l co nd itio ns  em ployed (see T ab le

7, no te  th e  raw  da ta  show n in  F ig u re s  60 to  77 a re  com pu te rised  

p lo ts  em p lo y ing  a s in g le  sym bo l. Note a lso th a t fo r c la r ity  th e  

lo ca tio n  o f p re s s u re  ta p p in g s  is  a lso in d ic a te d  in  these  f ig u re s ) .

Table 7
*k

Asymmetric CCF - Notation & Symbols (F ig u re s  79 o nw a rd s )

Me = 8.65, Re00 = 5.17 x 105 Me = 8.4, Re00 = 1.29 105

A/40/0 - HP 6 A/40/0 - LP O

A/37.5/90 - HP O A/37.5/90 - LP 0

A/35/180 - HP O A/35/180 - LP

B/35/0 - HP
B

B/35/0 - LP 6

B/32.5/90 - HP 01 B/32.5/90 - LP D-

B/30/180 - HP a B/30/180 - LP P
C/35/0 - HP A C/35/0 - LP A

C/35/90 - HP A C/35/90 - LP o

C/35/180 - HP A C/35/180 - LP V

* unless otherwise stated
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A  com plete se t o f d a ta  g iv in g  the  m easured and ca lcu la ted  

p a ram e te rs  d e riv e d  from  a ll th e  asym m etric  c a v ity  flow s can be 

found  in  A p p e n d ix  3. D a ta  fo r th e  re fe re n ce  a x is ym m e tric  flow s 

is  also in c lu d e d  in  th is  p re s e n ta tio n .

6 .1 .1  G e n e ra l O b se rva tio n s  (P re s s u re s  and Scale)

F ig u re s  60 th ro u g h  to  77 show th a t a ll th e  bas ic  fe a tu re s  

o f h yp e rso n ic  sep a ra ted  flow  a re  re ta in e d  in  th e  su rface  

p re s s u re  d is tr ib u tio n s  fo r  th e  co ne- cy linde r a sym m e tric- fla re  

geom etries , e .g . a se p a ra tio n  p re s s u re  r is e , fo llow ed  b y  a 

p la te au  and  o ve rs h o o t, w ith  sub seq uen t re la x a tio n  dow nstream . 

M o reo ve r, th e  same bas ic  response  to  R eyno ld s  num be r is  

e v id e n t, as fo r th e  a x is ym m e tric  (o r re fe re n c e ) flo w s ; i.e .  w e ll
5

deve loped  c a v ity  re g io n s  can b e  seen fo r Reoo/cm  = 5.17 x  10
5

b u t a t Reoo/cm  = 1.29 x  10 c a v ity  geom etries a re  c o n s id e ra b ly  

reduced  in  sca le . A  c le a re r o v e ra ll p ic tu re  o f th e  ra n g e  o f flow s 

deve loped  can be ga ined  b y  re fe r r in g  to  F ig u re  78 w h ich  maps 

th e  ap p ro x im a te  geom e try  (s id e  e le va tio n s ) o f a ll th e  sep a ra tio n  

re g io n s  g en e ra ted  d u r in g  th is  second g ro up  o f e xp e rim e n ts .

R e fe rr in g  s p e c ific a lly  to  th e  h ig h e r R eyno ld s  num be r data 

in  th e  le f t  co lum n o f F ig u re  78 , tw o d is tin c t b o u n d a ry  la y e r 

responses em erge fo r th e  th re e  geom etries and i t  is  enco u rag ing  

to  no te  th a t these  b ro a d ly  c o rre sp o n d  to  th e  tw o basic  model 

des ign  s tra te g ie s  fo r flow  f ie ld  deve lopm ent o u tlin e d  in  Sections

3 .3 .1  and  3 .3 .2 .  H e re  i t  was in te n d e d  th a t geom etries (A ) and 

(B ) shou ld  in d uc e  e ffec ts  due to  a tra n s v e rs e  p re s s u re  g ra d ie n t 

in  th e  v ic in it y  o f re a tta c h m e n t, and  geom etry (C ) shou ld  induce  

e ffec ts  due to  a s lo p in g  f la re  in te rs e c tio n  lin e . I t  can be seen 

th a t, in  th e  case o f g eom etrie s  (A ) and ( B ) ,  loca l c a v ity  

d im ensions do appea r to  be in flu e n c e d  b y  th e  lo ca l d e flec tio n  

ang le  insom uch as th e  s e p a ra tio n  lin e  ru n n in g  from  0 = 0 to 180 

deg . is  p itc h e d  in  th e  same ’sense ’ as th e  2.5 deg . t i l t  on the  

tw o  fla re s . H o w eve r, in  th e  case o f geom etry (C ) ,  w he re  the  

loca l d e fle c tio n  ang le  does no t v a r y  c irc u m fe re n tia lly , th e  slope 

o f th e  se p a ra tio n  lin e  is ,  s u rp r is in g ly ,  opposite  to  th a t o f the  

p itc h e d  f la re  in te rs e c tio n  lin e . E v id e n tly , a lth o u g h  th e re  is  

b ro ad  c o n fo rm ity  w ith  th e  o r ig in a l e xp e rim e n ta l o b je c tiv e s , th e re
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is  a s ig n if ic a n t d iffe re n c e  in  th e  shape o f the  c a v itie s  deve loped  

b y  th e  tw o bas ic  c lasses o f geom etry w h ich  suggests  th a t 

a d d itio n a l th re e- d im en s io n a l e ffe c ts  may be in flu e n c in g  these  

flow s.

A  fu r th e r  g e n e ra l im p re ss io n  o f th e  flow  b e h a v io u r can be 

ga ined  b y  re fe r r in g  to  T a b le  8 be low . T h is  tab le  com pares lo ca l 

fe a tu re s  o f th e  asym m e tric  sep a ra tio n  fie ld s  w ith  th e ir

a x is ym m e tric  e q u iv a le n t flo w s  fo r  th e  h ig h e r R eyno ld s  num be r 

tu n n e l c o n d itio n , i . e .  th e  re g io n  in  th e  xy- p lane  fo r, say , 

geom e try  A , w he re  a- lo c a l = 40 deg. (A /4 0 /0 ) ,  shou ld  be 

com pared w ith  th e  a x is ym m e tric  C C F re s u lt f o r a =  40 deg.

To  a id  in te rp re ta t io n  o f T a b le  8 th e  fo llo w in g  a d d itio n a l 

d e s c rip tiv e  te rm s  h ave  been  in tro d u c e d .

( i)  ’L e a d in g ’ ang le  re fe rs  to  th e  lo ca l f la re  

d e fle c tio n  ang le  a t 0 = 0 deg. in  a ll 

cases.

( i i)  ’T ra ilin g ’ ang le  re fe rs  to  th e  lo ca l f la re  

d e fle c tio n  ang le  a t 0 = 180 deg. in  a ll 

cases.

( i i i )  ’O u tw ash ’ o r ’source  lik e ’ flow

b e h a v io u r is  in te n d e d  to  s ig n ify  a 

c o nd itio n  w h e re b y  th e  stream  lin e s  in  

th e  de tached  s h e a r la y e r  above th e  

re c irc u la tin g  re g io n  a re  v is u a lis e d  as 

d iv e rg in g  from  th e  m e rid ia n  a t 0 = 0 
d e g . ,  (see s ke tc h  A  n e x t p ag e ).

( iv )  ’In - w ash ’ o r ’s in k - lik e ’ flow  b e h a v io u r

s ig n ifie s  th e  co n ve rse  o f ( i i i )  w he re  

s tream  lin e s  a re  v is u a lis e d  as

c o n ve rg in g  to w a rd s  th e  0 = 180 deg. 

m e rid ia n , (see s ke tc h  B n e x t p ag e ).
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A  s im p le  h yp o th e s is  fo r " le a d in g " and " t ra ilin g "  ang le  

sep a ra ted  flow s.

( A )  "O u tw a s h "; T im e  a ve ra g e  " le a d in g " ang le  flow  does no t 

g iv e  c losed b u b b le . R ea ttachm en t s tre am lin e  R comes from  f in ite  

h e ig h t in  app roach  b o u n d a ry  la y e r  and th e re fo re  tra n s p o rts  mass 

in to  b u b b le  re g io n . S e p a ra tio n  s tre am lin e  f lu id  ro lls  up  and  

a p p a re n tly  d isap p ea rs  in to  a " s in k "  w h ich  is  in  fac t th e  " sou rce " 

fo r tra n s v e rs e  flo w .

( B) " In - W a s h ": T ra n s v e rs e  flo w  e n te rs  th e  " t ra ilin g "  ang le

re g io n  and  appea rs  as th e  sou rce  o f th e  re a ttachm en t s tream lin e  

R . T he  se p a ra tio n  s tre a m lin e  S does no t re a tta c h  th e re b y  

p ro v id in g  a " s in k " fo r th e  tra n s v e rs e  flow .

/ / i i i  i i i



TABLE 8

COMPARISON OF AX IS YM ME TR IC CCF AND ASYMMETRIC CCF 

SEPARATION FIELDS (PRESSURES AND SCALE)

Re«> /cm = 5.17 x 10^ 

Moo = 9.31 

Me = 8 . 6 5

AXISYMMETRI 

a  -deg

C CCF 

.

ASYMMETRIC CCF 

G E O M E T R Y / a  -local/ 0

30 35 40 A/40/0 A/35/180 B/35/0 B/30/180 C/35/0 C/35/180

Pp /Poo 1 . 2 * 4.37 5.39 4.90 4.79 4.48 4.26 4.07 5.26

Ax cm 0.80 3.75 7.31 6.40 5.50 2.80 1.70 2.10 4.00

P/Poo 34.10 64.50 104.46 92.57 67.93 56.27 37.82 53.53 56.92 2

*No plateau - Flow unseparated - Average value of P/P°° taken ahead of flare.
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C o n s id e r f ir s t  th e  A /40/0  re s u lt and its  a x is ym m e tric  

e q u iv a le n t, (<* = 40 d e g . ) .  H ere  i t  can be seen th a t loca l p la te au  

p re s s u re , ups tream  in flu e n c e , and maximum p re s s u re  ra tio  fo r 

M odel (A )  have  been s lig h t ly  supp ressed  b y  th e  e ffe c t o f 

a sym m e try  in  th e  v ic in it y  o f th e  0 = 0 deg . m e rid ia n . S ince th e  

’t r a ilin g ’ lo ca l d e fle c tio n  ang le  a t 0 = 180 deg. fo r th is  geom etry 

is  35 deg rees th is  g e n e ra l response  can be v is u a lis e d  as th e  

e ffe c t o f ’o u tw ash ’ from  th e  f lu id  in te ra c tio n  re g io n  ly in g  above 

th e  0 = 0 deg . m e rid ia n . A s p e rh ap s  e xpec ted , th e  A/35/180 

re s u lt  e x h ib its  enhanced  va lu e s  fo r th e  above p a ram e te rs , 

com pared w ith  th e  a x is ym m e tric  re s u lt  fo r a=  35 d e g . ,  and th is  

can be v is u a lis e d  as th e  e ffe c t o f ’in w ash ’ in to  th e  f lu id  

in te ra c tio n  re g io n  ly in g  above th e  0 = 180 deg. m e rid ia n . 

G eom etry (B ) fa lls  in to  th e  same c lass as G eom etry ( A ) ,  

insom uch as b o th  c o n fig u ra tio n s  in c o rp o ra te  fla re s  w ith  a 2 .5  

deg . t i l t  re la tiv e  to  th e  app roach  s tream , and ro u g h ly  th e  same 

bas ic  response  fo r th e  B/35/0  and  B / 30/180 re s u lts  is  e v id e n t. 

H o w eve r, i t  is  in te re s t in g  to  no te  th e  p resence  o f an e s tab lish ed  

c a v ity  re g io n  fo r th e  B / 30/180 flo w . T h is  c o n tra s ts  com p le te ly  

w ith  t h e a =  30 deg . a x is ym m e tric  case, jud g ed  e a r lie r  (S ec tio n  5) 

to  be u n se p a ra te d .

T he  in te rn a l d ynam ics o f th e  c a v itie s  deve loped  in  these  

flow s a re  c le a r ly  v e ry  com p lica ted  and te rm s  such as ’o u tw ash ’ 

and ’in w ash ’ p ro b a b ly  c o nve y an  o ve rs im p lifie d  p ic tu re  o f th e  

sep a ra ted  fre e  sh e a r la y e r  and  re c irc u la tin g  flow  fie ld s . 

N e ve rth e le s s , i t  is  u s e fu l fo r th e  moment to  e x te n d  th e  use o f 

these  concepts to  re g io n s  above th e  0 = 0 and 180 deg. 

m e rid ian s  o f geom etry  ( C ) .  T h is  model appears to  p roduce  a 

s im ila r response to  th a t o f geom etries (A ) and (B ) .  H e re , 

ag a in , lo ca l c o nd itio n s  a t 0 = 0 deg . a re  sup p ressed , and a t 0 = 

180 deg . on th e  w ho le enhanced com pared w ith  th e  a x is ym m e tric  

re s u lt  fo r a = 35 deg . H ence, a lth o u g h  th e  ’sense’ o f th e  

p ro je c te d  slope o f th e  se p a ra tio n  lin e  betw een 0 and 180 deg. 

opposes b o th  th e  p re v io u s  re s u lts , and th e  in t r in s ic  p itc h  o f th e  

f la re / c y lin d e r in te rs e c tio n  lin e  fo r th is  geom e try , we see th a t th e  

bas ic  response o f th e  sep a ra ted  shea r la y e r,  in  te rm s o f loca l 

v a lu e s  o f Pp/Poo, A x and  P/Pco , is  co ns is tan t w ith  th e  response 

fo r geom etries (A ) and  ( B ) .
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I t  w ou ld  appea r from  these  p re lim in a ry  o b se rva tio n s  th a t 

a ll th re e  geom etries in flu e n c e  th e  deve lopm ent o f th e  flow  in  a 

s im ila r fa sh io n . T he  bas is  o f th is  s im ila r ity  lie s  in  th e  ten d en cy 

o f a ll th re e  geom etries to  e x h ib it  supp ressed  loca l in te ra c tio n  

p re s s u re s  and  d im ensions in  th e  v ic in ity  o f th e ir  le ad in g  ang les 

and enhanced  lo ca l va lu e s  in  th e  v ic in ity  o f th e ir  t ra ilin g  ang le s , 

when com pared w ith  th e ir  a x is ym m e tric  e q u iv a le n t flow s. These  

p rocesses cou ld  be c ru d e ly  v is u a lis e d  a t th is  stage as b e ing  th e  

re s u lt  o f ’o u tw ash ' from  th e  le a d in g  ang les a t 0 = 0 deg rees 

g iv in g  r is e  to  ’in w a sh ’ to w a rd  th e  t ra ilin g  ang les a t 0 = 180 deg. 

D e ta ils  o f these  flow s a re  exam ined  in  th e  fo llo w in g  te x t to  

e s ta b lis h  th e  im p o rta n t p a ra m e te rs  b eh in d  th is  s u rp r is in g ly  

co ns is te n t response  to  th re e  q u ite  d iffe re n t geom etries.

6 .1 .2  P re s s u re  R ise  in  th e  V ic in it y  o f S ep a ra tio n

A  co n ven ie n t m ethod fo r e xam in ing  th e  in flu e n c e  o f th re e  

d im ens iona l e ffec ts  on th is  re g io n  o f th e  flow  is  to  p lo t p re s s u re  

d is tr ib u tio n s  u n d e r co ns tan t app roach  cond itio ns  h a v in g  th e  

o rig in  d e fin ed  as th e  b e g in n in g  o f each in te ra c tio n . Data  

p re se n ted  in  th is  m anne r a re  show n in  F ig u re  79. T he  re s u lts  

appea r to  d iv e rg e  above a p re s s u re  ra tio  o f 2.5 w hereas below  

th is  va lu e  most o f th e  e xp e rim e n ta l p o in ts  sha re  a common locus. 

T h is  sugges ts  th a t th e  in it ia l p re s s u re  ris e  in  each case may 

conform  to  a s im ila r ity  ru le ;  b u t beyond  se p a ra tio n , w h ich  is  

th o u g h t to  e x is t in  th e  re g io n  o f P/Poo = 3 fo r these  flo w s , th e  

s e p a ra tin g  sh e a r la y e r  is  p e rh a p s  b e g in n in g  to  e xp e rie nce  th e  

e ffec ts  o f d if fe r in g  re a tta c hm e n t co nd itio n s . C o n s is ten t tre n d s  

fo r th e  post sep a ra tio n  re g io n  , w h ich  m ig h t be associated w ith  

f la re  a sym m e try , a re  d if f ic u lt  to  id e n tify  w ith in  th e  e xp e rim e n ta l 

s c a tte r. H o w eve r, some e v id ence  e x is ts  in  th e  f ig u re  to  suggest 

th a t th e  p re s s u re  g ra d ie n t b e yo nd  sep a ra tio n  fo r th e  le ad in g  

ang le  o f g eom e try  ( A ) ,  i . e .  A /4 0 /0 ,  is  d is c e rn ib ly  g re a te r th a n  

th a t fo r th e  t ra ilin g  a n g le , A / 35/180. These  da ta  have  been

used  to  in d ic a te  th e  e x tre m itie s  o f th e  d is tr ib u tio n s  in  th e  f ig u re  

and  i t  can be seen th a t th e  lo c i do appea r to  conve rge  in  th e  

v ic in ity  o f P/Pco = 2.5.
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T he  s im ila r ity  b e tw een  th e  in it ia l p re s s u re  ris e s  suggests  

th a t s im p le tw o d im ens io na l ’fre e  in te ra c tio n ’ th e o rie s , such as 

th a t p roposed  b y  E rd o s  and P a llo ne , may s t ill a p p ly  in  th is  

re g io n , F ig u re  80. F u rth e rm o re , b y  choosing to  f it  the  da ta  

th ro u g h  th e  nom ina l s e p a ra tio n  re fe re n c e  p o in t, g ive n  b y  these  

a u th o rs , some o f th e  a rb it ra r in e s s  in  d e te rm in in g  an o rig in  fo r 

each in te ra c tio n  can be a vo id e d . As w ith  th e  a x is ym m e tric  

com parisons in  F ig u re  40 , e ffo rts  to  con firm  th e  re fe re n c e  

co nd itio n s  b y  p re c is e ly  p in p o in tin g  sep a ra tio n  on th e  S c h lie re n  

p ho to g rap h s  p ro ve d  in c o n c lu s iv e . C o n seq uen tly  th e  abso lu te  

d isp o s itio n  o f th e  da ta  re la t iv e  to  th e  c o rre la tio n  rem a ins in  some 

d o ub t. N e ve rth e le s s , ta k e n  as a com para tive  s tu d y  th is  choice 

o f p re s e n ta tio n  does p e rm it f u r th e r  comment. F ir s t ly ,  th e

g e n e ra l tre n d s  fo r a ll th e  re s u lts  f i t  th e  c o rre la tio n  q u ite  w e ll, 

a lth o u g h  ag reem ent be low  th e  se p a ra tio n  re fe re n c e  p o in t ( F ( X )  = 

4 .22 ) is  s lig h t ly  b e tte r th a n  above  th is  p o in t. S econd ly , th e  

ten d en cy  fo r th e  p re s s u re  d is tr ib u tio n s  to  d iv e rg e  above th e  

re fe re n c e  p o in t is  red uced  b y  th is  p re se n ta tio n  in  com parison 

w ith  th e  ab so lu te  d is tr ib u tio n s  g iv e n  in  F ig u re  79. Hence, as 

fa r  as can be ju d g e d , th e  re s u lts  fo r th e  extrem e  cases, A / 40/0 

and A /35/180 , s t i l l a p p a re n tly  conform  to  th e  ’fre e  in te ra c tio n ’ 

h yp o th e s is  a lth o u g h  s lig h t d iffe re n c e s  in  p la te au  p re s s u re  do 

e x is t.

These  o b se rva tio n s  c a r ry  th e  p h ys ic a l im p lic a tio n  th a t u n d e r 

co ns tan t app roach  co n d itio n s  s tre a m lin e  d ive rg en ce  re la tiv e  to 

th e  fre e  s tream  flow  v e c to r in  th e  v ic in ity  o f sep a ra tio n  is  

m in im a l. C o n se q u en tly  th e  shape o f th e  in it ia l p re s s u re  ris e  in  

each case does no t v a ry  m a rk e d ly  w ith  c irc u m fe re n tia l p o s itio n , 

as m ig h t be e xp ec ted , and  a n y  subsequen t flow  d ive rg ence  

a ris in g  from  p e rtu rb e d  re a tta c h m e n t co nd itio n s , and p o ss ib ly  

fe ed in g  back in to  th e  se p a ra tio n  flow  f ie ld , m ust in  some w ay be 

d iss ip a ted  w ith in  th e  c a v ity  vo lum e . Hence, a lth o ug h  the  re ­

a ttachm en t zones fo r these  th re e  geom etries have  w id e ly  d if fe r in g  

h is to rie s  th e  in it ia l in te ra c tio n  re g io n  w ould  appea r to  be 

in d ep end en t o f these  in flu e n c e s  and  th e  g en e ra l p rin c ip le s  o f th e  

tw o d im ensiona l fre e  in te ra c tio n  h yp o th e s is  s t ill seem to  a p p ly .



85

6 .1 .3  P la teau  P re s s u re  (P p )

P la teau  p re s s u re  ra tio s  ta ke n  fo r th e  h ig h e r R eyn o ld s  

n um b e r e s tab lis h e d  c a v ity  flow s a re  shown in  F ig u re  81, (see 

T ab le  7 fo r k e y  to  s y m b o ls ). S u rp r is in g ly  th e  tre n d s  fo r 

geom etries (A ) and (B ) e x h ib it  l i t t le  v a ria tio n  w ith  respec t to 

( 0 ) e ven  th o u g h  in  each case a - loca l is  v a ry in g  a p p re c ia b ly  

w ith  (0 ) .  T h e  tre n d  fo r g eo m e try  (C ) is  q u ite  d if fe re n t. H e re  

i t  is  e v id e n t th a t p la te a u  p re s s u re  is  s tro n g ly  dependent on ( 0 ) 

and  ye ta- lo ca l is  no t v a ry in g  c irc u m fe re n tia lly . T h is  re m a rkab le  

d iffe re n c e  in  b e h a v io u r c le a r ly  needs c o n s id e rin g  more f u lly  and  

w a rra n ts  f u r th e r  com parison w ith  th e  re fe re n c e  flow s.

I t  was shown e a r lie r  (T a b le  8 ) th a t cons is ten t d iffe re n c es  

in  p la te au  p re s s u re  e x is t fo r  a ll th e  asym m etric  h ig h  R eyno ld s  

num b e r d a ta  w hen com pared lo c a lly  w ith  th e ir  a x is ym m e tric  

e q u iv a le n t flo w s . T hese  d iffe re n c e s  can a lso be com pared u s in g  

an e x te n s io n  o f E q ua tio n  5 .4  w h ic h  was d e riv e d  in  Section 5 .3 .3  

and  w h ich  em erges as a consequence o f E lfs tro m ’s tw o 

d im ensiona l c o rre la tio n  fo r p la te a u  p re s s u re .

I t  w ill be re c a lle d  from  Sec tion  5 .3 .3  th a t E lfs tro m 's  

c o rre la tio n  im p lie s  a u n iq u e  re la tio n s h ip  betw een e s tab lished  

p la te au  p re s s u re  and  in v is c id  w edge re c o v e ry  p re s s u re  ( P i n v )  

w hen th e  fre e  stream  Mach n u m b e r is  co ns tan t. T h is  fu n c tio n  is  

rep ea ted  b e lo w : -

P in v  tt . 9
C p P = ( " p ^ - * e _ 1 )  7 <7 * M O  — (5 .4 )

Good ag reem en t was fo u n d  p re v io u s ly  (F ig u re  45) b y  

u s in g  th e  con ica l so lu tio n  fo r  P in v  , ra th e r  th an  th e  tw o 

d im ensiona l re s u lt ,  w hen c o rre la tin g  a x is ym m e tric  data a long  side 

those o f s t r ic t ly  two d im ens io na l flow s. T he  ques tio n  th e re fo re  

a ris e s  as to  w h e th e r th is  m ethod could  be fu r th e r  e x tended  to 

c o ve r asym m e tric  flow s b y  in c o rp o ra tin g  va lu e s  o f P in v  g ive n  in  

AGARD-137 fo r con ica l flow  a t in c id en ce . F o r such flow s P in v  

v a rie s  acco rd ing  to  (0 ) fo r a g iv e n  cone in c lu d e d  ang le . Hence
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i t  is  poss ib le  to  tes t th e  d eg ree  to  w h ich  ( P p / P in v )  fo r th e  

asym m etric  geom etries m ig h t a g ree  w ith  a loca l th re e  d im ensiona l 

p re d ic tio n  based on th e  e m p iric a l fu n c tio n  d e riv e d  from  

E lfs tro m Ts c o rre la tio n .

T he  sp ec ific  re s u lt  fo r geom etry (A ) a t Me = 8.65 is

shown in  F ig u re  82 (a ) and  th e  more g en e ra l two d im ensiona l

fo rm  o f th e  c o rre la tio n  is  com pared w ith  a ll th e  h ig h  R eyno ld s

num b e r da ta  in  F ig u re  82 ( b ) . I t  is  ap p a re n t from  th e  f ir s t  o f

these  f ig u re s  th a t th e  v a r ia t io n  in  m easured p la te au  p re s s u re

c o e ffic ie n t w ith  (0 ) is  fa r  le s s  th a n  m igh t have  been expec ted .

