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Transonic buffet characteristics
under conditions of free and forced transition
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Transonic buffet is commonly associated with self-sustained flow unsteadiness involving shock-
wave/boundary-layer interaction over aerofoils and wings. The phenomenon has been classified
as either laminar or turbulent based on the state of the boundary layer immediately upstream
of the shock foot and distinct mechanisms for the two types have been suggested. The turbulent
case is known to be associated with a global linear instability. Herein, large-eddy simulations
are used for the first time to make direct comparisons of the two types by examining free-
and forced-transition conditions. Corresponding simulations based on the Reynolds-averaged
Navier—Stokes equations for the forced-transition case are also performed for comparison with
the scale-resolving approach and for linking the findings with existing literature. Coherent flow
features are scrutinised using both data-based spectral proper orthogonal decomposition of the
time-marched results and operator-based global linear stability and resolvent analyses within
the Reynolds-averaged Navier-Stokes framework. It is demonstrated that the essential dynamic
features remain the same for the two buffet types (and for the two levels of the aerodynamic

modelling hierarchy), suggesting that both types arise due to the same fundamental mechanism.
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Nomenclature

Cp = pressure coefficient

Cy = skin-friction coefficient

CL = lift coefficient

Cp = drag coefficient

(Cp)p = pressure drag coefficient

(Cp)y = skin friction drag coefficient

t = dimensionless time

to = dimensionless time corresponding to when flow is approximately past transients

p = dimensionless pressure

(x,y,2) = dimensionless Cartesian coordinates representing streamwise direction, direction normal

= to streamwise and spanwise directions, and spanwise direction, respectively
', y") = dimensionless Cartesian coordinates representing chordwise direction and direction normal to

= chordwise and spanwise directions, respectively

(&, n) = dimensionless circumferential and radial curvilinear coordinate based on grid, respectively
o = angle of attack

M = Freestream Mach number

Re = Freestream Reynolds number based on chord and freestream velocity

St = Strouhal number/dimensionless frequency based on freestream velocity and chord

Stp = dimensionless buffet frequency

C = cross-spectral density tensor used for spectral proper orthogonal decomposition

w = weight associated with the quadrature on the grid

(o w = a weighted inner product using W

A = {—th eigenvalue of C (ranked in a descending order based on energy)

v/ = i—th eigenfunction of C

(AT, A, Az*) = grid spacing at the wall in wall units

@ = phase within a buffet cycle

Py, |,,:o = dimensionless wall-normal component of momentum on aerofoil surface of synthetic jet
A, o = dimensionless amplitude and standard deviation of Gaussian of the synthetic jet

Xt>Xts> Xip = trip location on aerofoil, with subscripts used when specifying suction or pressure surface
k,w,® = dimensionless spanwise wavenumber, angular frequency and temporal phase of the synthetic jet

Xshock = streamwise location of shock wave



S, Q2 = dimensionless symmetric and anti-symmetric components of velocity gradient tensor

Qinc = incompressible version of second invariant of the dimensionless velocity gradient tensor
|17 = Frobenius norm

Superscripts

0 = reconstructed flow field based on the buffet mode from SPOD

6 = time and span-averaged (mean) quantity

04 = fluctuating component of a quantity

L. Introduction

Self-sustained unsteadiness that occurs in transonic flows over wings under certain flow conditions can be associated
with a phenomenon commonly referred to as transonic buffet [[1]. Transonic buffet, or simply ‘buffet’, can lead to
significant variations in lift, possibly due to large-scale streamwise motion of shock waves and the quasi-periodic
separation and reattachment of the boundary layer. This variation in lift, in turn, can lead to passenger discomfort,
challenges with aircraft control, structural fatigue and even failure [2]. Thus, transonic buffet is detrimental to aircraft
performance and manoeuvrability and, for these reasons, it has been extensively studied with a focus on understanding
and controlling its occurrence [3]].

Although differences between two-dimensional aerofoil and three-dimensional finite-wing buffet scenarios have
been reported [4], numerical studies on infinite wings [SH8]] have described key characteristics observed on both finite
wings [9] and aerofoils. Thus, a large number of studies have examined infinite-straight wings based on common aerofoil
profiles (e.g., [10-H13]]). Simulations of such flows using the Reynolds-Averaged Navier—Stokes (RANS) equations
have been especially fruitful in gaining insights into the mechanisms associated with transonic buffet. Crouch et al.
[11], using a global linear stability analysis (GLSA) of steady-state RANS results for the flow over a NACA0012
aerofoil, showed that transonic buffet can be associated with a globally unstable mode. Besides confirming these earlier
stability results for a supercritical OAT15A aerofoil, Sartor et al. [14] performed a resolvent analysis. Through this, they
identified an additional optimally amplified mode that resembles a von Kdrmén vortex street in the aerofoil wake and
occurs at a relatively higher frequency as compared to aerofoil buffet. Unsteady RANS simulations do not seem to
capture this wake mode, although they capture buffet mode features (e.g., see Fig. 20 of Szubert et al. [15]). By contrast,
high-fidelity approaches such as variants of detached-eddy simulations [12| [16]], large-eddy simulations (LES) [17H19]
and direct numerical simulations (DNS) [20] capture the occurrence of both.

Based on the boundary layer characteristics in the region of shock-wave/boundary-layer interaction, transonic buffet
can be classified as either laminar or turbulent [21]]. For the former, the boundary layer remains laminar all the way

to the shock foot, whereas in the turbulent case the boundary layer fully transitions to turbulence well upstream of



the shock wave. Possibly due to the challenges involved in accurately modelling flows with free transition, all studies
that employ RANS simulations have focused on turbulent buffet. As noted above, it is only this type which has been
shown to occur due to a global instability [11]]. Furthermore, all studies on turbulent buffet report only a single shock
wave terminating the supersonic region, but laminar buffet with multiple shock waves present has been reported in
experiments’] which requires further scrutiny.

While computational turbulent buffet studies typically assume fully-turbulent conditions (i.e. a turbulent boundary
layer from the leading edge), recently Garbaruk et al. [22] have examined the effect of forcing transition at different
locations on the aerofoil upstream of the shock wave using steady RANS simulations and GLSA. They have shown that
the essential characteristics of turbulent buffet remain the same irrespective of the location of transition, which is in
agreement with the experimental findings of Dor et al. [23]]. By contrast, for laminar buffet, it has been proposed by
Dandois et al. [24] that the mechanism sustaining it is different and associated with a bubble-breathing phenomenon.
However, it was later demonstrated by Moise et al. [[19] using LES and a modal reconstruction that laminar buffet has
characteristics that are essentially similar to those reported in previous literature for turbulent buffet. The simulations
in [19] were carried out only for laminar buffet, while the steady RANS simulations and GLSA in [22] were performed
only for turbulent buffet and gaps remain in linking the two studies.

