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ABSTRACT

A parametric experimental study of a LEBU in a
transonic turbulent boundary Layer is performed
with a NACA 0009 manipulator made of composite
matesial, The free stream Mach number varies from
0.7 to 0.8, the chord Reynolgs number of the LEBU
is of the order of 1.5x10°. The manipulating
device, of chord Llength of the order of the
incoming turbulent boundary Layer thickness, is
placed at variable distances from the wall with
angles of attack Lying between -1° and +1° . The
drag of the manipulator is measured by means of a
spacially designed balance. The pressure
distributions on the wall henesth the LERU are
also measured. The measurements show that this
kind of device has a right mechanical behavior in
transonic flow. The drag of the manipulator
appears higher than the usual value known for
subsonic Laminar situations. It sppears that
minimum drag occurs when the LEBU is located at a
distance from the wall of the order of 70% of the
boundary Layer thickness. This value corresponds
to the usually admitted rangs of distances for net
drag reductions in subsonic flows. The drag is
very sensitive to the angle of attack of the LEBU,
the Less critical position being at 50% of the
boundary Layer thickness. Important critical Mach
numbers effects  are obzerved for several
configurations., The wall pressure distribution
beneath the LERU exhibits large negative peaks for
negative angles of attack, with a particular
behavior in the vicinity of the LEBU Leading edge.
Positive or null incidences Lless inflLuence the
wall pressure. ALL these results are compared with

subsonic ones and show some specific behaviors
which have to be consider.
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Figure 1. Coordinate System
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Nomenclature

¢ Chord length of the manipulator2

Cd Drag coefficient. Cd. = D/(1/20U° .C.L) )

Cp Wall pressure coefficient. Cp=(Pw-Pg)/(1/200%)

D Streamwise component of the manipulator drag.

L  Span of the manipulator inside the test section.

M Mach number.

Pt Setling chamber pressure.

Pw Wall static pressure.

Rc Reynolds number based on the chord length of
the manipulator.

U Local streamwise mean velocity at the leading
edge location of the manipulator for natural
boundary layer.

X  Streamwise wall coordinate underneath the
manipulator, starting beneath the leading edge
of the device (see Fig. 1).

y Coordinate normal to the wall (y=0 at the wall)

Y Distance from the wall of the manipulator
leading edge (see Fig. 1).

@ Angle of attack of the manipulator (see Fig. 1).

5 Conventional thickness of the unmanipulated
wall boundary layer {(based on U = .99 U=) at
the location of the leading edge of the LEBU.

61 Displacement thickness.
8  Momentum thickness.
¢ Density.

Subscript:
»,e Free stream conditions.

I. INTRODUCTION

Among several  solutions investigated for
drag reduction in turbulent boundary layers,
passive methods have been recently studied in
details for gu?sggic, incompressible glows (see
for example ~,”,“ ). Inner or outer devices can be
used for altering in some sense the turbulent
structure of the boundary layers. In the case of
inner manipulators, also called ‘riblets", the
wall region of the boundary layer is modified by
changing the wall geometry. The shape of the
groves imposed to the wall seems now well
optimized and have been extended with some success
to transonic configurations in wind tunnel tests
(*) and some supersonic fligpt tests are scheduled
at NASA Dryden for example (7).



In the case of outer manipulators, also
historically called *“LEBUs", the large scale
structure of the turbulent boundary layer is
altered by placing small blades parallel to the
wall at an optimized distance from the wall which
depends on the flow characteristics. Single
manipulators can be used, but, at least for
incompressible flows, two LEBUs mounted in tandem
are generally prefered. For subsonic flows, a
large number of both theoretical and exper}mentf}
workszgave begy devoted tothe subject (see ° to
and to ); measurements have shown that
optimized confiquration of single manipulators
leads to large decrease (of order of 10 to 15%) of
skin FEiction coefficien;o(see for example Lemay
et al. or Mumford et al.” ). In this case the
consensus generally admitted is that the chord
length of the manipulator should be of the order
of the local boundary layer thickness, &, and the
device should be placed at distances from the wall
lying around 0.5 to 0.8 §. The net drag reduction
which can be hoped for such manipulations is the
balance between the benefit observed at the wall
and the drag of the manipulator itself. It
immediately follows that the shape of the
manipulator should be optimized for the point of
vieyaof its own drag. For subsonic flows, Lemay et
al. have shown that the skin friction behavior
on the wall — is nearly independant of the
manipulator shape (thin flat plate or thick,
rectangular section baldes or NACA 0009 profiles).
In such flows, very thin flat blades of thickness
of about 0.005 times the incoming boundary layer
thickness appear to. be efficient for net drag
reduction. Moreover, in transonic regimes, i.e.
closer from flight conditions, it is clear that
flat plates can be wused no longer : mechanical
vibrations cannot be avoided and the eslasticity
of steel blades is too large to impose stable
positionning inside the boundary layer. Then it
appears that if LEBUs are to be used for turbulent
drag reduction on aircrafts, properly - shaped
devices should be used. One should notice that the
first LEBU flights tests were conducted by
Betelrud in Sweden. His group was using thick
ribbons with rounded noses and sharpened trailing
edges. Despite the fact that, due to high device
drag, no net drag reduction was observed, very
encouraging results were obtained. As an example,
LEBUs worked well up to Mach number of 0.8, with
severe_ angle of device sweep (up to 40°, Betelrud
at al.”), and skin friction of the same order than
incompressible results were observed.

