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Abstract

Unsteady aerodynamic excitation of aircraft wing and tail surfaces may evoke from separated and turbulent flows
induced by shock boundary layer interactions, burst leading-edge vortex flow structures or airbrake turbulent wake flow.
The corresponding excitation of the wing and/or tail structures due to unsteady aerodynamic forces is referred to as
‘buffet’. While for transonic transport aircraft shock induced flow separation at off-design conditions constitutes buffet,
the separated flow associated with burst leading-edge and strake vortices is the dominant mechanism for buffet at high
agility aircraft. The dominating turbulent flow fields associated with shock induced flow separation or burst large-scale
vortices can cause severe surface pressure fluctuations both on the wing itself and on downstream components,
particularly, the horizontal and/or vertical stabilizers. The structural response of the aircraft is denoted as ‘buffeting’.
Buffeting can have serious impacts on the aircraft, resulting in increased structural vibrations and high accelerations in
the area of wing and tail tip sections, structural maximum and fatigue loads, and degraded flight characteristics.
Buffeting, with its interaction of unsteady aerodynamic forces, inertia forces, and elastic forces, represents a dynamic
aeroelastic response problem. It is treated as limitation of the flight envelope in verification and certification processes.
Unsteady aerodynamic forces consists of flow separation dependent aerodynamic forces (shock induced or due to
vortex bursting) and motion induced aerodynamic forces (oscillations of the elastic structures in their eigenmodes). Due
to its significance as a flight envelope limit and the complex coupling mechanisms between flow scenarios and structural
properties, buffeting has been a subject of research in the field of aeroelasticity from the very beginning. This overview
paper addresses some main mechanisms of vortex-induced and shock-induced buffet flow. Associated fluctuation
intensities of surface pressures are reported and surface pressure frequency characteristics related to fluid mode
instabilities are analyzed. Semi-empirical relations to quantify buffet onset and buffet intensity levels are further given.

problem. Consequently, the term ‘Buffet’ refers to the
aerodynamic excitation while ‘Buffeting’ denotes the
coupled problem including the structural response.

1. INTRODCUTION

Flight envelope limits are associated with dynamic aero-
elastic phenomena. Determining such limits as accurately
as possible is a key task in the design and certification
process of aircraft. Those limiting phenomena are
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characterized by the coupling of unsteady aerodynamic, CoeeE ~
structural-elastic, and inertia forces as displayed in Fig.1. AR
Dynamic aeroelasticity problems can be structured in Rigid body
stability and response problems. The stability problem Flutter motions

manifests itself in self-excited, and in the crucial case,
undamped oscillations of structural eigenmodes, which is
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referred to as flutter and can lead to explosive-like fracture Dynamic
of wing or tail structures. If the amplitudes of the structural Response
deformations remain limited, they are referred to as limit Elastic Inertia
cycle oscillations. In contrast, response problems are I

forces forces

typically linked to phenomena denoted as buffeting, buzz
and gust impact. Buffeting is described by pilots as <
‘shaking phenomena’, where pronounced oscillations of

wing and/or tail surfaces are evoked by locally separated

flow due to bursting of leading-edge vortices or by shocks . . o
with the latter undergoing motions accompanied by FIG 1. Aeroelastic force triangle (Collar’s triangle), cf.
separated flow. Buzz appears also with shock motions  [1]-

and induced flow separation resulting in control surface
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oscillations with limited amplitude. The impact of gusts
represents a classical dynamic response problem. Gust
evolution is linked to atmospheric and weather conditions.

Focusing on buffeting, Fig. 2 shows a block diagram of
the structural dynamics system (mass, damping and
stiffness features) performing structural motions or oscilla-
tions, respectively, linked to motion induced aerodynamic
forces. Flow separation induced aerodynamic forces are
acting on the system as additional excitation quantities.
Interaction characteristics between motion- and separa-
tion-induced aerodynamic forces depends on the specific
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Buffeting on High Agility Aircraft

Addressing high-agility aircraft associated with the
development of leading-edge vortices, buffeting may
generally occur on wing and horizontal and vertical tail
surfaces, respectively. The corresponding unsteady aero-
dynamic loads, i.e. Buffet, are caused by the separated
and unsteady flow linked to the bursting mechanism of
leading-edge vortices [2]. Especially, the fin buffeting
problem is a critical issue for high performance fighter
aircraft equipped with twin vertical tails [3], single fin
configurations could be affected as well [4].
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FIG 2. Buffeting Block diagram (t: time, q(t): surface
displacement variable; M, D, K: mass, damping stiffness
(matrices); F: aerodynamic forces; index gen: generalized
terms with respect to a modal description applying gene-
ralized aerodynamic force matrices; ®: modal matrix [12]).

The highly turbulent flow caused by the bursting of
leading-edge vortices occur mainly at high angles of
attack. Strong large-scale vortices are shed at slender
wing geometries, such as delta wing planforms, strakes or
leading-edge extensions [5]. Leading-edge vortices in a
fully developed, stable stage improve significantly maneu-
ver capabilities because of additional lift and an increase
in maximum angle of attack. However, leading-edge
vortices are subject to breakdown at high angles of attack
[5], [6]. The breakdown flow leads to high turbulence
levels in line with specific instability mechanisms resulting
in narrow-band unsteady aerodynamic forces [2], [7].
Such loads often excite the vertical tail structure in its
natural frequencies causing increased fatigue loads and
reduced service life and raise maintenance costs [8].
Comprehensive studies had been carried out on the fin
buffeting problem including also methods for flow control
and active vibration alleviation [9], [10], [11].

