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ABSTRACT

In this paper, wind tunnel experiment was performed for boundary layer transition control on a morphing
wing. Surface pressure fluctuations were measured using Kulite transducers at high sampling rate. A
controller, linking the Kulites signals fluctuation to the smart material actuators, is incorporated to the
control system, where the signals are analyzed and the transition location is detected. Several wind tunnel
test runs for various Mach numbers and angles of attack were performed in the 6 x 9 f wind tunnel at the
Institute for Aerospace Research at the National Research Council Canada. A rectangular finite aspect
ratio wing, having a morphing airfoil cross section due to a flexible skin installed on the upper surface of
the wing, was instrumented with sixteen Kulite transducers. The Mach number was varied from 0.2 to 0.3
and the angle of attack between -1° and 2°. Unsteady pressure signals were recorded and analyzed and a
thorough comparison, in terms of mean pressure coefficients and their standard deviations, was
performed against theoretical predictions using the XFoil computational fluid dynamics code. The
unsteady pressure signals were analyzed through FFT spectral decomposition for detecting the Tollmien-
Schlichting waves frequencies that trigger transition. In addition, infra red measurements were performed
to asses the performance of the Kulite transducers in detecting the transition location and serve as an
additional validation of the XFoil code in predicting the transition location .

NOMENCLATURE

a - angle of attack

c - chord

C, - pressure coefficient

N - N factor = In (A/Ay)

RMS - root mean square, standard deviation of a noised signal
SMA - shape memory actuators

SPL - sound pressure level

1.0 INTRODUCTION

In this modern era owing to earth climatic changes and worldwide environmental concerns, accompanied
by high cost fossil fuel, the aerospace industry is motivated to reduce fuel consumption for large and long
range transport aircraft mainly by the drag reduction. Among other aerodynamic techniques and
mechanisms, drag reduction on a wing can be achieved by modifications of the airfoil shape to promote
large laminar regions on the wing, by delaying the transition (from laminar to turbulent flow) as far as
possible toward the wing trailing edge. The main objective of this concept is to morph the wing skin, by
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changing its shape, thickness and camber, according to local flow fluctuations measurements, to maintain
large laminar regions (less friction) on the entire wing surface. As laminar flow exhibits less friction than
the turbulent one, a substantial viscous drag could be achieved, which leads to some appreciable
percentages in fuel consumption. [1].

The airborne modification of an aircraft wing airfoil shape can be realized continuously to maintain
laminar flow over the wing surface as flight conditions change. To achieve such a full operating concept, a
development of a closed control system is required to connect the flow fluctuations over the wing surface
to the deformation mechanism (actuators) [2].

The design proposed consists of a rectangular wing model that incorporates two parts. One fixed part (the
lower surface of the wing) is rigid and sustains all the resistance forces acting during service and another
part (the upper surface of the wing) is flexible and consists in a flexible skin that changes its shape through
electrically controlled mechanical actuators. The morphing of the extrados will lead to aerodynamical
changes in the flow over the upper surface of the wing.

The flow fluctuation signals can be detected by conventional pressure transducers such as Kulite sensors.
Linked to a controller system, the collected data would be treated in real time aiming to identify the
location of transition and then sending a signal to the actuator system to adjust the wing surface to delay
the transition location. Several measurement techniques for transition detection were developed in the past
using various pressure transducers such as microphones [3], hot films [4-7] and piezoelectric [8]. The
Kulite transducers have many advantages such as they are relatively small, have very good precision and
accuracy and they can be mounted within a cavity with a tiny hole exposed to the flow [9].

In this paper, the possibility of the technological realization of a morphing wing, to be tested in a wind
tunnel, is analyzed. The methodology describing the analyses of the unsteady pressure signals measured
through the Kulite transducers in order to determine the transition location on the upper surface of the
wing is shown. The transition point positions found by this method are compared to theoretical values
calculated using the free licensed computational fluid dynamics code XFoil [10]. Finally, the results
recorded during the wind tunnel test using infrared technique are shown, in terms of transient temperature
distribution over the wing surface. The transition location is determined by analyzing the temperature
gradient over wing.

