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Abstract

An experimental investigation of unsteady
pressures on military aircraft wind tunnel
models  has  been  performed  using
Polyvinylidenfluorid (PVDF) sensors. The
unsteady pressures from the wind tunnel
measurements are a prerequisite for the
prediction of dynamic loads and vibrations
during the development and design of new
fighter aircraft structures. In the past the wind
tunnel unsteady pressure measurements had
been performed using wind tunnel models
equipped by Kulite pressure sensors. This
technique resulted in very high cost wind tunnel
models. In contrast the application of the PVDF
foil Smart Sensor & Signal Processing
Technology would lead to improvements
through the application of an affordable test
technique which could be also applied in flight
with the benefit of more accurate and locally
detailed pressure information.

The present investigation includes the
measurement of unsteady pressures with PVDF
foils on a wind tunnel model of a trainer aircraft
configuration in the high speed transonic wind
tunnel of the NLR Amsterdam. The investigated
Mach numbers were MO0.5, M0.7 and M0.9 and
the incidence range was 0 to 45 degrees. The
results of the experiments are discussed using
the analysed time histories and power spectral
densities of the stochastic unsteady pressure and
comparisons to results using direct unsteady
pressure measurements. Main aspect is the
evaluation and validation with respect to
technical industrial applicability of PVDF foils.

1. Introduction

During the development of military aircraft
structural design dynamic loads have to be
established which arise from unsteady
aerodynamics caused by separated flow on the
aircraft at high incidences, so called buffet
forces which are essential components of the
design and fatigue loads. These periodic and
stochastic buffet forces excite the elastic
vibration modes of aircraft structural
components, leading for instance the wing-, the
fin- and horizontal tail buffeting.

Fin-buffeting is an aero-elastic phenomenon
occurring on various high performance fighter
aircraft. Flying at high angles of attack vortices
originate from the leading edges of wing and
fuselage. These unsteady vortices which contain
fluctuating flow components burst drastically
near the vertical tail of the aircraft and exciting
the structure of the vertical tail in its natural
modes. The resulting buffet fatigue loads can
become an airframe fatigue and maintenance
problem and might either require a structural
design including dynamic buffet loads or
heavier structures, excessive inspection or
active measures to reduce dynamic structural
loads.

In the past buffet forces have been predicted
using an experimental technique based on the
measurement of wind tunnel models
instrumented with a certain number of unsteady
pressure pick ups. For instance the wing and fin
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buffet loads of several military aircraft have
been experimentally derived by application of
the unsteady pressure measurement technique,
ref. 1 - 10. This technique resulted in very high
cost wind tunnel models, for both the
development and maintenance of the model.

Another  promising technique for the
measurement of unsteady pressures has been
proposed by several authors, described for
example in, ref. 11-13 which is based on the
application of the PVDF foil Smart Sensor &
Signal Processing Technology.

This technology is especially investigated here
on a wind tunnel model of a military trainer
aircraft configuration of EADS Military Air
System Deutschland.

2. Description of the wind tunnel model tests

2.1 Description of the wind tunnel model

The wind tunnel model is a 1:15 scaled
configuration of a military combat aircraft. The
design of this Aircraft is driven by the strategic
target to combine both a Trainer and a light
combat aircraft together. The layout of the
Aircraft show that it is a two seat airplane with
one engine and the capability to fly supersonic
speeds. The basic configuration contains beside
the two missiles, mounted on the tip position of
the wings also some interface points for
carrying underwing external stores like fuel
tanks and  reconnaissance  pods.  For
aerodynamic purpose the model is similar to the
full version and therefore the air intake is built
in the scale. This Aircraft has two air intakes on
the left and right side of the centre fuselage.
Flying in high angle of attack is main point of
the design criteria of this aircraft. Due to the
fact that this aircraft should fly a very long time
with more flight hours compared with a pure
fighter aircraft the structure should be designed
to withstand all the buffet excitation. The better
design would be that the buffet excitation will
be minimized. The configuration is shown in
Fig. 1.
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Figure 1: Wind Tunnel Model AT2000

2.2 Description of the wind tunnel model
instrumentation

The instrumentation of the fin is shown in figure
2.

Starboard Fin, Pick ups distribution 13-24

Figure 2: Location of the port and starboard
pressure measuring points
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The instrumentation was performed by Mirow
Systemtechnik GmbH, Berlin. A PVDF foil has
been attached at the port and starboard side of
the fin. Twelve pressure locations at the port
and starboard side have been installed and
instrumented at 4 span-wise sections.