1.2

Regarding so-called ‘off-design’ conditions for transport
aircraft featuring supercritical wings, prevailing shock
fluctuations on the wing in the chord and span directions,
combined with shock-induced, locally separated flow, can
lead to buffeting [13], [14]. Transonic buffeting is charac-
terized by a pronounced shock-boundary layer interaction,
resulting in shock-induced downstream and outboard
regions of flow separation [15]. This is linked to a self-
sustaining shock motion, which interacts with the
dynamically developing region of separated flow. It results
in flow conditions of varying complexity on airfoils and
swept wings with finite aspect ratios [14]. Based on the
results of various numerical and experimental studies,
buffeting on the wing is caused by the interaction of
various physical mechanisms. Stability analyses based on
linearized Unsteady Reynolds-averaged Navier-Stokes
equations (URANS) show the presence of global flow
instabilities [16], [17], [18]. On the one hand, there is a
mode associated with the shock motion in the chord
direction (Strouhal number based on wing mean chord: Sr
=~ 0.05 — 0.1), and on the other hand, modes associated
with the propagation of so-called ‘buffet cells’ in the span-
wise direction (Sr = 0.2 — 0.6; propagation velocity: u/urer =
0.25 — 0.5) [15], [17]. The characteristic frequencies are
more broadband on the finite aspect ratio wing compared

Buffeting on Transonic Transport Aircraft
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to those on airfoils [19]. Representing numerically shock
motion and shock-induced flow separation, at least
URANS methods often combined with zonal scale-resol-
ving approaches such as (D)DES (‘(Delayed) Detached
Eddy Simulations’) are typically used [20].

Numerical and experimental studies with predefined rigid-
body motions or structural vibrations set at airfoils test
cases show that, at sufficiently large vibration amplitudes,
a ‘lock-in effect’ of the buffet and vibration frequencies
occurs [21]. This is also evident in corresponding scena-
rios of elastically supported airfoils [22], [23]. Overall,
structural vibrations can therefore affect the buffet-specific
aerodynamic excitation due to an interaction of motion-
and separation-induced unsteady aerodynamic forces [27]
(see also Fig. 2). Further, coupled fluid-structural simula-
tions (comparison of one- and two-way coupling methods
[12]) are performed to elucidate the interaction mecha-
nisms in detail.

As additional aspects, the application of URANS/(D)DES
methods to simulate buffet flows is not feasible for the
multitude of parameters that must be varied in an aircraft
design process due to the computational requirements.
Even with current high-performance computing power,
they can only be applied to selected cases. Furthermore,
calculating buffeting requires a coupling between the flow
solver and the structural solver, which generates
additional computational effort. Therefore, especially with
regard to industrial applications, a compromise must be
reached between the desired physical accuracy and the
resulting computational costs. One way to reduce the
computational effort is the use of reduced-order models
(ROMs), which are trained and validated using CFD
simulation data or experimental data sets. The trained
model can then be applied to other inflow conditions to
predict characteristic aerodynamic and aeroelastic quanti-
ties, respectively. Consequently, the computational effort
of aeroelastic investigations can be significantly reduced.
Recent developments have been conducted to capture
buffet related spatially and temporally varying surface
pressure distributions on a typical transport aircraft apply-
ing specific ROMs [24]. The ROMs employ convolutional
neural networks and use auto-encoders to address spatial
variations and are linked to long short-term memory
neural networks for transient predictions [25-27].

2. VORTEX BURSTING BUFFET

Buffet and buffeting characteristics affecting high agility
aircraft are highlighted in the following presenting an
overview on some dominant mechanisms. These findings
have been partially published by the author in Ref. [2].

21.

Flow properties of leading-edge vortices developing at
highly swept wing geometries related especially to single
or multi-swept delta wings and strake elements are
discussed in a wide body of literature [5]. Vortex evolution
stages, influence of wing planform and airfoil parameters
(sharp or round leading-edges, thickness, camber) along
with Mach number and Reynolds number dependencies
are reported in detail. Further, characteristics of vortex-
vortex and vortex-shock interactions present at hybrid
delta wings featuring multi-swept leading-edges are
studied. For all those cases, vortex bursting takes place at
high angles of attack constituting the highly unsteady and

Unsteady flow field — Buffet impact
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turbulent flowfield acting on wing and tail surfaces, thus,
representing the buffet conditions.

