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Abstract

Transonic buffet is an unsteady flow phenomenon that limits the safe
flight envelope of modern aircraft. Scale-resolving simulations with span-
periodic boundary conditions are capable of providing new insights into
its flow physics. The present contribution shows the co-existence of mul-
tiple modes of flow unsteadiness over an unswept laminar-flow wing
section, appearing in the following order of increasing frequency: (a)
a low-frequency transonic buffet mode, (b) an intermediate-frequency
separation bubble mode, and (c) high-frequency wake modes associated
with vortex shedding. Simulations are run over a range of Reynolds and
Mach numbers to connect the lower frequency modes from moderate to
high Reynolds numbers and from pre-buffet to established buffet con-
ditions. The intermediate frequency mode is found to be more sensitive
to Reynolds-number effects compared to those of Mach number, which
is the opposite trend to that observed for transonic buffet. Spectral
proper orthogonal decomposition is used to extract the spatial struc-
ture of the modes. The buffet mode involves coherent oscillations of the
suction-side shock structure, consistent with previous studies including
global mode analysis. The laminar separation-bubble mode at interme-
diate frequency is fundamentally different, with a phase relationship
between separation and reattachment that does not correspond to a sim-
ple ‘breathing’ mode and is not at the same Strouhal number observed
for shock-induced separation bubbles. Instead, a Strouhal number based
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on separation bubble length and reverse flow magnitude is found to
be independent of Reynolds number within the range of cases studied.

Keywords: CFD, transonic buffet, large eddy simulation, aerodynamics

1 Introduction

Transonic buffet refers to a self-sustained passive aerodynamic instability at
high speeds that typically occurs near stall conditions and leads to strong and
detrimental fluctuations of aerodynamic forces over wings and control surfaces
or engine components of modern aircraft. As a consequence, these load oscil-
lations can induce violent structural vibrations, known as buffeting, limiting
the safe flight envelope of civil aircraft and performance capabilities of mili-
tary platforms [1, 2]. Even though buffet-related phenomena have been known
for a long time [3], we still lack a complete understanding of the underlying
mechanism [4-6]. While transonic buffet is typically accompanied by a single
oscillating shock wave, the latter’s role (i.e. cause or consequence) with respect
to intermittent flow-separation effects still remains an open question [7]. While
two-dimensional buffet phenomena can co-exist for swept wings [8] as well as
half-wing-body configurations [9, 10], three-dimensional phenomena like buf-
fet cells [11], which have been shown to be essentially stall cells [12], are also
likely to be present. In the scope of the present study, we focus our review on
buffet over unswept wing sections, known as ‘2D buffet’. The main purpose of
the present numerical study of ONERA’s OALT25 profile is to disentangle the
multiple modes present near stall of free-transitional sections. To do this, we
first need to review a broad range of literature.

We observe two main philosophies in the modern literature, describing buf-
fet either as an acoustic feedback mechanism or as a global instability. In a
first attempt to explain the buffet mechanism, Erickson et al. [13] proposed
a model of transonic buffet based on acoustic feedback, where acoustic waves
originating from the trailing edge propagate upstream and interact with the
shock wave. After modifications by [14], Lee [15] supplemented this model
with downstream-convecting disturbances, previously observed by [16]. Despite
large popularity and further modifications (e.g., [17, 18]), such acoustic feed-
back models lack general validity and have been shown inaccurate in several
numerical as well as experimental studies [19-23].

Crouch and co-workers [24, 25] presented a more rigorous way to anal-
yse buffet onset by solving an eigenvalue problem of the Reynolds-Averaged
Navier-Stokes equations linearised around a two-dimensional baseflow. This
allowed them to identify a global mode becoming unstable at onset conditions
and frequencies typical of buffet. Even though these modes suggest strong
fluctuations of the shock wave location, they also highlight strong coupling
between shock dynamics and boundary-layer separation phenomena. In addi-
tion to direct global stability analysis, [26] solved also its adjoint problem,
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which suggests regions optimal to influence associated global modes. While [26]
highlights the strong sensitivity of transonic buffet to boundary-layer charac-
teristics, the shock wave itself does not appear in adjoint modes, which raises
questions about the role of shock waves in transonic buffet.

The studies discussed so far have considered only fully-turbulent or tripped
boundary layers upstream of the main shock wave. Buffet phenomena over
laminar-flow wings with delayed natural transition of the laminar bound-
ary layer have recently attracted increasing attention to support the design
more efficient next-generation aircraft. Industry is particularly interested in
answering the question of how buffet characteristics (such as onset conditions,
frequency, and amplitude) of laminar-flow wings are different from conven-
tional supercritical wings. While transition modelling for Reynolds-Averaged
Navier Stokes simulations can be problematic, a recent surge in computa-
tional resources in combination with powerful massively-parallelised CFD
codes enables scale-resolving simulations of practical test cases relevant for
buffet research. Dandois et al. [27] carried out the first wall-resolved Large-
Eddy-Simulation of a laminar-flow wing at buffet conditions considering the
OALT?25 profile. They observed rather localised oscillations of the shock foot
(6% of the chord length) at a relatively high Strouhal number (based on chord
length and free-stream velocity) of St a 1.2, compared to typical large-scale
motion of the entire shock wave (20% of the chord length) at St =~ 0.07
applying boundary-layer tripping [28], which corresponds to typical frequencies
associated with buffet in literature. The authors suggested two fundamen-
tally different mechanisms leading to periodic lift and shock oscillations. On
the one hand, the instability observed for tripped boundary layers resembles
the global mode described in [24] (St & 0.05). On the other hand, the more
localised oscillations for free-transitional boundary layers at St ~ 1.1 of [27]
appeared more reminiscent of separation-bubble breathing phenomena, which
are typically observed for shock waves impinging on a laminar boundary layer
over a flat plate [29]. However, Strouhal numbers based on separation length
L, did not agree between those of [27] (Str = 0.13) and reference literature
(Str, = 0.02 — 0.05 [30]).

Based on whether the boundary layer upstream of the shock wave is fully
turbulent or laminar, [27] referred to the former as ‘turbulent buffet’ and the
latter as ‘laminar buffet’, acknowledging the similarities in terms of aerody-
namic consequences (i.e. shock oscillations and periodic load fluctuations), but
differences in terms of spatio-temporal scales (i.e. low- versus intermediate-
frequency oscillations) and origin (i.e. instability of the entire flow field versus
a localised laminar separation bubble). Conducting experimental studies of the
same test case, [31] could essentially confirm the numerical results of [27], but
observed, in addition to the sharp spectral peak at St = 1.1, a weak bump in
spectra of pressure probes around St = 0.05 — 0.06.

In the scope of the European TFAST project, several numerical (e.g. [32—
35]) as well as experimental studies (e.g. [36-38]) were carried out for Dassault
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Aviation’s V2C laminar-flow profile at Re = 2,600,000. In terms of the spa-
tial organisation of flow oscillations, buffet compared well between the V2C
and OALT25 test cases subjected to tripped boundary layers, even though
the dominant frequency of the former case (St ~ 0.1) is significantly higher
compared to the latter (St ~ 0.06). Interestingly, tripping boundary layers on
the V2C airfoil at various locations did not show significant effect on buffet
frequencies and amplitudes [36, 38]. Using LES and RANS methods, [23, 39]
carried out an extensive parametric study for the V2C airfoil at Reynolds num-
bers in the range of Re = 500,000 — 3,000,000. While multiple shock waves
appear at free-transitional conditions, [39] showed that boundary-layer trip-
ping leads to the appearance of a single shock wave. For free-transitional cases,
[23] observed no significant Reynolds-number sensitivity in the features of the
buffet instability at St ~ 0.1. An increase in Reynolds numbers, on the other
hand, was found to reduce the number of shock waves suggesting that further
increase in Reynolds numbers would lead to single back and forth oscillating
shock wave as seen as in experiments. By means of Spectral Proper Orthogo-
nal Decomposition (SPOD) and global linear stability analysis of results from
Reynolds-Averaged Navier-Stokes equations it was shown that the underly-
ing buffet instability is essentially the same for tripped and free-transitional
boundary layers. Furthermore, the shape of buffet modes for the V2C profile
resemble those of OAT15A [26] and NACA0012 [24] profiles.

For free-transitional conditions, [23] also reported SPOD modes at St ~
1.5, which are mainly dominant in the wake region, hence labelled as wake
modes. Similar flow structures were also extracted by [22] applying dynamic
mode decomposition (DMD) to Direct Numerical Simulation (DNS) data at
Re = 500,000. Various other studies (e.g., [35, 40]) have reported similar
structures around St /1 for higher Reynolds numbers.

Spectra of experimental data in [37] suggest a weak secondary bump at
Strouhal numbers substantially larger compared to the one linked to buffet
(St = 0.4). Also [22] reported a weak broadband bump in DNS spectra and
extracted DMD modes in the frequency range of St = 0.4 — 0.8, which are
composed of acoustic waves and fluctuations in boundary and shear layers at
wave lengths comparable to the size of the laminar separation bubble, sug-
gesting a connection to the separation-bubble instability reported in [27] for
the OALT25. Even though the physical relevance of these weak DMD modes
has not been confirmed so far, [41] reported similar intermediate-frequency
phenomena at St &~ 0.42 for experimental studies of a transonic low pressure
turbine.

The objectives of this study are to understand and characterise the nature
of ‘laminar buffet’ reported in [27] and how it links to the rest of the
literature on transonic buffet by performing scale-resolving simulations of free-
transitional flows over the OALT25 airfoil, where variations of Re lead to
different onset-conditions.