Direct comparisons of (i) the laminar and turbulent buffet types, (ii) the occurrence of multiple shock waves or a
single shock wave, and (iii) the simulation approaches of LES and RANS can help bridge the gaps in our understanding
of the relations between them. Motivated by these aspects, we perform LES of both laminar and turbulent buffet
under similar flow conditions and compare the findings for the latter type with corresponding steady and unsteady
RANS (URANS) results. Furthermore, we extract modal features from the LES and URANS data using spectral proper
orthogonal decomposition (SPOD) and compare them with results obtained using GLSA and resolvent analysis of the
steady RANS solutions. We continue with an overview of the simulation approaches and analysis tools in Sec.[[I} with
details of flow conditions provided in Sec. [[TI] The simulation results are presented in Sec. [[V] following which the

results from SPOD, GLSA and resolvent analysis are discussed in Sec. [V} with Sec. [VI|concluding the study.

I1. Methodology

A. Large-eddy simulations

As noted in the previous section, the LES performed in this study can be categorised into two types; the first being
the free-transition case, where the boundary layer transitions naturally, and forced-transition (or tripped) cases, where a
trip is introduced on either the pressure or suction side of the aerofoil (or both). With the exception of the introduction
of the transition forcing, the methodology adopted here for the LES is the same as that detailed in Ref. [19]]. Specifically,

the in-house flow solver SBLI is used to perform the simulations on transonic buffet. It has been used in a number of

*https://doi.org/10.13140/RG.2.2.30817.58725 and https://www.youtube.com/watch?v=I11F2U03SShw



previous studies to examine laminar buffet [[18H20, 25]]. The compressible Navier—Stokes equations are solved in a
dimensionless form with the required scales being the aerofoil chord, the freestream density, velocity and temperature.
A spectral-error based implicit LES approach is adopted [26} 27]]. This has previously been validated against DNS
for flows where buffet is observed [25]. For spatial discretisation, a fourth-order finite difference scheme is employed,
together with a total variation diminishing scheme to capture shock wave features. A third-order Runge-Kutta scheme
is used for time discretisation. The dimensionless time step (based on chord and freestream velocity) was chosen as
3.2 x 1073 and 1.6 x 107> for the free and forced-transition cases, respectively (implying approximately 10° iterations
in a buffet cycle).

For the present aerofoil (straight infinite wing) simulations, the spanwise direction is chosen as periodic. Zonal
characteristic boundary conditions (associated with a buffer zone) are applied at the outflow boundary, while integral
characteristic boundary conditions are applied on other outer boundaries (see Moise et al. [19]], figure 1a). The aerofoil
is treated as an isothermal and no-slip wall, except at the location of the trip. At this location, we perturb the boundary
layer using a synthetic jet that exits the aerofoil surface along the wall-normal direction. The wall-normal momentum
component, pu,, of the jet is given by

N =x)?\ o
p”n|n=0 :ZAexp BTy sin(k;z) sin(w;t + ;). 1)

i=1

The variation in the streamwise direction is that of a Gaussian function with parameters A = 0.05 and o = 0.00833,
centred about the chosen transition location x,. The variation in time and spanwise directions are sinusoidal with three

modes superposed (k; = {120x, 1607, 1607}, w; = {26, 88,200}, ®; = {0, 7, —7/2}).

B. RANS simulation

At the RANS level of our study, we follow the numerical approach outlined in detail in our previous work [7, 9] [28].
Specifically, the nonlinear compressible RANS equations coupled with the negative Spalart—Allmaras turbulence model
including the mixing-layer compressibility correction [29,30] are solved. To force transition in the RANS simulations,
more precisely to prevent the early development of a fully-turbulent boundary layer, the source term of the turbulence
model is deactivated upstream of the transition location. Hence, neither a more sophisticated transition model nor the
so-called trip term in the original Spalart—Allmaras turbulence model are employed in the simulations. The equations
are solved using the DLR-TAU code, which has a second-order, cell-vertex, finite-volume formulation capable of dealing
with complex geometries [31]]. The inviscid fluxes of the flow model are discretised using a central scheme with matrix
artificial dissipation. Gradients of flow variables, where needed, are computed using the Green—Gauss approach. The
two-dimensional aerofoil simulations have a no-slip adiabatic boundary condition at the viscous aerofoil wall, while the

far field is described as free-stream flow realised by a characteristic boundary condition consistent with the discretisation



of the interior fluxes. For accelerated steady-state convergence, the chosen time stepper uses the implicit backward Euler
method with lower—upper symmetric Gauss—Seidel iterations, local time stepping (setting the Courant—Friedrichs—Lewy
number for the implicit scheme to 50 throughout) and an agglomeration geometric multigrid approach on three grid
levels. We typically aim for a ten orders of magnitude reduction in the norm of the density residual. For unsteady
time-marching simulations, the temporal derivative is discretised with a second-order backward difference formula and
the resulting residual in dual time is converged with the same steady-state time stepper. The dimensionless time-step
size (with respect to free-stream velocity and chord length) is set at 0.012 which gives approximately 700 time steps for
the buffet mode per cycle. Cauchy convergence control on the drag coefficient is specified at a level of 108 with a
minimum of 50 iterations in dual time per real time step. Approximately 190 solution updates per time step are required
on average over the entire time history of 55,000 time steps. Time-step refinement has been assessed by a factor ten

reduction and found negligible.

C. Spectral proper orthogonal decomposition
Spatio-temporal coherent structures in the flow field can be extracted using the SPOD approach [32H34]. Herein,
we use the streaming algorithm and the numerical code provided by Schmidt and Towne [35]. On a domain L, this

approach solves the eigenvalue problem

/Q C(x1, X2, St0) W(xa) ¥, (x, Sto) dxa = Ai ;(x1, St0) @)

at a given Strouhal number, Stg. Here, C is computed using Welch’s method based on spatio-temporal data collected on
the two-dimensional plane, z = 0, with x; and x; being any two points on this plane (with x = (x, y)), while W contains
the approximate cell volume associated with the grid points. The eigenvalues are indexed such that 4} > 1y > A3 > ...,
implying that the most-energetic SPOD mode is ¢; with higher indices representing modes of lower energy. These
eigenmodes are orthonormal for the weighted inner product based on W. It was found that the dominant coherent
motion present in the flow field at a given frequency can be represented by the leading mode only, whereas the energy
content of higher modes was negligible (not shown herein, but cf. [19]). Thus, these higher modes were not further
considered in the analysis. The reconstructed flow field, (x, ), based on the leading mode only is then obtained by

combining the spatio-temporal SPOD modal features with the mean flow field, q(x) and is given by

d(x, 1) = G(x) + Re {\//Tl W (x, Stp) exp (275t r)} 3)

See [19] for a more detailed description of the overall approach. Note that equivalent expressions can also be used for the

modes obtained from the operator-based stability and resolvent approaches, discussed below. The temporal data at the



grid point locations was sampled at a dimensionless frequency of 12.5 (based on chord length and free-stream velocity),
which is about two and one orders of magnitude higher than observed buffet frequencies and the frequencies associated
with wake modes reported in Sec.[V.A] respectively. The signals were collected for a duration of 70 dimensionless time
units (approximately 10 buffet cycles) and these were then divided into blocks of 44 time units using a 50% overlap for

Welch’s method. A similar set-up is chosen for both LES and time-marched URANS data.

