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The interference effects between an unswept supercritical airfoil model and an annular wing representing an

engine nacelle were investigated. The investigation aims to better understand and predict the impact of the

interference effects on the aeroelastic stability of large modern transport aircraft at transonic speeds. The main

objective was to identify potential aerodynamic instabilities in the interference region due to unsteady shock-wave/

boundary-layer interactions. The applied model allows the nacelle to roll and yaw relative to the model wing and to

pitch the entire model. The aerodynamic response to these movements affects the aeroelastic stability of an aircraft

andwas also investigated here. The overlap between thewing and the nacelle and the height of the pylonwas designed

by numerical simulations such that locally supersonic velocities and flow separation in the interference regionmight

occur. Two linear hydraulic jacks inside the model were used to perform prescribed yaw and roll movements of the

nacelle, including the pylon. The experiments were conducted up toMach numbers of 0.84 in an adaptive solid-wall

wind tunnel using a hydraulically driven pitch-oscillation setup. Boundary-layer transition was tripped on the wing

as well as on the nacelle. The unsteady tests revealed a strong dependency of the aerodynamic response to the

structural movement on the topology of the time-averaged flowfield. During the static tests, an aerodynamic

instabilitywas detected for certainMach-number/model-incidence combinations. In addition to the initial objectives,

a simple countermeasure was applied in the interference region and its effectiveness was demonstrated.

Nomenclature

c� = reference chord, m
cd = drag coefficient
cl = lift coefficient
cp = pressure coefficient
f� = frequency, Hz
Im�v� = imaginary part of complex quantity v
k = reduced circular frequency based on c�

M = Mach number
Re = Reynolds number based on c�

Re�v� = real part of complex quantity v
Su = Sutherland constant, 110:4 K=T�

T = temperature, K
v = v�1-normalized local flow velocity vector
x, y, z = c�-normalized Cartesian coordinates
� = angle of attack, deg
� = nacelle yaw angle, deg
� = nacelle roll angle, deg

� = Lehr’s damping coefficient
r = nabla operator

Subscripts

crit = critical value
� = derivative with respect to model incidence �
� = derivative with respect to nacelle yaw angle �
� = derivative with respect to nacelle roll angle �
0 = stagnation
1 = freestream

Superscripts

�v = time-averaged value of v
v̂ = harmonic oscillation amplitude of v
� = dimensional quantity

I. Introduction

A JOINT aeroelastic research project called WIONA (wing with
oscillating nacelle) was performed by the ONERA French

aerospace lab and the DLR, German Aerospace Center. This project
concentrates on the aerodynamic interference associated with the
wing, pylon, and high-bypass-ratio fanjet engines installed on a
typical transport aircraft at transonic speeds. The project aims to
understand observed unsteady aeroelastic phenomena to ensure its
accurate prediction and to derive design criteria, as well as
countermeasures, to avoid aeroelastic instabilities. An experimental
wind-tunnel investigation was conducted within the research project
WIONA. The present paper describes its experimental setup using an
unswept supercritical airfoil model and an annular wing representing
an engine nacelle, the test results at sub- and transonic flow
conditions, and the test-data interpretation.

In the past, the bypass ratio of transport-aircraft fanjet engines was
increased to about 6–9 for improving jet-engine efficiency [1,2].
Future developments aim to reach bypass ratios up to 15–20, but
might be limited by installation space [3]. Ducts are used, for
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example, to reduce noise emission. The resulting large-diameter
engines and their typical underwing nacelle installations influence
the aircraft substantially: safety, structural weight, drag, maximum
lift, propulsion efficiency, control, maintainability, and aeroelastic
stability are affected. Engine–airframe integration (particularly, the
definition of the nacelle locations) constitutes a multi-objective
optimization problem with several constraints such as ground
clearance or yaw moment after engine failure. However, the wing–
nacelle overlap, the wing–nacelle distance, and the pylon geometry
determine thewing–pylon–nacelle interference; high local velocities
may occur, which can cause high-interference aerodynamic drag.
Even local supersonic regions terminated by shock waves may be
found in the interference region, which strongly affect the
aeroelastically relevant unsteady airloads [4–6]. In such cases,
unforeseen flight-envelope-limiting interference such as aerody-
namic instabilities may occur due to inappropriate design of the
wing–pylon–nacelle region, either close to cruise or, more likely,
close to dive conditions.

The present study reports results from experiments on such
interference effects between an unswept supercritical airfoil model
and an annular wing representing a long-duct engine nacelle with
tripped boundary-layer transition at sub- and transonic flow
conditions. The main objective is to identify possible aerodynamic
instabilities in the interference region due to unsteady shock-wave/
boundary-layer-separation interactions. The elastic structure of a real
wing–pylon–nacelle configuration allows particular yawing and
rolling of the nacelle relative to the wing and pitching of the wing–
pylon–nacelle combination. Therefore, the test setup is designed to
roll and yaw the nacelle relative to the wing and to pitch the entire
model. The aerodynamic response to these movements is
investigated here. The movements of the model and its components
are measured by accelerometers and optical position detection. The
aerodynamic loads are measured by pressure sensors and a
piezoelectric balance. Furthermore, the steady pressure distributions
on the pylon are measured by pressure-sensitive paint (PSP), and
instantaneous flow velocity distributions in one plane in the
interference region are measured by particle-image velocimetry
(PIV). The evaluation of the experimental results contributes to the
understanding of both the dependency of the aerodynamic response
to the structural movement on the topology of the time-averaged
flowfield and the possible aerodynamic instabilities in the
interference region.

