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E SUMMARY

Measurements of the effect of bleed on the base pressure acting on a two-dimensional
blunt trailing edge aerofoil are reported and schlieren photographs of the base flow are pre-
sented. The tests covered a Mach number range of 0-5 to 1-35 at a base height Reynolds
number of approximately 9% "10% with turbulent approach boundary layers.

The results indicate that small bleed quantities can produce considerably greater base
drag reductions at transonic speeds than at subsonic or supersonic speeds. A bleed mass
Sflow coefficient of 0-07 produces a lower base drag than the best practical non-bleed blunt
trailing edge geometry through the entire test Mach number range.
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NOTATION

Base pressure coefficient = (Py-Py)/(yPoMg2[2)
Bleed mass flow coefficient = Q/Ugpoh

Model base height (15-2 mm)

Free stream Mach number

Free stream static pressure.

Static pressure in plane of base.

Bleed mass flow per unit span.

Reynolds number based on h.

Free stream velocity.

Ratio of specific heats (1-4).

Free stream density.

Boundary layer momentum thickness.




1. INTRODUCTION

1t has been pointed out by various authors!:2:3 that aerofoils with blunt trailing edges have
many potential advantages in the transonic speed range. A number of the recently designed
“supercritical™ aerofoil sections®? incorporate a small amount of trailing edge bluntness. At
the present time the more extensive use of blunt trailing edges is prevented by the occurrence
of a significant “base drag™ penalty when the base height to chord ratio exceeds about 1%2.
Any method of reducing two dimensional subsonic and transonic base drag will permit the use
of thicker blunt trailing edges with their attendant aerodynamic advantages!:2:3,

Many geometric modifications to blunt trailing edges aimed at reducing base drag have
been investigated. Overall the most promising designs appear to be the serrated or segmented
trailing edges developed independently by Tanner® and the present author?. These base geo-
metries give a drag reduction of about 60, over a simple blunt base. Greater drag reductions
have been obtained® using thick splitter plates or wedges attached to the base, but these arrange-
ments are not attractive for transonic aerofoils since they would exhibit many of the problems
associated with conventional sharp trailing edges.

An alternative approach to the reduction of two dimensional base drag is the use of base
bleed. Tests at low® 1% and supersonic!! 4 speeds have shown that bleeding low velocity air
into the base region produces a marked reduction in drag. On the basis of these results it appears
highly probable that transonic base drag would also be reduced by the use of bleed. Unfortunately
to the best of the author’s knowledge there are no published measurements of the effect of
transonic base bleed, presumably due to the experimental difficulties involved.

In this note measurements of the effect of base bleed on base pressure in the Mach number
range 0-50 < M, < 1-35 are presented. The primary aim of these tests was to determine
whether base bleed could be used to produce a lower base drag than that obtained from the
curiently available modified trailing edge geometiies. The experimental work described here
was carried out in the transonic wind tunnel during June 1978.

2. NOTES ON TEST METHODS

When testing two dimensional blunt base aerofoil models in wind tunnels there is a strong
tendency for the tunnel sidewall boundary layers to flow into the low pressure base region
destroying the two dimensionality of the base flow. Low speed tests® suggest that a model aspect
ratio (span/chord) exceeding 4 (for a model with a base height/chord ratio of 0-17) is required
if the tunnel centreline base pressure is to be reasonably close to its two-dimensional value.
Similar three dimensional flow problems are known to occur at supersonic speeds!3:16,

f a model of an acceptably large aspect ratio is used. considerable difficulty is experienced
in ducting the necessary blecd air into the model and distributing it evenly over the span. This
problem, which is significant at low speed® !0 becomes prohibitively difficult at transonic and
supersonic speeds. For supersonic base flows which are steady and symmetrical it is possible
to use a blackward facing step in the tunnel wall rather than an aerofoil model. The bleed air
ducts ate then no longer subject to arbitrary size restrictions. The supersonic tests reported in
References 12, 13 and 14 used rearward facing steps while the complete aerofoil tests in Refer-
ence 11 were carried out with the excessively low aspect ratios of 1:0 and 0-7. At compressible
subsonic and transonic speeds, as at low speed, the base flow is unsteady and a complete aerofoil
model must be used.

For the tests reported here the novel arrangement of using a hollow model with an inlet
slit along the leading edge to provide the bleed flow was adopted. This technique makes it
relatively simple to obtain a uniform spanwise distribution of bleed flow. The disadvantage of
this method is that the flow around the model will be altered as the bleed mass flow is varied.
The effect of the inlet flow can simply be considered as resulting in an effective model thickness




equal to (1 — Cy) times the physical model thickness. Fortunately comparisons between earlier
blunt trailing edge acrofoil tests at subsonic, transonic and supersonic speeds!”1® suggest that
the base pressure is primarily dependent on free stream Mach number and relatively insensitive
to model geometry.

