WIND TUNNEL TESTING OF A FULL SCALE HELICOPTER
BLADE SECTION WITH AN UPSTREAM ACTIVE GURNEY
FLAP

R. Loendersloot® J. Freire Gomez®@ J.D. Booker®

@ Applied Mechanics, Faculty of Engineering Technology, University of Twente, Enschede, The Netherlands,
r.loendersloot@utwente.nl
@) Department of Mechanical Engineering, University of Bristol, United Kingdom

ABSTRACT

Wind tunnel tests were performed on an aerofoil section comparable to that of a full scale helicopter blade
section with an upstream active Gurney flap in the framework of the European project CleanSky ITD Green
RotorCraft. A modified NACA0012 profile was used, with 23 Kulite pressure transducers embedded in the
profile’s surface and with an integrated actuator system for the Gurney flap. The Gurney flap, positioned at
95% of the chord length and with a deployed size of 1.3% of the chord length, extended the full span width of
the section. The aerofoil was supported by a mounting system with automated control of the angle of attack.
The effect of the Gurney flap is assessed for various deployment strategies. The test campaign carried out was
successful. The aerodynamic behaviour can be extracted from the data and contains valuable information for
validation of 2D numerical models developed by other partners in the project. The most important improvement
of the setup for future use is the stabilisation of the inclinometer readings, which showed a significant amount

of noise.

1 INTRODUCTION

In 2008, the JU Clean Sky ITD Green RotorCraft
(GRC) project commenced, aiming at an improve-
ment of the flight performance of helicopters in terms
of fuel consumption and noise pollution. The re-
search of Work Package 1, Innovative Rotor Blades,
focussed on active strategies, such as active twist of
the blade (DLR and Airbus Helicopters), laminar flow
technology (CIRA) and the Active Gurney Flap system
(AgustaWestland/IGOR). The latter research is con-
ducted by a consortium of Benelux companies, for this
specific part in collaboration with Microtecnica and the
University of Bristol and supervised by AgustaWest-
land and is the subject of this paper.

One of the key milestones in this development is the
validation of the 2D aerodynamic models that set the
requirements for the design of a full scale active Gur-
ney flap (AGF) system that is anticipated to be tested
in flight at the end of the project. The Gurney flap has
received a substantial amount of attention, reflected
by the review from Wang et al. 1. A relatively recent
article from Cole et al. @ proves the continuation of
research efforts addressed to Gurney flaps and adds
a relevant conclusion, after having analysed the per-
formance of Gurney flap of various heights and for var-
ious airfoils: “In summary, caution must be exercised
when assuming the effects of the Gurney flap based
on its height and location for an airfoil that has not
been analyzed or measured”. The airfoil used in this

research is based on the NACAO0012 profile, which has
been measured, amongst many others by Li et al. Bl
However, the majority of the research conducted is
based on a static Gurney flap, located at the trailing
edge, rather than at some point close to the trailing
edge. The position of the Gurney flap is a practical
implication if retraction is required as is the case for
the active Gurney flap under investigation. Hence, it
can be concluded only limited information on the dy-
namic behaviour, induced by the deployment and re-
traction phases, is available in literature for this airfoil.
This directly results in the need to experimentally in-
vestigate the dynamic behaviour of the active Gurney
flap by means of wind tunnel tests.

The tests were performed by a consortium of part-
ners, each contributing a specific part to the test.
The wind tunnel tests are carried out at the Univer-
sity of Twente, The Netherlands. The wind tunnel and
test section, specifically designed for these measure-
ments, are discussed in section 2, the profile, man-
ufactured by Airborne Technology Center with an in-
tegrated AGF system designed and built by Microtec-
nica and the University of Bristol, is discussed in sec-
tion 3 and the data acquisition, supported by the NLR,
in section 4. The results acquired during the test are
presented and discussed in section 6, while the paper
is closed with conclusions and future prospects (sec-
tion 7).
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Figure 1: Schematic overview of the wind tunnel of the University of Twente.

2 WIND TUNNEL FACILITIES

The wind tunnel of the University of Twente, owned
by the Chair of Engineering Fluid Dynamics, is a silent
subsonic wind tunnel. It is used for both aerodynamic
and aero-acoustic research. The tunnel has an open
end test section of 0.9x0.7 m?, placed in an anechoic
room of 6x6x4m3. A schematic overview of the tun-
nel is shown in figure 1.

The maximum wind speed that can be reached is
approximately 58 ms™* (~0.17 Mach). The tunnel is
not pressurized and has a stream turbulence of 0.5-
0.6%. In principle, isothermal conditions apply, but the
temperature can increase during operation of the wind
tunnel, depending on the conditions of the test and
the equipment in the anechoic room. An uncontrolled
cooling system can be used to reduce the temperature
if desired.

