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Abstract
In order to study transonic buffet over aircraft

wings, the linear stability of the flowfield is analysed
based on direct numerical simulations at moderate
Reynolds numbers. A significant change of the bound-
ary layer stability depending on the aerodynamic load
of the airfoil is suggested by local linear stability the-
ory. Besides Kelvin Helmholtz instabilities, a global
mode, showing the coupled dynamics of the separation
bubbles, can be identified in agreement with literature.
Both modes are present in a dynamic mode decompo-
sition (DMD) of the unsteady direct numerical solu-
tion. Furthermore, DMD picks up the buffet-mode at a
Strouhal number of St = 0.12 that agrees with exper-
iments. Two additional modes with similar structure
are observed at St = 0.45 and St = 0.6, suggesting
that the observed buffet might involve triadic mode in-
teractions, rather than being a single global mode.

1 Introduction
Transonic buffet is characterised by a structural re-

sponse to an aerodynamic excitation produced by sep-
arated flows interacting with shock waves. It is of
great interest to be able to define buffet-boundaries
as precisely as possible in order to fully exploit and
potentially extend the safe flight envelope. However,
despite large experimental efforts, the self-sustaining
mechanism is still not fully understood [1] [2]. Signifi-
cant oscillations of aerodynamic loads can be observed
on rigid wings as well, so it is generally assumed
that the structural response of the wing is triggered
by resonance effects after the disturbance amplitude
reaches a sufficient magnitude. In the current work, di-
rect numerical simulations (DNS) are performed over
wing-sections at moderate Reynolds numbers up to
Re = 500,000 (based on the chord length c) and a
Mach number of M = 0.7 considering Dassault Avi-
ation’s V2C profile [3]. In the course of the TFAST
project experimental as well as numerical analysis has
been carried out on that profile under buffet condi-
tions [4][5][6]. [7] characterises transonic buffet as
a global mode, caused by a coupled modulation of a
steady shockwave and the separated shear layer. There
is great interest on global stability analysis of buffet-
ing airfoils (i.e. [8][9][10]), but very little work has
been done to date using DNS data. Based on recent
results, we want to extend the investigations for the

V2C profile, exploring the lower buffet boundary at 4◦

incidence and reduced Reynolds numbers.

2 Methodology
All direct numerical simulations were carried out

using the high-order fully-parallelised multi-block fi-
nite difference in-house code SBLI with details in
[11][12]. The dimensionless Navier-Stokes Equations
(NSE) are solved by a fourth order finite difference
scheme in space and a low-storage third-order Runge-
Kutta scheme in time. The temperature dependency
of the dynamic viscosity is modelled by Sutherland’s
law. Zonal characteristic boundary conditions are ap-
plied at the outflow boundaries, while integral charac-
teristic boundary conditions at the remaining domain
boundaries avoid reflections of shock- and pressure-
waves. In the farfield, an implicit sixth-order filter in-
creases the numerical stability of the simulation near
strong pressure waves and suppresses spurious distur-
bances. A total variation diminishing (TVD) scheme is
used to capture shock waves, but is disabled in bound-
ary layers and near the leading edge. The computa-
tional domain is divided into three blocks consisting
of one C-block around the airfoil geometry and two
H-blocks enclosing the wake-region and outflow. In
order to include the blunt trailing edge of the origi-
nal profile, while maintaining continuous metric terms
up to the second order of derivatives, an open-source
grid generator was developed and released on GitHub
[13]. The reference grid consists of more than one bil-
lion points, considering a spanwise domain width of
5%c. The adequacy of the grid resolution is confirmed
by a grid-refinement study, based on a spectral error-
indicator analysis identifying critical regions in terms
of grid-to-grid point oscillations [14].

In order to analyse the linear stability, the flowfield
is decomposed into a steady baseflow with superim-
posed disturbances. The baseflow is obtained from
time- and span-averaged DNS solutions, whereas the
disturbances are modelled by a normal-mode ansatz.
For local linear stability theory, the Orr-Sommerfeld
equations (involving parallel-flow assumptions on the
linearised NSE) are solved for a 2D flowfield using
the in-house code NoSTRANA [11]. Applying a tem-
poral approach, the solution of an eigenvalue problem
provides the temporal growth rate corresponding to an
angular frequency for a given set of streamwise and



spanwise wave numbers. More details on this method-
ology and flow assumptions are provided by [15]. For
the global stability analysis, the 2D linearised NSE are
solved directly, applying a normal mode ansatz with
prescribed spanwise wavenumbers. The large-scale
eigenvalue problem is solved using the open-source
software SLEPc [16] in combination with SBLI. More
details on this approach are provided by [12]. In or-
der to compare the calculated stability results with the
unsteady direct numerical solution of the flowfield, the
streaming dynamic mode decomposition method is ap-
plied [17] [18].