Wing leading—edge vortex breakdown is of the spiral type
for Reynolds numbers of Re > 10* and typical swirl
numbers present at delta wing vortices. Fig. 3 highlights
the vortex flow characteristics taken at a delta wing of 76°
leading-edge sweep (aspect ratio 1) for low speed flow
conditions and angle of attack of a = 35°. Vortex bursting
takes place approximately at x/cr = 0.49 (cr: wing root
chord). Next to the original jet-like vortex core a region of
strong flow deceleration occurs that vortex breakdown is
caused by the stagnation of the axial core flow. The region
of retarded axial core flow is caused by the adverse
pressure gradient arising at high angle of attack [2], [5].
The corresponding steep velocity gradients and the rapid
change from jet-like to wake—like core flow evokes an
overall maximum in turbulence intensity at the vortex
center. The peak turbulence intensities are indicated in
Fig. 3 by root mean square values (rms) of axial velocity
fluctuations normalized with the freestream velocity Ue.
Peak rms levels are up to 35%. Downstream of the burst
location, the region of maximum turbulence intensity
expands rapidly in radial direction. The associated local
turbulence maxima are located in a limited radial range
around the burst vortex core. This area corresponds to the
points of inflection in the radial profiles of the retarded
axial core flow.

Analyzing the spectral content of the velocity fluctuations
it is shown that the breakdown flow exhibits a significant
spectral peak indicating that turbulent kinetic energy is
channeled into a narrow band. The frequency related to
this spectral peak is named ‘dominant frequency’. The
energy concentration in a limited frequency range is linked
to a specific instability mechanism called helical mode
instability of the breakdown flow [2], [7]. Consequently,
quasi—periodic aerodynamic loads occur which are prone
to excite structural modes.

2.2,

The impingement of burst leading—edge vortices is a
source of buffet excitation on an aircraft experienced on
the wing surface or on other surfaces such as the fin.

Fin surface pressures

2.21.

The vortex breakdown highly turbulent flowfield gives rise
to surface pressure fluctuations for the areas affected by
the impingement. Thus, the buffet excitation can be
quantified by the corresponding pressure fluctuation inten-
sities (rms values) present on the respective surfaces.
Exemplarily, the vertical tail (single fin) of a delta-canard
high agility aircraft is considered as shown in Fig. 4.
Measurements have been conducted on a 1:15 scaled
wind tunnel model at low-speed flow conditions for an
angle of attack sweep from a = 0° to 31.2° [2], [10]. Based
on 18 differential unsteady pressure transducers (Kulites)
the surface-averaged rms values of the pressure fluctua-
tions are determined and plotted as pressure coefficient
data, cpms, for the angle-of-attack sweep. The rms values
increase significantly above a = 20° reaching a value of
about 8% at maximum angle of attack of a = 30°. The
severe increase in the rms pressures above a certain
incidence is a characteristic feature of the fin buffet
phenomenon. It is observed at most high agility aircraft
and, in particular, becomes critical on twin-fin configura-
tions where the fins are often fully impinged by the vortex
breakdown flow.

Fluctuation intensities
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2.2.2,

The amplitude spectra of the fluctuating surface
pressures, calculated from the signal taken at sensor
station P13, are shown in Fig. 5 for all angles of attack
considered. Above a = 22° spectral peaks can be
identified in the range of reduced frequencies of k = 0.8 —
0.6 (k = fly/U; f: frequency, Hz; I,;: wing mean aerody-
namic chord, m; U«: freestream velocity, m/s). The helical
mode instability of the burst wing leading—edge vortices
starts to affect the fin pressure field and the narrow—band
amplitude increases strongly from a = 24° to a = 31.2°.
This energy peak is called ‘buffet peak’. Hence, the
narrow-band concentration of turbulent kinetic energy may
result in strong excitation of structural modes. It can be
further detected that the reduced frequencies associated
with the buffet peak, i.e. the dominant frequencies, are
shifted to lower values at higher angles of attack. This
trend is found for various configurations, cf. [28], [29].

Frequency characteristics

2.3.

Such pressure distributions create the buffeting, or struc-
tural response to the buffet. The resulting fin buffeting
mainly consists of a response in the first bending and
torsion mode. As an example, Fig. 6 (left) shows the
impact of the strong vortices shed at the leading-edge
extensions (LEX: strake elements) of the F-18 high angle-
of-attack research aircraft. Thus, the fluid—structure inter-
actions of vortex breakdown with a fin involves the
following phenomena, Fig. 6 (right): the time—averaged
breakdown location depending on the adverse pressure
gradient set by the recompression at the wing trailing—
edge and/or by the blockage of the fin, the helical mode
instability of the breakdown flow, quasi—periodic oscilla-
tions of the breakdown location, distortion of the incident
vortex and vortex splitting, unsteady flow separation at the
fin leading—edge, and possible coupling between the
separated fin flow and/or fin elastic deformations with
oscillations of the breakdown location. Among these, the
dominant phenomenon causing fin buffeting is the quasi—
periodic loading on the fin due to the helical mode
instability of the leading—edge vortex breakdown flow.

Fin buffeting phenomena

2.4.

Characteristic parameters are of main importance for
design or scaling tasks. Especially, a frequency para-
meter associated with vortex breakdown induced buffet
loads is of specific interest to determine any alignment
with eigenmode frequencies of wing or tail surfaces.