Before outlining the structure of the present paper, we want to introduce
some definitions used within the scope of this work. Using scale-resolving



Springer Nature 2021 BTEX template

Transonic buffet and separation bubble modes 5

simulations for our analysis, we consider Reynolds numbers of the order of
Re ~ O(10°%) as high compared to Re ~ O(10°) associated with moderate
Reynolds numbers. Below and beyond these bands, Reynolds numbers are
labelled as low and flight Reynolds numbers, respectively.

As we encounter in literature a range of relevant flow phenomena at dif-
ferent time scales, we classify them into low- (St ~ O(1072)), intermediate-
(St ~ O(107Y)), high-frequency phenomena (St ~ O(10°)). Phenomena at
frequencies beyond St ~ O(10!) are associated with linear boundary-layer
instabilities and small-scale turbulence [22, 42]. Following definitions by [43],
low- as well as intermediate-frequency oscillations belong to the slowly varying
time regime with St-M < 0.1 and 0.1 < St-M < 1.0, respectively. For present
test cases, we observe transonic buffet in the low-frequency range, where the
spatial organisation of oscillations of the flow field agrees well with the globally
unstable ‘turbulent buffet’ mode described by [24]. As we will see later, frequen-
cies associated with these phenomena do not show significant Reynolds-number
sensitivity for the investigated test cases. Intermediate-frequency phenomena,
are confirmed to be associated with separation bubble unsteadiness, which was
labelled as ‘laminar buffet’ in previous studies [27]. In the present study, we
will for the most part refrain from expressions like ‘turbulent’ and ‘laminar’
buffet to avoid confusion, since both modes can co-exist for the considered test
cases with natural transition. High-frequency phenomena appear to be mostly
dominant within the airfoil wake and are associated with wake modes [23].

Now that we have classified transonic buffet as a low-frequency instabil-
ity, we characterise flow conditions according to its dominance. While the flow
field at pre-buffet conditions is dominated by unsteadiness at Strouhal num-
bers St - M > 0.1, we associate the first appearance of a clear peak at low
frequencies with incipient buffet, which leads to a first kink terminating the
linear part of the C, — « polar. An increase of relevant flow parameters (e.g.,
Mach number or angle of attack) would lead to developed buffet (or deterrent
buffet from the pilot’s perspective), where low-frequency phenomena clearly
dominate the global flow dynamics around the wing section and mean C}, val-
ues start decreasing for the present study. Further increasing the aerodynamic
load will lead to a decay of low-frequency oscillations, i.e., buffet offset, and
eventually, instabilities at higher frequencies will again dominate the flow field,
which will be referred to as post-buffet. We should note that post-buffet does
not necessarily coincide with stall.

After describing our numerical approach in section 2, we will validate our
simulations of ONERA’s OALT25 airfoil against those of [27] and experiments
of [28] at Re = 3,000,000 in the first part of section 3. Then we will study
Reynolds number effects in the second part of section 3. Having confirmed all
relevant phenomena at reduced Reynolds numbers of Re = 500,000, we will
study Mach-number effects at moderate Re in section 4, which also allows us to
compare the present simulations with previous work on the V2C profile. Before
concluding our paper, we will suggest a scaling approach for the intermedi-
ate frequency (‘laminar buffet’) mode and further scrutinise the underlying
mechanism in section 5.
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2 Methodology

2.1 Flow solver

For the present work, numerical simulations are performed using the in-house
code, SBLI [44], which has been well-validated and used for studies on shock-
wave/boundary-layer interaction [45, 46], subsonic wing sections [47, 48], as
well as transonic buffet [39, 49, 50]. This code has shown good performance for
massively-parallelised simulations using structured multi-block grids on several
high-performance computer architectures. The compressible three-dimensional
Navier-Stokes equations are normalised by the airfoil chord ¢, the freestream
density poo, streamwise velocity u.., and temperature T, and solved in a
non-dimensional form using fourth-order finite difference schemes (central at
interior and the Carpenter scheme [51] at boundaries) for spatial discretisation.
The pressure is normalised by poou2,. A low-storage third-order Runge-Kutta
scheme is used for temporal discretisation, where one convective time unit
is defined as the ratio of the airfoil chord over the freestream velocity. A
total variation diminishing (TVD) scheme is employed to capture features of
shock waves [46]. The TVD scheme is deactivated around the leading edge to
avoid the formation of spurious structures, as discussed in [52]. Zonal charac-
teristic boundary conditions [53] are enforced at the outlet, whereas integral
characteristic boundary conditions [54] are applied at the remaining outer
boundaries.

We will use for the present contribution a Spectral-Error based Implicit
Large-Eddy Simulation (SE-ILES) scheme. For this method, spectral error
indicators are computed locally every Ng time steps according to [55] and are
used to control a sixth-order filter [56] in order to remove scales, which are
not sufficiently resolved by the grid. Further away from the airfoil, the sixth-
order filter is permanently activated to maintain numerical stability in regions
of increased grid spacing. Details of this approach can be found in [57], where
this method has been validated against DNS for a transonic buffet test case
and successfully applied in multiple studies [23, 39, 50].

2.2 Grid generation

The grids used in the present study have been designed and generated using
an open-source parametric grid-generation tool for high-fidelity grids devel-
oped at the University of Southampton [58, 59]. High-order polynomials are
used to define the geometry of grid lines and corresponding grid-point distribu-
tions. Such body-fitted grids are not necessarily limited to a single geometry,
as grid lines are designed with respect to their position (coordinates) and local
curvature with respect to grid points along the airfoil contour. Therefore, it
is possible to use grids with very similar characteristics and resolution for
different airfoil geometries. Here, grids previously used for simulations of Das-
sault Aviation’s V2C airfoil and already assessed in terms of spatial resolution
[57, 59, 60], were adapted to the OALT25 geometry.
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Fig. 1: Approximately every 15" grid point is shown for (a) the standard grid

targeting Re = 500,000 and (b) a refined grid targeting Re = 3,000,000.

In the present work we will use two different CH-type grids for the OALT25
profile, referred to as ‘standard’ and ‘refined’ grids. The topology and resolu-
tion of the standard grid is very similar to grids used in [23, 50] for the V2C
airfoil and have been shown adequate to capture the main phenomena of inter-
est. For both simulations, the C-block of the grid has a radius of 7.5¢, while the
two H-blocks capture 5.5¢ of the wake behind the airfoil. The spanwise extent
of the domain is limited to 0.05¢, which has been shown sufficient to capture
transonic buffet, when comparing with test cases up to L, = 1.0c. Frequencies
match very well between simulations of different aspect ratios and experi-
ments. However, buffet amplitudes can be underestimated in narrow-domain
cases, oscillations can be more irregular, and conditions of on- and off-set need
to be treated with care. However, we consider the underlying mechanism well
captured by much cheaper narrow-domain simulations, which allow us more
extensive parametric studies. The refined grid contains additional grid points
within the region close to the airfoil surface and is only used for simulations
at high Reynolds numbers. Close-ups are shown for grids in figure 1, plotting
only every 15" grid point.

The standard grid in figure 1(a), consists of approximately 90 million points
(one block of 1495 x 550 x 50 points and two blocks of 799 x 564 x 50), where
the blunt trailing edge of 0.5%c contains 30 grid points. The grid clustering
is relatively denser close to the aerofoil surface, in its wake, and in the region
where the shock wave is expected. The wall-normal and wall-tangential spac-
ings at the airfoil surface vary between 1 x 1074 to 1.7 x 10~% and 4 x 10~*
to 2 x 1073, respectively.

The refined grid is used for a validation case at increased Reynolds numbers
of Re = 3,000,000 only and contains approximately 200 million points (one
block of 1935 x 550 x 100 points and two blocks of 799 x 564 x 100). For
comparison, the grid of a validated simulation by [27], targeting the same
Reynolds number, contained about 400 million grid points, for a two times
wider domain with a larger wall-normal extent of 100c. Around z =~ 0.3, it
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is notable that the grid is relatively denser in the wall-tangential direction.
This would allow a future use of the same grid for studies with boundary-layer
tripping applied, as done in [39].

The present grids contain roughly 3 times larger cells in streamwise and
spanwise direction, compared to DNS resolutions in [52]. Considering the test
case at Re = 500,000 and M = 0.735, the wall-normal spacing does not exceed
Ayl = 1.2 in the transition region 0.2 < z < 0.5. Streamwise and span-
wise wall spacings remain below Az} = 10.66 and Az} = 6.76, where the
latter is important to capture streamwise-oriented vortices promoting rapid
turbulent breakdown observed in DNS [52]. In the turbulent region the nor-
malised spacing peaks at x = 0.74 with Ay} = 1.83, Az] = 10.85, and
Az} = 10.37. Raising the Reynolds number for the same Mach number to
Re = 3,000,000, the Ay™ at the wall increases even to Ay = 5.5 at x ~ 0.8.
Streamwise and spanwise wall spacings reach at that point Az} = 33.22 and
Azl = 17.61, respectively. Even though these values do not strictly follow
the rule of Ay™ < 1 in the fully turbulent aft section of the airfoil, it should
be noted that the boundary layers are far from equilibrium and simulation
results of interest agree well with reference literature, as shown in section 3.
In practice, the grid was iteratively improved to provide good resolution of
shear layers further away from the wall, for which a simple ¥ criterion is not
sufficient. For example, at a wall distance of An = 0.01c¢ (y+ = 400), the cell
spacing is only twice the size of the wall cell (Ay™ = 11). The confirmation of
adequate grid resolution for the standard grid to effectively capture the vis-
cous sub-layer at a Reynolds number of 500,000 is provided in appendix A,
which includes a study on grid refinement at the wall. Furthermore, the results
obtained from simulations at a Reynolds number of 3,000,000 will be verified
and validated in section 3.