The following different configurations of the
aircraft can be changed during wind tunnel
trials, by using components of the trailing flaps
to simulate different deflection angles.

Wing trailing edge flap:
®  Tgep =—20% —=10% 0, +10° +20°

Vertical Tail
s 77rudder :O’ +100; +20°
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Horizontal Tail:
Ny =—20°% —15°, -10° -5° 0,

+5° +10°% +15°; +20°

The on board measurement equipment is
installed behind the cockpit in the front
fuselage. The cockpit can be removed to
maintain the equipment.

Figure 3 shows the complete wind tunnel model
installed in the NLR High Speed Tunnel in
Amsterdam. The pitch up position of the port
vertical tail can be seen very good on the figure.
Figure 4 depicts the wiring system of the
installed piezos in more detail.

Figure 3: Model in NLR HST wind tunnel — Fin instrumented with PVDF foil
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Datenkabel 1 Datenkabel 2 Versorgungskabel links
rot 1 rot 7 rot+grin 45V
schwarz 2 schwarz 8 schwarz+weif -5V
gelb 3 gelb 9 Schirmung GND
blau 4 blau 10
grian 5 grin 11
weil 5} weilh 12
Schirmung GND Schirmung GND
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Datenkabel 4 Versorgungskabel rechts
rot 7 rot+gran +5V
schwarz 8 schwarz+weil -5V
Schirmung GND

Figure 4: Location of pressure measuring location on port and starboard fin

2.3 Description of the PVDF foil Smart
Sensor & Signal Processing Technology

The measuring technique is based on the
application of a piezoelectric foil with a
discretised sensor structure which is glued onto
the airfoil model. The piezo foil is an extremely
thin 9u < h < 100 um) plastic foil made of
PVDF films and is metallized on both sides.

The piezo effect results from the partially
crystallized structure of the foil material, which
is polarized by high field intensity while
solidifying. For this reason the foil reacts with a
change of electrical charge proportional to stress
which is gripped from the metallized surface
and is registered by means of a charge amplifier.
The sensors are well suited to be used on airfoils
in wind tunnel as well as in free flight test, since
their applicability is within a range of
temperature between —40 and +150 °C. The

high sensitivity of the foils and the small
attenuation of the piezo material allow an
almost inertia less measurement of unsteady
forces. In general several stress factors (shear,
pressure and temperature fluctuations) occur in
the piezo foil’ s measuring signal. The
superimposed components can be isolated to a
great extent by an appropriate separation
technique, see ref. 11. Some PVDF properties
are demonstrated in table 1 below.

2.4 Description of the wind tunnel model test
program

The test have been performed at the NLR
Amsterdam high speed wind tunnel (HST)
Wind tunnel conditions are described in table 2:
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Symbol | Parameter PVDF Copolymer Units

t Thickness 9,28,52,110 <1 to 1200 um (micron, 10'6)

ds; Piezo Strain Constant 23 11 102 m/m/V/m or
C/ m* N/m®

dss Piezo Strain Constant -33 -38 102 m/m/V/m or
C/ m* N/m’

231 Piezo Stress Constant 216 162 10 V/m / N/m’or
m/m/C/ m*

233 Piezo Stress Constant -330 -542 10 V/m / N/m’or
m/m/C/ m*

Y Young’s Modulus 2-4 3-5 10° N/m*

Table 1: Typical Properties of piezo film; further details see ref. 11

Flow parameters

Tunnel speed Uy 169 | 232 | 290 |m/s

Dynamic pressure Jw 9900 | 13200 | 16000 | Pa

Tunnel pressure Peo ~950. Pa

Temperature Te ~20. Deg. Celsius

Mach number Ma.,, 05 | 07 | 09 |-

Reynolds number Rey, 0.68 x 10° -

Angle of attack 0} 0...15...45 deg
10<a<45;Aa=5

Side slip angle 0.0

Sampling rate fm 2000 Hz

Low pass frequency |fr 256 Hz

Test time tm 20 S

Table 2: Wind tunnel test conditions

3. Test results

3.1 Evaluation of time histories, rms values
and power spectral densities of unsteady fin
buffet pressures

3.1.1 Unsteady pressures

Time histories of the surface pressure p(l, t) at
the different locations are recorded during the
tests. Non-dimensional pressure coefficients are
defined as:

Cp(l,t) — p(l,t) — P,

and the mean pressure values cp(l) at the
location 1 are:

ep(l)lejcp(Lt)-dt

T is the test duration. The mean square value is
defined by

c2(1) = le [, .ty-c, ] dt

and the rms (root mean square) value is 1/(_:s 1)

3.1.2 Time histories

Figures 6 - 9 show typical time histories of
measuring point MP9 for different angles of
attack.
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3.1.3 RMS pressures

RMS pressures in [Pa] for the locations MP1,
MP2, MP6, MP8, MP9, MP11 and MPI12 are
analyzed and non dimensional rms pressure
coefficients are compared as function of angle
of attack in figure 5.

