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A comparative study is performed on three different approaches for prediction of transonic
buffet onset on infinite swept wings. All three approaches are based on the unsteady Reynolds-
averaged Navier—Stokes (URANS) equations, and include: quasi-3D and fully-3D global stability
analysis of the corresponding steady 2.5D RANS solutions and direct numerical solution of the
3D URANS equations. The results are presented for an infinite swept wing based on the ONERA
OAT15A airfoil section. The quasi-3D stability analysis is shown to be accurate and most efficient
and, thus, is best suited for this spanwise-uniform flow. The fully-3D stability analysis ensures
the same accuracy, provided that the grid-step in the spanwise direction is sufficiently small. It
is much more demanding in terms of computer memory but can be extended to more-general
wing configurations. Good agreement is observed between the three approaches in terms of critical
conditions for buffet onset and the instability growth characteristics, providing a cross-validation
of the methods and an assessment of their computational demands.

Keywords: transonic buffet onset, infinite swept wing, global stability analysis, quasi-3D and
fully-8D approaches, direct URANS solution.

Introduction

Transonic buffet phenomenon is characterized by self-sustained oscillations of the shockwave
that forms on the upper surface of airplane wings. At Mach numbers typical of cruise flight for
commercial airliners (M = 0.75 — 0.9), these shock oscillations turn out to be rather intensive
over a wide range of angles of attack and lead to large airplane-level normal accelerations.
This can limit the maximum allowable angle of attack, and, therefore, the maximum lift and
also the flight altitude. Hence, a determination of the conditions for the buffet onset and its
characteristics is essential for airplane design, and it is not surprising that different aspects
of this phenomenon (its mechanism, critical values of the onset Mach number and angle of
attack, and post-onset unsteady characteristics) have been investigated in a very large number
of experimental and numerical studies (see the review of Giannelis et al. @, and more recent

According to the experimental studies, the shock-wave oscillations observed in transonic-
wing flow after buffet onset are characterized by frequencies that are much smaller than the
frequencies associated with turbulent fluctuations typical of high-Reynolds-number aerodynamic
flows. This justifies modeling of the buffeting flows and predicting the buffet onset based on the
direct time-accurate numerical integration of the unsteady Reynolds-averaged Navier—Stokes
equations (URANS). Along with this, it is now generally accepted that the buffet phenomenon
is explained by the onset of a global instability in transonic-wing flows at supercritical values
of the Mach number and angle of attack @ This opens the possibility of using an alternative
approach to predicting the buffet onset, namely, applying global stability analysis to steady
RANS solutions. The applicability of this approach was first demonstrated for two-dimensional
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(2D) airfoil buffet , and the approach is now widely used in the investigation of buffeting
flows (see, e.g. )

Extensions of the approach to quasi-three-dimensional (q-3D) flows for application to infinite
swept wings have been presented in the works . Meanwhile, fully-three-dimensional
(3D) stability analysis has been used to analyze a swept tapered wing . More recently, He
and Timme used the fully-3D approach to analyze an infinite swept wing. This shows the
linkage between the discrete modes of the fully-3D analysis and the continuous band of modes
predicted by the q-3D analysis. The work of He and Timme [8| also considered the effects of a
stationary mode as part of the baseflow for the onset of oscillations on an unswept wing. This
is possible with the fully-3D analysis, but not the gq-3D approach.

Here, we provide a quantitative comparison between the g-3D and fully-3D stability ap-
proaches for the infinite swept wing, along with comparisons to the unsteady simulations. These
three approaches involve independent formulations, but all flow variables and turbulence-model
parameters are matched for the comparisons, allowing an assessment of both the accuracy and
the efficiency for varying spanwise representations.

In this article, the comparisons are carried out for an infinite swept wing based on the
ONERA OATI15A airfoil section . First, in Section |1| we briefly present an overview of
the three approaches. Then, in Section we discuss the basic flow conditions and some of
the numerical aspects of the performed computations. In Section results are presented and
discussed. Finally, in we summarize the major findings of the study.

1. Overview of the Considered Approaches

Steady flows past an infinite swept wing are characterized by uniformity in the spanwise
directions z, with flow variation dependent only on z and y (see Fig. . Hence, such flows may
be computed by numerical integration of the RANS equations in which the spanwise derivatives
are set zero, that is, within an effectively 2D problem statement. In order to distinguish this
type of flow from the purely-2D and fully-3D flows it is often referred to as 2.5D flow (with flow
in the z direction, but 9/9z = 0).

