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ABSTRACT

Two-dimensional subsonic wind tunnel tests have been conducted cn a
20% thickness/chord ratio circulation controlled elliptic aerofoil section
equipped with forward and reverse blowing slots. Overall performance measure-
ments were made over a range of trailing edge blowing momentum coefficients
from O to 0.04.

A detailed investigation of the trailing edge wall jet, using split film
probes, hot wire probes and total head tubes, provided measurements of mean
velocity components, Reynelds normal and shear stresses, and static pressure.

The results have led to suggestions regarding the nature of the flow
field which should aid the theoretical solution of curved wall jet and Coanda
flows.

NOTATION
c lift coefficient, —iit
L 4pu?
g U, .

m UJ
C two-dimensional blowing momentum coefficient,
m two~dimensional blowing jet mass flowrate
P static pressure
P, free stream static pressure
¢ air density
R radius of curvature of streamlines
Ro local surface radius of curvature
U, free stream velocity
UJ neminal blowing jet velocity assuming uniform flow
U mean velocity across wall jet
u, v time averaged velocities tangential and normal to the surface at any point
ﬁm maximum velocity within the wall jet
NAYY WAy
T longitudinal and normal turbulence intensities
wv’ Reynolds shear stress
b4 distance normal to surface
Ym/2 distance at which average of maximum and edge-of~-boundary-layer

velocities occurs
s Cppp gecometric and effective incidences of aerofoil
8 angular co-ordinate around trailing edge cylinder measured from
A

slot position -
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i. INTRODUCTION

The advsnt of advanced technology applications of circulation control (x—wingl
Kaman XH2/CCR®) demands a reliable performance prediction method for a variety
of aerofoil sections. The key to this problem is the solution of the complex
tangential wall jet flow around the bluff trailing edge typical of these
aerofoils Many  attempts have been made to solve this Coanda flow, notably
by Dvorak3, Kind“, Smith®, but all have failed in some measure due to the
large number of empirical constants needed in the theories and the small
amount of useful experimental data on which to base their work. This leads
to a position where each theory fits its own data but lacks universal
application.

With this background it was decided to perform a series of detailed
experiments on a circulation control aercfoil in order to provide a compre-
hensive set of reliable experimental data.

2. TEST AEROFOIL

The aerofoil section chosen was a 20% ellipse, with forward and rewverxse
blowing slots located at 96.45% and 3.55% chord respectively {see Fig. 1).

The nominal chord was 24 in, with tangentially blended circular arc
leading and trailing edges, giving a true chord of 23.425 in, {595 mm). The
span was chosen as 27 in. (686 mm) to reduce production difficulties. The
model was mounted vertically between endplates in the 7 £t wide x 5 ft high
section of the wind tunnel to give the best available thickness and chord/
tunnel 'height' ratio to reduce wall interference effects. There were 44
static pressure tappings around the aerofoil on the centreline.

The two blowing slots were identical and the slot gaps could be varied
between 0,010 in and 0.045 in (0.25 mm and 1.l4 mm}. At the extreme spanwise
locations of the trailing edge blowing slot, secondary blowing plenums were
installed, ejecting through the main slot over a distance of 1 in. (25.4 mm).
These "tip jets” (recommended by Ref. 6) provided control of the endplate
boundary layers, and by blowing the tip jets in excess of the main slot, a
significant reduction in three-dimensional effects was obtained.

Blowing momentum coefficients, C , in the range O to 0.04 were used,
the mcodel being run at a test Reynolds number of 1.29 x 108 throughout.

The detailed investigation of the trailing edge wall jet was performed
using single sensor hot wires, split films and flattened pitot tubes. These
probes could all be mounted on a traversing gear located within the trailing
edge cylinder, rotatable about the cylinder axis,with radial probe movement.
A capacitance position control system was developed which gave repeatable
positional accuracy of the probes, wind on or off, to better than 0.0005, in (0.0l3 mm)

3. TEST TECHNIQUES

3.1 Determination of effective incidence

Determination of the effective incidence, o . for circulation
controlled aerofoils is complex and subject to error. Kind* used a method
comparing predrawn potential flow pressure distributions with experiment.
This permitted the downwash correction to be calculated and the effective
incidence deduced. This method was adapted and improved in this study.

