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 Summary.

A report is presented of a series of experiments aimed at an investigation of the fundamental mechanisms
of the flow behind an isolated blunt-trailing-edge section, and a rearward-facing step, at subsonic and transonic
speeds.

Pressure measurements and flow photography formed the principal research tools, but in connection with
the tests on the isolated section an extensive wake exploration and a study of the vortex-shedding process were
carried out. Tests were also made of simple devices which interfere with the formation of the vortex street.
These tests are useful both from a basic research aspect and insofar as they indicate possible methods of
reducing base drag. .

A careful study is made of the events which are associated with the transition, at transonic speeds, from the
subsonic vortex-street régime to the supersonic steady-flow régime.

The tests on the step were aimed chiefly at providing information on the non-periodic base flow which
would exist behind a blunt-trailing-edge aerofoil section at subsonic and transonic speeds if the formation of
the vortex street could be inhibited.
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. 1. Introduction

1.1, For a number of years there has been an interest in the use of blunt-trailing-edge wings
for supersonic aircraft. It was pointed out at an early stage®? that the design of a wing section
with a rearward position of maximum thickness and a blunt trailing edge could make possible a
reduction of the surface slopes over the forebody and an associated decrease in the section wave
drag. Moreover in certain cases the decrease in wave drag was more than enough to offset the drag
penalty incurred due to the low pressure on the base. The structural advantages of wings of this
type were, of course, a further attraction. A large research effort has been directed to the investigation
of two-dimensional base flows at supérsonic speeds (see Ref. 3, e.g.) with a view to the prediction
of the base pressure, and theories have been proposed although several of these have since been
shown to require important modifications.

On the other hand relatively little attention has been paid to the base-pressure characteristics in
the off-design subsonic and transonic flight phases. Of the few exceptions, measurements of base
pressure at transonic speeds on one aircraft configuration® have yielded data which are unrepresen-
tative and which would in many cases be optimistic if used to predict the base drag of other
configurations. The lack of reliable information at transonic speeds would appear to be a serious
omission since the base drag on both two-dimensional® and slender wings® is then generally high,
and might adversely affect the performance of an aircraft designed for cruise at supersonic speeds.

The need for information on base flows at subsonic and transonic speeds is further emphasised
by the interest which has recently been aroused in the possibility of using blunt-trailing-edge
wings for flight at high subsonic speeds, or at‘supersonic speeds if the angle of sweep is sufficient
to maintain a subsonic-type flow normal to the leading edge®?. Whereas at supersonic speeds the
acéeptance of a blunt trailing edge can be seen to bring about a reduction of the wave drag, a
subsonic-type aerofoil section is usually designed to be free from wave drag at the cruise condition.
Furthermore at subsonic speeds not only does the use of a blunt trailing edge incur a ‘base drag’
since the base pressure is normally lower than free-stream static pressure, but the pressure recovery
over the rear of the aerofoil is to some extent lost. Nevertheless, aside from the structural attractions,
it has been possible to show that at high subsonic speeds the reduction in surface slopes can be
exploited to achieve a higher drag-rise Mach number and a delay in the onset of separation
effects™8. Also, by the use of lower-surface rear camber®, it is easier to realise a substantially
uniform chordwise loading than on a conventional aerofoil.

Although the potential advantages of blunt-trailing-edge wings at subsonic speeds are real and
significant the successful application of the principles would appear to depend on the achievement
of reasonably low values of the base drag. '

1.2. At supersonic speeds a base-flow model can be constructed which considers nothing
more than steady-flow components, and on this basis realistic base-pressure data can be predicted
for a range of conditions. It can be shown!? that at a given Mach number the base pressure rises with
increase of the ratio of the boundary-layer momentum thickness ahead of the base, to the base
height. In the subsonic case, on the other hand, it has been noted® that two-dimensional base
flows are frequently periodic in character, involving the formation of a vortex street. The classical
‘bluff-cylinder’ problem in low-speed flow is an example of this, although the preoccupation of
certain writers with this particular example has led to some confusion as to whether the periodic
phenomena are confined to low Reynolds numbers. In the case of a circular cylinder the vortex
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shedding is most easily observed below the critical Reynolds number when the separation points
are on the windward side of the cylinder. Above the critical Reynolds number the separation
points more rearwards (leading to a narrower wake) and it has been reported (Ref. 11, e.g.) that
the vortex street gives way to a more-or-less random turbulent wake. The more recent work of
Roshko (Ref. 12) and others has now demonstrated the persistence of periodic effects at Reynolds
numbers well above the critical. In the light of this it seems clear that vortex shedding is a feature-
of the flow past circular cylinders throughout the Reynolds number range but that the vortices
were not detected in the earlier investigations because they are more difficult to see.

The same confusion has not arisen in the study of the flow past other body shapes and in these
fields, in particular, vortex streets in turbulent flow have been accepted for many years. (see, for
example, Refs. 13, 14).

Attempts have been made to correlate the base pressure on aerofoil sections at subsonic speeds
in terms of the boundary-layer thickness', or just the ratio of trailing-edge thickness to chord3.
It would seem that even in steady flow the base pressure must depend to some extent on both of
these factors and the section geometry also. Allowing in addition for the vortex street, however,
the problem is complicated still further. It will be shown from the results of the present experiments
- that the base pressure depends critically on the structure and strength of the vortex street, and that
for a given aerofoil section shape and boundary-layer thickness the base pressure can be chénged
by modification of the base configuration (a rear cavity, a splitter plate, etc.). Thus the prospects
of deriving a really satisfactory correlation of base pressures (let alone a reliable analysis) would
appear to be remote.

This may not, however, be an acute problem in the context of the design of suitable blunt-
trailing-edge aerofoil sections. The existence of the vortex street involves a high drag on account
of the momentum loss associated with the concentrations of vorticity. Consequently, for practical
purposes the aim is not, primarily, the prediction of the base drag in the presence of the street,
but the development of methods of eliminating the periodicity. If this can be done the drag will
be reduced and, also, calculation methods based on a steady-flow model would appear to be
applicable.

1.3. A major purpose of the series of tests reported in the present paper is to investigate the
characteristics of the base flow associated with a blunt-trailing-edge section at subsonic speeds and
the part played by the vortex street in the determination of the base pressure. This is assessed by
comparison with the results for the steady base flow downstream of a backward-facing step.
Observations are also made of the development of the flow pattern associated with the collapse
of the vortex éystem near sonic speed. '

A further purpose is to study the modification of the structure of the vortex street, brought
about by the attachment of a splitter plate to the base, in the context of its effect on the base pressure,
the thickness of the wake and the vortex-shedding frequency. Some interesting relations are shown
to exist between these factors. It will be seen that there is a distinction between the results for
‘short’ splitter plates and those for ‘long’ splitter plates, and that the effectiveness of a splitter
plate in reducing base drag does not necessarily increase with length. In addition to the fairly
detailed results for splitter plates two short tests are reported showing the effect of alternative base
configurations. A trailing-edge cavity is seen to be beneficial as regards base pressure and this
result is interpreted in terms of current knowledge of ‘trapped vortices’’s. On the other hand a
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rounded trailing edge cannot be relied upon to give a reduction in base drag as compared with a
‘square’ trailing edge, and in certain conditions is found to be significantly worse.

Aside from the purpose of producing a set of results for comparison with those of the blunt-
trailing-edge models, the tests on the rearward-facing step have an important function in their own
right. Detailed pressure distributions on the surface downstream of the step are submitted as a
basis for the discussion of the reattachment of the separated shear layer. The actual reattachment
point (the point at which the surface shear changes sign) is located on the downstream surface in
relation to the reattachment pressure rise. Some of these results were referred to in Ref. 10 where
it was shown that, in the steady base flow, the pressure rise at reattachment plays an important
part in the determination of the base pressure. As an example it was pointed out that the transonic
fall in base pressure can be associated with the change from a subsonic- to a supersonic-type
reattachment, and that its extent, and the Mach number at which it occurs, can be correlated
directly with the development of the reattachment process. The main points of these results are
summarised in the present paper.

2. Experimental Details.
2.1, The Tunnel Facility.

The tests were carried out in the N.P.L. 18 in. x 14 in. High-Speed Wind Tunnel in the induced-
flow configuration. The tunnel was fitted with slotted-wall transonic liners'® of one-eleventh
open-area ratio. The solid blockage of the model was about 334%; no corrections have been
made for boundary interference and the values of free-stream Mach number (M) quoted may
therefore be subject to slight inaccuracies. In this respect, however, it should be noted that the
comparatively large open-area ratio of the ventilated walls would be likely to minimise the blockage
effects on regions of separated How?'”.

With one exception all the tests were made at a constant tunnel stagnation pressure of 31 in.
mercury (absolute); the stagnation temperature was close to ambient atmospheric temperature and
probably lay in the range 0 to 20°C. The chord Reynolds number was a function of Mach number
as is shown in Fig. 1.

2.2. The Model.

The initial series of tests was made using the blunt-trailing-edge section shown diagrammatically
in Fig. 2. The chord of the model was 6 in., made up of a single-wedge forebody (8-6° total
included angle, approximately) 4 in. long, and a 2 in. parallel-sided afterbody. The thickness of the
afterbody was 0-6 in., giving a ratio of trailing-edge thickness to chord equal to 10%,. The position
of pressure tappings on the afterbody and the base is indicated in Fig. 3.

