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ABSTRACT
A fully three-dimensional (3D) RANS-based global stability analysis is performed on wings in the presence of side-walls
to study the complex interaction between buffet shock-oscillations, buffet cells and corner separations. A validation
of both the nonlinear and linear stability analysis solvers is given for a two-dimensional (2D) incompressible laminar
cylinder and for turbulent transonic buffet on a 2D OAT15A airfoil. The numerical setup is based on the experiments
conducted at JAXA 0.8 m × 0.45 m high Reynolds number transonic wind tunnel on a 2D Common Research Model
(CRM) profile. The CRM profile is extruded in the spanwise direction and flash mounted on lateral walls at its
extremities. An unswept and a swept configuration at sweep angle of 10◦ are considered. The effect of the angle of
attack (AoA) is studied for both configurations by selecting AoA = 4 and 7◦. The RANS solutions are compared against
the experimental oil-flow visualizations. Despite some differences in terms of size of the corner separation and shock
locations, the main flow features are captured. For the unswept case, the results show that the separation in the middle
wing section and corners increases with the AoA. Since the flow slows down near the side-walls, the shock is weakened
and moves upstream towards the leading edge. When a sweep angle is applied, the flow is distorted by a crossflow
velocity component that causes the corner separations to increase or decrease depending on the boundary-layer thickness
of the secondary flow created in the wing spanwise direction. Linear global stability calculations carried out on the
unswept wing at the lowest AoA show the presence of a 2D oscillatory mode at St ≈ 0.06 that is spatially localized on
the shock. Another unstable mode at higher frequencies (St ≈ 0.1) is located near the corner separations and perturbation
packets travel downstream along the shear-layer. For the highest AoA, the 2D mode no longer exists and two 3D modes
at higher frequencies appear (St ≈ 0.07 and St ≈ 0.2). These modes are organized in spanwise perturbation wavepackets
generated from the corner separation and convected downstream towards the wing middle section. In the separated region
in the wing mid-section, the perturbations travel upstream from the trailing-edge towards the shock. Future investigations
will focus on the effect of the sweep angle and detection of buffet cells.

1. Introduction

In high speed flight, shock-wave/boundary-layer in-
teraction (SWBLI) may have dramatic consequences on
the aero-thermodynamic loads and airplane performance.
Near the interaction region, flow separation, transition
to turbulence, unsteadiness and three-dimensional (3D)
effects can simultaneously occur, actively changing the
pressure and skin friction distributions of the flow field.
For these reasons, SWBLI has been one of the most im-
portant topics within the aeronautical scientific commu-
nity in the past 70 years [12]. For transonic airfoils
an additional complication is represented by the self-
sustained shock-wave oscillations of the so-called buffet
phenomenon. This instability is characterized by low-
frequency oscillations of the same order as the modal
structural ones, resulting in the limitation of the flight
envelope as well as representing a cause for potential
failure to fatigue. The extensive reviews on transonic
buffet [24, 14], that discuss the progress made since its

first experimental evidence in 1947 [19], reveal that two
widely accepted but conflicting interpretations of the gov-
erning mechanisms exist. The first theory explains the
periodic shock oscillations as the consequence of a feed-
back mechanism involving downstream traveling pres-
sure waves emanated from the shock foot and upstream
traveling pressure waves generated at the trailing edge,
that provide energy to the shock and close the feedback
loop [23]. The second theory shows instead that a global
instability produces pressure perturbations in the direc-
tion normal to the profile and directly transfer energy
along the shock [7]. Despite the growing body of liter-
ature on the subject, a precise understanding of the com-
plex underlying physical mechanisms is therefore still
lacking. Another relevant and not fully understood aspect
of the buffet phenomenon concerns its intrinsic 3D char-
acter. Experimental investigations have clearly shown the
existence of a spanwise outboard propagation of the so-
called “buffet cells” [10, 22, 38] and although their main
features have been documented, many aspects are still un-
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Figure 1: Schematic top view (first column, the thick arrows indicate the flow direction), wind tunnel models (second
column, flow direction in the outward normal-to-the-paper direction), shadowgraph images (third column, flow direction
from left to right) and oil-flow visualization (fourth column, flow direction from top to bottom) at M=0.72 and AoA = 7◦

for the unswept (first row) and Λ=10◦ swept (second row) models. Adapted from [21].

clear. The numerical work has been extensively focusing
on two-dimensional (2D) configurations but recent 3D
calculations have been carried out on both full-aircraft or
extruded in the spanwise direction [11, 16, 34, 20, 27]
configurations and have verified the appearance of buf-
fet cells at different levels of simulation fidelity. Global
stability analysis has also been employed to better under-
stand the mechanisms governing the origin of buffet cells
[8, 30, 40] on swept wings but many aspects of the intrin-
sic three-dimensionality still need to be investigated.