Dominant frequency scaling

The shift in the dominant reduced frequency with angle of
attack to lower values is plotted in Fig. 7. The quasi
periodic velocity and induced surface pressure fluctua-
tions, respectively, result from the helical mode instability
of the flow downstream of vortex breakdown. The burst
vortex core expands with increasing angle of attack and,
therefore, the wavelength of the instability mode becomes
larger and the corresponding frequency decreases. A
universal frequency parameter can be derived using
appropriate scaling quantities. Referring to velocity, the
component normal to the leading-edge (U= sina) has to be
considered. The length scale |c must account for the
vortex core expansion given approximately by scaling with
the local half span (~ x cot @w) and the shear layer
distance (~ sina). Using these relations leads to a scaling
with the sinus of angle of attack a and the co-tangent of
the wing leading-edge sweep ¢w. This scaling groups the
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FIG 7. Dominant reduced buffet frequency kdom (helical mode instability) as function of angle of attack

based on amplitude pressure spectra of fin station P13 (cf. Fig. 5). Buffet load frequency parameter

obtained by scaling kdom with the sinus of angle of attack a and the cotangent of wing semi-span cot ¢w;
» = 40 m/s, Reym = 2.7 x 108; ¢r: wing root chord, l,: mean aerodynamic chord, Ic: characteristic length; cf. [2].
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FIG 8. Flowfield development and surface pressure fluctuation intensities on a hybrid delta wing configu-
ration at transonic conditions and high angles of attack obtained by Improved Delayed Detached Eddy
Simulations (wing sections: leading-edge vortex controller element, Levcon, @1 = 52.5°; strake element, @2 =
75.0°; main wing, @3 = 52.5°).
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values of the dominant reduced frequencies within a band
of 0.28 + 0.02. Measurements on a variety of delta wing
and strake-wing configurations substantiate the validity of
the derived frequency parameter [2], [30]. For hybrid delta
wings featuring multiple-swept leading-edge sections the
relation can be also applied using an area weighted mean
leading-edge sweep angle [31].

2.5.

At transonic operating conditions featuring wing regions of
locally supersonic flow, compression shocks occur, which
can interact with the vortices. Due to a vortex-shock
interaction, the vortex experiences an abrupt pressure
increase, which has a destabilizing effect and can lead to
premature vortex bursting [5]. The underlying mecha-
nisms show some similarities to those of shock-induced
boundary layer separation. For vortex-shock interactions,
a distinction is made between normal shock vortex
interaction and oblique shock vortex interaction.
Depending on the effect of the vortex-shock interaction, a
distinction is also made between the so-called weak
interaction, which does not lead to vortex bursting, and
the strong interaction, which causes vortex bursting. The
interaction with a normal shock is generally more critical
and leads to forced vortex bursting, since the pressure
rise across the shock is larger. The interaction between
the vortex and the shock also leads to a deformation of
the shock which exhibits as bulging of the shock wave in
the upstream direction.

Wing vortex-shock interactions

Fig. 8 presents numerical results based on Delayed
Detached Eddy Simulations (DDES) for the flow field
development on a hybrid delta wing configuration at high
subsonic Mach number (Ma = 0.85, Reym = 12 10°) and
moderate to high angles of attack (a = 16°, 24°, 32°). The
wing planform consists of three elements, namely a
leading-edge vortex controller (Levcon) section, a strake
section and the main wing. Consequently, several
leading-edge vortices (Levcon, strake and main wing
vortices) are shed interacting with each other in down-
stream direction. Levcon and strake vortices merge to a
downstream propagating coherent vortex system
influencing the main wing section. Details on those vortex-
vortex interactions are reported in Ref. [32]. In addition,
upstream and downstream located shocks are present.
For a = 16°, Mach number contours (Fig. 8 left) depict the
evolution of the Levcon, strake and main wing leading-
edge vortices. Local Mach numbers reach levels up to Ma
= 1.9 — 2.0. Upstream and downstream located strong
normal shocks are clearly visible in spanwise direction.
Both types of vortex-shock interactions occur: the weak
and strong one. The first shock is located downstream of
the canopy at the beginning of the strake section. The
Levcon and strake vortices interact with this shock but
remain stable. The second shock is located further down-
stream, at approximately 60% of the main wing root chord
length. Both the strake and main wing vortices are
affected by the second shock, exhibiting a strong inter-
action which contributes to subsequent vortex bursting.
With raising angle of attack vortices increase in size and
strength resulting in higher related velocities and associa-
ted Mach numbers. At a = 24°, a flow scenario can be
detected exhibiting some main characteristics comparable
to a = 16°, but shock induced vortex bursting for merged
Levcon/strake and main wing vortices reveals much more
pronounced. Post-stall effects are linked to a = 32°, where
developed vortical flow structures are only present close
to the apex while the entire main wing section is
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determined by the Levcon/strake vortex breakdown flow
inboard and irregular separated flow outboard.

For low-speed conditions (Fig. 3) it has been shown that
the vortex breakdown flow with its high turbulence
intensities gives rise to significant surface pressure fluc-
tuations which may become severe for certain conditions.
Fig. 8 (right) depicts the cprms contours of the surface
pressure fluctuations on the generic hybrid delta wing
configuration. Local ¢cpms maxima indicate the footprint of
the impact of burst leading-edge vortices. At a = 16° and a
= 24°, inboard cpms maxima refer to the breakdown flow-
field of the merged Levcon/strake vortices while the out-
board ones refer to the main wing vortex. Especially at a =
24°, cprms maxima reach levels up to 25% spread over a
larger wing area, thus, constituting a wing buffet relevant
scenario. For a = 32°, the trace of high cpms values is
concentrated inboard reflecting the impact of the merged
and burst Levcon/strake vortex system, further revealing
the spiral type vortex breakdown turbulent flow pattern.