Both subsonic? and supersonic!! tests have shown that for best results the bleed air must
be introduced into the base region at as low a velocity as possible. For this reason the model
designed for the present tests had an open base with the bleed being spread over virtually the
entire trailing edge thickness.

3. EXPERIMENTAL DETAILS
3.1 Model

The model (Fig. 1) was of hollow construction with the upper and lower portions separated
by four slender streamlined spacers equally distributed across the span. A series of inlet choke
plates which produced two dimensional shit intakes of various widths were used to regulate the
mass flow through the model. The 1-6 mm diameter wire located just downstream from the
choke plate (Fig. 1) was used to prevent the bleed flow from forming a wall jet attached to one
side of the duct through the model. The bleed mass flow was measured with a six tube pitot
rake and duct wall static tapping located near the model midspan. The effective base pressure
was measured using a 1:6 mm diameter static probe supported from downstream. The static
probe, which was located on the tunnel centreline, protruded into the model cavity with its
pressure orifices in the plane of the base. To minimise the upstream influence of the static probe
mounting, which unlike the probe itself would be subject to the full free stream flow velocity,
a 10" included angle conical support starting 65 mm aft of the orifices was used.

The forward 31°, of the model was of approximately semi-elliptic form and the remainder
of the chord was parallel sided. The model thickness/chord ratio was 12-5°, and the bleed
aperture height/base height ratio was 93° . The model completely spanned the width of the tunnel
and was supported by integral end tongues which passed through slots in optical glass windows
in the tunnel sidewalls. Boundary layer trips consisting of spanwise bands of 0:15 mm carbo-
rundum particles attached with a thin (0-03 mm) layer of lacquer were used on both surfaces
of the maodel. The bands were lacated 10 mm aft of the leading edge and were 2 mm wide, with
a particle coverage of approximately 20 .

3.2 Wind Tunnel

The tests were carried out in the ARL transonic wind tunnel (Fig. 2) which has a test section
813 mm high and 533 mm wide. Solid sidewalls and longitudinally slotted top and bottom walls
with an open area ratio of 16-5°, at the model location were fitted. Mach number and dynamic
pressure were derived from measurements of the pressure in the plenum chamber and in the
contraction entry assuming these to be the static and total pressures of the test section flow
respectively.

The model blockage ratio (model frontal areatest section area) was 1:9% .. Due to the
difficulty in predicting tunnel wall interference for models of this type no corrections were
applied to the experimental data. The results of Reference 19 suggest that the blockage correction
to Mach number should be less than AM = 0-01 at My = 0-80.

3.3 Test Program

The model was tested at zero incidence and Mach numbers of 0-50, 0-60, 0-70, 0-80,
0-85, 0-875, 0-90. 0-925, 0-95, 0-975, 1-00, 1-05, 1-10, 1-20, 1-30 and 1-35. The tunnel
operating pressure was varied during the tests to achieve a reasonable compromise between
holding the Reynolds number constant and utilizing the maximum Reynolds number available
at each Mach number. The variation of test Reynolds number with Mach number is shown in
Figure 3. At Mach numbers where the tunnel pressure was altered (Mo = 0-50, 0-70, 0-90
and 1-10) test points were taken at the higher and lower Reynolds number values.

Tests were carried out with the inlet sealed and with inlet slit widths (Fig. 1) of 0-38, Q- 56,




0:64, 0-76, 0-94, 1-:02, 1-14, 1:52, 1-91, 2:29 and 2-67 mm. These values were selected as
the test program proceeded to give a reasonably even spread of bleed coefficients up to a
maximum of 0-15.

Surface oil flow and schlieren observations indicated that the boundary layers approaching
the trailing edge were turbulent under all test conditions. A pitot traverse of the boundary layer
at the base was carried out at My = 0-50, Cy, = 0-025. The resulting velocity distribution showed
a typical turbulent profile (Fig. 4) with a thickness of 2:10 mm and a momentum thickness of
0 = 0-217 mm. Schlieren observations indicated that the boundary layer thickness was not
significantly affected by Mach number or bleed mass flow.

3.4 Data Reduction

A preliminary calibration of the static probe used to measure base pressure showed it to be
free from measurable error (error < 0-19] of reading) under the conditions it would experience
in the base flow. The static probe pressure was therefore used directly as the model base pressure
Py in the calculation of base pressure coefficient.