II. Setup

The present investigation was carried out in the 1 � 1 m adaptive
test section of the German–Dutch Wind Tunnels foundation’s
Transonic Wind Tunnel, Göttingen (DNW-TWG), a continuously
working facility, using a complex model that was mounted in a
forced-pitch-oscillation setup.

A. Transonic Adaptive Solid-Wall Wind Tunnel

The ratio of the wind-tunnel height to the reference wing chord of
the investigated WIONA model is 2.78. Solid wind-tunnel walls are
applied to provide well-defined boundary conditions for in-tunnel
numerical simulations. However, wall adaptation is used to avoid
wind-tunnel blockage and to avoid strong wind-tunnel interference
effects that would complicate the test-data interpretation. For each
test point, the top and bottom walls of the test section are adapted to
the steady flow around the model at the mean angle of attack. The
wall adaptation is based on static pressure measurements in the
midsection of the wind-tunnel test-section top and bottomwalls. The
accuracy of the wall pressures is estimated to be 0.35% with respect
to the test stagnation pressure. The wall interference is minimized by
a one-step method of wall adaptation based on a Cauchy-type
integral [7]. The displacement thickness of the turbulent wind-
tunnel-wall boundary layer is predicted by Head’s method [8] and is
added to the wall shapes; top- and bottom-wall displacement

thicknesses are obtained according to the measured pressure
gradients at each wall, whereas the gradient is neglected for the
sidewalls.†† This adaptation to the mean steady position of the model
yields nearly minimum residual wall interference for moderately
oscillating airfoil models.††

However, in the present case, 2-D wall adaptation is applied to an
inherently 3-Dflow. The annularwing in themidsection of themodel
induces a displacement and rotation, which affects the midsection
wind-tunnel-wall pressure distribution. So this local installation
governs the wall adaptation. Thus, the applied wall shapes yield
minimum residual wall interference in the midsection. Next to the
midsection (particularly, beside the nacelle), the walls are
overadapted such that the stream tube has a larger cross section
than with an adaptation to a corresponding clean airfoil model. Thus,
the model side-section pressure distributions cannot be directly
compared with simulations assuming free-flight far-field boundary
conditions. For comparisonwith computations, it is recommended to
numerically simulate the entire model as well as the wind-tunnel
walls using the measured wall shapes.

The lowest value for the wind-tunnel resonance frequency can be
estimated using the method described by Voß [9]. Based on this
method, the ratio of model excitation to wind-tunnel resonance
frequency is lower than 51% for the reported data.

B. Forced-Pitch-Oscillation Setup

The model is mounted to a hydraulically driven pitch-oscillation
test setup that is arranged symmetrically outside of the wind-tunnel
test-section sidewalls. The angle of attack of the symmetrically
installed model can be varied by�20 deg via two hydraulic exciters
operated in phase opposition. Forced pitch oscillations up to a
dimensional frequency of 60Hz are possible. The suspension system
comprises a compensator, a bearing, a piezoelectric balance, and a
bar acting as a reference for laser triangulators. Using these, the
instantaneous angle of attack is measured by triangulation. The setup
allows the adjustment and measurement of the angle of attack �with
an accuracy of�0:02 deg. During the present tests, forced harmonic
pitch excitation at amplitudes up to �̂� 0:8 deg for a reduced
frequency of k� 0:1 and amplitudes of �̂� 0:2 deg for reduced
frequencies up to k� 0:4 are performed.

C. WIONAWind-Tunnel Model

The WIONA wind-tunnel model was designed to exhibit
aerodynamic interference as it may occur due to inappropriate design
of the wing–pylon–nacelle region of modern civil aircraft, either
close to cruise or, more likely, close to dive conditions. However, a
generic shape was chosen to reduce complexity as much as possible
and to enable a detailed physical interpretation of the observed
phenomena. One main design objective of the generic model was to
obtain a reasonably strong shock wave in the interference region to
enable potential aerodynamic instabilities due to unsteady shock-
wave/boundary-layer-separation interactions. Figure 1 shows the
model mounted in the adaptive test section of the DNW-TWG wind
tunnel.

Laminar-turbulent boundary-layer transition is tripped at 7.5%
local chord on the wing, as well as on the nacelle, by disks with a
height of 0.046%, a diameter of 0.278%, and a separating distance of
0.706% wing chord length. The effectiveness of the transition
tripping is checked by infrared imaging in former experiments with a
similar setup at similar flow conditions. The tripping is applied in an
attempt to obtain a better comparison with numerical simulations,
because an accurate prediction of the transition region is still an
unsolved problem (particularly for unsteady flows).

Preliminary flow simulations are carried out to define the final
model geometry. Geometric characteristics of the model
configuration (namely, the wing sweep), the overlap between wing
and nacelle, and the height of the pylon are varied systematically.
These design simulations showed that the strength of a shockwave in
the interference region strongly depends on the nacelle–pylon yaw
angle and the wing–nacelle overlap, whereas the wing-sweep angle
has a weak impact [6]. Therefore, the WIONA model consists of an††Private communication with M. Jacobs, March 2007.
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unswept rectangular wing with an annular wing as a generic engine
nacelle mounted beneath a rigid pylon. The wing shape is based on
the airfoil VC-Opt [10], which has a 9.2% relative thickness. It has a
1-m span and a chord length of c� � 0:36 m, which is used for
reference. The nacelle airfoil exhibits a 7.0% relative thickness. Its
shape and the pylon shape are described by Soda and Tefy [11] and
are based on the DLR-F6 geometry [12]. The nacelle’s outer
diameter is 0.144m and it has a length of 0.243 m. The nacelle’s axis
has an incidence of �0:6 deg relative to the wing chord, which
defines the model incidence. The wing–nacelle overlap is 25% wing
chord; the smallest chord-normal distance between thewing pressure
side and the nacelle outside amounts to 2.8% wing chord. The pylon
is uncambered, its leading edge intersects the wing leading edge, and
it has a thickness of 8.1% wing chord.