The model was two-dimensional, completely spanning the width (14 in.) of the test section, and
was mounted in glass panels fitted in turn-tables for incidence adjustment (Fig. 4).

For subsequent tests the basic model was modified as follows:

(i) A backward-facing step model was formed by the attachment to the lower part of the base
of a flat plate 0-3 in. thick and 11-5 in. long also spanning the test section (Fig. 5). The plate was
supported on brackets fixed to the side walls of the tunnel, and the incidence of the model could
not be varied from zero. The plate was attached in one position relative to the basic model giving
a step height of 0-3 in. The junction of the plate and the model was sealed with ‘Araldite’. The
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trailing edge of the plate was chamfered on the lower surface to avoid the introduction of an
unacceptable interaction between the flow over the step and that associated with another base.
Pressure tappings were disposed along the centre-line of the surface downstream of the step.

(i) Wake interference could be introduced by the attachment of splitter plates to the base of the
basic model (Fig. 6). The splitter plates, which were cut from 0-040 in. thick spring steel sheet,
were provided with tongues for insertion into slots milled in the afterbody on the centre-line of the
base. The tongues were 3 in. long in the spanwise direction and were positioned near the tunnel
side walls. The centre section of the splitter plates was unsupported, a nominal clearance of
0-010 in. being left between them and the base of the model. Six different lengths of splitter plate
were tested: 0-3, 0-6, 0-9, 1-2, 1-8 and 3-0 in., corresponding to 1, 1, 14, 2, 3 and 5 times the
trailing-edge thickness respectively. The longest splitter plate was found to flutter and was supported
at its trailing edge by wires attached to the tunnel walls, The shortest splitter plate (0-3 in.) was
restrained by two short lengths of 0-060 in. square section cemented to the base near the mid-point
of the span but clear of the pressure tappings. These are visible in the flow photograph (Fig. 38).
The intermediate-length splitter plates were found to be sufficiently rigid and required no further
means of support.

(iii) The effect of trailing-edge geometry was investigated by the attachment of alternative base
sections (Fig. 7) to the afterbody of the basic model. The first consisted of a semi-circular
cylindrical section of 0-3 in. radius. A single pressure tapping was provided on the centre-line.
The second consisted of a fabricated channel section to provide a trailing-edge cavity. The walls
forming an extension of the surface of the afterbody were 0-060 in. thick, and no attempt was made
to profile either the external surface or the shape of the cavity. The chordwise depth of the cavity
was equal to the base height, 0-6 in. Together with the vertical wall of the channel section the
overall chord of the model with this base configuration was approximately 6-85 in. Care was
taken to prevent leaks into the cavity. A single pressure tapping was again provided on the centre-line
of the base.

2.3. Pressure Measurement.

At Mach numbers of 0-4 and above the pressures on the surface and the base of the model were
measured using a standard 30 in. mercury-manometer bank with the sump maintained at a pressure
equal to the tunnel stagnation pressure. At Mach numbers from 0-2 to 0-4 the base pressure was
measured relative to the ambient static pressure in the test section by means of a Wallace and
Tiernan pressure gauge, model FA145. This instrument could be read to an accuracy of 0-1 in.
water.

2.4, Oil-Flow Patterns.

An oil-flow technique was used to locate the reattachment point on the downstream surface of
the step model. The mixture used consisted of ‘Evco 4’ (50 gm), titanium oxide (25 gm) and lauric
acid (3 gm). ‘Evco 4’ is a product made by Edgar Vaughan and Co. Ltd., Birmingham.

2.5. The Stroboscope.

The formation of the vortex street was observed by means of a stroboscope operated in
conjunction with the schlieren optical system. The beam from a continuous light source was
interrupted by a rotating slotted disc (see photograph, Fig. 8) driven by an electric motor. By
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control of the motor speed the light beam could be interrupted at a frequency equal to or near the
shedding frequency of the vortices. The light passing through the test section of the tunnel was
then focused in the usual way!® on to a ground-glass screen, allowing direct inspection of the flow.
A technique was also investigated for photographing the image, using shutter speeds as low as
1/50th sec.

The speed of rotation of the slotted disc was measured using a calibrated E.M.I. flashing-light
stroboscope (type 6) illuminating a single white band painted on the disc. The maximum frequency
of operation of this instrument was 1 ke/s. By the use of discs with different numbers of slots it
was possible to scan shedding frequencies from 1 kefs to about 17 ke/s. The system was sufficiently
developed for it to be a straightforward matter to distinguish between the shedding frequency and
the second and higher harmonics in most cases.

When the screen was viewed visually the best results were obtained using a vertical knife-edge
cut-off in the schlieren system rather than a graded filter since the maximum sensitivity was
required. Some tests were also made using a colour filter. Although this incurred some loss of
sensitivity it would appear to be ideal for demonstration purposes.

2.6. Date of Tests.

The experiments were carried out between October, 1961 and June, 1962.

3. Tests on @ Blunt-Trailing-Edge Section.
3.1. Boundary-Layer Conditions.

The basic blunt-trailing-edge section (Fig. 2) was tested over a Mach number range of 0-2to 1-12.
At a constant tunnel stagnation pressure of 31 in. mercury the Reynolds number based on the chord
increases (Fig. 1) from about 0-8 x 108 at M, = 0-2 to 2-7 x 10% at M, = 1-12. No roughness
band was used on the model to fix transition but surface oil-flow patterns indicated that at Mach
numbers of 0-4 and above the flow in the boundary layers was turbulent at the trailing edge.

Typical boundary-layer velocity profiles derived from pitot traverses are illustrated in Fig. 9 for
a Mach number of 0-8, and the variation of boundary-layer thickness with Mach number is shown
in Fig. 10. A point 1 in. upstream of the trailing edge was chosen as the measuring station since it
will be seen (Fig. 39) that the surface pressure at that point was relatively insensitive to the
conditions on the base. Therefore the measured boundary-layer thicknesses are probably
representative of most of the conditions under which the subsequent tests on the modified model
were carried out.

3.2. Surface Pressures on the Afterbody.

The pressure distributions on the surface of the model at zero incidence ahead of the base are
illustrated in Fig. 11. At subsonic speeds, up to a Mach number of about 0-8, the pressure falls
progressively as the trailing edge is approached, indicating a significant degree of upstream 1nﬂuence
from conditions on the base. Over this speed range the pressure coefficient at a given point on the
afterbody is seen to be fairly insensitive to variation of Mach number (Fig. 13). At a Mach number
of about 08 a shock wave develops immediately downstream of the shoulder of the model (i.e. the
intersection of the wedge forebody and the parallel afterbody), (Fig. 14b) and, with increase of
Mach number from this condition, the shock passes rapidly rearwards giving rise to the small .
spacial fluctuations of surface pressure on the afterbody seen in Fig. 13. When the shock reaches
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the trailing edge (Fig. 14¢) and supersonic flow is established over the afterbody, the sonic point
being located at the shoulder, the upstream influence from the base is lafgely suppressed. The
adjustment in pressure at the trailing edge then takes place through a centred expansion (see
Figs. 14d and e, e.g.), and what cushioning effect remains is provided by nothing more than the
small changes in the displacement thickness of the boundary layer ahead of the base.

The effect of incidence on the pressure distributions on the afterbody is illustrated in Fig. 12.

3.3. The Base Pressure.

The spanwise uniformity of the base pressure across the model was found in all cases to bé good
(Fig. 15) and at supersonic speeds no measurable variation could be detected at distances up to
2-5 in. from the centre of the span. At a Mach number of 0- 8 the spanwise variation of base pressure
was further investigated by recording the pressures sensed by a pitot probe traversed along the
base 0:010 in. from the model. Good correlation was obtained between the probe readings and the
base pressures measured at tappings on the model. :

At subsonic speeds the sectionwise variation of base pressure, i.e. that in a direction perpendicular
to the span, was more pronounced, the peak suction occurring on the centre-line of the base
(Fig. 16). With the limited number of pressure tappings provided on the base it was not possible
to estimate the mean base pressure reliably and for the purposes of comparison between one test
and another, the pressure recorded at hole 6 (Fig. 3) on the centre-line is used. At a small angle
of incidence the peak suction on the base occurred at a point towards the upper surface (Fig. 16).
As soon as supersonic flow was established over the surface of the afterbody the sect10nw1se var1at10n
of base pressure, at both zero and 2° incidence, disappeared.

In the subsonic range the base flow is dominated by the periodic formation and shedding of
eddies into the wake (Fig. 14a). The base-pressure coefficient on the section is low, (indicating a
high drag), falling from —0-6 at low speeds to about —0-7 at a Mach number of 0-8. This
progressive decrease in base pressure is possibly associated with the effect of compressibility on
the vortex street, and will be seen (Section 3.9 below) to be reflected in a slow increase in the
thickness of the wake. The small rise in base pressure at a Mach number of about 085 (Fig. 13)
is apparently related to the similar effect which was observed in the surface pressures upstream
of the base at a slightly lower Mach number. It can therefore be concluded that the local rise in
base pressure is caused by the presence of the shock wave on the surface immediately upstream
of the base. [In the present tests this effect is not very significant, but there is evidence from other
tests® 19 that in cases where the trailing-edge thickness is small quite substantial increases in base
pressure can take place under equivalent conditions. If, in the case of sections of small trailing-edge
thickness, this effect persists even when measures have been taken to suppress the vortex street,
it might possibly be exploited in aerofoil section design. A particularly attractive feature of this
effect is that, since it appears to be induced by the development of shock waves, the rise in base
pressure tends to some extent to alleviate the drag rise.] o

The arrival of the shock wave at the trailing edge of the section and the estabhshment of
supersonic flow over the afterbody is not observed to bring about an immediate suppression of the
periodic effects. The present tests indicated that at Mach numbers between 0-9 and 0-975 the
shocks trail behind the section at the ends of short well-defined shear layers extending downstream
from the separation point on each surface. In this condition there appears to be a complicated
interplay between the movements of the shear layers and trailing shocks, and the formation of the
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vortices (Fig. 17a). Over this short Mach number range the base pressure coefficient is seen to fall
rapidly (Fig. 13), reaching a minimum of —0-90.