The bleed mass flow was calculated as follows: The local Mach number at each of the six
pitot tubes (Fig. 1) was calculated using the static pressure from the duct wall tapping and the
relevant pitot pressure. The local sonic velocity and density, and hence the local mass flux at
each pitot location was calculated assuming the total temperature of the bleed flow to be equal
to the free stream stagnation value. Using a least squares quadratic best fit to the six local mass
flux values a total integrated mass flow was calculated.

4. RESULTS AND DISCUSSION
4.1 Base Pressure Measurements

A complete listing of the experimental results is presented in Table 1. In Figures 5 to 8
base pressure coefficient is plotted against bleed mass flow coefficient for the various test Mach
numbers. At Mach numbers where the tunnel pressure was varied (Mo = 0-50, 0-70, 0-90
and 1-10) both high and low Reynolds number data are plotted. From Figures 5, 6 and 8 it
can be seen that Reynolds number variations over the range covered by these tests had no signifi-
cant effect on the results. The scatter evident in the plotted points is believed to be primarily
due to small spanwise variations in the inlet slit causing some spanwise non uniformity in the
bleed mass flow.

For Mach numbers up to 0-875 the curves of base pressure against bleed quantity show
a pronounced knee where the base pressure rises rapidly for small increases in bleed (Figs S and 6).
For Mach numbers in the range 0-90 to 1-00 the base pressure shows a smooth increase with
increasing bleed (Figs 6 and 7). The sensitivity of the base pressure to small bleed quantities
is considerably higher than that observed at lower speeds. For Mach numbers above 1:00 the
base pressure shows an increase for low bleed quantities and a decrease for high bleed quantities
(Figs 7 and 8). In some cases this high bleed-base pressure decrease was associated with the bleed
air forming a wall jet and entering the base region in an unsymmetrical manner (Fig. 9). Some
earlier supersonic bleed tests!!12 suggest that the decrease in base pressure for large bleed quanti-
ties is a genuine effect of bleed. However due to the observed flow asymmetry in the present
tests it is suggested that the large bleed supersonic results be treated with caution.

In Figure 10 the smoothed curves of Figures S to 8 are cross plotted to give curves of base
pressure coefficient against Mach number for constant bleed mass flow coefficients. From this
figure it can be seen that small bleed quantities produce particularly large drag reductions at
Mach numbers near 0-90.

4.2 Schlieren Observations

A series of schlieren photographs of the base flow are reproduced in Figures 11 to 1S.
A vertical knife edge was used to show streamwise density gradients (dark for expansion, light
for compression). When interpreting the schlieren photographs it should be noted that experience
has shown that a lumpy appearance of the wake and the presence of wavelets moving upstream
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over the model are strong indicators of vortex shedding. Due to the lack of spanwise correlation
vortex streets are rarely clearly visible in high aspect ratio tests.

At a Mach number of 0-7 (Fig. 11) the C, = 0 photograph shows clear evidence of the
formation of a vortex street close to the base. For €y = 0-05 a small downstream displacement
of the vortex formation point can be seen. As the bleed mass flow is increased through the knee
of the Cpy Vs Cy curve (Centred at €y, = 0-06 for My = 0-7) the vortex formation point is
displaced rapidly downstream and the vortex strength appears to be reduced. The flow develop-
ment illustrated in Figure 11 is typical of all test Mach numbers up to 0-90 where the surface
shock waves reach the trailing edge. The downstream movement of the vortex formation point
with increasing bleed quantity noted above has also been observed in low speed tests?:10,

At a Mach number of 0-9 (Fig. 12) the model surface shock waves have moved downstream
into the near wake where they appear to be interacting with the vortex formation region for
C, = 0. The apparent double shock waves evident in this figure are due to spanwise curvature
of the shocks. For small bleed quantities (Cy = 0-018 in Fig. 12) the shock waves are displaced
slightly upstream and the vortex formation region slightly downstream so the two no longer
interact. There is still clear evidence of strong vortex shedding. As the bleed mass flow is further
increased (C, = 0-048 and 0-07 in Fig. 12) the shock waves move back onto the surface of
the model and the vortex formation point moves downstream. The vortex strength also appears
to be reduced.

At a Mach number of 0-925 {Fig. 13) a supersonic expansion at the trailing edge and
normal shock waves interacting with tiie vortex formation region of the near wake are evident
for C4 = 0. For C4 = 0-018 the supersonic expansion is weakened and the normal shock waves
and vortex formation region both displaced downstream. At higher bleed flows (C, = 0045
and 0-066 in Fig. 13) a complex flow pattern develops. Weak oblique compression waves springing
from the trailing edge effectively form the forward parts of A feet on the main shock waves.
The rear parts of the shocks reflect from the wake shear layers as expansions. Further down-
stream there is evidence of vortex formation and the wavelets formed in this region move
upstream until they pile up against the supersonic region behind the reflected expansion.

