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Abstract

The paper reports an investigation into
the flow behind the base of a castellated blunt
trailing edge aerofoil at supersonic speeds
at a Mach number of 2. The investigation has
shown that strong gradients exist in the spanwise
direction and the formation of the wake shock
occurs further away from the wake axis and the
wake neck is broader and diffused. This would
indicate that the vortex street that is formed
at the base of the shock becomes weaker. A
theoretical analysis based on vorticity
conservation would then suggest that part of
the spanwise vorticity must be transformed into
streamwise vorticity and hence result in
decreased drag. Detailed data involving pressure
measurements, Schlieren and holographic inter-
ferometry and Laser velocimetry are presented.

Introduction

Although a  blunt trailing edge has
advantages at transonic and supersonic speeds,
it creates high base drag at subsonic speeds
due to periodic vortex shedding. Techniques
such as splitter plates and base bleed have
been used in the past to alleviate this problem.l’2
A relatively new technique, that of castellat-
ing a blunt trailing edge, thus providing a
discontinuous separation line, has been shown
to be quite effective in recent years.®s*»*

However, very 1little is known about the
behaviour of a castellated blunt trailing edge
aerofoll at supersonic speeds although some
preliminary (unpublished) work at the University
of ‘Bristol in the early seventies suggested
that some base drag reductions are achievable.
The mechanism of this base pressure recovery,
though, is not yet fully understood. The subject
has particular relevance with respect to the
design of supersonic/hypersonic aircraft and
missiles and wake flows behind cascades of
turbine blades.

A study of the near wake flow of castellated
trailing edge aerofoils at Mach 2 was therefore
undertaken to increase the available data base
and to understand the mechanism of base pressure
recovery. This paper presents some of the
results obtained during the course of this study.

Experimental Arrangement

The experiments were carried out in a blow
down supersonic wind tunnel of cross section
155 mm x 90 mm at a Mach number M, ~ 2.0 and
a Reynolds number based on chord length in the
range 2 X 1065 Rec < 9 x 108,

The models had a wedge shaped leading edge
followed by a flat plate with a blunt trailing
edge. The base height 'h' for all the models
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was 6 mm. In order to study both streamwise
and transverse flow (across span) behind the
base two series of models were constructed.
Those constructed to look at the streamwise
flow were horizontally mounted and had a chord
length of 130 mm. Those constructed to study
transverse features of the flow had a chord
of 75 mm.

The details of the castellated blunt trail-
ing edge models were as follows:
(a) for horizontally mounted models the spacing
ratios were bxa = 18 mm x 6 mm; 18 mm X 12 mm;
18 mm X 18 mm;12 mm x 6 mm; and 12 mm x 12 mm.
(b) for vertically mounted models
bxa = 18 mm x 6 mm; 18 mm x 12 mm;
18 mm x 18 mm; 12 mm x 6 mm; 12 mm x 12 mm;
and 12 mm x 18 mm.

The nomenclature is indicated in Fig.1(a) and
the photograph of a typical model is shown in
Fig.1(b).

It will be seen that for both series of models
the aspect ratio AR (b/a) of the castellations
varied from 2/3 to 3.

To compare the results of a blunt castellated
trailing edge, experiments were also conducted
with a plain blunt trailing edge. This had
a base height of 6 mm, chord length of 130 mm
and was horizontally mounted.

The techniques employed for acquisition
of data consisted of base pressure measurements,
pitot traverses in the near wake, Schlieren
and shadowgraph photography, holographic inter-
ferometry and Laser two focus (L2F) velocimetry.
Taken together, they have provided an under-
standing of the flow mechanism behind a
castellated blunt trailing edge aerofoil at
supersonic speeds.