This is followed by a significant change in the flow pattern that marks the end of the régime
in which the periodic effects and vortex shedding play such a dominant réle and the beginning of
that in which the flow approximates fairly closely to steady conditions. In the present tests this
change was, as far as could be judged, discontinuous with a rise in the base pressure coefficient
from —0-9 to —0-825. In this second régime, which is characteristic of the whole of the supersonic
speed range, the shear layers springing from the separation points deflect sharply at the trailing
edge to converge to a narrow waist a short distance downstream (Figs. 17b, c). Over.a short Mach
number range near 1-0 (Fig. 17b), the trailing shocks are bifurcated. A few calculations indicate
that at this condition the base pressure is too low for the supersonic flow adjacent to the free shear
layers to be deflected back into the stream direction by single oblique shocks. Thus it would seem
that in this way the criterion proposed in an early paper by Chapman?, for estimating the minimum
base pressure which can be supported by a two-dimensional base flow, can be evaded. At Mach
numbers 2 little in excess of 1-0 the base pressure (Fig. 13) has risen above the value which can be
accommodated by a single oblique shock and the more familiar supersonic base-flow pattern
(Figs. 14e, 17¢c) is established.

With increase of Mach number, from that at which the transition to steady flow takes place, the
base-pressure coeficient rises (Fig. 13); and appears to continue rising through the supersonic
speed range although the ratio of the base pressure to the free-stream static pressure falls towards
zero as the Mach number is increased3, /

The schlieren photograph (Fig. 17b) of the base flow at M, = 1-0 indicates some persistence
of the periodic effects in the wake, although on a small scale compared with the case at Mach
numbers below the transition (Fig. 17a, e.g.). There is evidence that concentrations of vorticity
can be detected in the wake behind blunt-trailing-edge sections throughout the supersonic range? 2L,
However, their effect is apparently small, and it will be shown (Section 4.2 below) that the influence
of the unsteadiness on base pressure decays rapidly as soon as sonic velocity is reached in the free
stream. The discrepancy which was pointed out in Ref. 3 between the measured base-pressure
values at low supersonic speeds and the values predicted by the theory of Korst?? and others has
now been explained® not in terms of the persistence of periodic effects in the wake but in the failure
of the steady-flow theories. A further indication that in the low supersonic' range the flow
approximates to the steady base flow assumed in the theory is given by the collapse of the base-
pressure readings recorded at different points on the base to a single curve (Fig. 13). In contrast

to the case at subsonic speeds the pressure is constant over the base indicative of a region of sensibly
dead air in the initial part of the wake.

3.4. Effect of Reynolds Number.

At a Mach number of 0-8 the tunnel stagnation pressure was raised to increase the test Reynolds

number. It is seen from Fig. 18 that the effect of doubling the chord Reynolds number was to
increase the base-pressure coefficient by less than 1%,.

3.5. Effect of Incidence.

"The pressure distributions on the afterbody of the model at 2° incidence are illustrated in Fig. 12.
"The schlieren photographs (Figs. 19a to €) of the flow over the model at 2° incidence exhibit
no major difference in the structure of the wake and the vortex street is still strong at subsonic
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speeds. The slight asymmetry was seen (Section 3.3 above) to be reflected in the sectionwise
pressure distribution across the base, the peak suction occurring not on the centre-line but displaced
towards the upper surface. At subsonic speeds the base pressure is found to be slightly higher on
the model at 2° incidence than at zero incidence (Fig. 20a), but the small increase in base pressure
at high subsonic speeds is noticeably less pronounced. In the steady-flow régime at sonic and
supersonic speeds, no variation of base pressure could be detected for small changes of incidence.

A rise in base pressure with increasing incidence (Fig. 20b) is typical of two-dimensional sections
at subsonic speeds® %23, and is possibly associated with the increase in the thickness of the boundary
layer on the upper surface (see Fig. 19).*

3.6. Comparison with Results of Other Tests.

A comparison was made in Ref. 3 between the base pressure measured on the present basic
model and the results of other wind-tunnel and free-flight tests. '

Wake Exflomtion.
3.7. Static Pressure.

The variation of static pressure along the centre-line of the wake behind the basic model was
investigated using a standard static probe aligned in the stream direction. No attempt was made to
minimise the effect of instantaneous probe yaw induced by the cross flows in the wake at subsonic
speeds, either by the appropriate orientation of a probe with a single static hole?, or by the use of
a spade-shaped static probe?. For this reason, and since the interpretation of the readings of a
probe set in an unsteady flow is in any case difficult, the results (Fig. 21) should be regarded as
qualitative rather than quantitative.

At subsonic speeds it is seen that the static pressure falls rapidly away from the base reaching
a minimum at a distance downstream equal to about half the trailing-edge thickness (Fig. 21).
The existence of this low pressure ‘trough’ has been observed in a number of tests on the flow
past bluff bodies?% 2526 and is believed to coincide with the point at which the vortices form. The
value of the pressure coefficient in the trough appears to decrease with an increasing degree of
bluffness of the section, and hence, presumably with increasing strength of the vortex street. For
example, in the present test, the minimum value of C,, is about —1-0, compared with —1-4 for
a circular cylinder?” and —2-3 for a flat plate normal to the stream?. -

Downstream of the trough the static pressure rises again and levels out at some value below
ambient static pressure. The presence of such a pressure ‘plateau’ along the centre-line of the
wake, as distinct from a progressive increase of the static pressure with distance downstream of the
section, is indicative of the existence of a vortex street. [It can be shown theoretically that the static
pressure along the centre-line of a vortex street is lower than free-stream static pressure by an
amount depending on the strength of the street.] Moreover the eventual decay of a vortex street
is marked by the end of the plateau and the return of the static pressure to the free-stream value.
The present static-pressure exploration was not continued sufficiently far downstream to show this
effect, but it is evident from the results of Ref. 27.

With increase of Mach number into the régime in which trailing shocks begin to develop (see
Section 3.3 above) the point at which the vortices form is pushed downstream (Fig. 17a) and the

* In contrast to this, however, the base pressure on a slender delta wing model® was observed to fall with
increasing incidence, although this effect may have been caused by the development of the leading-edge vortex.
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position of the low pfessure ‘trough’ is similarly displaced. At a Mach number of 0-95, for example,
the minimum static pressure is reached at a distance from the base equal to nearly one base-height
(Fig. 21). '

At Mach numbers above the transition to the ‘steady’ base flow (0975 on the present model),
the presence of a low pressure trough in the wake is not easy to discern (Fig. 21), and the constant-
pressure region extending downstream from the base, indicating a region of semi-dead air, is
quickly established. Moreover, the static pressure in the wake subsequently approaches the free-
stream value without any intermediate plateau. Thus it would seem that, while there is evidence
of the persistence of discrete eddies in the wake at supersonic speeds, their strength must be
reduced to such an extent that the wake displays few of the characteristics of a fully-developed
vortex street, '

3.8. Pitot Pressure.

An extensive survey of the wake behind the basic model was made using a pitot probe aligned in
the stream direction, and the results are presented in Figs. 22a to e in terms of a parameter
Hy—H
: Hy—po’
where H is the pitot pressure, H, the stagnation pressure and p, the ambient static pressure.
Using these curves it is instructive to plot contours of constant pitot pressure and reconstruct the
flow field. This has been done in Figs. 23 and 24 for Mach numbers 0-8 and 1-0 respectively.

At subsonic speeds it was considered useful to derive some measure of the variation of wake
thickness with distance downstream of the base. For this purpose the wake thickness at a given
station was defined as the distance between points on opposite sides of the centre-line at which
the value of the parameter '

H,— H

Hy—po
was equal to half the value on the centre-line at that station. For a Mach number of 0-8 the locus
of points satisfying this condition is traced in Fig. 23. It is seen that for a short distance from the
base the wake converges and reaches a minimum thickness at a point a little further downstream
- than the position of the low-pressure ‘trough’ (see Section 3.7 above). From this station onwards
the wake spreads slightly and then continues for a considerable distance with an almost constant
thickness. This region probably corresponds to the fully developed vortex street and the pressure
‘plateau’ referred to above. ‘

It was thought that the wake thickness in this region could be considered as a convenient measure
of the equivalent ‘width’ of the vortex street, i.e. the distance between the rows of vortices.
Accordingly, a thickness A’ (Fig. 25) was defined, being the thickness of the wake at a station 2 in.
(3-33 #) downstream of the base. (See also Fig. 23)

At a Mach number of 1-0, Fig. 24 illustrates the contours of constant pitot pressure in the wake
and the surrounding flow field, in the ‘steady flow’ régime. This diagram should be compared
with the schlieren photograph (Fig. 17b) taken under the same conditions. The positions of the
trailing-edge expansion, the boundary of the wake, and the trailing shock system are clearly indicated.
Also it is interesting to note the persistence of the shear layer extending downstream from the
junction of the two branches of the trailing shock. Part of this discontinuity can be discerned in

the schlieren photographs (Figs. 14d, 17b).
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3.9. Wake Thickness.