The model performed prescribed yawing �̂ � 0:5 deg and rolling

�̂ � 5 deg motions of the nacelle–pylon entity relative to the wing,
either isolated or combined. Two linear hydraulic jacks located
inside the wing body are used to move the nacelle–pylon entity. A
flexible metallic coupling device, stiff enough to carry the nacelle
loads, was designed using numerical simulation. Figure 2 shows a
schematic view of the excitation system.

The available performance of the forced-pitch-oscillation setup
and of themodel’s inner excitation system required themodel and the
nacelle inertia moments to be limited. The design of the model is
carried out while taking constant care to keep its overall mass as low
as possible; to keep its mass distribution with respect to the pitching,
rolling, and yawing axes in balance; and to enable the implementa-
tion of a comprehensive instrumentation. The wing body and the
pylon are manufactured from aluminum alloy. Most parts of the
excitation system are made from high-tensile steel. The nacelle itself
is set up as a foam–polyurethane–wood compound. The final design
of theWIONAmodel is calculated both for static and dynamic loads
using the load distributions provided by the preceding preliminary
design simulations.

The wing-pylon sealing deserved closer attention. The required
rolling and yawing of the nacelle–pylon entity relative to the wing
come with significant gaps, which have to be sealed. A pretest
revealed that insufficient sealing might significantly reduce the
strength of the shock wave in the interference region. Thus, a special
rubber sealing between the pylon and the wing is designed and
thoroughly tested.

D. Measuring Techniques

To generate an experimental database for the validation of
advanced numerical simulation codes, different measuring tech-
niques are synchronized and applied simultaneously.

1. Transducers

The wing of the WIONA model (see Fig. 2) is equipped with 110
differential pressure transducers (Kulite XCQ-093-5D) and one
absolute pressure transducer (Kulite LQ24-080-25A), which are
arranged in two streamwise sections at 52.75% (section 1 in Fig. 2)
and 79.5% span (section 2). The nacelle is equipped with 36 absolute
pressure transducers: 27Kulite XCQ-062-25A and 9Kulite LL-072-
25A. These are arranged in two streamwise sections at nacelle-axis
angles of �26 deg (section 3) and 154 deg (section 4), respectively;
therefore, one pressure-tap section in the wing and one nacelle
section are located in the wing–pylon–nacelle interference region.
Both of the other sections may be used as undisturbed reference. The
local pressure-based lift, pitching-moment, and drag coefficients are
integrated from the measured model surface-pressure data. The
accuracy of the measured pressures at the model surface is estimated
to be 0.5% with respect to the test stagnation pressure.

Additionally, the model is equipped with 18 piezoelectric
miniature accelerometers (Endevco 25A and 2250A). Twelve
accelerometers are mounted in six streamwise sections of the wing
(four in the nacelle and two in the pylon) to measure the model’s
instantaneous movements and its possible elastic deformation.
Figure 2 indicates the location of the pressure-tap sections and the
accelerometers.

Inside the model, each of the two linear hydraulic jacks is closed-
loop controlled using one linear inductive position sensor. A
potentiometer and a Hall sensor are linked to the flexible metallic
coupling device to measure the roll and the yaw angle of the nacelle,
respectively.

Outside of the wind-tunnel walls, the WIONA model is mounted
in the pitch-oscillation setup on each side via a piezoelectric balance
of high stiffness [13] to measure the steady and unsteady global lift
and pitching moment. Unfortunately, the rather stiff hydraulic lines
for driving the nacelle motion had to be led across the balance and
therefore affect the balance-data quality. In particular, the reliability
of the balance drag data is only limited. Two laser triangulators on
each side of the wind tunnel measure the instantaneous pitch of the
model.

2. Particle-Image Velocimetry

A PIV system [14] is used to obtain information on the velocity
distribution in the interference region. The PIV system consists of
one camera facing the spanwise direction through an observation
window around the model-pitching axis in the wind-tunnel sidewall.
The laser light sheet is created by a double-pulse Nd:YAG laser with
the energy of 300mJ per pulse. The light sheet is perpendicular to the
pitching axis and located at 52.5%model span, close to the pressure-
tap sections in the interference region. Thirty-two PIV samples are
recorded for almost every single test-data point at which unsteady
data such as pressures, global forces, model position, and motion
data are measured. This recording is time-synchronized to the
sampling of the other data. Because of the laser’s maximum double-
pulse frequency of 10 Hz, only a few PIV recordings per model
oscillation cycle could be taken within a short time series, depending
on the model frequency. With different samples from different
cycles, it is possible to twice get 16 samples that are equally spaced
with respect to the phase of the model oscillation. Every PIV

Fig. 2 Sketch of theWIONAmodel showing its inner excitation system

and the location of the pressure-tap sections.