Thus, it appears that device drag should
be studied and reduced in order to lead to net
drag reduction, particularly for transonic flows.
The manipulator, when placed inside turbulent
boundary layers, works in intricated conditions.
Between all these conditions, let us recall some
particular characteristics: - Turbulent incoming
flow “"seen" by the manipulator, leading to
instati?nnary effects (Katzmayer effect, see for
example’ ), and éventually premature transition of
the boundary layers on the LEBU. These two effects
can either decrease or increase the device drag;
indeed they are present for subsonic
configurations as well as for transonic flows, but
in this last case they can have crucial influence
on the compressibility effects 1like shock
developments, wave drag, separation, etc... - Wall
proximity due the fact that the manipulator is
placed at a distance from the wall of the order of
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its own chord length. Particularly in transonic
flows, this characteristic can be predominant, and
some sonic nozzle effects between the wall and the
LEBU can be present and should be avoided. - The
effect of the critical Mach number, inducing large
sensitivity to the incidence of the manipulator
and large increase of the total drag of the LEBU.

Within these experimental conditions, the
optimization of the shape of airfoils used for
LEBU tests is difficult from a computational point
of view. Experimental results are needed as well
for providing conventional shapes qualifications
as for providing data which can be used for
computational purposes.

a previous Govindaraju and

study,

Chambers have measured the drag of one single
ribbon and tandem configuration in an
incompressible turbulent boundary layer. Their

results show that, in the case of a single
manipulator, the drag of the thin ribbon is higher
than laminar skin friction by up to 7%. The
influence of ribbon location is rather low. The
drag is on the other hand strongly influenced by
its incidence relative to the wall at the higher
chord Reynolds number (i.e. 25,000). As an
example, the drag can be increased by up to 60%
for an angle of attack of only 1°.

The purpose of this paper is then to
perform an experimental study of the drag of a
manipulator placed inside a transonic turbulent
boundary layer. The LEBU is a NACA 0009 profile
and the free stream Mach number of the flow can be
adjusted between 0.7 and 0.8. We focus our
attention on the drag of the manipulator itself,
which appears to be an unavoidable first step for
obtaining net drag reductions with this kind of
device. Mean wall pressure field is also analysed
for several configurations: height, angle of
attack of the LEBU and external Mach number are
varied.

II. EXPERIMENTAL ARRANGEMENT
II.1 Wind tunnel.

A closed loop blowdown wind tunnel with a
maximum running time of one minute is wused and
schematically described in Fig. 2. For the present
studies the usual running time is of the order of
20 to 30 seconds. All the experiments presented
here correspond to constant ;otal pressure and
temperature, respectively 9x10° Pa and 300 K +10K.
The wind tunnel is driven by a supersonic ejector
{Mach number 6). During the runs the temperature
variations does not exceed more than 1%, due to
the use of a heat exchanger in the circuit. The
Mach number of the transonic flow is adjusted by
positionning a flap downstream of the test section
(see Fig. 2) allowing to fix a sonic nozzle of
given section.

I1.2 Test section.

The test section is of 1.7 m long and
150mm x 150mm of cross section. The lower wall is
used as the test plate and is equiped with 95
static pressure taps of 0.5 mm in diameter. These
taps are located from 15 mm upstream of the
leading edge of the manipulator up to 450 mm

downstream. The upper wall of the wind tunnel is
adjustable in order to either set the zero
pressure gradient {(present experiments) or give
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Figure 2. Schematic of the Transonic Wind Tunnel

some prescribed wall pressure distribution. The
static pressure evolution for the natural
(unmanipulated) boundary layer, shown on Fig. 3,

indicates that the top wall is well adjusted to
provide negligible pressure gradient.

At the entrance of the test section, 20 mm
wide sand paper strips are sticked on both upper
and lower walls in order to obtain fully
developped boundary layers at the location of the
manipulator. The LEBU leading edge is then located
500mm downstream of the tripping device, the local
Rexnolds number being there of the order of 5x
10" . The length of the wall observed downstream of
the LEBU is then of 440 mm and the sonic throat is
located at 550 mm from the leading edge of the
manipulator.