2.3 Fourier spectral analysis

We apply Fourier transformation techniques in order to analyse one-
dimensional signals such as aerodynamic histories, after subtracting mean
quantities. A typical simulation run time covers about 160 convective time
units. Neglecting an initial transient of approximately 25 time units, results
in a total signal length of 140 time units. Assuming a signal is split into 50%
overlapping bins containing about 35 time units, each bin contains a suffi-
cient number of cycles at intermediate frequencies (> 10 cycles for St = 0.3).
However, with the same bin size low-frequency cycles are poorly captured. To
overcome this limitation using Hanning windows for Welch’s method [61], we
gradually decrease the number of bins (leading to an increase in bin size) as fre-
quency is reduced. The resulting ‘composed’ spectra retain the low-frequency
content, while reducing the noise in the high-frequency content.

To illustrate the robustness of this strategy, an example of such a composed
Fourier spectrum is shown in figure 2 considering a representative C, signal
at M = 0.71. The red solid curve denotes the Welch spectrum using 35 time
units per bin. For Strouhal numbers St > 0.1, modes are selected only from the
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Fig. 2: Welch spectra of lift coefficient at M = 0.71. The red curve denotes the
spectrum using bins of about 35 convective time units. Blue, cyan, and green
curves denote Welch spectra with bins containing 46, 70, and 140 time units,
respectively. Symbols mark Fourier modes, which are selected for a composed
spectrum.

red spectrum. The low-frequency part of the spectrum (St < 0.1) is expanded
by modes from spectra using larger bins containing 47 (blue curve), 70 (cyan
curve), and 140 time units (green curve). This leads to the final composed
spectrum, marked by black symbols.

2.4 Spectral proper orthogonal decomposition

Coherent features in the flow field were extracted using spectral proper orthog-
onal decomposition [62-64]. This decomposition finds an orthonormal basis
that ideally represents a given ensemble of realisations of a stochastic pro-
cess. It can be shown that the ideal basis which is spatio-temporally coherent
consists of the eigenfunctions, v, of the cross-spectral density tensor, S [64],
which satisfy

/QS(x, x', SOW (z'), (', St)dx’ = \i(St),(x, St). (1)

Here, &, ' € Q are any two points in the domain, Q, St is the frequen-
cy/Strouhal number, W is a weight function related to the relevant inner
product, A is the eigenvalue and the subscript ¢ denotes the i-th eigenval-
ue/eigenfunction. The index 4 is such that A; are sorted in descending order,
implying that ¢ = 1, represents the most-energetic mode. Thus, the eigen-
function 1, (x, Sty) represents the spatial structure of an SPOD mode that
oscillates in time with a frequency, Stg. The spatio-temporal variation of this
mode is given by

Ci(wa t) = %(d)z exp(iQﬂ—StO t))v (2)

where R(-) denotes real part and ¢ refers to time.
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The numerical code provided in [65] was used for performing SPOD. It
adopts the Welch approach for Fourier transforms and is a streaming algo-
rithm, which computes only the first few of the most-energetic modes. Here,
only the first two dominant modes are examined (i.e., ¢ = 1 and 2). Moise
et al. [23] have shown clear dominance of the first mode, when reconstruct-
ing flow features associated with transonic buffet. Therefore, we will limit our
modal analysis to the dominating first mode and do not consider higher modes.
The domain chosen is the z = 0 plane. Snapshots at different time instants
are constructed by arranging the density, velocity components and pressure
on this plane into a column vector. The snapshots were sampled at time inter-
vals of 0.064 (sampling frequency Fy =~ 15). To compute the Fourier transform
using the Welch approach, snapshots are divided into blocks of T ~ 40.
Note that the lowest frequency associated with coherent oscillations occurs for
St > 0.05, implying that at least two oscillation cycles are captured in a block.
The weighting function, W is chosen based on the approximate volume asso-
ciated with each grid point. To compare the spatial structures of SPOD modes
obtained for different cases, the phase within an oscillation cycle, ¢ = 275t ¢,
of the spatio-temporal SPOD mode,

C(x, ) = R(p(x, Sto) exp(ig)), (3)
must be chosen appropriately. Here, we choose ¢ = 0 as occurring when
(¢ (zTE, Sto) exp(i¢)) = 0, where J(-) corresponds to the imaginary part
and xrg represents the point on the upper corner of the trailing edge. Thus,
contours shown in figures 6 and 10 are at ¢ = 0. Movies showing the spatial
structure’s variation with phase are provided in the supplementary material.
Further details can be found in [23] and [39].

2.5 Test cases

Following on the work of [27], we consider ONERA’s OALT25 laminar-flow
wing geometry at a fixed angle of attack a = 4° for all the present simulations.
The fluid is considered to be air, which can be modelled at present conditions
as a perfect gas with a specific heat ratio of k = 1.4, satisfying Fourier’s law
of heat conduction with a Prandtl number of Pr = 0.72. It is also assumed to
be Newtonian and satisfying Sutherland’s law, with the Sutherland coefficient
as Ty = 110.4 at a reference temperature T, = 268.67 K.

Starting from M = 0.735 and Re = 500,000, either Mach or Reynolds num-
bers are varied in order to study their effect on low- and intermediate-frequency
oscillations separately. An overview of the test matrix and information about
dominant spectral peaks is provided in table 1.

3 Reynolds-number effect for M = 0.735

In this section, we consider a case in which intermediate-frequency oscilla-
tions are well established at wind-tunnel conditions with M = 0.735 and
Re = 3,000,000 and progressively reduce the Reynolds number down to
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Table 1: Test matrix.

Re M Low-frequency Intermediate-frequency Grid
St PSD(C%) St PSD(C%)
3,000,000 0.735 | 0.082 0.00325 0.924 0.00327 refined
3,000,000 0.735 | 0.091 0.00780 1.039 0.00349 standard
2,000,000 0.735 | 0.080 0.01097 0.875 0.00196 standard
1,000,000 0.735 | 0.081 0.05455 0.535 0.00062 standard
500,000 0.735 | 0.082 0.15385 0.393 0.00030 standard
500,000 0.710 | 0.060 0.01580 0.427 0.00016 standard
500,000 0.700 | 0.035 0.00068 0.417 0.00012 standard
500,000 0.690 | 0.039 0.00019 0.469 0.00002 standard
500,000 0.680 | 0.060 0.00004 0.595 0.00002 standard
500,000 0.670 | 0.035 0.00002 0.831 - standard
500,000 0.750 | 0.104 0.06275 0.469 0.00015 standard
500,000 0.800 | 0.208 0.00138 0.547 0.00004 standard

Re = 500,000. Fourier spectra and SPOD are used to identify and characterise
the principal modes considered in this study and their sensitivity to Re. We
can then justify the use of more cost-effective simulations at moderate Re in
subsequent sections. Since the Re = 3,000,000 case is the same as that previ-
ously studied by [27] we start by making a cross validation between the results
from two separate codes.

Cross-validation at Re = 3,000,000

Studying the OALT25 profile, [27] observed oscillations which were funda-
mentally different from those corresponding to cases with tripped bound-
ary layers. Test cases subjected to fully-turbulent separation bubbles and
shock /boundary-layer interactions typically show large-scale shock motion and
lift fluctuations at low Strouhal numbers around St < 0.1. For free-transitional
test cases, however, shock oscillations were more localised and mainly limited
to the shock foot. These lift oscillations occurred at significantly higher fre-
quencies corresponding to St = 1.1. These observations were confirmed by
wind-tunnel experiments at similar free-transitional conditions of M = 0.735
and Re = 3,000,000 [31], where an additional peak was observed in spectra of
lift-fluctuations at significantly lower frequencies around St ~ 0.06, which is
in the range of typical buffet frequencies observed for the OALT25 profile.

Figure 3 shows (a) distributions of mean wall-pressure coefficient, C,,, the
root-mean-square of fluctuating component, Cj, .., and (b) histories of lift
coefficient C, for various Reynolds numbers. Statistical values of coefficients
are computed according to

N N
1
Co=—> C8 Ch=Cp—Cy, and C e = N S(cr-To2, (4
n=1 n=1

where N denotes the total number of data points. For now, we only focus on
the blue, magenta, and green curves corresponding to Re = 3,000,000. The
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Fig. 3: (a) Mean wall-pressure coefficient C,, (solid curves) and root-mean-
square of fluctuation C}, .. (dashed curves) as a function of x and (b) time
histories of C, are shown for a constant free-stream Mach number M = 0.735
and various Reynolds numbers, Re = 500,000 (black), Re = 1,000,000
(orange), Re = 2,000,000 (red) and Re = 3,000,000 (blue) using the standard
grid. The magenta curves correspond to a simulation at Re = 3,000,000 using
a refined grid. For comparison, Cp and the Cf, history are extracted from [27]
and denoted by green symbols and curves, respectively. Experimental mea-
surements extracted from [31] are added to (b) denoted by red dots including
error bars corresponding to AC), = € poo 2/(poct?,), where € = 0.05.

blue and magenta curves denote the present simulation results using standard
(90 million grid points) and refined (200 million grid points) grids respectively,
while the green curve corresponds to LES results from [27] using ONERA’s
second-order accurate CFD code elsA (400 million grid points, but for a larger
domain, see section 2.2). Experimental measurements from [31] are denoted
by red dots and error bars corresponding to 5% pressure variations of the
freestream according to AC, = € poo 2/(pocti’), where € = 0.05. Overall, the
CT, distributions at increased Re agree well, despite small differences in CTD
levels over the fore part and shock position. The former may be due to the
influence of boundary-layer tripping applied on the pressure side for the case of
[27] and [31], while the mean shock position appears to be relatively sensitive
to the grid resolution. However, the dynamic behaviour of the flow is hardly
affected, which is indicated by the good agreement between dashed lines cor-
responding to Cj, ., as a function of x. While the Cj, . peaks arise from
shock-wave oscillations centered around z ~ 0.63, the plateau further upstream
(0.4 < x < 0.6) results from pressure fluctuation within the laminar separation
bubble, as will be discussed later in more detail. Also lift fluctuations agree
well in figure 3(b), where the same colour code is used for different cases. All
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three cases exhibit clear intermediate-frequency fluctuations (period approxi-
mately equal to one time unit), which are slightly modulated by low-frequency
undulations (period approximately equal to 12 time units).