3 Unsteady flow structures
The reference simulation at Re = 500,000 shows

a distinct supersonic region over the upper airfoil
surface [19]. Two dimensional (2D) simulations al-
ready show the formation of strong Kelvin-Helmholtz
vortex structures in the airfoil aft section, initialised
by upstream moving pressure waves (also known as
Kutta waves) that are caused by the von Karman
vortex street, which first appear with Strouhal num-
bers of St = fc/U∞ ≈ 36.5. This suggests a
complex cascade mechanism, also involving shock-
wave/boundary-layer interaction and the Doppler ef-
fect, that allows flow structures of high frequencies
to interact with flow phenomena at significantly lower
frequencies. After extruding the 2D solution, a self-
sustaining laminar/turbulent boundary-layer transition
mechanism sets in on both sides without further arti-
ficial excitation of the flowfield. A transition mecha-
nism similar to [20] can be observed, where vortex-
stretching of near-wall streaks that are lifted up by
strong 2D vortices promotes a rapid breakdown to tur-
bulence (inset of figure 1). A 2D-like silhouette of
the strong vortices can be still observed in the fully
turbulent section. Furthermore, those turbulent struc-
tures interact with each other as well as the potential
flow. In the aft section of the airfoil, strong acous-
tic radiation can be observed from multiple sources.
Black contours in figure 1 indicate strong pressure gra-
dients. Approaching the supersonic region, upstream-
propagating acoustic pressure waves seem to accumu-
late and form stronger pressure waves (PW). Eventu-
ally, those pressure waves turn into shock waves (SW)
and propagate upstream. Acoustic waves, circumvent-
ing the supersonic region, introduce additional dis-
turbances into the supersonic region from above. A
complex interaction between shock waves, introduced
pressure waves and reflections at the boundary layer is
observed. One can also observe Mack-like wave pat-
terns (MW) on both sides that are caused by acoustic
waves travelling upstream within the separated bound-
ary layer (highlighted magenta in figure 1). Even-
tually, a distinct low-frequency oscillation in the lift-
coefficient (up to 12% deviation from the mean value)
is observed at a Strouhal number of St = 0.12, which
is of the order of typical buffet frequencies [1]. Fig-

Figure 1: Magnitude of pressure gradient (| ∂p
∂x

| + | ∂p
∂y

|)
(white = 0, black = 1), where the red curve de-
notes the sonic line. Sketched lines mark described
flow phenomena. The insert shows Q-criteria sur-
faces coloured by vorticity of the upper transition
region outlined by the blue dashed rectangle.

ure 2 shows the lift coefficient CL as a function of
time. The low-frequency behaviour can also be clearly
observed in pressure signals as a function of time at
various locations along the surface, including at the
leading- and trailing-edges [19]. Low-frequency cy-
cles can also be observed in the freestream on the pres-
sure side of the airfoil [15]. There is no obvious corre-
lation to pressure- or shock-waves detected, as they are
generated at significantly higher frequencies. A more
detailed discussion on the unsteady flow phenomena is
given in [3] and [19].
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Figure 2: Lift coefficient CL as a function of time. High-lift
phases (HLP) and low-lift phases (LLP) are high-
lighted in red and blue, respectively.

4 Local and global linear stability
From the analysis of unsteady behaviour, [3] re-

ported Kelvin-Helmholtz instabilities at Strouhal num-
bers of St ≈ 20. Similar flow structures (St ≈ 25)
in a simulation of a high-pressure turbine vane could
also be associated with linear instabilities by [15]. A
similar method is applied here to the time- and span-
averaged flowfield of the suction side of a direct nu-
merical simulation, denoted as case C0[3] with a to-
tal run time of 25 time units (one time unit is defined
as the chord length over the freestream velocity). As
a consequence of the observed incipient buffet phe-
nomenon, the flowfield and in particular the boundary-
and shear-layers change significantly. The top and
middle contour-plots of figure 3 show the z-vorticity