The side walls of the test section are
equiped with windows allowing to perform some
strioscopic visualizations. Thin slots, 3 mm thick
and 20 mm long, are machined in these windows in
order to pass the manipultor through without any
mechanical contact.
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II1.3 Manipulator tightening device.

The apparatus described in Fig. 4 enables
to set the manipulator at any angle of attack with
respect to the wall, for heights varying from the
wall up to Y= 13 mm.

A specially designed, light support made
of dural is used to tighten the manipulator. The
longitudinal strength imposed to the LEBU is
applied by two screws located at both ends of the
support where the manipulator is fastened. The
applied stress is deduced from the stretch,
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measured by two micrometers, associated with a
calibration curve independently provided by a
traction tensile strength test (see section II.5).

The angle of attack is adjusted by
micrometric screws associated with a precision
spirit level put on a reference surface located on
the LEBU fastening mechanism. A complementary
check is performed with a micrometer measuring the
manipulator position relative to the wall of the
test section,

In order to let the LEBU free to move in
the slots described in section 1I1.2, a special
apparatus has been designed, allowing to isolate
the device from wind tunnel vibrations and to
avoid pressure losses: an external box, including
the whole mechanism of mechanical positionning,
tightening and drag balance, is installed in
connection with muffles. These muffles are stuck
on the external glasses of the test section. For
each experiment, the data acquisition starts after
10 seconds of run, this time corresponds to the
measured emptying duration of the box and ensures
pressure equilibrium.

During each test, the evolution of the
position of the LEBU is controlled by reflecting a
laser beam (HeNe) on the device. The displacements
of the beam are cheked at a distance of 2 meters.
In order to avoid misinterpretations of the
observations, the spanwise location of the
impinging of the beam on the profile is a non
entire fraction of the full span. Several tests
are also performed by varying thee location of
this point.

IT.4 Drag balance device and calibration.

The moving assembly described in section
11.3 is hung on a fixed support (Fig. 4) by a
pantograph type system. Four steel blades, 0.2 mm
thick, 10 mm wide and 20 mm long, are associated
to an hydraulic damping device; this system
provides a mechanical couple balancing the drag of
the LEBU following the direction parallel to the
wall. The drag measurement is then obtained by
measuring the displacement of the moving support
which is detected by a Linear Variable
Differential Transformer (LVDT). This kind of
sensor allows direct estimation of the force
applied on the LEBU in term of the LVDT output
voltage. We use a simple calibration procedure
decribed in Fig. 5: given efforts are imposed to

both.ends of the LEBU lying outside of the test
section by an arrangement of wires
angle

1 put at a
precisely defined tightened by

calibrated weights.

and

g
moving support

Figure 5. Calibration Procedure of Drag Balance

Several tests have shown that the system
gives a quite linear and well reproduceable
response in the 0-2 Newtons range, which
corresponds to the usual range of the present
experiments. The damping of the system is adjusted
in accordance to response time compatible with the
run durations. We have observed that this system
is sensitive to zero drifts which are
systematically measured. The estimated accuracy of
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the whole system is evaluated to be better than
5%.

II.5 Manipulator characteristics.

The manipulator tested in this study is a
NACA 0009 profile of 12.7 mm in chord length. The
total span is 193 mm, exceeding the span of the
test section. The LEBU is made from casting carbon
fibers around an inner steel blade.

Tensile stress tests have shown that the
breaking occurs for a traction strength of 6,500
N. In order to remain within the elastic domain of
this composite material, a maximum load of 4,000 N
is choosen to tighten the LEBU. This corresponds
to an increase of length of 0.62 mm which is the
reference in the present experiments and provides
repeatable mechanical tightening. After each
series of runs, the manipulator is unloaded in
order to avoid useless stress.

I1.6 General intrumentation.

The total temperature Tg is measured
inside the settling chamber by a Chromel-Alumel
thermocouple of 0.32 mm in diameter, connected to
a ZEREF cold reference regulated within 0 10.05
Celsius degree.

The total pressure Pg is also measured in
the settling chamber by a total pressure probe.
This probe, altogether with the 48 selected static
pressure taps are connected to Bell & Howell

pressure transducers. Scanning technique 1is
applied for the wall pressure taps.
Total pressure traverses through the

boudary layer are performed by a tube of inner
diameter of 0.5 mm (outer diameter 0.7 mm)
connected to one of the pressure transducers.

All the analogical outputs (pressures,
temperature and drag balance) are amplified and
digitized by a CAMAC system controlled by a Matra-
Datasystem 100/550 mini-computer

III. RESULTS
III.1. Flow characteristics.

All the experiments are performed for four
free stream Mach numbers, respectively Me 0.7,
0.72, 0.75 and 0.8. The value imposed to the
section of the sonic throat is not perfectly
identical from one adjustment to the other. A
maximum variation of M« of 0.01 is observed and
corresponds to 1.5% in term of relative variation.