D. Global linear stability and resolvent analyses

In contrast to the data-based post-processing using SPOD analysis, the operator-based approach in the RANS study is
directly integrated into the linear harmonic incarnation of the chosen flow solver, where the first-discretise-then-linearise
Jacobian operator is obtained from a graph-coloured finite-difference approach and stored explicitly. The computation
of the Jacobian matrix has been scrutinised in [7]. The two-dimensional global stability and resolvent analyses both rely
on inner-outer iterative solution schemes. The extraction of global modes uses the implicitly restarted Arnoldi method
with shift-invert spectral transformation in the outer iterative level. Specifically, the ARPACK library is adopted for this
purpose [36]]. The shift-invert transformation results in large linear algebraic problems in the inner iterative level, which
are solved using the preconditioned generalised conjugate residual method with inner orthogonalisation and deflated
restarting, where zero-level incomplete lower-upper factorisation is the preconditioner [37]]. The linear system is not
normally required to be converged to machine-epsilon levels and an approximate solution is sufficient [9]. Based on
insight gained in previous work, we set the convergence tolerance to 10~8. The extraction of resolvent modes makes use
of the iterative formulation first exercised in [38] and later detailed in [28]]. The algorithm follows the time-stepping
procedure presented in [39] except that periodic states are solved directly in the frequency domain, using the same
inner-level iterative solver as for the stability tool, instead of relying on long time integration. Firstly, a random forcing
vector is passed through the resolvent operator, which is the inverse of the frequency-shifted Jacobian operator, to find
the most amplified response. Secondly, the normalised response is passed through the adjoint resolvent operator to
obtain a better approximation to the optimal forcing. Continued iteration will converge to the optimal solution with the
associated energy gain obtained from normalising the forcing/response vector with respect to a suitable inner product.
Herein we chose the volume-weighted inner product for convenience in comparing with the SPOD modes. Suboptimal
modes can be found with a type of deflation. Essentially the same iterative algorithm, referred to as ‘sketching’, was
presented in [40], derived from a randomised resolvent approach [41]. The authors stated a rate of convergence which
is dependent on the ratio of optimal to first suboptimal singular values. If strong modal behaviour is present in the
flow, such that a low rank (or even rank-1) assumption is reasonably adequate [39], the algorithm will converge rapidly.
Finally, the convergence level of the inner linear systems is adapted to the current outer-level convergence for reasons of

computational efficiency, with an absolute minimum tolerance set at 1075,



Table 1 Cases simulated using LES and URANS, corresponding flow parameters and main results. Parameters
Xts — oo and x;, — oo imply that transition is not enforced.

Label Method x5 X, @ M C.  (Cp), (Cp)y Cp St, PSD(C},Stp)

ASM7F LES co oo 5° 0.7 0.82 0.061  0.0034 0.065 0.11 0.34
ASM7S LES 02 o 5 07 083 0043 0.0059 0.049 — -
ASM735F LES o o 5° 0735 069 0.076 0.0033 0.079 0.15 0.19
ASM735S LES 02 oo 5% 0735 0.68 0.056 0.0052 0.061 0.13 0.0028
A5M735P LES o 05 5° 0735 0.5 0.082  0.0050 0.086 0.16 0.13
A5M735SP LES 02 05 5 0735 0.73 0.056 0.0069 0.063 0.16 0.0020
A5M735SP URANS 02 0.5 5° 0735 077 0042 0.0053 0.048 0.12 0.096
ATMTF LES co o0 7° 0.7 0.95 0.108 0.0030 0.112 0.13 0.31
ATM7S LES 02 oo 7° 0.7 0.98 0.078 0.0046 0.082 0.12 0.024
AOMSF LES co o0 0° 0.8 -0.027  0.067 0.0033 0.071 0.13 0.28
AOMSS LES 02 o 0° 08 0070 0.058 0.0055 0.063 0.12 0.25

II1. Configuration

This study focuses on simulating buffet features at Re = 5 x 10° using Dassault Aviation’s laminar-flow, supercritical
V2C profile with a blunt trailing edge of thickness 0.5% chord. The exceptions to this are the Re = 3 x 10° cases
considered in Sec. [V.B|for the V2C and ONERA’s OAT15A aerofoils (Fig. and the validation, using the latter, of the
RANS simulations (Appendix[VL.B]. For all cases, the fluid is assumed to be a perfect gas with a specific heat ratio of 1.4
and satisfying Fourier’s law of heat conduction with a Prandtl number of 0.72 (and a turbulent Prandtl number of 0.9 for
RANS simulations). It is also assumed to be Newtonian and satisfying Sutherland’s law, with the Sutherland coefficient
as 110.4 at a reference temperature 268.67 K. The incidence angle, freestream Mach number and the transition type are
varied in the LES. The main focus will be on a ‘reference incidence’ of @ = 5°. When the boundary layer tripping
is active, the trip positions are x;; = 0.2 on the suction surface and/or x;,, = 0.5 on the pressure surface. With the
exception of Appendix the RANS-level simulations will examine only the case of @ = 5° and M = 0.735 with
transition enforced on both the suction and pressure sides. The main cases studied herein are summarised in Table [I]

Using an in-house open-source code [42], multi-block structured grids (C-H type) were generated for each angle of
attack to ensure that the wake flow is properly resolved in the LES. The C-shaped block is of radius 7.5 chord lengths
while the downstream blocks have a streamwise extent of 4.5 chord lengths. Typical LES grid features in the vicinity of
the aerofoil are shown in Fig. |1z using every 15" point. The colours indicate different blocks and the aerofoil itself,
while the green symbols indicate the tripping locations. The grid refinement downstream of the trip was determined
such that the turbulent boundary layers are appropriately captured a posteriori, with Aé* < 15 and Ap* < 1. The
aerofoil is extruded in the spanwise direction with a uniform grid spacing of 5 x 10™* and 1 x 1073 for the cases of
forced and free transition, respectively, with Az* < 10. The span is chosen for both cases as 5% of the aerofoil chord

based on previous studies [25]. For the forced-transition case, the grid contains approximately 200 million points
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Fig. 1 Near-field features of V2C aerofoil grids used for (a) LES (every 15" point shown) and (b) RANS-level

simulations.