The base flow for Mach numbers of 0-950 (Fig. 14) and 0-975 are similar to the My = 0:925
flow described above except that the expansion at the base becomes stronger and the terminal
shock waves are more nearly normal to the wake at higher bleed mass flows. Strong vortex
shedding is still evident at these Mach numbers for small bleed quantities.

At a Mach number near |-00 the base flow changes its character significantly and remains
basically unaltered for all higher test Mach numbers. This supersonic base flow is illustrated
with the M, = 1-30 photographs reproduced in Figure 15. For zero bleed there is a strong
supersonic expansion at the trailing edge and the wake converges to a neck where the free shear
layers merge without the formation of a strong vortex street. A pair of oblique shock waves
spring from the neck of the wake. As the bleed flow is increased the base expansion is weakened.
the angle of convergence of the wake is reduced and the shock waves are weakened. For a bleed
mass flow of Cy = 0-05 the shock waves appear to have vanished entirely. The supersonic
base flow development described here is very similar to that observed in other supersonic tests!!:13,

4.3 Comparison with other Results

In Figure 16 the My = 0-5 curve of base pressure coefficient against bleed mass flow coeffi-
cient from the current tests is compared with the low speed results of References 9 and 10. From
this figure it can be seen that the general form of the three results is similar although the
numerical values differ significantly. These differences can be explained by considering the
details of the experimental arrangements used. The model used in Reference 10 employed a
porous bace which behaved essentially as a solid base for C, = 0 whereas the model used here
had an open base. Previous work!® has shown that base geometries employing open cavities
have less drag than solid bases. As would be expected from the above considerations the present
rcsults show a higher value of base pressure than the results of Reference 10 for all bleed quanti-
ties. The tests reported in Reference 9 were carried out on a model with an aspect ratio of 0-7.
At this low aspect ratio the tunnel sidewall boundary layers would be expected to produce
a significant three dimensional bleed flow into the base region. This effect would be particularly
significant for small values of C, when the base pressure was low. The comparison in Figure 16
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clearly shows the effect of the low aspect ratio on the results of Reference 9. For low values
of C, the base pressure coefficient from Reference 9 is well below that of Reference 10 and the
present tests. At high bleed rates this difference in base pressure coefficient is reduced.

In Figure 17 the Mo = 1-10, 1:20 and 1-35 results from the current tests are compared
with the results of References 13 and 14 (at Mo = 2-025 and 2-21 respectively). The tests
reported in References 11 and 12 employed bleed injection through narrow slots and the results
are not reproduced here since the base geometries were considered to be sufficiently different
to render comparisons valueless. The bleed flow coefficient used originally in Reference 13 was
defined as: “Cq, = Q/piaiS ol Q représente le débit masse du flux secondaire, S la surface
du culot, p; et a; la masse spécifique et la vitesse du son relatives aux conditions génératrices
de 'écoulement extérieur”. In calculating the equivalent bleed flow coefficient as defined in
the present note p; and a; were taken as stagnation values isentropically related to the free
stream conditions. In References 6 and 14 p; and a; appear to have been interpreted as free
stream values. The base pressure data in Reference [4 were presented in the form of percentage
changes in the zero bleed base pressure. To convert the data into a form suitable for comparison
a zero bleed base pressure was derived from References 12 and 13. From Figure 17 it can be
seen that the present low supersonic results appear to be consistent with other supersonic data.

In Figure 18 the present base bleed results are compared with the best serrated base con-
figuration from Reference 7. From this Figure it can be seen that the use of a bleed mass flow
coefficient of approximately 0-07 produces a higher base pressure coefficient (lower base drag)
than the best serrated base configuration over the entire test Ma.h number range. The practicality
of providing a bleed flow of this magnitude on an aircraft would have to be determined for
each particular design.

On the basis of the work presented in Reference 7 it appears highly probable that the total
bleed quantity required to achieve a given drag reduction could be greatly reduced by using
discrete spanwise cells of bleed with solid downstream protrusions between them.

5. CONCLUSION

Measurements of the effect of base bleed on base pressure coefficient have been carried
out on a two dimensional model in the ARL transonic wind tunnel. The test Mach number
range was 0-5 < My < 1-35, the Reynolds number (based on trailing edge thickness) was
approximately 9 x 10% and the surface boundary layers were turbulent with a ratio of (base
height/separation point boundary layer momentum thickness) equal to 70. In addition to pressure
measurements a series of schlieren photographs were taken to illustrate the base flow develop-
ment through the transonic speed range.

