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ABSTRACT
The flow phenomenon of transonic buffet severely limits

the flight envelope of modern passenger aircraft. To contribute
to providing the required understanding to eventually expand
these limits while maintaining the highest safety standards, we
analyzed the velocity field around and in the wake of the wing
of a full-span, generic passenger aircraft model under buffet
conditions in detail. Our study provides rare insights into the
buffet phenomenon at a high, flight realistic Reynolds number
of Re = 12.9 · 106. The data was measured in the European
Transonic Windtunnel (ETW) by means of the cryogenic Par-
ticle Image Velocimetry (cryoPIV) technique.

INTRODUCTION
The commercially relevant transonic flight regime poses

a major challenge to modern aircraft design as it is prone to
the occurrence of the unsteady flow phenomenon of transonic
buffet. On the wings of commercial aircraft, at cruise con-
ditions, a large region of supersonic flow forms in the front
part of the wing. This region is terminated by a normal shock
wave (Stanewsky & Basler (1990)). While the occurrence of
such mostly steady compressibility effects is inevitable at the
conditions prevailing at the edge of the flight envelope, under

certain combinations of upstream Mach number, angle of at-
tack, and Reynolds number, the highly unsteady flow mode of
transonic buffet can occur.

Shock buffet is, inter alia, associated with a highly un-
steady flow field (Molton et al. (2013)), severe oscillations
of the lift coefficient (Crouch et al. (2009)), and fluctuating
aerodynamic forces on the aircraft (Benoit & Legrain (1987)).
While the lift fluctuations are unfavorable by themselves, their
mechanical coupling with the airframe can lead to a detrimen-
tal structural response, referred to as buffeting. Therefore,
transonic buffet not only entails drag penalties and diminishes
the aerodynamic performance, it may even result in serious
damage to the wing structure (Eckstrom et al., 1990; Nicholas
et al., 2017). As certification requirements specify a safety
margin of 30% to the onset of buffet for commercial aircraft
(Kenway & Martins (2017)), the phenomenon constrains the
usable range of the flight envelope (Molton et al. (2013)).

For 2D wings or airfoils, buffet manifests itself in a quasi-
sinusoidal shock motion at a distinct frequency. On 3D swept
wings of modern aircraft, significant spanwise dynamics oc-
cur, which are characterized by a superposition of a back-and-
forth motion of the shock and a spanwise propagation of cel-
lular shock distortion patterns (Iovnovich & Raveh (2015)).
These phenomena add a new level of complexity to the buffet
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mechanism (Paladini et al. (2019); He & Timme (2021)).
There are two main differences between buffet on airfoils

and wings (Hwang & Pi (1975); Riddle (1975); Roos (1985)):
1) on wings, the shock oscillations are non-periodic and fea-
ture a broadband spectral signature, and 2), their chordwise
excursions are significantly smaller than for airfoil buffet and
vary along the wing span (Masini et al., 2019). Iovnovich &
Raveh (2015) found that these non-uniformities along the wing
span evolve due to occurrence of 3D cellular separation pat-
terns, the buffet cells. These cells are associated with a wave-
like shock front propagating in the spanwise direction.

The broadband spectral signature of 3D buffet is associ-
ated with Strouhal numbers that are 4 to 7 times higher than
for the airfoil scenario (Molton et al. (2013); Dandois (2016)):
A spanwise analysis of the shock-related frequency spectrum
showed a relation between the buffet Strouhal number and the
distance between shock and trailing edge, similarly observed
for 2D buffet cases (Molton et al. (2013); Dandois (2016)).

Iovnovich & Raveh (2015) systematically assessed wing
sweep effects by gradually varying sweep angle between 0 and
40 deg on infinite wing configurations. Two principal flow
phenomena take place both for swept and unswept wings, al-
though at varying intensity: a distinct λ -shock structure at the
inboard wing sections and lateral separation events. For small
sweep angles (up to 20deg), the flow exhibits behavior anal-
ogous to the 2D buffet case, characterized by shock wave os-
cillations predominantly in the chordwise direction. At mod-
erate sweep angles (20 ≤ Λ ≤ 40deg), the classical airfoil buf-
fet vanishes, and lateral pressure communication is enabled.
This transition is accompanied by the emergence of spanwise-
traveling buffet cells, which are spatially periodic. In addi-
tion, both the spanwise propagation speed and the frequency
of these buffet cells increase as the sweep angle increases.
Iovnovich & Raveh (2015) thus demonstrated a direct corre-
lation between wing sweep and the spectral characteristics of
shock-induced unsteadiness.