The aerofoil that is tested (see section 3) has a rel-
atively large chord length (0.508 m) compared to the
tunnel dimensions. On top of that, the angle of at-
tack has to be controlled accurately. The University
of Twente has therefore developed a new test section
with an integrated mounting system for the aerofoil.
The new test section was placed behind the existing
test section, though it can also replace the existing test
section.

The first function of the mounting system is to de-
fine the position of the blade, without interrupting the
flow (maximum gap of 0.5 mm) and assuring its align-
ment to be perpendicular to the flow. Furthermore, the
blade has to be oriented horizontally in the span direc-
tion. The second function of the system is to control
the angle of attack of the profile with an accuracy of
0.1° over a range of —5° to +-20°, while measuring it
with an accuracy of 0.01°. The final function of the

system is to absorb vibrations due to the operation of
the AGF system (0 - 35Hz)

The test section is made from plywood, for reasons
of cost and for ease and flexibility of manufacture. An
aluminium disc and ring system is manufactured to
meet the requirements on accuracy. The assembly
of the system, viewed from the outside is shown in fig-
ure 2.

The assembly consists of i) a ring for the alignment
of the entire rotating system; ii) a disc base rotating
in the ring, iii) a disc frame containing the mounting
points for the aerofoil section; iv) three POM bearing
blocks assuring the alignment and smooth and low
friction rotation of the disc base in the ring; v) an in-
clinometer (Seiko N3 capacitive, liquid based) mea-
suring the angle of the disc; and vi) a linear actua-
tor (Transmotec DLA-24-40-A-200-POT-IP65) control-
ling the angle of the disc. The ring, disc base and
disc frame are all manufactured from aluminium (6082
series). Both the inclinometers and the linear actua-
tors require a power source. Stable regulated 5 Volt
power is realised using a small circuit with a capacitor
to stabilise a rectified power supply. The 24 Volts (di-
rect current) for the linear actuators is generated with
a separate power supply.

The gap between the aluminium alignment ring and
the plywood is filled with filler material, whereas the
gap between the rotating disc and the alignment ring
is minimised by setting appropriate machining toler-
ances. As aresult, a smooth, flush surface is obtained
on the inside of the wind tunnel. The alignment of the
disc in the rings is achieved by using adjustable POM
sliding blocks. A detailed view of the assembly of the
ring and disc in the plywood test section wall is given
in figure 3.
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Figure 2: Side view of the test section showing the mounting system for the rotor blade, which allows for an automatically
controlled setting of the angle of attack of the rotor blade section.
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Figure 3: Detailed view of the assembly of the outer, non-
rotating aluminium ring and the rotating aluminium disc in
which the rotor blade section is mounted. The adjustable
bearing block allow for a precise and smooth rotation.

An in-house developed LABVIEW® control pro-
gram is employed to control the linear actuators, using
the readings from the inclinometers as inputs. The two
linear actuators on each side have to ensure the discs
rotate simultaneously, with an accuracy of 0.1°. The
LABVIEW® program adjusts the power sent to each
of the linear actuators depending on the difference be-

tween the inclinometer readings and the target angle
of attack set by the user. A screenshot of the LAB-
VIEW® control program is shown in figure 4. The
LABVIEW® program accounts for a minimum voltage
required for operating the linear actuators and reduces
the power if the current angle is within 1.0° from the
target angle. The actuation stops if either the target
angle is reached, within the preset accuracy, or if the
difference between the readings of both inclinometers
exceeds 1.0°. Unfortunately, it turned out to be im-
possible to use a lower value for this, due to a large
amount of noise on the signal. This issue will be fur-
ther addressed in section 6.
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Figure 4: Screenshot of the LABVIEW® control program



o //I//
2 |
s

199 mm

-

Figure 5: Modified NACA0012 profile. The main dimensions are indicated. The dotted line indicates the original NACA0012

profile.

D-spar
Leading edge Kulite
Sensor carrier

Top skin
(suction side)

Dowel
Side block

Bottom skin
(pressure side)

Countersunk
bolts

Trailing
edge

Figure 6: Exploded view of the blade aerofoil section without the AGF mechanism.

3 BLADE AEROFOIL SECTION AND AGF

The blade aerofoil section used for the wind tunnel
test is a variant of the NACAO0012, where the trail-
ing edge has been thickened to provide greater spa-
tial envelope for the AGF. The variant in question is
characterised by having a 3% chord thickness at 95%
chord (figure 5), and will be henceforth referred to as
NACAOQ0012M, where the ‘M’ stands for modified.

Airborne Technology Centre (The Hague) was re-
sponsible for the construction of the 900 mm wide
blade section. This was designed so that the defor-
mations at any point throughout it would be less than
0.1 mm during the test, thus ensuring the blade pre-
serves its original shape.