The wake thickness ratio 4'[h, defined above (see also Fig. 25), was measured at several
conditions and its variation with Mach number is shown in Fig. 26. Through the régime in which
periodic effects are predominant (i.e. for Mach numbers up to 0-975), the wake thickness exhibits
~ largely ‘the same behaviour as the base-pressure coefficient. At the lower subsonic speeds the slow
rise'in [k reflects the similar increase in the base drag. The local decrease in base dragat M, = 0-9
is reflected in a small decrease in A’[A, but the latter extends from a slightly lower Mach number.
However, this could possibly be explained insofar as the wake experiences changes of conditions
not only on the base but also on the surface of the body ahead of the base. It will be recalled (see
Section 3.2 above) that the small rise in base pressure was anticipated, in terms of increasing Mach
number, by similar fluctuations of the surface pressure on the afterbody. Thus the response of the
wake to the integrated effect of these changes in pressure could well correspond to the observed
behaviour. \ '

Following the decrease in base drag (— C,;) and the wake thickness, associated with the rearward
movement of the shock over the afterbody, the Mach number range in which the shocks trail
behind the section in an unsteady condition was seen to be marked by an abrupt decrease in base
pressure (Section 3.3 above). While the free shear layers do, to a small extent, converge after the
separation points (Fig. 17a), the wake spreads out downstream of the trailing shocks, and the thick-
ness of the wake at the reference station, 2 in. from the base, increases quite sharply (Fig. 26).

The transition from the predominantly unsteady-flow régime to that of the steady base flow,
at a Mach number of 0-975 on the present model, is accompanied by a dramatic decrease in"the
thickness of the wake. While the rise in the base-pressure coefficient at the discontinuity amounted
to no more than 109, the wake thickness falls from 1-25 times the base height to about half this
value. The interpretation of this change is quite clear from the schlieren photographs (Figs. 17b, c),
where it is seen that the reduction in wake thickness is made possible by the larger angle of
deflection of the shear layers at the trailing edge and, more important, by their increased length
which brings them to a narrow region of confluence. The break in the close relationship between
base pressure and wake thickness that has held up to this point is a further reflection of the change
from subsonic to supersonic conditions in the region of confluence.

With increase of Mach number, from that at which the transition to steady flow takes place,
the wake thickness is observed to decrease still further (Fig. 26). ‘

3.10. Vortex Shedding Characteristics.

It has in the past been asserted by certain authorities that the existence of turbulent motion in
the boundary layer at the separation points on a body is incompatible with the development of a
regular vortex street!!, (see Section 1.2 above). It will thereby be necessary to state what is meant
by a vortex street under these conditions. Over time intervals of the same order, or less than the
periodic time of the street, a given section of the wake may not always ‘display regular eddies.
Thus flow photographs taken using a spark light source (such as those included in the present
paper) may depict the flow in the wake as being largely random in character as distinct from
periodic. For this reason single flow" photographs cannot be submitted as reliable evidence of the
absence of a vortex street (although of course many of the photographs offer positive evidence of
the presence of vortex streets).

11



Over a time interval large compared with the periodic time of the motion, the flow in the wake
will be observed to be strongly and regularly periodic. These considerations led to the choice of a
stroboscopic device for surveying the wake. The arrangement (see Section 2.5 above) consisted of
a conventional schlieren optical system!® illuminating a ground-glass screen, in which the light
beam was interrupted at a frequency which could be adjusted to equal the frequency at which
pairs of vortices were shed into the wake. In this way the process of the formation and development
of the vortex street could be inspected visually. It was felt that even from the point of view of
frequency measurement this method compared well with systems involving electrical recording and
frequency spectrum analysis. Moreover, as regards interpretation of the data and gaining some
insight into the mechanism of vortex formation, the present system had clear advantages. The
only important disadvantage which was apparent was the lack of any means of measuring the
amplitude of the fluctuations of the flow parameters in the wake.

The vortex shedding frequency measurements are presented in the form of a Strouhal number S,

where

nh '
s (1

w0

n is the shedding frequency, % the base height, and u,, the free-stream velocity. The variation of
the Strouhal number with Mach number for the basic blunt-trailing-edge model is shown in
Fig. 26. At Mach numbers up to 0:9 the Strouhal number remained constant, to within the limits
of the accuracy of measurement, at a value of 0-25. The development of trailing shocks behind the
section, which was seen to be associated with a fall in the base pressure and an increase in the
wake thickness (Sections 3.3, 3.9 above), is marked by a progressive increase in the Strouhal
number to about 0-31.

The transition from the unsteady-flow régime to that in which the base flow is predominantly
steady, which was seen to be accompanied by a discontinuity in the base pressure and the wake
thickness, gives rise also to a discontinuous increase in the shedding frequency. At Mach numbers
above the transition (0-975 on the present model) the vortex street was observed to be less strong,

but the Strouhal number is then in the region of 0-4 (Fig. 26), and falls only slowly with increase
of Mach number.

From their extensive data on the vortex-shedding characteristics of bluff sections, Fage and
Johansen observed that the Strouhal frequency appeared to increase inversely as the thickness of
the wake?, and that a more fundamental Strouhal number could be formed using the wake
thickness as the reference dimension. Using the measured values of 4’/A, a Strouhal number S’ is
considered where

S = d = %S . : 2)

U

The variation of this wake Strouhal number with Mach number is illustrated in Fig. 26. It is seen
that the behaviour of this quantity follows, even more closely than the wake thickness alone, the
variations of the base drag (— C),).

4. The Flow Past a Step.

A diagram of the backward-facing step model is shown in Fig. 5. The height of the step was
equal to half the trailing-edge thickness of the basic model, and will be denoted by $4 for consistency
with the previous results.
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4.1, A careful survey of the flow downstream of the step using the stroboscope unit (see
Sections 2.5 and 3.10 above) failed to reveal any evidence of periodicity. This is not to say that the
flow is entirely steady in character and flow visualisation techniques have indicated the existence
of eddies moving downstream in the viscous layer®. However, it would seem that such disturbances
are random in character and for the purposes of our present discussion can be grouped with
normal turbulence effects. Thus it will be convenient to refer to the base flow behind a step as
‘steady’ although the term should be interpreted carefully.

4.2. The Base Pressure.

The variation of the base pressure on the face of the step with Mach number is shown in Fig. 27.
Through the subsonic range the base-pressure coefficient remains roughly constant at a value near
—0-2. At high subsonic speeds as soon as sonic velocity is reached at the separation point, and
simultaneously at the reattachment point, the base pressure falls abruptly approaching the values
measured on the basic blunt-trailing-edge model. This effect is similar to the sharp decrease in
base pressure which is observed at transonic speeds on aerofoil sections for which the ratio of
trailing-edge thickness to chord is small (see Ref. 3). Indeed the fact that this decrease in base
pressure can be reproduced in a test where the periodic phenomena are inhibited is ample evidence
of its being a steady-flow effect.

Comparing the results for the step and for the basic model (Fig. 27) it is noted that throughout
the subsonic speed range there is a large discrepancy between the base pressures in the two cases.
At a Mach number of 0-8, for example, the base-pressure coefficient on the step is —0-23 as
against —0-75 on the isolated section. These figures give some impression of the proportion of
the drag of an isolated section which can be attributed to the existence of the vortex street. It will
be recalled that Hoerner3® analysed data on the base drag of blunt-trailing-edge aerofoils at low
speed and demonstrated that the values were in every case higher, under equivalent conditions,
than the measurements of the drag of sheet metal joints (small rearward-facing steps) by
Wieghardt3l, In Wieghardt’s tests the ratio of boundary-layer thickness to step height was much
larger than in the present work. Nor is it possible to compare the base pressure measured on the
present model with the results of Tani et al?, since in the latter tests the true ambient static pressure
was not recorded. The data were presented in the form of pressure coeflicients relative to the static
pressure measured at a point on the model within the pressure field of the step, and using the
value of the ‘free-stream’ velocity also computed from this pressure reading. For this reason some
of the conclusions drawn from the investigation, for instance, that the base pressure was relatively
insensitive to the thickness of the approaching boundary layer, were based on a misinterpretation
of the results and are not valid.

4.3. Surface Pressures on the Upstream Surface.

The pressure distributions on the surface of the model upstream of the step are shown in Fig. 28,
and may be compared with the results for the basic model (Fig. 11). It will be noted that, at the
higher Mach numbers, when the flow over the afterbody is locally supersonic the pressures over
the afterbody are much the same in Figs. 11 and 28, except in the immediate vicinity of the
separation point. At lower speeds when the flow is locally subsonic the effect of changes of pressure
on the base is felt at considerably larger distances upstream of separation. This point will be
touched on again in Section 5.2 below. It is also interesting to note that at a Mach number of 0-8
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the surface pressure appears to fall to a slightly lower value immediately upstream of the step than
on the base itself. This effect was also observed at M, = 0-6 and is suggested by the form of the
distribution at 0-4. It could be argued that the small rise in pressure at the corner is associated with
the separation of the boundary layer. If this is so the fact that it was not noticed in the case of the
basic section (Fig. 11) might be explained either by its being obscured by the rather more abrupt
expansion, or even possibly, insofar as the separation is modified to some extent by the unsteady
effects.