A modal decomposition of surface pressure data con-
ducted by Masini et al. (2019) revealed two characteristic
contributions to the frequency spectrum in swept wing buf-
fet: at pre-buffet conditions, a low frequency unsteadiness at
Stc = 0.05−0.15 is propagating in the inboard direction, while
a higher frequency (Stc = 0.2− 0.5) broadband contribution
was attributed to an outboard propagation confined to the tip
region. This observation is consistent with previously reported
findings regarding the formation of buffet cells (Iovnovich &
Raveh (2015)). With increasing angle of attack, the shock front
consistently advances upstream (Masini et al., 2019). Close to
buffet onset, and largely independent of the spanwise location,
a frequency signature around Stc = 0.07, which is character-
istic of 2D buffet, was detected. For fully established buf-
fet, higher-frequency components typical of swept wing buf-
fet (0.2 ≤ Stc ≤ 0.5) become important, predominantly con-
centrated near the wing tip. Overall, these findings support
the hypothesis that low-frequency shock unsteadiness centered
around 70Hz persists across the entire span, exhibiting primar-
ily inboard propagation, while higher-frequency oscillations
(above 200Hz) are confined to the outboard wing sections.

Despite many decades research in the field, along with
significant advances in both experimental and computational
techniques and resources, several questions on the underly-
ing mechanisms and root causes of shock buffet remain unan-
swered (Nicholas et al. (2017)). In view of the numerous ap-
plications of supercritical airfoils for aircraft wings and jet en-
gines and a steadily growing demand for efficient and environ-
mentally sustainable air travel, a thorough understanding of

the underlying physical mechanism of unsteady periodic tran-
sonic flow becomes increasingly relevant. Reliable prediction
of buffet onset is not only the prerequisite for the development
of measures to effectively control and alleviate the detrimental
effects of shock buffet, but also crucial to expand the bound-
aries of the flight envelope.

However, the vast majority of the (still limited) under-
standing of transonic buffet has been obtained for the relatively
low Reynolds numbers accessible with most laboratory wind
tunnels and numerical simulations methods. Reynolds num-
bers relevant for aircraft flight conditions are about one order
of magnitude larger. To contribute to the understanding of buf-
fet in the flight-realistic Reynolds-number regime, we analyze
measurements around a full aircraft model in the cryogenic
European Transonic Wind Tunnel at a uniquely high Reynolds
numbers of Re = 12.9 · 106 for this study. By discussing the
mean and turbulent flow field, we provide insights into the
phenomena in the flow regime relevant for aircraft flight con-
ditions. In particular, we analyze a flow configuration in the
non-linear flow regime, with an angle of attack of α = 6.9◦,
where the wake of the buffet-prone aircraft wing impinges on
the aircraft’s tailplane. This case is of particular interest, since
studies on 2D tandem-wing configurations have shown that
the buffet unsteadiness is affecting the tailplane aerodynamics
(Schauerte & Schreyer (2025); Blind et al. (2024)).

The article is structured as follows: first, we introduce the
experimental setup and approach, followed by a discussion of
the overall flow topology and the mean velocity field. Then,
we characterize the turbulent velocity field along the wake of
the aircraft wing in detail, briefly discussing also potential ef-
fects on the tailplane of the aircraft. The article ends with our
main conclusions and an outlook.

EXPERIMENTAL SETUP
In this section, we introduce the experimental facility,

model, measurement techniques, and data analysis approach.

The European Transonic Wind Tunnel
The European Transonic Windtunnel (ETW) in Cologne,

Germany, is a continuously operated cryogenic wind tunnel.
The desired high Reynolds numbers are achieved with low
temperatures in the test section, for which liquid nitrogen at
−196◦ Celsius is continuously injected into the tunnel flow.
The vaporizing liquid nitrogen forms a cold gas flow with total
temperatures as low as 110 K and total pressures of up to 450
kPa. The ETW can thus accurately simulate realistic high-lift
and high-speed flight conditions of modern passenger aircraft.
The test section (height of 2m, width of 2.4m) is encapsulated
in an insulated stainless steel pressure shell with a diameter of
about 10m. With this pressurized test chamber and an inde-
pendently adjustable temperature regime, the key parameters
(Mach and Reynolds number, and dynamic pressure) can be
set and controlled independently.