Results and Discussion

The Plain Blunt Trailing Edge

The  supersonic base flow of a two
-dimensional blunt base can be conveniently
divided into various flow regimes. The separat-
ing flow undergoes an expansion around the
corner, forming a recirculation region behind
the base. A free shear layer separates the
recirculation region from +the expansion fan.
The flow recompresses approximately one to
three base heights downstream of the base forming
a wake neck and a wake shock which then turns
the flow back to the free stream direction.
The expansion fan is sometimes terminated by
a 1lip shock (Fig.2). The lip shock recompresses
the over expanded flow to the base pressure.
Hama® has shown that the location and strength
of the 1lip shock depends on the Reynolds number,
Mach number and the base geometry.

It has been known that for a given Mach
number and geometry, the base pressure is a
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function of the Reynolds number Re.. Figure
3 shows the results obtained in this investi-
gation. The variation in Reynolds number was
achieved by varying the stagnation pressure.
These results suggest that transition region
lies in the range 3x1055Rq:57x105. For Reynolds
numbers above 7x10° the base pressure appears
to correlate well with Chapman's? correlating
parameter for turbulent flow.

The Castellated Trailing Edge

The study of the flow behind a castellated
trailing edge was done in four parts. First
the base pressure measurements; second,
Schlieren and shadowgraph photography and holo-
graphic interferometry viewing along and on
to the span; third, pitot traverses in the
wake; and finally Laser 2 Focus velocimetry.

Considering Tbase pressure measurements,
Fig.4 shows the base pressures obtained on the
projections and recesses. The striking feature
is the existence of large spanwise gradients.
Further, it is seen that the mean base pressure
coefficient of a castellated trailing edge is
higher than that of the plain blunt trailing
edge, thus yielding a reduction in the base
drag. For the +trailing edge geomeiry shown
in Fig.4 this is of the order of 15 per cent.
Results of base pressure measurements for other
geometries showed similar spanwise variation.

The amount of Dbase pressure recovery,
however, seemed to depend on the aspect ratio
of the castellations. This is shown in Fig.h
1/AR=0 corresponds to the plain base. It is
seen that recovery is less for larger aspect
ratio models and for AR > 2, +the mean base
pressure coefficient is approximately the same
as for the plain base. From the results the
optimum aspect ratio appears to lie between
1 and 2/3. Also shown on this figure are the
results of Steen® which are the only ones avail-
able for comparison. They too indicate a similar
trend.

From
individual
pressure

Fig.4 we also see that across
projections and recesses large
gradients exist with higher pressure
regions in the centres. TFigure 6 shows some
results obtained on projection elements. We
note that large spanwise gradients exist with
high pressures at the centre and low pressures
at the recess/projection  boundary. These
gradients are quite strong for AR > 1. We also
note that with the decrease in the aspect ratio,
the gradients are significantly decreased and
at the same time the mean base pressure is
increased. When AR<1 the pressure distribution
is almost flat and the base pressure is maximum.
It is also interesting to note that the pressure
distributions are remarkably symmetrical.

The recess pressure distributions behaved
a similar way in that the mean base pressure
the recess also increased with the decrease
the aspect ratio. However, there seemed
to be some dependence on the projection width
in that the gradients across the recess span
were considerably larger for a smaller projection
width (b/h 2) than for the larger one with
b/h = 3.

in
of
in

Taken together, measurements on individual
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castellation elements reinforce the inference

of Fig.5.

The next step was to supplement the base
pressure data with flow visualisation. Figures
7(a) through (e) show some of the photographs
obtained.

7{a) shows a typical shadowgraph
of the flow behind a castellated trailing edge
model. We notice that the wake neck is signifi-
cantly thicker than that of the plain blunt
trailing edge. The wake shock appears to form
further away from the axis and its origin is
approximately two base heights downstream of
the trailing edge.

Figure

differential
flow behind

Referring to Fig.7(b), the
holographic interferogram of the
a castellated trailing edge, we can see that
the wake shock behind the recess attenuates
to a Mach wave at about 8 to 10 base heights
downstream. The interferogram clearly shows
the nature of the unsteady turbulent wake behind
the neck and that the neck is wide and not as
clearly defined as in the case of the plain
blunt trailing edge.