Figure 1. Schematic of section of infinite swept wing with the length L,

The critical values of the angle of attack and Mach number corresponding to transonic
buffet onset in the 2.5D flows may be determined using any of the three approaches based
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on the RANS equations. The first approach involves the direct numerical integration of the
full 3D URANS equations for a wing section with a span length L. (a free parameter of the
problem) using periodic boundary conditions in the z-direction and a steady solution of the 2.5D
RANS equations as initial conditions. For subcritical values of the angle of attack, a < agpit,
corresponding to a given Mach number, the URANS solution does not change in time, whereas
for supercritical values @ > agpit, the solution is characterized by exponential growth of flow
disturbances (deviations from the initial conditions). Thus, a series of 3D URANS computations
at different values of o and L, provides the critical buffet-onset conditions and the corresponding
post-critical growth rate and frequency of the disturbances, based on post-processing of the
simulation time-histories in the linear stage of the solution. The spanwise domain length L,
selects the admissible spanwise wavelengths for the disturbance, so multiple values should be
considered. Along with this, based on the developed non-linear stage of the solution, one can
compute the unsteady and mean local and integral aerodynamic characteristics of the buffeting
flow, e.g. the lift and drag of the wing. This approach is the most general, but it demands large
computational resources needed for performing multiple 3D unsteady simulations. Additionally,
when close to critical buffet-onset conditions where disturbances grow or decay very slowly with
time, the simulations require extremely long time samples and results can be highly sensitive to
numerics.

Two alternative approaches for investigating buffet-onset conditions are based on global
stability analysis of the 2.5D steady RANS solutions at different angles of attack. These ap-
proaches employ linear stability equations for describing the disturbances, which are derived by
decomposing the total flow field into a steady baseflow and a small superimposed perturbation.
Note that in the presence of shock waves, this is, strictly speaking, impossible, but still seems to
be justified for the numerical solutions, if the perturbations are sufficiently small not to change
the set of the grid cells “occupied” by the shock (i.e., if the shock remains effectively still).
After introducing the decomposition into the 3D URANS equations with associated boundary
conditions, and canceling terms which describe the steady RANS solution, the equations are lin-
earized to provide a system of equations for the small 3D disturbances. Nontrivial solutions to
this system are found by solving an eigenvalue problem for the corresponding linear differential
operator . The real and imaginary parts of the complex eigenvalues represent the frequency
and the growth/decay rate (depending of the sign), respectively. The associated eigenfunction
provides the spatial distribution for the disturbance. Hence, in order to answer the question
on whether the considered steady solution is stable or unstable in the framework of these ap-
proaches, it is sufficient to find the eigenvalue with the maximum growth rate. If this value turns
out to be negative, the steady solution is stable and otherwise it is unstable.

The first of the stability approaches, the ¢-3D approach, uses the spanwise invariance of
the steady baseflow, and decomposes the disturbance into Fourier modes in z. Each mode is
characterized by a spanwise wavelength A., defined by the wave number S (\./c = 27/|8|),
which is a free parameter of the g-3D stability problem. As a result of the Fourier decomposition
in z, the g-3D eigenmodes are two-dimensional and sometimes referred to as “biglobal” . The
computational cost for this approach (both in CPU time and, especially the computer memory)
is much less than for the URANS simulations or the fully-3D stability analysis described below.
Not surprisingly, this method is widely used in the literature (see, e.g. ) However, for
problems in which the steady baseflow is not strictly uniform in the spanwise direction, the q-3D

formulation is only an approximation.
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Thus, a more-general form of the stability problem is given by the fully-3D approach. Rather
than introducing a Fourier decomposition in z, this approach considers a 3D eigenmode extending
over the spanwise domain L. This is sometimes referred to as “triglobal” stability analysis .
In this formulation, the spanwise wavelength is set by the domain size L, just as it is in
the URANS simulations. Note that in principle (neglecting any difference in the discretization
errors of the URANS equations and the equations for the disturbances), predictions of the
critical values for buffet onset based on the fully-3D stability analysis should coincide with
those predicted based on the 3D URANS simulations, provided that the latter are started from
the baseflow with superimposed disturbances of a very small amplitude (see below). However,
computational resources needed for implementation of these two approaches are quite different:
the 3D stability analysis is much less expensive than 3D URANS in terms of the CPU time, but
is much more demanding in terms of computer memory, which strongly limits the size of the
computational grids. For the current analysis of a 2.5D baseflow, this fully-3D analysis can be

directly compared to the g-3D analysis, allowing an independent validation of each approach.