To better assess the frequency content of these lift fluctuations, figure 4(a)
shows Fourier spectra, with spectral peaks observed in experiments of [31]
indicated by vertical black broken lines. Again, we observe a good agreement
between blue, magenta and green curves showing intermediate-frequency peaks
in spectra in the range of 0.9 < St < 1.1 (highlighted by square symbols)
with similar power-spectral densities and associated harmonics at St ~ 2.
The present simulations show a weak peak at low frequencies St ~ 0.08 (cir-
cles), which is below the cut-off frequency of the spectrum associated with
the work of [27]. This low-frequency bump is slightly above the Strouhal num-
bers, St ~ 0.06, observed in wind-tunnel tests [31]. Boundary-layer tripping
on the pressure side is not expected to impact the frequency significantly [39].
Even though [50] showed minor sensitivity of low frequencies to the spanwise
domain extent, we cannot rule this effect out. The difference may instead be
due to wind-tunnel confinement effects such as the presence of side and top
walls, which are not captured in the current simulations. Nevertheless, consid-
ering the experimental and numerical challenges when comparing wind-tunnel
test and simulation results, the agreement with respect to the low-frequency
mode is good.

Although the blue curve in 4(a) shows some quantitative differences com-
pared to cases using finer grids (the magenta and green curves), we still capture
the same physical flow phenomena with very similar scales and amplitudes.
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This gives us confidence that the standard grid is well suited for simulations
carried out at lower Reynolds numbers. Furthermore, we have some justifi-
cation for the use of narrow domains and periodic boundary conditions in
recovering the main flow characteristics observed in wind-tunnel tests.

Reynolds-number effects

After having verified and validated our observations at high Reynolds numbers
of Re = 3,000,000 and M = 0.735, we consider a set of simulations at the
same Mach number, but decreasing Reynolds numbers down to Re = 500,000
to study Re scaling effects. All these simulations use the standard grid.

Looking again at figures 3 and 4, simulations at Re = 2,000,000, 1,000,000,
and 500,000 are denoted by red, orange, and black curves, respectively. Look-
ing at figure 3(b), we can see that low-frequency oscillations strengthen with
decreasing Reynolds numbers, indicating established buffet at low Re and a
trend towards buffet offset at high Re for a fixed Mach number and angle of
attack. In previous studies of the V2C profile, a similar trend was observed:
while the flow was fully stalled at Re = 200,000, buffet was fully devel-
oped at Re = 500,000 before it weakened again towards higher Re [23, 52]
and eventually dies out [66]. An opposite trend is observed for intermediate-
frequency oscillations, as they become less pronounced during high-lift phases
when decreasing Re. At Re = 500,000, we eventually observe large-amplitude
lift oscillations characteristic of transonic buffet. Averaging of dynamic effects
associated with shock-wave motion leads to a rather smooth C, distribution
on the suction side shown in figure 3(a), where the pressure change associated
with the main shock wave is smeared out. Consequently, the C}, ..., peak turns
into a broad bump and increased pressure fluctuations are even observed in
the fore part of the airfoil. On the pressure side we observe a plateau in C’ip
at z = 0.7 corresponding to a laminar separation bubble. Looking at spec-
tra shown in figure 4(a), for decreasing Reynolds numbers we can observe a
clear low-frequency peak evolving at a rather constant Strouhal number of
St =~ 0.08. The intermediate-frequency peak, however, decreases in magnitude
and shifts towards lower Strouhal numbers, reaching St ~ 0.4 at Re = 500,000.
Oscillations at similar intermediate frequencies have been also observed for
Dassault Aviation’s V2C profile at the same Reynolds number, but were less
pronounced [22].

After having assessed the effect of low- and intermediate-frequency phe-
nomena on aerodynamic wing characteristics, we would now like to study the
spatial structure of associated phenomena. Figure 4(b) shows leading eigenval-
ues A1 of SPOD of two-dimensional snapshots at different Reynolds numbers.
These spectra look qualitatively very similar to those in figure 4(a). The SPOD
eigenvalue spectra are less smooth compared to the Fourier spectra of C'f,, due
to the fixed number of bins used in the SPOD, but the trends in the low and
intermediate frequency modes are the same. For the lower Re case, harmonics
of the buffet mode coexist in the intermediate-frequency range, which makes
the separation of both phenomena very difficult using SPOD. In contrast to
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Fig. 5: Local mean Mach-number contours shown for (a) Re = 3,000,000 and
(b) Re = 500,000 at M = 0.735. Instantaneous Mach-number contours shown
for Re = 500,000 at M = 0.735, representative for (c) high-lift and (d) low-
lift phases at ¢t = 64.5 and 69, respectively. The green curves denote the sonic
lines, where M = 1.

the lift spectra, SPOD contains more information about the wake behind the
airfoil and we can observe an additional broadband bump at St ~ 2, where
distinct modes appear at higher Reynolds numbers very close to harmonics
of intermediate-frequency phenomena. These high-frequency phenomena are
associated with a von-Karman vortex street and have also been observed and
discussed by [23] for the V2C airfoil.

Before discussing the shape of dominant coherent structures extracted by
SPOD, we first consider the contours of local time- and span-averaged Mach
number in figure 5 for representative Reynolds numbers of (a) Re = 3,000,000
and (b) Re = 500,000 and instantaneous fields in (c) and (d) at high and low
lift conditions respectively for the lower Re case. Based on previous work on
V2C wing sections with different domain sizes at similar conditions [23, 50]
that showed minor variations of coherent features in the spanwise direction,
it is sufficient to focus the present work on two-dimensional cross sections
(instantaneous at z = 0 as well as span-averaged), which are obtained by 3D
simulations. For the high Re case, we observe a large supersonic region, delin-
eated by the green sonic curve with a distinct shock wave at x =~ 0.6. A region
of high velocity occurs just outside the boundary layer near the mid-chord loca-
tion, leading to a small bump in the sonic line extending the supersonic region
slightly in the downstream direction. Similar features have been observed in
experiments by [67] and are often referred to as “supersonic tongue” [68]. For
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Fig. 6: Density contours of SPOD modes associated with peaks at low (left)
and intermediate (right) frequencies, phased at the trailing edge, are shown for
Re = 3,000,000 (top), Re = 2,000,000 (middle), and Re = 500,000 (bottom).

the Re = 500,000 case, this bump is more pronounced and extends further
away from the surface, which is an indicator for significant flow separation (this
can be confirmed, looking at C distribution in figure B4 in the appendix).
Compared to the high Re case, the time-averaged supersonic region appears
smaller and smoother due to large-scale unsteadiness. The global flow field at
higher Re is not subjected to such significant variations (see C, histories) and
therefore no instantaneous snapshots are shown for brevity. The instantaneous
snapshot of the Re = 500,000 case at the high-lift phase figure 5(c) demon-
strates the high-frequency small-scale structures. Behind the shock foot the
boundary layer thickens and undergoes rapid transition to turbulence, which
is again confirmed in Cy distributions of figure B4 in the appendix. Then, in
the wake region behind the airfoil we see a clear von-Karman vortex street
forming. During low lift phases, we observe in figure 5(d) flow features that
are reminiscent of stall. We should mention at this point that all instantaneous
quantities and snapshots of this work are taken at z = 0, while statistical values
are averaged in the spanwise direction. As already noted by [50], low-frequency
oscillations at the present flow conditions show strong spanwise coherence. This
is confirmed in the present simulations even for intermediate-frequency oscil-

lations associated with bubble instabilities, as shown in appendix C (Figure
C5).
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Looking now at SPOD modes showing density-fluctuation contours in figure
6, which correspond to dominant flow oscillations around the mean flow, we
can see low- (left column) and intermediate-frequency modes (right column)
for representative Reynolds numbers of Re = 3,000,000 (top), Re = 2,000,000
(middle), and Re = 500,000 (bottom). For low-frequency phenomena at high
Reynolds numbers, we can confirm rather localised oscillations of the shock
wave accompanied by fluctuations of the trailing-edge region, which are 180°
out of phase. This phase relation has been examined and confirmed by [39] for
multiple airfoil geometries and reference literature. Structures in the wake cor-
respond to periodic up- and downward deflection (‘flapping’). When reducing
the Reynolds number to Re = 2,000,000, we observe a A-structure occurring
within the supersonic region with the leading leg associated with boundary-
layer separation. Although less pronounced, this lambda structure also exists
at Re = 3,000,000. The mode shape for the Re = 3,000,000 case has a striking
resemblance to the globally unstable mode reported in [26] (see their figure 12
(a)) for transonic buffet on an OAT15A aerofoil under fully-turbulent condi-
tions. This serves as the justification for referring to the low-frequency modes
observed here for free-transition conditions as transonic buffet modes.