A novel experimental arrangement with the bleed flow derived from an inlet slit in the
model leading edge was used. The subsonic and supersonic data obtained were consistent with
other published results. The transonic data, which appears to be unique, can therefore be viewed
with some confidence.

The results indicate that a bleed mass flow coefficient of about 0:07 produces a lower
base drag than the best practical non bleed base geomeiry. The application of base bleed to
blunt trailing edge wings involves considerations of wing structural design to accommodate
the bleed ducts and the effective drag penalty of the bleed momentum.

It appears probable that the required bleed quantities could be reduced by the use of
discrete spanwise cells of bleed with suitable base contouring between the bleed cells.
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TABLE 1
Experimentai Results

R( Cq

10-0 x 104 0




TABLE 1 (Continued )

Mo Rz Cq Cpb
0-70 8:9 x 104 0-059 —0-344
e » 0-063 —0-269
5 5 0-067 0-216
% v 0-089 —0-173
o v 0-120 —0-151
- . 0-127 —0-138
0-80 9-5 x 104 0 —0-557
» » 0-018 —0-489
£ o 0-029 —0-505
% 5 0-034 —0-463
» » 0-053 —0-370
” o 0-054 —0-216
» » 0-059 —0-264
4 5 0-064 —0-225
= o 0-085 —0-179
» 3 0-115 —0-151
5 3 0-119 —0-150
0-85 9:7 x 104 0 —0-579
5 o 0-023 —0-497
% 5 0-028 —0-518




TABLE 1 (Continued)

M() Re Cq Cpb
3 — }

0-90 8-5 x 104 0-019 —0-403
’ » 0-025 —0-458
5 % 0-026 —0-342
= w 0-052 —0-243
m - 0-054 —0-224
+ . 0-058 —0-198
i - 0-065 —0-173
5 5 0-082 —0-144
i o 0-108 —0-119
S 5 0-114 —0-118
0-925 8:6 x 104 0 —0-608
» B 0-016 —0-486
5 - 0-024 —0-524
5 v 0-027 —0-451
» e 0-054 —0-332
23 i 0-056 —0-323
. 3 0-060 —0-272
. . 0-062 0238
. . 0-084 —0-217
¥ 7 0-092 —0-158
s h 0-115 —0-157
0-95 8-7 x 104 0 —0-722
- L 0-019 ~0-608
. % 0-023 —0-482
£ 2 0-028 0568
» % 0-045 —0-381
” % 0-054 —0-365
= B 0-055 —0-341
i ¥ 0-061 —0-307
p B 0-062 —0-255
] - % 0-082 —0-272
': . . 0-082 —0-242
0-975 8-8 x 104 0 —0-834
” 5 0-016 —0-590
» 3 0-022 —0-649
o i 0-022 0557
» " 0-044 —0-503
¥ i 0-054 ~0-480
5 5 0-054 —0-431
it i 0-060 ~0-398
» 0-067 —0-312
i K 0-070 ~0-400
% & 0-086 ~0-354
1-:00 8:9 x 10¢ 0 —0-831
. : 0-021 ~0-633
. i 0-024 ~0-678
Y 5 0-032 —0-607
» % 0-047 —0-567
3 i 0-052 —0-541
2 . 0-055 ~0-532
5 i 0-064 —0-499




TABLE 1 (Continued)

My R, Cy Cpb
1-00 8:9 x 104 0:-076 —0-506
" - 0-079 —0-477
A " 0-083 —0-436
1-05 9-0 x 10 0 —0-739
a5 o 0-023 —0-604
” o 0-025 —0-565
- s 0-031 —0-538
e - 0-049 —0-511
" " 0-051 —0-453
. 0-051 —0-508




—————

TABLE 1 (Continued)

My R. Cq Cpb
1-30 6-1 x 10* 0-053 —0-247
» » 0-054 —0-238
» » 0-061 —0-226
- 5 0-066 —0-210
» » 0-067 —0-219
» » 0-079 —0-315
”» ’ 0-082 —0-286
1-35 6:2 x 104 0 —0-402
» » 0-026 —0-280
» e 0-028 —0-304
» » 0-037 —0-255
» » 0-054 —0-227
» » 0-056 —0-219
" » 0-061 —0-212
» » 0-065 —0-209
» » 0-067 —0-204
» ” 0-080 —0-301
5 0-083 —0-279
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