The chord Reynolds nu?ber of thg
manipulators lies between 1.4x10° and 1.6x10
depending on the free stream Mach number and the
location inside the boundary layer. The table 1
presents the overall characteristics of the
different configurations studied.

The mean velocity profiles in the boundary
layers in the abscence of the LEBU and
corresponding to X = 0. are plotted on Fig. 6. The
integral parameters measured for the four Mach
conditions are also given in table 1. These values
are obtained following the wusual c?gpressible

formula, see for example Mathews et al. ~, without
any correction for wall proximity, turbulence
level, etc... The main properties of these

boundary layers appear to be in agreement with
well known characteristics of fully developped
turbulent boundary layers without pressure
gradient.



a
.0 mm; 6‘/6 = 0.123; 8/% = 0.090

Y (mm) ¥/5§ M oU’/2 (Pa) Rc

12.5 1.14 $H.780 2.25E+04 1.50E+05
9.2 £.84 2,698 2.24E+04 L.BRE+P5
7.2 £.65 £.687 2.195+04 1.49E+05
5.2 #.47 £.686 2.19E+g4 1.49E+25
4.2 £.38 0.646 2.0M1E+H4 1.43E+05
3.2 £.29 £.623 1.,90E+94 1. 4QE+P5%
2.2 #.26 ©.532 1.76E+94 1.36E+£5

A
.6 mm; & /8 = 0.127; 8/5 = 0.091

2
Y (mm) Y/& M oU° /2 (Pa) Rc
12.5 1.18 @.720 2.34E+@4 1.53E+05
9.2 ©.87 §.715 2.32E+04 1.52E+95
7.2 #.68 @.787 2.28E+04 1.51E+95
5.2 ©.49 B.677 2.15E+@4 1.47E+05
4.2 B.48 £.668 2.07E+HA 1.45E+85
3.2 #.38 B.634 1.95E+04 1.41E+55
2.2 #.21 9.598 1.79F+@4 1.36E+05
Me = 0,75
5 = 10.1 mm; 61/6 = 0.125; 8/6 = 0.090
2
Y (mm) Y/ M eU" /2 (Pa) Rc
12.5 1.24 §.758 2.47E+04 1.67E+05
9.2 .91 B.743 2.44E+@4 1.56E+85
7.2 H.71 B.735 2.48E+54 1.55E+05
5.2 #.51 0.783 2.26E+94 1.51E+85
4.2 0.42 g.691 2.17E+84 1.48E+85
3.2 £.32 A.653 2.B7E+@4 1.45E+45
2.2 0.22 £.623 1.S0E+04 1. 4BE+05
Me = 0,80

§=9.0mm; 5 /5 = 0.123; 8/5 = 0.088

Y (mm) ¥/5 M oU*/2 (Pa) Rc

12.5 1.39 9.888 2.67E+04 1.62E+05
9.2 1.92 0.795 2.65E+@4 1.62E+05
7.2 0.84 ©.781 2.6H8E+84 1.60E+85
5.2 £.58 @§.754 2.48E+@4 1.57E+85
4.2 B.47 £.728 2.37E+@4 1.54E+45
3.2 .36 9.783 2.26E+04 1.51E+85
2.2 #.24 @.662 2.@8E+Q4 1.45E+05

- Table 1 -

II1I.2. Preliminary observations.

Drag measurements have been performed for
the four free stream Mach numbers ,and for the
following positions of the manipulator relative to
the wall: Y= 2.2, 3.2, 4.2, 5.2, 7.2 and 12.5 nmm.
For each configuration, the incidence of the LEBU
was adjusted to o= -1, O - and +1 degree.
Intermediate values, a= -0.5 and +0.5 degree are
also given at Y=12.5 mm, i.e. near the outer
frontier of the boundary layers.

All the angles of attack are adjusted in
the absence of the flow, and determined by
coupling position measurements using precision
micrometers and spirit level. During the runs, we
check the modifications of the angle of incidence
by the observation of the deflexion of the laser
beam using the arrangement described in section
I1.3. The initial positionning is very slightly
affected when the wind tunnel is running, and the
maximum variation of the initial angle is always
less than 0.1 degree, excepted for the closest
distance from the wall (Y=2.2 mm) when the Mach
number is high (Mw= 0.75 and 0.8). As a comparison
we can notice that some trials performed with thin

{square section with thickness 0.1
mm) exhibits large parasitic incidence
modifications associated with large amplitude
vibrations appearing over several modes. The
profiles used in this study doesn't show
noticeable vibrations, excepted the
abovementionned configuration.