3. SHOCK RELATED BUFFET

In the introduction it has been stated that transonic buffet
is an unsteady shock-wave/boundary-layer interaction
phenomenon, encountered e.g. for civil transport aircraft
at edge of the flight envelope conditions. A risk of degra-
ded handling qualities or structural failure may be caused
by the interaction of the unsteady aerodynamic loads with
the elastic wing structure. Certification regulations call for
the absence of any buffet related structural vibrations
within the flight envelope. The engineering challenges
arising with the design of future wings pushing the limits of
the flight envelope further require a thorough understand-
ding of the mechanisms that govern the phenomenon.

As outlined in Sec. 2.5, the impact of shocks with the
associated rise in static pressure may lead to dominant
changes in the flow development. For certain flow
conditions of high subsonic Mach numbers and angles of
attack present at (supercritical) airfoils and wings, the
shock induced pressure rise acting on the boundary layer
may evoke flow separation downstream of the shock. The
subsequent occurrence of a bubble type or open separa-
tion zone (extending to the trailing edge) has also an
impact on the pressure field affecting in turn the shock.
First, the shock is shifted further upstream due to the
displacement of the growing area of separated flow, then
the shock related pressure rise becomes alleviated and
the flow is re-attaching with the shock position moving
downstream until flow separation occurs again. Due to the
separated flow unsteady characteristics a shock motion is
developing. Therefore, on wings, quasi-periodic motions
are related to chordwise and spanwise areas of attached
and shock induced separated flow providing pronounced
fluctuations of this area boundary. Consequently, the
movement of the area boundary separating attached and
separated flow along with the regions of separated flow
themselves provide severe unsteady aerodynamic loads.

3.1.

A typical buffet impact scenario for a transport aircraft
wing is shown in Fig. 9 for the NASA CRM (Common
Research Model) configuration (supercritical wing; aspect
ratio: 9.0; taper ratio: 0.275; wing sweep: 35.0°). The
corresponding wind tunnel model tested at cryogenic
conditions for Mach and Reynolds number similarity
represents a wing-body model equipped with a horizontal

Unsteady flow field — Buffet impact
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tail plane. The design cruise condition is defined by a
Mach number of Ma = 0.85, Reynolds number of Remac =
30 - 108 (based on freestream velocity and wing mean
aerodynamic chord, mac) and a lift coefficient of CL = 0.5.
The buffet condition highlighted in Fig. 9 is due to an
angle of attack of a = 5°. Applying the URANS setup
described in Ref. [27], a buffet instability develops on the
wing suction side. A series of six pressure coefficient
snapshots linked to the buffet period Tsuffet, Which is given
here by 0.0067 s, are shown in Fig. 9a. A characteristic A-
shaped two shock pattern develops on the wing upper
side. Changes in the local surface pressures are shown
for three distinct spanwise sections located at positions of
n = 0.60, 0.70, and 0.80, Figs. 9b-d). The time instants
(Fig. 9a) depict the chordwise and spanwise movement of
the shock, thus, representing oscillations of the boundary
separating attached and separated flow. Shock movement
in chord direction is in the order of 5% to 8% of the local
chord length linked to so called buffet cells which pro-
pagate in outboard direction. Fig. 9d reveals pronounced
flow separation in the wing outboard area.

Further, a typical surface pressure distribution for a
transonic transport aircraft wing (supercritical wing; aspect
ratio: 9.302; taper ratio: 0.228; wing sweep: 30.0°) is also
shown in Fig. 10 for the Airbus XRF-1 configuration [26]. It
serves as the geometry of interest within the DFG
(German Research Foundation) collaborative research
unit FOR2895 [33]. Wing surface pressure data are
obtained by Pressure Sensitive Paint (PSP) measure-
ments conducted in the cryogenic European Transonic
Windtunnel (ETW) facility to satisfy Mach number and
Reynolds number similarity requirements [33]. Example
results shown here are related to test conditions of Mach
number Ma = 0.90, Reynolds number of Remac = 25 - 108
and angles of attack of a = 4°, 5°, and 6°, representing
wing buffet conditions. As present for the CRM configu-
ration, a A-shaped shock pattern, typical for such wing
geometries, is evident in the spanwise direction at all
considered flow conditions (double shock in the inner
region, converging in the center and shock front in the
outer region). Typically, shocks are shifted upstream with
increasing angle of attack, accompanied by an increase in
shock intensity.

Pronounced shock oscillations in chordwise direction (5%
to 10% of the local chord length depending on spanwise
position) and propagation of buffet cells in spanwise direc-
tion can be observed (the region of which indicated by the
outboard white dash line circles in Fig. 10).