Fig. 1 Photograph of the WIONA model mounted in the adaptive test

section of the DNW-TWG wind tunnel.
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recording yields about 3450 valid velocimetry vectors, which are
each evaluated from a 2 � 2 mm2 area.

3. Pressure-Sensitive Paint

A PSP system [15] is used for optically measuring static pressure
distributions on the WIONAmodel pylon. Thus, the pylon is coated
with paint in three consecutive layers: screen layer, contact layer, and
active layer. The screen layer is a white paint that creates an optical
uniformity on the model surface. The contact layer ensures adhesion
between the screen and the active layer. The active layer consists
mainly of three components: a binding polymer layer that is highly
permeable to oxygen, a pressure-sensitive luminescent luminophore,
and intensity-sensitive luminophores for correction of the non-
homogeneous illumination distribution. Six markers are applied to
the rigid-but-moving pylon surface to match the camera pictures and
for spatial reconstruction of the pressure distributions.

A xenon UV-light source illuminated the model in the test section
using fiber optics. Two 12-bit-resolution CCD cameras with optical
filters for the pressure (blue, 450–550 nm) and the reference (red,
600–650 nm) images are used for data acquisition. Minimum
exposure times amount at about 10 s for a typical distance of 0.5 m
between the cameras and the model.

The optical pressure sensor on the model pylon is quantitatively
calibrated in the wind tunnel by changing the tunnel’s total pressure
at constant temperature in still air. An in situ calibration for the
evaluation of the pressure distributions is added. It is determined by
comparison of selected pressure-tap valueswith the PSP results at the
location of the corresponding pressure taps in thewind-tunnelmodel.
One PT100 temperature sensor is used to measure the pylon surface
temperature to correct the pressure evaluations.

III. Results and Discussion

A dynamic characterization of the WIONA model is performed
once the model is installed in the wind tunnel. Table 1 collects the
identified modal parameters up to a frequency of 400 Hz. These data
confirmed the results of dynamic finite element method analysis
during the model design phase.

The following wind-tunnel test results are extracted from more
than 1100 time series of data and 31,000 PIV recordings, which are
acquired during 11 days of testing. Data for static model conditions
are recorded for various sub- and supercritical Mach numbersM1 of
0.5, 0.7, 0.755, 0.775, 0.8, 0.82, and 0.84 and at angles of attack � of
�0:6 to 1.2 deg in 0.1-deg increments. At the same Mach numbers,
forced-oscillation data are acquired for model pitching, nacelle
yawing, nacelle rolling, model pitching plus nacelle yawing, and
model pitching plus nacelle rolling for time-averaged incidences �� of
�0:4, 0, and 1.0 deg. During the static tests, an aerodynamic
instability was detected for certain Mach-number/incidence
combinations. Such an instability may be the unforeseen result of
an inappropriate shaping of the wing–pylon–nacelle region. If
detected in a late design status of a new aircraft, costly reshaping of
the interference region might be necessary. As an alternative, a

simple countermeasure is proposed. A prototype is applied in the
interference region and its effectiveness is demonstrated.

Figure 3 shows measured time-averaged pressure distributions in
the interference section on the nacelle (�0:425 � x � 0:25, lower
plot) and on the wing (0 � x � 1, upper plot). Present test data are
comparedwith pretest results. During the pretest, thewing-pylon gap
is sealed by a brush. The present test data indicate a strong wing–
pylon–nacelle interference by a local supersonic region
(3% � x � 15%), which is terminated by a shock wave. In contrast,
the pretest pressure distributions and PSP data (Fig. 3, middle) at the
same flow conditions reveal only a small supersonic region with
almost isentropic recompression. Apparently, the brush sealing
allows a streamwise venting such that the boundary layer starts
thickening upstream [17]. This thickening of the boundary layer is
expected to provoke the isentropic recompression. Because the
project aims to study a strong wing–pylon–nacelle interference, the
brush sealing is replaced by a specially designed rubber sealing
between the pylon and the wing.

Figure 4 shows measured time-averaged pressure distributions in
the wing and nacelle reference sections corresponding to the
interference-section data in Fig. 3. Pretest and present test data match
very well. The flow at 3% � x � 15% is clearly subsonic. A
comparison with Fig. 3 emphasizes that the model design is

Table 1 Modal parameters of the WIONA model mounted in DNW-TWG up to 400 Hz [16]

No. Mode description f�, Hz �, % Mode indicator function

1 First wing bending 56.3 1.61 990
2 First nacelle yaw 64.9 7.63 981
3 First nacelle pitch 74.3 2.18 964
4 First wing torsion symmetry 124.7 2.20 993
5 Second wing bending 147.1 1.51 991
6 Second nacelle yaw 160.6 4.05 987
7 First wing torsion anti. 198.2 2.06 925
8 Third wing bending 233.0 3.78 901
9 Wing torsion and nacelle ovalization 277.6 1.52 957

10 First nacelle ovalization 316.4 4.88 966
11 Second nacelle ovalization 349.5 2.48 990
12 Second pylon bending 377.1 2.69 995
13 Second wing torsion 390.2 0.87 801

−0.4 −0.2 0 0.2 0.4 0.6 0.8 1
x [−]

−
c p

[−
]

cp,crit.

cp,crit.