The blue regions around shock and separation waves become thicker for
decreasing Re, and eventually spread over the entire supersonic region for
Re = 500,000. The spatial organisation of SPOD modes at intermediate
frequencies are very similar for the high-Re test cases. For Re = 500,000,
however, we observe a larger wavelength since the Strouhal numbers have
decreased (recalling the spectra in figure 4). At higher Re, modal features
within the supersonic region are limited to oscillations around the separa-
tion wave, whereas for Re = 500,000, the mode structure extends beyond the
supersonic region.

While modal structures and frequencies in figures 6 and 4(b), respectively,
are consistent for both modes at low and high frequencies across the considered
range of Re, particularly the low-frequency buffet mode changes significantly
in amplitude. This can be explained by changing onset conditions towards
increased Reynolds numbers. The general trend has been shown in experimen-
tal studies by [69] and [70] for free and forced transition cases, respectively.
Also numerical studies by [33] and [23] showed that buffet onset occurs at
larger angles of attack at increased Re for the V2C profile at similar condi-
tions. Even though it has not been confirmed yet for the OALT25 profile, we
assume also for the present test case increased buffet amplitudes at higher
angles of attack at Re ~ 3 million.

Despite some quantitative variations in wave lengths, Strouhal numbers
and extents of regions covered by the mode shape, we observe similar mode
structures at various Re. Therefore, by studying the moderate Re case in more
detail, we expect to be able to project our conclusions at least to Re typical
of wind-tunnel experiments.
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4 Mach number at moderate Reynolds number
Re = 500,000

After having validated our results against reference literature and having con-
firmed the existence of multiple flow phenomena of interest at moderate as well
as high Reynolds numbers, we will now study their Mach-number sensitivity
for a fixed Re = 500,000.
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Fig. 7: (a) The black curve shows time-averaged lift coefficient C as a func-
tion of Mach number, where coloured circles denote simulation data points.
Curves below and above show respectively minimum and maximum lift coef-
ficient. Correspondingly coloured histories of Cp, are shown in (b). The black
vertical line indicates the simulation Mach number, where maximum mean
lift is observed and where large-scale oscillations start increasing dramatically.
Only statistical data is shown for M < 0.67 (black circles in (a)), as unsteady
phenomena are weak.

Figure 7(a) shows time-averaged lift coefficients as a function of freestream
Mach number M, denoted by the black curve. Grey curves above and below
indicate respectively maximum and minimum instantaneous lift coefficients.
Following the colour-code of the Mach number points shown on figure 7(a),
representative Cp, histories are shown in figure 7(b). We can distinguish
between two main regimes for present test cases, here denoted as pre-buffet
(0.67 < M < 0.7) and established buffet (M > 0.7). As civil aviation industry
is mainly interested in characterising and predicting buffet onset in order to
avoid critical flight conditions, we focus our current work on incipient buffet
observed at M = 0.7, where the mean lift peaks and low-frequency phenomena
set in.

In the pre-buffet regime, the mean lift increases gradually due to compress-
ibility effects (e.g., thinner boundary layers). Initial broad-band fluctuations
strengthen and become more regular with increasing M, while minimum as
well as maximum C7, values increase. Approaching M = 0.70, fluctuation
amplitudes reach 8% of Cp, while the mean lift remains approximately cen-
tered between the extreme values. Looking at figure 7(b), we can observe slight
undulations of the grey curve with a period of 7 > 20 time units corresponding
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M = 0.69 (green), M = 0.70 (grey), M = 0.71 (blue), M = 0.735 (red), and
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to Strouhal numbers St < 0.05, compared to the more pronounced oscilla-
tions in the intermediate-frequency range corresponding to St = 0.4 (7 = 2.5).
Moving into the developed buffet regime, low-frequency oscillations strengthen
rapidly with increasing Mach numbers, progressively dominating the global
flow dynamics. While lift maxima further increase with M, even though at a
much lower rate, lift minima drop dramatically leading to an overall decrease
of mean lift. At M = 0.735, oscillation amplitudes reach more than 68% of
Cp. Further increasing M eventually leads to linearly decreasing maximum
C, values, while also the buffet oscillation amplitude decays. In this study, the
maximum Mach number of M = 0.8 is close to buffet offset and not further
increased. It is noted that buffet boundaries vary with Reynolds number, as
shown in section 3.

Figure 8(a) shows Fourier spectra of the C, histories that were shown in
figure 7(b). Even for low Mach numbers (M < 0.7), we observe an increased
low-frequency content in the spectra, but no distinct peaks. In this pre-buffet
regime, we observe mainly the development of a clear spectral peak at inter-
mediate frequencies around St = 0.4, similar to those reported in the previous
section. For M < 0.7, this intermediate-frequency peak slightly decreases with
increasing Mach numbers. At M = 0.7, where a distinct peak arises at low
frequencies St = 0.04, the sharp peak at intermediate frequencies does not
significantly change but we observe the presence of an additional peak at
St =~ 0.3, which is associated with the sawtooth-like shape of the Cy, history at
M = 0.7. With further increases in the Mach number we observe an increase of
Strouhal numbers as well as power-spectral densities associated with the low-
frequency phenomenon and it becomes increasingly difficult to separate out
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Fig. 9: Time- and span-averaged Mach number contours shown for (a) M =
0.70 and (b) M = 0.71 at Re = 500,000 within the range of [0,1.3]. The green
curves denote sonic lines of Mo, = 1.

the intermediate-frequency. For M > 0.735, the amplitudes of low-frequency
oscillations start decreasing.

We now want to analyse the spatial structures associated with these
unsteady flow phenomena. Figure 8(b) shows corresponding spectra of the
leading eigenvalues as a function of Strouhal number obtained by SPOD for
representative Mach numbers between M = 0.69 and M = 0.735. These spec-
tra look qualitatively similar to those in figure 8(a). For M = 0.735, harmonics
of the buffet mode coexist in the intermediate-frequency range, which again
makes the separation of both phenomena very difficult using SPOD. It is
interesting to see that, on the one hand, during the incipient buffet phase at
M = 0.7, the low-frequency content in global flow oscillations is barely visible
in figure 8(b) and negligible compared to phenomena at higher frequencies.
On the other hand, the C spectrum of the grey curve in figure 8(a) reaches
its maximum at the low-frequency peak. Considering the fact that incipient
buffet can be observed in spectra based on surface pressure before its spectral
mode dominates the surrounding flowfield, we can infer that the low-frequency
phenomenon has its origin near the airfoil surface.

For M = 0.70 and M = 0.71, we have two test cases where the low- and
intermediate frequencies are well separated in frequency and the intermediate-
frequency oscillations are very similar despite the rapid onset of low-frequency
buffet. This is strong evidence that the phenomena arise independently. This
would be more difficult to prove at higher Re. At Re = 3,000,000, it was shown
in experimental investigations by [31] that the amplitude of low-frequency
oscillations appears much less sensitive to M. Even at M = 0.75, power-
spectral densities of low-frequency oscillations remained more than two orders
of magnitude lower compared to intermediate-frequency fluctuations.

Before discussing the modal shapes associated with dominant flow struc-
tures at multiple scales for our cases of interest, we introduce the mean-flow
characteristics near buffet onset. Figure 9 shows time- and span-averaged Mach
contours for (a) incipient buffet at M = 0.70 and (b) developed buffet at
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Fig. 10: SPOD modes associated with peaks at low (left), intermediate (mid-
dle) and high (right) frequency, shown using contour plots of the real part of
the density field for M = 0.70 (top), M = 0.71 (second row), and M = 0.735
(third row). Blue and red contours respectively denote values below and above
mean-flow in the range of [-0.6,0.6]. Corresponding SPOD modes for the V2C
profile are shown in the bottom row for the same Re and « for M = 0.735 [23].

M = 0.71, where the supersonic regions are delineated by green sonic lines
(Mjoe = 1). In both cases we distinguish two lobes in the upper boundary of
the sonic line. With an increase in the freestream Mach number to M = 0.71,
the supersonic region grows in height and length, while the shock wave moves
downstream. For M > 0.71, the final normal shock bends more upstream with
increasing wall distance and the corresponding gradient becomes smoother
due to the averaging effect. Shock-induced separation phenomena increase
with increasing free-stream Mach numbers so that the re-circulation bubble
becomes significantly thicker near the shock foot. Nevertheless, considering
that the unsteady characteristics are very different, as shown in Cp, histories,
it is notable that both contour plots of figure 9 are qualitatively very similar.

To assess dominant density fluctuations around the mean flows for incipient
and developed buffet conditions, figure 10 shows SPOD modes at M = 0.70,
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0.71, and 0.735 for the OALT25 profile. In addition, the bottom row of plots
shows corresponding SPOD modes of the V2C profile obtained in [23] at M =
0.735 and the same Re and «. Time-averaged sonic curves are indicated by
black curves. Left-hand-side, middle, and right-hand-side columns correspond
to low-, intermediate-, and high-frequency modes, respectively. These modes
are also indicated by squares (low-frequency), circles (intermediate-frequency),
and vertical lines (high-frequency) in the spectra of figure 8(b). Such SPOD
modes allow us to assess the regions associated with large fluctuations of the
flow field around its mean flow. Movies are available in the supplementary
material and online (https://youtu.be/uDQ3QktjveE).