20 EXPERIMENTAL SETUP DESCRIPTION

The wind tunnel tests were performed at the Institute for Aerospace Research at the National Research
Council Canada. The purpose of these tests was to assess the performance of the kulite sensors in
detecting small pressure variations on a wing model with a morphing skin to improve flow laminarity over
the wing surface.

The wing is rectangular in plan form and has a span of 4 ft and a chord of 1.64 ft. The wing consists of
two parts. One part is rigid and very stiff built with an aluminium alloy and design to support all the
aerodynamic loads and the other part is flexible and consists in a flexible skin installed on the upper
surface of the wing. The flexible skin shape is controlled by smart material actuators at two controlling
points, such that any optimized shape for a given flow conditions can be achieved by adjusting the vertical
displacement of the SMA’s (see Fig. 1-3).

As reference airfoil shape, the laminar airfoil WTEA [11] was considered, and the optimised airfoils were
previously designed by modifying the reference airfoil for each airflow condition as a combination of
angles of attack and Mach numbers. Each optimized airfoil shape is characterized by the closet transition
location to the trailing edge. Thirty optimised airfoils designed for the airflow cases combinations of Mach
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numbers 0.2, 0.225, 0.25, 0.275, 0.3 and angles of attack -1, -0.5, 0, 0.5, 1 and 2 deg.

r

Figure 2: View of the upper part of the wing model showing the interior of the flexible skin,
shape memory actuators and optical and kulite sensors instalments
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Figure 3: Schematics of the flexible skin mechanical actuation, showing the mechanical principle of morphing

The flexible skin span the wing upper surface and occupies 75% chord starting from the leading edge. The
skin is made of composite material with a thickness of 2 mm allowing sufficient deformation while
conserving its structural integrity. At the mid-span of the wing, the model is instrumented with sixteen
Kulite transducers installed on a diagonal line at an angle of 15 degrees with respect to the mid-chord line.
The transducers were distributed non uniformly over 60% of the chord to accommodate the SMA
actuators supporting struts (see Fig. 2). The transducers were numbered from 1 through 16 starting from
the leading edge. The distribution was chosen adequately to avoid any flow contamination or taps
interference. The transducers diagonal line angle is chosen to be bigger than the angle of an eventual
formed of turbulence wedge [12].

The Kulite sensors XCQ-062 series types have dimensions of 0.066 in diameter and 0.375 in length plus a
flexible metallic reference tube of 0.016 in outside diameter and 1 in length. They also have a 5 psi
differential pressure range with infinitesimal resolution and a natural frequency range up to 150 kHz. The
data acquisition sampling rate was set to 10 kHz per channel.

The model was installed vertically in the wind tunnel and for each airflow condition combination of angles
of attack and Mach numbers a “run” was recorded for 30 seconds. The first set of runs was performed for
all airflow conditions using the wing model with actuators in “zero” position i.e., which characterize the
reference airfoil. The run is followed by a set of runs for all airflow conditions using the wing model with
the actuators in the “optimised” position. Finally, several runs were performed using the wing model with
the actuators in a fixed position to validate the pressure measurements, for transition location detection,
with the infrared observation. .

3.0 WIND TUNNEL DATA ANALYSES

After model disassembly, the Kulite transducers #2 and #4 were found to be defective and their mean
pressure information was removed from the pressure coefficients distribution plots. The unsteady signal
they recorded was still analysed and the results of this analysis is shown in the following paragraphs. In
Figure 4, the pressure coefficient C, distribution plot over the upper surface of the reference airfoil is
shown. The measured Kulite mean pressure data are compared to the XFoil code predicted results. Also in
the figure, the N-factor and the root mean square (RMS) pressure coefficient of each Kulite sensor signal
are displayed. The N-factor is used by XFoil code as a criterion to determine the chordwise transition
location, using a freestream turbulence of 0.14%. .