Fig. 3 Measured time-averaged pressure distributions cp�x� in the
interference section; pretest results (dashed line) compared with present

test data (squares and solid line); pressure-tap data along the wing (top)

and along the nacelle (bottom); pretest PSP results on the pylon for low

pressure (dark), high pressure (light) and the sonic line (white);

M1 � 0:757� 0:3%, Re1 � 2:28 � 106 � 0:8%, Su0 � 0:361� 0:5%,

�� 0:01deg�0:02deg, �� 0deg, and �� 0deg.
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appropriate to gain the intended strong wing–pylon–nacelle
interference.

The pretest also revealed that static nacelle yaw angles of ��	3
and �3 deg exhibit massive flow separation on the leeward pylon
side. This flow topology is out of the scope of the present project
objectives. Thus, the present test concentrates on a mean yaw angle
of �� 0 deg. However, selected static and forced-oscillation tests
are also performed for a mean yaw angle ���3 deg, but are not
shown here.

A. Forced-Oscillation Results

The integration of the unsteady pressure distributions for forced
harmonic pitch oscillations yields local pressure-based unsteady lift
derivatives cl;�, which are plotted in Fig. 5 vs Mach number.
Interference-section data are compared with the clean airfoil data as
a reference. The data from the wing pressure tap (section 2 in
Fig. 2) represent the clean airfoil, are integrated, and are used as
reference data (see Fig. 2). The interference-section data represent
the integral forces in a section immediately beside the pylon,
comprising the integrated and added measurements from the
pressure tap (sections 1, 3, and 4). Here, the main characteristics of
the flowfield are indicated for orientation: the Mach number at
which locally supersonic velocities occur in the interference region
and the lift-divergence Mach number at which a local nacelle-lift
maximum with respect to Mach number occurs at constant model
incidence.

Figure 5 compares the magnitude and phase distributions of such
lift derivatives cl;� for the interference section with those of the
reference section. For a subsonic Mach number of M1 � 0:5, the
magnitude and phase difference of the lift response to the model
pitching aremeasured to be smaller in the interference section than in
the reference section. The higher the reduced frequencies of k (0.05,
0.15, and 0.3), the lower the derivativemagnitude. The lift-derivative
magnitudes jcl;�j increase with a growing Mach number. This slope
increases significantly for the interference section when supersonic
velocities occur atM1 
 0:7. The phase lag of the lift response to the
model-pitch motion ���cl;�� increases with a rising Mach number.
AtM1 � 0:5, the phase lag is smaller in the interference section than
in the reference section. For a transonicMach number ofM1 � 0:82,
themeasured phase lags at all reduced frequencies are about the same

in both sections. Previous investigations of the authors [18–20]
indicate that these relatively high phase lags combined with the
structural washout effect of a flexible rearward swept wing will
disproportionately decrease the flutter stability limit with increasing
Mach number, compared with a flat-plate flutter boundary.

Figure 6 shows unsteady pressure distributions Re�cp;�� and
Im�cp;�� at the nacelle’s outer side and the wing pressure side in the
interference section. The data are measured on the harmonic
pitching model at different oscillation amplitudes �̂ of 0.14, 0.30,
and 0.61 deg, but at a constant reduced frequency k� 0:150 and at
a constant supercritical Mach number ofM1 � 0:755. At x� 13%,
a pressure peak occurs on the wing pressure side. Its location
corresponds to the shock-wave position in Fig. 3. The positive real
part Re�cp;�� in Fig. 6 indicates that the shock wave travels
upstream with increasing model incidence. The phase lag of the
pressure response to the model pitch amounts to
���cp;��x� 13%�� 
 22 deg. Figure 6 demonstrates that these
shock-wave dynamics govern the lift derivatives in the interference
section at supercritical Mach numbers, which are shown in Fig. 5.
Furthermore, the unsteady pressure distributions for pitch-
oscillation amplitudes �̂� 0:14 and 0.30 deg match almost
exactly, whereas the data for �̂� 0:61 deg differ. Thus, taking into
account the inherently nonlinear steady transonic flowfield,
linearization of the unsteady flowfield is appropriate up to pitch-
oscillation amplitudes �̂ � 0:30 deg.

Figure 7 compares the magnitude and phase distributions of the
local lift derivatives in the interference section due to nacelle-yaw
cl;� and nacelle-roll cl;� oscillations. The magnitude of the lift
response to the nacelle-yaw motion is higher than that with nacelle-
roll motion. However, it is an order of magnitude smaller than with
the lift derivatives, due to model-pitch oscillation cl;�, as shown in
Fig. 5. The occurrence of the locally supersonic flow in the
interference region strongly affects both magnitude slopes.
Nevertheless, the phase difference between the nacelle motion and
the lift response does not changemuch, except for a phase reversal in
cl;� atM1 � 0:755.

Figure 8 clarifies the occurrence of the phase-reversal
phenomenon in Fig. 7. The pressure-based lift in the interference
section is plotted vs nacelle roll angle �. Lift hysteresis loops are
shown for three Mach numbers (M1 � 0:499, 0.755, and 0.800),
which are obtained by phase-locked averaging the data from 320

−0.4 −0.2 0 0.2 0.4 0.6 0.8 1
x [−]

−
c p

[−
]

cp,crit.

cp,crit.