(one block of 1835 x 550 x 100 points and two blocks of 799 x 564 x 100). Grid-convergence studies were carried

out to confirm that mean-flow and buffet characteristics are not sensitive to the grid spacing used, as demonstrated in

Appendix [VIZA] We also note that for laminar buffet, a validation of the LES with DNS and a check on the adequacy of

the domain extent have been reported previously (see [18]] and §2.2.1 in [19]).

The two-dimensional domain for the RANS-level simulations extends to a circular far field boundary at a distance of

100 chord lengths discretised with approximately 65,000 dual-cells. The hybrid primary mesh contains approximately

26,000 quadrilateral elements in the quasi-structured near-wall region and 76,000 triangular elements elsewhere, as

indicated in Fig.[Tp. The first wall-normal spacing gives a value of less than one in wall units. Following a mesh

sensitivity study, a typical streamwise spacing of 0.5% chord was used in the shock region and the wake region was

especially refined to ensure clear resolution of the wake mode.

IV. Simulation results

The results from the simulations are presented in this section, while those from SPOD, GLSA and resolvent analysis

are discussed later in Sec.[V] Flow features observed in the LES are discussed first before comparing with those from

steady RANS and URANS simulations. A summary of all the main results from unsteady simulations of the various

cases considered are highlighted in Table[T}

A. LES results

1. Forcing boundary layer transition

The effect of forcing transition on the suction surface in the LES is shown in Fig. [2] using isosurfaces of

Qinc = ||!2||2F = 1|S] Ifg = 100 for a representative case (ASM735S, see Table , highlighting regions where rotation
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Fig. 2 Isosurfaces based on Q—criterion and coloured by streamwise velocity at an arbitrary time instant for
case ASM735S (LES). The spanwise width has been enlarged for visualisation purposes.
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Fig.3 (a) Temporal variation of the lift coefficient past transients and (b) power spectral density of its fluctuating
component for different M for @ = 5° and Re = 5 x 10° (LES).

dominates over shear strain. This version of the Q-criterion [43] explicitly requires ||!2||;"F > ||S||129. Note that the
spanwise width is scaled by a factor of four for visualisation purposes. The presence of vortices of a wide range of
length scales downstream of the trip location (x,; = 0.2) suggests that by x ~ 0.3 the boundary layer is fully turbulent.
The isosurfaces in the figure are coloured by the local streamwise velocity. The shock position can be inferred from the

sudden reduction in velocity at x ~ 0.5 (also shown later, e.g., in Fig.[5) implying that the shock wave is located well

downstream of transition.

2. Flow features at reference angle of attack

Temporal variations of the lift coefficient, for times past transients (¢ > t() at @ = 5°, are compared for two choices
of M and two different transition scenarios in Fig.[3jz. Case ASM7F has been reported in [19]]. Note that 7, is chosen
such that a local maximum of Cy,(¢) occurs at ¢ = f. The power spectral density (PSD) of the fluctuating component of
Cy is compared in Fig. [3p. Strong lift oscillations, characteristic of buffet, can be seen for the free-transition cases

with a peak observed in the PSD at S#;, = 0.11 and 0.15 for cases ASM7F and ASM735F, respectively (highlighted

10



Fig. 4 Streamwise density-gradient contours on the z = 0 plane at an arbitrary time instant for ASM7S (LES).
The sonic line is shown using the gray curve.

by circles). The oscillations are significantly subdued when transition is forced on the suction surface. For ASM7S,
no clear lift oscillations or a peak in the PSD are discernible. With an increase in M, for case ASM735S, the PSD of
the lift fluctuations shows a peak associated with buffet indicating that there is an emerging turbulent buffet at these
conditions and that the onset M is in the range (0.7,0.735). Comparing cases ASM735S and A5M735F, we see that
the lift oscillations are more irregular. Furthermore, the PSD at the buffet frequency drops by almost two orders of
magnitude for the former (i.e., turbulent buffet). Thus, in the parameter range studied, it appears that forcing boundary
layer transition leads to a suppression or reduction in strength of buffet when compared to free transition. This suggests
two possibilities for forced-transition cases: (i) buffet amplitudes at any flow condition (i.e., M, @ and Re) might be
reduced or (ii) buffet onset might be shifted to higher @. The latter implies that at higher «, there might be relatively
higher buffet amplitudes for the forced-transition cases. This is explored later in Sec. An important aspect
seen here is that the turbulent buffet frequency (St;, = 0.13) remains approximately the same as that of laminar buffet
(Stp = 0.15) at these conditions. It can also be inferred from the temporal variations in Fig. 3z that the time-averaged C,
is approximately the same at a given M for both free- and forced-transition cases (see Table[T]as well). Other interesting
features are the bumps in the PSD at an intermediate frequency of St = 0.5 and at a higher frequency St = 1 for both
cases at M = 0.735. These features will be discussed later alongside SPOD results.

Instantaneous contours of the streamwise density gradient on the z = 0 plane are plotted in Figs.dand[5] The
former shows the flow features at an arbitrary instant for the buffet-free case ASM7S. The latter shows the features
of cases ASM735F and ASM735S at approximate times when the lift achieves a local maximum (left) or minimum
(right). Animations showing the dynamics for a few buffet cycles are also provided as Supplementary Material. For case
ASMT735F, the envelope of the supersonic region, delineated by the sonic line (gray curve), varies significantly with time
and multiple shock waves are observed, characteristic of laminar buffet at moderate Re (see, e.g., older experiments in
[44], more recent experiments at ONERAE] and LES in [45]]). Interestingly, multiple shock waves were also observed

in steady inviscid calculations by [45]. By contrast, only a single shock wave is present for case ASM735S and the

Thttps://doi.org/10.13140/RG.2.2.30817.58725
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Fig. 5 Streamwise density-gradient contours on the z = 0 plane at high- (left) and low- (right) lift phases for
cases (a) ASM735F, (b) A5SM735S, (c) ASM735P and (d) ASM735SP cases (LES).

streamwise excursions of the shock are relatively low. This form of buffet, with a single oscillating shock wave, is
commonly reported in the literature, e.g., [46]. The reduced buffet amplitude at moderate Re when transition is forced
indicates that buffet is sensitive to the boundary layer characteristics upstream of the shock wave, particularly when
switching from a laminar to a turbulent state. These findings align with the GLSA results in [22], where a buffet mode
becomes unstable at lower @ when the boundary layer is tripped farther downstream. This suggests that for a constant «,

buffet intensity would increase with an increase in streamwise extent of the laminar boundary layer.
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Fig. 6 (a) Temporal variation of the lift coefficient past transients and (b) power spectral density of its fluctuating
component for different tripping conditions (LES).