PAPER NBR - 4 RTO-MP-AVT-168

NATO
UNCLASSIFIED+SWE+AUS



NATO
A5 | NATO UNCLASSIFIED+SWE+ALS
ge

OTAN

PAPER TITLE

Wind Tunnel Run 27 Paint 2 Mach 0.221 alpha -0.52
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Figure 4: Measured kulite transducers vs. theoretical XFoil Cp values over the upper surface of the
reference airfoil, showing good agreement between theoretical curve and experimental points in
the Cp curve as well as the transition point location predicted through eAN method and RMS
experimental measurements. In this case it is considered as the transition location the sensor that
measured the highest RMS level i.e. sensor # 11.

The unsteady signal, analysed through Fast Fourier Transform FFT spectral decomposition, is shown in
Figure 5. It is observed that the sensor #11 exhibits a high signal amplitudes in the neighbourhood of the 4
kHz frequency, which is an indication of the Tollmien-Schlichting waves occurrence that trigger the
transition on the sensor location and subsequently the turbulent flow in the downstream of the sensor
location. For the downstream sensors, the amplitudes of the pressure signal variations decrease but remain
always greater than the pressure variations in the laminar flow. As a quantifier of the pressure signal
variations amplitudes, the RMS which is the standard deviation of the pressure signal values with respect
to the mean value for a high pass filtered signal at 1 kHz is used.
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Figure 5: FFT spectral decomposition of the 16 kulite sensors channels, showing that channel # 11
has the highest signal amplitudes in the neighborhood of 4 kHz
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Figure 6: Measured Kulite transducers vs. theoretical XFoil pressure coefficient values over the upper
surface of the optimized airfoil, showing good agreement between theoretical curve and
experimental points in the Cp curve as well as the transition point location predicted through e*N
method and RMS experimental measurements. Also it is observed an improvement in the flow by
morphing the upper surface through the reduction of the noise over the upper surface and
retarding the transition occurrence to the location of the sensor # 14.
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Figure 7: FFT spectral decomposition of the 16 Kulite sensors channels, showing that channel # 14 and
subsequently channel # 15 have the highest signal amplitudes in the neighborhood of 3 and 4 kHz

4.0 RESULTSAND DISCUSSION
Each airflow condition was simulated in XFoil code to predict the pressure coefficient Cp distribution and
transition point location on the upper surface of the airfoil. The critical value N, = 7.34 was used in the
simulation to match the turbulence level T = 0.14% measured in the wind tunnel using Mack’s correlation
(1) [13].

N, =-8.43-2.4-log(T) (1)

The simulated C, pressure distribution and the N-factor plots were compared to the measured Cp
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distribution and pressures RMS (Fig. 2 and 4). The spectral analysis shows that the Tollmien-Schlichting
waves occurred at 2 — 3 kHz up to 5kHz for Reynolds numbers of 2 — 3 x 10° (Fig. 5 and 7). Also it was
found that the magnitude of the pressure variations in the laminar flow boundary layer are of the order 5 X
10" Pa (7.25 x 10°® psi). The transition between laminar flow and turbulent flow is shown by an increase
of the pressure variations of the order 1 — 3 x 107 Pa (1.45 — 4.4 x 107 psi). In the turbulent flow, the
pressure variations magnitude decreases at the same order value as in the laminar flow. In order to detect
transition, a sensor able of measuring pressure with a resolution of about 2 x 10™* Pa (3 x 10® psi or 20dB
SPL) and a sampling rate of 10 kHz could be used.