Fig. 4 Measured time-averaged cp�x� in the reference sections; pretest

results (dashed line) are compared with present test data (squares and

solid line); pressure-tap data along the wing (top) and along the

nacelle (bottom); M1 � 0:757� 0:3%, Re1 � 2:28 � 106 � 0:8%,

Su0 � 0:361� 0:5%, �� 0:01deg�0:02deg, �� 0deg, and

�� 0deg.
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oscillation periods. The observed hysteresis is within the
measurement accuracy for all three Mach numbers and should
therefore not be overinterpreted. However, the lift at low roll angles
shows a significant break-in for M1 � 0:755. A deeper analysis of
the pressure distributions indicates that this break-in most likely
corresponds toflow separation close to the nacelle trailing edge in the
interference region (not shown here). The upstroke and downstroke
of all hysteresis loops almost match, corresponding to the Fig. 7
observations that show derivative phase differences of ��cl;�� 
 0
and 180 deg, respectively. The derivatives’ magnitudes are
represented by the absolute values of the averaged hysteresis slopes.
Taking into account roll-oscillation amplitudes �̂ � 4:67 deg, the
averaged slope for M1 � 0:755 is positive, whereas both other
slopes are negative. This corresponds to the phase jump from
��cl;�� 
 180 to 0 deg, and vice versa, with increasing Mach
number. Apparently, such a phase reversal would not occur for
smaller roll-oscillation amplitudes (�̂ � 2:5 deg).

Themodel lift response to combined nacelle-yaw andmodel-pitch
oscillations at the same reduced frequency k� 0:149 is plotted in
Fig. 9. Data are compared for several phase angles ����� between
those two degrees of freedom (DOF). For phase angles
����� 
 �90 deg, the magnitudes jcl;�j essentially match the
values of the pure pitch oscillation (see Fig. 5), but the phase angles
differ. For phase angles ����� 
 0 and 120 deg, the phase angles
��cl;�� basically match the values of the pure pitch oscillation (see
Fig. 5), but the magnitudes differ. When the Mach number increases
above its critical value, the impact of the superposed nacelle-yaw
motion decreases up to M1 � 0:8. Of course, the differences in
phase andmagnitude comparedwith the pure pitch oscillation, as it is
observed here, depend on the amplitude ratio of the yaw to the pitch
motion.
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Figure 10 shows the magnitude and phase distributions of the lift
derivatives cl;� for combined nacelle-roll and model-pitch
oscillations at the identically reduced frequency of k� 0:149. The
data from combinedmotion testing are comparedwith results that are
calculated from the data obtained in pure model-pitch and pure
nacelle-roll tests. Lines and corresponding symbols match fairly
well, except for those atM1 � 0:755 (see the preceding discussion
on phase reversal). Thus, the unsteady flowfield seems to behave
essentially linearly with respect to the pitch oscillation �̂� 0:14 deg
and the roll oscillation �̂ � 4:66 deg around its steady state, such that
linear superposition of the single-DOF data is appropriate. Figure 9

also demonstrates this in a similar manner for a combined pitch

�̂� 0:14 deg and yaw oscillation �̂� 0:44 deg.

B. Aerodynamic Instability

It is known that inappropriate high-bypass jet-engine integration
may cause aircraft vibrations at certain Mach-number/incidence
combinations. The authors assume that an unsteady shock-wave/
boundary-layer interaction in the wing–pylon–nacelle interference
region provides the unsteady airloads that in turn induce the
structural vibrations. Such amechanismwouldwork in the sameway
as the well-known transonic shock buffet of airfoils [6,21–23].
Indeed, the present tests revealed such an aerodynamic instability for
certainMach-number/incidence combinations with themodel at rest.

Figure 11 shows typical time-averaged pressure distributions in
the interference section. The pressure-side wing-surface distribution
is characterized by a short supersonic region that is terminated by a
relatively strong shock wave at x� 11%. The outer nacelle-surface-
pressure distribution shows only a tiny supersonic region. However,
fairly large adverse pressure gradients downstream of the shock
wave make the flow susceptible to separation above the pylon at the
downstream end of the interference region. The gray shaded areas in
Fig. 11markmeasured pressure-fluctuation amplitudes. Particularly,
the pressure fluctuations at the outer nacelle surface downstream of
x 
 6% indicate shock-wave oscillations.

The observed fluctuations are nearly periodic. Considering the
power spectral analysis in Fig. 12 of the pressure-based lift
coefficient PSD�cl� in the interference section, a peak at a reduced
circular frequency of k� 2:601 is observed. At the same frequency,
the fluctuation amplitudes in the reference section are more than
20 dB lower. For the given Mach-number/incidence combination,
increasing the Reynolds number from Re1 � 2:26 � 106 to 3:56 �
106 yields a reduction in the fluctuation amplitude of about 1.1 dB, as
well as a very slight decrease in the reduced frequency to k� 2:560.
During the present tests, a simple countermeasure is applied (andwill
be discussed subsequently) to avoid this kind of aerodynamic
instability. The power spectral density in Fig. 12 shows that a
reduction in the lift-fluctuation amplitudes of more than 15 dB could
be achieved at these flow conditions. Figure 12 also shows the
offwind ground-vibration test results (see Table 1) for reference. The
present periodic unsteady airloads most likely excite the wing-
torsion/nacelle-ovalization mode at a reduced frequency k
 2:6.
However, the maximum oscillation amplitudes are smaller than
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2 �m. Thus, the model may be considered rigid from an
aerodynamic point of view. So the observed phenomenon is an
aerodynamic instability rather than an aeroelastic instability.