A lth o u g h  la rg e  d iffe re n c e s  ( i . e .  > 5%) a re  no t e v id e n t at 0 = 0,

d isag reem en t w ith  th e  th e o re tic a l 3D re s u lt is  s ig n ific a n t (^25%)

a t 0 = 180 and  i t  can be seen t h a t ,  w hereas th e  p re d ic tio n  ca lls

fo r a s te ad y  d ec lin e  in  Cp w ith  (0 ) ,  th e  e xp e rim e n ta l va lu e s
P

have  h a rd ly  v a r ie d  a t a ll;  as w itn e ss  e a r lie r.

T h is  com parison s u p p o rts  th e  v iew  th a t c a v itie s  g ene ra ted  

b y  (A  & B )- typ e  geom etries ( i . e . in c lin e d  f la re  a x is ) ,  in  p a rt ic ­

u la r ,  em body a m echanism  w h ic h  ac ts in  th e  c irc u m fe re n tia l sense 

and  w h ich  enab les th e  p r in c ip a l fe a tu re s  o f th e  in te ra c tio n  th u s  

fa r  exam ined  to  s e ttle  c lose to , o r be tw een , those cond itio ns 

expec ted  from  lo ca l tw o d im ens io na l o r a x is ym m e tric  b e h a v io u r 

and those  e xpec ted  from  f u lly  asym m e tric  con ica l flo w . W ith  th e  

fu r th e r  e v id ence  g ive n  in  F ig u re  82 ( b ) , w he re  th e  sp read  o f 

da ta  re la tiv e  to  th e  tw o  d im en s io na l p re d ic tio n  can be seen, i t  is  

c le a r th a t a lth o u g h  th e  p la te a u  p re s s u re s  o f geom etry (A  & B ) 

e x h ib it l i t t le  in t r in s ic  a s ym m e try  w ith  re spec t to  ( 0 ) th e y  cannot 

s a fe ly  be tre a te d  as lo c a lly  tw o  d im ensiona l. T h is  im p lies  th a t 

a n y  a ttem p t to  tre a t these  re g io n s ' u s in g  a sim ple ,fs t r ip ” th e o ry  

app roach  w ill fa il u n le s s , p e rh a p s , an in te rm e d ia te  p a th  can be 

id e n tif ie d , a p r io r i,  as b e in g  re p re s e n ta tiv e  o f the  w hole 

g eom e try . A n  exam ple o f th is  app roach  is  g ive n  b y  th e  b ro ke n  

lin e  in  F ig u re  82 (a ) w h ic h  co rre sp o nd s  to  th e  a x isym m e tric  

p re d ic tio n  fo r a = 37.5 deg . E v id e n tly , e ven  th is  p rim itiv e  

m ethod fa ils  in  th e  case o f g eo m e try  (C ) ,  as in d ic a te d  in  F ig u re  

83, w he re  th e  lo c a l d e fle c tio n  a n g le  is  in v a r ia n t w ith  ( 0 ) and y e t 

e xp e rim e n ta l va lu e s  o f Cp a c tu a lly  in c rease  w ith  (0 ) .  T h is
Jr

c o n tra d ic to ry  b e h a v io u r w ou ld  ap p ea r to  p lace th e  response to
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geom etry  (C ) in  a c a te g o ry  a p a rt from  typ e s  (A )  and ( B ) . 

C o n seq uen tly  a lth o u g h  a ll th re e  cases b ro a d ly  e x h ib it 'ou tw ash ' 

and  'inw ash ' e ffe c ts  in  com parison w ith  th e ir  a x is ym m e tric  

e q u iv a le n t flo w s , d iffe re n c e s  in  d e ta il c le a r ly  s t ill e x is t.

In  v iew  o f th e  'f re e ly  in te ra c tin g  n a tu re  o f th e  asym m etric  

sep a ra tio n  p re s s u re  r is e s , and th e  choice o f constan t app roach 

co nd itio n s  fo r these  com pa risons, th e  e ffec ts  desc rib ed  above a re  

most lik e ly  to  be connec ted  w ith  d if fe r in g  rea ttachm en t c o nd itio n s  

ra th e r  th a n  in flu e n c e s  em ana ting  from  th e  sep a ra tio n  p rocess. 

In  th is  re sp ec t i t  is  im p o rta n t to  no te th a t th e  two ca tego ries  o f 

p la te au  p re s s u re  response  co rre sp o n d  to  th e  two basic  geom etric  

fe a tu re s  chosen fo r s tu d y , nam e ly

(a ) Zero  p itc h  on th e  f la re  in te rs e c tio n  lin e  

b u t v a ry in g  a - lo c a l (g eom e tries  A  and B )

(b ) P itc h ed  in te rs e c tio n  lin e  b u t constan t a - 
lo ca l (g e o m e try  C ).

E v id e n tly  th e  re a tta c hm e n t re g io n  o f these  flow s re q u ire s  

close exam ina tio n  b e fo re  a f u lle r  u n d e rs ta n d in g  o f th e  e ffec ts  

o b se rved  h e re  can be g iv e n . F o r th e  moment, p re lim in a ry  

conc lus ions a re  d ra w n  from  th e  p re c e d in g  d iscuss ion  and  

sum m arised b e lo w .

i)  F o r geom etries (A )  and  (B ) p la teau

p re s s u re  dec reases o n ly  s lig h t ly  w . r . t .  (0 ) 

even  th o u g h  a- lo ca l v a rie s  c o n s id e ra b ly .

i i )  F o r g eom e try  (C ) p la te au  p re s s u re

in c re a ses  w . r . t .  ( 0 ) a lth o u g h  a - local is  

co ns tan t w . r . t .  ( 0 ) .  T h is  b e h a v io u r p laces 

th is  c a v ity  flow  in  a d if fe re n t ca teg o ry  to  

those  o f ty p e s  (A )  and (B ) .

i i i )  A s a d ire c t re s u lt  o f ( i ) , Cp^ cannot be 

re lia b ly  p re d ic te d  u s in g  an e x ten s io n  o f 

E lfs tro m 's  c o rre la tio n  in c o rp o ra tin g  va lu e s  

o f P in v  c o rre sp o n d in g  to  th e  in v is c id  

so lu tio n  fo r asym m etric  con ica l flow .
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iv )  In  th e  case o f geom etries (A ) and (B ) ,

Cp can be ap p ro x im a ted  b y  chosing , a 
P

p r io r i,  an in te rm e d ia te  geodesic pa th  and 

u s in g  th e  a x is ym m e tric  con ica l so lu tio n  fo r 

P in v  in  th e  fu n c tio n a l fo rm  o f E lfs tro m ’s 

c o rre la tio n  d e riv e d  in  Sec tion  5.

v )  T h e  m ethod in  ( iv )  fa ils  fo r geom etry (C ) 

e xcep t a t 0 = 0 deg. w he re  th e  p la teau  

p re s s u re  is  close to  th e  a x is ym m e tric  

re s u lt .

6 .1 .4  R ea ttachm en t P re s s u re  (P r)

R ea ttachm en t p re s s u re s  w e re  d e te rm ined  u s in g  the  m ethod 

o u tlin e d  in  Sec tion  5 .3 .4  and  th e  re s u lts  fo r th e  h ig h e r R eyno ld s  

num b e r c o n d itio n  a re  show n in  F ig u re  81.

F o r geom etries (A  & B ) s tro n g e r c irc u m fe re n tia l tre n d s  

fo r P r/P e  a re  a p p a re n t in  c o n tra s t w ith  th e  b e h a v io u r o f

p lea teau  p re s s u re  d e sc rib ed  in  th e  p re v io u s  sec tio n . I t  can be 

seen th a t a re d u c tio n  o f a p p ro x im a te ly  30% occurs betw een 0 = 0 

and  180 deg . com pared w ith  o n ly  2% fo r th e  accom panying

re d u c tio n  in  p la te au  p re s s u re  ra t io . F o r geom etry (C ) th e  tre n d  

is  q u ite  th e  re v e rs e ; m o reo ve r th e  da ta  appea r to  be q u ite  w e ll 

m atched w ith  lo ca l p la te a u  p re s s u re  response . In  th is  case a 

r is e  o f 54% in  (P r /P e )  accom panies a r is e  o f 30% in  (Pp /Pe ) 

be tw een th e  0 = 0 and  180 m e rid ia n s . A g a in , th e  b e h a v io u r o f 

th e  la t te r  flow  is  s u rp r is in g  in  v ie w  o f th e  in v a ria n c e  o f a- loca l 

w ith  ( 0 ) .

R ea ttachm en t p re s s u re  c o e ffic ie n ts  ( C p p  a re  com pared 

w ith  B atham ’s c o rre la tio n  in  F ig u re  84 a long  w ith  th e  re fe re n c e

flow  va lu e s  f o r a =  40 and  35 d eg rees . I t  was p o in ted  ou t e a r lie r

in  Sec tion  5 .3 .4  th a t re a tta c hm e n t p re s s u re s  ca lcu la ted  b y  th e  

’d iv id in g  s tre am lin e  in te rc e p t’ m ethod could  y ie ld  sp u rio u s  tre n d s  

w ith  ( a ) ,  due to  th e  w eak dependency o f p la te au  p re s s u re  on 

f la re  o r wedge an g le , i f  a lte rn a tiv e  m ethods fo r check ing  th e  

re s u lt  w ere  no t a v a ila b le . T he  im p lic a tio n  b e in g  th a t Cp^ could
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appea r to  r is e  w ith  ( a ) e ven  tho ug h  th e  tru e  rea ttachm en t 

p re s s u re  may be in d e p e n d e n t o f (a ) in  accordance w ith  th e  fre e  

in te ra c tio n  h yp o th e s is . T h e  ev id ence  fo r a w eak dependency o f 

Cp^ on (a ) fo r th e  re fe re n c e  flow s was, ho w eve r, conc lus ive  and 

i t  is  im p o rta n t to  no te  th e  e x te n t o f th is  v a ria tio n  in  F ig u re  84 

s ince th is  p ro v id e s  a b as is  fo r com paring  th e  asym m etric  da ta . 

I t  can be seen th a t th e  v a ria tio n  is  g re a te r th a n  a n y  

in te rp o la tio n  e r ro r  (e s tim a ted  to  be about ±15%) and the  h ig h

inc id ence  re s u lt  ag rees  q u ite  w e ll w ith  B atham ’s p re d ic tio n . W ith  

these  p o in ts  in  m ind , and  m ak ing  a llow ances fo r a n y in te rp o la tio n  

e r ro r ,  th e  d a ta  fo r  g eom e try  (A )  w ou ld  appea r to  co rre sp o nd  

c lo se ly  to  B atham ’s p re d ic tio n . H ow eve r, th e  rem a in in g  da ta  fo r 

geom etries (B ) and  (C ) c le a r ly  d if fe r  from  th e  th e o ry . P e rhap s  

m ore s ig n ific a n t is  th e  fa c t th a t th e y  d isag ree  c o n s id e ra b ly  w ith  

th e  a x is ym m e tric  va lu e s  w h ich  h a ve , o f co u rse , been ca lcu la ted  

u s in g  th e  same te c h n iq u e . T h e  tre n d s  o f Cpr  w ith  (0 ) fo r a ll 

th e  da ta  a re  s tro n g e r th a n  m ig h t have  been expec ted  from

p la te au  p re s s u re  v a ria tio n s  a lo ne , a lth o ug h  in  each case

rea tta c hm en t p re s s u re  fo llow s  p la te a u  p re s s u re  in  th e  same sense 

(F ig u re  81 ).

T he  fa c t th a t d a ta  fo r flow  (A ) ag ree  w e ll w ith  Batham ’s 

p re d ic tio n  may be assoc ia ted  w ith  th e  lo n g e r deve lopm ent le n g th s  

ach ieved  in  th e  m ix in g  la y e r  b y  th e  h ig h e r inc idence  c a v itie s . 

In  c o n s i d e r t h i s  sug g es tio n  i t  is  p e rh ap s  s ig n ific a n t to  note 

th a t Mp v a rie s  o n ly  s lig h t ly  fo r  a ll th re e  se ts o f d a ta .

C o n se q u en tly , u n d e r th e  p rem ise  th a t tw o  d im ensiona l e q u ilib riu m  

tu rn in g  m ust s t i l l be  u p h e ld  in  th e  x y  - p lane  a t a n y  m e rid ia n , 

th e  o n ly  re m a in in g  v a ria b le  in  th is  f ir s t  o rd e r th e o ry  is  C f., th e  

R eyn o ld s  she# r s tre s s  c o e ffic ie n t re s id in g  on th e  je t b o un d a ry  

ahead o f re a tta c h m e n t. In  B a tham ’s a n a ly s is  Cf. was ta ke n  as a 

re p re s e n ta tiv e  m easure o f a sh e a r s tre s s  co e ffic ie n t re s id in g  on 

th e  s tag n a tio n  s tre a m lin e . T he  va lu e s  used in  th e  c o rre la tio n  

w e re  ta ke n  from  those  g ive n  b y  Chow & K o rs t (1963) fo r a two 

d im ensiona l a sym p to tic  m ix in g  la y e r .  T he  sp read  o f da ta  in  

F ig u re  84, th e re fo re , ra is e s  th e  p o s s ib ility  th a t e ith e r th re e  

d im ensiona l in flu e n c e s  a re  a ffe c tin g  a p a ram e te r c h a ra c te rise d  b y  

C f. o r th e  m ix in g  la y e rs  fo r flow s (B ) and (C ) have  no t reached 

an asym p to tic  s ta te  in  th e  tw o  d im ensiona l sense. O b v io u s ly
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b o th  e ffec ts  w ould  be e xpec ted  b u t i t  can be seen from  F ig u re  

85 th a t  th e re  is  a s tro n g  c o rre la tio n  betw een Cp^ and ^ /S ^  fo r 

a ll th e  da ta  w h ich  c e rta in ly  suggests  th a t these  c a v itie s , 

in c lu d in g  th e  re fe re n c e  cases, have  p ro b a b ly  no t ach ieved  

asym p to tic  c o nd itio n s .

In  v iew  o f th is ,  d ire c t e ffec ts  due to  asym m etry a re  

p a r t ic u la r ly  d if f ic u lt  to  gauge . F o r in s ta n c e , th e  tre n d  o f Cp^ 

and  & / <$ k  be tw een A / 40/0 and  A / 35/180 is  s im ila r to  th a t 

be tw een th e  re fe re n c e  re s u lts  for<x = 40 and 35 deg rees, i . e .  Cp 

dec reases. T h e  re d u c tio n  o f C p r  w ith  l /<$ L fo r flow  (A ) is ,  

th e re fo re , c o ns is te n t w ith  th e  n o tio n  o f ou tw ash  and inw ash  ( i . e .  

re a tta chm en t em ana ting  from  a h ig h e r p o in t in  th e  app roach  

stream  a t 0 = 0 ). H o w e ve r, th is  sugges tio n  is  ove rshadow ed  b y  

th e  poss ib le  in flu e n c e  o f deve lopm ent le n g th  on th e  R eyn o ld s  

sh e a r s tre s s  ahead o f re a tta c h m e n t. T h e  im p lic a tio n  b e in g  th a t 

th e  m agn itude  o f ( T j )  is  s t i l l a s tro n g  fu n c tio n  o f (£ ) and th u s  

fo rces Cp^ to  decrease w ith  u n d e r th e  cond itio ns fo r a

fre e  in te ra c tio n  p re s s u re  r is e  a t re a tta c hm e n t. C on seq uen tly  th e  

evidence  sugges ts  th a t re a tta c hm en t in  these  th re e  d im ensiona l 

flow s may, in  fa c t, be dom ina ted  b y  th e  in d ire c t in flu e n c e  o f 

asym m e try  insom uch as Cp^ appea rs  to  be a s tro n g  fu n c tio n  o f 

lo ca l deve lopm ent le n g th  w h ic h , in  tu rn ,  is  c le a r ly  dependent on 

f la re  a sym m e try , (F ig u re  78 ) . T h is  w ou ld  also e xp la in  th e  

c o n tra d ic to ry  b e h a v io u r o f flow  (C ) .  H e re  th e  loca l d e fle c tio n  

ang le  does no t v a ry  w ith  0 b u t th e  e ffec t o f inw ash  to w a rd s  0 = 

180 deg. has g iv e n  r is e  to  an  in c re ased  deve lopm ent le n g th  

w h ich  re s u lts  in  a h ig h e r re a tta c hm en t p re s s u re  as the  t ra ilin g  

ang le  is  app roached  (F ig u re  81).

C le a rly  s e v e ra l a d d itio n a l m echanism s need to  be 

cons ide red  w hen e xam in in g  th e  rea ttachm en t re g io n  o f a th re e  

d im ensiona l h yp e rso n ic  c a v ity . N o t th e  le a s t o f w h ich  m ust be 

th e  R eyn o ld s  sh e a r s tre s s  on th e  rea ttachm en t s tream lin e  s ince , 

acco rd ing  to  th e  fre e  in te ra c tio n  h yp o th e s is , th is  w ill d e te rm ine  

th e  shape o f th e  re a tta c hm en t p re s s u re  r is e  and loca te  th e  

re a ttachm en t p o s itio n . In  th e  flow s exam ined  h e re  th e  in fe rre d  

ro le  o f ( C f . ) , d e fin ed  in  th e  s im p le  two d im ensiona l c o n te x t o f 

Batham 's th e o ry , w ou ld  c e rta in ly  appea r to  be an im p o rta n t
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fa c to r w hen se p a ra tio n  le n g th s  o f less th a n  say , 10 <5 a re  

p re c e d in g  re a tta c h m e n t. I t  is  p o ss ib le  th a t the  in flu e n c e  o f C fj 

u n d e r these  co nd itio n s  m ay com p le te ly  o ve rshadow  an y  e ffec ts  

due to  a tra n s v e rs e  s h e a r com ponent, say ( t 0 ) ,  a ris in g  from  a 

tra n s v e rs e  v e lo c ity  com ponent in  th e  re v e rs e  flow  fie ld .

A

6 .1 .5  R ea ttachm en t P re s s u re  O ve rsho o t (P )

T he  ra n g e  o f (P /P e )  v a lu e s  ob se rved  fo r th e  re fe re n c e  

and  asym m etric  flow s is  show n in  F ig u re  86 w h ich  a lso in c lu d e s  

th e  two d im ens io na l, a x is ym m e tric  and asym m etric  con ica l 

p re d ic tio n s  fo r a tta ched  flo w . T he  la t te r  tw o p re d ic tio n s  lie  

e x tre m e ly  close to  one a n o th e r and  a re  in d ic a te d  b y  a s in g le  

th ic k  lin e . A ll these  d a ta  co rre sp o n d  to  th e  h ig h e r R eyno ld s  

num be r tu n n e l c o n d itio n .

U n lik e  th e  h ig h ly  p e rtu rb e d  cond itio ns  p re v a ilin g  a t 

re a tta c h m e n t, o ve rsho o t p re s s u re  ra tio s  fo r these  geom etries do 

no t appea r to  v a ry  s ig n if ic a n t ly  from  th e  re fe re n c e  flow  v a lu e s .
A

(T h e  tre n d  o f (P /P e ) w ith  ( a )  fo r th e  re fe re n c e  flow s is  

in d ic a te d  as a b ro ke n  lin e  in  th e  f ig u re ) .  N o ta b ly , th e  re s u lts  

fo r 0 = 90 deg . (g eo m e trie s  A  & B ) co rrespond  v e ry  c lo se ly  to  

those expec ted  fo r a x is ym m e tric  flo w . T h is  b e h a v io u r sup p o rts
A

th e  v ie w  th a t (P ) is  p re d o m in a n tly  in flu e n c e d  b y  cond itio ns  

d e ve lo p ing  in  th e  lo ca l fre e  s tream  as th is  p roceeds th ro u g h  th e  

se p a ra tio n  and  re a tta c hm e n t sho ck system s. E ffe c ts  o f th e  

v isco us  in te ra c tio n  a re  tra n s m itte d  to  th is  re g io n  v ia  s tro n g  

re fle c tio n s  from  th e  d e fle c te d  shea r la y e r and  these  w ill 

s u b se q u e n tly  d e te rm ine  lo c a l shock c u rv a tu re  and maximum 

p re s s u re  re c o v e ry  dow nstream  o f th e  doub le  com pression 

p rocess. I t  was no ted  e a r lie r  th a t p la te au  Mach num bers 

in fe rre d  from  se p a ra tio n  p re s s u re  r is e  a t each m e rid ian  w ere  

re la t iv e ly  w eak fu n c tio n s  o f ( 0 ) .  C o n seq uen tly , th e  in p u t 

co nd itio n s  fo r th e  re a tta c hm en t shocks g ene ra ted  b y  a ll these  

flow s a re  f a ir ly  s im ila r. I f  we fu r th e r  c o ns id e r th e  close

s im ila r ity  o f th e  a x is ym m e tric  and asym m etric  a ttached  flow  

p re d ic tio n s  fo r P in v / P e ,  show n in  F ig u re  8 6 , i t  is  p e rh ap s  no t 

s u rp r is in g  th a t la rg e  d e v ia tio n s  in  P/Pe from  th e  re fe re n ce  case 

do no t o c c u r. In  th is  re sp e c t i t  is  enco u rag ing  to  note th a t
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even th e  sm all d iffe re n c e s  o b se rve d  h e re  a re  s t ill c o ns is ten t w ith  

th e  no tio n  o f ’outwash* and  'inw ash ' in  th e  v ic in ity  o f th e  

re a tta chm en t shock, p a r t ic u la r ly  fo r geom etries (A  & B ). F o r 

in s ta n ce  th e  p o in t A / 40/0 is  s lig h t ly  below  th e  re fe re n c e  va lu e  

in d ic a tin g  a reduced  re a tta c h m e n t shock ang le . C o n ve rs e ly  th e  

p o in t A/35/180 is  s lig h t ly  h ig h e r, in d ic a tin g  an in c reased  

re a tta c hm en t shock ang le  re la t iv e  to  the  re fe re n c e  case. T h is  

b e h a v io u r w ou ld  c e rta in ly  be  e xpec ted  i f  th e  v iscous  la y e r w ere  

d iv e rg in g  from  th e  0 = 0 s u rfa c e  lin e  and c o n ve rg in g  to w a rd s  

th e  0 = 180 deg . s u rfa c e  lin e  in  th e  post re a ttachm en t re g io n . 

T he  re s u lts  fo r flow  (C ) lie  v e r y  close to  each o th e r b u t below  

th e  re fe re n c e  v a lu e  fo r a = 35. A  s a tis fa c to ry  e xp la n a tio n  fo r
A

th is  canno t be fo und  a t th e  moment b u t th e  fac t th a t (P /Pe) 

h a rd ly  v a rie s  a t a ll w ith  ( 0 ) w ou ld  suggest th a t d ive rg en ce  and 

conve rgence  o f th e  v isco u s  la y e r  in  th e  post re a ttachm en t re g io n  

was n e g lig ib le  in  th is  case.

T he  re la tio n s h ip  be tw een  Cp and th e  p a ram e te r (A xp /A x )  

fo und  in  Sec tion  5 .3 .6  is  com pared w ith  th e  th re e  d im ensiona l 

re s u lts  in  F ig u re  87. S u rp r is in g ly ,  th e  ag reem ent is  e xc e lle n t 

and  th e  tw o-d im ensiona l re la tio n s h ip  betw een ( A x p )  and ( A x )  

c o n tin ues  to  be u p h e ld  u n d e r p e rtu rb e d  cond itio ns  even  tho ug h
A

va lu e s  o f (A x) and  (A x p ) ,  ta k e n  in d e p e n d e n tly , d if fe r  a p p re c ia b ly  

from  th e  e q u iv a le n t a x is ym m e tric  re fe re n c e  va lu e s . T h is  re s u lt 

cou ld  have  s ig n if ic a n t v a lu e  w hen  ca lcu la tio n  techn iq ues  have  

been deve loped  s u ff ic ie n t ly  to  c o ve r th e  post re a ttachm en t re g io n  

o f tu rb u le n t h yp e rso n ic  se p a ra te d  flo w s . F o r th e  moment, 

h o w eve r (and  as s ta te d  p re v io u s ly )  i t  is  d if f ic u lt  to  fo resee th e  

im m ed iate b e n e fits  o f th is  p re s e n ta tio n  w ith o u t re lia b le  p re d ic tio n  

m ethods fo r a t le a s t one o f th e  c o rre la tin g  p a ram e te rs .

6 .1 .6  E ffe c t o f R eyn o ld s  N um b e r

A s  p o in ted  o u t in  th e  in tro d u c tio n  to  th is  c h a p te r th e  

e ffe c t o f R eyn o ld s  num b e r on th e  asym m etric  flow s appea rs  to 

c o rre sp o nd  w ith  th a t g e n e ra lly  o b se rve d  fo r th e  re fe re n c e  case. 

From  F ig u re  78 and  F ig u re s  60 to  77 i t  can be seen th a t 

d im ensions and  p re s s u re s  a re  supp ressed  b y  a re d u c tio n  in  

R eyn o ld s  n um b e r and  th is  can be d ire c tly  lin k e d  w ith  th e
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changes in  deve lopm ent o f th e  ap p ro ach ing  b o u n d a ry  la y e r  

d e sc rib ed  in  Sec tion  4 .2 .  I t  w ill be re c a lle d  th a t the  in p u t 

b o u n d a ry  la y e r  c o n d itio n s  fo r bo th  th e  a x is ym m e tric  and  

asym m e tric  s tu d ie s  w ere  id e n tic a l. In  a d d itio n , i t  is  im p o rta n t to  

no te th a t th e  dom inant e ffe c t o f re d u c in g  R eyno ld s  n um b e r 

th ro u g h o u t th e  e n tire  ra n g e  o f e xp e rim en ts  p re v io u s ly  conducted  

b y  E lfs tro m  and Colem an has also been th e  re d u c tio n  o f 

s e p a ra tio n  le n g th  fo r a g iv e n  su rfa ce  g eom e try . In  c o nc lud ing  

th e  d iscu ss io n  on p re s s u re s  and scale fo r these  p re s e n t 

asym m e tric  flo w s , i t  is  n e c e ssa ry  to  de te rm ine  th e  e x te n t to  

w h ich  p e rtu rb e d  re a tta c h m e n t cond itio ns have  in flu e n c e d  th e  

o th e rw ise  co ns is te n t R e yn o ld s  num b e r response o b se rved  in  these  

e a r lie r  e xp e rim e n ts . T h is  can be accom plished b y  u s in g  th e  

up s tream  in flu e n c e  p a ra m e te r (A x) as a g u id e .