A CRT display at the wind tunnel console compared the measured
pressure distribution with the potential flow solution, derived from the C
of the leading half chorxrd of the aerofoil, combined with an estimated effective
incidence value. The operator then 'visually' iterated the potential flow
solution to obtain the best fit to the observed pressure distribution over the
leading half chord, by successive estimates of the effective incidence. The
leading half chord was used to avoid the majority of the direct effects of the
blowing jet.
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3.2 Anemometry

All hot wire/film probes were calibrated using a nozzle connected to
the blowing supply, the mass flow being known from the calibrated orifice
plate. Extensive investigations of the effects of temperature, flow angle
and siggal processing technique were performed and the necessary corrections
applied’ .

3.2.1 8ingle wire anemometry

The single wires were operated from a DISA 55D01 anemometer at an
overheat ratioof 0.8. The non-linearised results were processed by
programmable pocket calculator to reduce computer time. The turbulence
results were cbtained using the method of Mojola.

Due to the cooling effect of the air supply plpework a temperature
variation was present across the wall jet. This caused errxors of up to
10% in the single wire results since the mean stagnation temperature was
used in processing the anemometer output. vValues of U and w? could be
obtained to within 0.003 in (0.076 mm) of the surface and the upper limit
of frequency response was found to be 40 kH=z.

3.2.2 8plit film probe

These relatively new probes were used as they offered a greatly
improved spatial resclution compared with a standard dual sensor wire probe.
Unfortunately, due to large thermal couplings of the probe, the bandwidth
had to be limited to 10 KHz to avoid instabilities. The films were used
with a Prosser twin channel anemometer system. The calibration was shown
to be relatively insensitive to temperature, and the unlinearised results
were processed digitally. Measurements of U were obtainable to within
0.009 in (0.229 mm) of the surface, while turbulence measurements were
limited to within 0.035 in (0.89 mm) from the surface (approximately 7 probe
diameters). The film probes showed excellent repeatability and
satisfactory agreement with the wire probes.

3.3 Radial static pressure measurements

Many researchers of plane and curved wall jets had previously observed
a static pressure difference across the flow?r10,11l but none had measured,
with any success, the distribution within the jet itself. The technigue of
Pache” offered advantages over conventional static pressure probes and was
therefore used. A single wire sensor was aligned next to a flattened pitot tube
{0.019 in (0.483 mm)} thick, and both were traversed radially through the wall
jet. Account was taken of probe deflection, temperature, wall effects,
density, shear flow and turbulence corrections. Precise measurements are
difficult to make in these flows, but the authors feel that the present
results indicate significant trends in the radial static pressure distribution.

4. RESULTS AND DISCUSSION

4.1 Tip jets

The effect of the tip jets is clearly shown in Fig. 2; the correct tip jet
blowing pressure for two-dimensional flow was not immediately obvious. The
technique adopted was to place a wool tuft at the junction of the tip and
main jets and adjust the tip jet blowing pressure until the tuft was aligned
parallel to the endplates.
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4.3 Anemometer Results

4.3.1 Velocity preofiles

Fig. 4 shows the velocity profiles obtained from the split film
traverses,

|
Y
i,

o

" Fig.4 Velocity profiles around the trailing edge cylinder downstream of
the slot. Cyu = 0-0284, e« =0°

and Fig. 5 shows the variation of V/U (the local flow angle} against y
and 8 (angle from slot), alsoc measured by the split film probe. The flow angle
near the slot is of the order of 10° relative to the local surface.-
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Fig. 5 Variation of flow angle V/U with distance from the surface and
angular position downstream of the trailing edge slot. Cy_= 00284

0
x, =0
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4.3.2 Mean streamlines

The mean streamline patterns (Fig. 6) were derived from the velocity
profiles. The entrainment of the upstream boundary layer, the growth of the
wall jet and the wake of the slot lip are clearly indicated.