Instantaneous velocity distributions are measured by PIV in a
plane perpendicular to the pitching axis located close to the
interference-section pressure taps. Figure 13 depicts the instanta-
neous streamwise development ofmechanical energy v � r�v2=2� for
the maximum downstream shock location at M1 � 0:755. This
quantity clearly indicates shock- and expansion-wave locations. The
top black area represents a part of the wing shape, the bottom black
area corresponds to a part of the nacelle shape, and the white dotted-
dashed line marks the shock front. Obviously, the adverse pressure
gradient by the shock wave provokes a thickening of the wing
pressure-side boundary layer such that the foot of the shock is spread
to a lambda. Here, this is most likely linked to local shock-induced
flow separation, which corresponds to numerical findings [6].

In conclusion, the observed pressure fluctuations in the
interference region are caused by an aerodynamic instability. This
aerodynamic instability includes shock-wave oscillations and, most
likely, flow separation. The measured data qualitatively match
observations based on numerical simulations [6]. All these findings

indicate that a buffet-typemechanism causes the present instability in
the wing–pylon–nacelle interference region.

The dependency of this instability on theMach number andmodel
incidence is investigated by systematically varying these parameters.
The drag-fluctuation amplitude as an integral property is chosen to
quantify the amount of instability, because the shock pulsations
causewave-drag oscillations. Figure 14 visualizes the dependency of
the pressure-based drag-fluctuation amplitudes ĉd in the interference
section on Mach number M1 and incidence �. This figure is
composed frommore than 300measured time series of data. The dark
areas in the center represent a region of relatively high drag-
fluctuation amplitudes (ĉd > 3:5 drag counts). The model incidence,
which exhibits maximum fluctuation amplitudes, rises almost
linearlywith increasingMach number. The correspondingmaximum
fluctuation amplitudes increase and then decrease with Mach
number. Figure 14 also shows lines that correspond to main
characteristics of the flowfield: interference-region sonic, wing-
suction-side sonic, and nacelle-lift divergence. The aerodynamic
instability occurs, of course, at interference-region supercritical
Mach numbers. In 2-D flow, airfoil shock-buffet onset [21] typically
occurs beyond lift-divergence Mach numbers, at which a local
airfoil-lift maximumwith respect toMach number occurs at constant
incidence. In contrast, the present aerodynamic instability occurs
below nacelle-lift-divergence Mach numbers. This local nacelle-lift
maximum at constant model incidence indicates that flow separation
must already be present with respect to growingMach numbers. The
flow in the wing–pylon–nacelle interference region is inherently
three-dimensional. Thus, buffet may occur locally even though the
surrounding flow is still attached. Analogously, buffet onset at swept
wings may appear at Mach numbers below wing-lift divergence
[22,24,25]. Obviously, flow separation starts to occur close to the
critical Mach number here. Nevertheless, it is interesting to note that
the lines corresponding to the interference-region-sonic state, drag-
fluctuation maximum, and nacelle-lift divergence are almost parallel
in Fig. 14.

The local pressure-based drag-fluctuation amplitudes in the wing
reference section are smaller than ĉd � 1. The Mach number at
which the wing-pressure-side flow becomes locally supersonic is
about�M1 � 0:06 higher than in the interference region. The wing
suction side gets sonic at the same inflow conditions as in the
interference region. Accordingly, the wing-suction-side flow is only
weakly affected by the wing–pylon–nacelle interference for
moderate angles of attack, as is also indicated by the pressure
distributions of Figs. 3 and 4.

Fig. 12 Power spectral density (PSD) of the pressure-based lift

coefficients PSD�cl�, and ground-vibration test results. Interference

(solid line) and reference section (dotted line) at Re1 � 2:26 � 106,

interference section (dashed line) at Re1 � 3:55 � 106, interference

section (dashed-dotted line) at Re1 � 2:27 � 106 with applied

countermeasure; M1 � 0:755� 0:1%, Su0 � 0:358� 1:1%,

�� 0:55deg�0:03deg, �� 0deg, and �� 0deg.

Fig. 13 PIV-evaluated streamwise development of mechanical energy

v � r�v2=2� for the maximum downstream shock location; M1 � 0:755,
Re1 � 2:26 � 106, Su0 � 0:359, �� 0:53deg, �� 0deg, and

�� 0deg.

Fig. 14 Dependency of the pressure-based drag-fluctuation amplitudes

ĉd in the interference section on M1 and �; interference-region sonic

(dashed-dotted line), wing-suction-side sonic (dashed line), and nacelle-

lift divergence (dotted line) are indicated by lines;

Re1 � 2:23 � 106 � 4:1%, Su0 � 0:359� 1:5%, �� 0deg, and

�� 0deg; ĉd denotes drag counts.
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Getting back to the interference section, typical reduced buffet
frequencies observed at supercritical airfoil flow [19,21,23] amount
to k� 0:4–0:6. In the present case, Fig. 15 shows that the reduced
frequencies based on wing–nacelle overlap the length amount to
k
 0:65, which is a little higher than with 2-D airfoil flow. On a
supercritical airfoil, the reduced suction-side buffet frequency
decreases with increasing Mach number and with growing
incidence [21]. Here, the model incidence, which exhibits
maximum fluctuation amplitudes at constant Mach number,
increases with increasing Mach number, and buffet occurs on the
wing pressure side. Thus, one would expect monotonically
increasing reduced frequencies. However, Fig. 15 shows a local
minimum close to the global maximum fluctuation amplitude.
Nevertheless, increasing the Reynolds number decreases the
reduced frequency (see Fig. 15). This behavior matches
observations at supercritical airfoils [21].