3. Effect of tripping boundary layers on different surfaces of the aerofoil

The effect of tripping the boundary layer developing on the pressure and suction surfaces is considered here.
Dynamical features of four possible cases are compared for parameter settings of M = 0.735, @ = 5° and Re = 5 x 10°
(i.e., ASM735F, ASM735S, ASM735P and ASM735SP). In addition to the free- and forced-transition cases (suction-side
trip) discussed in the previous section, we consider two other cases of tripping the boundary layer only on the pressure
side or on both surfaces. The variation of the lift coefficient past transients and the PSD of its fluctuating component
are compared for all cases in Fig.[6] The buffet frequency is consistent for all cases (see Table[I)). The value of the
PSD of the lift fluctuation at the buffet frequency is similar for cases ASM735F and ASM735P. Cases ASM735S and
ASM735SP have lower values that are comparable to each other. Similarities between the cases can also be observed by
comparing the high- and low-lift features shown using contours of streamwise density gradient in Fig.[5]

The chordwise variation of the mean pressure coefficient fp is compared for the four cases in Fig. . On the
suction side, cases ASM735F and ASM735P show similar variations, while case ASM735S resembles ASM735SP.
On the pressure side, the relations are interchanged. These similarities are clearly due to the effect of tripping. Some
differences are observed, including the mean shock position for cases ASM735S and A5M735SP and the reduced
pressure near the trailing edge on the suction side whenever the pressure side is tripped (compare case ASM735P with
ASMT735F, and case ASM735S with ASM735SP). These results indicate that the tripping of the pressure side contributes
to global variations in the mean flow field. However, as noted above in the discussions regarding the PSD, there are
no significant differences in buffet amplitude or frequency due to this. The chordwise variation of C f is compared in
Fig.[7b. The tripping on the suction side causes a relatively strong increase in skin friction in the region 0.2 < x’ < 0.4,
characteristic of a transition to turbulence. A similar feature can also be observed when the pressure side is tripped (see

0.5 < x’ £0.5). From these results, it is concluded that buffet at these incidence angles is not significantly affected
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Fig.7 Comparison of (a) pressure coefficient and (b) skin-friction coefficient for different tripping conditions
(LES).

by the transition characteristics of the boundary layer developing on the pressure side. This was further confirmed by
comparing the SPOD modes at the buffet frequency (see Sec. and also aligns with the results reported in Garbaruk

et al. [22] for turbulent buffet for various trip locations.

4. Flow features at other incidence angles

Laminar and turbulent buffet for other values of the key flow parameters are reported in this section. To examine
the influence of incidence angle and Mach number, cases A7TM7F, ATM7S, AOMSF and AOMS8S were chosen. Case
ATM7S was examined in comparison to case ASM735 to explore whether forcing transition always leads to subdued
buffet or whether it increases onset values. Case AOMS8S was examined because the buffet that occurs for free-transition
conditions (i.e., AOMS8F) has been shown by Moise et al. [[19] to include shock waves exhibiting periodic fore-aft motion
on both sides of the aerofoil. Independent to the classification of laminar and turbulent buffet, there exists another which
distinguishes between “Type [" and “Type II" buffet. Type I buffet is characterised by shock waves exhibiting periodic
fore-aft motion on both sides of the aerofoil, as is typical for symmetric airfoils at zero angle of attack [3]]. By contrast,
Type II buffet has shock wave motion only on the suction side, as is typical at high angles of attack. Note that other than
cases AOMSF and AOMSS, all cases discussed in this study can be classified as Type II buffet.

Temporal variation of the lift coefficient is compared for the cases mentioned above in Fig. 8 while the power
spectra are compared in Fig. 8p. It is evident that all cases exhibit buffet. There are no significant differences between the
free- and forced-transition cases of AOM8F and AOMSS. For @ = 7° and M = 0.7, tripping the boundary layer leads to
more irregular oscillations of weaker amplitude. The latter can also be inferred from the PSD of lift fluctuations shown
in Fig. [Bp. Note that such differences are also observed for the case for ASM735 (see Fig.[3), suggesting that boundary

layer tripping leads to reduced buffet amplitude, although frequencies remain similar. To further develop this discussion
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Fig.8 (a) Temporal variation of the lift coefficient past transients and (b) power spectral density of its fluctuating
component (LES).

point, simulations were carried out at an ever higher incidence of @ = 8° at M = 0.7 (not shown). It was found that the
flow stalls for free-transition conditions and buffet-like features are absent, whereas when the transition on the suction
side is forced, there is large-amplitude motion of the shock wave. This would support an alternative conclusion that
the buffet envelope is merely shifted by forcing transition. However, we caution that for free-transition conditions, the
current grids are not well suited to capture strong leading edge flow separation, while for the forced-transition case, the
shock wave was found to almost reach x,; during parts of the buffet cycle, so the interaction becomes partly transitional.

Contours of streamwise density gradient on the z = 0 plane at high- and low-lift phases are shown in Fig. [0]for cases
ATMT7F and A7M7S. The similarities and differences noted when comparing free- and forced-transition cases at @ = 5°
and M = 0.735 (see Fig. |§]) are seen to be also valid here. For cases AOMS8F and AOMSS, the contours and the sonic
line (gray curve) shown in Fig. [I0]indicate the development of a supersonic region and shock waves on the pressure side
of the aerofoil during the low-lift phase of the buffet cycle. This suggests that the lift oscillations observed in Fig. [8]for
both these cases are associated with a Type I buffet. Multiple shock waves seen for the free-transition case are replaced
by a single shock wave on the suction side when transition is forced. However, there are strong similarities between the
two cases at both phases shown, including in the extent of the supersonic region in each phase and the wake deflection.
These results also corroborate the proposition noted previously that the occurrence of multiple shock waves or a single
shock wave is dependent on the boundary layer type (laminar or turbulent, respectively) but buffet characteristics are

essentially the same irrespective of the shock wave structure. This will be further corroborated using SPOD in Sec.