The radii of curvature of the streamlines were determined and are
plotted in Fig. 7. They show that it is incorrect to assume streamlines
concentric with the local surface centre of curvature, and that the radii

. can be nearly double the local surface radius.
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4.3.3 Turbulence parameters

4.3.3.1 ILongitudinal turbulence intensity, Jul ,ﬁ

Fig. 8 shows the longitudinal turbulence intensity derived from the
split films and hot wires. , The discrepancy between the wire and film results
is due to_the differing bandwidths of the two systems, although the position
of (Jﬁ?%/u)max is repeated very accurately. The agreement between the film
results and Kind™ was excellent and suggests that the anemometer equipment
used by Kind had a similar bandwidth. A simple sum based on a typical eddy
size indicates that frequencies over 200 KHz may well exist in the wall jet

flow.

4.3.3.2 Normal turbulence intensity, VGT§/6

Fig. 9 shows the variation of v'* across the jet,obtained from the split
film probes. The results are not very revealing, indicating only that v°
follows a similar pattern to u'2 but at about 60% of its intensity. It is
assumed that v'?2 tends to zero at the wall and this is reflected by the increase
of u'2 adjacent to the wall as shown on the hot wire results in Fig. g .

4.3.3.3 Reynolds shear stress u'v'

The shear stress distribution acress the wall jet is shown in Fig. 10.
Unfortunately, due to wall effects, the inner portion of the distribution has
been lost. However, the results still indicate a non-zero value of u'v' at
the velocity maximum.

4.3.3.4 Genmeral comments on turbulence parameters

It is interesting to note that all the turbulence parameters exhibit a minimum
intensity shortly after the flow has stabilised, presumably caused by the
change in sign of the_lopgitudinal pressure gradient. It should also be. noted
that the turbulence Jgﬁ)?ﬁ measured by a hot wire close to the wall was seen
1o increase rapidly over that expected due to the suppression of J;ﬁy/ﬁ',as
the flow developed. The authors suggest that this may be a 'pocket' of
highly turbulent flow, possibly dependent on the surface roughness, which may
act as a trigger for separation.

4.4 Radial static pressure -

Fig. 11 shows the radial static pressure distribution measured around
the trailing edge of the aerofoil. The first problem was to establish that
these results were not being corrupted by turbulence or shear flow effects.
The tests were repeated with different size pitot tubes, and many possible
sources of error were examined, none of which, either singly or together had
sufficient effect upon the distribution to remove their unexpected shape.
Previous researchers, notably Englarlz, have investigated p(y) by other means,
and their results are not totally dissimilar. For the current results the
agreement with the value of the wall static pressure, cbtained from the
surface static pressure tappings is encouraging. It should alsc be noted
that the overall radial pressure difference across the jet is in close agree-
ment with the radial force balance

dp _pu?
dy R

where U is taken to be a mean value of the wveleocity across the jet.

Whilst the actual pressure differences are small, the pressure
gradients are extremely lazge.
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Some possible physical justification is that the extreme inner negative
gradient agrees with the hypothesis that close to the wall

1dp , _ v’

p dy By

The pressure gradient dp/dy then gquickly takes a large positive value.
Could it be that this is the reason why a Coanda flow remains attached?

At approximately Y my, {the mid-velocity point} the pressure gradient
becomes negative, and remains so until just outside the minimum velocity
point. Could this explain why a curved wall jet in the presence of an upstream
boundar¥31ayer may split and form a detached separation bubble as reported by
McGahoen Qutside the wvelocity minimum the pressure gradient again becomes
positive; consistent with the required overall flow curvature around the
trailing edge.

A further consideration is that perhaps the balance between the inner
large positive and negative pressure gradients determines separation. It can
be seen from Fig. 1l that, as separation is approached, the two inner gradients
tend to equalise,

4,4.1 Balancing the equation

Since the experimental data gave values for each term in the anguld%
momentum equation for curved flow

{u' v")

38 v - v + R 38

u v, v _(@sw2-v? 2 fp Tm\__1 5
vy + R 36 ay vy +R 3y

these were inserted to see whether they would match the observed static
pressure distribution. The pressure gradients produced from the equation were
in some cases two orders of magnitude lower than those measured.