The present work aims at performing a fully-3D global
stability analysis study on unswept and swept wings in
the presence of side-walls. The paper is presented as fol-
lows: a brief description of the experimental setup and
results is given in Sec. 2; the governing equations and the
stability problem are formulated in Sec. 3; the numeri-
cal method is presented in Sec. 4; nonlinear Reynolds-
Averaged-Navier-Stokes (RANS) calculation and global
stability results are described in Sec. 5; the conclu-
sions and perspectives for future work are summarized
in Sec. 6. A 2D validation for both nonlinear and linear
stability analysis in given in the Appendix A.

2. Experimental Investigations

The effects of side-walls on a 2D extruded wing were
experimentally investigated at JAXA 0.8 m × 0.45 m
high Reynolds number transonic wind tunnel (JTWT2).
A brief summary of the experimental setup and results is
here described. The wing cross-section is a NASA Com-
mon Research Model (CRM) blunt trailing-edge profile
[1] with chord c = 0.10 m and span width Lz = 0.45 m.
Two separately manufactured models were considered for
unswept and swept configurations. The sweep angle (Λ)
for the swept model was Λ = 10◦. A schematic represen-
tation of the unswept and swept configurations is repre-

sented in figure 1 (first column). Both models were flash-
mounted to the wind tunnel side-walls on both wing ex-
tremities (see second column of figure 1). The effect of
different Mach numbers (M) and angles of attack (AoA)
on turbulent shock-induced separation and shock-wave
oscillations was studied via high-speed camera shadow-
graph, oil flow visualizations and pressure measurements
at the mid-span wing section. Different types of shock-
wave oscillations were classified depending on the inter-
action with shock-induced and corner separations. For
the M = 0.72 and AoA= 7◦ case, the shadowgraph im-
ages (third column of figure 1) and oil-flow visualization
(fourth column of figure 1) are reported. At this condi-
tion, the frequency of the shock oscillations is f = 170Hz
and f = 244Hz for the unswept and swept wings, respec-
tively. Further information about the experimental setup
and results can be found in [21].

3. Problem Formulation

The compressible 3D RANS equations for a perfect
gas can be written using Boussinesq hypothesis in the
non-dimensional form as:

∂q
∂ t

= N (q), (1)

where q = [ρ,ρu,ρE,ρνt ]
T is the state vector in the con-

servative form (with ρ , u, E and νt being fluid density,
velocity vector, total energy, and kinematic turbulent vis-
cosity, respectively) and t is the time. The differential
nonlinear RANS operator N can be explicitly expanded
as

N (q) =−∇∇∇




ρu
ρu⊗u+ pI−τττ −τττR

ρEu+ pu−τττu−τττRu+q+qR

ρνtu− µ+ρνt
σM

∇∇∇νt +SM


 (2)
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Figure 1: Schematic top view (first column, the thick arrows indicate the flow direction), wind tunnel models (second
column, flow direction in the outward normal-to-the-paper direction), shadowgraph images (third column, flow direction
from left to right) and oil-flow visualization (fourth column, flow direction from top to bottom) at M=0.72 and AoA = 7◦

for the unswept (first row) and Λ=10◦ swept (second row) models. Adapted from [21].

clear. The numerical work has been extensively focusing
on two-dimensional (2D) configurations but recent 3D
calculations have been carried out on both full-aircraft or
extruded in the spanwise direction [11, 16, 34, 20, 27]
configurations and have verified the appearance of buf-
fet cells at different levels of simulation fidelity. Global
stability analysis has also been employed to better under-
stand the mechanisms governing the origin of buffet cells
[8, 30, 40] on swept wings but many aspects of the intrin-
sic three-dimensionality still need to be investigated.