3.2

Surface pressure fluctuation intensities are plotted in Fig.
11 (left) in terms of cpms values revealing the area of
largest pressure fluctuations acting on the XRF-1 upper
side wing surface. The results shown here are based on
URANS-SAS (SAS: Scale Adaptive Simulations) calcula-
tions for Ma = 0.84, Remac = 25 ‘108 and a = 5°. The
respective numerical set-up is as follows: 80 Mio. cells;
boundary layer: y+,max = 0.32, first layer height 1.5 - 10 m
with mac = 0.1965 m, 58 layers, cell growth rate 1.1 — 1.3;
physical time step: 5 10 s). Results of the wing pressure
distributions show reasonable agreement against the
ETW measurement data comprising surface pressure
data taken by pressure taps, Kulite sensors, PSP and
unsteady PSP (iPSP). As expected local ¢p,rms maxima are
attributed to the region of pronounced shock oscillations
and outboard zones of separated flow. Levels of cpms are
significantly high for the regions where the impact of

Fluctuation intensities
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spanwise propagating buffet cells becomes dominant.
Thus, the wing area from half the span to the wing tip
experiences locally concentrated large pressure
fluctuation intensities. This flow scenario may evoke high
accelerations at the wing tip due to structural response in
wing bending modes.

3.3.

The sustained shock oscillation associated with waviness
of the shock front and outboard convection of buffet cells
may be linked to characteristic frequencies corresponding
to appearance of dominant fluid modes. The related
frequency content of the XRF-1 upper side wing surface
pressure fluctuations is displayed using Power Spectral
Density (PSD) distributions in the right part of Fig.11. Flow
conditions are Ma = 0.84, and 0.90 at Remac = 25 - 108
and a = 4° and 5°. PSDs are plotted for the pressure
fluctuations obtained at two Kulite stations the locations of
which are depicted in the subfigure. The coloring of this
subfigure refers to the mean pressure coefficient distribu-
tion at Ma = 0.90 and a = 5°. Spectral peaks denoted as
buffet peaks (‘3D buffet’) can be detected in a broader
frequency range linked to the spanwise buffet cell
propagation. The related range of Strouhal numbers Sr or
reduced frequencies kred, respectively, is kred = 0.2 - 0.8,
using the freestream velocity and mean aerodynamic
chord as reference quantities. The occurrence of buffet
related frequencies in this range is also reported in
various investigations, Refs. [15], [19], [20]. Mainly, a
dependency on the wing sweep angle is documented [14].
Further, with increasing angle of attack buffet frequencies
are shifted to lower values. Both wing sweep and angle of
attack determines the wing leading-edge effective velocity
and characteristic length scales. Consequently, a buffet
related frequency parameter may depend on wing sweep,
angle of attack, and ratio of taper to aspect ratios.

Besides this range of Strouhal numbers attributed to the
spanwise oscillations of the wavy shock front an order of
magnitude lower Strouhal number values can be linked to
the chordwise shock oscillations seen in a sectional span-
wise cut. Associated Strouhal numbers are in the range of
0.05 to 0.07. Dominant chordwise oscillations are linked to
the points of inflection in the temporal spanwise variation
of the wavy shock front.

Regarding fluid mode analysis based on the URANS-SAS
results, Fig. 12 (left) presents exemplary mode patterns
associated with the first four dominant modes obtained by
applying Dynamic Mode Decomposition (DMD) for the
XRF-1 wing upper side surface pressure fluctuations (Ma
= 0.84, Remac = 25 -10°, a = 5°). The mode pattern reveals
the spanwise composition of fluctuation impacts of which
the first dominant mode is at Sr = 0.32.

The schematic of the right part of Fig. 12 include main
characteristic values for buffet related Strouhal numbers
with respect to spanwise and chordwise shock dependent
fluctuations, spanwise convection velocities, normalized
with the freestream velocity U«, and buffet cell related
wave lengths A, normalized with the wing mean aerodyna-
mic chord (mac).

Frequency characteristics and fluid modes

As outlined for buffeting representing a dynamic aero-
elastic problem the interaction of motion dependent and
separation dependent unsteady aerodynamic forces is of
major interest in analysis and classification of the
problem. For airfoil (2D) buffet cases the influence of
superimposed vibrations have been extensively studied
both experimentally and numerically.



Deutscher Luft- und Raumfahrtkongress 2025

NASA CRM:

Wing aspect ratio: 9.0
Wing taper ratio: 0.275
Wing sweep, ¢,.. 35.0°

t= 0T,

Buffet

t=06-T

Buffet

-0.75 1
-0.5 1

-0.25 1

0.25 0.75

0.5
x/c

t=0.2"Tpp, /
n=08---
n=0.7---
n=0.6- -
/ ¥

b
/ X
/

t=08-T

Buffet

to= 157,

t=04-T

Buffet

n=08---
n=0.7--+
7 =0.6--

Buffet

I'I_ 12 1 08 06 =04 =02 0 02
N (%) N D o VU ) R S e
R e et I e NP
i )i i 4
-0.75 1 i -0.75 | |
o \\\ o, ‘:K\
-0.5 A -0.5 1 {;_,A\
¥ N\
0.25 1 -0.25 1
0 — — — 0 — - —
0 025 05 075 1 0 025 05 075
x/c x/c