2. Flow Regimes and Numerical Aspects of Computations

Specific computations performed in the present work are carried out for an infinite-span
wing based on the supercritical airfoil OAT15A at different angles of attack « varying in the
range from 2.75° up to 3° and fixed values of the wing sweep angle A = 30°, Reynolds number
Rey, = Upc/v =3 - 108 and Mach number M,, = Un/ax = 0.73. Nondimensionalization is based
on the normal to the wing leading edge component of the free-stream velocity U, = UscosA.
The boundary-layer flow is assumed to be fully turbulent and is modeled using the Spalart—
Allmaras turbulence model with the Compressibility Correction (SA CC model), which
has been successfully used in many transonic buffeting flows (see, e.g. )

Computations are carried out with the in-house computer codes developed by the authors.
In particular, the compressible steady and unsteady RANS equations are solved using the code
of Numerical Turbulence Simulation (NTS) , and the algorithms implemented for solutions
of the stability problems are presented in detail in . The NTS code accepts structured
multi-block overset grids. Computational domain and grid are divided into a set of grid blocks,
taking into consideration both the flow geometry and effective usage of computers with large
amount of nodes/cores. For massively parallel computations, the code employs a so-called hybrid
Message Passing Interface (MPI)/Open Multi Processing (Open MP) parallelization scheme,
which ensures a high efficiency of simulations on very large computational grids required for
3D URANS and scale-resolving simulations (see, e/g. ) Within this approach, both MPI
libraries (with distributed memory technologies) and Open MP libraries (with shared memory
technologies) are used for parallelization of computations in different grid blocks (or set of grid
blocks). This strategy is very flexible and is easy to adapt to computers with different architecture
by manually varying a set of managing parameters. The code has been thoroughly validated by
comparisons with the solutions of a wide range of aerodynamic and stability problems and
experimental data available in the literature.

The computational domain and the grid in the XY-plane used for the computations are
shown in Fig. The domain has a radius of about 30c¢, which, along with the use of the
characteristic non-reflecting boundary conditions with the Riemann invariants computed by the
free-stream flow parameters, ensures an adequate representation of the transonic flow past the
wing. The structured computational grid has two overlapping blocks, shown in Fig. by blue
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Figure 2. Computational domain and two-block grid in XY plane

and green grid lines. The main (blue) block is a C-grid with 343 x 140 cells, and the second
(green) block is an H-grid with 97 x 374 cells. As a result, the total cell count of the grid in
the XY-plane is about 85,000. In the streamwise direction the grid-step was reduced by a factor
of ten over a wide area encompassing the shock location (in this area Az /c =~ 0.002). The step
in the wall-normal direction was decreased toward the wing surface so that the size of the first
near-wall cell in the coordinates of the law of the wall A;l = Ayiur/v (ur = /7w/p is the
friction velocity) is less than 1.0.

The span length of the computational domain L, used in the 3D URANS (this size defines
the maximum wavelength of the solution) was set equal to 2¢, and the grid spacing in the z-
direction Az is uniform and equal to 0.005¢, which ensures sufficient resolution (not less than
20 cells per wavelength) of disturbances with length A, > 0.1c (as will be shown shortly, for
all the considered flows the most unstable modes have wavelengths within this range). As a
result, the number of spanwise grid planes is N, = 400, and the total cell count for the 3D

URANS-simulation grid is around 35 million.
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Time-integration of the URANS equations in the NTS code is performed with the use of
the implicit three-layer backward scheme of second-order accuracy with the time-step At =
1073 - ¢/U,, which ensures the Courant-Friedrichs-Lewy criterion CFL < 1.0 everywhere except
for the close vicinity of the wing surface with extremely small wall-normal steps A,.

The flow-fields used to initialize the unsteady simulations are chosen based on the angle of
attack. Particularly, for o > 2.9° (i.e., well above the critical angle of attack for buffet onset, see
Fig.below), the simulations are initiated with steady RANS solutions. At the lower « values,
the initial fields are obtained by superposing the corresponding steady solutions with eigenvectors
from the stability analysis with small (107%) amplitude. For the simulation at a = 2.8° (stable
according to URANS), this is the only way to determine the negative growth-rate (decay rate)
in the URANS framework. At o = 2.85°, close to the URANS critical value, this approach offers
a huge savings in CPU time; using only the steady RANS initial field, the time sample T' = ¢/U,
needed for development of the instability and extraction of the growth-rate would be an order
of magnitude larger.