The present work aims at performing a fully-3D global
stability analysis study on unswept and swept wings in
the presence of side-walls. The paper is presented as fol-
lows: a brief description of the experimental setup and
results is given in Sec. 2; the governing equations and the
stability problem are formulated in Sec. 3; the numeri-
cal method is presented in Sec. 4; nonlinear Reynolds-
Averaged-Navier-Stokes (RANS) calculation and global
stability results are described in Sec. 5; the conclu-
sions and perspectives for future work are summarized
in Sec. 6. A 2D validation for both nonlinear and linear
stability analysis in given in the Appendix A.

2. Experimental Investigations

The effects of side-walls on a 2D extruded wing were
experimentally investigated at JAXA 0.8 m × 0.45 m
high Reynolds number transonic wind tunnel (JTWT2).
A brief summary of the experimental setup and results is
here described. The wing cross-section is a NASA Com-
mon Research Model (CRM) blunt trailing-edge profile
[1] with chord c = 0.10 m and span width Lz = 0.45 m.
Two separately manufactured models were considered for
unswept and swept configurations. The sweep angle (Λ)
for the swept model was Λ = 10◦. A schematic represen-
tation of the unswept and swept configurations is repre-

sented in figure 1 (first column). Both models were flash-
mounted to the wind tunnel side-walls on both wing ex-
tremities (see second column of figure 1). The effect of
different Mach numbers (M) and angles of attack (AoA)
on turbulent shock-induced separation and shock-wave
oscillations was studied via high-speed camera shadow-
graph, oil flow visualizations and pressure measurements
at the mid-span wing section. Different types of shock-
wave oscillations were classified depending on the inter-
action with shock-induced and corner separations. For
the M = 0.72 and AoA= 7◦ case, the shadowgraph im-
ages (third column of figure 1) and oil-flow visualization
(fourth column of figure 1) are reported. At this condi-
tion, the frequency of the shock oscillations is f = 170Hz
and f = 244Hz for the unswept and swept wings, respec-
tively. Further information about the experimental setup
and results can be found in [21].

3. Problem Formulation

The compressible 3D RANS equations for a perfect
gas can be written using Boussinesq hypothesis in the
non-dimensional form as:

∂q
∂ t

= N (q), (1)

where q = [ρ,ρu,ρE,ρνt ]
T is the state vector in the con-

servative form (with ρ , u, E and νt being fluid density,
velocity vector, total energy, and kinematic turbulent vis-
cosity, respectively) and t is the time. The differential
nonlinear RANS operator N can be explicitly expanded
as

N (q) =−∇∇∇




ρu
ρu⊗u+ pI−τττ −τττR

ρEu+ pu−τττu−τττRu+q+qR

ρνtu− µ+ρνt
σM

∇∇∇νt +SM


 (2)

with

p = (γ −1)ρE − 1
2 u ·u

τττ = µ
[
(∇∇∇⊗u+∇∇∇⊗uT )− 2

3 (∇∇∇ ·u)I
]

τττR = µt
[
(∇∇∇⊗u+∇∇∇⊗uT )− 2

3 (∇∇∇ ·u)I
]

q =− µCp
Pr ∇∇∇T

qR =− µtCp
Prt

∇∇∇T

(3)

being p the pressure, τττ the stress tensor, τττR the Reynolds
stress tensor, Cp the heat capacity at constant pressure, µ
the dynamic viscosity, µt the eddy viscosity, Pr and Prt
the classical and turbulent Prantdl numbers, T the tem-
perature, q the heat flux and qR the flux of diffusion of
turbulent enthaply. The Prandtl numbers are considered
constant and equal to Pr = 0.72 and Prt = 0.90. The dy-
namic viscosity is assumed to follow Sutherland’s law as

µ = T 3/2 1+Ts

T +Ts
(4)

where Ts = 110.4K/T ∗
i,∞, with T ∗

i,∞ the dimensional free-
stream stagnation temperature (the superscript ∗ indicates
dimensional quantities). The array of the streamwise,
vertical and transverse directions is indicated by x =
[x,y,z]T . Note that all variables are Reynolds averaged,
except for u and E that are Favre (density-weighted) aver-
aged. The formulations of the coefficient σM and the tur-
bulent source terms SM depend on the turbulence model.