Due to manufacturing constraints and in order to fa-
cilitate the installation of the AGF mechanism inside it,
the blade section was broken down into different parts
for manufacturing (see figure 6). The hollow D-spar
was made out of prepreg IM7 Carbon/BMI resin, using
the so-called Same Qualified Resin Transfer Moulding
(SQRTM) method, which eliminates the need for an
autoclave. The D-spar was then CNC milled to match
its prescribed span-wise length, as well as to pro-
duce the cut-out for the cradle (see figure 8), the front
pocket for the Kulite sensor carrier and the holes for

both the bolts and Kulite sensors. The top and bottom
skins of the aerofoil were also made out of prepreg
IM7 Carbon/BMI resin, but using a standard manufac-
turing method (i.e. shaping them on female moulds,
vacuum bagging them and curing them in an auto-
clave at approximately 6 Bar and 190°C). Both skins
were later machined to match their prescribed span-
wise length, as well as to produce the holes for the
Kulite sensors and countersunk bolts (only in the case
of the latter). The leading edge Kulite sensor carrier
was rapid prototyped in Tusk XC2700 by Materialise
(Leuven). Finally, the trailing edge part, the dowels
and the side blocks were all machined out of solid alu-
minium.

Prior to proceeding to assemble the blade section
parts, the outer surfaces of the D-spatr, the Kulite sen-
sor carrier, the skins and the trailing edge were all
sprayed with non-reflective black paint, in order to
enable the later use of the particle image velocime-
try (PIV) system during the wind tunnel test. After
this, the Kulite pressure sensors positioned around
the mid-span section of the blade were installed on
the individual parts. This process was carried out by
Ext-Ins Technologies (The Netherlands). Due to the
delicacy and very small size of these sensors, pro-



tective packagings had to be specially designed for
them in order to facilitate installation (see figure 7).
These protective packagings were rapid prototyped in
polyamide by Shapeways (Eindhoven). The distribu-
tion of the 23 Kulite sensors around the mid-span sec-
tion of the aerofoil (12 on the suction side and 11 on
the pressure side) is shown in figure 5, where the red
‘X’ and ‘0’ points indicate the position of the LQ-062
Series and LL-250 Series sensors respectively. The
precise chord-wise position coordinates for these may
be found in table 1.

Figure 7: Left: Exploded view of an LQ-062 Series Kulite
pressure sensor and its protective packaging; Right: Ex-
ploded view of an LL-250 Series Kulite pressure sensor and
its protective packaging.

Table 1: Chord-wise position (in mm) of the Kulite pressure
sensors.

Upper skin Lower skin
Sensor Ild  Position Sensor Id  Position

1 0.4 13 0.5
2 4.1 14 4.0
3 12.3 15 8.9
4 29.0 16 22.4
5 58.0 17 115.8
6 98.7 18 231.2
7 1409 19 385.3
8 2124 20 4705
9 31438 21 4765

10 448.0 22 488.6

11 498.0 23 504.0

12 504.0

Once the Kulite sensors had been installed, the top
skin of the aerofoil was bonded to both the D-spar and
the trailing edge using Araldite 2015, a two component
adhesive. The Kulite sensor carrier was also attached
to the D-spar using the same compound. After instal-
lation of the AGF inside, the blade section was closed
by bolting the bottom skin to both the D-spar and the
trailing edge part. Finally, the heads of the counter-
sunk bolts (see figure 6) were covered with filler dough
to eliminate any rough spots on the blade’s outer sur-
face that could disturb the flow.

Within the wind tunnel, the blade section is firmly

held in place through two side blocks (see figure 6).
Each of these has a pocket for a dowel which slides
into the D-spar, the heaviest and stiffest part of the
blade, thus providing the main supporting point. Ex-
tra support is provided through two protruding lips to
which the aerofoil skins are bolted. The side blocks
also house the Hall sensor holders, rapid prototyped
in ABS plastic by the University of Bristol. The Hall
sensors are used to measure the deployment height
of the flap and provide a roughly linear voltage ver-
sus position output signal. The calibration of the volt-
age versus position characteristic of the sensors was
carried out in situ once the blade aerofoil section had
been installed within the wind tunnel.

The AGF was designed and manufactured jointly by
Microtecnica (Turin) and the University of Bristol. The
system was designed so that the flap sits at 95% chord
and its deployment path is essentially perpendicular to
the chord length (see figure 5). Using this configura-
tion, the maximum achievable flap deployment height
is 1.3% chord, although the system has capability for
partial deployment and hold.