T h e  da ta  a re  p re s e n te d  in  F ig u re  88 (see T ab le  7 fo r 

s ym b o ls ). T he  re fe re n c e  flow  tre n d s  o f ( A x / 6^ ) w ith  R e <5̂  a re  

shown as so lid  lin e s  and  th e  shaded areas m a rk the  e x tre m itie s  

fo r th e  asym m etric  re sponses  be tw een  0 = 0 and 180 deg rees . 

E v id e n tly  th e  tre n d  o f up s tre am  in flu e n c e  fo r flow  (A ) is ,  on th e  

w ho le , sup p ressed  in  com parison w ith  th e  re fe re n c e  response fo r 

a =40 deg . b u t n e ve rth e le s s  enhanced in  com parison w ith  th a t fo r 

a=35 deg . T h is  fo llow s from  th e  tre n d s  in d ic a te d  in  T ab le  8. 

S im ila r ly  th e  b ro ad  response  o f flow  (C ) co ve rs  a re g io n  e ith e r 

s ide  o f th e  re fe re n c e  tre n d  f o r a =  35 deg.

T h e  e ffe c t o f R e yn o ld s  num b e r v a ria tio n  is  th u s  seen to  

be e n t ire ly  co ns is te n t w ith  th e  tre n d s  fo r a x is ym m e tric  flow  and  

i t  is  in te re s t in g  to  o b se rve  th a t th e  b ro ad  response fo r geom etry 

(A ) co rre sp o nd s  to  a re g io n  w he re  a re fe re n c e  se t o f data fo r 

a =  37.5 deg . m ig h t have  been expec ted .

I t  is  a lso w o rth  re- em phas is ing  th a t th e  lo w e r R eyno ld s
A ^

num b e r da ta  fo r th e  c o rre la tio n  o f A x p /A x  w ith  Cp shown in  

F ig u re  87 s t i l l ag ree  w ith  th e  basic  tre n d  found  fo r th e  

re fe re n c e  flow s. Hence th e  R eyn o ld s  num be r e ffec t on th e  

p a ram e te r A xp /A x  is  n e g lig ib le  fo r  th is  ra ng e  o f te s t cond itio ns 

and  th e  tw o  d im ensiona l re la tio n s h ip  betw een these  p a ram e te rs , 

in  p a r t ic u la r ,  is  e v id e n tly  m a in ta ined  u n d e r v a ry in g  app roach
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cond itions as w e ll as p e r tu rb e d  c a v ity  geom etry.

6 .1 .7  C onc lud ing  R em a rks  on the  B e h a v io u r o f P re ssu re s  

and Scale in  P e r tu rb e d  Sepa ra ted  Flows

In  Sec tion  6 .1  a s im p le h yp o thes is  was advanced to  

desc rib e  how the  t ra n s v e rs e  v e lo c ity  f ie ld  m igh t deve lop w ith in  

each o f th e  e xp e rim e n ta l c a v it ie s . I t  has a lso been shown th a t 

e xp e r im e n ta lly  m easured p la te au  and  rea ttachm en t p re s su re s  v a r y  

w ith  re spec t to (0 ) fo r  a ll th re e  geom etries. C le a r ly  the  m anner 

in  w h ich  t ra n s v e rs e  v e lo c ity  and p re s s u re  g ra d ie n ts  t r u l y  

in te ra c t  to  form  a g iv e n  c a v ity  geom etry  must be e x trem e ly  

com plex. N e ve rth e le s s , th e  flow  responses to each geom etry 

appea r to  have  been re la t iv e ly  cons is ten t when compared to th e ir  

a x is ym m e tric  e q u iv a le n t cases. F o r in s tan ce , even  though  th e  

loca l de flec tio n  ang le  o f geom e try  (C ) does no t v a r y  w ith  respec t 

to ( 0 ) th e  c a v ity  deve loped  in  th is  e xp e rim en t e xh ib ite d  s im ila r 

supp ressed  and enhanced d im ensions a t th e  le ad ing  and t r a i l in g  

ang les to  those c a v it ie s  deve loped  b y  geom etries (A )  and (B ) .  

A n  ad d itio n a l cons is tency  in  th e  b e h a v io r o f th e  th re e  re s u lt in g  

flow s , w h ich  sheds f u r t h e r  l ig h t  on how the  t ra n s v e rs e  flow fie ld  

m igh t be d eve lo p ing  w ith in  th e  c a v ity ,  can be id e n tif ie d  b y  

e xam in ing  th e  t ra n s v e rs e  p re s s u re  g ra d ie n t in  the  v ic in it y  o f 

re a ttachm en t.

F ig u re  89 maps th e  in i t ia l  f la re  p re s s u re  re c o ve ry  f ie ld  fo r  

geom etry  (C ) a t th e  h ig h  R eyn o ld s  num be r tu n n e l cond ition . 

T h e  e xp e r im e n ta lly  d e te rm ined  rea ttachm en t pos ition  at each o f 

th e  th re e  m erid ians  is  a lso show n. T he  rea ttachm en t p re s su re  is  

seen to  be in c re a s in g  s lo w ly  be tw een the  0=0 and 180 deg. 

po s itio ns  and  y e t  ad jacent p o in ts  on the  f la re  su rface  at any 

f ix e d  a x ia l p o s itio n  a re  e xp e r ie n c in g  a dec line in  su rface  

p re s s u re  w ith  re sp ec t to  (0 ) .  T h e  e ffec t is  shown fo r a ll th re e  

geom etries in  F ig u re  90 w he re  th e  su rface  p re s s u re  m easured at 

th e  0 = 0, 90 & 180 deg. m e rid ia n s , at a f ix e d  a x ia l pos ition  is 

no rm a lised  b y  th e  rea ttachm en t p re s s u re  at 0 = 90 deg. and 

p lo tte d  aga ins t (0 ) .  T h e  choice o f a x ia l location and re fe rence  

p re s s u re  fo r  th is  p re se n ta t io n  is  a rb i t r a r y  and m e re ly  chosen fo r 

num e ric a l conven ience. A s  in d ic a te d  in  the  f ig u re  the
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tra n s v e rs e  p re s s u re  g ra d ie n t re la t iv e  to  the  u n d is tu rb e d  fre e  

s tream  flow  v e c to r is  n e g a tive  in  a ll th re e  cases. Hence 

a lth o u g h  the  loca l d e fle c tio n  ang le  o f geom etry  (C ) does not v a r y  

c irc u m fe re n t ia lly  w . r . t .  (0 ) th e  in f lu e nce  o f th e  p itched  f la re  

in te rs e c t io n  lin e  has g iv e n  r is e  to a s im ila r p h ys ic a l response to  

th a t  p roduced  b y  geom etries  (A )  and (B )  w h ich  do in c o rp o ra te  

in h e re n t  asym m e try  in  th e  p re s s u re  re c o ve ry  reg io n  th ro u g h  th e  

use o f t i l t e d  f la re s .

These  da ta  show th a t  between a n y  two ad jacent p o in ts  

in s id e  th e  c a v ity  on each o f th e  f la re  su rfaces the  t ra n s v e rs e  

p re s s u re  is  re d u c in g  as 0 in c reases . C onsequen tly  i f  th e  

t ra n s v e rs e  p re s s u re  is  re d u c in g  i t  w ou ld  be reasonab le  to  

conc lude th a t  low v e lo c ity  re c irc u la t in g  f lu id  app roach ing  th e  

f la re  in  each case w ou ld  be  d ire c te d  away from  th e  le ad ing  ang le  

to w a rd s  th e  t r a i l in g  a n g le . T h e  d e ta ils  o f a n y  subsequen t 

t ra n s v e rs e  v e lo c ity  f ie ld  rem a in  open to  specu la tion  b u t th e  

re s u lts  a re  cons is ten t w ith  th e  no tio n  o f "o u tw ash " and " in w a sh " 

as d esc rib ed  in  section 6 . 1 .

6.2 H E A T  T R A N S F E R  D IS T R IB U T IO N S

6 .2 .1  G ene ra l O b se rva tio n s

T he  re fe rence  cond itio ns  ob ta ined  b y  Coleman (1973) a re

shown in  F ig u re  91. C o rre sp o n d in g  data fo r  th e  asym m etric

flows a re  shown in  F ig u re s  92 to 94. In  o rd e r to  match th e

g ene ra l shape o f these  hea t t ra n s fe r  d is t r ib u t io n s  w ith  th e ir

su rface  p re s s u re  c o u n te rp a rts  two le n g th  pa ram e te rs  have  been 
• ^

em ployed ( A x  ( q ) )  and  ( A x ( q ) ) .  These  a re  de fined  in  an 

id e n tic a l m anne r to  (A x ) and  ( A xp ) in  F ig u re  57.

T h e  comparisons a re  g ive n  in  Tab le  9 below .
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TABLE 9 COMPARISON OF UPSTREAM INFLUENCE AND POST 
REATTACHMENT LENGTH SCALES FOR HEAT 
TRANSFER AND PRESSURE DISTRIBUTIONS

MODEL Ax (cm)
•

A x(q) (cm) A xp (cm)
A

Ax(q) (cm)

CCF-35-HP 3.8 4.8 3.1 3.8

CCF-30-HP 0.80 0.5 2.6 2.2

A/40/0 6.0 6.0 3.6 3.5

A/35/180 5.5 5.5 4.2 4.0

B/35/0 2.8 2.8 2.7 2.5

B/30/180 1.7 2.0 2.7 2.6

C/35/0 2.1 2.2 2.6 2.5

C/35/180 4.0 4.5 3.4 3.5

E v id e n t ly  th e  c a v ity  s ize gene ra ted  d u r in g  Coleman’s hea t 

t ra n s fe r  e xp e rim en ts  fo r  CCF-35-HP was s l ig h t ly  la rg e r  th an  th a t  

p roduced  d u r in g  h is  p re s s u re  m easurem ents. W ith  th e  m ino r 

e xcep tion  o f th e  p re s e n t re s u lt  fo r  C/35/180 th e  asym m etric  

p re s s u re  and hea t t r a n s fe r  d is t r ib u t io n s  do appea r to be 

m u tu a lly  com pa tib le  and  i t  is  enco u rag ing  to note th a t th e  basic  

flow  f ie ld  response o f enhanced  and supp ressed  le n g th  scales 

be tw een the  0 = 0 and  180 deg. geodesics is  cons is ten t w ith  th e  

re s u lts  d iscussed  in  Sec tion  6 .1 . F o r in s tan ce , th e  va lu e  o f 

(A xq ) fo r  A / 35/180 is  enhanced in  comparison w ith  th e  re fe rence  

re s u lt  fo r a =  35 deg . and  s im ila r ly  the  re s u lt  fo r  B /35/0 is  

supp ressed . These  d iffe re n c es  ou tw e igh  the  s lig h t d isc repancy  

in  Coleman’s da ta  and  p ro v id e  f u r t h e r  ev idence o f th e  fact th a t 

th e  sp a tia l d isp o s it io n  o f hea t t ra n s fe r  in  tu rb u le n t  h yp e rso n ic  

c a v it ie s  g e n e ra lly  c o rre sponds  to the  su rface  p re s s u re  response.

P la teau  and  peak  hea t t ra n s fe r  ra te s  a re  compared in  

T ab le  10.
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TABLE 10 COMPARISON OF PLATEAU AND PEAK HEAT TRANSFER
RATES WITH THEIR SURFACE PRESSURE C0UNI‘ERPARTS

MODEL Pp/Pe qp (Wcm^)
/s
P/Pe q (W/cm̂ ) COMMENTS

CCF-35-HP 4.85 8.19 72 151 Coleman (13)

CCF-30-HP / / 34 84 Unseparated

A/40/0-HP 5.44 7.93 103 90 Experiment

A/35/180-HP 5.32 6.81 75 76 H

B/35/0-HP 4.98 8.29 63 75 H

B/30/180-HP 4.73 6.81 42 60 H

C/35/0-HP 4.52 8.15 59 67 H

C/35/180-HP 5.84 7.36 64 77 ii

I t  can be seen th a t  th e  t re n d  o f p la teau  h ea tin g  ra te s  

w . r . t .  (0 ) fo r  geom etries (A )  and  (B )  is  cons is ten t w ith  th e  

su rfa ce  p re s s u re  t re n d  a lth o u g h  pe rcen tage  d iffe rences  a re  

h ig h e r .  H ow eve r, th e  da ta  fo r  flow  (C ) do no t e x h ib it  th is  

fe a tu re . A lth o u g h  p la te a u  p re s s u re  r is e s  w ith  (0) the  h e a t in g  

ra te  is  seen to  d e c a y . A n  in d ic a tio n  as to  w hy  th is  shou ld  

occu r is  g ive n  b y  th e  a n a ly s is  in  th e  fo llow ing  section w h ich  

sugges ts  th a t  in c re ased  c a v ity  d im ensions may reduce  a ve rage  

h e a t in g  ra te s  due to  an in s u la t io n ’ e ffec t. T h is  p o in t is ,

th e re fo re ,  cove red  la te r .

W h ile  th e  p la teau  re s u lts  co rrespond  reasonab ly  w e ll w ith

th e  re fe re nce  case i t  can be seen from  Tab le  10 th a t  the  peak

h ea tin g  va lu e s  a re  q u ite  incom patib le  w ith  the  data  fo r

CCF-35-HP. Coleman’s da ta  fo r  th e  cone-cy linde r f la re  do no t

in c lu d e  a d is t r ib u t io n  fo r  a  = 40 deg. C o nsequen tly , a d ire c t

com parison w ith  th e  re s u lt  fo r  A / 40/0 is  no t poss ib le . T h e  peak

h e a tin g  v a lu e  ob ta ined  fo r  A /3 5 /180, w h ich  i f  i t  w ere  to be

cons is ten t w ith  Coleman’s da ta  shou ld  be s l ig h t ly  in  excess o f 2
151 w atts/cm  , is  in  fac t 50% below th is  va lu e . T he  same le v e l 

o f d isag reem en t e x is ts  th ro u g h o u t a ll th e  data  c o rre spond ing  to  

a-  loca l = 35 deg.

T h is  leaves  a r a th e r  u n s a t is fa c to ry  s itu a tio n  since i t  is  

e x tre m e ly  d if f ic u lt  to v is u a lis e  how m ino r p e rtu rb a t io n s  in  f la re
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geom etry  can g ive  r is e  to  h ig h ly  supp ressed  peak h ea tin g  ra te s . 

T h is  ap p a ren t d is c re p an c y  becomes a ll th e  more s u rp r is in g  in  

v iew  o f the  re la t iv e ly  close ag reem ent ob ta ined  ahead o f the  f la re  

in te rs e c t io n  lin e ,  in  th e  p la te au  reg io n .

E v id e n t ly  a se rio u s  in c o m p a tib ility  e x is ts  in  the  post

rea ttachm en t re g io n  w h ich  p re v e n ts  a d ire c t comparison w ith  th e

re fe rence  flow s. Fo llo w ing  a re-exam ina tio n  o f the  th e o re t ic a l

bas is  o f th in  film  hea t t ra n s fe r  gauges a poss ib le  reason fo r th is

d isc rep an cy  has em erged  w h ic h  suggests  th a t in d iv id u a lly

m ounted q u a r tz  beads shou ld  no t be used as s u b s tra te s  in2
re g io ns  w he re  hea t t r a n s fe r  ra te s  in  excess o f 100 watts/cm  can 

be expec ted . T h is  p o in t is  d iscussed  more f u l ly  in  Section

6 .2 .4 . I t  w il l be shown th a t ,  u n d e r cold w a ll cond itions and  

h ig h  am bient hea t f lu x ,  a cons id e rab le  re d uc tio n  in  loca l f lu x  to  

an iso la ted , b u t re la t iv e ly  ’h e a te d ’ , s u b s tra te  can occu r due to 

th e  th e rm a l h is to ry  o f th e  app roach  s tream . Fo r th e  moment, 

h o w e ve r, th is  d iscuss ion  is  most e f fe c t iv e ly  accomplished b y  

co n s id e rin g  th e  asym m e tric  re s u lts  fo r th e  f la re  re g io n  in  

iso la tio n  s ince th e y  a re  s t i l l  th o u g h t to be cons is ten t w ith  each 

o th e r.

On th is  b as is , th e  da ta  e x h ib it  s im ila r t re n d s  to  t h e ir  

c o rre sp o n d in g  p re s s u re  o ve rsho o t v a lu e s . In  p a r t ic u la r  flows
A

(A )  and (B )  c le a r ly  e x h ib it  h ig h e r  and lo w e r va lu e s  o f q at th e  

0 = 0 and  180 d e g .m e r id ia n s . Hence, a lth o ug h  the  abso lu te  

va lu e s  a re  o b v io u s ly  in  some d o ub t th e  re s u lts  c e r ta in ly  suggest 

th a t  th ro u g h o u t th e  p e r tu rb e d  c a v ity  flow  f ie ld  hea t t ra n s fe r  

ra te s  b ro a d ly  fo llow  th e  t re n d s  p re sc rib e d  b y  the  su rface  

p re s s u re  response . A lth o u g h  d iffe re n c e s  in  d e ta il do e x is t t h e ir  

g ene ra l b e h a v io u r is  in  ag reem en t w ith  th e  re s u lts  ob ta ined  b y  

Coleman (1973) and  f u r t h e r  sug g es ts  th a t u se fu l in fo rm a tio n  can 

be e x tra c te d  from  th e  data  b y  m ore de ta iled  comparisons w ith  the  

re fe re nce  flow s as w e ll as th e  th e o ry  deve loped b y  Coleman and 

S to lle ry  (1972 ). T he  fo llo w in g  d iscuss ion  th e re fo re  proceeds on 

a s im ila r b as is  to  th a t  in  Sec tion  6 .1 .



99

6 .2 .2  Heat T ra n s fe r  Rates  in  the  V ic in it y  o f S epa ra tio n

A n  in te re s t in g  fe a tu re  o f tu rb u le n t  sepa ra tio n  h e a tin g  

ra te s , w h ich  appea rs  to h a ve  a ttra c te d  l i t t le  a tte n tio n  in  th e  

l i te ra tu re ,  is  th e  ten d en cy  o f (q )  to in i t ia l ly  d rop  to a m inimum 

be fo re  s h a rp ly  r is in g  and  o ve rs h o o tin g  the  mean p la teau  v a lu e . 

T h is  b e h a v io u r is  p a r t ic u la r ly  no ticeab le  in  Coleman’s f la t p la te  

da ta  (F ig u re  45, re f .  (2 1 ) )  and  in  th e  c u r re n t  re s u lts  fo r  

C /35/0 and C /35/180. E v id e n t ly  th e  hea t f lu x  in  th is  re g io n  

behaves q u ite  u n lik e  th e  p re s s u re  response w h ich  r is e s  s te a d ily  

tow a rds  the  p la te au . To  b r in g  ou t these  d iffe rences  in  d e ta il i t  

has been fo und  u s e fu l to  com pare th e  e xp e rim en ta l re s u lts  w ith  

th e  hea t t ra n s fe r  d is t r ib u t io n  expec ted  fo r  an a ttached  flow  

u n d e rg o in g  a f re e  in te ra c t io n  p re s s u re  r is e .

Coleman and  S to lle ry  (1972) deve loped a hea t t ra n s fe r  

p re d ic t io n  m ethod fo r  a ttached  flows based on e a r l ie r  w o rk  b y  

A m b ro k  (1957 ), W a lke r (1960) and  la te r  b y  Back and C u ffe l 

(1970). T h is  m ethod was fo un d  to  g ive  good agreem ent w ith  

Coleman’s e xp e r im e n ta l d a ta . T h e  complete a n a ly s is , w ith  a 

s lig h t  m od ifica tion  in t ro d u c e d  to  t re a t  th e  sepa ra tion  p re s s u re  

r is e ,  is  shown in  A p p e n d ix  2. B r ie f ly ,  the  method y ie ld s  the  

e xp re ss io n :

Q
& + Tw ~1 + fo. 4 + Tw~| 

(OlJjl L  ToeJ 5 L_____ ToeJ
PeUe H + Tw I + lt^fo . 4 +Tw_l

[  T o e J  5 L  ToeJ

-----(6 . 1)

w he re  q is  th e  loca l h ea t t ra n s fe r  ra te , and q^  is  the  

u n d is tu rb e d  v a lu e .

F o r th e  p re s e n t com parisons Equa tio n  6.1 reduces to

- ( f c )
.9 2

>e) + . 2Me
*

1.276 + .135 Me2
. 2Me2 /p "\y-l 2 

f *675 + *135 Me

.65

----- ( 6 . 2)
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In  Section 5 .3 .2  i t  was shown th a t the  sepa ra tion  

p re s s u re  r is e  fo r  a ll th e  w e ll e s tab lished  c a v ity  flows was c lose ly  

p re d ic te d  b y  the  ’f re e  in te ra c t io n ’ c o rra la t io n  o f E rdos and 

Pa llone . F o r h ig h  in i t ia l  Mach num be r the  co rre la t io n  has the  

app ro x im a te  fo rm :

£- = 1 + JL F (X) X Me 7  (2 Cfe) Pe . £■
1
1 — -(6.3)

w he re  v a lu e s  o f F (X )  a re  ta ke n  from  th e  c o rra la t io n  c u rv e  fo r 

th e  d im ension less abc issa X  = (x- xo )/ (xs- xo ). Hence w ith  th e

a id  o f equa tio ns  6.2 and  6.3 i t  is  poss ib le  to compute th e

d is t r ib u t io n  o f Q fo r  an a tta c hed  two d im ensiona l flow  u n d e rg o in g  

a ’f re e  in te ra c t io n ’ p re s s u re  r is e .

T h e  p re d ic t io n  fo r  Me = 8.65 and  Cfe = 5.41 x  10~^,

w h ich  co rre sponds  to  th e  cone-cy linde r in p u t  cond itio ns , is

compared w ith  th e  re s u lts  fo r  C /35/0 in  F ig u re  95 (a ) .  S im ila r ly
-4

th e  p re d ic t io n  fo r  Me = 9.31 and  Cfe = 7 .4  x  10 , w h ich

co rre sponds  to  the  f la t  p la te  s ta r t in g  cond itio ns , is  compared 

w ith  Coleman's wedge re s u lt  fo r  a=  38 deg. in  F ig u re  95 (b )

I t  can be seen th a t  th e  e xp e rim en ta l t re n d s  d if fe r

c o n s id e rab ly  from  those  expec ted  fo r  a ttached  flow . W hile  th is  

is  p e rh ap s  h a rd ly  s u rp r is in g  th e  d iffe rences  in  them se lves a re  

q u ite  re v e a lin g . F o r in s ta n c e , in  th e  case o f th e  data  fo r  

C /35/0 , w he re  A x  and  A x (q )  w e re  shown e a r l ie r  to match q u ite  

w e ll, i t  is  in te re s t in g  to  no te  th a t  th e  maximum p la teau  h ea tin g  

ra te  appea rs  to  co inc ide w ith  th e  pos itio n  o f sepa ra tio n  p re d ic te d  

b y  the  two d im ensiona l th e o ry .  F u rth e rm o re , the  s lig h t decay o f 

Q ahead o f th is  p o in t w ou ld  appea r to co rrespond  to the  in i t ia l  

p re s s u re  r is e .  One cou ld  specu la te  from  th is  th a t v iscous la y e r  

g ro w th  ahead o f sep a ra tio n  was te n d in g  to reduce the  su rface  

hea t f lu x  w hereas im m ed ia te ly  downstream  o f the  sepa ra tion  

p o in t, w he re  the  re v e rs e  flow  is  b ro u g h t to a h a lt and re ve rs e d  

once aga in , a ’s ta g n a tio n ’ l ik e  p rocess was g iv in g  r is e  to 

enhanced h ea tin g  ra te s .  H o w eve r, th e  re so lu t io n  a ffo rd ed  b y  

th e  choice o f in s tru m e n ta t io n  p itc h  in  th is  reg io n  is  q u ite  low 

and f u r t h e r  d e ta iled  s tud ies  p o ss ib ly  in c lu d in g  tu rb u le n c e  

m easurem ents in  the  post sep a ra tio n  reg io n  close to the  w a ll, a re  

c le a r ly  needed to s u b s ta n tia te  these  sugges tions.
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Pe rhaps  the  most in te re s t in g  aspect o f the  comparison is  

th e  sim p le fac t th a t  th e  a ve rage  p la teau  h ea tin g  ra te  lie s  

c o ns id e rab ly  below  th e  re s u lt  expected  fo r  an a ttached  flow  

pass ing  o v e r a wedge p ro d u c in g  the  same p re s s u re  re c o ve ry  as 

th e  p la teau  p re s s u re .  In  some respec ts  th is  is  s im ila r to  th e  

b e h a v io u r o f la m in a r sepa ra tio n  reg ions  w he re  i t  is  w e ll know n  

th a t  h ea tin g  ra te s  a c tu a lly  fa l l w e ll below the  s ta r t in g  v a lu e , 

e .g .  H anke  and Ho lden (1975 ). C o n seq u en tly , a lthough  these  

da ta  con firm  the  enhanced  p la te au  hea t f lu x e s  obse rved  b y  

Coleman and  s e ve ra l o th e r w o rk e rs ,  th e  tu rb u le n t  c a v ity  is  seen 

to  behave  lik e  an ’in s u la to r ' g iv in g  r is e  to supp ressed  hea t 

t ra n s fe r  ra te s  in  com parison to  those expected  fo r  an eq u iva le n t 

a ttached  wedge flow  o f low inc id ence .