3.1. Stability Problem

The stability problem is based upon the use of the lin-
earized RANS equations. The first step to obtain this
linearized set of equations is to assume that the nonlin-
ear system in Eq. (1) admits an equilibrium solution, qb,
defined by N (qb) = 0 and referred to as fixed point or
base flow. In this case, the steady RANS solution corre-
sponds to the base flow. The standard small perturbation
technique is used to decompose the instantaneous flow
into base flow and small disturbances q(x, t) = qb(x)+
εq′(x, t), with ε � 1. By assuming that the perturba-
tions are infinitesimal, all nonlinear fluctuating terms are
ignored and the linearized RANS equations can be writ-
ten as

∂q′

∂ t
= L q′, (5)

where q′ =
[
ρ ′,ρ ′ub +ρbu′,ρ ′Eb +ρbE ′,ρ ′νt,b +ρbν ′

t
]T

is the state vector of conservative perturbation variables
and L = ∂N /∂q |qb is the Jacobian operator obtained
by linearizing the RANS operator N around the base
flow qb. By choosing the normal mode or wave so-
lution q′(x, t) = q̂(x)exp(λ t) + c.c., the eigenproblem
L q̂ = λ q̂ is obtained. The complex eigenvalue can be
split in its real and imaginary parts λ = σ + iω , where σ
is the temporal growth rate and ω the pulsation. While
the pulsation characterizes the oscillatory behavior, the
temporal growth rate indicates whether the equilibrium

state bifurcates to another solution. This bifurcation is
expressed in a linear framework by the existence of eigen-
modes with a corresponding positive growth rate.

4. Numerical Method

While the calculation of the base flow solutions is car-
ried out by using a classical RANS (nonlinear) solver, the
global stability analysis requires of a RANS linearized
solver. The characteristics and numerical strategies used
for both solvers are described below.

4.1. Nonlinear Solver

As RANS nonlinear solver, JAXA’s unstructured-grid
flow solver FaSTAR [18, 20] is used. The governing
equations are the compressible Navier-Stokes equations.
The cell-center finite volume method is used for the
discretization. The numerical flux is computed by the
HLLEW scheme [29]. The WGG is used for the gradi-
ent computation. The dual-time stepping [41] method is
used to perform an accurate time calculation with an im-
plicit time integration scheme. The LU-SGS [35] scheme
is used for the pseudo time sub-iteration and the physical
time derivative is approximated by the three-point back-
ward difference. The Spalart-Allmaras turbulence model
[37] with rotation correction (SA-R) [9] and quadratic
constitutive relation 2000 version [36] is used to close the
averaged Reynolds stresses. The trip term f t2 is also ig-
nored (SA-R-noft2). The boundary conditions used are:
no-slip velocity and adiabatic temperature on the pro-
file and side-walls; far-field boundary conditions are em-
ployed at the lateral boundaries and the AoA is applied
at the inflow of the numerical domain. All steady solu-
tions are computed by using a large Courant-Friedrichs-
Lewy (CFL) number equal to 10. The selective frequency
damping (SFD) method [31, 2] is used to further converge
the steady fixed point solution and filter any possible un-
steadiness.

4.2. Linearized Solver

The expression of L q′ is extremely complicated and
would mean a lengthy implementation / modification of
the existing nonlinear version of FaSTAR. To avoid this,
a strategy based on a finite difference method consists
of using the nonlinear solver in a black box manner and
approximate L q′ via repeated evaluation of the residual
function N (q). A Taylor series expansion with a first
order approximation allows then

L q′ =
1
ε
[N (qb + εq′)−N (qb)], (6)

with ε being a small constant. This method and selec-
tion of the ε constant are further discussed in [39, 28].
A matrix-free method [13, 4] is used to solve the eigen-
problem L q̂ = λ q̂. Being L the discrete form of L , it
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is possible to introduce the exponential propagator M =
exp(L∆T ) that linearly advances the perturbation solu-
tion in time as q′(tn+1) = Mq′(tn), with tn+1 = tn +∆T .
An Arnoldi algorithm [3, 25, 5] is coupled to the lin-
earized solver [26, 17, 32] to extract the leading eigen-
modes of M. All conservative perturbation quantities are
let evolving in time, including the perturbation eddy vis-
cosity in a “non-frozen turbulence” fashion.

A validation of the linearized solver is given in the Ap-
pendix A for a 2D laminar incompressible cylinder and a
2D turbulent transonic buffet case.