For the present study, the flow parameters were as fol-
lows: Mach number M = 0.9; Re = 12.9×106; total tempera-
ture Tt = 180 K; and total pressure pt = 230 kPa.

Wind-tunnel model
The flow around the full model XRF1 aircraft geometry

provided by Airbus was analyzed. The stainless-steel model
(total span of 1.56m, mean aerodynamic chord of 0.1965m)
was sting-mounted into the ETW test section (see Fig. 1).
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Figure 1. XRF-1 aircraft model installed in the European
Transonic Wind Tunnel. Figure from Bosbach et al. (2024).

Velocity measurements with particle-image velocimetry
(PIV) were carried out along the wake of the aircraft wing.
The relative spanwise position of the measurements was set to
η = 0.29, where η = 0 corresponds to the fuselage centerline
and η = 1 corresponds to the wingtip (see Fig. 2).

Cryogenic particle-image velocimetry setup
The velocity field was measured using the cryoPIV-

technique developed by DLR. To analyze both the buffet flow
field around the wing and the wake of the wing in detail, mea-
surements were carried out in multiple fields of view (see
Fig. 2). Our setup consisted of a) two special multi-pulse
“FOX” PIV systems focused on the wing suction side includ-
ing the trailing edge (plane YZ) and the flow directly upstream
of the horizontal tailplane (plane Y) and b) a 3.3 kHz PIV sys-
tem capturing four fields of view along the wake (planes LA,
LB, LC, and LD). All PIV systems are stereoscopic setups,
providing access to all three velocity components. Ice crys-
tals were used as PIV seeding particles to prevent damage to
the insulation material of the wind tunnel. The measurement
system is described in detail in Bosbach et al. (2024).

Figure 2. PIV measurement planes. Figure adapted from
Bosbach et al. (2024).

The use of different camera systems caused slight differ-
ences in the measured values, so that the velocity fields in
planes Y and YZ look slightly different in Fig. 3 than in the
other measurement fields, and the transition of the RMS val-
ues is not completely smooth, which is to expect in such chal-
lenging conditions. Furthermore, due to the overall complex-
ity of the configuration, the line of sight of the cameras of the

measurement field covering the airfoil suction side is directed
through the shock region, which leads to increased uncertainty
downstream of the shock at x/c = 0.5 in this field of view. To
improve data quality, a normalized median test was applied to
all vectors, removing outliers and increased fluctuations with
deviations exceeding 3σ from the local mean. Snapshots with
more than 10% outliers are not considered in further analyses.

The stereo velocity fields are based on vector fields cal-
culated at distances between 1.5 × 1.5 to 2 ×2 mm, which
corresponds to 1% of the mean aerodynamic chord. The in-
terogation windows are 3 x 3 to 4 x 4 mm.

RESULTS
Global flow topology and mean velocity field

The overall flow topology is visualized in Fig. 3, showing
a contour plot of the rms-values of the velocity fluctuations
in the wing-surface-normal z−direction. Additional contour
plots of the other components of the velocity are provided in
Bosbach et al. (2024). The supersonic region on the suction
side terminates with a lambda shock, which induces the sep-
aration of the boundary layer on the upper surface of the air-
foil. Downstream of the airfoil, the wake is clearly visible.
Its intensity reduces quickly downstream of the trailing edge,
but the wake is persistent over the entire measurement win-
dow (x/d ≥ 4.6) and also affects the inflow of the tailplane for
the present angle of attack. As expected for the asymmetric
wing profile, the wake shows asymmetry between the upper
and lower surfaces.

Note that the data quality of measurements close to the
upper airfoil surface is compromised by the upper wing surface
in the background of the images, the limited stereo-angle en-
forced by the WT window positions and the optical path going
through the shock wave. Consequently, the velocity vectors
in that measurement region are excluded from the subsequent
analysis to ensure reliability of the results.

A quantitative analysis of the mean velocity field is car-
ried out on the basis of mean velocity profiles of the stream-
wise (see Fig. 4), surface-normal (see Fig. 5), and spanwise
(see Fig. 6) velocity components, normalized with the undis-
turbed flow velocity U∞ in the x-direction of the model coor-
dinate system. To improve readability, every third data point is
highlighted in the Figures.

In the streamwise component, immediately downstream
of the trailing edge, at position x/c = 1.2, the velocity deficit
reaches umean/U∞ = 0.55, indicating a substantial loss of mo-
mentum in the wake of the airfoil. The maximum deficit oc-
curs at z/c = 0.025 slightly above the center line. At this
streamwise position, the streamwise velocity component is in-
creased by umean/U∞ = 0.04 below and umean/U∞ = 0.1 above
the center line even upside of the wake core, reflecting the ac-
celeration of the flow around the low velocity wake.