The very good stability of the LEBU used
is a quite favourable characteristic for the use
of composite materials; the thickness of the
profile appears to be sufficient to prevent
parasitic -and prohibited for drag reduction-
vibrations or deformations.

steel blades

We give in table 1 the main
characteristics of the set of experiments: local
Mach number, mass fux and Reynolds number.

T e
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Figure 6.

III.3. Drag measurements

Figure 7 presents the evolution of the
direct drag measurements of the NACA 0009 profile
placed without incidence for several positions
relative to the wall.
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The absolute value of the drag is of
interest if the balance of profile drag and wall
skin friction are to be considered: the net drag
reduction or increase associated to a given
configuration is the 1result of the wall skin
friction reduction (not evaluated here) due to
LEBU effect and the drag of the manipulator
itself. Then it will be important to choose a
configuration minimizing the drag of the
manipulator, this configuration being coherent
with the opimum wall skin friction reduction.

D(g) Me
|+ —~-= 0.7
o w72 e
i el e —_—
100 [ ¢ —-= 0.75 g -
L]
80
80 |
70 = L 4 -
0 05 1.0 y/6
Figure 7. Evolution of LEBU Drag vs Y at Zero

Angle of Attack

We can observe in Fig. 7 that, for free
stream Mach numbers less than 0.8, minima of
direct drag are present and correspond to Y
locations lying between 0.3 and 0.7x8. These
positions are in the area of optimum Y locations
for skin friction reductiovsobgfrvedzfor subsonic
flows (see for example , or °'). This is a
very encouraging first result. For higher Mach
nuber, M«=0.8, a continuous increase of the drag
is observed, associated as expected to a higher
absolute value.

Even if the drag of the manipulator is of
direct interest for net drag Dbalance, the
observation of the drag coefficient, Cd, is of
interest in order to perform quantitative
comparisons and physical interpretations. Figure 8
shows the drag coefficient behavior for the three
angles of incidence «o. For zero incidence, Fig.
8b), we still can observe a minimum of Cd
corresponding to Y/8 = 0.7 for M- less than 0.8.
No minimum can be observed for the highest Mach
number.

The mean value of Cd lies around 2x‘|0'2
whatever Me is. This value is somewhat higher than
the values generally reported for subsonic flow.
As an e§ample, let us recall the ;gsults of Abbot
et al. . giving Cd = 0,93x10 ;gr 2% of free
stream turbulence level and 0.87x10°° for 0.08%,
at nearly the same Reynolds numbers but at lower
speeds. As a comparison, the laminar skin friction
on both sides of the profile evaluated from the
usual Blasius fggmula gives a Cd value of the
order of 7x10 °. It then appears that the NACA
0009 profiles have here nearly twice the optimal
drag coefficient measured for subsonic, laminar
conditions.

It should be noticed that the profiles
used for all LEBUs studies are placed in quite
unusual situations:

The external turbulence level *"seen® by the
wing is high, even for the largest distances from
the wall tested here. Some transitionnal effects
cannot be avoided, but these effects can be
partially compensated by the Katzmayer effect due
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for: a) a = -1°; b) a =0"; ¢} «

to the associated fluctuations of i?stantaneous
incidence angles (Bertelrud and Watson’).

. The wall proximity can influence the drag of
the profiles. The maximum distance from the wall
is at maximum of the order of the chord length of
the profile.

The relative surface roughness of the
manipulator is quite difficult to determine.
Although the surface, from the building process
looks very smooth, the small size of the model can
lead to non negligeable relative roughness and
then can contribute to the observed increase of
drag coefficient by premature transition.

All the abovementionned effects can be
additive, leading to the realtively large drag
coefficient observed.



When the LEBU has a negative incidence in
the flow, Figure 8a) shows practically no minimum
value. However, for locations close to the wall
(Y/8 < 0.3), we can observe large increase of cd,
due to important vibrations for Mach numbers of
0.75 and 0.8. These Y locations of the LEBU are
quite unrealistic from the general point of view
of net drag reduction. But, during the different
flying regimes of airplanes, the size of the
boundary leayers are subject to considerable
modifications; then, if LEBUs are to be installed,
their height relative to the wall will be constant

and the observation of non optimized
characteristics is of interest.
For negative angles of incidence, it

appears one more time that, for manipulator drag,
the optimal Y location is about 0.75.

For positive incidence angles (Fig. 8c),
a strong increase of Cd is observed for Me= 0.8.
The apparent chaotic behavior observed for this
Mach number can be explained by some small
variations of the value of M» for one experiment
to another. As previously mentionned, the Mach
number is adjusted by pivoting a flap in order to
vary the section of the sonic nozzle. Since this
flap cannot be set exactly at the same position
among the different runs, variations of Me of the
order of 0.01 are observed. The correspondig Mach
numbers are reported on the curve in Fig. 8c).
Taking into account the great sensitivity to the
Mach number for these incidence angles, the large
variations of Cd can be understood. This last
point will be discussed later in more detail.