T he  com parison o f Colem an’s data  in  F ig u re  95 (b ) was 

ach ieved  w ith  some d if f ic u lt y  since th e  c a v ity  d im ensions 

p re s c r ib e d  b y  th e  hea t t ra n s fe r  d is t r ib u t io n  d id  no t match w ith  

E lfs tro m ’s e xp e rim e n ta l p re s s u re  d is t r ib u t io n .  D iffe rences  in

t ra n s it io n  le n g th  and  model p o s it io n in g  re la t iv e  to  the  nozzle  

accoustic f ie ld  may h ave  been th e  cause o f th is  d isc rep ancy . In  

v iew  o f th is  i t  was no t poss ib le  to  de te rm ine  va lu e s  o f xs  and xo  

from  the  e xp e rim e n ta l p re s s u re  d is t r ib u t io n  w h ich  would  be

com patib le w ith  th e  m easu red  hea t t ra n s fe r  d is t r ib u t io n .

H ow eve r, u s in g  th e  know ledge  te n ta t iv e ly  ga ined  in  F ig u re  95 

(a ) w he re  q (m ax) was fo un d  to  coincide w ith  X  = 1, a match 

betw een th e  th e o re t ic a l and  e xp e rim e n ta l d is tr ib u t io n s  can be 

fo rced . On th is  bas is  th e  g en e ra l d ispos itio n  o f Coleman's data 

is  s im ila r to  th e  e a r l ie r  com parison a lth ough  the  pa ram e te r A q (s ) ,  

in d ic a te d  in  th e  f ig u re ,  is  s l ig h t ly  la rg e r .  H ow eve r, as fa r  as 

can be judged  w ith in  th e  m easurem ent e r ro r  fo r  ( a ) , and the  

re so lu t io n  a ffo rd ed  b y  th e  in s tru m e n ta t io n  p itc h , l i t t le  d iffe rence  

a c tu a lly  e x is ts  be tw een th e  re fe rence  and asym m etric

e xp e rim en ta l re s u lts .  C o n se q u en tly  ad d itio n a l ev idence is  found 

h e re  to  sugges t th a t  th e  in i t ia l  sepa ra tion  process in  th e  

p e r tu rb e d  c a v ity  flow s has no t been in f lu e nced  b y  asym m etry  at 

re a ttachm en t.
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6 .2 .3 . Heat T ra n s fe r  Rates  in  th e  P la teau

I t  was no ted  in  th e  p re ced ing  section th a t h ea tin g  ra te s  

in  the  p la teau  ten d  to decay from  an in i t ia l  maximum as the  

in te rs e c t io n  lin e  is  app roached . In  v iew  o f th is  the  use o f th e  

te rm  ’p la te a u ’ h e a tin g  ra te  w ou ld  appea r to be a m isnomer and  

ca re  m ust be ta k e n  to  e n su re  th a t  comparisons o f Qp a re  made 

u s in g  a cons is ten t c r i te r io n  fo r  c a lcu la tin g  the  ave rage  h e a t in g  

ra te  ahead o f th e  f la re .  In  th e  p re se n t w o rk  th is  measure is  

de fined  as the  mean hea t t r a n s fe r  ra te , in c lu s iv e  o f the  p la teau  

o ve rsho o t v a lu e . F lows w h ic h  do no t e x h ib it  th is  fe a tu re  

g e n e ra lly  c o rre spond  to  th e  low  inc idence  cases w he re  th e  

c a v it ie s  a re  no t f u l ly  e s ta b lis h e d . These  data  have  been om itted  

from  f u r th e r  com parisons. V a lu e s  o f Qp v s . Pp/Pe reca lcu la ted  

from  th e  s tu d ie s  p e rfo rm e d  b y  E lfs tro m  and Coleman a re  

compared w ith  th e  p re s e n t re s u lts  in  F ig u re  96 w h ich  in c lud es  

th e  c o rre la t io n  sugges ted  b y  Ho lden (1972). I t  can be seen th a t  

th e  da ta  a re  v e r y  s im ila r w ith  a m ild  tendency  fo r  the  0 = 180 

deg . re s u lts  to lie  be low  th e  re s t  o f the  f ie ld . As po in ted  ou t 

b y  Coleman, H o lden ’s c o rre la t io n  does no t appea r to match th e  

re fe re n c e  da ta  v e r y  w e ll, h o w eve r, an exponen t o f 0.38 fo r  

(P p /P e ) p roduces  e x tre m e ly  good agreem ent fo r  th e  reca lcu la ted  

and  n o m ina lly  two  d im ens iona l flow s, in c lu d in g  the  re s u lts  fo r  

B /35/0 and C /35/0 . T h is  is  in d ic a te d  as a b ro ke n  lin e  in  th e  

f ig u re .

N
C o rre la tio n s  o f th e  fo rm  Q = (P /P e ) o b v io u s ly  s im p lify  

th e  t ru e  p h y s ic a l p ic tu re  and  th e y  would  no t be expected  to  g ive  

cons is ten t ag reem ent ac ross a w ide range  o f e xp e rim en ta l 

cond itio ns . E xam ina tio n  o f equa tio n  6.1 in  Section 6 .2 .2  w ou ld  

sugges t th a t  in c re ased  hea t t ra n s fe r  ra te s  in  a ttached  

com press ib le  flows a re  p re d o m in a n tly  th e  re s u lt  o f inc reased  

d e n s ity  and reduced  loca l Mach num be r. T he  success o f th is  

simple e xp re ss io n  w ou ld  sugges t th a t i t  p r in c ip a lly  re f le c ts  th e  

in f lu e n c e  o f the  d e n s ity  r is e  (( °p /^e ) w h ich  is  o f th e  o rd e r o f 

f iv e  fo r  these  flow s. T h e  e xponen t (N ) is  th u s  seen to  be 

loose ly  connected w ith  th e  the rm odynam ic  pa ram e te r ( 1 / k )  w h ich  

is  a fu n c tio n  o f th e  com press ion process as the  fre e  stream  is  

de flec ted , i . e .  (P p /P e ) = ( fp / ^ e ) ^ .
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I t  was no ted  e a r l ie r  th a t  th e  tu rb u le n t  c a v ity  appears to in s u la te  

th e  w a ll aga in s t th e  h ig h e r  hea t f lu x e s  expected  from  an 

a ttached  flow . T h e  decay o f hea t f lu x  in  th e  p la teau  as the  

in te rs e c t io n  lin e  is  app roached  is  th u s  analogous to a re d u c in g  

re c o v e ry  fa c to r induced  b y  f lu id  re tu rn in g  from  the  rea ttachm en t 

re g io n . A  la y e r  o f low e n e rg y  f lu id  re tu rn in g  from  the  f la re  o r  

wedge w ou ld  c e r ta in ly  be expec ted  to reduce th e rm a l 

tra n sm itta n c e  and in f lu e n c e  tem p e ra tu re  re c o ve ry  from  th e  

p la teau  fre e  s tream . I t  m ay, th e re fo re ,  be s ig n if ic a n t th a t th e  

re s u lts  fo r  0 = 180 deg . lie  s l ig h t ly  below the  re s u lts  fo r 0 = 0 
deg. as w e ll as below  th e  re fe re n c e  t re n d s . T h is  would in d ic a te  

th a t  th e  enhanced c a v ity  d im ensions expe rienced  b y  a ll th re e  

asym m etric  flow s in  th e  v ic in i t y  o f 0 = 180 deg. have  se rved  to 

inc rease  th e  so-called ’in s u la t io n ’ e ffec t fo r  ca v itie s  h a v in g  

e s s e n t ia lly  s im ila r le v e ls  o f recom p ress ion . H ow eve r, these  

d iffe rences  a re  q u ite  sm all and  e v id e n t ly  th e  p e r tu rb e d  geom etry  

a t re a ttachm en t has o n ly  m a rg in a lly  in f lu e n c ed  the  ave rage  le v e l 

o f p la teau  h e a tin g .

6 .2 .4  Peak Heat T ra n s fe r  Rates  in  the  Post

R ea ttachm en t Reg ion

In  Section 6 .2 .1  i t  was no ted  th a t th e  peak hea ting  ra te s  

m easured fo r  th e  asym m etric  flow s w ere  in co ns is te n t w ith  th e  

re s u lts  ob ta in ed  b y  Coleman fo r  the  a x is ym m e tric  cone-cylinder-  

f la re .  A lth o u g h  the  c u r re n t  da ta  appea r to be se lf-cons is ten t, 

th e  g ene ra l le ve ls  a re  up  to  50% below those expected u s in g  

Coleman’s re fe re nce  flow  as a gu ide . In  v iew  o f th e  close 

ag reem ent ob ta ined  b y  Coleman (1973) when com paring h is  da ta  

w ith  th e  a ttached  flow  p re d ic t io n s  o f Coleman and S to lle ry ,  and 

th e  g ene ra l le v e l o f ag reem en t be tw een h is  da ta  and o th e r w o rks  

in  th e  f ie ld ,  th e  source  o f th is  d isc rep an cy  sad ly  po in ts  to the  

c u r re n t  e xp e rim en ts .



104

Fo llow ing  an e x te n s iv e  re-exam ina tion  o f the  e xp e rim en ta l 

and th e o re t ic a l techn iq ue  em ployed b y  Coleman, and in  the  

p re se n t w o rk , a f u l l  e xp la n a tio n  fo r  th is  d isc rep ancy  has y e t  to  

be fo und . H ow eve r, i t  m ay be re le v a n t to note th a t Coleman 

em ployed H anov ia  X05 p la tin u m  p a in ted  P y re x  lam inae form ed and 

m ounted in to  th e  f la re  s u rfa c e , w hereas the  c u r re n t  re s u lts  were  

ob ta ined  u s in g  R F  p la tin u m  s p u tte re d  q u a r tz  beads m ounted 

in d iv id u a l ly .  T h is  te c h n iq u e  was chosen to  enab le h ig h  

re so lu t io n  in  th e  t ra n s v e rs e  p lane  since g rad ie n ts  w ith  re spec t to  

th e  0-geodesic w e re  expec ted  and these  wou ld  no t be f u l ly  

re so lved  b y  th in  film  e lem ents (1 .3  cm x  0.2 cm) a lig ned  

p e rp e n d ic u la r ly  to  th e  a x ia l d ire c tio n . T he  aspect ra t io  o f th e  

s p u tte re d  film  on th e  in d iv id u a l ly  mounted elements was s im ila r 

to  th a t chosen b y  Coleman b u t  th e  abso lu te  d im ensions w ere  

co n s id e rab ly  sm a lle r (0 .3  x  0 .03 cm ). In  th e  e ve n t, i t  is  now 

know n  th a t  fo rm ed lam inae w ou ld  p ro b a b ly  have  su ff ic ed  since 

these  g ra d ie n ts  a re  q u ite  sm all and the  in v e s tig a t io n  has 

s u b se q u e n tly  concen tra ted  on th e  p r in c ip a l m erid ians w h ich  could 

have  been cove red  q u ite  w e ll u s in g  the  fo rm e r techn iq ue .

W ith  th e  ad van tage  o f h in d s ig h t i t  is  now ap p a re n t th a t in  

a s h o rt d u ra t io n  fa c il i t y  th e  th e rm a l h is to ry  o f th e  approach 

s tream  to  an iso la ted  s u b s tra te  can have  a cons ide rab le  in f lu e n ce  

on th e  loca l hea t f lu x ,  p a r t ic u la r ly  i f  th e  am bient hea t f lu x  to  

th e  s u r ro u n d in g  m eta l is  h ig h .  T h e  e r ro r  a rise s  due to  a 

su rface  d is c o n t in u ity  in  te m p e ra tu re . S e ve ra l a u th o rs  have  

cons ide red  th is  p rob lem  fo r  an incom p ress ib le  constan t p ro p e r ty  

b o u n d a ry  la y e r ,  in c lu d in g  R u b e s in  (1951) and K a ys  (1966). 

Schu lz  and  Jones (1973) have  sugges ted  th a t the  a n a lys is  g iven  

b y  K a ys  shou ld  also g ive  a reasonab le  estim ate o f th e  e r r o r  

e xp e rie nced  in  com press ib le  flow s  p ro v id e d  the  w a ll re c o ve ry  

tem p e ra tu re  is  chosen in s te a d  o f th e  fre e  stream  s ta tic  

te m p e ra tu re . A n  a ttem p t to  q u a n t if y  th e  e r ro r  expected  from  

th is  e ffec t is  th e re fo re  g iv e n  h e re .

T h e  no ta tio n  used  in  th e  ana lys is  is  g ive n  in  F ig u re  97 

w h ich  shows a f la t  p la te  a rra n g em en t as a f i r s t  app ro x im a tion  o f 

th e  flows s tu d ied  in  th e  c u r re n t  w o rk . T he  f ig u re  shows an 

iso la ted  s u b s tra te  po s itio ned  a d is tance ( L ’) from  the  le ad ing
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edge o f an unhea ted  sec tion  o f th e  p la te . Fo r x  < L ' th e  w a ll 

tem p e ra tu re  is  Tw ^ and  fo r  x  >L ' th is  becomes TW^ w h ich  w il l be 

the  su rface  te m p e ra tu re  o f a sem i- in fin ite  medium benea th  a th in  

f ilm , also assumed to h a ve  the  tem p e ra tu re  T IV2 . T he  hea t 

t ra n s fe r  ra te  dow nstream  o f th e  su rface  d is c o n tin u ity  (q s ) may 

be e va lu a ted  fo llo w in g  K a y s  as:

&  = 1 + qo
TWjl - tw2
Tr- ^— T^Y 1 -  ( -  ) 10 

x

2 1 _  1
t i n  q

-- (6 .4 )

fo r  a tu rb u le n t  b o u n d a ry  la y e r  w he re  qQ is  the  hea t t ra n s fe r  

ra te  th a t  w ou ld  e x is t  a t a p o s itio n  x ,  ( x > L ’) t i f  th e  w a ll w ere  

at a un ifo rm  tem p e ra tu re  TW ^. A  re p re s e n ta t iv e  v a lu e  fo r  ( L T) 

in  th e  c u r re n t  e xp e rim e n ts  w ou ld  be 65 cm, the  d is tance to  th e  

f la re  in te rs e c t io n  lin e .  T h e  ’e ffe c t iv e ’ pos itio n  o f the  th in  film  

re la t iv e  to  th e  s ta r t  o f th e  d is c o n t in u ity  is  d if f ic u lt  to judge  

a c c u ra te ly  s ince th e  s u b s tra te  su rface  is  c irc u la r  in  these  

e xp e rim e n ts . H ow eve r, a re p re s e n ta t iv e  le n g th  fo r  ( x )  w ou ld  

c e r ta in ly  be o f th e  o rd e r  o f 65.2 cm since the  beads a re  o n ly  0.3 

cm in  d iam e te r. T h e  w a ll re c o v e ry  tem p e ra tu re  ( T r )  is  nom ina lly  

1000°K and  i t  is  assumed th a t  th is  cond ition  is  m a in ta ined  fo r  at 

leas t 0.01 secs, o f th e  tu n n e l s ta r t in g  process be fo re  the  

m easurem ents a re  ta k e n .

Two s itu a t io n s  a re  now exam ined . From  the  da ta  ob ta ined

b y  Coleman and in  Sec tion  6 .2 .3 ,  p la teau  h ea tin g  ra te s  o f the2
o rd e r  o f 10 w atts/cm  w ere  o b se rved . Peak h ea tin g  ra te s  on the•2
f la re  m easu red  b y  Coleman exceeded 150 watts/cm  . From the

th e rm a l response expec ted  fo r  a sem i- in fin ite  q u a r tz  s ub s tra te

g ive n  b y  F ig u re  98 i t  can be seen th a t  th e  p la teau  env ironm en t

shou ld  b r in g  about a 7 °C  r is e  in  s u b s tra te  tem p e ra tu re  at 10 2
w atts/cm  , w hereas in  th e  post rea ttachm en t reg ion  a 100°C r is e

can be re asonab ly  e xpec ted  a f te r  10 m illiseconds flow  d u ra tio n  
2

and 150 w atts/cm  h e a t in g  ra te .  The  tem p e ra tu re  r is e  o f the  

metal su rface  u n d e r these  cond tiio ns  is  estim ated to be less th an  

1°C  and 10 °C re s p e c t iv e ly .  T h u s  a nom ina l va lu e  o f 300°K  has
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been chosen fo r  TW ^. F o r these  cond itions equa tion  6.4 y ie ld s :

In d iv id u a l Q u a rtz  q s  = 0.98 (p la te au ) -- (a)

qo

S u b s tra te s  qs = 0.73 (post re-

qo a ttachm en t) — (b )

O b v io u s ly  th is  s im p lif ie d  ana logy s tre tc hes  K a y ’s ana lys is  

to  th e  lim it ;  h o w e ve r, th e  re s u lts  in  (a) and (b ) go a long  w ay 

tow a rds  e x p la in in g  w h y  th e  p la te au  data  ob ta ined  in  th e  c u r re n t  

e xp e rim en ts  ag ree  f a i r ly  w e ll w ith  Coleman's re s u lts  w hereas in  

th e  post re a ttachm en t re g io n  la rg e  d iffe rences  e x is t .  T he  

e q u iv a le n t e r r o r  fo r  a th in  film  p laced  at in f in i t y  on a con tinuous 

s u b s tra te  b y  th is  method is  s t i l l  15% i.e .

q s ^ O . 8 5  ( fo r  post re a tta c hm en t cond itions )

qo

sug g es tin g  th a t  even  Coleman's m easured peak h ea tin g  ra te s  may 

be low . C le a r ly  f u r t h e r  w o rk  is  necessa ry  to  im p ro ve  K a y 's  

a n a lys is  and  more fun d am en ta l e xpe rim en ts  a re  re q u ire d  in  

reg io ns  o f h ig h  hea t f lu x  to  te s t the  com para tive  m e rits  o f 

in d iv id u a l o r  con tinuous  s u b s tra te s . In  v iew  o f these  

u n c e rta in t ie s  a f u l l  d iscuss io n  o f the  asym m etric  re s u lts  

downstream  o f rea ttachm en t is  c le a r ly  im p rac tic a l. T h e  co rrec ted  

da ta  h ave , h o w eve r, been added to  the  c o rre la t io n  chosen b y  

Coleman and these  a re  shown in  F ig u re  99.
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7. C O N C LU S IO N S

T h is  e xp e rim e n ta l s tu d y  was conceived w ith  the  aim o f 

re p ro d u c in g  a h yp e rs o n ic  tu rb u le n t  sepa ra tio n  reg ion  w h ich  

w ou ld  more c lo se ly  re f le c t th e  b e h a v io u r o f a h ig h  speed flow  

o c c u rin g  in  a p ra c tic a l ae rodynam ic  e n v iro n m en t. In  such cases 

th ree-d im ens iona l in f lu e n c e s  can be expected  to  p re v a i l 

th ro u g h o u t th e  e n t ire  flow  f ie ld  re n d e r in g  th e o re t ic a l tre a tm en t 

e x tre m e ly  d if f ic u lt .  T h e  s tu d y  has th e re fo re  a ttem pted  to  

app roach  th e  p rob lem  o f th re e  d im ensiona l sepa ra tio n  th ro u g h  a 

lo g ica l se rie s  o f p ro g re s s iv e ly  more complex flow s itu a tio n s  

le ad in g  to  th e  m ode ra te ly  p e r tu rb e d  case o f an asym m etric  f la re  

p re s s u re  re c o v e ry  f ie ld .  T h e  e xp e rim e n ta l cond itions were f i r s t  

d e te rm ined  b y  an exam ina tio n  o f th e  app roach stream  and 

associated b o u n d a ry  la y e r .  H e re  the  use o f a com pute r 

p re d ic t io n  fo r  th e  co ne- cy lin d e r fo reb o d y  flow  f ie ld  was found  

e x tre m e ly  u s e fu l in  c o n f irm in g  the  p r in c ip a l fe a tu re s  o f th e  

e xp e rim e n ta l f low ; p a r t ic u la r ly  w ith  re g a rd  to  the  ra d ia l p re s s u re  

g ra d ie n t and  e n tro p y  la y e r  em anating  from  the  in te ra c t io n  

be tw een th e  bow shock sys tem  and cone sho u ld e r expans ion  

p rocess. A  m a rked  d iffe re n c e  in  th e  b e h a v io u r and location o f 

t ra n s it io n  was no ted  in  com parison w ith  p re v io u s  expe rim en ts  

conducted  in  th e  same fa c il i t y  and  em p loy ing  ho llow - cy lin de r o r  

f la te-p la te  geom etries . F low  d is to r t io n , ’e x t r a  ra te s  o f s t r a in , ’ 

re s u lt in g  from  fre e  s tream  adap ta tio n  to  conical and th e n  

a x is ym m e tric  flow , was no ted  as h a v in g  p ro b a b ly  p la yed  a m ajo r 

ro le  in  p ro d u c in g  these  d iffe re n c e s , in  add itio n  to  th e  in f lu e n c e  

o f tu n n e l accoustic  d is tu rb a n c e s . C on firm a tion  o f th e  model 

t ra n s it io n  reg im e and i t s  re sponse  to  changes in  tu n n e l u n it  

R eyno ld s  num be r was ach ie ved  w ith  b o u n d a ry  la y e r  s u rv e y s  

w h ich  also re ve a le d  the  c h a ra c te r is t ic  re ta rd a t io n  in  shea r la y e r  

wake deve lopm ent f re q u e n t ly  ob se rved  at h yp e rso n ic  cond itions. 

C a lcu la ted  s k in  f r ic t io n  v a lu e s , based on heat t ra n s fe r  

m easurem ents ta k e n  a t th e  f la re  s ta t io n , fe ll below the  

K a rm an- S choenhe rr p re d ic t io n  as w e ll as va lu e s  reca lcu la ted  from  

th e  f la te  p la te  and ho llow  c y lin d e r  e xp e rim en ts  o f E lfs trom  and 

Coleman, u n d e rta k e n  at th e  same tu n n e l cond itions . Ev idence 

fo r  a genu ine  re d u c tio n  in  s k in  f r ic t io n  fo r  the  cone c y lin d e r 

geom etry  was, h o w e ve r, cons ide red  in co nc lu s ive  due to an
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im p e rfec t know ledge  o f th e  tu rb u le n t  processes w ith in  th e  

e xp e rim e n ta l b o u n d a ry  la y e r .

H a v in g  es tab lis hed  th e  p h ys ic a l co n te x t and de ta ils  o f th e  

app roach  s tream , sep a ra ted  flow  s tu d ie s  were  u n d e rta k e n  

u t i l is in g  a se rie s  o f a x is ym m e tr ic  f la re s . These  e xp e rim en ts  

w ere  an e x ten s io n  o f e a r l ie r  w o rk  u n d e rta k e n  b y  Coleman (1973) 

u s in g  the  same geom etries . T h e  re s u lts  w ere  f u r t h e r  compared 

w ith  th e  fla t-p la te-w edge  and  h o llo w - c y lin d e r f la re  s tud ies  o f 

E lfs tro m  (1971) and Colem an (1973).

A  h ig h  in c ip ie n t s ep a ra tio n  ang le  was obse rved  fo r  th e  

ad d itio n a l da ta  ta ke n  a t th e  lo w e r u n it  R eyno ld s  num be r tu n n e l
5

co nd itio n , 1.29 x  10 / cm. The  c lose r p ro x im ity  o f t ra n s it io n  to  

th e  sepa ra tio n  re g io n  in  com parison w ith  th e  re fe rence  s tu d ie s  

was no ted  as a poss ib le  c o n t r ib u t in g  fa c to r to  th is  ten d en cy . 

T he  in c ip ie n t s ep a ra tio n  ang le  computed fo r  the  h ig h  u n it
5

R eyno ld s  nu m b e r tu n n e l c o n d itio n , 5.17 x  10 /cm, was found  to  

ag ree  w ith  th e  two d im ens iona l p re d ic t io n  fo rm u la ted  b y  E lfs tro m  

b u t th e  lo w e r R eyno ld s  n u m b e r CCF v a lu e , and HCF re fe re n c e  

va lu e s  ob ta ined  b y  Co lem an, d id  no t.

S epa ra tio n  p re s s u re  r is e s  fo r  the  p re s e n t CCF s tu d y  as w e ll 

as th e  HCF and  FPW re fe re n c e  s tu d ie s , w ere  found  to be 

g e n e ra lly  w e ll p re d ic te d  b y  the  E rdos  and Pallone fre e  

in te ra c t io n  model. S im ila r ly ,  p la te au  p re s s u re s  reco rded  fo r  a ll 

th re e  e xp e rim en ts  ag reed  w e ll w ith  the  collapse o f data and choice 

o f c o rre la t in g  p a ram e te rs  p re v io u s ly  em ployed b y  E lfs trom  (1972) 

fo r  th e  p la te au  re g io n . A  good co llapseof p re s s u re  data  was also 

ach ieved  b y  d e f in in g  a p la te au  p re s s u re  coe ffic ien t and m app ing 

th is  w ith  loca l f la re /w ed g e  inc id ence .

A n  em p iric a l fu n c t io n  was d e r iv e d  from  the  p la teau  p re s s u re  

m easurem ents and used  to  e x te n d  the  use fu lness  o f E lfs tro m fs 

c o rre la t in g  p a ram e te rs  b y  n o t in g  th a t th e  fu n c tio n  p re sc rib e d  the  

c a v ity  geom etry  fo r  a g iv e n  set o f fre e  stream  cond itions . W ith  

th e  a id  o f th e  shock re la t io n s  a se rie s  o f c u rve s  was 

s u b se q u e n tly  g ene ra ted  w h ich  rep roduce  the  e xp e rim e n ta lly  

im p lied  re la t io n s h ip  be tw een  th e  in i t ia l  shea r la y e r  de flec tion
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ang le  and f la re /w ed g e  ang le  fo r  a p re sc rib e d  Mach num be r.