B. Comparison of LES and RANS results
Case ASM735SP is used for comparing steady and unsteady RANS simulation with LES. The LES results reported
in Sec.[IV.A2]show that this case is close to turbulent buffet onset (see Fig.[6). This is useful when comparing modal

features, since nonlinear effects due to interactions between the unstable global mode and the base flow are relatively
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Fig.9 Streamwise density-gradient contours on the z = 0 plane at high- (left) and low-lift (right) phases for (a)
ATMT7F and (b) A7TM7S cases (LES).

weak when buffet is incipient. The mean pressure coefficient from the LES, steady and unsteady RANS simulations
is shown in Fig. [TTl. Although there are no significant differences on the pressure side, there are some interesting
differences on the suction side. Comparing LES with steady RANS simulation, we see that the mean chordwise shock
location (indicated by the somewhat abrupt increase in E,, with x” around mid-chord) is further downstream in the LES.
There is a slightly larger range of motion of the shock in the URANS simulations, as indicated by the ‘smearing’ of Ep
seen for 0.4 < x” < 0.5.

A comparison between the different simulation approaches based on E; is shown in Fig. . For all three
approaches, a steep increase in Ef immediately downstream of the trip location (x;s = 0.2 and x;,, = 0.5) indicates the
transition of the boundary layer to turbulence. Qualitative features are similar, although there are some quantitative
differences, in addition to the differences in mean shock location and amplitude of shock motion identified previously.
For example, the values of Ef immediately downstream of the trip locations are larger for the LES, while the separation
bubble on the suction side (Ef < 0) downstream of the shock has stronger reverse flow for the RANS solutions.
Nevertheless, the good qualitative agreement facilitates comparisons of buffet features observed for the three approaches.

For the LES and URANS simulation, the temporal variation of the lift coefficient past transients and the PSD of
its fluctuating component are compared in Fig.[T2] In contrast to the LES, the lift coefficient oscillations in URANS
simulation are regular and periodic, with the PSD showing peaks only at the buffet (fundamental) frequency and its
harmonics. Importantly, the bump seen in the spectra at St =~ 1 for the LES is absent in the URANS results. As will be

shown in Sec.[V.A] wake modes associated with vortex shedding occur at these frequencies in the LES, which is also
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Fig. 10 Streamwise density-gradient contours on the z = 0 plane at high- (left) and low-lift (right) phases for (a)
AOMSF and (b) AOMSS cases (LES).

predicted from a resolvent analysis of steady RANS solutions. However, URANS simulations appear to not capture these
features. This was further confirmed by performing the SPOD of URANS results (not shown). A similar inference was
made by Moise et al. [19] based on results from previous studies including those that use detached-eddy simulations in
addition to RANS-level simulations, GLSA, resolvent analysis and dynamic mode decomposition [[10, 12,14, [15|46-49].
The reasons underlying this behaviour remain unclear but it could have important ramifications. For example, since
the amplitude and frequency do not vary significantly between the URANS simulations and the LES, these controlled
numerical experiments suggest that buffet features remain essentially unaffected by higher frequency vortex shedding.
Since the acoustic field is predominantly associated with vortices interacting with the trailing edge, this indicates that
models for buffet based on an acoustic feedback mechanism, such as those of Lee [50] and Hartmann et al. [S1]], in

which acoustic waves are taken to accumulate at the shock, might be incorrect.
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Fig. 12 (a) Temporal variation of lift coefficient past transients and (b) power spectral density of its fluctuating
component for LES and URANS at ASM735SP.

V. Discussion of Modal Features

A. Spectral proper orthogonal decomposition of LES results

Eigenvalue spectra, based on the dominant SPOD eigenvalue for different cases at M = 0.735 and @ = 5° (ASM735F,
A5MT735S, ASM735P and ASM735SP), are compared in Fig.[T3lx. The peaks at low-frequency (highlighted by circles)
shown here match the buffet frequency seen for the lift coefficient in Fig. [6b. The SPOD modes associated with these
peaks will henceforth be referred to as “buffet modes". Since the intermediate frequency seen in Fig. [6p occurs close to
the harmonic of the buffet mode and since no clear peak is present in the SPOD spectra it is not explored further in this
study. Bumps in the spectra in the higher frequency range of St ~ O(1) (largest amplitude in the range highlighted by a
diamond) are discernible and are related to a von Kdrman vortex street (see Fig. @ Following Moise et al. [19]], these

will be referred to as “wake modes" due to their high energy content in the wake of the aerofoil. The eigenvalue spectra
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Fig. 13 The eigenvalue spectra of the dominant eigenvalue from SPOD for (a) tripping on different sides for
M = 0.735, @ = 5° and (b) for other parametric values.

for parametric conditions discussed in Sec. [[V.A4]are shown in Fig.[T3p. Peaks in the spectra associated with the buffet
and wake modes are also observed here for all cases.

Contours of the real parts of the buffet modes and the most-dominant wake modes obtained using SPOD are
compared for the various cases in Fig.[T4 Cases ASM735S and A5M735P are not shown for brevity because they
closely resemble ASM735SP and ASM735F, respectively. For comparison purposes, the coordinate system is now
rotated to chordwise direction (x”) and the direction normal to it (y”) so that the aerofoils are aligned for all cases.
Furthermore, since SPOD yields orthonormal spatio-temporal modes at a given frequency, St, which are complex fields
of the form ¥ (x, St) exp (i¢p) with ¢ = 2751t (see Eq. , reliable comparisons of their instantaneous spatial structures
requires choosing the phase for each case appropriately. Here, we chose ¢ by requiring that the spatio-temporal density
field is purely real-valued at the top edge of the blunt trailing edge for all cases (i.e., Im {q(xtg) exp (i¢)}) = 0).
Additionally, animations based on the buffet modes which show the variation of density over one period of buffet motion
(i.e. Re(pexp(ig)) at different ¢) are provided as Supplementary Material.

The wake modes for all cases show a clear von Kdrmén vortex street pattern, with the vortical length scale being
larger for the free transition cases (Fig. [T4,c,e) as opposed to those for which transition is forced (Fig.[14p.d.f). The
buffet modes for the different cases also have a similar flow structure and agree qualitatively with the global linear
instability mode reported by Crouch et al. [11]] for the NACAOO012 aerofoil. The similarity between the free- and
forced-transition cases can be seen, for example, when considering how the mode interacts with the mean field. In
particular, it can be inferred that when a reduction in density from the mean value occurs on the suction surface (blue
region), the density in the wake of the aerofoil increases above the mean value (red region) or vice versa, implying that
these two regions are out of phase in a buffet cycle. Similarly, the maximum reduction (or increase) occurs approximately

at the mean shock wave position. These variations are best seen by comparing the animations provided (Supplementary
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Fig. 14 Contours of real part of density of the buffet (left) and wake (right) modes from SPOD of LES results
for (a) ASM735F, (b) ASM735SP, (c) ATMT7F, (d) ATMT7S, (¢) AOMSF and (f) AOMS8S. The sonic line based on
time-averaged flow is shown using the black curve

material). For the cases where Type I buffet occurs (AOMS8F and AOMSS, Fig.[T4f and f), a similar relation between
the density fluctuations on the pressure side (red region) and the wake (blue region) can be observed. As expected
for this buffet type, the fluctuations on the suction and pressure side are out of phase with each other. Note that some
minor differences exist, such as a more smeared modal field for the free transition case. However, these can probably be

accounted for by the presence of multiple shock waves and larger shock excursions.
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Fig. 15 Contours of the real part of density of buffet mode from (a) SPOD (LES), (b) leading global mode from
GLSA (RANS) and (c) resolvent mode at buffet frequency (RANS) for case ASM735SP.