Looking at the low-frequency modes, we can observe at M = 0.70 and
0.71 the mode shapes becoming focused around the final shock wave that ter-
minates the supersonic region. Density fluctuations of the A-shock structure
appear to be in phase with oscillations of the final shock wave and out of
phase with the trailing edge. When buffet fully develops, localised regions of
high amplitudes become smeared out, while fluctuation amplitudes around the
trailing edge on both sides intensify and spread into the wake. Even though
the buffet mode occurs for the V2C profile at a higher frequency of St = 0.15
compared to the OALT25 test case (St = 0.082), the mode shapes look very
similar. As [39] has already established the connection between the V2C mode
and the globally unstable buffet mode of [24], we expect the same underlying
mechanism for the present low-frequency buffet mode of the OALT25 profile.
Similar to [23], we do not observe modal features associated with acoustic
waves at low frequencies, which contradicts the general validity of acoustic
feedback models proposed by [15]. Furthermore, RANS-based global stability
analysis, which appears to model buffet well [24, 26, 71, 72], cannot account for
upstream-propagating acoustic waves with time-dependent amplitudes. Also
for unsteady RANS simulations, low-frequency oscillations do not appear sen-
sitive to selective frequency damping between shock and trailing edge. Even
though [73] observe modulation of vortex shedding by low-frequency shock
motion, it is not possible to conclude on causality. In the light of recent studies
linking transonic buffet with incompressible low-frequency oscillation [74], the
shock motion may well be a consequence rather than the cause of low-frequency
instabilities.

While low-frequency oscillations within the supersonic region are mainly in
phase for M = 0.70, we observe that intermediate-frequency oscillations cause
significant changes of the shape of shock structures. The main terminating
shock and the leading leg of the A structure are not in phase, which is at least
one distinguishing feature compared with the transonic buffet mode. Similar to
the DMD mode of the V2C profile at M = 0.7 reported in [22], weak peaks can
also be observed at a similar frequency of St = 0.6 in SPOD spectra reported
in [23] for Mach numbers M = 0.7 and M = 0.735. Besides the fact that those
modes also show no significant sensitivity to M, they look qualitatively similar
to corresponding SPOD modes of the present OALT25 profile. The differences
in terms of amplitude may well be due to geometric characteristics leading to
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significant differences in mean-flow (indicated by sonic lines) and separation-
bubble properties. In contrast to the OALT25 cases shown here, the absence of
clear intermediate-frequency oscillations at pre-buffet conditions for the V2C
profile indicates that onset properties of this instability can vary for different
airfoil geometries independently of those associated with transonic buffet.
High-frequency phenomena are predominantly located within the wake,
taking the form of a von-Karman vortex street. The structures can be traced
upstream to the separation point and also appear to interact with the trailing
edge, causing weak acoustic structures in the SPOD mode. These structures,
labelled as wake modes, agree well for OALT25 and V2C airfoils and were
described in detail in [23]. They will not be discussed further here, other than to
note that they are distinct from the buffet and intermediate-frequency modes
and appear at a lower frequency than the structures associated with transition
to turbulence (St > 10). The present wake modes agree well with experimental
observations by [75], where vortex shedding was observed at St ~ 2.2 — 3.
Although it was suggested in [23] based on results from the V2C profile that
these wake modes might be the cause for the oscillations reported in [27],
the present direct examination of the OALT25 profile clearly shows that the
intermediate-frequency modes (and not the wake modes) are the cause.

5 Analysis of intermediate-frequency mode

While the low-frequency mode is clearly identified as conventional transonic
buffet and the higher frequency modes are explainable as von-Karman wake
modes, the mechanism of the intermediate-frequency remains still unclear. It
was termed a laminar buffet mode by [27] and an analogy was made with
the ‘breathing’ mode seen in shock-induced separation bubbles, although the
Strouhal numbers based on the separation length (Str) were noted to be dif-
ferent. In the present section, we want to examine this bubble mode from a
few different viewpoints.

5.1 Scaling

Firstly we consider the frequency scaling of the mode. Table 2 summarises rel-
evant quantities for four different configurations of the OALT25 (simulation
data from [27] is added to present results at Re = 3,000,000) and one V2C
test case from [22]. The various dimensionless frequencies are St = fc/Us
as obtained from the simulations, Sty = fLsep/Us based on the interac-
tion length Ly, defined as the distance from separation to reattachment, and
Str = [Lsep|Ur|/U2 = Stp|Ur|/Us, where Ug is the maximum velocity
in the reverse-flow region (approximated by the minimum z-velocity compo-
nent). We see that Stz is not constant over the different cases and is an order
of magnitude higher than the values of this parameter seen in shock-induced
separation bubbles. In that case the bubble response is known to be a form of
growth and shrinkage known as bubble breathing. Although the precise mech-
anism is still debated, one line of argument (e.g., [45]) is that it arises from the
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Table 2: Intermediate mode frequency scaling

Airfoil Re M St Lsep/c UR/Uoo Str, Str
OALT25 500,000 0.68 0.60 0.274 -0.141 0.164 0.023
OALT25 500,000 0.70 0.42 0.361 -0.147 0.152  0.022
OALT25 500,000 0.71 0.43 0.39 -0.155 0.168  0.026
OALT25 500,000 0.735 0.39 0.300* -0.190* 0.117  0.022

OALT25 3,000,000 0.735 0.92 0.175  -0.122 0.161  0.020
OALT25** 3,000,000 0.735 1.12 0.195  -0.090 0.218  0.020
V20*** 500,000 0.70 0.6 0.29 -0.13 0.174  0.023
* estimated during low-lift phase, where bubble mode clearly exists

values taken from [27]

values taken from [23]

*k

ok ok

response of the separating boundary layer and the associated separation shock
to stochastic forcing. Here the separation shock is rather weak in comparison
with the shock impinging cases and the Mach number is not far into the super-
sonic regime. As another difference to cases with shock generators, the shock
wave and impingement point for the current case are not fixed and the separa-
tion bubble is observed to periodically move back and forth, as it will be shown
later in more detail. Correcting Stz by the factor |Ur|/Us leads to a Strouhal
number, where present cases collapse much better, showing Sty ~ 0.022, even
though the onset of low-frequency buffet makes the comparison more difficult
for M > 0.7 at Re = 500,000. The proposed scaling suggests a role for the
reverse-flow vortex in the mechanism for the intermediate mode, but some
caution is required, considering the limited number of data points.

5.2 Shock and expansion wave structure

To examine the intermediate-frequency separation bubble mode in detail we
consider the M = 0.7 case with Re = 500,000, where this mode containing
multiple shock waves is well established. Before discussing the dynamics of
the wave structures, we introduce some terminology. Figure 11 extracts the
main features that will be useful in the discussion. As mentioned previously,
a prominent feature is a A-shock structure that extends over the front part
of the airfoil. The front leg of the A-shock is the compression wave due to
boundary-layer separation from the airfoil surface, which can be termed a
separation wave. The upper part of the A-shock terminates the supersonic
region well above the airfoil, resulting in the first lobe structure seen in the
average Mach number contours in figure 9 (a). Even though the flow closer
to the surface remains supersonic, the rear leg of the A-shock connects down
to the top of the separation bubble on the airfoil surface. This shock reflects
from the sonic line at the apex of the separated flow region as an expansion
fan (coloured blue in figure 11), following a structure that is well known from
impinging shock wave studies. The turning of the flow due to the expansion
wave supports reattachment of the boundary layer [76]. The impact of the
shock on the separation is to stop the separation region from growing, so its
maximum height is at the impingement location, forming a ‘ridge’ feature. We
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Fig. 11: Sketch of principal flow features at M = 0.7, Re = 500, 000.

will use the terminology ‘ridge wave’ as a shorthand for the V-shaped shock-
expansion wave pattern formed as the flow turns over the top of the separation
bubble.

It is noted that a sufficiently strong rear leg (compression wave) of the A-
shock can turn the flow subsonic (as seen for example in [52] for a different
airfoil geometry). However, for the present test case at M = 0.7, the flow near
the surface remains supersonic until reaching the normal shock. Similar flow
structures have also been observed in experiments by [77]. For some cases, a
train of several weak reflected waves can be observed in Schlieren visualisations,
before a final shock wave terminates the supersonic region.

Passing the ridge wave, the local freestream is still supersonic and this
continues up to the terminating shock wave sketched in figure 11. The termi-
nating shock determines the rear lobe of the supersonic region in figure 9 (a).
Boundary-layer transition occurs in the vicinity of the reattachment position,
which is close to the shock-foot location and, at this Mach number, the bound-
ary layer remains attached up to the trailing edge. The wake mode is sketched
as a von-Karman vortex street, developing behind the airfoil.

One other prominent feature, that leads us into a discussion of the dynam-
ics, is the presence of upstream propagating waves in the subsonic region
downstream of the A-shock and above and behind the terminating shock. Many
acoustic waves are present in the flow, some originating at the trailing edge,
which are widely known as ‘Kutta waves’ [78], and some from the transi-
tion region. Such upstream-propagating wave structures have been observed
in simulations (e.g. [19]) as well as experiments (e.g. [79]). Above the termi-
nating shock, these waves take on a more coherent form and strengthen into
upstream-propagating shock waves, with a supersonic flow (relative to their
propagation speed) ahead of them. It is interesting to note that very similar
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flow features have been observed in experiments of [41] over transonic turbine
blades in a cascade configuration. In that application, the top bound of the
supersonic flow region is restricted by the wake of a neighbouring blade and
the upstream-propagation and potential influence of acoustic waves appears
significantly restricted. Nevertheless they also observe two distinct phenomena
at low and intermediate frequencies, which appear to be related with buffet
and separation-bubble instabilities.