The topology for the AGF mechanism was selected
following the methodology presented in . A de-
sign based on flexures came out as the strongest
candidate as these present a series of advantages
over conventional joints: they are easily customisable,
lightweight, maintenance free, backlash free (thus al-
lowing precise control of the position) they do not pro-
duce friction losses and they eliminate the possibility
of a jam during motion [,

The selected topology is shown in figure 8. It con-
sists of a CFRP cradle which houses the actuator, a
push-rod that transfers the movement from the lead-
ing edge to the trailing edge, and a flap hinging on
flexures. These are in turn anchored to a series of rall
segments which are bolted to the trailing edge part
shown in figure 6.

In order to make sure that the flexures would have
infinite fatigue life, a high ultimate strength spring steel
was selected (CS95 (EN44)). The thickness was cho-
sen using the relation for the endurance limit o of the
material in question (550 MPa), which according to !
reads:

(3\ — 1)Et0
L

Where )\ is a non-dimensional parameter which de-
fines the point at which the flexures cross relative to
their length (1.06), E is Young's modulus (200 GPa),
t is the flexure thickness (0.127 mm), 6 is the angle
across which the flexures move (+5°) and L is the ac-
tive length of the flexures (9.4 mm). The span-wise
width of the flexures, which has no influence on the
stress levels, was taken as 45mm. It is also worth
pointing out that the flap is partially deployed when
the flexures are at their neutral position, as can be
inferred from figure 9, in order to keep the absolute

(1)

O =
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angle across which the flexures move to a minimum.
In other words, the flexures have a -5° angular rotation
when the flap is fully stowed inside the blade, whereas
they reach a +5° angular rotation when the flap is fully
deployed.

Before committing to manufacture of the actual test
parts, the design was thoroughly validated both ana-
lytically through FEA as well as through experimen-
tal prototype testing. Two bench tests were per-
formed: one using a scanning laser Doppler vibrom-
eter (SLDV) to verify that the flap did not possess any
natural frequencies close to the frequency range dur-
ing testing (0-35Hz) and that it had an even deploy-
ment across its span during operation; and another
one to test the fatigue life of the flexures, subjecting
them to 107 cycles with a motion range covering the
maximum flap deployment height.

Due to manufacturing constraints, the 900mm long
flap had to be divided into nine shorter segments
which were machined out of solid aerospace grade
aluminium using wire-EDM. These segments were
then assembled together on a surface table using
dowels and Loctite 278 (a thread locking high strength
adhesive), thus ensuring perfect straightness of the
flap. To enable the use of the PIV system during the
wind tunnel test, the flap tip was sprayed with non-

reflective black paint. The rail segments and push-rod
plates were also made out of aluminium using wire-
EDM. Once the flexures, the flap and the rail segments
had been glued together using the aforementioned ad-
hesive, the latter were then bolted to the trailing edge
part shown in figure 6 and figure 9. Lastly, the push-
rod was connected to both the linkage mechanism
and the push-rod flexures using socket head bolts and
nuts.

4 DATA ACQUISITION

The data acquisition of most parameters was done
under supervision of the NLR, using their VIPER data
acquisition system. The aerodynamic pressure, mea-
sured by the 23 Kulite sensors, the sound pressure
at the top and bottom wall of the test section (8 Lin-
earX M51 microphones), the position of the Gurney
flap (2 Hall sensors), the readings of the inclinome-
ters (also input of the LABVIEW® control program),
and the temperature in the D-spar (Omega Thin Film
RTD PT1000) and the accelerations of the Gurney flap
were all recorded by the VIPER system.

A second PC was used to store i) the data from the
two inclinometers, imported via a NI myDAQ system;
ii) the data from two thermocouples in the original test
section of the wind tunnel to measure the tempera-
ture of the airflow; iii) 10 static pressure tabs inte-
grated in the top wall of the test section; and iv) the
air flow velocity, based on a pitot tube (2 channels).
All pressures, including those from the pitot tube are
measured by a NUSS system.

The PC was also used to control the actuation,
which operated on a different circuit: it had its own
power supply and the temperature of actuator was
measured to avoid overheating.

The VIPER system allows 48 different channels to
be connect, of which 40 were used. The front of the



VIPER system is shown in figure 10. The VIPER has
6 modules, each holding 8 channels. Various types
of connectors can be used (BNC / LEMO / SubD), a
current of up to 4mA can be supplied as well as a
direct current power supply of 5, 10, 12 or 15Volts.
The maximum sampling frequency is 200 kHz and an
on board signal amplification can be used. The data
files are stored as FAMOS binary files, allowing for ex-
treme large data binary files (>>1 Gb). The sampling
frequency for most cases was set to 40 kHz, only a few
of the first measurement were sampled with 20 kHz.

Figure 10: Front view of the VIPER data acquisition system.

The parameters measured are collected in table 2.
All Kulite pressure transducers were connected to the
VIPER with SubD connectors. Hence, a multiple of
8 channels was used, leaving one redundant channel.
BNC connectors were used for all other data channels.