Figure 9 shows the evolution of Cd for
each Y position according to the free stream Mach
number value and the angle of attack. The local
values of the Mach number are given on the
figures. The greater incidence sensitivity is
observed when the manipulator is palced near the
external part of the boundary layer, typically for
Y = 7.2 and 12.5 mm (corresponding to Y¥/5 = 0.8
and 1.4), and for the highest Mach numbers. This
effect clearly corresponds to the critical Mach
number effect.

From the observation of Fig. 9, it appears
that the better location of the LEBU compatible
with the  maximum skin friction reductigy
configuration given by several authors
corresponds to ¥ = 5.2 mm, i.e. ¥/5 » 0.5. Indeed,
for this position, the drag sensitivity to the
angle attack seems to be the lower one. However,
for this location, positive angles of attack
should be avoided in order to bypass critical Mach
number effects.

Figure 10 shows the influence of the Mach

number obtained just outside of the boundary
layer, Y/ < 1.4. For zero incidence, the Mach
number has no noticeable influence on the drag
coefficient. On the contrary, for small positive

or negative incidences, a = + 0.5 degree, the drag
coefficient increases, mainly for positive angles.
This result shows that the critical Mach number is
quite close to 0.8 within the present experimental
conditions. The usua} critical Mach number given
in the 1litterature lies under this value, i.e.
0.76.

From Fig 9 and 10, one can observe that
the zero reference of the incidence corresponds to
the minimum of ¢4, confirming +the very small
evolution of the positionning of the manipulator
observed during the runs by the laser-beam
technique described above. Excepted for  the
locations very close to the wall -and unrealistic
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Figure 9.

from the point of view of net drag reduction- the
positive incidences for Y » 5.2 mm haye a more
dramatic effect when compared to negative ones

(Fig. 9). These different behaviors will be
discussed later in terms of wall pressure
distributions.

Very close to the wall (Y= 2.2 mm),

negative incidence have dramatic effects on the
drag for free stream Mach numbers greater or equal
to 0.75 because strong vibrations are present,
increasing the drag and might be damaging the
manipulator.



A
3+
O =
/’,x -
25+ ’,/ /o _0_50
e "
x - -
___”" ’o,./'
) :_.___o_’."
-]
l
Cp 102
‘ =
/au +10
//
3r e
/’/ o
- ) +0.5
» — -
25- -7 o /./'
M "
e
x ®
2 e e > o¢
1.5 L . —
0.7 0.75 0.8 Mo
Figure 10, Evolution of LEBU Drag Coefficient vs

Free Stream Mach Number Outside
Layer

of the Boundary

We plot on Fig. 11 the evolution of the
drag coefficient obtained at constant local Mach
number, equal to 0.7. Then, the only varying
parameters are the wall proximity (Y/& varies from
0.36 to 1.14) and the local turbulence level
"seen" by the manipulator. We can observe that the
overall behaviors of Cd versus angles of attack
are quite similar, with a previsible increase of
the level when the LEBU approaches the wall. The
result shown for Me= 0.7 and Y = 7.2 mm exhibits a
loss of symmetry which can be related to an ill
initial angular positionning, the error being less
than 1 degree.

The sensitivity to incidence angle appears
to be quite unaffected by the location inside the
boundary layer, and therefore the Mach number
seems to be the relevant parameter for this point
of view.

Co10? constant Mach curves
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Figure 11. Evolution of LEBU Drag Coefficient vs «
at Constant Local Mach Number
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111.4. Pressure ibution beneath the device.
Figure 12 shows an example of the entire
streamwise extent of the measured wall pressure
beneath the device, non-dimensionalized by the
pressure in the settling chamber. We can observe
that the wall pressure is only affected in a
restricted region corresponding to the immediate
vicinity beneath the LEBU. The upstream
(undisturbed) wall pressure is recovered at about
30 mm downstream the leading edge of the

manipulator, corresponding to about 35,

P/Pt

. NACA 0009 MANIPULATOR ( & =0°)
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o -
© Me
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e §
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S0. 0. 50. 160. 150. 200. 250. 300. 350. 400.

Figure 12. Example of Static Pressure Distribution
on the Wall beneath the LEBU

We plot on Fig. 13 the wall pressure

distributions from X = -15 mm up to X = 45 mm,
corresponding to -1.5 & and 4.5 §. These results
are also plotted in term of the pressure

coefficient, Cp.