Having established a terminology and identified the principal physical
features, we can now look at the flow development during a cycle of the inter-
mediate mode. Figure 12 shows five representative snapshots of the streamwise
pressure gradient dp/dx during one cycle of the mode evolution, together with
an x/t diagram in part (f) showing the location of the snapshots with hor-
izontal black lines. The z/t diagram contains contours of dp/0dx in a plane
located 0.05¢ above the airfoil surface. The method of plotting shows com-
pression regions (e.g. shock waves) in red and expansion (e.g. expansion fan)
in blue. A corresponding movie can be found in supplementary material and
online (https://youtu.be/ 9TwbAgkAU4). It can be seen in figure 12 (f) that
the intermediate mode follows a regular oscillation and frame (e) at ¢ = 80.8
has a very similar structure as frame (a) at ¢ = 78.5. The period of 7 ~ 2.3 cor-
responds to the value of St = 0.42 given in table 2. Although figure 12(f) only
covers a small portion of a low-frequency cycle, relatively regular intermediate-
frequency oscillations are observed throughout the simulation, as shown in
Figure 7(b). The first point to note as we move from frame (a) to (b) is the
bifurcation of the terminating shock, the upper part of which moves upstream,
merging with one of the upstream propagating waves above the terminating
shock. The bifurcation can be seen in (b) at a distance 0.08¢ from the sur-
face. The rear part of the bifurcated shock remains almost stationary, while
the front part moves upstream and the bifurcation point moves towards the
surface. Eventually, between (d) and (e) the front bifurcated wave merges with
the A-shock. The top part of the A-shock weakens out as it moves into a region
with reducing Mach number and eventually ends up as acoustic radiation into
the region upstream of the airfoil. Similar bifurcations of shock waves have
been reported by [77].

A final point to note from figure 12 (f) is that all the wave features partic-
ipate in the intermediate mode oscillation. At = 0.2 we have oscillations on
the separation compression wave. In the region 0.4 < z < 0.45 we see the ridge
wave structure (shock and expansion waves) moving forward and backwards
and at £ = 0.5 we see oscillations in the terminating shock wave. With refer-
ence to the ridge wave, the x location of the separation wave lags by roughly
90°, indicating that the bubble is neither in a pure ‘breathing’ mode, which
would require the waves to be out of phase, nor in a simple up- and down-
stream motion which would require the waves to be in phase. The movement
of the ridge wave is close to being out of phase with the terminating shock
location, given by the green sonic line in figure 12 (f), such that the ridge wave
is furthest upstream when the terminating wave is furthest downstream.


https://youtu.be/_9TwbAgkAU4
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a) b)

Fig. 12: Representative 2D snaphots showing contours of dp/dx for M =
0.7 at (a) t = 78.5, (b) t = 79.1, (c) t = 79.3, (d) 80.1, and (e) 80.8. Red
(blue) contours denote adverse (favourable) pressure gradient within the range
of [=5,5]. Green solid and black iso-curves denote sonic lines (M. = 1.0)
and My, = 0.5, respectively. Solid and dashed curves respectively denote
instantaneous and time-averaged iso-curves. (f) Corresponding z/t diagram of
data extracted along a curve with a constant wall distance An = 0.05, where
labels indicate time instants of snapshots (a-e).
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Fig. 13: Space/time (x/t) diagrams showing (a) pressure fluctuations (p’ =
p — Pp) within the range of [-0.1,0.1] at a monitor curve with a wall distance
of An = 0.05 and (b) contours of skin-friction coefficient within the range of
[-0.005,0.005]. Sketched lines emphasise upstream (dashed) and downstream
(solid) propagating structures.

5.3 Separation bubble dynamics

After having identified the behaviour of distinct flow structures, we now want
to further analyse their connections during a cycle of the intermediate fre-
quency oscillation. To assist with this, we will use two more z/t diagrams,
shown on figure 13, based on (a) pressure fluctuations at a distance 0.05¢
above the airfoil surface and (b) skin friction contours on the surface. Some
propagating features are identified on the figures and will be discussed in the
following paragraphs. Note that, in interpreting figure 13 (a), we need to be
careful making connections to shock and expansion waves, as the centre of a
shock wave, for example, is located by a rapid change in colour from blue to
red, not by the centre of the red region.

From figure 13 (a) we can readily identify the main features. Linear insta-
bilities develop in the separation bubble, where velocity profiles contain an
inflexion point and form Kelvin-Helmholtz roll-ups with strong spanwise coher-
ence. Such structures have been predicted for similar flows using linear stability
analysis [22, 42] and typical phase speeds agree well with present convection
speeds of U, = 0.2, corresponding to the slope of the dotted line labelled I in
figure 13. Even after break-down to turbulence, these vortex structures main-
tain spanwise coherence, leaving traces over the aft-section of the airfoil at
St > 10. Further details are provided by [50], where Q-criteria visualisations
of these phenomena for a different airfoil are shown in their figure 11. The
pressure oscillation caused by movement of the separation compression wave
is seen at x = 0.2. We also note the bifurcation of the terminating shock,
with the leading wave moving upstream along the lines labelled I1, eventu-
ally merging with the ridge wave at x = 0.4. Near the separation wave, we
again observe features in the contours that appear to align with the extension
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of line I1. A third feature that appears is the line labelled 111, which can be
associated with traces of acoustic waves circumventing the supersonic region
at a speed corresponding to the slope of the magenta line of approximately
Uy~ Uy —Uso /M = 0.43 (U, denotes the freestream velocity). The magenta
line matches the contour gradient between 0.25 < x < 0.4 particularly well.
Within the same z range, traces of acoustic structures can be also seen at dif-
ferent time instances (e.g. blue stripe at ¢ = 75,5), even though they appear
relatively weak in the contour plots. These waves pass through the supersonic
regions at significantly higher frequencies compared to those corresponding
to the bubble mode. However, the acoustic field may well be moderated by
unsteadiness at lower frequencies, leading to changes in contour patterns of
figure 13 corresponding to acoustic speeds. The velocity associated with line
II (Uj; =~ 0.087) is about 20 times slower than typical acoustic waves, but
of the same order as the maximum reverse-flow velocity (Ur = —0.147). The
mechanism leading to the slope of features aligned with I7 is not clear, but
one could speculate about some near-wall structures being responsible.

More insights are possible from the skin friction plot in figure 13 (b), where
sketched lines are identical with (a). Here the separation point is shown by the
white line at « ~ 0.15. The reattachment is obscured by the unsteadiness, but
can be traced as the colour change from deep blue to red at x ~ 0.525. During
the upstream motion of the separation wave (e.g. 76.6 < t < 77.8) the Cy is
dropping, which favours the development of the linear instabilities mentioned
before. As a consequence, the reattachment region starts spreading upstream.
This observation aligns with local linear stability results of [22], where lami-
nar boundary layers become unstable further upstream during low-lift phases
(i.e. when the separation wave is close to its most upstream position). The
region just upstream of reattachment, where transition is starting, forms a
roughly triangular-shaped region, bounded by line I and a slope corresponding
to velocities similar to maximum reverse-flow velocities of Uy pqae ~ —0.147
which may indicate an upstream convection of disturbances helping to sustain
the process of transition to turbulence.

The above discussion has concerned only the M = 0.7 Re = 500,000
case. From analysis of SPOD mode shapes, some changes in this mode can be
observed as Re increases, the most obvious being that the separation bubble
reduces in size and the upper portion and trailing shock of the A-shock merge
with the termination shock, as can be seen in the SPOD modes on figure 6.
This suggests that the shock bifurcation is not a crucial part of the mech-
anism, which instead involves a connection between fluctuations inside the
separated boundary layer and upstream-propagating waves travelling up the
main shock and around the top of the supersonic flow region. According to the
Strouhal number arguments above, the period is set by the separation length
and the strength of the reverse flow vortex. It would be interesting to investi-
gate whether such modes can be detected in shock-induced separation bubbles
under simplified flow conditions considering free- as well as forced transition
upstream of the separation point. Furthermore, it would be also interesting to
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explore the possibility of such bubble modes existing at incompressible condi-
tions. Eventually, global stability and/or resolvent analysis are needed to gain
better understanding of this intermediate-frequency separation-bubble mode.

6 Conclusion

An extensive parameter study has been performed for ONERA’s OALT25
profile at a constant angle of attack of a = 4°, covering 500,000 < Re <
3,000,000 at M = 0.735 and 0.67 < M < 0.80 at Re = 500,000. Present
results at Re = 3,000,000 and M = 0.735 agree well with simulations and
experiments of [27] and [31], respectively. With longer sampling time in the
current work, a secondary low-frequency peak could be observed, in addition
to the intermediate-frequency mode that was labeled as ‘laminar buffet’ in [27].

The low-frequency mode matches, in terms of frequency and mode shape,
the conventional global instability associated with transonic buffet [24] and
agrees well with numerical [19, 20, 26, 80] as well as experimental [17, 21, 36,
38, 79] studies in literature. This mode has previously been observed for cases
subjected to tripped or fully turbulent boundary layers and often referred
to as ‘turbulent buffet’, even though we confirm here its occurrence for free-
transitional and laminar upstream boundary layers as well. Furthermore, we
have shown that it can occur in a free-transitional case even when there is only
a single shock wave present. The frequency of this low-frequency mode shows
minor Re sensitivity, but its amplitude increases with decreasing Re. When
reducing M, on the other hand, the spectral peak shifts to reduced St with
decaying amplitude.

The intermediate-frequency mode appears to be focused on the laminar
separation bubble, but does not show the same frequency or 180° phase shift
between separation and reattachment, which is characteristic of the commonly
observed low-frequency ‘breathing’ mode of shock-induced separation bubbles.
Furthermore, we observe the formation and convection of linear instabilities
within the separation bubble and upstream-propagating structures, which are
significantly slower than acoustic waves in the freestream. Their role with
respect to the bubble mode remains unclear. Frequencies and amplitudes of
established bubble modes show minor M sensitivity, but weaken and shift to
slightly higher frequencies for M < 0.7. When reducing Re, the spectral peak
shifts to reduced St with decaying amplitude.