In principle, the fully-3D stability analysis provides simultaneous results for disturbances
to the steady RANS solutions with wavelengths A, = L./m, where m is an arbitrary natural
number. However, as mentioned above, this approach demands very large computer memory
and, hence, imposes severe restrictions on the size of the computational grid. Particularly, with
the memory available for the computations performed in the present study, the maximum af-
fordable grid size for the fully-3D stability analysis is about 2 million cells. With the XY grid
of 85,000 cells, this allows a maximum number of cells in the spanwise direction of N, = 22.
Thus, for a single solution only the disturbances at the maximum wavelength A\, = L, may be
analyzed reliably (i.e., with greater than 20 cells per wavelength). In order to consider differ-
ent wavelengths, instead of using one computation in the domain with L./c = 2, as in the 3D
URANS simulations, a series of 3D stability analyses are carried out with a fixed number of
N, = 22 cells in the spanwise direction, but with L, /c varying over the range 0.5 up to 25. This
ensured that the stability analysis only considered well resolved disturbances, i.e., those having
the maximum wavelength A, = L, or the wave number 8 = 27 /L,.

Finally, the g-3D stability analysis is performed using the same XY grid as the URANS
simulations and the fully-3D stability analysis. Calculations are conducted for different values
of 5 (a free parameter within this approach), varying in the range from 27 /25 up to 27/0.5, i.e.,
in the range corresponding to the wavelengths addressed in the fully-3D analysis.

3. Results and Discussion

In order to show the basic character of the instability for transonic flows past an infinite
swept wing, we first present results from the q-3D stability analysis for the considered flow at
a = 2.95°. An extensive discussion of this problem is available in earlier papers . Building
on this example, the primary results are then presented for the direct comparison of predictions
using the three different approaches: g-3D stability analysis, fully-3D stability analysis, and 3D
URANS simulations.

3.1. Baseflow and Q-3D Stability Results

Figureillustrates major features of the steady 2.5D RANS solutions used for the stability
analysis. It shows contours of the Mach number in XY-plane and streamwise distributions of
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the skin-friction and pressure coefficients C'y and Cp over the wing surface at a = 2.95°, as
an example. One can see that the flow is characterized by the formation of a shock closing
the supersonic region above the suction side of the wing. This shock induces separation of the
boundary layer, which extends downstream to the wing trailing edge for this particular value of
.
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Figure 3. Steady 2.5D RANS solution (baseflow) for OAT15A swept wing at o = 2.95°, M,, =
0.73

As shown in , for transonic flows past swept wings, the g-3D analysis predicts two
modes of instability, an oscillatory mode and a traveling propagating outboard mode. There can
be two characteristic wavelengths for the traveling modes (A, =~ ¢ and/or A, =~ 0.1¢), depending
on the values of M,, and «. Figureillustrates the mode shapes for the u-component of the
eigenvectors corresponding to the spanwise uniform (8 = 0) oscillatory mode and the traveling
mode at f = 27 (A, = c¢). The Figure shows that the two modes are qualitatively similar.
The oscillatory mode has maximums at the shock and in the separated shear layer, with the
magnitude at the shock roughly 20 times larger than in the shear layer. In contrast to this, for
the traveling mode, the magnitudes of u-component of the eigenvector at the shock and in the
separated shear layer differ by only a factor of 5.
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Figure 4. Contours of magnitude of u-component of eigenvectors of instability, normalized by
the maximum, from g-3D stability analysis at o = 2.95°, M,, = 0.73
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Figure [5| presents quantitative characteristics for the two unstable modes, showing the
growth-rates and the frequencies of these modes as functions of the wavenumber g for the
baseflow shown in Fig. (negative values of 3 in this figure correspond to waves propagating in
the direction opposite to the direction of the z axis, i.e. inboard).
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Figure 5. Characteristics of the oscillatory (Mode 1) and travelling (Mode 2) unstable modes
as a function of wavenumber from g-3D stability analysis at o = 2.95°, M,, = 0.73

The Figure shows that the oscillatory mode (Mode 1 in the figure legend) is observed for
|B] < 1, and is characterized by long-wavelength disturbances (\,/c > 27). The frequency of
these disturbances w; is less than ~ 0.7 (St = fc¢/U, ~ 0.11) and the maximum growth rate
Wi maz 15 equal to ~ 0.05. The maximum growth is reached in the vicinity of 8 = 0 (i.e., for
the disturbances nearly uniform in the z-directions), and shows a slight bias towards inboard
propagation.