The wires from the Kulite pressure transducers are
extremely fragile. Any handling or operation can
cause breaking and a consequent loss of the signal.
Therefore, the wires were carefully led from the cen-
ter of the profile to the sides, while supporting them
on strategic locations, where they were connect to a
male SubD connector. The connectors were attached
to the side blocks (see figure 6). Once installed, the
wires were completely protected against handling op-
erations during installation of the set up in the wind
tunnels as well as operations during the tests such as
setting the angle of attack. Moreover, the test sec-
tion and the VIPER data acquisition system were eas-

Table 2: Overview of data acquisition.

Type Number System
Kulite — Dynamic pressure
LL-250 0.7 bar A 9 VIPER
LQ-062 0.7 bar A 14 VIPER

LinearX — Acoustic pressure

M51 8 VIPER
NUSS — Static pressure

Pressure tubes 10 UT-PC
Temperature

RTD Pt1000 1 VIPER
Position

Hall sensors 2 VIPER

Accelerometers 4 VIPER

Seiko N3 Inclinometers 2 VIPER/UT-PC

ily connected using a SubD cable.

The angle of attack is measured by two Seiko N3
inclinometers, serving as the input for the LABVIEW®©
program that is used to control the motion of the lin-
ear actuators. The inclinometers have a measuring
range of +30° and a resolution of less than 5-103 °.
The sensors require a regulated 5V supply voltage.
A small electrical circuit is built, shown in figure 11,
to convert and stabilise an AC voltage to a regulated
supply voltage of 5 V. The measured voltage V' and the
angle « of the inclinometer are linearly related (0.2%
deviation over measuring range) according to the data
sheet provided by the supplier of the inclinometers.
The relation is given for each sensor separately as:

Viight = 2.490 — 6.129 - 103«

) -3
Vieit = 2.498 — 6.140 - 103«

The subscripts ‘right’” and ‘left’ are with respect to the

flow direction.

The inclinometers signals are used by the LAB-
VIEW® program, but also read by the VIPER, as they
are used to determine the actual angle of attack. The
wires were therefore split, which resulted in a differ-
ent reading in the LABVIEW® program, most likely
caused by differences in the internal resistances of
the VIPER and the NI myDAQ, combined with different
(and long) wires. The readings the two inclinometers
changed approximately an equal amount in opposite
direction.

The sensitivity parameters were adjusted by apply-
ing a constant shift. The shift appeared sufficient for a
correct operation of the disc rotation system up to 10°.
The corrected sensitivities were found to be:

Viight = 2.433 — 6.129 - 10 3«

3) B
WViet = 2.431 — 6.140 - 10~ °«x

Note that the sensitivity factors are adjusted with



Figure 11: Supply voltage regulator for the inclinometers,
positioned on top of the NI myDAQ data acquisition unit.

a constant term; the linear coefficients were not

changed.

5 TEST PLAN
Four different test phases were defined:

1. Static deployment

2. Oscillatory deployment

3. Ramped deployment

4. Ramped deployment/wake

The last is partly a repeating of the measurement of
the third phase, but the PIV was focussed on the wake
rather than on the area around the Gurney flap. The
reader is referred to the paper of Van 't Hoff et al. [7]
for the results of the wake measurements.

The test matrix for each phase comprised a se-
ries of common variables, such as the range over
which the angle of attack was varied (-2°-12°),
the amount of deployment (0 mm/0%, 2.5 mm/0.5%,
5.1 mm/1%, 6.6 mm/1.3%) and the wind speed (30 m/s
and 60m/s). During the first phase, the maximum
achievable deployment (7.2mm/1.4%) was also in-
cluded in the test matrix.

The Gurney flap was deployed with sine functions.
Four different frequencies were used: 5Hz, 10Hz,
20 Hz and 30 Hz. The frequency must be scaled to be
able to compare the deployment frequency with actual
flight situations, due to the relatively low Mach number
in comparison to the Mach number in real operation.
The reduced frequency k is calculated to this end by:

wL 7wfL
4 k=—=——
@ 2V Vv
with w the circular frequency in radians per second,
f the circular frequency in Hertz, L the chord length

of the profile and V' the flow velocity. However, the
deployment schedules have not been chosen such
that they can be compared directly with realistic op-
erational conditions, but were merely chosen to push
the envelope and investigate the limits of performance
of the system.

The ramped deployment contained four phases: i)
deployment; ii) a deployed region; iii) retraction and
iv) a retracted position of the Gurney flap. The re-
sulting schedule is shown in figure 12. The speed
of deployment and retraction was varied, using four
different values (21.667 ms, 25.000ms, 19.444 ms,
13.333ms). It was not possible to change the total
time of a deployment cycle, due to constraints in the
actuator control software. In order to be able to con-
tinuously repeat the schedule, the deployed time and
retracted time was kept equal for all cases.