component (ωz) of phase-averaged baseflows consid-
ering only high-lift phases (HLP) or low-lift phases
(LLP), respectively. The time-segments that are con-
sidered for high- and low-lift phases are highlighted
red and blue respectively in figure 2. Due to the lim-
ited number of simulated low-frequency cycles, there
are still traces of instantaneous flow features (espe-
cially in the freestream) that are not completely aver-
aged out. During low-lift phases, the separation bub-
ble moves upstream and the flow separation becomes
more pronounced. Iso-curves in the bottom plot of
figure 3 show a direct comparison of the shear layers
for HLP (red) and LLP (blue). For HLP, flow follows
the contour longer, whereas the shear at the lower cor-
ner of the blunt trailing edge is significantly reduced.
The shear-layer along the suction side surface does not
change that significantly. Using a baseflow that is av-
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Figure 3: Phase-averaged vorticity fields for high-lift phase
(top) and low-lift phase (middle). Iso-curves for
ωz = 50 of high-lift phase and low-lift phase in
red and blue, respectively.

eraged over the total run time of the simulation, com-
prising those high- and low-lift phases, removes po-
tentially important information. Therefore the phase
averaged base flows shown in figure 3 are also anal-
ysed with respect to linear instabilities. This is jus-
tified on the ground that there still exists a wide fre-
quency separation between the buffet mode and the
KH modes. Figure 4 shows the temporal growth rate
(ωi) as a function of surface distance s for an angu-
lar wave number of ωr = 125, considering only 2D
modes (spanwise wavenumber β = 0). The wavy pat-
tern is likely to be due to upstream-moving pressure
waves interacting with the boundary layer and insuf-
ficient time averaging. We can clearly see that the
total time average (black curve) underestimates lin-
ear instabilities in comparison to high- (red curve) and
low-lift (blue curve) phases. Compared to LLP, the
boundary layer at HLP shows higher temporal growth-
rates peaking closer to the trailing edge. Instantaneous
snapshots confirm that KH roll-ups form further up-
stream at LLP.
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Figure 4: Temporal growth rate ωi as a function of the chord
position for an angular frequency of ωr = 2π ·
St = 125. The line colour corresponds to time-
and span-averaged baseflows over high-lift phases
(red), low-lift phases (blue) and the full run time
(black).

Considering the flow around a NACA 0012 air-
foil at Re = 200,000 and M = 0.4, [21] reports
a region in the spectrum that is dominated by dis-
tinct equally-spaced frequencies (tonal noise) around
a maximum peak at St ≈ 7 that corresponds to a
stable global mode. An impulse response analysis by
[22] showed the vivid interaction between suction and
pressure side at that frequency and suggested a feed-
back mechanism due to pressure waves that are scat-
tered at the trailing edge and form upstream moving
acoustic waves. A similar stable mode can be ob-
served in preliminary global stability results of the cur-
rent test case at St = 5.89 suggesting a growth rate of
ωi = −0.019 (negative growth rates denote damping).
The divergence field of that global mode in figure 5(a)
shows regions of high growth rates in the separation
regions on both sides. This global mode also involves
upstream-travelling acoustic waves originating at the
trailing edge. While those waves can travel along the
pressure side without any restrictions, they are slowed
down on the suction side approaching the supersonic
region. Near the shock wave that bounds the super-
sonic region in the downstream direction, those waves
are compressed as the phase speed decreases to zero.
The pressure waves circumventing the supersonic re-
gion slide along the sonic line and introduce distur-
bances that are reflected at the airfoil surface. This
mode seems to describe a dynamic coupling between
separation regions and the trailing edge, via upstream
moving pressure waves. The z-vorticity of this eigen-
mode is shown in figure 5(b).
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Figure 5: Divergence field (top) and vorticity field (bottom)
of a global mode at St = 5.89.



5 Dynamic mode decomposition
A dynamic mode decomposition (DMD) is per-

formed considering two sets of 2D snapshots over 25
time units in the xy-plane as well as an xz-plane (lo-
cated within the shear layers). Figure 6 shows the nor-
malised amplitude as a function of St for DMD modes
corresponding to one set of 1249 snapshots with a step
size of 0.02 time units (top plot) and another set of 124
snapshots with a step size of 0.1 time units (bottom
plot). The eigenfunctions of the modes marked red are
shown in figure 7, plotting contours of density (left
column) and streamwise velocity component (right
column). The top row shows a mode at St = 19.3,
picking up the KH roll-ups, which are associated with
linear instabilities. The shape of the eigenmode is rem-
iniscent of structures that are observed in movies and
snapshots like figure 1. Figure 6 shows several modes
at frequencies between 15 < St < 25 with similar or
even higher amplitudes with similar shapes of eigen-
modes. Considering the results of the linear stability
analysis, the frequency of the KH instabilities is ex-
pected to vary significantly due to the dynamics of the
flowfield.