FIG 9. Time instants of wing surface pressure coefficient (cp) distributions indicating the wing buffet
cycle at the NASA CRM configuration; Ma = 0.85, Remac = 30 x 108, a = 5.0°; Taufret refers to the buffet period,;
(a) Buffet cycle; (b), (c), (d) cp distributions at 60%, 70% and 80% spanwise (n = y/s) stations; cf. [27].
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Airbus XRF-1:

Wing aspect ratio: 9.302
Wing taper ratio:  0.228
Wing sweep, @, 30.0°

FIG 10. Mean surface pressure distributions on XRF-1 wing upper side based on PSP measurements
indicating A-shock topology; Ma = 0.90, Remac = 25 x 108, a = 5.0° and 6.0°; cf. [26].
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FIG 11. Unsteady surface pressure characteristics on XRF-1 wing upper side; left: cp,ms obtained by
URANS-SAS calculations; Ma = 0.84, Remac = 25 x 108, a = 5.0°; right: pressure fluctuation power
spectral densities based on Kulite measurements.
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FIG 12. Mode and frequency features for unsteady surface pressures at XRF-1 wing upper side; left: DMD
modes 1 — 4 based on URANS-SAS calculations; Ma = 0.84, Remac = 25 x 10°, a = 5.0°; right: typical value
ranges of characteristic frequencies and wave propagation.
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When applying forced plunge or pitch motions,
respectively, or if the airfoil is subjected to specifically
tuned elastic suspensions with plunge and/or pitch degree
of freedom, a full synchronization of the buffet frequency
to the excitation for certain combinations of excitation fre-
quency and amplitude is found, called ‘lock-in effect’ [21].
For wing geometries, those effects are less pronounced.
Harmonic excitations of the wing or vibrations at structural
eigen-frequencies may interact mainly with the high
frequency characteristics attributed to the buffet pheno-
menon due to global fluid modes, while the low frequency
behaviour is less affected. Mean surface pressure distri-
butions are not influenced by vibrations with small ampli-
tudes (e.g. not exceeding 0.05% of the wing span). Based
on results of coupled fluid-structure simulations an initial
(linear) structural response in the structural eigenmodes
depends on the buffet frequency for all modes. This holds
for structural modes with natural frequencies close to that
of buffet in the nonlinear part of the response. A depen-
dence on their respective structural frequencies and lower
order bending modes is found for lower frequency struc-
tural modes in the nonlinear part of the response.

4. BUFFET ONSET CRITERIA

Due its relevance for design and certification a variety of
buffet onset criteria or parameters, respectively, have
been published over the years [34], [35]. Generally, the
criteria are related to (i) integral mean aerodynamic data,
(ii) local aerodynamic data and (iii) structural dynamics
quantities (but in context of quasi rigid/stiff wind tunnel
models). The first type of data concentrates on lift and
pitching moment coefficients as function of angle of attack
and the corresponding first and second order derivatives
of the respective functions [36], [37]. Derived quantities
like changes in the aerodynamic center are analyzed as
well. The second group of data comprise trailing-edge
pressures, intensities of surface pressure fluctuations and
data on the region of separated flow [38]. The third data
part include wing or tail tip accelerations and root wing
bending moment fluctuations, respectively. These data
are typically taken on quasi-stiff models (e.g. steel or
aluminum structures, no structural dynamics scaling) as
the vibration level on such models serves as a reasonable
indicator of the buffet(ing) intensity. The application of
some selected parameters is shown in this section, a
comprehensive overview can be taken from the above
mentioned references.

Referring to category (i), a widely used buffet onset
criterion in industry is the so-called Aa = 0.1° criterion
[34]. As exemplarily indicated in Fig. 13a (upper sub-
figure) for the NASA CRM configuration, a straight line is
drawn parallel to the linear part of the lift curve as function
of angle of attack, shifted by Aa = 0.1- to the right (dashed
line). The criterion states that buffet onset can then be
assumed at the intersection of this straight line with the lift
curve. The idea behind is that shock induced flow
separation, the region of which increases in size at higher
angles of attack leading ultimately to buffet, is also
indicated by a significant change in the Ci-curve slope.
The circle in Fig. 13a points to the pronounced change in
the lift curve slope. Similar considerations can be made
for the pitching moment characteristics (‘pitch break’) but
the pitching moment reference point must be taken into
account for the analysis. Alternatively, a change in the
aerodynamic center can be also used. Further, the lower
subfigure of Fig. 13b shows the second order derivative
curve of the pitching moment coefficient with angle of
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attack where the first pronounced maximum is attributed
to buffet onset. For the chosen NASA CRM case this
criterion is in good agreement to the Aa = 0.1° criterion
substantiating here the consistency of criteria. A CL X Cm
criterion is established in Ref. [37] indicating that
buffet(ing) onset can be linked to the maximum value of
(0>Cm/d%CL).