The velocity deficit decreases rapidly with downstream
distance and reaches a value of umean/U∞ = 0.85 at x/c = 1.5
in the centerline of the wake. Behind this near-wake region,
the wake deficit decreases only slowly, reaching a value of
umean/U∞ = 0.95 at x/c = 4.0. Initially, the location of max-
imum velocity deficit remains almost constant slightly above
the centerline; from x/c = 4.0 onwards, it moves higher above
the centerline. This ”upwards bending” of the wake orientation
may be due to interactions with the flow around the aircraft
fuselage. The fuselage diameter is tapered in the rear section,
so that a change in flow direction is expected.

The velocity component in the surface-normal z-
direction, wmean/U∞, shown in Fig. 5, is approximately one
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Figure 3. Contour plot of the turbulence component in the surface-normal direction wrms/U∞. (NACA airfoil with arbitrary camber
and thickness, not the actual airfoil).

order of magnitude smaller than the streamwise component
umean/U∞. A region of downward-directed velocity (wmean <
0) is observed above the airfoil, and below the airfoil, a region
of upwards oriented velocity develops (wmean > 0). The re-
spective maxima are located immediately downstream of the
trailing edge, at the same position as the maximum velocity
deficit (see Fig. 4). As the downstream distance increases, the
maxima of both regions decrease considerably with the slowly
decaying wake. Directly downstream of the wing (x/c =
1.2), values of wmean/U∞ = −0.15 and wmean/U∞ = 0.1 are
reached above and below the center of the wake, respectively,
which change approximately linearly to wmean/U∞ = −0.05
and wmean/U∞ = 0.08, respectively, until x/c = 4.5.

The spanwise velocity component exhibits pronounced
asymmetry with respect to the wake centerline. Below the air-
foil, the velocity component assumes negative values, indicat-
ing a spanwise flow, directed towards the wingtip. A maxi-
mum in the absolute magnitude of the negative spanwise ve-
locity is observed in the region of strongest wake intensity im-
mediately downstream of the trailing edge at x/c = 1.2, with a
value of vmean/U∞ =−0.2, at z/c= 0.1 above the airfoil chord
line. Until x/c = 2, this minimum loses much of its intensity
vmean/U∞ =−0.1 and shifts downward to z/c =−0.1. Further
downstream, the minimum remains at this height and contin-
ues to loose intensity slowly. The sign change of the spanwise
component does not coincide with the geometric centerline but
instead occurs at a location above the chord midline, reflect-
ing the asymmetric organization of the wake. With increasing
downstream distance, the location of the sign change, moves
upwards towards the horizontal tailplane.

The maximum velocity in the spanwise direction occurs
at z/c = 0.2 (for x/c = 1.2), with a value of vmean/U∞ = 0.15.
With downstream evolution, this maximum decreases as the
velocity decreases and shifts uniformly upward. Beyond x/c=
4, the sign change of the spanwise component occurs at sig-
nificantly elevated positions, specifically above the horizontal
stabilizer at z/c > 0.4. The pronounced changes in the span-
wise velocity component reflect the interaction of the 3D wake
flow with the 3D flow around the overall aircraft.

Turbulent velocity field
The turbulent intensities of the velocity components in

the main flow direction, urms/U∞ (see Fig. 7), the wall-normal
direction, wrms/U∞, (see Fig. 8), and the spanwise direction,
vrms/U∞ (see Fig. 9), all reach their intensity maxima directly
downstream of the wing trailing edge. At x/c = 1.2, urms/U∞

reaches an intensity maximum of 0.22, while wrms/U∞ and
vrms/U∞ reach slightly lower maxima of 0.18. With increas-
ing downstream distance, the regions of elevated turbulence

intensity expand laterally and diminish in intensity for all three
components, as expected for a wake flow. The initial decrease
downstream of the trailing edge is most rapid. Beyond x/c= 2,
the diffusion becomes noticeably stronger, and the behaviors
of the three components start to deviate. In the urms/U∞ com-
ponent, the intensity maximum remains approximately at the
same height and decays by about 86% over the observed down-
stream distance. The vrms/U∞ component behaves similarly as
the urms/U∞ component: both components have a maximum
at about z/c = 0.05 in the wake core, and decrease in intensity
with downstream evolution in the same manner.