5. Side-Wall Effects on the Global Stability of
Transonic Buffet

The geometry in exam consists of a 2D CRM profile
extruded in the spanwise direction with both ends flash
mounted on vertical side-walls. Two wing configurations
are studied: an unswept wing, that is simply extruded
in the side-wall normal direction, and a swept one, for
which the extrusion is done by applying a sweep angle
of Λ = 10◦. For each configuration, two angles of at-
tack were considered as AoA = 4 and 7◦. An O-grid of
about 10 millions cells was similarly generated for both
unswept and swept configurations. The domain inflow is
set to be 3 m upstream of the profile in order to obtain a
boundary-layer 99% thickness of 34 mm at 150 mm up-
stream of the profile leading edge, based on some pre-
vious experimental measurements. It should be noted
that the actual experiments carried out for this study did
not report any measurement of the boundary-layer thick-
ness on the side-walls. The cells in the extruded di-
rection are symmetrically distributed with respect to the
center plane in the spanwise direction and clustered near
the side-walls. Due to the symmetry of the solution for
the unswept configuration, only half of the domain was
considered and symmetric boundary conditions applied.
The results are presented in two separated sections: the
first one reporting the base flow solutions obtained with
FaSTAR nonlinear solver, and the second one where the
global stability analysis carried out with FaSTAR lin-
earized solver is shown.

5.1. Base Flow Solutions

The 3D steady solutions are discussed for the unswept
and swept configurations separately. It is important to
notice that the solutions for the unswept configurations
were calculated on half of the domain and symmetry was
applied. The visualization are reported on the full wing
by simply mirroring the solution.

- Unswept Wing: Λ = 0◦

Fig. 2 shows the 3D visualization for the AoA = 4 and
7◦ cases (top-row and bottom-row, respectively). While
the middle plots show the entire wing, the lateral plots
zoom on the wing extremities, providing a view of the

flow characteristics on the lateral walls. On both wing
and lateral walls, the streamlines (thin black solid lines)
are over-imposed to the pressure contours. Iso-surfaces
of zero-streamwise velocity (in gray) are added to iden-
tify the recirculation regions. Sonic Mach iso-lines (thick
white solid lines) are also shown to indicate the shock.
For both AoA, large corner separations appear and the
flow slowly recirculates on both wing and side-walls. The
flow gradually slows down towards the walls, the shock-
wave weakens and moves upstream. The corner sepa-
rations increases in size for increasing AoA, but a simi-
lar structure is preserved. In the middle section, for the
lowest AoA the flow is only separated in a small region
downstream of the shock-wave and on the trailing-edge.
For the highest AoA, the flow in the wing center is instead
fully separated from shock front to trailing edge.

- Swept Wing: Λ = 10◦

Similarly to the unswept wing, the flow for the swept
configuration at Λ = 10◦ is visualized in Fig. 3. When a
sweep angle is applied, a crossflow velocity component
is introduced. This secondary flow in the wing spanwise
direction is formed and the thinner (thicker) boundary-
layer on the inboard (outboard) side-wall is less (more)
prone to separate. For this reason, smaller (larger) cor-
ner separation exists on the inboard (outboard) side-wall.
Similarly to the unswept wing, the corner separations in-
crease for increasing AoA and the flow is fully-separated
only for the highest AoA.

- Experimental Comparisons

The RANS solutions are compared against the exper-
imental oil-flow visualizations in Fig. 4. Although the
main features are reproduced in the numerical results,
it is important to notice that the corner separations are
over-estimated in the RANS solutions. This could be
due to the fact that the boundary-layer thickness set in
the RANS calculations may be different from the exper-
imental one. Also, suction was applied on the side-walls
during the experiments. Some turbulence sensitivity tests
(not shown here) show that the corner separations are re-
duced and more similar to the experimental ones when
EARSM or SST models are used. Future investigations
on the side-wall effects need to be addressed. By com-
paring the shock locations obtained on different sections
of the wings for both unswept and swept configurations
(Fig. 5), it is possible to see that the shock location also
present several differences. The current configurations
is very challenging to be accurately reproduced by the
numerical simulations. The co-existence of large sepa-
rations, shocks and turbulent boundary-layers make the
comparisons very complex. However, the main flow fea-
tures seem to be reproduced and these base flows are used
to carry out the global stability analyses.
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is possible to introduce the exponential propagator M =
exp(L∆T ) that linearly advances the perturbation solu-
tion in time as q′(tn+1) = Mq′(tn), with tn+1 = tn +∆T .
An Arnoldi algorithm [3, 25, 5] is coupled to the lin-
earized solver [26, 17, 32] to extract the leading eigen-
modes of M. All conservative perturbation quantities are
let evolving in time, including the perturbation eddy vis-
cosity in a “non-frozen turbulence” fashion.