C. Aerodynamic Instability Countermeasure

The unsteady airloads induced by the previously described
aerodynamic instability could be significantly reduced by a simple
countermeasure. Figure 16 is a picture of the wing–pylon–nacelle
interference region with this countermeasure, a small wire-mesh
body, being installed between the wing and pylon. A proof-of-
concept test for this flow control measure is performed during the

present wind-tunnel test. However, the countermeasure is not varied,
to minimize the cost-benefit ratio. Of course, there is an optimization
potential. Unfortunately, its impact on the interference drag could not
be measured here.

Figure 17 should be compared with Fig. 11. Figure 17 also shows
typical time-averaged pressure distributions in the interference
section, but with a wire-mesh body being installed. As intended, the
supersonic region below the wing suction side and the pressure
fluctuations above the nacelle outer side are reduced significantly by
the countermeasure. Its operating principle is most likely based on
two main features: First, the wire mesh acts as a displacement body
such as a fixed shock-control bump [26,27]. Second, it works like D-
strips [17] by allowing ventilation across the shock wave. The latter
causes the boundary layer to act like a self-adaptive shock-control
bump. A similar effect wasmost likely achieved by the inappropriate
pylon–nacelle sealing in the pretest (see Fig. 4). Nevertheless,
compared with a conventional bump, the present solution provides
the advantage of self-adopting to theflowconditions in certain limits.
However, a quantitative comparison between the present and a
conventional solution is not performed here.

Figure 18 shows the pressure-based drag-fluctuation amplitudes
ĉd in theMach-number/incidence plane as they aremeasured with an
installed wire-mesh body. Compared with Fig. 14, the drag-
oscillation amplitudes are reduced significantly. The interference-
region-sonic line is shifted toward higher numbers by�M1 
 0:02.
Therefore, the interference drag will most likely also be reduced.
Nevertheless, this conjecture has to be proven by future
investigations. The interference-section lift-coefficient fluctuation
is measured as being reduced by more than 75%, compared with the
clean case. Unquestionably, the present data are obtained at a generic
configuration andwill not be representative for a specific 3-D design.
However, for retrofit application, the potential advantages of the
proposed countermeasure should be considered in comparison with
conventional solutions.

IV. Conclusions

Results from recent experiments on unsteadywing–pylon–nacelle
interference with tripped laminar-turbulent transition at transonic
flow conditions were reported here. The tests were conducted in the
TransonicWindTunnel, Göttingen (DNW-TWG) using an adaptive-
wall test section and a newly designed model. The aerodynamic
responses to forced model pitching, nacelle yawing, nacelle rolling,

Fig. 16 Wing–pylon–nacelle interference region with applied wire-

mesh countermeasure.
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Fig. 17 Measured time-averaged cp�x� in the interference section with

applied countermeasure. The gray shaded areas indicate the measured

pressure fluctuations. Ma1 � 0:755, Re1 � 2:27 � 106, Su0 � 0:361,
�� 0:54deg, �� 0deg, and �� 0deg.

Fig. 15 Dependency of the maximum-amplitude reduced frequency k

on M1 for Re1 � 2:23 � 106 � 4:1% (squares and solid line) and for

Re1 � 3:54 � 106 (circles) with corresponding model incidence (dashed
line); reduced frequencies k in parentheses are based on wing–nacelle

overlap length; Su0 � 0:359� 1:5%, �� 0deg, and �� 0deg.
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model pitching plus nacelle yawing, and model pitching plus nacelle
rolling were measured for sub- and supercritical Mach numbers.
Tests with the rigid model were performed at flow conditions in
which unsteady airloads occur.

The WIONA wind-tunnel model was designed to exhibit
aerodynamic interference as observed in the wing–pylon–nacelle
region of real aircraft. But the model shape was chosen to be as
generic as possible to enable a detailed physical interpretation of the
observed phenomena by reducing complexity. Both objectives were
gained by a computational-fluid-dynamics-driven shape design of
the model. Vice versa, the experimental data are used to improve and
validate computational fluid dynamics codes.

The most significant results of the present investigation can be
summarized as follows:

1) Linearization and superposition of model pitching, nacelle
yawing, and nacelle rolling is possible, at least up to pitch-oscillation

amplitudes �̂ � 0:14 deg, yawing amplitudes �̂ � 0:44 deg, and
rolling amplitudes �̂ � 2:5 deg, while taking the steady transonic
flowfield into account.

2) A local buffet phenomenon in the wing–pylon–nacelle
interference regionmay occur atMach numbers that are only slightly
higher than those at which the interference-region flow becomes
locally supersonic.

3) A small wire-mesh body in the interference region is able to
significantly reduce this local buffet and its corresponding unsteady
airloads.

4) A leakage between the wing and the pylon fairing strongly
affects the transonic wing–pylon–nacelle interference.

It can be concluded that the unsteady airloads of a wing/engine
combination are strongly affected by interference effects when the
flow in the wing–pylon–nacelle region locally becomes supersonic.
Then it is necessary to account for the impact of the steady transonic
flowfield on the unsteady airloads. However, linear superposition of
the unsteady airloads due to specific motion modes is appropriate
either without or at moderate flow separation.When the flow starts to
separate locally, buffet might occur in the wing–pylon–nacelle
interference region. Based on the present physical understanding, we
intend to improve the numerical prediction capabilities of the
observed phenomena.
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