B. RANS-level global linear stability and resolvent analyses

GLSA of the steady RANS solution (ASM735SP) yielded a single globally unstable mode at the buffet frequency.
A resolvent analysis yielded optimally amplified modes at approximately the same frequencies as those associated
with the buffet and wake modes from SPOD. Note that, similar to this, two peaks were also identified using resolvent
analysis by Sartor et al. [14]]. Features of the modes identified at the buffet frequency using these approaches (i.e., buffet
modes) are compared with those from SPOD of LES data using contours of density in Fig. The contours shown
are the real part of the density field. The sonic line based on the local Mach number is overlaid for reference. It is
evident from the figure that the three approaches yield buffet modes which have a remarkably similar structure. As
noted before, a decrease in density in the vicinity of the shock wave is associated with an increase in density in the
wake region for all three cases. An animation based on the variation of the density contours with phase is also provided
(Supplementary Material) and, comparing this with the SPOD results from LES for the same case, it is evident that the
temporal variation is also accurately reproduced. There are some differences in the modal structure between the buffet
mode obtained from SPOD and the others in the aerofoil’s wake, with a secondary region (blue region in the wake for
x > 1.5) which is out of phase with the primary region associated with density decrease (dominant red region in the
wake). One possible reason for this difference might be that the buffet and wake modes can interact nonlinearly in the
LES. These interactions would be reflected in an SPOD, whereas the linearised approaches of GLSA and resolvent
analysis do not capture these. Some oscillations are present in the vicinity of the shock waves in the RANS results.
These are numerical artefacts of the linearised approach when modelling a strong discontinuity. Comparing the buffet
modes from GLSA and resolvent analysis, a weak wave can be observed in the latter that originates at the trip location
on the suction side and extends with a positive slope along the x — y plane up to the sonic line. SPOD of URANS results
also yielded a peak in the eigenvalue spectrum at the buffet frequency and the mode associated with this was found to
have close resemblance to the buffet modes obtained using other approaches (not shown for brevity).

The present and preceding section indicate that laminar and turbulent buffet have a similar flow structure and that the
latter is captured well in both RANS and LES. These results have been established for the V2C aerofoil at Re = 5 x 10°

for free transition (x; — oo) and specific trip locations (x;s = 0.2 and x;,, = 0.5). To generalise these results, we also
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Fig. 16 Contours of the real part of density of buffet mode from GLSA of RANS results at Re = 3 x 10 for (a)
V2C, with tripping conditions the same as case ASM735SP, (b) V2C and (c¢) OAT15A, with both of the latter at
fully turbulent conditions.

examined a higher Re, fully turbulent conditions and the OAT15A aerofoil. Modal features for a case with the same
conditions as ASM735SP, except for a higher Reynolds number of Re = 3 x 10° are shown in Fig. . In Fig. ,
the conditions are the same as in Fig. [[6h, except that the transition is assumed to be at the leading edge now (i.e.,
Xts = X;p = 0) implying fully-turbulent conditions. The last panel, Fig. @F, is for ONERA’s OAT15A aerofoil at fully
turbulent conditions at Re = 3 x 10°, M = 0.74 and o = 3°. Additionally, the temporal variation in one buffet cycle for
all three cases is provided as an animation (Supplementary Materials). Considering Fig.[I4] Fig.[T5|and Fig.[T6 we see
striking qualitative similarities in the modal structure for all cases.

These similarities can be extended to other flow settings previously reported in the literature. For example, comparing
Fig.[16c with Fig. 14a of Sartor et al. [14] (which is for the OAT15A and for the same flow conditions except for a
slightly lower M = 0.73 and higher @ = 3.5°), there is excellent agreement in the modal structure, especially with regard
to the out-of-phase relationship between the density fluctuations in the vicinity of the shock wave and the wake (same as
that noted above for the V2C cases). Contours of pressure fluctuations (magnitude) based on LES of buffet shown in
Fig. 7 of Fukushima and Kawai [17] for the OAT15A at Re = 3 X 10° and tripping at x;5 = x;, = 0.07 also exhibit
similar features to those seen here. The modal contours based on the streamwise velocity component for the OAT15A
case (not shown for brevity) were also found to match well with Fig. 5 of Garbaruk et al. [22] which is for the same flow
conditions. Those authors also did not observe any significant change between mode shapes of turbulent buffet when
the tripping location was varied. Furthermore, the temporal variations shown for the NACAO0O012 aerofoil in figure 5
of Crouch et al. [46] strongly resemble the animations provided here (Supplementary Material). Thus, these results
indicate that buffet features are essentially the same irrespective of boundary layer transition features and that this holds
true for a range of Reynolds numbers and different aerofoil profiles.

As previously noted in connection with the gain versus frequency spectrum from resolvent analysis, a second peak
occurred at approximately the frequency associated with the wake mode observed in SPOD. The mode associated with
this peak is compared with the wake mode in Fig[T7} Although minor differences exist, it is evident that the resolvent

analysis also yields a von Kdrman vortex street with approximately the same width and orientation. Thus, it is clearly

22



(a) 0.8 T T T T (b) 0.8 T T T T 0.5
0.6 ] 0.6 -
04 1 04 F
p = 0
02+ 1 02r - -
ol l N YT 12T ol } e - -
02— ' - ; -0.2 0.5
0 0.5 1 1.5 2 0 0.5 1 1.5 2
$’ a;,f

Fig. 17 Contours of real part of density of wake mode from (a) SPOD of LES results and (b) resolvent mode
from RANS simulation for case ASM735SP.

demonstrated here that the dominant coherent structures (buffet and wake modes) observed in the flow field can be
captured in the LES and also by means of different numerical approaches applied to steady RANS solutions. However,
as noted before, SPOD of URANS results did not yield any modes that resemble a vortex street, implying that the
present URANS simulations do not capture wake mode features although they capture buffet features. As noted in

Sec.|[[V.B] this suggests that the latter are not significantly affected by the former.