Rea ttachm ent p re s s u re s  de te rm ined  from  the  a x is ym m e tric  

f la re  e xp e rim en ts  co rre sp o nd ed  re asonab ly  w e ll w ith  the  two 

d im ensiona l th e o ry  deve loped  b y  Batham  (1969). H ow eve r, 

rea ttachm en t p re s s u re  o ve rsho o t le ve ls  were  not w e ll p re d ic te d  

b y  assum ing  a c lass ica l doub le-wedge p e r tu rb a t io n  o f th e  c a v ity  

loca l fre e  s tream , in d ic a t in g  the  need fo r  a b e t te r  u n d e rs ta n d in g  

o f th e  post re a tta chm en t v iscous  in te ra c t io n  p rocess. D esp ite  

th is  d e fic ie nc y  the  lo ca tio n  o f th e  p re s s u re  o ve rshoo t re g io n , 

re la t iv e  to  th e  f la re  in te rs e c t io n  lin e ,  was found  to  co rre la te  w e ll 

w ith  an o ve rsho o t p re s s u re  c o e ffic ie n t, when no rm a lised  b y  th e  

le n g th  o f th e  c a v ity  up s tre am  in f lu e n c e  re g io n . T h is  somewhat 

unexpec ted  re s u lt  c o n tr ib u te s  a l i t t le  f u r t h e r  tow a rds  th e  

u lt im a te  goal o f c o r re la t in g  o v e ra ll c a v ity  scale w h ich ,

u n fo r tu n a te ly ,  s t i l l  e lu d e s  e m p ir ic a l and th e o re t ic a l tre a tm en t.

R e su lts  from  th e  a x is ym m e tr ic  s tu d ie s , h a v in g  been f i rm ly  

p laced in  c o n te x t w ith  e a r l ie r  sepa ra ted  flow  s tu d ie s , could now 

be used as a re lia b le  re fe re n c e  base from  w h ich  to  d raw  de ta iled  

comparisons o f th e  p e r tu rb e d  flow s. These  w ere  found  to 

e x h ib it  a ll th e  common fe a tu re s  o f a h yp e rso n ic  tu rb u le n t  c a v ity  

reg io n  w ith  th e  e xcep tio n  th a t  loca l d im ensions, p re s su re s  and  

hea t t ra n s fe r  r a te s , w e re  fo un d  to  d if fe r  acco rd ing  to t h e ir  

c irc u m fe re n tia l lo ca tio n . In  re g io n s  o f h ig h  loca l f la re  inc idence 

these  p a ram e te rs  w e re  sup p re ssed  in  comparison w ith  th e  

e q u iv a le n t a x is ym m e tric  g eom e try  and , c o n ve rs e ly , enhanced in  

re g io n s  o f low  f la re  p re s s u re  re c o v e ry . T he  flows th e re fo re

behaved  as th o u g h  re c irc u la t in g  f lu id  w ith in  th e  c a v ity  was 

m ig ra t in g , c irc u m fe re n t ia lly ,  in to  reg io ns  o f lo w e r loca l f la re  

inc idence  o r p re s s u re  re c o v e ry  a t re a ttachm en t. No evidence o f 

c a v ity  un s tead iness  cou ld  be de tec ted  in d ic a t in g  th a t the  

sepa ra tio n  re g io n s  had  adap ted  to a new e q u ilib r iu m  s ta te  

p re s c r ib e d  b y  th e  in te rn a l d ynam ics  o f the  m ix in g  la y e r .

D e ta ils  o f th e  p e r tu rb e d  c a v ity  flows were  s ub seq uen tly  

exam ined  u s in g  th e  same te c h n iq u e s  as had  been employed fo r 

th e  re fe rence  flow s. I t  was found  th a t the  shape o f th e  

p re s s u re  r is e  a t sep a ra tio n  was a lmost in d is t in g u is h a b le , in  each
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case, from  th e  e q u iv a le n t a x is ym m e tric  flow . These  p re s s u re  

d is t r ib u t io n s  also th e re fo re  conform ed to the  two d im ensiona l f re e  

in te ra c t io n  model o f  E rd o s  and  Pa llone. P la teau  p re s s u re  

d is t r ib u t io n s  w ere  fo und  to  d if fe r  s ig n if ic a n t ly  from  the  

re fe re nce  case and  w e re  p o o r ly  c o rre la ted  b y  e x is t in g  

re la t io n s h ip s . S im ila r ly ,  re a ttachm en t p re s su re s  d id  no t conform  

to th e  re fe re nce  case o r to  Batham 's c r ite r io n ,  excep t a t th e  

h ig h e s t inc idence  co nd itio n s  w he re  c o m p a rit iv e ly  la rg e  ca v it ie s  

w ere  deve loped a ro u n d  th e  e n t ire  f la re / c y lin d e r  in te rs e c t io n  lin e . 

R ea ttachm en t p re s s u re s  w e re  s u b se q u e n tly  found  to have  an 

o bse rvab le  dependance on th e  p ro je c ted  le n g th  o f the  fre e  shea r 

la y e r  ly in g  in  a g iv e n  ra d ia l p lane  w ith in  th e  c a v ity .  A f te r  some 

cons id e ra tio n  o f th e  th e o re t ic a l bas is  fo r  Batham 's two 

d im ensiona l c r i te r io n  i t  was a lso conc luded th a t most o f th e  

c a v it ie s  deve loped  in  th ese  e xp e rim e n ts , as w e ll as those o f 

Coleman and  E lfs tro m , had  p ro b a b ly  no t ach ieved  an asym pto tic  

s ta te  in  th e  m ix in g  la y e r  and  w e re  th u s  s t i l l  somewhat dependen t 

on th e  s ta te  o f th e  in i t ia l  b o u n d a ry  la y e r  a t sepa ra tion .

P re s s u re  o ve rsho o t va lu e s  in  th e  post rea ttachm en t reg io n  

c o n s is te n t ly  fo llowed th e  g e n e ra l t re n d s  obse rved  fo r  p re s su re s  

and scale. T h e  in f lu e n c e  o f t ra n s v e rs e  p re s s u re  g ra d ie n t and  

mass f lu x  had  e v id e n t ly  been c a r r ie d  th ro u g h  the  rea ttachm en t 

shock system  in to  th e  f la re  p re s s u re  re c o ve ry  f ie ld .

S u rp r is in g ly ,  h o w e ve r, th e  p o s itio n  and m agn itude o f loca l 

p re s s u re  o ve rsho o t v a lu e s  was found  to have  th e  same 

re la t io n sh ip  w ith  th e  loca l up s tre am  in f lu e n c e  le n g th  as had been 

no ted  fo r  th e  a x is ym m e tr ic  flow s.

A ttem p ts  to ga in  a deepe r u n d e rs ta n d in g  o f the  p r in c ip a l 

d r iv in g  mechanisms w ith in  th e  p e r tu rb e d  flows cen te red  on the  

rea ttachm en t re g io n  s ince i t  was h e re  th a t the  most d ram atic  

d e p a rtu re  from  th e  re fe re n c e  flows had  been no ted . The  

t ra n s v e rs e  (o r  c irc u m fe re n tia l)  p re s s u re  g rad ie n ts  in  th is  reg io n  

w ere  s u b se q u e n tly  fo un d  to  be s t ro n g ly  connected w ith  the  le ve l 

o f c a v ity  d is to r t io n . T h e  'sense' o r 's ig n ' o f the  g ra d ie n t in  a ll 

th re e  asym m etric  flow s was com patib le  w ith  the  no tion  o f a 

t ra n s v e rs e  m ig ra tio n  o f f lu id  w ith in  th e  c a v ity  from  reg io ns  

w he re  the  loca l p re s s u re  was h ig h  and d ec lin in g  in  a
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c irc u m fe re n tia l sense. I t  was s u b se q u e n tly  conc luded th a t bo th  

the  tu rb u le n t  deve lopm ent s ta te  w ith in  the  m ix in g  la y e r ,  as w e ll 

as th e  loca l t ra n s v e rs e  p re s s u re  g ra d ie n t, w ere  im p o rta n t fac to rs  

g o ve rn in g  the  q u a n t ity  o f  re v e rs e  mass flow , i ts  m ig ra tio n  

tow a rds  reg io n s  o f lo w e r loca l p re s s u re  and i ts  subsequen t 

re - en tra in m en t in to  the  f re e  shea r la y e r .  These  processes, in  

t u r n ,  w ou ld  s t ro n g ly  in f lu e n c e  bo th  the  lo n g itu d in a l and  

t ra n s v e re s  e q u ilib r iu m  o f th e  c a v ity  vo lum e.

Heat t ra n s fe r  d is t r ib u t io n s  fo r  bo th  th e  ax is ym m e tric  and 

asym m etric  flows s p a t ia lly  co rresponded  w e ll w ith  su rface  

p re s s u re . H ow eve r, th e  m agn itude  o f hea t f lu x  in  th e  v ic in it y  

o f sepa ra tio n  was found  to  d if f e r  from  th e  monotonic p re s s u re  

r is e  p re d ic te d  and o b se rve d  fo r  f re e  in te ra c t io n  re g io n s . 

Com parison o f th e  e xp e r im e n ta l re s u lts  w ith  th e  hea t f lu x  

p re d ic te d  fo r  an a ttached  flow  un d e rg o in g  a fre e  in te ra c t io n  

p re s s u re  r is e  h ig h lig h te d  sup p ressed  h ea tin g  ahead o f sepa ra tion  

fo llowed b y  an o ve rsho o t in  th e  p la teau . I t  was concluded th a t 

th is  b e h a v io u r may be connected w ith  v iscous  la y e r  g ro w th  

d u r in g  th e  sepa ra tio n  p re s s u re  r is e  fo llowed b y  s tagna tion  o f th e  

re v e rs e  flow  im m ed ia te ly  dow ns tream . T h e  pos itio n  o f p la teau  

maximum h ea tin g  was fo un d  to  coincide w ith  th e  th e o re t ic a l 

p o s itio n  fo r  sepa ra tio n  p re d ic te d  b y  th e  E rdos  and Pallone 

th e o ry ,  add ing  f u r t h e r  w e ig h t to  th is  sugges tion .

A  de fic iency  in  th e  th e o re t ic a l bas is  fo r  u s in g  p la tin um  

re s is tance  the rm om ete rs  m oun ted  on d is c re te  sub s tra te s  was 

id e n t if ie d  fo r  those re g io n s  o f flow  e xp e rie n c in g  h ig h  loca l hea t 

f lu x e s . A  method fo r  c o rre c t in g  th is  d e fic iency  was exam ined 

and  was found  to account fo r  much o f the  d isc rep ancy  obse rved  

in  the  p re se n t s tu d y , w hen com paring  f la re  o ve rh ea t va lues  w ith  

th e  re fe re nce  data  ob ta in ed  b y  Coleman.
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8 . R EC O M M EN D A T IO N S  FO R  F U R TH E R  S T U D Y

8.1 TH E  NO . 2 GUN T U N N E L

T he  p o s s ib il i t y  o f random  assym m etry  in  th e  tu n n e l te s t 

flow  core was d iscussed  in  Sec tion  4. I t  was fe lt  th a t such a 

s itu a t io n  m ig h t occu r i f  th e  nozzle  t ra n s it io n  p lane  d id  no t 

a lw ays rem a in  p e rp e n d ic u la r  to  th e  fre e  s tream . T h e  subsequen t 

in f lu e n ce  o f acoustic d is tu rb a n c e s  on model t ra n s it io n  b e h a v io u r 

was also d iscussed . I t  is  recommended th a t  te s ts  shou ld  be 

pe rfo rm ed  on the  nozz le  w a ll b o u n d a ry  la y e r  to  de te rm ine  

w h e th e r t ra n s it io n  occu rs  u n ifo rm ly  a ro und  th e  c ircum fe rence . 

A lte rn a t iv e ly ,  and p e rh ap s  less e xp e n s iv e ly ,  a f in e  w ire  nozz le  

w a ll b o u n d a ry  la y e r  t r ip  cou ld  be employed to  f ix  th e  location o f 

th e  nozz le  t ra n s it io n  p lane  such  th a t  model t ra n s it io n  and  

b o u n d a ry  la y e r  response can be  m on ito red  w ith  and  w ith o u t th e  

t r ip .  T h e  co ne- cy linde r f la re  geom etry  and p ito t ra k e  assemblies 

used  in  th e  p re s e n t s tu d y  w ou ld  be su itab le  fo r  th is  ta s k .

8 .2  P R E D IC T IO N  OF H Y P E R S O N IC  T U R B U L E N T  C A V IT IE S

T he  w o rk  o f M cDonald  (1965) and A ppe ls  (1975) was 

d iscussed  in  Section 2 as an exam ple o f th e  v a r io u s  ca lcu la tion  

techn iques  w h ich  have  been a ttem p ted  in  the  pas t to  p re d ic t th e  

scale o f an e s tab lis hed  two-d im ens iona l com press ib le  tu rb u le n t  

sepa ra tio n  re g io n . E v idence  is  p re sen ted  in  th e  p re sen t s tu d y

(Sec tion  6 ) w h ich  sugges ts  th a t  a t v e r y  h ig h  speeds, say Mach

7, some o f th e  assum ptions embodied w ith in  these  th e o r ie s , and 

th a t o f B a tham ’s (1971) re a tta c hm en t c r ite r io n ,  may be in c o rre c t.  

F o r in s ta n ce , a ll o f th e  above theo rie s  assume th a t the  fre e  

shea r la y e r  is  s e lf s im ila r and  deve lop ing  in d e p e n d e n tly  o f th e  

s ta r t in g  cond itio ns  (o r  b o u n d a ry  la y e r  shea r s tre s s  p ro f ile  at 

se p a ra tio n ). In  Section 6 i t  was shown th a t ,  fo r  bo th  the  

re fe re nce  flows and  th e  asym m etric  flow s, the  p ro jec ted  

sepa ra tion  le n g th s  bo re  a close re la tio n  to th e  m easured

rea ttachm en t p re s s u re .  T h is  is  c o n tra ry  to th e  no tion  o f an 

asym pto tic  tu rb u le n t  f re e  s h e a r la y e r  d eve lop ing  u n d e r

e q u ilib r iu m  co nd itio n s , in  th e  c o n te x t o f Batham ’s th e o ry .
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I t  is  suggested  th a t  a re p re s e n ta t iv e  tu rb u le n t  h ig h  Mach 

nu m b e r c a v ity  flow  sho u ld  be deve loped and ’u n o b tru s iv e ly ' 

exam ined fo r  its  in te rn a l mean and f lu c tu a t in g  flow  s t ru c tu re  

u n d e r v a r y in g  le ve ls  o f a d ve rse  p re s s u re  g ra d ie n t, ( i . e . ,  c a v ity  

s c a le ) . F lu o re scen t e le c tro n  beam o r la se r anemometer 

techn iq ues  may be s u ita b le  fo r  th is  ta s k . Fo r the  Im p e ria l 

Co llege No. 2 G un T u n n e l fa c il i t y  an ex tended  ve rs io n  o f 

Coleman's h o llo w - c y lin d e r- f la re  geom etry m igh t p ro ve  a u s e fu l 

s ta r t in g  p o in t to  a more com prehens ive  s tu d y .

A  re lia b le  know ledge  o f f re e  shea r la y e r  deve lopm ent and  

i t s  re la t io n sh ip  to th e  s ta te  o f th e  incom ing  b o u n d a ry  la y e r  a t 

sep a ra tio n  w ou ld , in  p r in c ip le ,  lead  to  a b e tte r  c o rre la t io n  o f 

re a ttachm en t p re s s u re  and  c a v ity  scale in  th e  case o f th e  

p re s e n t s tu d y  as w e ll as p o s s ib ly  c a te r in g  fo r  a much b ro a d e r 

c lass o f h ig h  speed flow s .
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FIG U Typical instrumentation response
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FIG 5 Basic asymmetric geometries
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FIG 8 Experimental facility



FIG 9 Selected Model Components
( c o n e - c y l -  a s y m m e t r i c  f l Gr es  o n l y  )
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FIG 28 Power Law Exponent Trends
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FIG 30
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FIG 36 Todisco & Reeves prediction of incipient separation
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FIG 39
^ n r l f r 0 "  ° / .a d i a b o t i c  a n °  c o l d  w a i l  i n c i p i e n iSQ aration after Elfstrom '1971' ^



F ix) = Cp (Met-1)'/V  (2Cfe),A 

where Cp = (P-Pe)/'/i YPeMe2

FIG AO
PRESSURE RISE AT SEPARATION-AXISYMM•
ETRIC FLOWj ( UNIVERSAL CORRELATION OF ERDOS AND 
PALLONE ).



FIG 41
PRESSURE RISE AT SEPARATIONS FLOW,
(UN IVER SA L CORRELATION OF ERDOS AND PALLONE )
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o  1777771 RESULTS GIVEN BY BATHAM (ref 10 ) 

+ 2D-WEDGE ELFSTROM

AXISYMMETRIC EXPERIMEN1”S
SYMB COND'n MODEL Cx deq

A LP * HCF AO

A LP CCF AO

X HP * HCF AO

• HP CCF AO

♦ HP CCF 35

COLEMAN

EXP.
COLEMAN

E X P .
EXP.

THEORY (BATHAM )-------Cprc<[Cfj / {M p -U *  ]*
where C§ is  evaluated at the jet boundary

FIG £8
REATTACHMENT CORRELATION OF BATHAM

*  LP - (Moo = 8-93, Recn/cm = 1-29 x 10$ ) 
HP - (Mco = 9-31 , Re ®/cm = 5-17 x 105 ]
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FIG 50
UPSTREAM INFLUENCE -  AXISYMMETRIC



FIG 51 EFFECT OF Rec ON A y
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FIG 60 Static pressure-asymmetric geometries
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FIG 62 Static pressure-asymmetric geometries
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FIG 63 Static pressure-asymmetric geometries
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FIG 64 Static pressure-asymmetric geometries



FIG 65 Static pressure-asymmetric geometries
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FIG 66 Static pressure-asymmetric geometries
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FIG 68 Static pressure-asymmetric geometries
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FIG 71 Static pressure-asymmetric geometries
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FIG 1U Static pressure-asymmetric geometries
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FIG 75 Static pressure-asymmetric geometries
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FIG 76 Static pressure-asymm etric geometries



FIG 77 Static pressure-asymmetric geometries



Reoo/cm = 5 -17x105 Reoo/cm = 1 -29 x10

FIG 78 Cavity geometries
(inferred from plateau condit ions)



Table 7

Asymmetric CCF - Notation & Symbols (Figures 79 onwards)*

Me = 8.65, Re" = 5.17 x 105 Me = 8.4, Re" = 1.29 x 105

A/40/0 - HP © A/40/0 - LP o

A/37.5/90 - HP o A/37.5/90 - LP D
A/35/180 - HP o A/35/180 - LP o
B/35/0 - HP B B/35/0 - LP 6
B/32.5/90 - HP Cl B/32.5/90 - LP a-
B/30/180 - HP a B/30/180 - LP P
C/35/0 - HP

A C/35/0 - LP A
C/35/90 - HP A C/35/90 - LP o

C/35/180 - HP A C/35/180 - LP V

FIG 79 Pressure rise at separation
asym m etr ic  flows

* unless otherwise stated
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comparison with 2D theory
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FIG 82 Plateau pressure
comparison with modified
Elfstrom correlation
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FIG 86 Reattachment pressure 
overshoot

FIG 87 Overshoot pressure coefficient 
for asymmetric flows
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Transverse pressure gradient 
in the v ic in ity  of reattachment

FIG 90
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FIG 91 Hecit transfer-axisymmetric
f l o w  ( COLEMAN -  T373 )
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FIG 93 Heat transfer-asymmetric flares
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flow theory
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FIG 98
Surface Temperature response of Quartz Semi -  inf ini te 
Insula tors, as a Function of Time for Constant Heat 
T ra n s fe r  Rate. ( Schultz & Jones 1973).



FIG 99 Correlation of peak heating
ra t es



APPENDIX 1 Al.l

Experimentally Implied Mean Free Shear Layer Deflection Angle (9s)

Consider the oblique shock solution for a single wedge 
given by equation (A l.l )  below: -

P
P

2

1
1 + 2 X 

S+l (Me2Sin2B1 -1) ----(A l.l)

Using this equation, Elstrom’s correlating parameter Pp/Pinv can 
be expressed as follows: -

ZE = (*+l) + 2 y(Me2Sin2B1-l)
p1nV (tf+1) + 2 ̂  (MeZSin2B2^l)

-- (A1.2)

where and B2 are the separation and attached flow shock 
angles corresponding to a free stream Mach number (Me). From 
previous results equation (A1.2) is also known to conform to the 
function P /Pinv = EXP(K). Substituting the empirical function

XTinto equation (A1.2) yields equation (A1.3) after some algebra. 

=Sin

For a given Mach number (Me) and corner angle (a), B2 can 
be computed by iteration of the shock relations or direct 
reference to the tables. B  ̂ can then be computed from Equation 
(A1.3) and the notional separation angle (0s) follows from the 
relation

2 *Me2Sin2B0 (EXP(K) )-(1-EXP(K) )(l- X) 
2 S'Me

-- (A1.3)

0s Tan 2 Cot B1(Me2Sin2B1-l) 
Me2 (tf+ Cos2B^) + 2

----(A1.4)



APPENDIX 2 A2.1

P re d ic tio n  o f Heat T ra n s fe r  R ate  fo r A tta ch ed  T u rb u le n t Flow  a t 
Wedge C om pression C o rn e r

R ep roduced  and M od ified  from  Coleman and S to lle ry  (1972)

T h e  e n e rg y  th ic kn e s s  is  d e fin ed  as:

r  =

6

o P&U&
He -  H(y)
H& - Hw

dy -- (A2.I)

W here th e  s u b s c rip t (&) deno tes lo ca l b o u n d a ry  la y e r edge 

c o n d itio n s . T he  in te rg ra l fo rm  o f th is  eq ua tio n  may be w ritte n

d_ (He - Hw) r  = q -- (A2.2)
dx *- -*

To com plete th e  s o lu tio n , A m b ro k  (1957) suggested  a re la tio n  fo r 

q ( r )  ana lageous to  th e  s k in  f r ic tio n  eq ua tio n  in  te rm s o f Re 9 , 

nam e ly

s te  /n/
-- (A2.3)

B ack and  C u ffe l fo und  th is  to  be a reasonab le  d e sc rip tio n  o f 

m easurem ents s u b se q u e n tly  made in  bo th  a c ce le ra tin g  and 

d e c e le ra tin g  flo w s . E q u a tio n  (A 2 .3 )  may be exp ressed  e x a c tly  

b y  th e  use o f th e  R eyn o ld s  ana lo g y fa c to r 2st  , i.e

p m  (Hr - Hw) = St£ = (^cT'j (A2*̂

to g e th e r w ith  E c k e rt’s (1955) re fe re n c e  te m p e ra tu re  law

" { $ ) k  ( g )
Cf
2 --  (A2.5)



w he re  th e  * q u a n titie s  a re  e va lu a te d  a t T *  g ive n  b y A2.2

T£ 0*5 ( + 1 ) + 0.44.r. M£

fo r f la t p la te , f lo w , p ro v id e d  th a t th e  Crocco re la tio n  ho lds

(Hfl, - Hw) ( r )
(2 St\ (Hr - Hw) 
 ̂ Cf /

— (A2.6)

From  equa tio ns  A 2 .3 ,  A2 .5  and  A 2 .6  to g e th e r w ith  the

76
assum ption  o f th e  pow e r law  v is c o s ity  re la tio n  p~T*

(Hr-Hw)
= 0.013 "t * ' -0.81

T l
2St . (Hr - Hw)~ 
Cf H£ - Hw

-- (A2.7)

L- _L-
ReF *

T h is  m ay be re w r it te n  in  th e  fo rm  

f ( x )

q =
\ p t o J S L (H£ - Hw)r ] l<

-- (A2.8)

s u b s titu te d  in  eq ua tio n  A2 .2  and in te g ra te d  to  p roduce  an 

e xp re ss io n  fo r r  , w h ich  m ay th e n  be in tro d u c e d  in to  equa tio n  

(A 2 .8 )  T h e  re s u lt  is

q = 0.0296 fir) (Hr - Hw)^
- 81

T&
rrx V\ PJOJJlyf (HrLJxv - Hw)S/* T*

Ti
-.81 l.

dx

—  (A2.9)



A2.3F o r an is o th e rm a l w a ll (H r- H w )  is  constan t and may be 

cance lled . T h e  v a ria tio n  o f U & ^an d  (T * /T &  ) in  the

denom ina to r is  u s u a lly  in s ig n if ic a n t so th a t equa tio n  (A 2 .9 )  may 

be s im p lifie d  to

_ q________
p£U£(Hr - Hw) = St£ = 0.0296 2St

. Cf .

-0.65 -1/5Rex

— (A2.10)
x

w he re  R e x  = and  dx

x v  b e in g  th e  v ir t u a l o rig in e  o f th e  tu rb u le n t b o u n d a ry  la y e r.

In  o rd e r to  com pute th e  d is tr ib u tio n  o f (q ) lo ca l b o u n d a ry  la y e r 

edge co nd itio n s  m ust be s p e c ifie d . In  Colem an’s s tu d y  th is  was 

accom plished u s in g  E lfs tro m ’s (1973) p re d ic tio n  fo r th e  a ttached  

flow  d is tr ib u tio n  o v e r a com press ion  wedge in  co n junc tio n  w ith  

th e  is e n tro p ic  re la tio n s  fo r th e  p o s t c o rn e r shock fre e  s tream . 