—— Ramped 23Hz
—— Ramped 20Hz
— Oscillating 5Hz
—— Oscillating 10Hz

0 0.05 0.1 0.15 0.2

t[s]

Figure 12: The schedules for a ramped and oscillating de-
ployment (two variations for each). The ramped deployment
has four phases: the deployment, deployed region, retrac-
tion and stowed position.

The angle of attack and the wind speed were set
prior to each measurement, although a new angle of
attack was set without stopping the wind tunnel. Each
measurement lasted 30 seconds, after which just over
10 minutes of time was required to download the data
from the PIV cameras and the next measurement
could be started. The time between measurements
was reduced to the time needed to set the conditions
for the next measurement, possibly including loading
a new deployment schedule, if no PIV measurement
was included. A total of 222 measurements were per-
formed (phase 1: 84; phase 2: 62; phase 3: 62; phase
4: 14), excluding a number of ‘zero-measurements’.
These measurements were done for calibration pur-
poses of the Kulite pressure transducers. The wind
tunnel was stopped completely during these measure-
ments, resulting in an atmospheric pressure in the tun-
nel.



6 RESULTS & DISCUSSION

The amount of data generated is — the least to say —
large. The objective of this paper is not to discuss all
measurements in detail. The most important results
from the wake measurement are, as mentioned, pre-
sented by Van 't Hoff et al. [7]. The analysis of the
vibrations of the Gurney flap system will be presented
by Dos Santos et al. [8] at the ISMA2014 conference
in Leuven.

The discussion here covers the way the data is ex-
tracted and the most relevant observations. Firstly, the
measurement of the angle of attack is discussed, fol-
lowed by a discussion on the results of the lift coeffi-
cient, calculated from the dynamic pressure measure-
ment. This discussion includes the effect of the Gur-
ney flap on the lift coefficient. Subsequently, some
observations concerning the Hall sensor data are dis-
cussed in relation to the targeted deployment sched-
ules. Finally, preliminary results on the acoustic mea-
surements are briefly touched upon.

6.1 Angle of Attack

The angle of attack is set via the LABVIEW® con-
trol program. However, the actual angle can deviate
from the target angle. This is acceptable, since the in-
clinometer output is also read by the VIPER (as stated
in section 4). Unfortunately, a significant amount of
noise was observed in the signal from the inclinome-
ters. As a consequence, it was not possible to con-
trol the difference in rotation angle of the discs with
an accuracy of less than 1°. Moreover, connecting
the inclinometers to both the LABVIEW® control sys-
tem and the VIPER affected the sensitivities (see sec-
tion 4). Hence, the signal is analysed in detail.

The first observation is that the inclinometer read-
ings indicate a large difference between the angles of
the both rotating discs. The angle of attack «, as mea-
sured by the both inclinometers during the full mea-
surement period of 30s, for a target angle of 8°, a
fully retracted Gurney flap and a wind speed of 30 m/s
is shown in figure 13a. Clearly, a significant amount of
noise is present. The minimum and maximum values
measured are also significantly larger than the maxi-
mum angle set by the LABVIEW® program during the
motion cycle; once the rotation is stopped, there is no
check anymore. Although the displayed measured val-
ues of the angles were far from stable, they appeared
to vary significantly less than observed in the results
displayed in figure 13. However, the signal as received
by LABVIEW® was not stored and can therefore not
be verified.

The second case shown in figure 13b is significantly
more demanding for the mounting system: an oscillat-
ing Gurney flap deployment (6.6 mm at 30Hz) and a
higher wind speed (60 m/s). The histograms of both
cases are shown in figure 14. The graphs show that
the difference between left and right inclinometer is
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Figure 13: Angle of attack (target: «=8°, red: right with
respect to flow direction, blue: left). a): a fully retracted
Gurney flap and a wind speed of 30m/s; b) an oscillating
Gurney flap deployment (6.6 mm at 30 Hz) and a wind speed
of 60m/s.

slightly larger for the second, more demanding case,
but the standard deviation is slightly lower. Other
cases show a similar trend. Hence, it can be con-
cluded that the difference between the readings is rel-
atively constant. It can therefore be stated that a rea-
sonable approximation of the angle of attack at the mid
span location, where the Kulite pressure transducers
are located, is the mean value of the angles measured
at both sides of the test section.