C. Flow reconstruction using SPOD

To understand the associations between shock waves and boundary layer separation in buffet, a flow reconstruction
based only on the buffet mode from SPOD of the LES data and the mean flow field (see Eq. |3)) is examined. Spatio-
temporal diagrams showing contours of the reconstructed pressure coefficient on the aerofoil surface are presented in
Fig. for some of the cases studied. Curves delineating separated-flow regions (i.e., C '+ =0) and the sonic line (based
on the local flow field at a wall-normal distance 0.05 from the aerofoil surface) are also overlaid. Note that ¢ = 0° and
180° denote the low-lift and high-lift phases, respectively. Only the suction-side variation is shown for all cases except
AOMSS. The top set of plots (Fig. [I8)z,b,c) are associated with free transition (since the pressure side shown in Fig. [T§]is
not tripped for case AOMS8S), while the bottom set (Fig. [I8d,e.f) correspond to forced transition. The spatial variations
of C p are more gradual for the free-transition cases, which is expected due to the multiple unsteady shock waves present
in the LES field. By contrast, the pressure jump is relatively more abrupt for the forced-transition cases. Focusing
on the variations of the isolines, C '+ = 0, shown using the green curves, one qualitative feature that is common to Fig.
[I8h, b, d, e and f), is that the extent of separation is a minimum approximately in the phase range 180° < ¢ < 270°.
Note that for the pressure side of AOMSS (Fig. [I8k), the opposite trend is observed, albeit the temporal variation of the
separation point location is weak. This trend is expected, given that the buffet features on this side are out of phase with
the suction side by 180°. The separation behaviour further corroborates that laminar and turbulent buffet have similar
characteristics.

An interesting point to note is that there are strong dynamical variations in the separation features within the buffet
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Fig. 18 Spatio-temporal contours of ¢ p for different cases: (a) ASM735F, (b) A7TM7F, (¢) AOMS8S (prgssure
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isoline (green curve) are also overlaid.

cycle for the non-zero incidence cases. Indeed, for cases ASM735F, ATM7F and A7TM7S (i.e., both laminar and
turbulent buffet), the flow changes from being fully separated downstream of the shock foot at approximately ¢ < 90°
to almost fully reattached for ¢ ~ 250°. This behaviour has strong similarities with the “low-frequency oscillations”
reported in the literature for incompressible flows around aerofoils at incidence angles close to stall (e.g., Zaman et al.
[52] noted that these oscillations are associated with “a periodic switching between stalled and unstalled states"). Efforts

are underway to further understand this connection.

VI. Conclusions
In this study, wall-resolved large-eddy simulations of laminar and turbulent transonic buffet are performed at
similar flow conditions and the results from the latter are compared with those obtained using the framework of
Reynolds-averaged Navier—Stokes (RANS) equations. For the former approach, forcing transition on the pressure side

does not have any significant effect, while forcing transition on the suction side causes buffet amplitude to reduce as

24



compared to when the boundary layer transitions freely. Furthermore, a single shock wave is present when the transition
is forced, while multiple shock waves are observed otherwise. However, the buffet frequency and global dynamic
behaviour are similar for both cases. A spectral proper orthogonal decomposition showed that the flow is dominated
by modes at two different frequencies for all cases. The lower-frequency mode was identified as due to buffet and
comparisons between free- and forced-transition cases showed that, when the variations in buffet amplitude and shock
structure is accounted for, the features of the modes are essentially similar. Furthermore, when considering “Type I"
buffet at zero incidence, where shock waves oscillate on both sides of the aerofoil, changing transition characteristics on
one side does not have a significant effect on buffet features. These results provide strong evidence that laminar and
turbulent buffet have the same origins. Furthermore, the results suggest that laminar buffet would arise as a global
instability (similar to turbulent buffet), which requires confirmation using global linear stability analysis.

The framework of RANS is used to generalise the above conclusion. Global linear stability and resolvent analyses of
steady solutions of the RANS equations and a spectral proper orthogonal decomposition of unsteady RANS simulations
are used to show that the buffet mode obtained through these approaches has a similar structure as that seen in the
large-eddy simulations for (i) the same conditions as used in the latter, (ii) at a higher freestream Reynolds number of
Re =3 x 10°, (iii) a different aerofoil (OAT15A) and (iv) fully turbulent conditions. Thus, this study links the turbulent
buffet features at high Reynolds numbers reported in literature and laminar buffet features reported at moderate Reynolds
numbers, while simultaneously making direct comparisons between the two levels of the aerodynamic modelling
hierarchy.

Another interesting result that arises from the comparison of large-eddy simulations and unsteady RANS simulations
is related to the higher-frequency flow features. Whereas the wake mode, which resembles a von Karman vortex street,
occurs with significant energy content in the former approach and is also predicted by a resolvent analysis, it is not
captured in the URANS simulation. Since buffet is captured in both approaches, this indicates that the mechanisms that

drive it are not significantly affected by the wake mode.

Appendix

A. Mesh-convergence studies for large-eddy simulations

Studies examining the effect of the grid on the LES were performed for the forced-transition case of ASM735S
(free-transition cases have been examined by Zauner et al. [20]). The grid spacing in different directions (x, y and z)
was varied independently. It was observed that the solutions are most sensitive to the spatial resolution in the spanwise
direction. A comparison of the mean pressure coefficient when the grid spacing in the spanwise direction is varied is
shown in Fig.[T9] The solutions for the lowest resolution is found to be inadequate, with the mean shock wave position

being further downstream and buffet amplitude (circles) reduced, but for the other two cases these features and buffet
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Fig. 19 Comparisons of (a) E,, variation on the aerofoil surface and (b) PSD of lift fluctuations for various
choices of spanwise grid spacing for case ASM735S, LES.

frequency match adequately. Thus, Az = 5 x 1074 was chosen for all simulations.

B. Validation of RANS simulations

The effect of the streamwise extent of the laminar zone on buffet was recently investigated by Garbaruk et al.
[22] with a RANS-based approach using the OAT15A aerofoil at Re = 3 x 10°, M = 0.74 and different angles of
attack. We use those results to validate the RANS approach adopted here. Figure [20]shows the mean pressure and
skin-friction coefficients for (i) fully turbulent conditions (i.e., x;s = x;, = 0) and (ii) forced transition conditions of
Xts = X;p = 0.3. While the results show excellent agreement overall, there are minor differences in the c r distribution
for the latter. Specifically, it is understood that, in contrast to our formulation of forcing transition (cf. Sec. @), in [22]]
the Spalart—Allmaras turbulence was used with the original trip term, which involves an additional source term active
only within a small domain of influence around the specified transition point and hence the rise in skin friction initiates
slightly upstream of the transition point. The impact on the integrated coefficients of lift and drag, as well as the stability

results such as the buffet onset angle of attack, was found to be minimal.
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