These Figures demonstrate the comparison of
the rms pressure coefficients of the locations
MP1, MP2, MPS, MP9, MP11, MP12 versus
incidence.

034

0z

01

) i 1
¢y 1S of buffet pressures

Figure 5: RMS values of pressure coefficients

3.1.4 Power spectral densities

In the next figures power spectral densities, as
well as the power spectra are depicted.

3.1.4.1 Peak frequencies in the power spectra
densities

The comparison of the spectra of different
location show very similar behaviour of peaks.
Dominant peaks occur always around 380 and
405 Hz and around 920 Hz. The first two peak
frequencies correspond to the well know vortex
shedding phenomenon behind the wing of an
aircraft configuration at higher incidences,
known for example from the Eurofighter
configuration, which is characterized by a
periodic process as also known as von Karman
vortex street behind cylinders. It is interesting to
detect two similar frequencies which indicates a
fine resolution of the signals by the PVDF foil
technique. The peak frequencies are found to be
identical for all locations and for all incidences.
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Reduced frequencies k = fl,/Uco of the two first
peak frequencies are: k =0.54 and 0.575 (1, =
0.24 m). The amplitude of the first peak is
always significantly higher. The peak frequency
at 920 Hz might result from another vortex
shedding phenomenon, the origin of which is
not known but might be caused by the front
fuselage. Peaks from motion induced unsteady
pressures are believed to be of minor
importance.

3.1.4.2 Effect of pressure signal location

The peak amplitudes in the spectral densities
and the power spectra vary to some extent for
the different locations. This was already
previously demonstrated by the rms values in
figure 5. The effect of location is shown through
the figures 6 to 9 for the locations MP§ at 37.5
degrees, for location MP8, MP9 and MP11 at 10
degrees.
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Figure 7 : Power spectral density, power 3.2 Conclusion of PVDF foil measurements
spectrum variance and time history of pressure All expected trends of fin buffet pressures
MP38 at 10 degrees which are known from other aircraft
configurations are found through the
o PO PsF¥1 measurement with PVDF foils. Especially the
. trend of the rms values with incidence, the
! . ”‘ characteristic peaks in the power spectra and the
1o ||- J .-dL_,._,—Jn\ JA LA
(\ \} \ f 2000 development of the rms values and the power
ariance [Pa . .
"= 121104 (R spectra are similar to the results on other
| { M - . . .
W ’J Ei:E_H_If configurations. The resolution of the signals
: with amplitude and frequency is judged to be
o 1000 f[Hz] Timem&nsto 1000 f[He] 2000
40D — A . _ accurate.
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3.1.4.3 Effect of model incidence ;"f
The power spectra densities and power spectra /
and rms values of the buffet pressures increase L /

with incidence. From 0 to 10 degrees the
increase is moderate. Beyond 15 degrees an

increasingly stronger magnitude development is
found, as shown in the figures 10, 11. The
increase with incidence is seen especially at the
frequency of about 400 Hz corresponding to a
reduced frequency of ~ 0.6.

— = [d8g]

Figure 11: Power Spectra S, [Pa’] and rms of
pressure signal position MP9 at Mach 0.5 as
function of incidence
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4. Validation of the PVDF foil Smart Sensor
& Signal Processing Technology

It is intended to validate the PVDF foil Smart
Sensor & Signal Processing Technology for the
measurement of unsteady aerodynamic fin
buffet pressures through a comparison with
results from classical wind tunnel model
measurements of unsteady pressures using
Kulite pressure pick ups on the same model.

For the comparison of the PVDF unsteady fin
pressures described in chapter 3 wind tunnel
measurements with the same model but with
pressure pickups (Kulites) installed on the fin
have been performed using the low speed wind
tunnel of the Technical University of Munich —
Institute of Aerodynamics. The measurement
was initiated and supported by EADS Military
Air Systems. The model, see fig. 12 the
instrumentation and the test results are
described below.