T h e  m ethod was fo un d  to  w o rk  q u ite  w e ll and  th e  re s u lts  can be 

seen in  F ig u re  57 o f Colem an (1973 ). In  th e  p re se n t d iscuss ion  

i t  is  m ore co n ve n ie n t to  e xp re s s  eq ua tio n  (A2 .10 )  in  te rm s  o f th e  

s ta r t in g  co nd itio n s  as fo llo w s :

f a s t ]  r x * l - 65 » "1/5i _ PI DA # L Cf J L 11 J Rex --(A2.ll)
qL ” peUe ‘ r T*-|-.65 -1/5

L CfeJ LTe J RSL
S ince Toe = To £  fo r a ho m ene rg ic  e x te rn a l flow  and u s in g  r  = .9 

we get

0.4 + Tw
Toe

T* =0.5 
T



and equation (A 2.ll) becomes A2 A

Q = i = p m 1 - £ , ] * ¥[0.4 + Tw 1 
ToeJ

.65
PeUeL lu&\

peUe li * a + «§2 [0.4 + Tw “| 
ToeJ

r* p m d x  
Jxv

-- (A2.12)

Coleman pointed out that the last group in this expression is 

approximately unity since the wedge chord was small in 

comparison with the undisturbed starting run. His results for 

equation (A2.12) using the shock relations to give local 

conditions downstream of the intersection line are shown in 

Figure (A2.1).

It can be seen that the use of isentropic relations to equate 

input and recovery conditions also gives fairly good agreement 

provided the pressure recovery is small. This is indicated by 

the broken line in the figure. Since the maximum pressure ratio 

immediately following separation is about 5 the present analysis 

proceeds on a similar basis to that of Coleman’s but using 

isentropic relations instead of the oblique shock solutions.

Hence returning to equation (A2.12), this expression can be 

simplified by noting that the separation interaction length is 

small in comparison with the undisturbed run of boundary layer.

Hence, as before, the last group will be approximately unity.

For the current experiments Tw/Toe = 0.275 and, with the use 

of the isentropic relations, equation (A2.12) reduces to

/ P \
Q =/p_]-9 1 - \ Pe/ + 0.2 Me2 1.276 + 0. 135 Me2

U e / 0.2 Me2 °.6/P + 0.675 + 0.135 Me2
iPe/ *

-- (A2.13)



Consequently, together with the approximate form of the free 

interaction pressure distribution derived from the theory of 

Erdos and Pallone (1962).

A2.5

|- = 1 + «|[^F(X)Me 3/2(2Cfe)1/2 -- (A2.14)

the heat transfer distribution for an equivalent, low incidence, 

attached flow may be computed in terms of the starting 

conditions. This is shown for the cone-cylinder-flare 

interactions (assumed two-dimensional) in Figure 95 (a) and for 

the flate plate conditions studied by Coleman in Figure 95 (b) .



O data f r om  Coleman ( 22 )

FIG A 2.1
Correlation of pressure and heat 
transfer for attached turbulent 
wedge flows.



APPENDIX 3

PROCESSED DATA FOR CONE - CYLINDER - FLARE GEOMETRIES (PRESSURES AND SCALE)

[Ps/Pao -3-12 (HP). Ps/P.*i = 3.25 ( IP ) ]

G e o m e t r y  a n d 0 P e
Al

A x A © S <X
/5
P Xo X s L (X» -Xo) ( L - X f ) x r ( x r - / . ) 01- !

t
<YV r v C r r

(T
T u n n e l  C o n d i t i o n P e g Sym b o l Me Too cm cm P e d e g . d e g . MP d e g r e cm cm cm cm cm cm cm d e g . cm x I O 2 Pc x 10 ? x 1 0

R e ° ' / c a  “ . 0 0 8 . 6 5 0 . 9 0 . 9 7 6 . 0 5.AA 1A . 6 8 9 . 5 9 6 . 1 8 AO 1 0 2 . 8 6 5 8 . 8 5 5 9 . 4 8 65 (1.61 5 . 5 2 66". 82 " 1 . 8 2 3 0 . 4 1 7 . 0 1 7 . 2 3 8 . 4 8 1 5 . 0 6 . 5 7 1 . 9 5 3 . 6 5 . 4  1
5 . 1 7  x I 0 5 
H » -  9 . 3 1

9 0 (» " " ” 5 . 7 0 5 . 3 6 1A .5 7 9 . A 8 6 . 2 3 7 . 5 8 8 . 2 9 5 8 . 8 6 0 . 0 " 1 . 7 0 5 . 0 6 6 . 7 5 1 . 7 5 2 8 . 0 2 6 . 4 8 6 . 6 8 8 . 3 2 1 3 . 3 3 5 . 5 2 1 . 6 7 / . . n

(A) 18 0 o 11 " 5 . 5 5 . 3 2 1 5 . 5 2 1 0 . 4 1 5 . 9 8 35 7 5 . 4 8 5 9 . 0 6 0 . 7 ** 1 . 7 A. 1 6 6 . 8 7 1 . 8 7 2 4 . 5 9 5 . 9 3 6 . 1 1 8 . 2 5 1 1 . 6 7 4 . 7 7 1 . 4 7 4 . 2

0 H •• .. 2 . 8 A . 9 8 1A . 0 5 8 . 9 6 6 . 3 3 35 6 2 . 5 2 6 1 . 7 5 6 2 . 9 5 .. 1 . 2 2 . 0 ? 6 5 . 7 3 0 . 7 3 2 6 . 1 4 2 . 6 8 2 . 7 6 7 . 6 7 . 7 8 2 . 0 1 . 1 8 7 . 7 ..

9 0 a " " 2 . 2 A . 9 1 3 . 9A 8 . 8 5 6 . 3 5 3 2 . 5 A 9 . 6 8 6 2 . 1 0 6 3 . 3 0 " 1 . 7 1 . 7 0 6 5 . 6 5 0 . 6 5 2 3 . 6 5 2 . 2 8 2 . 3 5 7 . 4 5 6 . 1 1 o . a a 0 . 9 ) 2 . 8 ••

(B ) 180 B ” " 1 . 7 A . 73 1 3 . 7 8 . 6 1 6 . A 2 30 4 2 . 0 2 6 2 . 5 6 4 . 0 M 1 . 5 1 . 0 0 6 5 . 4 1 0 . 4 1 2 1 . 3 9 1 . 3 7 1 . A1 7 . 1 2 5 . 5 0 . 5 6 0 . 7 8 2 . 7

0 A •• •• •• ' 2 . 1 A . 52 1 3 . A 8 . 3 1 6 . 5 35 5 9 . A8 6 2 . 2 5 6 3 . 1 6 4 . 5 0 . 8 5 1 . 4 0 6 4 . 9 5 0 . 4 5 2 6 . 6 9 1 . 7 9 1 . 8 5 6 . 7 7 6 . 1 1 1 . 1 9 1 . 1 2 2 . 6 ••

9 0 A It It " 2 . 9 5 . 3 8 1A .6 9 . 5 1 6 . 2 35 5 8 . 9 2 6 2 . 0 6 2 . 7 6 5 0 . 7 0 2 . 3 0 6 5 . 8 8 0 . 8 8 2 5 . 4 9 3 . 0 7 3 . 1 6 8 . 3 6 8 . 3 3 2 . 0 4 1 . 1 1 3 . 1 ••

(C) 180 A M M A . 0 5 .8 A 1 5 . 2 1 1 0 . 1 1 6 . 0 5 35 6 3 . 7A 6 1 . 2 5 6 2 . 0 5 6 5 . 5 0 . 8 0 3 . 4 5 6 6 . 9 4 1 . 4 4 2 4 . 8 9 4 . 7 4 . 8 5 9 . 2 4 9 . 4 4 2 . 4 1 1 . 1 9 3 . 4 "

Reco/cm ■
1 . 2 9  x 10

0 O 8 .  A 1 . 0 2 . 7 5 A . 18 1 3 . 2 8 8 . 0 1 6 . A 2 AO 7 5 . 1 3 6 2 . 0 6 3 . 3 6 5 . 0 1 . 3 0 1 . 7 0 . A 5 3 1 . 9 9 2 . 0 6 2 . 0 6 6 . 4 4 1 . 5 0 2 . 6 ? 6 . 6

H «■- 8 . 9 6 9 0 D W M 2 . 3 5 3 . 5 8 1 2 . 3 2 7 . 0 0 6 . 6 7 3 7 . 5 8 9 . 8 3 6 2 . 3 6 3 . 8 '* 1 . 5 0 1 . 7 0 . 2 9 3 0 . 5 1 . 4 4 1 . 4 4 5 . 2 2 1 . 8 0 7 . 5 7 "

(A) 180 o " " 2 . 0 2 . 9 5 1 1 . 2 2 5 . 8 0 6 . 9 7 35 7A. A6 6 2 . 7 6 A . 1 5 1 . 4 5 0 . 8 5 0 . 1 8 2 9 . 2 1 . 0 0 1 . 0 0 3 . 9 5 1 . 4 9 2 . 6 7

0 □ „ „ „
1 . 8 5 2 . 5 9 1 0 . 5A 5 . 0 2 7 . 1 6 35 5 2 . 3 7 6 3 . 0 6 4 . 4 5

„
1 . 4 5 0 . 5 5 0 . 1 0 2 9 . 9 3 0 . 6 3 0 . 6 3 3 . 2 2 1 . 0 4 1 . 8 8

( » ) 9 0 □ " " " 1 .A 5 2 . 3 7 1 0 . 1 1 A . 51 7 . 2 8 3 2 . 5 AA .52 6 3 . 2 5 6 A . 6 5 " 1 . 4 0 0 . 3 5 0 . 0 6 2 7 . 9 9 0 . 4 0 . 4 2 . 7 7 0 . 8 8 2 . 2 5 "

180 □ ** " 1 . 2 5 2 . 1 2 9 . 5 9 3 . 8 8 7.AA 30 3 7 . 0 1 0 . 7 1 2 . 6 9 "

0 A » •• •• 1 .A 0 2 . 5 5 1 0 . A7 A.9A 7 . 1 8 35 3 9 . 4 2 6 2 . 8 5 6 3 . 9 6 4 . 5 1 . 0 5 0 . 6 0 0 . 1 0 3 0 . 0 6 0 . 6 9 0 . 6 9 3 . 1 4 0 . 7 8 2 . 2 0 •• .
9 0 t > " " " 1 . 7 0 2 . 5 1 1 0 . 3 9 A.8A 7 . 2 35 3 8 . 1 9 6 3 . 0 6 A . 3 6 5 1 . 3 0 0 . 7 0 0 . 1 2 3 0 . 1 6 0 . 8 0 0 . 8 0 3 . 0 6 0 .  75 2.1)4 ••

(C) 180 V " " ” 1 . 7 5 2 . 7 2 1 0 . 7 9 5 . 3 1 7 . 0 9 35 A 2 . 3 2 6 3 . 0 6 4 . 6 5 6 5 . 5 1 . 6 5 0 . 8 5 0 . 1 6 2 9 . 6 9 0 . 9 8 0 . 9 8 3 . 4 8 0 .  R •• 1 . 9 3

A x 1. -  STH CCF 
Me -  931 V a r i o u s 8 . 6 5 •• 0 . 9 7 7 . 3 5 . 9 9 1 5 . A 1 0 . 2 9 6 . 0 1 AO 1 1 6 . 0 0 6 5 7 . 3 0 2 . 6 3 2 9 . 7 1 9 . 4 8 9 . 7 7 9 . 5 3 1 3 . 8 9 5 . 2 2 0 . 7 3 6 . 3 5 5 . 4 1
Reou/cm " 5 . 1 7  
X 1 0 S 
Me -  8 . 9 6

" " 3 . 8 A . 85 1 3 . 8 7 0 . 7 8 6 . 3 8 35 7 1 . 6 7 " 2 . 7 7 0 . 9 6 2 6 . 2 2 3 . 6 3 . 7 1 7 . 3 5 9 . 4 3 3 .3 1 0 . 4 8 3 . 0 5

V a r i o u s B .  A " 1 . 0 2 . 7 5 . 2 1 l A . n i 9 . 5 6 6 . 6 6 AO 7 0 . 0 9 6 i . 7 0 6 7 . 9 ’’ 1 . 20 7 . 1 0 0 . 6 9 3 0 . 4 4 2 . 6 6 2 . 6 6 8 . 5 2 1 . 4 7 . 5 5 fl.f*
Re™/ cm »  1 . 2 9  x 10* ** *• II 1 . 8 2 . 7 1 0 . 7 6 5 . 2 7 7 . 0 9 35 4 6 . 4 8 6 3 . 1 5 6 4 . 2 5 ** 1. 10 0 .  75 0 . 1 4 2 9 . 7 3 0 . 8 7 0 . 8 7 3 . 4 4 0 . 9 2 2 . 00

OJ



APPENDIX 4
SURFACE PRESSURE AND HEAT TRANSFER DATA A4.

(Cone - Cylinder Forebody After Coleman, 1973)

Conditions 
M oo = 9.31
Re oo/cm = 5.17 x 10^

Surface Pressure Heat Transfer

S cm P/Poo X cm
1

q W/cm2 X cm q W/cmz

5.9 4.86 18.36 7.9 42.26 4.45
13.0 4.95 21.06 3.8 43.56 4.35

X cm p/Poo 22.36 3.93 44.86 4.62

18.4 1 . 1 2 23.56 3.91 46.16 4.43
20 .6 0.80 27.36 3.97 47.36 4.18
21.9 0.56 28.66 3.91 48.66 4.01
23.1 0.50 29.96 4.08 55.16 4.10
24.4 0.51 30.56 4.35 56.46 3.92
26.9 0.59 33.06 4.54 57.76 4.15
28.2 0.64 34.36 4.44 60.16 3.98
30.7 0.65 35.66 4.69 60.66 3.91
34.5 0.76 39.46 4.41 61.46 4.19
39.6 0.80 39.76 4.38 61.96 4.17
44.7 0.80 41.06 4.50 62.46 4.12
48.4 0.75
61.3 0.71
62.9 0.70



APPENDIX 5
TABULATED DATA (PITOT SURVEY)

A5.1

Mo o = 8 .,93
Me = 8 .,4 e
Re 00 / cm = 1 .29 x 10
Re /cm == 1. 1 2 x 1 0 5
Station x = 25 cm ( 6 = 0.47cm)

Y cm
Po N/m2 
X 10~ 7

Pt/Po 
X 103

M/Me U/Ue

1 . 2 0 2 1.4968 5.72 1 . 1 1 1 . 0 1

1.176 1.4065 5.50 1.05 1 . 0 1

1.125 1.4065 5.35 1.04 1 . 0 0

1.084 1.4968 5.27 1.06 1 . 0 1

1.047 1.4968 5.45 1.08 1 . 0 1

1.014 1.4968 5.19 1.06 1 . 0 1

0.965 1.4065 5.05 1 . 0 1 1 . 0 0

0.947 1.4065 4.62 0.96 1 . 0 0

0.892 1.4617 5.02 1.03 1 . 0 0

0.831 1.4617 4.72 0.99 1 . 0 0

0.772 1.4617 4.53 0.97 1 . 0 0

0.752 1.4617 4.61 0.98 1 . 0 0

0.694 1.4617 4.70 0.99 1 . 0 0

0.681 1.4617 4.71 0.99 1 . 0 0

0.566 1.4617 4.31 0.95 0.99
0.531 1.4617 4.44 0.96 1 . 0 0

0.490 1.4617 4.49 0.97 1 . 0 0

0.470 1.4272 4.55 0.96 1 . 0 0

0.434 1.4651 4.35 0.96 0.99
0.434 1.4755 4.18 0.94 0.99
0.414 1.4272 4.73 0.98 1 . 0 0

0.389 1.5803 3.95 0.95 0.99

Tw/Tr =0.28 
Pe = 6.894 x 102 N/m2 

(0 . 1 psia)
To = 1070K

Y cm
Po N/m2 
X 10~ 7

Pt/Po 
X 103

M/Me U/Ue

0.361 1.4272 4.11 0.92 0.99
0.335 1.4755 3.73 0.89 0.99
0.335 1.4651 4.15 0.93 0.99
0.323 1.4272 4.01 0.91 0.99
0.289 1.4272 3.78 0 .8 8 0.98
0.269 1.4803 3.46 0 .8 6 0.98
0.269 1.4169 3.80 0 .8 8 0.98
0.259 1.5813 2. 8 8 0.79 0.97
0.236 1.5127 2.46 0.73 0.95
0.236 1.5058 2.56 0.74 0.96
0.219 1.5313 2.30 0.71 0.95
0.193 1.5127 1.69 0.60 0.91
0.168 1.5313 1 . 1 0 0.49 0.85
0.124 1.5803 0.47 0.32 0.69
0.124 1.4651 0.78 0.40 0.78
0.117 1.5313 0.46 0.31 0.6 8

0.091 1.5058 0 . 1 1 0.13 0.31



APPENDIX 5 c o n t .  A 5.2
TABULATED DATA (PITOT SURVEY)

M 00 = 8 .93 Tw/Tr = 0.28
Me = 8 .4 Pe = 6 .894 x 102 N/m2

Re 00/cm = 1.29 x 10 5 (0 . 1  psia)
Re /cm : e = 1 . 1 2  :x 10 5 To = 1070K
Station X = 45 cm ( 6 = 0.63 cm)

Po N/m2 Pt/Po M/Me U/Ue Po N/m2 Pt/Po M/Me U/Ue
Y cm X io“7 X 103 Y cm X 10“ 7 X 103

1 . 2 0 1 1.4679 4.50 1 . 0 1 1 . 0 0 0.513 1.4789 3.94 0.95 0.99
1.176 1.5017 4.21 0.99 1 . 0 0 0.491 1.4617 3.60 0.90 0.99
1.126 1.5017 4.15 0.98 1 . 0 0 0.482 1.4789 3.76 0.93 0.99
1.084 1.4679 4.34 0.99 1 . 0 0 0.470 1.4617 3.82 0.93 0,99
1.047 1.4679 4.50 1 . 0 1 1 . 0 0 0.435 1.4789 3.76 0.93 0.99
1.014 1.4679 4.42 1 . 0 0 1 . 0 0 0.435 1.4789 3.60 0.91 0,99
0.965 1.5017 4.40 1 . 0 1 1 . 0 0 0.414 1.4617 3.27 0 .8 6 0,98
0.947 1.5017 4.15 0.98 1 . 0 0 0.389 1.4789 3.15 0.85 0.98
0.891 1.3927 4.75 1 . 0 1 1 . 0 0 0.389 1.4789 3.13 0.84 0.98
0.831 1.3927 4.70 1 . 0 0 1 . 0 0 0.361 1.4617 2.60 0.76 0.96
0.772 1.3927 4.52 0.98 1 . 0 0 0.335 1.4789 2.67 0.78 0.97
0.752 1.3927 4.39 0.97 1 . 0 0 0.323 1.4617 2. 0 0 0.67 0.94
0.721 1.4789 4.44 1 . 0 0 1 . 0 0 0.312 1.4789 2.32 0.72 0.95
0.721 1.4789 4.46 1 . 0 0 1 . 0 0 0.312 1.4789 2.36 0.73 0.96
0.721 1.4789 4.34 1 . 0 0 1 . 0 0 0.289 1.4617 1.92 0 .6 6 0.93
0.693 1.3927 4 .66 1 . 0 0 1 . 0 0 0.270 1.4789 1.73 0.63 0.92
0.681 1.4617 4.62 1 . 0 2 1 . 0 0 0.270 1.4789 1 . 8 8 0.65 0.93
0.661 1.4789 4.40 1 . 0 0 1 . 0 0 0.259 1.4272 1.60 0.59 0.91
0.661 1.4789 4.26 0.98 1 . 0 0 0.236 1.4789 1.23 0.53 0 . 8 8

0.625 1.4617 4.62 1 . 0 2 1 . 0 0 0.219 1.4272 1.34 0.54 0.89
0.591 1.4789 4.19 0.98 1 . 0 0 0.193 1.4789 1.03 0.48 0.85
0.566 1.4617 4.01 0.95 0.99 0.193 1.4789 1.08 0.49 0 . 8 6

0.551 1.4789 3.99 0.95 0.99 0.168 1.4272 0.96 0.45 0.83
0.531 1.4617 3.75 0.92 0.99 0.124 1.4789 0.62 0.37 0.76

0.124 1.4789 0.68 0.39 0.78
0.117 1.4272 0.75 0.40 0.79
0.091 1.4789 0.31 0.26 0,60
0.091 1.4789 0.34 0.27 0.62
0.084 1.4272 0.33 0.26 0.61
0.049 1.4789 0.07 0.09 0 . 2 2

0.049 1.4789 0.14 0.16 0.40



APPENDIX 5 co n t A5.3
TABULATED DATA (PITOT SURVEY)

Moo = 8.93 Tw/Tr =0,28
Me =8.4 Pe = 6.894 x 102 N/m2

Re00/cm = 1.29 x 10 5 (0 . 1 psia)
Re /cm = 1.12 x 105 e To = 1070K
Station X = 63.6 cm (6 = 1.00 cm)

Po N/m2 Pt/Po M/Me U/Ue Po N/m2 Pt/Po M/Me U/Ue
Y cm X 10" 7 X 103 Y cm x  io”7 X 103

1.196 1.4679 4.87 0.97 1 . 0 0 1.001 1.4679 4.88 0.97 1 . 0 0

1.196 1.4679 4.61 0.94 0.99 0.966 1.4679 4.61 0.94 0.99
1.156 1.4679 5.04 0.99 1 . 0 0 0.947 1.4679 4.26 0.91 0.99
1.156 1.4679 4.52 0.93 0.99 0.925 1.4679 4.37 0.92 0.99
1.115 1.4679 5.27 1 . 0 1 1 . 0 0 0.892 1.4679 4.12 0.89 0.99
1.115 1.4679 4.43 . 0.92 0.99 0.828 1.4941 3.83 0.87 0 .8 8

1.115 1.4679 4.94 0.98 - 1 . 0 0 0.785 1.4699 3.72 0.85 0.98
1.069 1.4679 4.94 0.98 1 . 0 0 0.785 1.4755 3.94 0.87 0.98
1.069 1.4679 5.18 1 . 0 0 1 . 0 0 0.773. 1.4679 3.91 0.87 0.98
1.069 1.4679 4.86 0.97 1 . 0 0 0.752 1.3996 4.01 0.86 0.98
1.069 1.4679 4.94 0.98 1 . 0 0 0.724 1.4934 3.24 0.80 0.97
1.049 1.4679 4.70 0.95 0.99 0.693 1.4679 3.48 0.82 0.97
1.049 1.4679 5.18 1 . 0 0 1 . 0 0 0.681 1.3996 3.31 0.78 0.97
1.025 1.4679 5.08 0.99 1 . 0 0 0.671 1.4755 3.04 0.77 0.96
1.025 1.4679 5.27 1 . 0 1 1 . 0 0 0.653 1.4699 3.08 0.77 0.96
1.025 1.4679 5.16 1 . 0 0 1 . 0 0 0.653 1.4872 2.99 0.76 0.96
1.025 1.4679 4.70 0.95 0.99 0.625 1.4679 2.93 0.75 0.96
1 . 0 0 1 1.4679 5.06 0.99 1 . 0 0 0.600 1.4941 2.91 0.75 0.96
1.001 1.4679 4.86 0.97 1 . 0 0 0.566 1.5017 2. 6 8 0.73 0.95
1.001 1.4679 4.88 0.97 1 . 0 0 0.556 1.4699 2.52 0.70 0.95

PTO - Further data this station



APPENDIX 5 co n t A5 .4
TABULATED DATA (PITOT SURVEY)

Moo  = 8.93 
Me = 8.4
Reoo /cm = 1.29 x 10 5
Re /cm = 1.12 x 10 5 e
Station X = 63.6 cm (5= 1.00 cm) 
continued

Tw/Tr =0.28 
Pe = 6.894 x 102 N/m2 

(0 . 1 psia)
To = 1070K

Po N/m2 Pt/Po M/Me U/Ue Po N/m2 Pt/Po M/Me U/Ue
Y cm x  i o-7 X 103 Y cm X 10“ 7 X 103

0.531 1.5017 2 . 1 2 0.64 0.93 0.191 1.4555 0.93 0.42 0.81
0.490 1.3996 2.16 0.63 0.92 0.161 1.5017 1 . 0 0 0.44 0.82
0.475 1.4755 2.03 0.62 0.92 0.129 1.4672 0.74 0.37 0.76
0.470 1.4619 2.30 0 .6 6 0.94 0.129 1.4872 0.70 0.36 0.75
0.439 1.4555 1.89 0.60 0.91 0.114 1.4679 0.81 0.39 0.78
0.388 1.4672 1.64 0.60 0.90 0.086 1.4872 0.51 0.31 0.6 8

0.388 1.4934 1.67 0.57 0.90 0.073 1.4679 0.44 0.28 0.65
0.361 1.4679 1.78 0.58 0.91 0.043 1.4699 0 . 1 2 0.13 0.32
0.337 1.4679 1.47 0.53 0 . 8 8 0.043 1.4672 0.16 0.16 0.40
0.322 1.4679 1.43 0.52 0 . 8 8 0.043 1.4941 0.15 0.16 0.39
0.300 1.4872 1.40 0.52 0 . 8 8

0.290 1.4679 1.58 0.55 0.89
0.266 1.4934 1.24 0.49 0 . 8 6

0.266 1.4672 1.24 0.49 0 . 8 6

0.254 1.4679 1.24 0.49 0 . 8 6

0 . 2 2 2 1.4755 1.03 0.44 0.83
0 . 2 2 2 1.4941 1 . 0 1 0.44 0.82
0.219 1.5017 1.27 0.50 0 .8 6