In the wall-normal component, the maximum intensity
is only reduced by 78% along the wake over the distance
observed. The intensity maximum is located at z/c = 0.05
only until x/c ≈ 2; for x/c > 2, it shifts significantly upward
with downstream evolution, towards z/c = 0.4. The wrms/U∞

component decreases less rapidly, by 50% up until x/c = 2,
whereas urms/U∞ and vrms/U∞ decrease by 75% and 65%, re-
spectively, over the same distance.

The Reynolds shear-stress profiles are presented in
Fig. 10. The very low values of about u′w′/U2

∞ = 0.001 in the
free stream away from the wake demonstrate that our CryoPIV
system reaches favorably low measurement noise.

In the wake center, the Reynolds stresses u′w′/U2
∞ are

equal to 0 at the same vertical location as the maximum speed
deficit (see Fig. 6) and the maximum turbulence intensities oc-
cur (see Figs. 7, 8, and 9). Above and below this line, there are
regions with elevated Reynolds stresses of opposite signs.

The region originating from the suction side of the wing
has a higher intensity (u′w′/U2

∞ = 0.0185) than on the pressure
side, where u′w′/U2

∞ = 0.007, reflecting the stronger distur-
bance due to the strongly separated flow. Both intensity peaks
decrease at the same rate, which is comparable to the decrease
in intensity of the urms and vrms components. The locations of
the intensity extrema remains virtually constant along the ob-
served downstream extent of the wake, namely at z/c = 0.05
and z/c = 0.005. With downstream evolution, the area with
increased Reynolds stresses expands to 1.5 times its original
extent, with rapidly decreasing intensity towards its edges. At
a distance of z/c > 0.2, the Reynolds stress has reduced to
free-stream levels above and below the wake core.

Influence on the horizontal tailplane
One objective of the specific case studied here was to cre-

ate a configuration where the wake of the buffet-dominated
flow around the aircraft’s wing impinges on the tailplane. Pre-
vious studies on 2D configurations have shown that the buffet
unsteadiness is imprinted on the tailplane via the wake and
affects the tailplane aerodynamics (see Schauerte & Schreyer
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Figure 4. Mean streamwise velocity compo-
nent

Figure 5. Mean wall-normal velocity compo-
nent

Figure 6. Mean spanwise velocity component

Figure 7. Streamwise turbulence component

Figure 8. Wall-normal turbulence component

Figure 9. Spanwise turbulence component

(2025); Blind et al. (2024)). With the present configuration,
the influence of the wake on the tailplane can be studied for a
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Figure 10. Reynolds shear stress component u′w′/U2
∞

3D configuration and at flight-realistic Reynolds numbers for
the first time. The position of the leading edge of the hori-
zontal tailplane is x/c = 4.66 and z/c = 0.4. In this region,
an influence of the wake is clearly visible in the mean surface-
normal and spanwise velocity components, both of which have
clearly not yet decayed to equilibrium free-stream conditions
(see Figs. 5 and 6). The mean streamwise component of the
velocity (Fig. 4) seems to not contribute significantly in this re-
gion. The turbulent components in all three directions clearly
show an interaction with the tail plane. At x/c = 4.5, both
the streamwise and spanwise components show a distinct in-
tensity peak of around 0.06 centered around z/c = 0.55. The
surface-normal component only shows a much smoother and
weaker intensity increase – a similar trend is also visible at
x/c = 0.4 for all three turbulence intensity components. The
distinct peak discussed above is probably superimposed, and
of different origin than the weak increase. In the Reynolds
stresses u′w′/U2

∞, a very weak increase in intensity occurs at
the same streamwise location and distance from the surface.

CONCLUSIONS AND OUTLOOK
Transonic buffet is one of the most influential unsteady

flow phenomena affecting the aerodynamic performance and
restricting the flight envelope of modern passenger aircraft.
The presented research contributes to our overall objective to
advance the understanding of buffet to be able to overcome
its detrimental effects. In particular, we present and discuss
detailed PIV measurements of transonic wing buffet at flight-
realistic Reynolds numbers. Buffet data at such high Reynolds
numbers are exceedingly rare, and we provide the first quan-
titative discussion of the turbulence evolution along the wake
of the aircraft wing. We showed also that the present configu-
ration allows us to analyze the interaction between wing wake
and horizontal tailplane, where the latter is also affected by the
buffet unsteadiness on the wing.
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