4.4.2 An observation on the hot wire anemometer signals

Fig. 12 shows an interesting observation of the hot wire anemometer
signals -~ in sketch form as it could not be satisfactorily photographed.
Near the velocity maximum the high pass filtered signal exhibited a positive
bias, and near the velocity minimum a negative bias was indicated. This,
coupled with the radial static pressure results, has led to some suggestions
regarding the nature of the Coanda flow field.

offsets typically equal either side of zero
f ( of the order of 100mV )

= time

voits | | l

positive bias near U, negative bias near U,

Fig. 12 Sketches of anemometer output signal observed during radial traverses
with hot wire probe to obtain velocity profiles. High pass filter set at 2 Hz.
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4.5 The Nature of the Coanda Wall Jet Flow Field

The suggested flow field is shown in Fig. 13 , and consists of a stream
of coherent vortices being shed from the slot lip'region. If the vortex cores
are centred at roughly Ymyor then the experimentally observed radial pressure
distributions and velocity profiles should be obtained by a time averaging of the

vortex field passing the sensing instruments.

measured velocity profiles look like
‘ordinary’ sheared flow but in fact are
the result of averaging the passing vortices

measured static pressures are the
result of ‘averaging' the passing vortex flow,}
and to same extent exhibit pressure
distribution through a vortex

positive bias
{Fig. 12}

Fig. 13 The Coanda jet flow field suggested by the experimental results

The flow field is therefore consistent with the experimental results,
and also explains the observations of Section 4.4.2 (Fig. 12) concerning the

bias of the anemometer signals. The bias is

just what would be expected from

a stream of coherent vortices, and the 'turbulence' components are the
rasult of the rapidly changing flow directions relative to the sensors as

each vortex passes.

An unsuccessful attempt was made to determine the passing frequency of
the vortex cores, their size and relative spacing, but an estimate of the
possible streaming frequency suggests 40 - 60 KHz; right at the top of, and

beyond, the anemometer frequency range.

Attention was drawn to vortex structures in the free shear layer of a
plane wall jet by Clark & Maxkland14, a report which seems to have been over-
looked by researchers, and which has only recently come to our notice.

Similar effects are discussed hyDavieslS with reference to a free jet

flow with similar jet/slot Reynolds numbers,
noise generation. Evidence of radial static

and by Millerl®é, in relation to
pressure gradients of similar

nature to the current results has also been shown by Miller & Comingsl7.

Damms & Kiichemannl8 propose a similar

flow field for predicting the

mixing region between two parallel streams in the wake of a splitter plate.
Their work is supported by experimental evidence, which suggests a core
frequency of approximately 10 kHz at a streaming speed of roughly 35 ft/sec

(11 m/sec).

In the light of this understanding of

the flow field, the importance

of slot and slot 1lip gecmetry become apparent, since the vortex formation
near the slot lip may possibly. be dependent on the values of dU/dy at the
respective surfaces. ie. thé external boundary layer and the slot duct boundary

layer velocity profiles. This could explain

the poor performance of some

" previous circulation control wind tunnel test specimens.
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The splitting of the flow observed by McGahenl3

eguivalent of vortex bursting.

is perhaps the

If the flow field is as proposed, it could also explain why the
many empirical theories based on solution of the Navier Stokes equations
fail, since such an approach is inappropriate unless an inordinately fine
mesh scale is used for the finite difference method. It suggests that
perhaps the method of Smith® should be pursued for the Coanda flow region.

It is interesting to speculate on whether the leading edge jet flow
can be solved theoretically by a similar flow model.

A more detailed appraisal of the flow field is in preparation in
Ref. 7.

5. CONCLUSIONS

These tests strongly suggest that the flow field of the 'turbulentf
wall jet Coanda flow. is dominated by a moving stream of coherent vortices,
and that it is the character of these vortices which is of primary importance
in locating the flow separation point. The 'turbulence' observed in previous
tests is largely the passage of the vortices at a frequency above the range
of the anemometry equipment,
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