APPENDIX 5 co n t A 5.5
TABULATED DATA (PITOT SURVEY)

Moo = 9.31 Tw/Tr =0.28
Me = 8.65 Pe = 2.76 x 103 N/m2

Re oo/cm = 5.17 x 10 s (0.4 psia - nominal
Re /cm = 4.35 x 105 e value taken for cyl.,
Station X = 25 cm (<5 = 0.48 cm) surface)

To = 1070K

Po N/m2 Pt/Po M/Me U/Ue Po N/m2 Pt/Po M/Me U/Ue
Y cm x  i o-7 X 103 Y cm

y
X 10" X.103

1 . 2 0 1 6.437 5.03 1 . 1 0 1 . 0 1 0.625 6.357 3.92 0.96 1 . 0 0

1.176 6.516 5.01 1 . 1 0 1 . 0 1 0.592 6.321 3.77 0.94 0.99
1.125 6.516 4.70 1.07 1 . 0 1 0.566 6.516 3.68 0.94 0.99
1.085 6.437 4.59 1.05 1 . 0 0 0.551 6.546 3.81 0.96 1 . 0 0

1.046 6.437 4.77 1.07 1 . 0 1 0.551 6.536 3.78 0.96 1 . 0 0

1.013 6.437 4.60 1.05 1 . 0 0 0.531 6.516 3.58 0.93 0.99
0.965 6.516 4.51 1.05 1 . 0 0 0.513 6.541 3.71 0.95 .99
0.947 6.516 4.22 1 . 0 1 1 . 0 0 0.490 6.516 3.82 0.96 1 . 0 0

0.856 6.782 3.70 0.97 1 . 0 0 0.483 6.782 3.33 0.95 0.99
0.803 6.536 3.93 0.98 1 . 0 0 0.470 6.516 3.63 0.94 0.99
0.803 7.546 3.92 0.98 1 . 0 0 0.434 6.321 2.98 0.84 0.98
0.785 6.541 3.94 0.98 1 . 0 0 0.414 6.198 2.96 0.83 0.98
0.752 6.357 4.03 0.98 1 . 0 0 0.389 6.782 2.48 0.79 0.97
0.721 6.536 3.71 0.95 1 . 0 0 0.361 6.198 2.77 0.80 0.97
0.721 6.562 3.93 0.98 1 . 0 0 0.335 6.321 2.18 0.71 0.95
0.693 6.357 3.80 0.95 0.99 0.323 6.198 2.34 0.73 0.96
0.681 6.357 4.16 0.99 1 . 0 0 0.312 6.541 2.18 0.73 0.96
0.663 6.782 3.75 0.97 1 . 0 0 0.290 6.198 2 . 0 0 0.6 8 0.94
0.660 6.546 3.94 0.98 1 . 0 0 0.269 6.536 1.74 0.65 0.93

0.259 6.205 1.71 0.63 0.93
0.236 6.562 1.65 0.63 0.93
0.236 6.541 1.47 0.60 0.91
0 . 2 2 1 6.516 1.52 0.61 0.92

PTO -  F u rth er  d a ta  t h i s  s t a t i o n



APPENDIX 5 co n t A5 ,6
TABULATED DATA (PITOT SURVEY)

Moo = 9.31 
Me =8.65 
Reoo/cm = 5.17 x 105 

Re /cm = 4 . 3 5 x 105 

Station X = 25 cm ( 6  

continued
0.48 cm)

Tw/Tr =0.28
Pe = 2.76 x 103 N/m2

(0.4 psia - nominal 
value taken for cyl. 
surface)

To = 1070K

Po N/m2 Pt/Po M/Me U/Ue
Y cm X 107 X 103

0.218 6.205 1.56 0.60 0.91
0.218 6.357 1.59 0.61 0.92
0.193 6.541 1.26 0.55 0.89
0.168 6.205 1.30 0.55 0.89
0.124 6.562 0.97 0.48 0.87
0.124 6.782 0.98 0.49 0 .8 6

Po N/m2 Pt/Po M/Me U/Ue
Y cm X io7 X 103

0.114 6.516 1 . 0 2 0.49 0.86

0.114 6.516 1 . 0 2 0.49 0.8 6

0.091 6.321 0.52 0.34 0.73
0.091 6.562 0.53 0.35 0.74
0.084 6.205 0.54 0.35 0.74
0.048 6.562 0.24 0.23 0.56



APPENDIX 5 c o n t .  A 5.7
TABULATED DATA (PITOT SURVEY)

M o o  = 9 . 3 1 Tw/Tr =0.28
Me =8.65 Pe = 2.76 x 103 N/m2
Re 00/cm = 5.17 x 10 5 (0.4 psia)
Re /cm = 4.35 x 10s e To = 1070K
Station X = 45 cm ( <5 = 0.62 cm)

Y cm
Po N/m2 
X 1(f

Pt/Po 
X 103

M/Me U/Ue
Y cm

Po N/m2 
X 10" 7

Pt/Po 
X 103

M/Me U/Ue

1.201 6.357 4.49 1.03 1.00 0.752 6.389 4.17 1.00 1.00
1.76 6.357 3.90 0.96 1.00 0.722 6.669 3.67 0.95 0.99
1.125 6.357 3.68 0.93 0.99 0.722 6.405 3.69 0.94 0.99
1.052 6.357 3.75 0.94 0.99 0.722 6.677 3.71 0.96 1.00
1.046 6.357 4.65 1.05 1.01 0.693 6.389 3.90 0.96 1.00
1.013 6.357 4.16 0.99 1.00 0.681 6.077 3.17 0.85 0.98
0.966 6.357 3.68 0.93 0.99 0.663 6.669 3.62 0.95 0.99
0.947 6.357 4.01 0.97 1.00 0.663 6.405 3.56 0.92 0.99
0.925 6.357 3.75 0.94 0.99 0.661 6.704 3.57 0.94 0.99
0.856 6.606 3.82 0.97 1.00 0.661 6.414 3.60 0.93 0.99
0.856 6.669 3.80 0.97 1.00 0.624 6.077 3.78 0.93 0.99
0.856 6.405 3.82 0.95 0.99 0.592 6.669 3.52 0.93 0.99
0.856 6.677 3.62 0.95 0.99 0.592 6.405 3.36 0.89 0.99
0.831 6.389 4.13 0.99 1.00 0.567 6.077 3.79 0.93 0.99
0.803 6.606 3.65 0.95 0.99 0.531 6.077 3.05 0.83 0.98
0.803 6.571 3.68 0.95 0.99 0.513 6.704 3.70 0.82 0.98
0.785 6.606 3.71 0.96 1.00 0.490 6.077 2.37 0.73 0.96
0.785 6.571 3.60 0.94 0.99 0.483 6.359 2.29 0.75 0.96
0.772 6.389 4.50 1.04 1.00 0.470 6.389 1.69 0.63 0.93

PTO - Further data this station



APPENDIX 5 c o n t .  A 5.8
TABULATED DATA (PITOT SURVEY)

M 00 = 9.31 Tw/Tr =0.28
Me = 8.65 Pe = 2.76 x 103 N/m2
Re <*>/cm = 5.17 x 10s (0.4 psia)
Re /cm = 4.35 x 10 5 e To = 1070K
Station X = 45 cm (6 = 0.62 cm)
continued

Po N/m2 Pt/Po M/Me U/Ue Po N/m2 Pt/Po M/Me U/Ue
Y cm X io~7 X 103 Y cm x io"*7 X 103

0.434 6.704 1.98 0.70 0.95 0.254 6.233 0.91 0.46 0.84
0.434 6.359 1.98 0.70 0.95 0.236 6.571 0.97 0.48 0.86
0.414 6.389 1.48 0.59 0.91 0.219 6.389 0.95 0.47 0.85
0.389 6.571 1.47 0.60 0.91 0.219 6.233 1.00 0.48 0.85
0.360 6.389 1.65 0.62 0.92 0.193 6.414 0.80 0.43 0.82
0.335 6.414 1.31 0.56 0.90 0.160 6.389 0.84 0.44 0.83
0.323 6.389 1.27 0.55 0.89 0.160 6.233 0.86 0.44 0.83
0.313 6.414 1.18 0.53 0.88 0.124 6.606 0.60 0.38 0.77
0.289 6.389 1.10 0.51 0.87 0.114 6.389 0.57 0.36 0.76
0.269 6.677 1.00 0.50 0.87 0.114 6.233 0.65 0.38 0.78
0.269 6.405 1.05 0.50 0.87 0.091 6.571 0.42 0.31 0.69
0.269 6.669 1.01 0.50 0.87 0.074 6.389 0.47 0.33 0.71
0.254 6.389 0.82 0.44 0.82 0.074 6.233 0.48 0.33 0.71

0.049 6.414 0.22 0.22 0.54



APPENDIX 5 c o n t .  A 5.9
TABULATED DATA (PITOT SURVEY)

M 00 = 9.31 Tw/Tr =0.28
Me =8.65 Pe = 2.76 x 103 N/m2
Re “ /cm = 5.17 x 10 5 (0.4 psia)
Re /cm = 4.35 x 105 e To = 1070K
Station X = 65 cm (6 = 0.97 cm)

Po N/m2 Pt/Po M/Me U/Ue Po N/m2 Pt/Po M/Me U/Ue
Y cm X 107 X 103 Y cm X 107 X 103

1.196 6.233 4.01 0.97 1.00 0.830 6.389 3.70 0.94 0.99
1.196 6.389 4.17 1.00 1.00 0.802 6.504 3.54 0.93 0.99
1.196 6.389 4.00 0.97 1.00 0.785 6.573 3.42 0.91 0.99
1.155 6.233 4.00 0.96 1.00 0.785 6.602 3.32 0.90 0.99
1.155 6.389 4.00 0.98 1.00 0.773 6.389 3.70 0.94 0.99
1.155 6.389 3.91 0.97 1.00 0.752 6.233 3.38 0.89 0.99
1.115 6.233 3.25 0.87 0.98 0.721 6.609 3.18 0.88 0.99
1.115 6.389 4.51 1.04 1.00 0.693 6.389 2.96 0.84 0.98
1.115 6.389 4.20 1.00 1.00 0.693 6.233 2.77 0.80 0.97
1.070 6.233 4.37 1.00 1.00 0.681 6.233 2.58 0.77 0.97
1.049 6.233 4.51 1.02 1.00 0.662 6.604 2.39 0.77 0.96
1.024 6.389 4.00 0.98 1.00 0.624 6.233 2.19 0.71 0.95
1.024 6.389 4.13 0.99 1.00 0.592 6.573 1.97 0.69 0.95
1.024 6.389 3.28 0.88 0.99 0.592 6.504 1.77 0.65 0.93
1.001 6.389 4.17 1.00 1.00 0.551 6.573 1.70 0.64 0.93
1.001 6.389 3.90 0.96 1.00 0.551 6.602 1.68 0.64 0.93
0.965 6.389 4.40 1.02 1.00 0.531 6.389 1.67 0.63 0.93
0.947 6.389 3.39 0.90 0.99 0.513 6.602 1.57 0.62 0.92
0.947 6.389 3.17 0.87 0.98 0.491 6.389 1.43 0.58 0.90
0.925 6.389 4.13 0.99 1.00 0.482 6.602 1.29 0.56 0.90
0.892 6.389 4.10 0.99 1.00 0.470 6.389 1.64 0.62 0.92
0.892 6.389 4.20 1.00 1.00 0.434 6.609 1.33 0.57 0.90
0.856 6.504 3.63 0.94 0.99 0.414 6.389 1.50 0.59 0.91

PTO -  F u rth er  d a ta  t h i s  s t a t i o n



APPENDIX 5 c o n t .  Ad JO

TABULATED DATA (PITOT SURVEY)

M oo = 9.31 Tw/Tr =0.28
Me = 8.65 Pe = 2.76 x 103 N/m2
Re oo/cm = 5.17 x 10s (0.4 psia)
Re /cm = 4.35 x 105 e To = 1070K
Station X = 65 cm ( 6= 0.97 cm)
continued

Y cm
Po N/m2 
X 1 O’7

Pt/Po 
X 103

M/Me U/Ue
Y cm

Po N/m2 
X 10"7

Pt/Po 
X 103

M/Me U/Ue

0.389 6.573 1.24 0.55 0.89 0.218 6.389 0.84 0.44 0.83
0.389 6.609 1.25 0.55 0.89 0.193 6.609 0.58 0.37 0.76
0.361 6.233 1.25 0.54 0.89 0.160 6.389 0.59 0.37 0.76
0.335 6.604 1.00 0.49 0.86 0.124 6.609 0.54 0.36 0.75
0.323 6.389 1.06 0.50 0.87 0.124 6.573 0.54 0.36 0.75
0.323 6.233 1.07 0.50 0.86 0.114 6.389 0.58 0.36 0.76
0.313 6.602 0.97 0.48 0.86 0.114 6.233 0.61 0.37 0.76
0.289 6.389 0.95 0.47 0.85 0.092 6.604 0.38 0.30 0.67
0.270 6.504 0.74 0.42 0.81 0.074 6.389 0.37 0.29 0.66
0.254 6.389 0.73 0.41 0.80 0.074 6.233 0.37 0.28 0.65
0.237 6.504 0.70 0.41 0.80 0.048 6.604 0.21 0.22 0.53



AXISYMMETRIC SURFACE PRESSURE SURVEY 
(Cone-Cylinder-Flare)

Data from Coleman, 1973

A p p en d ix '6

M oo = 9.31
Re oo/cm = 5.17 x 10 5 

(X-L)cm

P *
1
a = 15° a = 30° a= 35

-2.9 — — 2.70
-2.6 — 0.70 3.70
-2.35 — 0.70 —

-2.1 — 0.71 3.80
-1.85 0.70 — 4.40
-1.60 — — 4.20
-1.35 — 0.68 4.50
-1.1 0.70 0.68 —
-0.85 — — 4.50
-0.6 0.75 0.90 —
-0.35 0.91 1.22 4.80
-0.1 1.00 1.80 —
0.25 — 7.00 4.90
0.50 2.50 10.10 6.30
0.75 — 14.30 7.60
1.0 3.00 20.00 6.80
1.25 — 23.80 12.00
1.50 4.20 — 13.70
1.75 — 30.10 —
2.05 5.00 32.50 24.30
2.30 — 33.00 30.30
2.55 6.90 34.10 36.40
2.80 — — 59.40
3.05 7.40 30.50 64.50
3.30 — — 49.00
3.55 8.10 31.40 46.70
4.05 8.70 — 42.60
4.60 9.50 — 40.00
5.10 9.80 33.60 37.80
6.35 9.80 — —
7.60 9.80 29.20 36.50

A6.1



Appendix 6 cont,
AXISYMMETRIC SURFACE PRESSURE SURVEY 

(Cone-Cylinder-Flare) 
Experiment

M oo= 9.31
Reoo /cm = 5.17 x 10,5a = 40°

(X-L)cm P / P o o (X-L)cm P / P o o

-11.75 0.64 -1.70 5.80
-11.40 0.76 -1.20 5.80
- 1 1 . 0 0 0.99 -0.95 5.44
-10.70 1.49 -0.80 5.47
-10.40 2.55 -0.45 5.72
-10.20 3.05 -0.05 5.90
-9.95 2.80 0.25 6.50
-9.65 4.04 0.25 5.67
-9.45 3.98 0.50 5.67
-9.20 4.37 0.75 5.59
-8.90 4.14 L=69 cm 1.05 5.76
-8.65 4.37 1.25 5.67

1.25 5.94
-8.15 4.81 1.55 5.43
-7.95 5.10 L.=65 cm 1.80 7.27
-7.72 4.94 2.05 9.10
-7.35 4.77 2.30 7.40
-6.96 5.05 2.30 9.31
-6.55 5.22 2.55 10.55
-6.22 5.10 2.80 13.45
-5.85 4.94 3.05 15.00
-5.45 5.63 3.35 18.66
-5.10 5.47 3.55 19.60
-4.70 5.10 3.80 27.72
-4.35 5.10 4.05 30.70
-3.98 5.47 4.35 33.69
-3.60 5.63 4.55 37.23
-3.20 5.73 4.85 48.64
-2.85 5.57 5.10 76.98
-2.50 5.80 6.35 104.46
-2.10 5.80 7.60 54.31

7.60 48.50

A6.Z



AXISYMMETRIC SURFACE PRESSURE SURVEY
A ppendix  6 c o n t . A6.3

(Cone-Cylinder-Flare)
Experiment

Moo = 8.93

R e o o  /cm = 1.29 x 10s
a = 30 0 a = 35° a = 40°

(X-L)cm P / P c o (X-L)cm P / P o o (X-L) cm P/Pco
-3.85 0.54 -3.85 0.56 -3.1 1.28
-3.45 0.44 -3.60 0.54 -2.85 1.58
-3.10 0.45 -3.20 0.51 -2.60 1.66
-3.10 0.80 -3.10 0.84 -2.60 1.66
-2.70 0.70 -2.85 0.84 -2.35 1.87
-2.40 0.73 -2.45 0.85 -2.10 2.26
-1.95 0.72 -2.35 0.79 -1.85 2.29
-1.60 0.73 -2.10 0.88 -1.6 3.18
-1.60 0.96 -1.70 0.89 -1.35 3.82
-1.20 1.03 -1.60 1.16 -1.10 3.86
-0.85 1.32 -1.35 1.49 -0.85 4.56
-0.85 1.25 -0.95 1.94 -0.60 5.10
-0.45 1.66 -0.85 1.87 -0.35 5.23
-0.10 2.08 -0.60 2.15 0.25 5.57
0.30 7.03 -0.20 2.71 0.50 8.64
0.50 13.63 0.25 7.06 0.70 13.10
0.75 22.00 0.55 14.54 1.03 18.66
1.00 26.06 0.75 16.08 1.30 22.60
1.30 33.14 1.00 24.55 1.50 33.42
1.55 36.16 1.25 34.93 1.80 46.08
1.80 30.22 1.55 36.38 2.05 59.96
2.05 29.30 1.80 38.90 2.30 59.15
2.30 28.82 2.00 41.83 2.55 63.08
2.55 28.70 2.30 41.58 2.80 62.84
3.05 31.02 2.55 42.96 3.05 56.09
3.55 24.27 2.80 36.29 3.30 42.91
4.05 27.38 3.05 40.56 3.55 46.76
5.10 26.03 3.30 36.73 3.80 46.17
6.35 27.95 3.55 34.27 4.05 48.77

4.10 34.49 4.30 44.07
4.55 50.08
4.80 44.36
5.10 42.92



APPENDIX 7
Surface Pressure Data - Asymmetric Geometries
Geometry A, 0 = 
M = 9.31, Reoo/

0 deg. ,c<-local 
cm 5.17 x lOf

- 40 deg.,

P/Poo (X-L)cm P/P <*>

43.72 8.35 90.05

40.91 8.12 88.04

42.77 7.87 92.57

40.63 7.37 68.64

49.78 6.88 87.75

40.71 6.62 72.82

41.99 6.39 54.96

46.19 6.13 72.82

59.70 5.87 44.02

45.30 5.61 34.23

48.02 5.36 27.17

49.21 5.35 17.73

45.89 5.12 13.85

49.36 4.83 12.28

53.80 4.62 6.88

55.14 4.62 6.06

53.68 4.37 6.46

64 .03 4.12 5.19

A 7.1

>L) cm P/P (X-L)cm

3.88 5.15 .13

3.86 6.14 -.15

3.61 5.35 -.45

3.39 5.12 -.90

3.37 4.84 -1.20

3.12 4.86 -1.65

3.12 4.78 -2.40

3.12 5.20 -3.15

2.87 4.60 -3.90

2.62 4.52 -4.65

2.38 4.84 -4.95

2.13 3.93 -5.40

1.87 1.82 -5.70

1.63 1.06 -6.15

1.12 .92 -6.90

.87 .98 -7.65

.87 0 0

.63 0 0

A
7
.1



APPENDIX 7 A7.2 

Surface Pressure Data - Asymmetric Geometries 
Geometry A, 0 = 90 deg., ex local = 37.5 deg., 
M co = 9.31, Re co / em = 5. 17 x 10 5 

p/pco (X-L)em p/Pco (X-L)em P/Pco (X-L)em 

39.76 8.52 80.85 3.77 5.81 -.15 

36.46 8.27 60.80 3.53 5.58 -.45 

38.36 8.06 60.40 3.52 5.11 -.90 

36.48 7.52 53.71 3.28 4.86 -1.20 

37.80 6.77 45.35 3.26 4.65 -1.65 

40.23 6.51 23.08 2.77 4.73 -2.40 

42.66 6.28 30.45 2.52 4.84 -3.15 

54.65 6.02 21.34 2.52 4.73 -3.90 

33.88 5.80 14.93 2.27 3.17 -4.40 

44.02 5.27 12.22 2.02 4.29 -4.65 

50.69 5.04 15.67 1.76 2.19 -4.95 

62.07 4.78 7.66 1.27 1.87 -5.15 

56.16 4.78 7.23 1.02 3.47 -5.40 

60.13 4.52 6.14 1.02 1.07 -5.70 

69.10 4.52 5.26 0.78 2.37 -6.15 

78.22 4.27 4.99 0.53 

57.63 4.02 4.73 0.28 

~ 79.46 l •• 02 4.80 0.28 '-J . 
N 

60.1.3 3.78 

40.02 



APPENDIX 7
Surface Pressure 
Moo = 9.31, Re 00 / 
Geometry A, 0 =

Data - 
cm = 5. 
180 deg

Asymetric Geometries 
17 x 10 5
.,a local = 35 deg.

p / p o o (X-L)cm p / P o o

35.92 8.68 46.29

32.46 8.42 54.16

33.96 8.18 45.43

32.88 7.68 29.10

40.65 7.18 28.65

33.13 6.92 22.83

35.86 6.68 13.47

38.29 6.42 13.02

39.00 5.93 11.28

42.04 5.68 7.66

39.00 5.43 6.90

58.69 5.17 5.42

47.93 4.93 5.60

56.79 4.67 5.07

60.16 4.43 5.20

67.20 4.43 4.67

67.93 4.17 5.02

52.05 3.93 4.48

A7.3

(X-L)cm p / p o o (X-L)cm

3.67 4.78 -1.65

3.67 4.56 -2.15

3.42 5.58 -2.40

3.17 4.43 -2.90

2.93 4.32 -3.15

2.67 4.27 -3.65

2.43 3.41 -3.90

2.20 2.66 -4.40

1.93 2.59 -4.65

1.46 1.82 -5.15

1.17 1.31 -5.40

.93 1.49 -5.90

.68 .89 -6.65

.21 .91 -6.65

-.15 .97 -7.40

-.65 .93 -7.40

-.90 1.00 -8.15

-1.40 .99 -8.15

A
7
.3



APPENDIX 7 (Cont.) A7.4 

Surface Pressure Data - Asymmetric Geometries 
Moo = 9. 31, Re 00 / cm = 5. 17 x 10 5 

Geome try B 0 = 0 deg. a. local = 35 deg. 

p/poo (X-L)cm p/poo (X-L)cm p/poo (X-L)cm 

36.57 8.91 45.98 3.17 4.46 -.20 

36.71 7.93 46.46 2.93 4.82 -.50 

36.52 7.57 56.27 2.69 4.08 -.70 

38.29 7.32 50.95 2.32 4.65 -.70 

37.93 7.08 42.83 2.07 4.40 -.95 

36.90 6.83 31.36 1.83 4.50 -1.25 

36.71 6.59 20.79 1.71 3.83 -1.70 

37.82 6.35 20.18 1.71 2.72 -2.00 

36.03 6.10 17.44 1.38 3.45 -2.20 

38.94 5.86 16.39 1.38 2.19 -2.45 

36.57 5.61 10.73 1.12 1.84 -2.50 

37.01 5.37 11.28 1.10 1.21 -2.75 

39.01 5.13 8.31 .85 1.58 -2.95 

40.08 4.88 7.53 .85 .91 -3.25 

37.93 4.64 7.91 .62 .87 -3.70 

38.51 4.39 7.09 .62 .93 -4.00 

39.45 4.15 5.73 .38 1.04 -4.75 

40.08 3.91 5.73 .38 .87 -5.45 :t:> ....... . 
-+=::-

41.53 3.66 5.60 ~12 0 0 

45.11 3.42 5.19 .12 



APPENDIX 7 (Cont.)
Surface Pressure Data -  Asymmetric GeometriesM oo= 9 .31 , Re 0° /cm = 5.17 x 105
Geometry B, 0 = 90 deg., alocal = 32.5 deg

P / P o o (X-L)cm p / p o o

32.50 8.78 41.71

32.88 8.78 33.42

30.81 7.03 19.29

34.86 6.53 18.21

33.69 6.28 13.59

30.24 5.54 12.01

32.88 5.03 12.55

32.39 4.78 12.55

36.54 4.28 8.31

38.54 3.53 8.75

41.00 2.90 7.53

44.71 2.79 8.59

40.76 2.79 8.31

44.62 2.79 5.16

37.77 2.54 5.01

38.86 2.54 5.33

A7.5

l-L) cm p / p o o (X-L)cm

2.16 5.03 .28

2.03 5.05 .28

1.79 4.89 .08

1.79 4.96 -.15

1.40 4.54 -.65

1.28 4.26 -.90

1.28 3.91 -1.40

1.28 2.57 -1.65

1.03 1.93 -2.15

1.03 1.11 -2.40

1.03 .92 -2.90

1.03 .89 -3.20

1.03 .89 -3.95

.28 .94 -4.70

.28 0 0

.28 0 0



APPENDIX 7 (Cont.)
Surface Pressure Data -  Asymmetric GeometriesM oo= 9 .31 , R e o o  /cm = 5.17 x 105
Geometry B, 0 = 180 d eg ., a lo c a l = 30 deg.