Over a certain range of Mach number, near 0-9, the pressure on the upstream surface is lower
than the base pressure and the adjustment at the corner is represented by a compression instead of
the more familiar expansion (Fig. 28). A weak shock can in fact be detected in the neighbourhood
of the separation point in the corresponding schlieren photograph (Fig. 29¢). At a Mach number
of unity the pressure distribution ahead of the step (Fig. 28) follows the typical pattern for
supersonic base flow.

4.4. Surface Pressures on the Downstream Surface.

The pressure distributions on the surface of the model downstream of the step are shown in
Fig. 30. In contrast to the low pressure ‘trough’ observed in the wake behind the basic model at
subsonic speeds, the surface pressure remains almost constant for a short distance downstream.of
the step (Fig. 31), indicating the presence of a.region of semi-dead air. Thus not only does the
existence of a vortex street, in the case of the basic blunt-trailing-edge section, lead to a decrease
in the base pressure but it involves in addition a substantial modification of the pressure field in
the wake. The stability of the base flow behind an isolated section at supersonic speeds brings
about a greater degree of equivalence and the pressure distributions in the two cases are then
essentially similar. . . .

The low pressure in the dead-air region is followed, with increasing distance from the step, by
a sharp pressure rise which is associated with the reattachment of the separated free shear layer to
the downstream surface (Fig. 30). It would appear that an adequate model of the subsonic base
flow behind a step can be constructed considering the separation of the boundary layer at the
corner, the development of the free shear layer along the edge of the dead-air region and the
subsequent reattachment process. This flow model was discussed in Ref. 4 as a basis for the analysis
of steady subsonic base flow. A theoretical investigation of the growth of the free shear layer from
a turbulent boundary layer at separation was presented in Ref.. 32. In the case of the flow past a
step the steady-flow model appears to be valid throughout the Mach number range and such
effects as occur at transonic speeds, although very significant in terms of base pressure for example,
will be seen to be the result of changes of detail rather than an essential modification of the flow
pattern. '

Fig. 30a shows that at subsonic speeds the pressure does not rise monotonically from the value
in the dead-air region with distance from the step but exhibits the characteristic ‘overshoot’. This
effect is typical of the subsonic reattachment?®48 and can be related to the concave curvature of the
streamlines in the external flow and an associated local increase in the stream-tube area (Fig. 32a).
[The pressure distributions downstream of the spoiler in Ref. 49 were probably terminated too
soon to show the overshoot.] With the establishment of a supersonic reattachment the concavity
of the streamlines is no longer associated with a locally high pressure (Fig. 32b), and at the highest
Mach number reached in the tests, 1-10, the overshoot had almost disappeared (Fig. 30b).
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4.5. The Reattachmment Process.

The actual reattachment point which is a point of zero surface shear stress was located on the
downstream surface by an oil-flow technique (see Section 2.4 above). The length of the separation
bubble, i.e. the distance of the reattachment point downstream of the step, is found to vary with
Mach number according to Fig. 33. Through the subsonic range the length of the bubble, and
hence also of the free shear layer adjacent to it, increases with Mach number up to a value equal
to about eleven times the height of the step at M, = 0-975. At higher Mach numbers the free
shear layer is observed to deflect sharply at the corner (Figs. 29, ) and the length of the bubble
decreases accordingly (Fig. 32). At supersonic speeds theoretical models of base flow usually relate
the geometry of the dead-air region to the height of the step and the Prandtl-Meyer angles
corresponding to the local Mach number of the flow adjacent to the free shear layer and the free-
stream Mach number. In these terms the distance of the reattachment point downstream of the
step should be given by

i cot (VS Vo)

where M, is the Mach number reached by allowing the fluid in the free stream to expand
isentropically from pressure p ., to pressure p,. It is seen from Fig. 33 that the values of % derived
from this expression are a good approximation to the measured length of the region of separation.

With the reattachment point located on the downstream surface, its position with respect to the
pressure rise through the reattachment region can be determined. The positions of the reattachment
point are indicated on the surface pressure distributions in Fig. 30.

An- essential feature of the reattachment process lies in the way in which the pressure recovery,
from the base pressure to free-stream static pressure, is disposed upstream and downstream of the
reattachment point. Fig. 34 shows that the upstream pressure recovery (C,,— Cp;) is relatively
constant, lying between (-2 and 0-4 over the whole Mach number range. In contrast to this the
downstream pressure recovery (— C,,) exhibits much larger excursions particularly at transonic
speeds.

The former effect is to be expected on the basis of the flow model discussed in Ref. 4. According
to this model the pressure rise up to the reattachment point is associated with the retardation to
rest of the fluid on the mean dividing streamline. This, in turn, depends chiefly on the length of
the separated shear layer—except if this length is large compared with the boundary-layer thickness
at separation® when the velocity on the dividing streamline is substantially constant. In the present
case this condition is in fact satisfied. Thus, neglecting the variations of the velocity on the dividing
streamline due to variations in the length of the separated region, and also the less important
variations due to changes in Mach number, it can be appreciated that the upstream pressure recovery
will not vary greatly over the range of conditions of the experiment. The variations in the down-
stream pressure recovery account directly for those of the base-pressure coefficient, particularly
at Mach numbers near unity.

At subsonic speeds the pressure initially rises downstream of the reattachment point, reaches
a maximum and subsequently falls again towards free-stream ambient pressure far downstream
(Fig. 30a). But the value of C,, is positive, indicating that the net pressure recovery down-
stream of reattachment is negative (Fig. 34). As supersonic flow is established, however, the overshoot
in the pressure distribution gives way to a monotonically rising pressure (Fig. 30b) and a substantial
degree of pressure recovery takes place between the reattachment point and a point far downstream
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(Fig. 34). At infinity downstream the pressure must necessarily return to ambient static pressure
and therefore the base pressure is forced to decrease considerably in order that this extra pressure
recovery can be accommodated. The onset of this effect is of course nothing else than the transonic
fall in base pressure. It is something of a paradox that, while most attempts (previous to Ref. 10)
to predict base pressures theoretically have been based on the prediction of the pressure rise
upstream of reattachment, in this case the whole nature of the variation of base pressure with Mach
number depends on the downstream pressure recovery.

It was demonstrated in Ref. 10 on the basis of the present results that once the correct reattachment
conditions are taken into account the variation of base pressure with Mach number through the
transonic range can be predicted successfully. For this purpose it was found convenient to define
a recompression parameter N, where ¥

v Cor=Co

(=Cu)

which expresses the position of the reattachment point with respect to the overall pressure rise
downstream of the trailing edge. The variation of N with Mach number determined from the
present experiments is shown in Fig. 35 together with the variation of base-pressure coeflicient
indicated by the theory for the empirical values of N.* The agreement between the measured and
the computed values of C,, is seen to be very satisfactory. 4

The pressure recovery which takes place downstream of reattachment in the supersonic base
flow is indicative of the continued deflection of the streamlines outboard of the sonic boundary
(Fig. 32b). This streamline curvature is apparently made possible by a progressive decrease i the
boundary-layer displacement thickness, with distance downstream, from its relatively large value
at the reattachment point to a lower value appropriate to the boundary layer at a point of zero pressure
gradient. It seems clear, therefore, that the form of the pressure distribution along the surface
downstream of the reattachment point is governed by the interaction between the boundary layer
and the external stream. In a recent paper McDonald® has proposed a simplified analysis of the
reattaching boundary layer and, on this basis, has been able to show that base pressures may be
predicted at supersonic speeds without appeal to an empirical recompression parameter.

It was pointed out in Ref. 10 that there are grounds for suspecting that the reattachment of a
separated shear layer to a solid surface might not be directly equivalent to the confluence of two
shear layers as occurs in the wake of a blunt-trailing-edge aerofoil section at supersonic speeds.
This becomes important in view of the dependence of the base pressure on the pressure recovery
downstream of the reattachment point (or point of confluence). Thus it is necessary to establish
whether the values of NV derived from measurements on a rearward-facing step model are applicable
to a wake flow at supersonic speeds under nominally equivalent conditions. If there is a difference
between the two cases it could be expected to be manifest by a difference in the base pressure.
Fig. 35 shows that at Mach numbers of 1-05 and 1-10 there is approximately the same difference,
0-06, between the base-pressure coeflicients measured on the basic isolated section and the step.
At lower Mach numbers, however, down to 0-975, there is a large discrepancy between the base
pressures recorded on the two models. While over the Mach number range 0-975 to 1-05 the base

* At Mach numbers up to unity it was also necessary to make use of the measured values of the length
of the separated region (Fig. 33).
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pressure on the step is falling under the influence of the changing reattachment conditions, the
base pressure on the basic model is already at a low value, and rising steadily, as though the value
of N had reached its final low level. The implications of this observation need to be investigated,
but it would seem that the transition to the ‘steady’ base flow, in the case of the isolated section,
is not immediately accompanied by an adjustment of the base pressure to values equal to those

on the step.