Viewing along the span of the model, the
Schlieren photograph shown in Fig.7(c) indicates
a highly three dimensional wake with strong
gradients in the spanwise direction. In
particular, shear layers springing from project-
ions and recesses are contracting and expanding
respectively. The flow forms a pattern similar
to a series of over and under expanded jets.

The spanwise gradients persist several base
heights downstream and are located in cells
formed by expansion and compression waves.

Figures 7(d) and (e) show similar features but
with different aspect ratio constellations.
It is clear from comparison of photographs
7(c),{(d) and (e) that spanwise gradients become
stronger with decrease in aspect ratio, which
again is consistent with the composite result
shown in Fig.5.

The flow visualisation results thus confirm
the existence of a spanwise gradient as a result
of entrainment of the flow from the top of the
projection into the recess which is then recom-

pressed and thereafter expands round the
projection tips. The pressure distribution
on the projection is also characterised by a
large transverse gradient with the lowest
pressures at the tips. This gradient is a result
of the fluid entrained from the top of the
projection elements 1into the recesses as

described above. A pressure mismatch therefore
occurs between the out flow from the recess
and the corner of the projection and the flow
from the recess expands around the projection
tips and the wake is characterised by a series
of expansion and compression waves.

Figure 8 shows some Tesults of pitot
pressure traverses made in the wake of a
castellated blunt trailing edge aerofoil. These

traverses were made behind the centre line of

the projection, the recess, and along the
recess/projection edge. For comparison, plain
blunt base results are also shown. The figure

shows the strength of the recompression shock



expressed in terms of the ratio of measured
pitot pressure across the shock.

An interesting feature is that the recess
shock 1is weaker than that of the projection
while the fully formed wake shock of the plain
base is stronger than either of the two. These
results are consistent with the flow photographs
of Fig.2 and 7(a). It is also important to
note that the shock strength at the
recess/projection edge 1is weakest which is
consistent with the fact that there is strong
expansion around the tips as described earlier.

Laser Two Focus (L2F) Velocimetry Data

The L2F system used was a Polytec systenm
with a 2.5 W argon-ion laser and a signal
processor. The beam diameter at the focal plane
was 10 ym and the beam separation was 225 L.

The theory of operation of the L2F system
has been described elsewhere.® Briefly,. the
measuring direction is in a plane containing
the focal volumes as shown in Fig.9. The light
scattered by particles passing through the two
focii is sensed by two photomultipliers, one
for each focus. The signal from each focus

is amplified and the time of flight of a particle
is then measured by a time-to-pulse-height
converter (TPHC) which generates an output pulse
proportional to the time interval between a
start and stop pulse. The output of the TPHC
is then digitised by a mnultichannel analyser
which produces a histogram of times of flight,
from which velocity distribution may be derived.
The details of extracting turbulence data from
the basic measurement is described by Prytaz.?
In the present set up, the beam was traversed

across the wake by placing the Laser system
on a milling machine platform and traverses
were possible in all +the three co-ordinate
directions.

Figures 10(a),(b) and (c) show the velocity
contour map behind a plain blunt trailing edge
and behind the centre line of the projection
and recess of a castellated trailing edge.
Considering the castellated trailing edge first,
we note that behind the projection the wake
neck is quite well defined while the flow behind
the recess is diffused with smaller velocity
fluctuations. The flow behind the plain blunt
trailing edge is similar to that behind the
projection.

Figures 11(a),(b) and (c) show the longi-
tudinal turbulent intensity behind the plain
blunt trailing edge and the castellated blunt

trailing edge. Firstly we note that levels
of turbulent intensity behind the recess are
quite 1low compared +to that of projection.

Secondly the turbulent intensities behind the
projection are comparable to that of the plain
blunt trailing edge but fluctuations behind
the plain blunt trailing edge seem more severe.
The lateral turbulent intensity measurements
<v' > showed similar results.