The unstable traveling mode, which results in a spanwise undulating shape of the shock E],
is observed at wavenumbers ( in the range from ~ 2.5 up to ~ 10 (A\,/c¢ from =~ 0.63 up
to ~ 2.5). These wavelengths are intermediate to the long-wavelength oscillatory mode and
shorter-wavelength traveling disturbances (A, /c ~ 0.1) observed for some flow conditions .
The traveling mode frequency increases linearly with 8 and is significantly higher than that of
the oscillatory mode. The maximum growth rate of the traveling mode occurs at g = 5.5 and is
equal to ~ 0.14 (almost 3 times larger than that of the oscillatory mode). For this reason, this
mode has been observed to be dominate for both infinite E] and finite swept wings. The
following section focusses on this traveling mode to assess the different approaches used for the

prediction of buffet onset.

3.2. Comparison of Approaches for Buffet Onset Prediction

The comparison of stability characteristics of the traveling mode predicted by q-3D analysis
and fully-3D analysis at @ = 2.95° is presented in Fig.@and

Figure @ compares the predicted mode shapes in the form of the magnitude of the w-
component of velocity at 5 = 27. In the ¢-3D approach, this quantity is part of the 2D eigenfunc-
tion, and in the fully-3D analysis it is derived by spanwise-averaging of the 3D eigenfunction.
Figurepresents the growth rate and frequency of the traveling mode as functions of 8. The
Figures show that the ¢-3D and fully-3D analyses return qualitatively-similar results for both
the shape and the growth rate and frequency.
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Figure 7. Comparison of characteristics for travelling mode of instability from g-3D and fully-3D
stability analysis as functions of wavenumber at a = 2.95°, M,, = 0.73. GLSA stands for Global
Linear Stability Analysis. Circles show the three least stable eigenvalues calculated at § = 2.7,
N, =22

The growth rate for the fully-3D analysis is dependent on the number of grid planes in the
z direction, but converges to the g-3D result with increasing grid resolution N,. The fully-3D
results (shown by the dashed lines) are based on 8 = 27 /L,, so the N, value is the number of
grid planes per wavelength \,. As the value of N, is increased from 6, to 12, and to 22, the fully-
3D growth rates approach the g-3D curve. As noted earlier (and discussed in ), the fully-3D
solution includes a set of discrete modes with A\, = L,/m, or § = m - 27/L,. An example of
these modes is shown by the blue symbols, for § =m - 2.7, and m = 1,2,3. At the wavelength
corresponding to m = 1, the N, per wavelength is 22, and the growth rate falls on the curve
associated with N, = 22. For m = 2, the N, per wavelength is 11, and the growth rate is just
below the curve for N, = 12. Likewise, for m = 3, the IV, per wavelength is approximately 7, and
the growth rate is close to the N, = 6 curve. These results show that the fully-3D growth rate is
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very sensitive to the N, per wavelength, so that unless the m = 1 mode is highly over-resolved,
the higher modes (m > 1) need to be viewed with caution.

The frequencies shown in Fig.have a much weaker sensitivity to the spanwise grid resolu-
tion. These frequencies are set by the spanwise propagation of the fixed-wavelength mode (along
with the sweep angle ), so they are not strongly dependent on finer details of the mode
shape.

Finally, a direct comparison of the shapes of the 3D unstable traveling mode predicted by
the ¢-3D and fully-3D stability analyses and by the 3D URANS simulations is provided in Fig.
This shows instantaneous fields of the normalized amplitude of the density component of this
mode at =27 (A\;/c=1) and a = 2.95° on the wing upper surface computed with the use of
these three approaches. This comparison shows very good agreement for the spatial structure of
the unstable modes.
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(a) Q-3D stability analyses (b) Fully-3D stability analyses (c¢) 3D URANS simulation

Figure 8. Comparison of normalized amplitude of density component of eigenvector on the airfoil
surface at § =27 (\;/c=1) and a = 2.95°, M,, = 0.73