P/P 00 (X-L)cm P / P o o

29.37 9.18 31.33

27.99 8.69 31.33

27.01 8.45 33.83

28.63 7.82 34.73

28.69 7.68 35.87

28.07 7.55 33.97

28.17 7.19 36.90

29.10 6.94 37.82

28.69 6.70 31.25

27.64 6.44 27.17

29.24 6.19 20.90

29.10 5.95 15.57

28.71 5.69 15.76

29.84 5.44 12.88

31.33 5.20 12.88

31.33 5.20 13.59

31.17 4.94 9.47

31.33 4.69 8.75

A7.6

(X-L)cm P / P o o (X-L)

4.18 8.70 .95

4.13 6.71 .69

3.94 5.35 .44

3.69 5.05 .24

3.44 5.19 .24

3.19 4.92 .13

2.94 4.70 . 1 3

2.69 5.07 -.20

2.44 3.45 -.95

2.19 1.41 -1.70

1.94 .87 -2.45

1.69 1.20 -2.90

1.69 .91 -3.20

1.44 .87 -3.65

1.44 .89 -3.95

1.44 .92 -4.40

1.19 .89 -4.70

.95 . 9 0 -5,15

A
7

.6



APPENDIX 7 (Cont.)
Surface Pressure Data -  Asymmetric Geometries
Moo = 9 .31 , Reco/cm = 5.17 x 10 5
Geometry C, 0 = 0  deg., a local = 35 deg.

P / P o o (X-L)cm P / P o o

39.84 7.69 38.04

36.95 6.96 41.47

39.84 6.74 44.56

35.87 6.54 46.66

37.77 6.25 53.53

37.93 6.04 52.72

38.80 5.80 42.17

37.77 5.49 27.96

35.62 5.25 18.37

37.93 5.04 9.97

38.04 4.52 5.95

37.47 4.30 4.84

37.47 4.03 4.40

39.02 3.78 4.07

A7.7

[-L) cm p/pa> (X-L)cm

3.54 4.00 -.50

3.30 3.87 -.75

3.05 3.97 -1.00

2.81 3.42 -1.25

2.56 2.99 -1.50

2.20 2.38 -1.75

2.07 1.62 -2.00

1.83 1.06 -2.50

1.50 .91 -2.75

1.05 1.01 -3.25

.40 .86 -3.50

.20 .83 -4.00

-.05 0 0

-.25 0 0

A
7
.7



APPENDIX 7 (Cont.)
Surface Pressure Data - Asymmetric Geometries
Moo = 9.31, Reoo /cm = 5.17 x 10 5
Geometry C, 0 = 

FLARE

90 deg.,a local = 35 deg.

P / P o o (X-L)cm P / P o o

36.76 7.35 36.04

36.76 7.08 37.07

36.55 6.83 36.27

33.98 6.59 38.46

35.94 6.35 40.67

36.81 6.10 40.26

34.01 5.85 45.05

33.72 5.61 53.03

34.60 5.37 51.49

35.94 5.09 49.17

CYLINDER

0.69 -3.45 3.90

0.78 -3.25 4.23

1.03 -2.95 4.26

2.26 -2.70 4.82

2.39

3.30

-2.50

-2.20

5.15

A7.8

(X-L) cm P / P o o (X-L)cm

4.85 36.04 2.32

4.64 28.01 2.10

4.34 19.67 1.83

4.09 13.62 1.59

3.91 13.08 1.35

3.59 9.40 1.10

3.30 6.95 .85

3.05 5.46 .35

2.84 4.69 .13

2.56 0 0

-1.95 5.02 -0.70

-1.75 4.93 -0.45

-1.45 5.52 -0.25

-1.20

-1.00

A
7

.8



APPENDIX 7 (Cont.)

FLARE

Surface Pressure Data -  Asymmetric Geometries
M o o =  9.31 , Re oo /cm = 5.17 x 10 5
Geometry C, 0 = 180 d eg ., a lo c a l  = 35 deg.

P / P o o (X-L)cm P / P o o

33.14 7.15 41.92

37.74 6.70 45.56

36.18 6.40 47.81

37.21 6.14 54.11

36.04 5.94 56.53

36.43 5.64 56.92

37.47 5.44 46.67

37.71 5.19 37.33

43.74 4.89 35.47

CYLINDER

1.57 -4.00 4.61

1.09 -4.00 4.47

1.82 -3.75 4.67

2.99 -3.50 4.98

3.68 -3.25 5.22

3 . 8 1 -3.25 5.33

3.89 -3.00 5.36

A7.9

(X-L)cm P/Pqq (X-L)cm

4.64 22.98 2.44

4.44 17.50 2.20

4.15 14.14 1.95

3.94 11.71 1.65

3.70 7.57 1.44

3.39 6.16 .95

3.15 6.51 .70

2.93 6.32 .40

2.65 5.71 .15

-2.75 5.53 -1.25

-2.50 5.39 -1.00

-2.25 5.39̂ 5 -1.00

-2.00 5.35 -1.00

-1.75 5.34 -0.75

-1.75 5.50 -0.50

-1.50

A
7

.9



APPENDIX 7 (C o n t.)
S u r fa c e  P r e ssu r e  D ata -  Asym m etric G eom etries
Moo = 8 .9 3 ,  R eco/cm  = 1 .2 9  x 10 5
Geometry A, 0 = 0 deg., a local = 40 deg. 

FLARE
P/Ppo (X-L)cm P/Poo

47.92 8.37 43.50

47.54 8.13 49.09

36.13 7.87 53.28

47.24 7.62 46.32

47.83 7.37 50.26

43.60 7.18 52.31

47.83 6.86 53.09

46.17 6.63 49.45

43.90 6.39 61.08

48.70 6.12 66.50

48.70 5.87 54.50

45.62 5.61 67.62

47.15 5.12 60.48

CYLINDER
5.14 -0.15 2.16

4.44 -0.35 1.94

3.78 -0.50 1.70

3.58 -0.90 1.60

3.06 -1.10 1.31

2.60 -1.25

A 7.10

(X-L)cm P/Poo (X-L)

4.88 65.26 2.38

4.62 58.74 2.38

4.37 63.02 2.13

4.18 48.95 1.88

3.88 49.58 1.62

3.63

3.12 12.27 .87

3.12 10.26 .87

2.87 8.77 .63

2.87 6.26 .38

2.87 6.92 .13

2.62 5.24 .13

2.62 0 0

-1.65 1.09 -2.75

-1.85 0.65 -3.15

-2.00 0.54 -3.35

-2.40 0.55 -3.50

-2.60

A
7

.1
0



APPENDIX 7 (C o n t.)

FLARE

S u r fa c e  P r e ssu r e  D ata  -  A sym m etric G eom etries
M oo= 8 .9 3 ,  Re oo/cm = 1 .2 9  x  10 5
Geometry A, 0 = ±90 d e g . ,  a  l o c a l  = 3 7 .5  d eg .

P/Poo (X-L)cm P/Poo

40.10 8.27 48.02

39.25 6.77 48.70

42.08 6.28 60.35

41.42 6.02 66.24

43.15 5.77 47.95

43.15 5.54 80.85

40.95 5.27 73.89

40.13 5.02 58.74

41.59 4.78 49.14

44.13 4.28 50.46

45.00 4.03 55.13

44.43 3.77 52.56

CYLINDER
4.08 - 0. 1 1.49

3.66 -0.45 1.05

2.61 -0.85 0.95

2.52 -1.20 0.50

1.63 -1.60 0.50

A 7 . l l

(X-L) cm P / P o o  (X-L) cm

3.53 38.96 1.78

3.26 38.05 1.76

3.26 25.41 1.51

2.77 15.20 1.27

2.77 12.96 1.27

2.52 16.75 1.02

2.52 9.13 .78

2.52 7.01 .53

2.27 8.67 .53

2.27 5.84 .28

2.02 5.55 .28

2.02 0 0

-1.95

-2.35

-2.70

-3.10

-3.45

A7.ll



APPENDIX 7 (C o n t.)

FLARE

S u r fa c e  P r e ssu r e  D ata -  Asym m etric G eom etries
M ° o =  8 .9 3 ,  Re w / cm =  1 .2 9  x  10 5
Geometry A, 0 = 180 d e g . ,  a  l o c a l  = 35 d eg .

P / P c o (X-L)cm P / P c o

3 6 . 2 3 8 . 4 2 3 9 . 1 6

3 9 . 9 7 7 . 6 8 4 0 . 6 3

3 7 . 7 5 6 . 9 2 4 0 . 6 8

3 9 . 3 6 6 . 1 8 4 0 . 6 7

3 9 . 4 7 5 . 9 3 4 1 . 4 6

4 0 . 6 3 5 . 6 8 5 2 . 3 5

3 8 . 0 5 5 . 4 3 4 0 . 7 3

3 8 . 4 3 5 . 1 7 6 7 . 0 1

3 8 . 3 2 4 . 9 3 4 5 . 2 5

4 3 . 8 0 4 . 6 7 4 6 . 0 2

4 0 . 6 3 4 . 4 3 4 5 . 0 2

CYLINDER
3 . 1 6 - 0. 1 0 . 9 9

2 . 6 7 - 0 . 5 0 . 9 4

2 . 1 3 - 0 . 8 5 0 . 7 6

1.67 - 1 . 2 5 0 . 5 8

1 . 2 3 - 1 . 6 0

A 7.12

!-L) cm P / P o o ( X - L )

3.93 53.40 2.17

3.67 43.56 2.17

3.42 42.93 1.93

3.17 20.63 1.17

3.17 12.41 .93

2.93 11.41 .67

2.93 7.43 .43

2.67 4.71 .23

2.67 5.24 .12

2.43 0 0

2.43 0 0

-2.0

-2.35

-2.75

-3.10

A7.12



APPENDIX 7 (Cont.)

FLARE

Surface Pressure Data - Asymmetric Geometries
M oo= 8.93, Reoo/cm = 1.29 x 105
Geometry B, 0 = 0 deg., a local = 35 deg.

p / p o o (X-L)cm P / P c o

40.62 8.87 39.66

36.72 8.13 39.35

37.50 7.37 39.94

39.66 6.63 40.37

38.57 5.86 41.58

39.55 5.37 39.84

39.97 5.13 41.38

40.67 4.88 45.82

38.57 4.64 43.35

42.99 4.38 43.35

CYLINDER

2.33 -0.35 1.11

1.99 -0.60 0.93

1.83 -0.85 0.79

1.63 -1.10 0.80

1.33 -1.35 0.91

A7.13

(X-L)cm p/p» (X-L)cm

4.13 44.91 2.12

3.88 47.13 1.88

3.63 41.50 1.67

3.63 34.19 1.37

3.37 24.73 1.12

3.12 16.56 .88

2.87 11.49 .62

2.62 11.91 .62

2.38 7.06 .38

2.12 2.82 .12

-1.6 0.83 -2.85

-1.85 0.81 -3.10

-2.10 0.58 -3.35

-2.35 0.53 -3.60

-2.60 0.56 -3.85 A7.13



APPENDIX 7 (Cont.)

Surface Pressure Data - Asymmetric Geometries
M 00 = 8.93, Re 00/cm = 1.29 x 10 5
Geometry B, 0 = ± 90 deg. ot local = 35 deg. 

FLARE
P/P CO (X-L)cm P/P co

32.01 8.03 31.37

32.54 7.78 34.14

31.69 7.78 31.80

32.86 7.28 38.45

28.38 7.28 33.72

32.86 6.99 32.86

32.12 6.99 33.31

34.14 6.53 38.20

34.25 6.53 35.21

33.40 6.28 32.30

31.80 6.28 36.17

33.18 5.77 35.75

32.12 5.77 37.04

33.72 5.52 36.43
CYLINDER
2.13 -0.3 1.00

1.85 -0.55 0.84

1.69 -0.70 0.87

1.40 -1.05 0.83

1.12 -1.30 0.82

A7.14

[-L) cm p/p CO (X-L)cm

5.52 40.07 2.25

5.04 35.22 2.02

4.79 36.13 1.78

4.50 26.64 1.54

4.28 23.31 1.30

4.03 19.98 1.03

3.79 16.96 .85

3.53 11.51 .78

3.28 10.09 .53

3.08 4.34 .28

2.79 2.62 .12

2.54 3.33 .08

2.54 0 0

2.28 0 0

-1.45 0.88 -2.80

-1.80 0.90 -2.95

-2.05 0.47 -3.30

-2.20 0.59 -3.55

-2.55 0.62 -3.70

A7.14



APPENDIX 7 (Cont.)

Surface Pressure Data - Asymmetric Geometries
M °°= 8.93, Re 00/cm = 1.29 x 105
Geometry B, 0 = 180 deg.,a local = 30 deg
FLARE 
P/P 00 (X-L)cm P/P 00
29.81 8.95 25.72
28.14 8.95 29.27
28.24 8.20 30.78
29.22 8.20 30.20
29.27 7.55 28.26
30.29 7.55
28.16 6.94 29.51
29.18 6.70 28.66
29.51 6.70 30.78
28.56 6.44 28.97
23.82 6.19 32.44
29.32 5.95 29.77
29.32 5.95 26.75
28.26 5.95 29.32
30.29 5.20

30.29
30.50

30.48 5.20 33.31
CYLINDER
1.91 -0.25 0.90
1.68 -0.50 0.76
1.39 -0.65 0.76
1.13 -1.00 0.73
1.00 -1.25 0.80

A7.15

(X-L)cm P/P CO (X-L)cm
4.96 32.24 2.69
4.94 31.27 2.19
4.73 32.73 2.19
4.44 31.63 2.19
4.44 32.40 2.19

31.17 1.96
4.19 30.28 1.94
3.93 26.24 1.69
3.69 22.40 1.44
3.69 23.21 1.44
3.46 18.90 1.19
3.44 10.13 .69
3.23 9.08 .69
2.94 5.94 .45
2.94 3.12 .24
2.94 1.75 .13
2.69 0 0

-1.4 0.78 -2.75
-1.75 0.76 -2.90
-2.00 0.53 -3.25
-2.15 0.52 -3.50
-2.50 0.53 -3.65

A7.15



FLARE
P/P°° (X-L) cm P/P°o
33.86 8.24 33.68
31.27 7.99 33.68
30.78 7.49 33.77
29.86 7.30 31.27
30.78 6.96 32.49
30.78 6.74 32.49
35.31 6.74 31.89
29.78 6.54 30.69
32.23 6.25 31.29
30.61 6.04 32.19
30.78 6.04 40.18
31.11 5.80 29.20
CYLINDER
2.59 -0.15 1.31
2.23 -0.40 1.07
2.06 -0.65 0.88

1.58 -0.90 0.85

APPENDIX 7 (Cont.)

Surface Pressure Data - Asymmetric Geometries
M°° = 8.93, Reoo/cm = 1.29 x 10 5
Geometry C, 0 = 0 deg.,a local = 35 deg.

A7.16

(X-L)cm P/P*> (X-L)cm
5.49 34.37 2.56
5.25 35.48 2.20
5.25 32.66 2.20
5.04 32.66 1.83
4.76 30.09 1.50
4.52 33.17 1.50
4.52 24.06 1.05
4.03 19.66 .79
3.78 7.35 .40
3.54 7.44 .40
3.05 3.42 .20
2.81 0 0

-1.15 0.81 -2.15
-1.40 0.70 -2.4
-1.65 0.68 -2.65
-1.90 0.69 -2.90

A7.1 6



APPENDIX 7 (Cont.)

Surface Pressure Data - Asymmetric Geometries
Moo = 8.93, Re°°/cm = 1.29 x 10 5
Geometry C, 0 = ± 90 deg.,a local = 35 deg.

FLARE
P/P«> (X-L)cm
32.23 8.04
29.41 7.30
28.04 6.84
31.89 6.54
32.23 6.35
31.27 6.10
32.91 5.80
33.86 5.61
CYLINDER
2.58 -0.2
2.29 -0.5
2.08 -0.7
2.09 -0.7
1.80 -0.95

P/P”
32.19 
33.68 
34.26
30.78
34.20 
33.18 
33.35 
31.38

1.36
1.07
1.12
0.92
0.85

A7.17

•L)cm p / p o o (X-L)cm
5.37 34.37 2.04
4.85 33.17 1.84
4.64 34.43 1.59
4.30 29.15 1.34
4.15 18.81 1.10
3.91 12.78 .85
3.05 6.41 .35
2.84 3.51 .13

-1.25 0.82 -2.2
-1.45 0.80 -2.2
-1.45 0.83 -2.45
-1.70 0.53 -2.95
-2.00 0.51 -2.95

0.50 -3.2

A7.17



APPENDIX 7 (Cont.)

Surface Pressure Data - Asymmetric Geometries
Moo= 8.93, Re oo/cm = 1.29 x 10 5
Geometry C, 0 = 180 deg., a local = 35 deg
FLARE 
P/P oo (X-L)cm P/P “
31.89 7.64 33.17
27.16 7.15 33.68
35.48 6.90 33.07
32.23 6.69 35.65
30.78 6.14 33.07
29.81 6.14 35.31
26.33 6.14 35.48
30.78 5.94 33.51
28.84 5.64 34.37
31.75 5.44 34.37
30.78 5.44 33.51
31.57 4.89 34.20
30.78 4.64 35.45
32.89 4.64 34.37
CYLINDER
3.13 - 0 . 1 1.6
2.37 -0.5 1.14
2.18 -0.75 1.182.10 -0.85 0.86
1.90 -1.00 0.93
1.71 -1.25 0.85

A7.18

(X-L)cm P/P 00 (X-L)cm
4.64 38.22 2.20
4.44 37.96 1.65
4.15 28.90 1.44
3.94 23.02 1.15
3.94 16.33 .95
3.94 18.26 .95
3.70 17.70 .95
3.39 10.17 .70
3.15 6.44 .40
3.15 2.82 .15
3.15 4.06 .15
3.15 4.27 .15
2.44 0 0
2.44 0 0

-1.5 0.78 -2.75-1.6 0.77 -2.50
-1.75 0.82 -3.00
-2.00 0.47 -3.10
-2.25 0.77 -3.25
-2.35 0.50 -3.50

0.51 -3.75
0.58 -4.00

A7.18



APPENDIX 8 A 8 .1

Heat Transfer Data - Axisymmetric Flow (CCF) 
Coleman (1973)Moo= 9.31, Me 8.65,
Reoo/cm = 5.17 x 10 5a - 30 degrees

(X-L)cm 2q (Watts/cm )
-3.70 4.00
-2.50 4.03
-1.80 4.17
-1.20 4.00
-0.50 3.45
0.55 34.90
1.15 44.10
1.70 65.80
1.75 73.70
2.15 84.20
2.30 77.80
2.80 76.30
3.20 79.00
3.90 80.00
4.85 79.10
5.10 78.50
5.75 79.40
6.10 73.30
6.80 71.10
7.20 75.90



APPENDIX 8 cont.. A8.2

Heat Transfer Data - Axisymmetric Flow (CCF) 
Coleman (1973)
M oo= 9.31, Me = 8.65
Reoo/cm = 5.17 x 105a= 35 deg.

(X-L)cm q Watts/cm2 (X-L)cm q Watts/cm2
-8.4 3.7 0.65 18.4
-7.15 3.8 1.0 28.7
-6.00 4.2 1.3 30.0
-5.00 3.9 1.5 45.0
-4.4 10.0 1.8 50.0
-4.4 7.4 2.1 54.0
-3.7 9.4 2.3 64.0
-3.7 8.4 2.5 75.0
-3.1 7.7 2.8 86.0
-2.5 6.75 3.0 110.0
-1.8 7.0 3.5 136.0
-1.15 8.0 3.8 151.0
-0.5 9.1 4.2 116.0

4.35 117.0
4.5 110.0
4.85 108.0
5.1 99.0
5.4 105.0
5.6 102.0
5.9 95.0
6.5 98.0

7.15 100.0



APPENDIX 9 A.9.1

Heat Transfer Data - Asymmetric _ CCF Experiments 
Geometry A, 0 = 0 deg., a local = 40 deg.
M oo= 9.31, Me = 8.65 
Reco /cm = 5.17 x 10 5

(X-L)cm q Watts/cm2 (X-L)cm q Watts/cm:
-6.3 3.98 0.22 7.93
-5.9 4.05 0.97 6.29
-4.85 8.69 1.00 20.81
-4.8 8.31 1.60 29.73
-4.4 7.68 1.75 26.72
-4.1 7.91 2.35 44.00
-3.7 8.07 2.47 42.32
-3.3 7.39 3.22 81.86
-2.9 7.53 3.25 90.42
-2.65 8.07 3.85 88.50
-1.85 7.66 4.00 75.72
-1.05 7.95 4.60 63.44

5.47 60.40
6.25 47.19
6.85 52.85



APPENDIX 9 cont A9.2

Heat Transfer Data - Asymmetric -CCF Experiments 
Geometry A, 0 = 180 deg.a local = 35 deg.
Moo = 9.31, Me = 8.65 
Reoo/cm = 5.17 x 10 5

(X-L)cm q Watts/cm2 (X-L)cm q Watts/cm:
-6.2 4.22 1.00 15.85
-5.5 4.10 1.60 19.82
-4.7 6.40 2.35 20.43
-4.65 6.64 2.75 50.02
-4.30 7.20 3.25 61.56
-4.00 8.47 3.50 71.62
-4.00 7.25 3.85 61.56
-3.85 7.37 4.00 73.72
-3.30 6.78 4.60 57.30
-3.20 7.44 5.75 58.51
-3.15 7.25 6.25 54.74
-2.80 6.39 6.83 53.79
-2.5 7.12
-2.45 7.33
-2.40 7.11
-2.10 7.06
-1.65 6.16
-1.60 5.49
-1.30 6.57
-0.85 5.22
-0.80 6.65
-0.50 5.71



APPENDIX 9 cont. A9. 3

Heat Transfer Data - Asymmetric. - CCF Experiments 
Geometry B, 0 = 0 deg. a local = 35 deg.
Mco = 9.31, Me = 8.65 
Re co/cm = 5.17 x 10 5

(X-L)cm q Watts/cm2 (X-L)cm q Watts/cm
-4.55 3.30 0.25 11.10
-4.30 2.49 0.75 19.82
-4.05 2.37 1.00 15.72
-3.85 3.46 1.50 26.72
-3.60 3.35 1.90 47.57
-3.35 3.35 2.50 75.03
-3.05 6.18 2.65 56.58
-2.40 4.57 3.00 71.18
-2.15 7.05 3.25 60.38
-1.90 8.27 3.75 57.30
-1.55 9.31 4.15 63.48
-1.30 8.23 4.90 51.16
-1.05 8.23 5.50 50.96
-0.75 7.21 6.00 50.96
-0.50 8.32 7.15 47.19
-0.25 9.70



APPENDIX 9 cont. A9.4

Heat Transfer Data - Asymmetric -CCF Experiments 
Geometry B, 0 = 180 deg. alocal"= 30 deg.
M°o = 9.31, Me = 8.65
Re oo/cm = 5.17 x 10 ̂

(X-L)cm q Watts/cm2 (X-L)cm q Watts/
-4.45 3.30 0.35 12.28
-4.15 2.45 0.60 14.27
-3.95 2.54 1.10 16.97
-3.75 3.45 1.35 15.72
-3.45 3.35 2.00 45.59
-3.25 3.45 2.60 60,15
-2.30 4.38 2.75 47.15
-2.00 4.28 2.85 59.64
-1.80 4.00 3.35 49.51
-1.45 5.20 3.60 50.74
-1.15 6.15 4.25 56.75
-0.95 8.22 5.00 45.84
-0.65 9.15 5.10 57.23
-0.35 8.32 5.85 47.55
-0.15 9.15 7.25 45.30



APPENDIX 9 cont A9.5

Heat Transfer Data - Asymmetric - CCF Experiments 
Geometry C, 0 = 0 deg. & local = 35 deg.
M co = 9.31, Me = 8.65 
Re oo/cm = 5.17 x 10 5

(X-L)cm q Watts/cm2 (X-L)cm q Watts/
-5.5 4.17 1.00 25.76
-4.4 4.05 1.30 34.68
-4.2 4.4 1.75 34.57
-4.0 3.94 1.95 57.48
-3.3 3.74 2.05 51.86
-2.9 3.41 2.70 55.00
-2.7 3.50 3.25 67.33
-2.5 2.73 3.55 65.41
-2.5 3.28 4.00 57.29
-2.2 2.88 4.20 61.56
-2.0 4.90 4.30 55.25
-1.8 7.49 4.95 51.15
-1.7 8.44 6.25 50.02
-1.4 9.31 6.55 49.07
-1.2 10.13 7.20 47.19
-1.0 8.21
-0.9 6.96
-0.6 7.20
-0.4 8.20
-0.2 7.45



APPENDIX 9 cont. A9.6

Heat Transfer Data - Asymmetric -CCF Experiments 
Geometry C, 0 = 180 deg. a local ~ 35 deg.
Moo = 9.31, Me = 8.65
Reoo/cm = 5.17 x 105

(X-L)cm q Watts/cm2 (X-L)cm q Watts/cm
-6.55 4.17 0.15 6.74
-6.20 4.05 0.90 9.42
-5.05 3.33 1.10 15.86
-4.7 2.9 1.1 17.72
-4.35 5.19 1.7 25.77
-4.3 8.10 1.85 18.85
-4.0 5.85 1.85 17.29
-3.55 9.31 2.4 51.94
-3.20 8.63 2.45 28.29
-2.80 6.40 3.15 73.67
-2.75 6.96 3.35 69.26
-2.4 5.96 3.95 76.95
-2.1 6.92 4.1 73.67
-1.3 6.98 4.7 60.37
-0.5 7.70 5.4 56.62

6.95 52.85