For zero incidence, the modifications of
the wall pressure are mainly observed immediately
below the LEBU. The influence of the free stream
Mach number seems quite low, but, as expected, the
Cp variations are strongly influenced by the
location of the manipulator inside the boundary
layer. When the LEBU is far from the wall, one
observe a small increase of Cp followed by
negative values at approximatively 80% of the
chord length of the LEBU, Cp remaining always
greater than -~0.1. When the LEBU approaches the
wall, still for X/6 = 0.8, the observed minimum
values of Cp reaches -0.2.

Some of these results can be compared with
the experimental data and, inviscid calculations of
Bandyopadhyay and Watson . These authors use also
NACA 0009 profiles with nearly the same
geometrical configuration but for low velocities.
Figure 14b) compares the present results obtained
for the extreme values of M= (0.6 and 0.8) with

the experiments and the inviscid calculations in
incompressible regime for the closest
characteristics: C/8 = 1.1 and ¥/6= 0.8-0.9. The

comparison between incompressible and transonic
regimes shows that the orders of magnitudes of Cp
are comparable. However, the main difference
appears at the wall location corresponding to the
leading edge of the LEBU (X/C 0.).
Unfortunately, the experimental arrangement
doesn't allows to give more detailed measurements
in the immediate vicinity of the leading edge
position. However, we can observe that the
corresponding pressure tap cannot be directly
accused, because in the natural boundary layer the
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results are consistent with the neigbouring
points, and the pressure measured at this point
evolves in a satisfactory manner when the Mach
numbers varies. So, it appears that, for
compressible flows, the LEBU induces strong
pertubations of the wall pressure just beneath its
leading edge, even for zero incidence. This kind
of behavior is not detected or calculated for
comparable subsonic configurations.

Wwhen negative angles of attack are imposed
to the LEBU, the wall "sees" the suction side of
the manipulator with associated strong negative Cp
values. Figures 13 clearly shows the effect of the
manipulator. As for zero incidence, the position
on the wall corresponding to the leading edge of
the LEBU is subject to rapid increase of Cp, and
the unmanipulated value is reached at X = 0. We
can observe from these figures that the
modifications of the wall pressure upstream of the
manipulator seems to remain practically unchanged
when both the position of the LEBU is modified and
the free stream Mach number evolves from 0.7 to
0.8. The first minimum is observed for X/5 = -0.5
and lies around -0.2. ‘On the contrary, the minima
observed just behind the manipulator are quite
dependant of the Y position of the LEBU.

For these negative values of a, the
comparéson with the work of Bandyopadhyay and
Watson in incompressible flow is = more
complicated. Indeed, these authors have not tested
the o = -1° situation, and our experiments does
not cover the position ¥/5 = 0.9. Then we recall
on Fig. 14a) the subson}c results obtained by
Bandhyopadhyay and Watson for angles of attack of
0. and -2. degrees. The present results are
interpolation between Y/8 =0.8 and 1.4, for the
upper Mach number. One can observe that the
transonic results show large wall presssure
perturbations, of the order of 4 times the
incompressible ones, but remaining of the same
sign. This difference can be related to the
critical Mach number value inducing large
modifications of the drag and lift coefficients.
Unfortunately, only the streamwise component of
effort applied on the LEBU is measured here.

When positive angles of attack are given
to the LEBU, the wall pressure reflects the
evolution of the pressure on the pressure side of
the manipulator, which is in normal conditions
less strong than the one observed on the suction
side.

Figure 13 shows the pressure distribution
on the wall beneath the manipulator. Oné can
observe that, excepted when the LEBU is very close
to the wall, the Cp values remain positive, with
small variations compared to zero or negative
angles of attack.

.The comparison ‘with the experiments of
Bandyopadhyay and Watson' are presented on Fig.
14c). One can observe that the overall behaviors
are quite similar. The transonic results appears
to be of the order of magnitude of the subsonic
results obtained for angles of attack of 2
degrees, 1.e. twice the value of the present
study. One should notice that the scale of Fig.
14c) is larger than that of Fig. 14a), the
absolute maximum level of Cp measured for positive
angles being of the order of 1/6 of observations
for negative incidences.

For both sets of experiments (transonic or
incompressible), the disturbed region on the wall
is larger for positive a values than for negative
ones (Fig. 14c) and 14a). When the incidence is

996

Cp*10
M=0.79
4 — - - i .
a) 2 interpolation between Y/§ = 0.8
a=-1" and 1.39

s come Subsonic Y/8 = 0.89; a = -2°
—Subsonic Y/§ = 0.8%; « = 0°

ot |
-3 2 N T = Eee =5 xle

RN

\ N 1
\ / A [
.._2\\ i

\ '

[

v !