We now consider the temporal variation of the 3D URANS solutions for the spanwise domain
L, = 2c started from the steady 2.5D RANS solutions at supercritical values of the angle of
attack. In general, after some transient period, the flow becomes unsteady with a periodic
spatial variation in the spanwise direction with wavelength \,/c =1 (5 = 27). This wavelength
is close to the wavelength with the maximum growth rate for the traveling unstable mode,
according to both the fully-3D and g-3D stability analysis (see Fig. and is admissible by the
spanwise domain length L, = 2¢. At this stage of development, the amplitudes of the oscillations
for all aerodynamic variables (i.e. their maximum deviation from the initial conditions) grow
exponentially in time. This growth is illustrated in Fig. @ showing the time-evolution of the
v-component of the unsteady disturbance at the point z = 1.05, y = 0 for a = 2.95°, as an
example. The growth rate w; deduced from these curves is equal = 0.1, which is roughly 0.03
below the stability results.

Similar post-processing of the 3D URANS solutions at other values of the angle of attack in
the range 2.8° up to 3.0°, gives the dependence of w;(a)) shown in Fig.together with the similar
dependencies based on the ¢-3D and fully-3D stability analysis. The very small shift in the growth
rate for the fully-3D stability analysis, compared to the g-3D result, is linked to the spanwise
grid resolution as discussed for Fig.|7| The slightly lower growth rates for the URANS results
are attributed to differences in the discretization errors compared to the stability formulations.
Recall that the stability equations are derived and discretized independently, as opposed to
using the discrete linearized operator from the URANS. The observation of generally-lower
growth rates in the URANS for near-critical conditions has been observed in other applications

as well .
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Figure 9. 3D URANS simulation results for the time-evolution of the v-velocity component of
the disturbance in the linear stage of solution at o = 2.95°, M,, = 0.73. Dashed lines show
amplitude of the disturbances as a function of time
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Figure 10. Comparison of growth rates for the travelling mode of instability at § = 27 as a
function of angle of attack, from ¢-3D and fully-3D stability analysis and 3D URANS simulations,
M, =0.73

The small shifts in the growth rates translate to differences in critical conditions for the
onset of buffeting as presented in Tab.|1| The value of i+ is somewhat larger for the URANS
simulations compared to the stability analysis. However, the difference of a.,;; does not exceed
0.03 degrees (roughly 0.15% difference in lift at buffet onset). The maximum difference of the
frequency of the disturbances predicted by the three approaches is about 2%. In practice, these
overall differences are considered to be very small compared to other potential contributors (e.g.
turbulence-model parameters).

Table 1. Critical angles of attack and corresponding frequencies for travelling mode at
B = 2x predicted by 3D URANS and the g-3D and fully-3D stability analysis for M,, = 0.73

Approach Qerit Wy

3D URANS 2.83 2.36
3D stability 2.81 2.43
q-3D stability 2.80 2.37
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Conclusion

A comparative study is performed for the three URANS-based approaches to predicting
buffet onset and its characteristics for an infinite swept wing. Results are presented for the su-
percritical OAT15A airfoil, with that as an example. The most general of these approaches is
based on the direct numerical solutions of 3D URANS equations, while two other approaches
employ fully-3D and quasi-3D linear global stability analysis of the corresponding steady 2.5D
RANS solutions. For this spanwise-uniform flow, ¢q-3D stability analysis provides the most ef-
ficient and accurate representation of the instabilities leading to buffet onset. The fully-3D
stability analysis, which does not require spanwise uniform flow, provides a potential link to
more general wing configurations similar to the 3D URANS simulations.

Based on the analysis of the results of the 3D URANS and comparisons to the q-3D and
fully-3D stability analysis, both stability formulations are shown to accurately capture the initial
disturbance development. Spanwise-wavelength selection for the fully-3D analysis, as for the 3D
URANS simulations, is dependent on the spanwise domain length. By varying the domain length,
the fully-3D stability results are shown to capture the growth rates and frequencies predicted
by the g-3D analysis. In addition, the spatial distributions of the disturbances over the wing
cross-section plane are shown to be in good agreement for the different approaches. Stability
predictions for the critical angle of attack for buffet onset at a given Mach number are in
good agreement with the 3D URANS simulations (the difference is within the range of 0.03°,
representing less than 0.15% in lift at buffet onset). The good overall agreement for these three
independent formulations applied to the infinite swept wing provides a cross validation of the
approaches.
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