The density-field corresponding to an eigenmode
at a Strouhal number of St = 6.3884 is shown in
the second row of figure 7. The results agree with
the global stability analysis of the previous section.
There are big turbulent vortices observed downstream
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Figure 6: Normalised amplitude of DMD modes as a func-
tion of their Strouhal number.

of the laminar/turbulent transition region with Strouhal
numbers around St = 1.8. These modes can also be
found in the DMD spectrum. The density field in the
third row of figure 7 shows strong oscillations in the
aft section of the airfoil and in the wake. In addi-
tion, upstream-moving pressure waves, originating at
the trailing edge can be observed. A phase-shift of
the oscillations within the upper-side shear layer and
the freestream can be seen in the velocity field of that
mode.

Besides the low-frequency peak at St = 0.12
(last row of figure 7) corresponding to the buffet phe-
nomenon, distinct low-frequency modes at St = 0.6
and St = 0.45 are shown in the second last row of
figure 7. At these frequencies, the formation of shock
waves moving upstream into the supersonic region is
observed [3]. The Fourier spectrum shows distinct

equidistant peaks in that frequency range [19]. Both
eigenmodes look similar, but have a clear phase shift.
Those modes seem to be strongly coupled with the
shock dynamics and the flapping of the wake. Whereas
the mode at St ≈ 0.6 shows the highest amplitudes on
the lower side of u in the near wake, the mode at lower
frequencies suggests that peak on the airfoil aft sec-
tion of the pressure side. This might be an indicator
that the mode at St ≈ 0.6 is dominant on the suction
side and disturbances move around the trailing edge
upstream along the pressure side (see density plot in
figure 7), whereas the mode at St ≈ 0.45 is playing a
more active role on the pressure side. The frequency
of a mode at St = 0.12 (in the last row of figure 7)
agrees with typical transonic buffet frequencies in lit-
erature and can also be extracted from the lift coef-
ficient over time. The eigenmode involves basically
the same regions as the two modes at St ≈ 0.45 and
St ≈ 0.6. In the velocity field, the suction and pres-
sure sides are clearly separated by a phase shift, indi-
cating an opposed streamwise oscillation of the shear
layers. Density fluctuations of the modes with St < 1
are not only observed in the streamwise direction, but
also in the wall-normal direction.

6 Discussion
DNS data has been analysed in terms of local and

global linear stability in order to investigate the tran-
sonic buffet mechanism of a narrow wing section at
4◦ angle of attack and Mach and Reynolds numbers
of M = 0.7 and Re = 500,000, respectively. Lo-
cal linear stability theory associates KH roll-ups with
convective linear instabilities, agreeing with literature
for a high-pressure turbine vane at similar freestream
conditions. The shear layer on the suction side shows
significantly different characteristics during high- and
low-lift phases. The analysis of the time- and span-
averaged flowfield underestimates the growth rates of
those instabilities compared to phase-averaged base-
flows, corresponding to HLP and LLP. At HLP, the
unstable region in the boundary layer is further up-
stream, with higher growth rates at higher frequen-
cies, compared to LLP. Preliminary global stability
analysis captures a tonal mode at St = 5.89 that has
been previously reported in literature with respect to
coupled dynamics of separation bubbles [22]. As the
global stability analysis continues, we expect to find
more global modes. Dynamic mode decomposition
is able to capture the KH instabilities as well as the
global mode at St = 5.89. Furthermore, the DMD
shows eigenmodes at St = 1.87 that are associated
with large turbulent vortices in the suction-side aft sec-
tion of the airfoil. Those roll-ups seem to be cou-
pled with the shock region and large-scale structures
in the wake that are also observed in instantaneous vi-
sualisations. A phase shift in the streamwise velocity
field of that mode occurs on the upper side between
the wake and freestream. Modes at lower frequencies
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Figure 7: Selected DMD eigenmodes at different frequencies. The left and right columns show the density (ρ) and streamwise
velocity (u) field, respectively.

with St < 1 have similar structures with high am-
plitudes in similar regions and correspond to flapping
of the whole separated shear layers. Given the occu-
rance of significant additional modes at roughly four
and five times the buffet frequency, there is a possibil-
ity that the observed transonic buffet is a phenomenon
involving multiple modes at low frequencies (includ-
ing the most amplified mode at St = 0.12) forming
a triadic interaction, rather than a phenomenon at one
frequency.
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