A new scaling Stg = fLgsepUr/UZ = 0.02 for the bubble mode is pro-
posed, which emphasises the role of interaction length L., and strength of the
reverse-flow vortex Ugr. Good agreement of this scaling for different Re sug-
gests a relation between the slowly upstream-propagating structures and the
strength of the reverse-flow vortex, but requires further examination by global
stability or resolvent analysis.

In addition to low- and intermediate-frequency modes, for cases at moder-
ate Reynolds numbers we observe distinct wake modes at higher frequencies,
which are similar to those described by [23] for the V2C airfoil. At increased
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Reynolds numbers, however, this wake mode seems to interact with the first
harmonic of the bubble mode, which causes strong vortex shedding from the
separation bubble.

In the present context, acoustic feedback models proposed by [15, 17, 73]
appear very unlikely to explain the nature of low-frequency phenomena as well
as intermediate-frequency phenomena.

Comparing SPOD modes of OALT25 and V2C profiles, we can identify
similar modal features for both airfoil geometries. While their shapes and sen-
sitivity to M agree well, onset conditions as well as frequencies and amplitudes
seem to be strongly influenced by geometric aspects, leading to significant
differences in mean-flow characteristics.

Finally, we observe low- and intermediate-frequency instabilities associated
with buffet and bubble modes, respectively, developing separately. While both
phenomena require flow separation, onset characteristics can vary significantly.
Recent studies by Moise et al. connect transonic buffet with incompress-
ible low-frequency instabilities [74] and establish similarities between cases
with free and forced boundary-layer transition [39]. Hence, the existence of
self-sustained low-frequency modes associated with buffet are not necessarily
limited to the existence of shock waves or the state of the separation bubble
(i.e. laminar or turbulent). The roles of shock waves and the state of the sepa-
ration bubbles will be addressed in future work also for intermediate-frequency
phenomena.
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Fig. A1l: Velocity profiles near the wall for M = 0.735 and (a) Re = 500,000
and (b) Re = 3,000,000 at locations z = 0.74 and 0.8, respectively. c¢) Velocity
profiles for M = 0.7 and Re = 500,000 at x = 0.65 are shown for simulations
using the standard grid (black) and a wall-refined grid (red). Symbols indicate

locations of grid points and red error bars indicate velocity differences of 5%.
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Appendix A Near-wall velocity profiles at
moderate and high Reynolds
numbers.

Figure A1 shows velocity profiles for (a) Re = 500,000 and (b) Re = 3,000,000
as a function of wall units y*© = y u,/v, where u, denotes the shear wall
velocity. Locations on the suction side at (a) z = 0.74 and (b) x = 0.8 cor-
respond to maximum AyT values of the wall cells. It is shown that even for
high Reynolds numbers, the velocity profile is still relatively linear for the first
three grid points in the wall normal direction. Results associated with tran-
sonic buffet and separation bubble instabilities agree even for the high Re
case well with simulations by [27] and experiments by [31], as demonstrated
in section 3. To demonstrate grid-convergence also for cases without experi-
mental reference data, a simulation was run for 50 time units on a wall-refined
grid with a reduced time step (2 - 10~ instead of 3.2 - 107°). The refined
grid described in section 2.2 has been modified to maintain a wall-normal grid
spacing of Ay =~ 1 at the wall. Comparing simulation results using standard
(black curve) and wall-refined (red curve) grids, figure Al(c) shows excellent
agreement of suction-side velocity profiles within the linear near-wall region
(y*t < 10) at 2 = 0.65 (maximum C). Even further away, differences between
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Fig. A2: Distributions of (a) wall-pressure coefficient and (b) skin-friction
coefficient for M = 0.7 and Re = 500,000 are shown for simulations using the
standard grid (black) and a wall-refined grid (red).

velocity profiles remain within 5% (red error bars), which is reasonable con-
sidering the limited simulation run-time where statistics cover 30 time units
(approximately one low-frequency cycle), neglecting the initial transient. Fur-
thermore, velocity profiles have been extracted along grid lines originating at
x = 0.65. With increasing wall distance, grid lines of the two different grids
diverge. Good agreement between simulations using standard and wall-refined
grids is confirmed in figure A2, showing (a) wall-pressure coefficient and (b)
skin-friction coefficient. The suction-side separation bubble is captured partic-
ularly well. Without showing further evidence for brevity, we want to note that
frequencies associated with the bubble instability show excellent agreement
with St = 0.42 and St = 0.39 for standard and wall-refined grids, respectively.

Appendix B Wall-pressure and skin-friction
coefficient at moderate Reynolds
numbers.

Wall-pressure coefficient (black curves) together with corresponding root-
mean-square (rms) fluctuations (red curves) are shown in figure B3 as
functions of z. Solid and dashed curves denote suction and pressure sides,
respectively. Figure B3(a) shows the wall-pressure distribution at M = 0.69,
before buffet develops. We observe a local minimum on the suction side at
x = 0.05 followed by a increase caused by a laminar separation bubble (as
shown later in corresponding Cj plots). The main shock is located around
x = 0.4 — 0.5 and terminates the supersonic region as well as the (mainly)
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Fig. B3: Black curves show mean wall-pressure coefficient C} ., as a function
of chord position for free-stream Mach numbers of (a) M = 0.69, (b) M = 0.70,
(¢) M =0.71, and (d) M = 0.735. Red curves show corresponding root-mean-
square values of the pressure coefficient denoted as Cy, ms. While solid curves
correspond to the upper side of the airfoil, dashed lines correspond the lower
side.

laminar boundary layer. While the shock wave and its corresponding pres-
sure jump is strongly dependent on local Mach numbers of the supersonic flow
upstream, downstream pressure recovery also depends on the airfoil geome-
try. In order to recover freestream conditions downstream of the airfoil, the
flow along a streamline needs to accelerate again. This (weak) post-expansion
leads to a small bump in the C}, curve downstream of the shock wave centered
around x ~ 0.7. Wall-pressure fluctuations on the upper side denoted by the
red solid curve show three distinct peaks where the flow separates (z & 0.15),
at the shock foot (z = 0.4), and just downstream of the trailing edge. Fluctu-
ations are strongest near the shock foot, where the boundary layer reattaches.
Between these peaks, pressure fluctuations decay to relatively low amplitudes.

While changes in Cp for M < 0.70 are moderate, Mach-number effects
become more pronounced with the onset of developed buffet. For M = 0.735
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(figure B3(d)), the C, curve over the suction side looks qualitatively very
different compared to the cases before. Due to large-scale shock motion, we
cannot identify the shock position as clearly as before, but the center of the
(broad) rms peak at x & 0.6 suggests no significant changes of the mean shock
position compared to the M = 0.70 case. We observe a global increase of
pressure fluctuations around the airfoil for high M, particularly at the trailing
edge and in the wake. It is interesting to see a small local maximum in the
fluctuation intensities slightly upstream of the trailing edge at x ~ 0.95.
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Fig. B4: Black curves show mean skin-friction coefficient C'y as a function of
chord for free-stream Mach numbers of (a) M = 0.69 (left top), (b) M = 0.70,
(¢) M = 0.71, and (d) M = 0.735. Red curves show corresponding root-
mean-square values of the skin-pressure coefficient C ,p,s. While solid curves
correspond to the upper side of the airfoil, dashed lines correspond the lower
side.
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In a similar manner as before for Cp, figure B4 shows the time-averaged
skin-friction coefficient (black curves) as well as root-mean-squared Cy fluctu-
ations (red curves). Solid and dashed lines correspond respectively to suction
and pressure sides. For M < 0.71, the separation bubble (Cy < 0) grows while
shifting downstream. A local maximum in Cy after reattachment (Cy > 0)
decreases with increasing M. For M = 0.735, we don’t observe such typi-
cal characteristics of a laminar separation bubble due to significant unsteady
effects (intermittent flow separation). However, it should be emphasised that
averaged values need to be treated with care after transonic buffet sets in.

Time-averaged C'y on the pressure side look very similar for cases before and
after buffet onset, showing a separation bubble well upstream of the trailing
edge. For almost all simulated cases at M < 0.735, the fluctuation levels on
the pressure side are similar and for z < 0.8 (where the flow is mainly laminar)
almost negligible.

On the suction side, we can observe local peaks in C'y fluctuation-intensities
at similar positions as for ), corresponding to separation and reattachment
region (near the shock foot). The shock-wave/boundary-layer interaction pro-
motes rapid breakdown to turbulence, which leads to irregular fluctuations in
the red C' ,.ms curves between their global peak and trailing edge. It is remark-
able that the trend for the global maximum of fluctuation intensities is now
reversed though, as the peak decreases between M = 0.70 and M = 0.735 at
the reattachment point (coinciding with the shock foot) with increasing Mach
number and buffet intensity. The local maximum of fluctuation intensity at the
separation point, however, first decreases with increasing M before it increases
again for M > 0.7. A third local maximum arises at the TE for M = 0.735,
while the remaining peaks become wider due to the large-scale unsteadiness
mentioned before.

Appendix C Spanwise organisation of low-
and intermediate frequency
oscillations.

Figure C5 shows C; as a function of spanwise location and time at (a)
x = 0.15 and (b) = 0.6 near separation and reattachment regions, respec-
tively. While the laminar region shows hardly any variations in the spanwise
direction, we can observe in (b) three-dimensional turbulent structures after
flow reattachment. However, large-scale fluctuations associated with buffet and
bubble modes show strong spanwise coherence for the present spanwise domain
extent.
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