Thus the velocity and turbulence measure-
ments show the diffused nature of the flow behind
the recess and the existence of spanwise
gradients in the flow consistent with pressure
and flow visualisation data.
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A MECHANISM FOR DRAG REDUCTION

The drag reduction in subsonic flow is
primarily due to the perturbation and break
up of  two dimensional  vortex shedding®#H
The amount of fluid Ybeing entrained and

convected away from the base by the vortices
depends on the strength and orientation of the
vorticity axis. With the discontinuous trailing
edge of a cagtellated base, the separating vortex
filaments associated with the Dboundary layer
are skewed and there is a strong streanwise
component of the vorticity.!?

At supersonic Mach numbers, the mixing
layers are stable and the vortex street that
is formed at the base of the trailing shock
is very weak and eventually decays downstream
of the neck with vortex like structures (Fig.
7(b)) which are essentially random. Thus one
can consider that most of the vorticity is
concentrated in the neck region.'?

Since it is the vorticity being generated
in the boundary layers upstream that is convected
into the wake, we can trace the vorticity content
as it travels down the wake and the circulation
associated with 1it. This approach is based
on the ‘vorticity tube! concept proposed by
Liang & Bershader. N

The concept of the vorticity tube arises
from the fact that vorticity @ and the mass
flux ( pu) are governed by similar transport
equations. If we assume inviscid flow and a

streamwise pressure gradient, the equations
are

D0, quie - L0 dp _

Dt + Qdiv u Py dx 0
and (1)

D(pu) VRN |

ot T (pu) div u + g 0

The vorticity tube QA% = const. is analogous
to a stream tube puA = const. where A¥ and A

are areas of cross section of the vorticity
and stream tubes respectively. The boundary
of the vorticity tube is where @ = 0. Thus

the shear layer or wake edge and lines of
symmetry of velocity profiles such as wake axis
can be thought of as 'walls' of vorticity tube.
On the other hand, so0lid boundaries represent
a source or sink of vorticity.

The vorticity {8 has the circulation T
associated with it so that
_dr _dr dc
@ = &* “ar at 2
This can be rearranged to be
Q da* _ 4ar
dt  dt 3)

The rate of change in circulation is equal
to the specific work done on the fluid element
so that



{ Tds = - T_¢&s (%)
path

Now, the equation of the vorticity tube can
be rewritten in differential form such that

d@a* _ . _0da* | a*aq
at =0Ty Y x G)
giving
T 6)
ac dt 008

from which

*
ATdR
il T 8s N
Now, this can be expressed as
d A*dQ ds
at ( dt} Toadt ®)
or N
d [a%Q) | Tw ds .. _
dt[ dt] =% a (s=ms)

Then, expanding the L.H.S. of the equation,

dA* dQ | A*d%Q _ Tw dS

dt dt T dEF T m dt )
For a flow which is steady in the mean the second
term on the L.H.S. vanishes, so that

== — = a2 (10)

From Oswatitisch's theorem, relating drag and
entropy,

ds

DU, = T TS (1)
so that eqn.(10) becomes

mdA* dQ _

it ar = Dl 12

Now, Qéf_ da* & _ s Qé*

dt _ dx dt edx
where U is the velocity at the edge of the

vortlclty tube (wake).
Then eqn.{12) can be written as

da* dg _
mUg dx dt DU
or %
U, dA® 4
= q|lef fdA
D m(UmJ [dx dt] (13)

To a first approximation, from the neck down-
stream, Ué ~ Ug so that

dA” 4R

D~ [dx dt] (14
From this relation we can see that drag is
related to the rate of change in vorticity and
the change in area of the vortieity tube. Now,
it is well known!® that the vorticity of a fluid
particle can vary with time in two ways:
firstly, when there exists a velocity gradient
that is not normal to the existing vorticity

axis; secondly, when there are accelerations/
decelerations in the flow.