5. The Effect of a Splitter Plate on the Flow Past an Isolated Section.

5.1. The use of a splitter plate, i.e. a thin two-dimensional flat plate placed in the plane of
symmetry of the wake, to modify the process of vortex formation behind bluff sections, has been
demonstrated a number of times'® 427348536 i tests at low speeds. In cases where the length of
the splitter plate has been relatively short compared with the size of the body the formation of the
vortex street has not been completely inhibited but substantial reductions in drag have still been
achieved®’. It appears, moreover, that a splitter plate positioned a short distance downstream of
the section, i.e. with a small gap between it and the base, can be as effective as one attached to the
body?". If the length of the splitter plate is sufficient, the stream from each separation point should
reattach to it without interference from the other, suppressing the periodicity and transforming the
base flow into a type similar to that downstream of a step. However, if the measured lengths of
the separation bubble behind the step (Fig. 32), and the linear scale of the pressure distributions
(Fig. 30) are taken as a guide it would seem that a completely steady reattachment would require
a splitter plate of a considerable length. In fact, in their tests on a flat plate normal to the stream,
Arie and Rouse® report that a splitter plate ten times the height of the section was necessary before
the base pressure was insensitive to further increase of length.

An interesting variation of the splitter plate concept is the use of a jet of air issuing from a narrow
slot on the centre-line of the base of a blunt-trailing-edge section. Poisson-Quinton and
Jousserandot® were able to achieve substantial reductions of the total drag of a truncated aerofoil
section at subsonic speeds using this method.

5.2. The Effect on Base Pressure.

In the present series of tests the length of the splitter plate was varied from a half, to five times,
the trailing-edge thickness (Fig. 6). The variation with Mach number of the base pressure on the
model fitted with a splitter plate is illustrated in Fig. 36. It is seen that at subsonic speeds the effect
of a splitter plate is to reduce that part of the base drag which can be attributed to the existence of
the vortex street, and the curves lie between those for the basic section and the backward-facing
step. In the steady base flow the presence of a splitter plate should have no effect, and at supersonic
speeds this is seen to be approximately correct for the longer splitter plates. However, the two shortest
splitter plates apparently produce a significant decrease in base pressure. This is believed to be due
to the excitation of an instability in the separated region, and Fig. 38 shows a direct shadow photo-
graph of a particularly severe case. It is possible that the instability is provoked by the impingement
of the reversed flow on the end of the splitter plate.

The effect of variation of base pressure, at a given Mach number, on the surface pressures
upstream of the base is illustrated in Fig. 39. The data relate to the basic section with and without
a short splitter plate, and the step model.
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It will be noted from Fig. 36 that while the effect of a splitter plate at subsonic speeds is to
increase the base pressure above the values recorded for the basic blunt-trailing-edge model, the
effect does not increase monotonically with the length of the splitter plate. In fact raising the length
of the plate from one to two times the base height is seen to result in a marginal decrease in base
pressure. The variation of base pressure with splitter-plate length is illustrated in Fig. 40. It is
seen that after the initial, fairly rapid, increase of base pressure effected by the shorter splitter
plates, there is a significant fall in the base pressure followed by a second rise. For a splitter plate of
length about equal to the trailing-edge thickness, the base pressure appears to reach a local maximum,
which at low speeds, represents a reduction in base drag (— C,;), of more than 509%,. This result
would suggest that a short splitter plate can offer a simple and convenient method of reducing
base drag, and one which would appear to incur few penalties. Similar large decreases in the total
drag of a blunt-trailing-edge aerofoil section, fitted with a splitter plate of equivalent length, have
been reported by Moulden e al?, and Poisson-Quinton and Jousserandot®®.

When the length of the splitter plate is greater than twice the trailing-edge thickness, the base
pressure appears to rise monotonically with increasing length (Fig. 40), although the intervals in
length used were not sufficiently small to make this certain. With a splitter plate five base-heights
long, the base pressure is seen to be approaching the measured values for the rearward-facing step.

5.3. ‘Short’, and ‘Long’ Splitter Plates.

The form of the curves in Fig. 40 suggests the existence of two flow régimes, one appropriate
to ‘short’, and a second to ‘long’, splitter plates. Similar effects have been observed by Thomann4,
and by Roshko?%%7, In the latter tests a short splitter plate was placed at varying distances behind
a section. Roshko reported that there appeared to be a discrepancy between the results obtained with
the splitter plate close to the section, and those where it was placed further downstream when it
would, in effect, be equivalent to a longer one.

Some indication as to the reasons for the existence of two régimes is given by the schlieren
photographs (Figs. 37a to e), taken at a Mach number of 0-4. In the case of the ‘short’ splitter
plates (Figs. 37a, b), the point at which the wake breaks up into discrete vortices is downstream
of the end of the splitter plate, and the plate itself appears to lie in a region of relatively dead air.
In fact there is some evidence that the point at which the vortices form is displaced downstream
by a distance roughly equal to the length of the splitter plate. With the shortest splitter plate (1)
in position the low pressure ‘trough’ in the wake was located at a distance % downstream of the
base compared with 12 downstream in the case of the basic section. Thus it would seem that the
main effect of the ‘short’ splitter plates is to displace the point of vortex formation further
downstream from the base. A survey of the wake using the stroboscope showed no significant
degree of periodicity in the free shear layers passing over the splitter plate. ’

These effects appear to continue until the length of the splitter plate exceeds the trailing-edge
thickness, Between this condition and that at which the length of the splitter plate is twice the base
height, a change in the base-flow characteristics takes place. It may be significant to note that half
a wavelength of the vortex street is equal to about 1-8 times the trailing-edge thickness,

In the case of the ‘long’ splitter plates (i.e., 2% and longer), the ‘dead-air’ region does not extend
so far from the base (Figs. 37d, c) and the shear layers appear to impinge on, if not to reattach to,
the splitter plate. Also it was observed, using the stroboscope, that periodic disturbances were
present in the free shear layers from the separation points onwards. Concentrations of vorticity
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were seen to develop and grow in intensity as they passed alternately along each shear layer over the

length of the splitter plate. The fact that the rolling-up of the shear layers into discrete eddies had

commenced before any direct interaction could take place between the fluid particles involved and

those in the other shear layer, would appear to lend considerable support to the concept of a

periodic circulation round the section. The instantaneous shear layer asymmetry associated with -
the circulation could be regarded as the result of an interaction further downstream.

5.4. The Effect on Vortex-Shedding Frequency.

The vortex-shedding frequencies measured on the model fitted with ‘short’ splitter plates are
presented in Fig. 42a. With the splitter plate of length %, at Mach numbers between 0-4 and 0-6,
there was evidence of wake periodicity, but it was found difficult to determine the predominant
frequency. Outside this range the vortex shedding appeared to be strong and regular and the
measurement of the Strouhal frequency was straightforward. In the subsonic speed range the main
effect of the splitter plates is seen to be an increase in the shedding frequency above that measured
on the basic section. Also it is noted that the Strouhal number is no longer constant with respect
to Mach number. At supersonic speeds the test data are submitted but it should be pointed out
that the frequencies may well have been influenced by the oscillation of the base flow referred to
above (Section 5.2 and Fig. 38). Thus these measurements should be treated with reservation in
any discussion of the characteristics of the vortex street.

In the case of the model fitted with a splitter plate of length 3% (Fig. 42b), the vortex street was
relatively weak but well defined, and the Strouhal number was found to vary smoothly with Mach
number. For the splitter plate of length 2%, however, at Mach numbers below 0:7, the shedding
frequency was well defined but did not appear to increase uniformly with Mach number. The
scatter of the data points in Fig. 42b should not imply an inaccuracy of measurement but a loss of
regularity of the vortex formation process itself. It is noted that this length of splitter plate represents
the establishment of the ‘long’ splitter-plate régime, and the flow could conceivably be in a state
of unstable equilibrium.

It would at present be premature to attach too much significance to this apparent instability,
and indeed the possibility that the effect represents an irregularity in the measuring equipment
cannot be ruled out. Nevertheless it may be instructive to examine the data more closely. In a few
cases it is observed that two shedding frequencies are indicated at the same Mach number. Using
the stroboscope, the two modes appeared to be excited concurrently and it was possible to tune
the device to either frequency at will. It is conceivable that the vortex shedding could have been
fluctuating between the two modes with a time scale long compared with the average periodic time
of the vortices. The concept that under certain conditions the vortex formation might advance
from one discrete mode to another is interesting, and is to some extent in accordance with the
suggestions of Shaw*!. In the context of a section of the type under consideration it would seem
that one ‘centre of disturbance’, to use Shaw’s terminology, must be located at the leading edge,
and the other two, making up a three-point system, positioned either at the two rear separation points
- or at symmetrically disposed points in the free shear layers. In either case the mode of acoustic
vibration would appear to be restricted to odd harmonics of the fundamental. If the rear centres
of disturbance are assumed to lie at the separation points the mode should be equivalent to the
21st harmonic (equal to the ratio of the total perimeter to the base height). If the system should now
advance to the next possible mode, this should be the 23rd harmonic and the Strouhal frequency
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would increase, according to the arguments of Shaw, by 9-5%,. In the three cases where dual
shedding frequencies were observed the Strouhal numbers were as follows:

M, N S, Difference, %,
0-25 0-273 0-303 11
0-55 0-245 0-270 10
0-65 0-230 0-250 9

Allowing for the experimental error, especially at the lowest Mach number where the contrast
obtained in the schlieren system is poor, the correlation is remarkable.

The variation of the Strouhal number with the length of the splitter plate is illustrated in Fig. 41
for a Mach number of 0-4, in comparison with the results of Thomann', In these latter experiments
a single-wedge basic section, of thickness-chord ratio 1/6, was used. It is seen that the lack of
continuity between the results for ‘short’ and ‘long’ splitter plates is as much a feature of the
shedding frequencies as it was of the base pressures. Moreover, the point, in terms of increasing
splitter-plate length, at which the change takes place is approximately the same as that determined
by Thomann. It is strange at first sight to note that the variations in frequency observed in the
present tests appear to be of opposite sign to those submitted in Ref. 14. However, this difficulty
can be resolved quite readily.