6.2 Lift Coefficient

The lift coefficient was calculated using the dynamic
pressures measured by the Kulite transducers. The
profile is first discretised in elements, with the edge
of the element in the middle of two neighbouring
sensors. The leading edge and trailing edge points
((z,y) = (0,0) and (x,y) = (L., 0)) are also included.
The pressure of each Kulite sensor is subsequently
divided by the projected area of its element on either
the local z-axis or the local y-axis. Hence, the result-
ing forces along and perpendicular to the chord length
are obtained. These are subsequently rotated to the
global coordinate system (X,Y") to obtain the lift and
the drag coefficient. The latter is not considered here,
as it is known to be inaccurate in these type of mea-
surements. The lift coefficient C;is defined as:
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b: An oscillating Gurney flap deployment (6.6 mm at 30 Hz)
and a wind speed of 60 m/s.

Figure 14: Histogram of the angle of attack (target: a=8°,
red: right with respect to flow direction, blue: left).

with F' the force per unit length in span direction, p the
density of air, v the relative velocity between profile
and surrounding medium and L. the chord length of
the profile. The resulting lift coefficient for an angle of
attack between -2° and 12°, a wind speed of 60 m/s
and i) a fully retracted Gurney flap; ii) 2.5mm (0.5%)
deployment; iii) 5.1 mm (1.0%) deployment; and iv)
7.2 mm (1.4%) deployment is shown in figure 15. Note
that a static deployment of the Gurney flap is used
here and sufficient time was left between the measure-
ment to obtain a quasi-static condition in the wind tun-
nel. The results are consistent with the expectations:
a zero lift for a fully retracted Gurney flap and an over-
all increase of the lift for an increasing deployment of
the Gurney flap.

It was also investigated if the oscillating operation
of the Gurney flap results in time averaged change of
the lift coefficient. The time averaged lift coefficient
for three different actuation frequencies (5Hz, 10Hz
and 20Hz) are investigated to this end. The ampli-
tude of the oscillation is also varied with three levels
(2.5mm, 5.1 mm and 6.6 mm). Note that a lower max-
imum deployment is used compared to the static de-
ployment case, to limit the actuator forces. The lift co-
efficients for the 9 cases are shown in figure 16. The
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Figure 15: The lift coefficient for four different static deploy-
ment levels of the Gurney flap for a wind speed of 60 m/s.

value of the lift coefficient is not significantly affect by
the sinusoidal deployment schedule. No relation can
be established between the frequency of deployment
and the lift coefficient, as there is no difference in the
lift coefficient. This leads to the conclusion that the
time averaged lift coefficient is not affected by the fre-
guency of the oscillating deployment. However, the
lift coefficient is, according the expectations, slightly
lower compared to the lift coefficient in case of a static
deployment.
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Figure 16: The lift coefficient for three different actuation
frequencies with each three different deployment amplitudes
of the Gurney flap for a wind speed of 60 m/s.

An oscillating deployment schedule will generally be
chosen for vibration control rather than for increasing
the flight performance. Hence, the change of lift is
of limited value; it is more relevant that the operation
does not change the performance too much. The as-
sociated increase of drag would therefore be as im-
portant as the change of the lift coefficient. As stated
earlier, it is not possible to determine the drag coeffi-
cient accurately with these type of measurements.



6.3 Gurney flap position

In principle, the Gurney flap position is controlled by
the deployment schedule applied to the actuator. The
actual position of the Gurney flap can however slightly
differ from the commanded position, due to flexibilities
in the system. The actual position of the Gurney flap
is compared with the commanded profile for different
cases.

One of the main observations from this analysis is
that the Hall sensor do not measure the position of
the Gurney flap correctly close to the fully retracted
position.
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Figure 17: Comparison between the commanded deploy-
ment profile and the measured Gurney flap position.

Secondly, it is observed that the Gurney flap ac-
curately follows the motion of the actuator, if an os-
cillatory deployment is commanded, as shown in fig-
ure 17a, which shows the deployment measured by
the Hall sensors compared to the commanded pro-
file for a 10 Hz oscillating deployment schedule and
a 5.1 mm amplitude of the deployment. There is no
significant delay, even for cases with a relative high
aerodynamic loading on the Gurney flap.

The difference between the commanded profile and
the actual deployment are larger for the ramped case,
shown in figure 17b. There is also a significant amount
of overshoot present. It is not unknown whether the
overshoot is caused by the actuator not being able to
generate sufficient force for the required acceleration
or by the flexibility of the push rod and GF system.

6.4 Acoustics

A total of 8 microphones where embedded in the
top (6) and the bottom (2) of the wind tunnel test sec-
tion, measuring the acoustic pressure. The objective
of the acoustic measurement is to investigate whether
it is possible to locate the disturbances introduced by
the Gurney flap, using source localisation techniques
and to estimate the extent of the disturbances by com-
paring the sound intensities of various situations. The
analysis of the acoustic data is still in progress, but
another observation, made during the measurements
will be addressed here: specific combinations of an-
gle of attack and Gurney flap deployment schedule re-
sulted in a whistling sound. This sound was clearly au-
dible outside the wind tunnel and hence it is expected
that this shows up in the acoustic results.