(W)

-4 )
4 s

Cpx100

——C=M = 0.69; Y/6 = 0.84

ety M = 0.79; Y/6 = 0.84

i SUbsONic ¥/8 = 0.89]a=0"
theoretical curve

“subsonic & inviscid

l(:pnOO
o) 10T _M=0.79
o R interpolation between Y/8 = 0.8
‘f ,‘( \ a=1" and 1.39
LN &\ |\ ——-=subsonic ¥/8 = 0.8%; a = 2°
A / \ ‘\ wwne SitbsoNic Y78 = 0.89; a = 0°
/ o 53 A
/./ \ ‘\‘ ,/', \\
e \?‘w”o 'A‘\ \ .
._f:=¢4"’———\\\\\\ \\.__.._»/ '1§\\
l.. T T a -
-3 -2 -1 \ "3 xic
-5 +
Figure 14. Static Pressure Distribution on the
Wall beneath the LEBU in the Vicinity of the
Manipulat?r. Comparison with incompressible
results (') for: a) a = -1"; b)) a=0*; ¢) a = 1*

positive, the main wall perturbations are observed
upstream of the manipulator and extends up to
about 35 upstream; the downtream perturbation is
rather low but extends down to 35 as well for
incompressible and transonic flows.

As for the subsoyic studies performed by
Bandyopadhyay and Watson , positive angles of
attack seems to be beneficial from the wall
pressure distribution when compared to zero or
negative ones. These authors conclude from this
remark that small positive incidence can be
applied to symmetrical manipulators in order to
achieve net drag reductions. A somewhat similar
situation occurs for +transonic flows. However,
this possibility should be considered with care in
transonic regimes, due to larger wall effects and
to the strong increase of manipulator drag when
the incidence is different from zero.



IV CONCLUSIONS AND PROSPECTS

The present experiments were devoted to
the test of the behavior of a thin airfoil profile
as outer layer manipulator for turbulent drag
reduction. Ewphasis has been given on the drag of
the LEBU as well as on the induced wall pressure
on the manipulated plate. The experiments were
performed in transonic regime, for free stream
Mach number lying between 0.7 and 0.8, and for
Reynolds number of the manipulator being lower
than those observed in usual flight conditions.

As a first conclusion, it has been
demon§trated that composite material is a good
solution for the mechanical rigidity of thin
shapes. Providing the distance from the wall is
not very small, no noticeable vibrations are
detected on the LEBU.

For the NACA 0009 manipulator, the drag
coefficient observed is somewhat larger than for
lamlgar, incompressible usual results. ' Some
spec;fically compressible effects are to be
cons§dgred in conjunction with the particular
cond}t}ons imposed to the manipulator (wall
proximity, turbulence level). These effects are
also present in subsonic flows but induce only a
little ) increase of device drag. Then, the
transonic regime should induce some extraneous
effects increasing the drag of the manipulator
itself.

In the absence of global drag measurements
(taking into account both wall skin friction
modifications and manipulator drag), we have
tested in details the LEBU drag for several
locations inside the boundary layer, angles of
attack and free stream Mach numbers.

The minimum of manipulator drag is
observed for distances from the wall of the order
of 0.6 or 0.75, for free stream Mach numbers less
than 0.8. The optimum location of manipulators
determined for maximum skin friction reduction in
subsonic flows is close to these values.

Fgr Y/& % 0.6, the manipulator drag is
very sensitive to small angles of attack. At the
higher Mach number, Me = .8, this behavior is

particularly noticeable. It appears that, for the
NACA 0009 profile, the critical Mach number is
nearly reached. For this point of view, shapes
with higher critical Mach number should be
preferred. Negative values of the incidence
induces less device drag increase than positive
ones. The results show that, as far as some
variations in the angle of attack should
inevitably be encountered in the real tests, the
gegt position inside the boundary layer is Y/6 =

The pressure distributions on the wall
beneath the manipulator show, for negative angle
of attack, some particular behavior at the
location corresponding to the leading edge of the
LEBU. A rapid increase of the wall pressure is
observed at this point and there is no comparable
effects in subsonic flows. The wall pressure
changes are quite larger than for comparable
incompressible tests.

For zero or positive angles of attack, the
wall pressure modifications due to the presence of
the LEBU are less important than for negative
incidences. The results obtained are closer to the
incompressible ones. However, unlike for subsonic
configurations, it is not evident that small
positive angles of attack can be allowed for net
drag reduction.
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For future works, some points should be
treated: first, it appears that different
manipulators shapes are to be tested in such

intricated situation. Calculations are needed for
this purpose and the present results can serve for
the validation of calculations. Then, a global
study of the performance of all the drag reduction
system should be performed. All these studies seem
quite useful prior -or in a parallel way- to more
realistic but expensive and delicate tests for
example in flight conditions.

Lastly, let us recall that the question of
the benefit of tandem configuration compared with
single manipulator is still opened when transonic,
high Reynolds numbers are considered. Then the
natural extension of these wind tunnel studies
should be the test of different configurations
allowing to prepare larger scale tests.
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