A criterion within category (ii) focuses on the evolution of
the trailing-edge pressure coefficient cp1e. A correlation
between the cp e and buffet onset exhibits, that similar to
the lift curve, cpte also changes approximately linearly
with increasing angle of attack until at higher angles of
attack a break in the curve occurs indicating flow
separation. Again, a straight line parallel to the linear part
of the curve is drawn and the intersection denotes a
criterion for buffet onset. A value of Acpte = -0.05 is
typically used as offset. For practical applications, the
straight line is drawn parallel to the curve part with the
smallest negative slope. There are a variety of further
criteria [34]. For example, the area of the region of flow
separation is taken suggesting that buffet onset can be
assumed when the size of the flow separation area
reaches 4% of the reference wing area. The value of 4%
has been derived from a comparison with the Aa = 0.1
criterion at high subsonic freestream Mach numbers.

Surface pressure fluctuations in terms of cpms values
provides also a good indication of buffet onset as high-
lighted above for both high agility aircraft and transonic
transport aircraft buffet. Fig 13b displays cpms trends as
function of angle of attack for surface pressure sensor
positions on wing and fin of a strake-wing (leding-edge
sweeps: 76°/40°) configuration at low-speed conditions
[29], [30]. Both for wing and fin, a severe increase in
pressure fluctuation intensity is detected that buffet onset
is defined for exceeding a certain threshold (e.g. 3% or
5%) along with the gradient of the steep increase in Cp,ms.

For category (iii), a buffet(ing) criterion is addressed
introduced by D. Mabey [39]. This criterion is especially
linked to wind tunnel testing of quasi-rigid/stiff models
analyzing the structural response in the first bending
mode of wing and/or tail surfaces given at those models.
The buffet(ing) coefficient C”s is calculated with the
known unsteadiness level due to wind tunnel turbulence
as a reference to scale the model response determined
e.g. from wing/fin root strain gauges. Below buffet onset
the parameter C’’g is found to be independent of angle of
attack. The value C’s(Ma,0) is the portion of the model
response caused by the tunnel turbulence intensity at
zero angle of attack while C’s(Ma,a) is the one at varying
angles of attack. The tunnel induced level in the response
is subtracted to provide the buffeting coefficient C'"s, see
equation in Fig. 13c. A scaling factor can be added to C's
depending on the mass and stiffness of the model, and
sensitivities of the root strain gauges and total damping.
Assuming that a linear relationship exists between tunnel
unsteadiness and wing response, C’s(Ma,a) refers to the
response intensity linked to buffet(ing) onset. A certain
threshold is defined to assign the level of intensity of C’s
to the categories ‘light’, ‘moderate’ and ‘heavy’ buffeting.
An example of the application of the C”s(Ma,a) criterion is
presented in Fig. 13c for the fin bending response of the
strake-wing configuration [29]. The angle of attack asso-
ciated with a level of moderate buffeting corresponds to
the one for buffet onset of Fig. 13b (lower subfigure).
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5. CONCLUSIONS AND OUTLOOK

Buffeting denotes a dynamic aeroelastic problem with the
interaction of unsteady aerodynamic forces, elastic forces
and inertia forces. Classically, it is considered as a
response problem in contrast to the stability problem
‘flutter’. Buffeting constitutes a limit of the flight envelope
and, therefore, has to be addressed in the aircraft design
and certification process. The involved unsteady aerody-
namic forces representing the structural excitation are
referred to as buffet. They are composed by motion
dependent aerodynamic forces due to the presence of
structural eigenmode oscillations and flow separation
dependent aerodynamic forces caused e.g. by leading-
edge vortex bursting or presence of strong shocks
oscillating themselves. Buffet and Buffeting have been
studied for decades in wind tunnel tests, numerical
simulations depending on the capability of fluid and
structural modeling involved, and flight testing.

Severe Buffeting is associated with high dynamic loads
depending on angle of attack and Mach number.
Corresponding surface pressure fluctuation intensities
expressed by root mean square (rms) values reach levels
of up to 25% to 30%. Depending on the scenario of vortex
breakdown induced buffet or shock induced buffet the
unsteady loads exhibit narrow-band up to more broad-
band fluctuations associated with characteristics fluid
instability mechanisms or fluid modes, respectively. Local
peak loads of surface pressure fluctuations may
experience large levels. The increase in power spectral
density peaks of surface pressure fluctuations with angle
of attack up to heavy buffet results in a factor of 5 to 12.
Tip accelerations at high agility aircraft fins could raise to
several hundred g's leading in the worst case to structural
failure. The amount of data available for a large variety of
generic and detailed geometries of wings and aircraft
provide a thorough basis for design and evaluation.

Especially, the FOR2895 research unit concentrates on a
detailed understanding on wing and horizontal tail buffet
occurring on a representative long range transonic
transport aircraft, the XRF-1 configuration. A unique data
base is obtained in the European Transonic Windtunnel
(ETW) for Mach and Reynolds number similarity
employing latest optical measurement techniques. Recent
tests include also forced vibrations aimed at analyzing the
interaction of wing oscillations and buffet development,
respectively, thus addressing the interaction of motion
dependent and flow separation induced unsteady aero-
dynamic forces. This is accompanied by numerical
simulations employing fluid structural coupling with one-
and two-way approaches to shed light on dominating
interaction mechanisms. Scaling relations for buffet
frequencies at various geometric and flow conditions are
also at focus. These findings will help to advance the
understanding of the underlying physics of transonic
buffet and ultimately inform future wing design.
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