According to free-streamline theories?>%® of the so-called ‘parallel-streamline’ type, it is a
property of sections on which the separation points lie at positions where the surface slope is
positive (i.e. where the thickness is increasing downstream), that an increase in base pressure is
accompanied by an increase in the wake thickness; the wake thickness, 4, in this case being defined
as the distance between the free streamlines at infinity downstream. Now it has been shown
experimentally?® that an increase in wake thickness is frequently associated with a decrease in the
vortex shedding frequency. -Thus for a single-wedge section it would be expected that the effect
of a splitter plate, which increases the base pressure, would be to decrease the Strouhal number;
just this result was observed in Ref. 14. On the other hand, if separation occurs at a point of
negative surface slope (boat-tailed afterbody), the increase in base pressure is accompanied by a
decrease in wake thickness, and a corresponding increase in vortex-shedding frequency. Although
the present section has a parallel afterbody, the tests indicated that the effect of the attachment
of a splitter plate is to decrease the wake thickness (Fig. 43). Thus it would seem that the section
exhibits the behaviour of one with separation at points of negative surface slope, and the observed
variation of Strouhal number with splitter-plate length is consistent with this suggestion.

5.5. Further Thoughts on ‘Short’ and ‘Long’ Splitter Plates.

The variations with splitter-plate length of the base-pressure coefficient, the wake thickness
ratio, A'fk, and the vortex-shedding frequency are compared in Figs. 43a, b for Mach numbers
of 0-4 and 0-8. The shedding frequencies are reduced to the normal Strouhal number, S, and also
the Strouhal number, S’, based on the wake thickness 4’

The distinction between the ‘short’ and ‘long’ splitter-plate régimes is further emphasised by
a plot of the base-pressure coefficient against the wake Strouhal number (Fig. 44). In the ‘short’
splitter-plate régime (assumed to include the basic section), the derivative 0C,,/2S’ is positive,
indicating that the wake Strouhal number increases with increasing base pressure. However, the
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increase of the length of the splitter plate from % to 2% results in a shift to a second curve of negative
.slope. It would appear, moreover, that the second curve could be extrapolated back to pass through
the data point representing the basic section (denoted by a filled symbol in Fig. 44). Thus the data
relating to ‘short’ and to ‘long’ splitter plates appear to lie on two curves which intersect at the
condition relating to zero splitter-plate length. This effect is observed for each of the Mach numbers
0-4 and 0-8.

The ‘Tong’ splitter-plate régime has been investigated in some detail by Roshko?* 27 in low-speed
tests on bluff sections. It was demonstrated that a universal Strouhal number, S*, could be formed:

nd

S* =

U

where d is the asymptotic wake thickness, derived from free-streamline theory (see Section 5.4
above), appropriate to the measured base pressure, and #, is the velocity on the free streamline at

separation, given by
Uy = Un(l— Cpb)llz’

in incompressible flow. The value of S* was found to be roughly constant at a value of 0-16. If
d is identified with the measured wake thickness %', (in fact it is probably proportional to #’,
approximately), this result would be represented in Fig. 44 by the curve

8" = S¥(1=Cp)s.

It is seen that the results for the ‘long’ splitter plates correlate well with Roshko’s curve although
there appears to be some effect of Mach number.

Any interpretation of the results for the ‘short’ splitter plates must, at this stage, be extremely
tentative. Nevertheless, some justification for the positive slope of the curves in Fig. 44 can be
obtained from crude theoretical arguments. It will be recalled® that the periodic base flow can be
represented roughly by the Heisenberg-Roshko flow model, which attempts to match the appropriate
free-streamline flow to the Kdrman vortex street. The drag which can be supported by a Karman
vortex street is given by

2
cD=% 5-66 10 — 224 (u”_) } (1)

@w

where b is the distance between the rows of vortices, u, is the velocity of progression of the street
relative to the free stream, and C, is the drag coeflicient based on the trailing-edge thickness. The
velocity u, is related to the shedding frequency # and the wavelength of the vortex street, a, by

Hn =

or
na

o 7
uOO uOO

But @ = 3-54b, and if b is identified with the measured wake thickness %', (again a tentative
assumption), we can write
u

% 13545, 2)

u

w0
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Now Eppler® has shown that within the framework of ‘parallel’ free-streamline theory the form

drag of a section and the base pressure are related by

d
where d is the asymptotic distance between the free streamlines. If as before we equate d to 7/,
equations (1), (2) and (3) give a relation between C,; and S’ in the form

Cop = 28482 + 428" — 3.42. )

It is seen from Fig. 44 that this expression represents to some extent the measured variation of
wake Strouhal number with base pressure, for the ‘short’ splitter-plate range.

6. Results for other Base Configurations.

It was seen in the previous section that the attachment, to the base of the section, of a short
splitter plate, of length equal to the trailing-edge thickness, is a convenient method of reducing
base drag. In this section a report is made of two short tests to measure the base pressure on the
model fitted with alternative base configurations, the half-round base and the cavity base (Fig. 7).

6.1. The Half- Round Base.

It was shown by Sargent! in tests on aerofoil sections with a small degree of trailing-edge
bluntness (3% of the chord), that the provision of a rounded, as distinct from a square, trailing edge
resulted in a significant saving in drag through the subsonic speed range. In turbo-machinery the
blade size is often too small for a sharp trailing edge to be realised and it is current practice to aim
at a carefully rounded trailing-edge profile. ,

On a relatively thick trailing-edge section such as the present model, however, the advantages
of rounding the trailing edge are found to be dubious. The afterbody of the basic model was
modified by the addition of a semi-circular cylindrical section as in Fig. 7. The variation of the
measured pressure on the centre-line of the base with Mach number is illustrated in Fig. 45.
Over a small range of Mach number around 0-4 the base pressure is substantially higher than that
measured on the basic section, indicating a reduction in overall drag. The schlieren photograph
(Fig. 46a) shows that in this condition the point of vortex formation has been displaced downstream,
leaving a larger dead-air region than was observed behind the basic section (Fig. 14a). Thus the
rounded base is operating in much the same way as a short splitter plate.

At a slightly higher Mach number, however, a change takes place in the base flow pattern and
the base pressure falls to a very low value (Fig. 45). At M, = 0-925, for example, the measured
base pressure coefficient was as low as —1-10. The schlieren photograph (Fig. 46b) taken at a
Mach number of 0-8 indicates that, in contrast to the case at lower speeds, there is no ‘dead-air
region’ behind the trailing edge. This might be interpreted as suggesting that the flow is adhered
to the base, but in an unsteady condition. Thus it would seem that the provision of a rounded base
has presented an opportunity for the vortex street to form very close to the section, exposing the
base to the low pressures developed in the ‘trough’ (see Section 3.7 above). This suggestion is .
supported by the fact that the measured pressures on the base correlate approximately with the
peak suction recorded in the wake behind the basic model (Fig. 45). It is significant to note that
in the tests by Sargent*® the model with the largest trailing-edge radius (2%, of the chord), displayed
a similar, but less pronounced, abrupt increase in overall drag at a Mach number of about 0-5.
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There would seem to be a need for tests to investigate the conditions which provoke the change
from the more favourable to the distinctly unfavourable base flow pattern. The important point
which emerges at this stage, however, is that on sections with a significant degree of trailing-edge
thickness, 4% and greater, rounding the trailing edge is not necessarily advantageous from the
point of view of drag. While it would appear to be beneficial to delay the separation of the flow
by afterbody contouring, with a view to reducing the thickness of the wake, if the low attachment
is unsteady it will have anything but this effect. The danger of the separation points moving in
sympathy with the vortex formation draws attention to the importance of incorporating sharp

corners at the trailing edge.

6.2. The Trailing-Edge Cavity.

The test on the model with a trailing-edge cavity (Fig. 7), was of a somewhat ad hoc nature,
but the results may serve to emphasise the need for further study of cavities in relation to aerofoil
design. According to the steady-base-flow model there is no mechanism by which the existence of a
cavity at the base could influence the base pressure. Thus at supersonic speeds the measured base
pressures correlate precisely with those measured on the basic section (Fig. 47). At subsonic speeds,
however, the base-pressure coefficient for the cavity base is found to be approximately 209, higher.
It should be noted that no attempt‘was made to achieve an 6ptimum cavity size or shape.

In order to interpret this result it is necessary to recall some of the work which has been carried
out in recent years on the use of cavities as a means of separation control. The observation of certain
natural phenomena, such as the snow-cornice effect!s, has inspired a study of the extent to which
cavities in a solid boundary can be used to generate a trapped vortex. If this can be achieved it is
known that a flow can be made to negotiate a fairly abrupt pressure rise without incurring significant
penalties. In this context examples have been given to show the application of the principle to
wind-tunnel diffusers and aerofoil sections?’. In the case of aerofoils a cavity has usually been
incorporated into the upper or lower surface close to the trailing edge. By the application of suction
through a slot in the cavity, a standing eddy can be formed and the drag of the section reduced to
a very low value. Tests by Hazen et a/% have indicated that the use of suction to establish a trapped
eddy does not necessarily result in a nett reduction in drag since the required suction quantities
are large and represent a considerable equivalent drag penalty. Nevertheless, the measured drag
coeflicient of the section tested in Ref. 46 at zero incidence was only 0-013 in the absence of suction.
"This is quite remarkable since the thickness of the aerofoil at the position of the cusp was as great
as 89, of the chord.