4.1 Description of the wind tunnel tests using
pressure pick ups on the fin (TUM test)

In figure 12 the wind tunnel model which was
used at Technical University Munch for
validation of the measurements are shown with
the three unsteady pick up position.
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. n/ \ ¥ 101.77
‘E / \ 74.I75
/ 4*7.7!3 J
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_ 117.9 -

Figure 12: TUM test Location of pressure pick
ups

4.1.1 Description of the experimental
technique and the test program

The following test parameters characterize the
pressure measurements for the 1:15 scaled
AT2000- high speed model in figure 12 and
described in table 3

Flow parameters

Tunnel speed Us 40.0 m/s
Dynamic pressure Joo ~890. Pa
Tunnel pressure Peo ~950. Pa
Temperature To ~20. Deg. Celsius
Mach number Ma,, 0.118 -
Reynolds number Rey, 0.68 x 10° -
Angle of attack o 0...15...30 deg
0<a<10, Aa=5
10<a<20 ,Aa=2
20<a<30 ,Aa=1
Side slip angle 0.0
Signal parameters
Sampling rate fm 2000 Hz
Low pass frequency fr 256 Hz
Test time tM 15 S
Block samples N 30000

Table 3: TUM wind tunnel measurement test parameters
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4.1.2 Unsteady pressures

Time histories of the surface pressure p(l, t) at
the different locations 1 are recorded during the
tests. Non-dimensional pressure coefficients are
defined as:

p 2

and the mean pressure values cy(l) at the
location 1 are:

ap(1):lecp(1,t)~dt

T is the test duration. The mean square value is
defined by

c2(1) = Tl [[e, -2, m] ot

and the rms (root mean square) value is 1/(_:s 1))

The power spectral density of the fluctuating
pressure coefficient is defined by the conjugate
complex multiplication of the complex values of
the Fourier transform F (l,0) of the fluctuating
pressures coefficients at the location I:

S, (@)= lim% F'(l,w) -F(l,o)

introducing the reduced frequency k = r-c

o0

the non-dimensional form of the power spectral
density SCT)

S (LK) = =S (1K)
C

The non-dimensional power spectral density can
be transformed into an amplitude spectral
density

cA(1,k) =/2- 51 (1,k)Ak where Ak = AS i

0

18.

4.2 Results of the TUM measurement

The classical measurement of buffet pressures
using Kulites has already been validated in the
past by the Technical University of Munch
(TUM) Institute of Aerodynamic, Ref. 4 — 6.

The time histories of the fin buffet pressures
from the TUM wind tunnel measurement with
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the military trainer aircraft configuration have
been evaluated for the angle of attack region 0
to 30°. A low pass filter has been applied with a
cut off frequency of 256 Hz. Root mean square
values of the non dimensional pressure
coefficients for the filtered signals at the
locations P1, P2 and P3 and amplitude power
spectra have been generated .

Fig. 13 shows the development of the Cpmms
values of the signals at P1, P2 and P3. A strong
increase of the rms values are present beyond
20°. All three signals show a very similar trend
with incidence, this well known trend is also
present at the fin of different aircraft
configurations.
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Figure 13: TUM test - Root mean square values
of the unsteady fin pressures at the location P1,
P2 and P3 as function of angle of attack

The amplitude power spectra of the signal at P1
is depicted in fig. 14 below for the different
angle of attacks. A pronounced peak occurs at a
reduced frequency of ~ 0.6. This peak increases
with incidence and reaches a maximum value at
30 °. The development beyond 30°.

Is not known from these measurements. This
reduced frequency corresponds to the vortex
shedding frequency of the wing.



IDAS =008

om

uﬂ
w= go
109
= {139
= 14a
w= 169
w= 189
[
= 309

1
1
1
1
E
n

|
|
|
|
R
1]

oome g

onos

k=F1 40,

Figure 14: TUM test - Amplitude power spectra
of the pressure at P1 as function of angle of
attack

4.3 Comparison of the test results from
PVDF foil measurements and pressure pick
up measurements

4.3.1 Comparison with results of a different
aircraft configuration

Results of buffet measurements on the fin of a
canard delta configuration are shown below.

The trend of the rms values versus incidence are
similar to the results of the NLR trainer tests.
The power spectra of a fin signal (P13) show
peak values at a reduced frequency of about 0.6
similar to the NLR trainer buffet pressure
spectra. This comparison gives confidence in
the trends of the PVDF foil test results.