If, in the light of this, we examine the
results of a castellated trailing edge, we find
that the effect of castellations is to introduce
strong transverse gradients in the velocity
and accelerating and decelerating flows across
recesses and projections so that ( §2 ) should
decrease. Also, for the drag to decrease 'the
vorticity tube' cross section should increase.
Experiments show that this is in fact the case.
Compared to the neck of a plain blunt trailing
edge, where essentially the vorticity is
concentrated,the neck and subsequent wake of
a castellated trailing edge is wider and diffuse.
Hence,by Eqn.(14),drag of a castellated trail-
ing edge should be smaller compared to that
of a plain blunt trailing edge. Further,ifglobally
the vorticity axis is spanwise, then the effect
of transverse gradients is to skew the vortex
filaments, thus producing streamwise vorticity.
Features consistent with streamwise vortex
cores have been sbserved in Schlieren photographs
sensitive to spanwise density gradients. (Fig.7(c)).
The above analysis thus qualitatively explains
the mechanism of drag reduction from a
castellated blunt trailing edge aerofoil.

CONCLUSIONS

Comparison of results between the plain
blunt trailing edge aerofoil and castellated
blunt trailing edge aerofoil has shown that
considerable base pressure recovery occurs with
a castellated ©blunt +trailing edge. This,
together with the fact that castellated blunt
trailing edge aerofoils have advantages in
subsonic and transonic flows means that they
should be given serious consideration in the
design of supersonic wings and control surfaces
as well as turbine blades.

The drag reduction due to castellated
blunt trailing edge seems primarily due to the
segmentation of the flow and the resulting span-
wise gradients that are set wup. Based on
pressure, flow visualisation and velocity data,
a mechanism for this drag reduction has been
suggested. It has also been shown that the
base pressure recovery is a very strong function
of the aspect ratio of the castellation. From
the present data it appears that the optimum
value of this aspect ratio for maximum pressure
recovery lies between 1 and 2/3.

A qualitative theoretical  explanation
for the reduction of base drag has been proposed
which i1s consistent with the experimental data.
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Fig. 1(a) Nomenclature for the castellations.

Fig. 1(b) Typical castellated blunt Fig. 2 Shadowgraph showing flow behind a plain
trailing edge model. blunt trailing edge model.
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Fig. 3 Base pressure variation
with Reynolds number.

Fig. 4 Spanwise variation of
base pressure for a
castellated trailing
edge
(bxa = 12 mm x 12 mm).

Fig. 5 Mean base pressure as a
function of aspect
ratio of castellations.
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Fig. 7(a) Shadowgraph showing
flow behind a
castellated blunt
trailing edge
model (AR=1).

Fig. 7(b) Differential holo-
graphic interferogram
of the flow behind
a castellated
trailing edge
(AR=1).
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Fig. 7(c) Schlieren photograph of a castellated Fig. 7(d) Schlieren photograph of a castellated
blunt trailing edge, looking onto blunt trailing edge (AR=3).
span (AR=1).

Fig. 7(e) Schlieren photograph of a castellated blunt
trailing edge (AR=2/3).
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Fig. 8 Wake shock strength as a
function of distance
downstream from the
trailing edge.

Fig. 9(a) Schematic of the
optical head of the
Laser 2 Focus
velocimeter.

Fig. 9(b) Schematic of focal

volumes and measure-
ment direction.
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Fig. 10 Velocity contour
maps.

(a) plain blunt trailing edge,

(b) centre line of the projection
of a castellated trailing
edge,

(¢) centre line of the recess of
a castellated trailing edge.



u: turbulence intensity (%)

Fig. 11 Longitudinal
turbulent intensity
map.

(a) plain blunt trailing edge,

u: turbulence intensity (%)

{b) centre line of the
projection of a
castellated trailing edge,

u: turbulence intensity (%)

{c) centre line of the recess
of a castellated trailing
edge.
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