50 TRANSITION DETECTION VALIDATION

To validate the measurements using kulite sensors, several measurements were performed using infra red
camera that detects temperature distribution on the wing surface. These temperature maps show the
laminar boundary layer region where the heat transfer coefficient is relatively low and the turbulent
boundary layer region where the coefficient is very high owing to turbulence mixing. The transition from
laminar to turbulent flow is characterized by a strong temperature gradient between the two regions. In
Fig. 8 the temperature map on the upper surface of the model — the flexible skin — is shown. On the infra-
red picture, owing to thermal mass and electrical excitation, two vertical lines — of the two SMA actuators
that are installed along the span (on the positions 0.25 x/c and 0.47 x/c) and two rows of sensors arranged
in a V shape could be clearly observed (see Fig. 9 and 11). The upper row are the 16 kulite sensors and the
lower row are the 16 optical sensors that were tested in the same time with the kulite sensors. The optical
sensors proved to be blind to the small pressure variations in the boundary layer due to the precision and
resolution inadequacy.

Figure 8: Temperature map using infrared camera on the upper surface showing two turbulent
wedges due to leaking sensors, also being visible the natural transition between laminar
and turbulent flow
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Figure 9: Temperature map using infrared camera on the upper surface of the model for a flow of
Re =255 x 106, Mach = 0.224 and angle of attack = - 0.53 deg, showing three turbulent wedges due
to three leaking sensors, one kulite sensor and two optical sensor and the transition location at 0.4
x/c.

In Fig. 9 there are two zones, the lighter zone show the laminar flow and the darker zone show the
turbulent flow. The line differentiating between the lighter and darker zone is the region where transition
occurs (0.35 — 0.4 x/c). In this picture, three V turbulence wedges are shown which indicate three leaking
sensors — Kulite sensor #4 and optical sensors #3 and #10.

The test were performed on an airfoil obtained by the actuator #1 deflection of 0.4 mm and actuator #2
deflection of 1.5 mm. The airfoils were scanned afterwards in this position as well as in “zero” position
corresponding to the reference airfoil. The scanned airfoils were used in the pressure coefficient C,
distribution and N-factor distribution computation using the XFoil code (see Fig. 10).

Figure 10 shows the C, curve distributions calculated by the XFoil code, the C, curve distribution
measured by the Kulite sensors and the N-factor curve computed by XFoil compared to the pressure RMS
of the Kulite sensors pressure signals. The maximum RMS value of the Kulite sensors pressure signal is
considered to be an indication of the transition occurrence. In this case, the sensor #10 (installed on the
0.41 x/c position) shows the maximum value of the RMS.
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Figure 10: Measured by Kulite transducers vs. theoretical XFoil Cp values over the upper surface of the
model for airflow of Re = 2.55 x 10°, Mach = 0.224 and angle of attack = - 0.53 deg, showing a
good agreement between theoretical curve and experimental points in the Cp curve as well as
the transition point location predicted through e*N method and RMS experimental
measurements. Also it is observed transition occurrence to the location of the sensor # 10
which agrees with the IR map.

Figures 11 and 12 show another test visualised with infra-red camera for validation purposes in which the
Reynolds number was 2.55 x 10°, Mach = 0.225 and &= 0.97°. Fig. 11 shows the same but negative infra-
red picture, the dark zones indicate the laminar flows while the lighter zones indicate turbulent flows. In
the picture the transition occurs in the same position as the first SMA actuator, which is confirmed in
Figure 12 through the RMS analysis. In Fig. 12 the maximum RMS value belongs to the sensor #6 which
is installed at the position 0.28 x/c.
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Figure 11: Temperature map using infrared camera on the upper surface of the model for a flow of
Re = 2.55 x 106, Mach = 0.225 and angle of attack = 0.97 deg
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Figure 12: Measured by kulite transducers vs. theoretical XFoil pressure coefficient values over the upper
surface of the model for an airflow of Re = 2.55 x 10°, Mach number = 0.225 and angle of attack
=0.97 deg
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6.0 SUMMARY

The method of detecting transition using Kulites sensors proved to be very efficient and in good
agreement with the theoretical prediction using e*N method as well as experimental validation by IR
image processing. The transition point localisation by calculating the max RMS of a sensors array
distributed chordwise will be used in the future design of a morphing wing closed loop controller.
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