4.3.2 Comparison of PVDF test results with
results from TUM experiments for the
trainer configuration

Experimental buffet investigations performed in
the past on the Eurofighter configuration have
demonstrated  that low  speed  buffet
measurements at Mach ~ 0.1 can be applied for
the prediction of buffet pressures at Mach
number up to Mach 0.8, Ref. 4-6.
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Figure 15: Pick ups for fin pressure

measurement
025
s poy  Can.=-10 l‘F‘EE » g
. starboard; Can. = 10 ; e
g & - por:  Can =-40 Taies on
= L] starboard; Can. = -40
- port; Can. = -50° p=0° |
* starboard; Can. = -50°
015
|
01}
005

1 1 1 1
30
a[]
RMS PRESSURE P13 vs INCIDENCE

Figure 16: RMS pressure versus incidence
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Figure 17: Fin buffet pressure Delta canard
configuration

On this basis low speed fin buffet experimental
results from measurements performed in the low
speed wind tunnel of the TUM at 40 m/s on the
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military trainer aircraft configuration can be
applied for the validation of PVDF fin
measurement results at Mach 0.5 from NLR
HST wind tunnel as derived from the same
mode, fig. 15 - 17.

As demonstrated below the locations MP9 and
MPS of the PVDF measurement are very close
to the Kulite location P1 of the TUM
experiment, see fig. 18. The location of MP11 is
close to P2 and MP12 is near P3. Therefore for
validation of the PVDF measured pressures
comparison is performed using signals from
similar locations.

& @ @
MP9~ o, MP8  MP4

o
o P2 @ ®
MP11 MP6 NP2
e
® I’ o @
MP12 MP5 MP1

Figure 18: Comparison of pressure signal
locations NLR (MP1-MP12) to TUM P1, P2
and P3

A comparison of Cprms values of NLR test signals
MP9, MP8, MP11 and MP12 with TUM test
signals P1 and P2 is depicted in the figure 5.
The comparison in the range up to 30 degrees
demonstrates that both the magnitude and the
trend with incidence between the two different
tests is in close agreement.

Good correlation is found for the cpms buffet
pressure values for all angle of attacks up to the
limit of 30 © which is present due to the limited
TUM measurement program, see figures 19, 20
and 21. Small deviations might be due to
calibration technique and different Mach
number and cut off frequency.

As demonstrated by the variance and power
spectra 8, 9 and 10, the PVDF PSD results show
besides the peak at k~0.6 also a peak at k~1.2.
Both peaks contribute to the overall rms value.
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From this result of the comparison of the two
different measurements it can be concluded that
the PVDF measured buffet pressures, which are
showing very similar magnitudes, are accurate
enough to be used for prediction purposes.

Comparison of amplitude power spectra of the
comparable signals from MP9, MP§ to PI,
MP11 to P2 and MPI12 to P3 lead to a similar
conclusion.

In the table below peak pressure signals from
power spectra are compared for the TUM signal
P1 and NLR signal MP8. The amplitudes are
similar. The difference results mainly from
lower smoothing of the TUM signal which
results in higher values. The rms pressure
comparisons give a more precise picture.
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Figure 19: Comparison of ¢, ms from TUM test
signal P1 with NLR test signals MP8 and MP9
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Figure 20: Comparison of ¢, rms from TUM test
signal P2 with NLR test signal MP11

F0os

002

0 H 0 5 o x an
Compatison s valuezP3 and MP12 o
rms mMo.s

Figure 21: Comparison of ¢, rms from TUM test
signal P3 with NLR test signal MP12

5. Recommendations

PVDF methods need special attention during
calibration.

Application of the PVDF method for the
derivation of unsteady buffet pressures during
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the development and design process of military
structures is strongly recommended.

6. Conclusions

From the result of the comparison of the two
different measurements it can be concluded that
the PVDF foil technique is adequate for the
application of the buffet prediction. This could
be demonstrated through the wvalidation of
PVDF measured unsteady buffet pressures.

Furthermore it is concluded that the application
of PVDF buffet pressure measurement
technique leads to strong cost reductions
compared to the classical approach during the
design and certification of military aircraft
structures including buffet dynamic loads. This
is due to the fact that for the PVDF
measurement the existing aerodynamic wind
tunnel model for the derivation of stationary
aerodynamic coefficients can be applied and it
is not necessary to built an additional wind
tunnel model for buffet as in case of the
classical method.

Peak Pressure | Reduced Incidence [deg] |S ¢pmax
signal frequency
NLR MP8 ~0.6 10,0 0.000065
Trainer 30,0 0.0040
configuration
TUM P1 ~0.6 10,0 0.00010
Trainer 30,0 0.0096
configuration

Table 4: Comparison of NLR and TUM measurements
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