It would appear that the provision of a rear cavity in a blunt-trailing-edge section, while not
necessarily trapping a stable eddy, can still lead to a substantial reduction in the base drag. This
decrease in drag can be regarded as an improvement of the wake stability resulting in a decrease
in the strength of the vortex street. In such cases where no suction is applied it would appear that
if a steady wake flow is achieved, the flow in the neighbourhood of the cavity would resemble
more closely the steady base flow behind a step with the slowly circulating eddy, than that
generated by a standing ‘vortex’ as discussed by Ringleb®s, for example. Even in cases where strong
suction is applied it is not clear whether the vortex model or the separation/reattachment model
of the flow is most valid, and many features of the observations reported in Refs. 46 and 47 can be
explained at least qualitatively in terms of the theory of Ref. 10. '
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In any case a recirculating vortical flow is called for in a steady base flow and the concept of the
stability of this ‘standing eddy’ may provide further enlightenment as to the failure of the rounded
base. In the cases where separation takes place from a curved surface, as in the half-round base,
the possibility of stable eddies forming in the base flow would appear, intuitively, to be more remote
than in cases where separation is provoked at a sharp corner. Thus from these arguments the base
flow behind a section with a rounded base could be expected to be less stable, and develop a larger
base drag than a section with sharp corners at the rear, and in certain circumstances this is seen to
be borne out by observation.

The arguments, concerning wake stability and the advantages to be derived from providing
‘protection’ for the standing eddies required for a steady base flow, can also be invoked to interpret
the effect of a splitter plate (Section 5 above). It would seem that the provision of a solid surface
between the eddies would assist stability in a similar way to solid boundaries (the sides of the cavity)
encasing them. In this context, however, the progression from ‘short’ to ‘long’ splitter plates would
need to be accommodated in the arguments as a deterioration of the stabilising mechanism. Thus
considerably more thought must be given to this explanation before any definite conclusion can be
drawn.

7. Concluding Remarks.

The base flow behind a blunt-trailing-edge aerofoil section is characterised by the existence of
two flow régimes.

7.1. At subsonic speeds the wake is observed to break up into discrete eddies, which are
shed at a well-defined frequéncy, even under conditions where turbulent flow exists in the boundary
layers ahead of separation. The existence of the vortex street appears to be responsible for a low
pressure on the base which represents a large drag increment. In normal circumstances, the base
drag of sections with a severe degree of trailing-edge thickness is substantially higher than can be
accounted for on the basis of steady-flow considerations. The strength of the vortex street, and
hence the base pressure, appears to be sensitive to the geometry of the section. This explains why
it is difficult to derive a satisfactory correlation of base pressures in terms of simple parameters
involving, say, the trailing-edge thickness, or the thickness of the boundary layers approaching
the base.

In the context of section geometry, the base configuration itself is observed to have a significant
effect on the base pressure. Such arrangements as trailing-edge cavities and splitter plates which
in general have little effect in the steady base flow, are found to be beneficial in increasing the base
pressure in the unsteady-flow régime. A rear cavity in the section is believed to achieve a reduction
in drag by virtue of its stabilising effect on the standing eddies, which must be present as a feature
of the steady base flow, but which are normally formed in an unstable fashion and pass downstream
into the vortex street.

A splitter plate, a thin two-dimensional flat plate placed in the plane of symmetry of the wake,
is also observed to have a powerful effect in reducing the base drag, and it is possible that this can
again be attributed to a stabilising action. The base pressure does not rise monotonically with the
length of the splitter plate, but was found in the present test, to reach a local maximum when the
length of the plate was approximately equal to the trailing-edge thickness. When the length of
the splitter plate was increased above twice the trailing-edge thickness the base pressure began to
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rise again, finally approaching the value appropriate to steady base flow. A number of differences
in the flow characteristics were observed as the length of the splitter plate was increased from one
to two times the trailing-edge thickness.

On the evidence of tests made on sections with a small degree of trailing-edge bluntness it has
sometimes been asserted that rounding the trailing edge results in a reduction of base drag.
However, it would appear that if the trailing-edge radius is large a condition can be reached with
increasing Mach number (or possibly Reynolds number), when an unsteady attached flow can be
generated round the base, and the base drag may rise to a substantially higher value than occurs
on a section with a square trailing edge. Thus in the case of sections with a severe degree of
trailing-edge thickness, if afterbody contouring is envisaged, and this may well be beneficial, it
would seem wise to incorporate sharp corners to fix the separation points.

7.2. As the Mach number approaches unity the periodic effects collapse and subsequently
the base flow closely resembles the ideal steady base flow discussed in the theory. However, this
is not observed to be accompanied by a significant rise in the base pressure since the steady base
flow itself exhibits an abrupt fall in the base pressure at transonic speeds (see Section 7.3 below).
[In the case of sections with a small degree of trailing-edge thickness the second effect more than
off-sets the first and the base drag increases rapidly near sonic speed.]

7.3. The base pressure on a rearward-facing step at subsonic speeds is high, compared with
that on a blunt-trailing-edge derofoil section under nominally equivalent conditions. The base-
pressure coefficient measured in the preseﬁt test lay in the region of —0-2. No evidence of periodic
effects in the base flow behind the step could be detected.

With increasing Mach number, as soon as local supersonic flow is established at the step, the
base pressure undergoes an abrupt decrease. This effect can be traced to the modification of the
pressure distribution through the reattachment region on the downstream surface. At subsonic
speeds there is observed to be an overall decrease in static pressure downstream of the reattachment
point, the pressure finally approaching ambient static pressure. In the case of the supersonic
reattaching flow, however, a substantial pressure recovery takes place downstream of reattachment.
The pressure rise from the base pressure to that at the reattachment point is determined by
conditions in the free shear layer and is to some extent insensitive to the base pressure. The final
recovery pressure far downstream is close to the free-stream static pressure and can be regarded as
a fixed quantity. Thus the base pre‘ssure depends ultimately on the pressure recovery achieved
from the reattachment point onwards, and with a sharp increase in this pressure recovery at transonic
speeds the base pressure is forced to decrease.

It was shown in Ref. 10 that this effect can be accounted for quantitatively on the basis of
steady-flow theory once the correct reattachment conditions are taken into consideration.
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F1G6. 3. Location of pressure tappings on
base and afterbody.
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Model span
Y

F1c. 5. Diagram of model arranged for backward-facing step.

0-010"
clearance

20 -gauge
\ spring steel

Lengths of
splitter plate :-
" o o "
0-3", 0-6% 0-9", 12"
- 8”, 3-0%,

F16. 6, Diagram of model with splitter plate.
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Pressure
tapping
Pressure
tapping
Fi1c. 7a. Half-round base. Fi1c. 7b. Cavity base.

F1G6. 8. The stroboscope disc and motor.
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F16. 9. Boundary-layer profiles
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Fic. 10. Variation of boundary-
layer thickness with Mach number.

-1-0

-0-8

M _=0-9
@
0-95
= ]

T_& l I‘ZJ-S T B

-2 -1 0
x/, (pistance from base)

F1c. 11. Pressure distribution
on model surface upstream of
base.
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Fie. 12.  Effect of incidence on surface pressures upstream of base,
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(The positions of the pressure tappings ﬁ
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F16. 13. Pressures on basic model. (Zero incidence.)
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(a) M, = 0-4. (b) M, = 0-8.

()M, =09

(d) M, = 1-0. (M, =1-12.

F1G. 14. Subsonic and transonic flow past a blunt-trailing-edge section.
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F1G. 16. Variation of pressure across base.
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(a) M, = 0-925.

(b) M, = 1-0. (c) M,, =1-05.

F16. 17.  Phases in the base flow behind a blunt-trailing-edge section at transonic speeds.
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Fic. 18. Effect of Reynolds number
on base pressure.
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(c) M, = 0-95.

d M, =1-0. (eyM, =1-1.
F16. 19. The flow past the model at 2° incidence.
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M, = 1

See Fig. 22a
for key

F1c. 22e. Wake exploration. (Pitot pressure.)
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F1c. 25. Definition of 4.
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Fic. 27.  Base pressure on step.
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F16.28. Pressure distribution
on surface upstream of step.
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(ey M, = 1-0. (F) M, = 14.
F16. 29.  Subsonic and transonic flow past a step.
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Fic. 31. Comparison between pressure distribution
on surface downstream of step and static pressure in
~wake of basic model.
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(a) I = 0-5h. (b) I = h.

(c)I = 1-5h.

(d) I = 2h. (e) I = 3h.
F1G. 37.  'The subsonic flow past the model fitted with splitter plates of various lengths. (M, = 0-4.)
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F1c. 38. [Instability of the supersonic base flow in
the case of the model fitted with a short splitter plate
(I=10-5h).(M,, = 1-05.) (Direct shadow photograph.)
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F16. 39. Effect of base conditions on
surface pressures upstream of base.
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(a) M, = 0-4.

F16. 46. 'The rounded trailing edge.

(b) M,, = 0-8.
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Basic model
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e —
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F16. 47.  Comparison of results for different base configurations. (See
Figs. 2, 5, 6 and 7.)



(a) M, = 0-4. (by M, = 0-8.

F1G. 48. The trailing-edge cavity.
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