The time dependent acoustic pressures are first
transformed to the frequency domain, using an FFT
analysis. The sampling frequency was sufficiently
high (40kHz in most cases) to obtain a sufficiently
wide frequency band, but the time of measurement
was relatively short: each measurement lasted 30s.
The number of points for the FFT analysis, Ny¢;, was
chosen such that the frequency resolution was not
larger than 1 Hz. This meant, each window contained
216 data points, resulting in a frequency resolution of
0.62Hz. Given the total length of the time signal and
using an overlap of 50%, the resulting power spectral
density was built with approximately 30 time windows.

The power spectral density of various cases is com-
pared: first the case of no deployment is analysed, fol-
lowed by the effect of an increasing angle of attack and
some level of deployment of the Gurney flap. Finally,
the effect of an oscillating deployment on the acoustic
pressure is analysed.

The first case analysed is the fully retracted Gurney
flap, 4° angle of attack and a wind speed of approxi-
mately 60 mm/s. The 0° angle of attack could not be
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Figure 18: Power spectral density measured by the 8

acoustic microphones for a fully retracted Gurney flap, an
angle of attack of 4° and a wind speed of 60 m/s.

The power spectral densities for a 4° angle of at-
tack, harmonic oscillations of 5Hz, 10Hz and 20 Hz



and a deployment amplitude of 6.6 mm, depicted in
figure 19, show an interesting change: the number
of higher harmonics significantly increases for the
faster deployment. The spectral density is also higher
around 600 Hz. Clearly, the sound generated in those
configurations is different and more tonal. The same
characteristics are observed for other cases.
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Figure 19: Power spectral densities for a 4° angle of attack,
a wind speed of approximately 60m/s and a Gurney flap
deployment oscillation with an amplitude of 6.6 mm.

7 CONCLUSIONS & FUTURE PROSPECTS

The wind tunnel test performed at the University
of Twente, in the framework of the CleanSky project,
required the collaboration of many partners from all
over Europe. The test program ultimately aims to
provide experimental data to validate the 2D aero-
dynamic models, as being developed by the NLR
and AgustaWestland in this same European project.
These models will then further support the design of

a real Gurney flap, to be tested in flight at the end
of the project. The main conclusion here, is that it is
proven to be possible to successfully carry out a test
campaign on a profile with components and a data ac-
quisition system that were built or provided by different
partners. This is a major challenge, both in terms of
construction as in terms of coordination.

The measurements have not only just been suc-
cessful, thanks to a good collaboration between the
partners, but brought even more: the PIV measure-
ments, described in the paper of Van 't Hoff et al. [7],
were unique in the sense a mobile stereo PIV setup
was used. The mounting system, specifically de-
signed for this measurement, but such that it can be
used for other profiles as well, provided the chord
length and height of the aerofoil does not exceed the
dimensions of the modified NACA0012 aerofoil used
here. Also, the active Gurney flap system allowed for
a unique assessment of the effect of different deploy-
ment schedules on the aerodynamics.

It was shown to be possible to assess the main
characteristics of the presence of a Gurney flap on the
aerodynamics, both for a static and an active deploy-
ment schedule (oscillating and ramped). A detailed
analysis of all the data is still ongoing: the amount of
data that is collected is large and various connection
between different outputs can be made.

Still, there is a number of issues that demand fur-
ther development. First of all, the noise on the sig-
nals, in particular on the inclinometer readings, has to
be improved. The problem with the inclinometer read-
ings was further increased by connecting the output
signal to both the VIPER data acquisition system and
the NI myDAQ system/LABVIEW® control program.
Though this was essential to be able to set and mea-
sure the angle of attack, improvements are expected
if the power supply of the inclinometers is further sta-
bilised, the wires are shorted and isolated better from
for example the actuator power supply. Finally, an
additional calibration of the sensitivities is preferred,
once the system is completely installed in the wind
tunnel, taking into account all disturbing factors.

Secondly, the actuator control showed limitations.
It is advised to control the design process of such
a control system tightly. One of the main limitations
was the time window of 200 ms for a deployment cy-
cle. Though this corresponds approximately to one
revolution of the type of helicopter that will be used for
the flight test, it is an undesirable limitation for a 2D
wind tunnel test; the relevant speeds, for example of
the deployment, can be different due to the lower wind
speeds.

Although it is unlikely that the measurements will
be repeated, the recommendations can be valuable
for comparable test campaigns. At this moment, the
mounting system is being reconstructed for measure-
ments on a wind turbine blade. This opportunity will
broaden the experience with the mounting system and



be used to further develop the data acquisition and
control of the angle of attack.
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