A validation of the linearized solver is given in the Ap-
pendix A for a 2D laminar incompressible cylinder and a
2D turbulent transonic buffet case.

5. Side-Wall Effects on the Global Stability of
Transonic Buffet

The geometry in exam consists of a 2D CRM profile
extruded in the spanwise direction with both ends flash
mounted on vertical side-walls. Two wing configurations
are studied: an unswept wing, that is simply extruded
in the side-wall normal direction, and a swept one, for
which the extrusion is done by applying a sweep angle
of Λ = 10◦. For each configuration, two angles of at-
tack were considered as AoA = 4 and 7◦. An O-grid of
about 10 millions cells was similarly generated for both
unswept and swept configurations. The domain inflow is
set to be 3 m upstream of the profile in order to obtain a
boundary-layer 99% thickness of 34 mm at 150 mm up-
stream of the profile leading edge, based on some pre-
vious experimental measurements. It should be noted
that the actual experiments carried out for this study did
not report any measurement of the boundary-layer thick-
ness on the side-walls. The cells in the extruded di-
rection are symmetrically distributed with respect to the
center plane in the spanwise direction and clustered near
the side-walls. Due to the symmetry of the solution for
the unswept configuration, only half of the domain was
considered and symmetric boundary conditions applied.
The results are presented in two separated sections: the
first one reporting the base flow solutions obtained with
FaSTAR nonlinear solver, and the second one where the
global stability analysis carried out with FaSTAR lin-
earized solver is shown.

5.1. Base Flow Solutions

The 3D steady solutions are discussed for the unswept
and swept configurations separately. It is important to
notice that the solutions for the unswept configurations
were calculated on half of the domain and symmetry was
applied. The visualization are reported on the full wing
by simply mirroring the solution.

- Unswept Wing: Λ = 0◦

Fig. 2 shows the 3D visualization for the AoA = 4 and
7◦ cases (top-row and bottom-row, respectively). While
the middle plots show the entire wing, the lateral plots
zoom on the wing extremities, providing a view of the

flow characteristics on the lateral walls. On both wing
and lateral walls, the streamlines (thin black solid lines)
are over-imposed to the pressure contours. Iso-surfaces
of zero-streamwise velocity (in gray) are added to iden-
tify the recirculation regions. Sonic Mach iso-lines (thick
white solid lines) are also shown to indicate the shock.
For both AoA, large corner separations appear and the
flow slowly recirculates on both wing and side-walls. The
flow gradually slows down towards the walls, the shock-
wave weakens and moves upstream. The corner sepa-
rations increases in size for increasing AoA, but a simi-
lar structure is preserved. In the middle section, for the
lowest AoA the flow is only separated in a small region
downstream of the shock-wave and on the trailing-edge.
For the highest AoA, the flow in the wing center is instead
fully separated from shock front to trailing edge.

- Swept Wing: Λ = 10◦

Similarly to the unswept wing, the flow for the swept
configuration at Λ = 10◦ is visualized in Fig. 3. When a
sweep angle is applied, a crossflow velocity component
is introduced. This secondary flow in the wing spanwise
direction is formed and the thinner (thicker) boundary-
layer on the inboard (outboard) side-wall is less (more)
prone to separate. For this reason, smaller (larger) cor-
ner separation exists on the inboard (outboard) side-wall.
Similarly to the unswept wing, the corner separations in-
crease for increasing AoA and the flow is fully-separated
only for the highest AoA.

- Experimental Comparisons

The RANS solutions are compared against the exper-
imental oil-flow visualizations in Fig. 4. Although the
main features are reproduced in the numerical results,
it is important to notice that the corner separations are
over-estimated in the RANS solutions. This could be
due to the fact that the boundary-layer thickness set in
the RANS calculations may be different from the exper-
imental one. Also, suction was applied on the side-walls
during the experiments. Some turbulence sensitivity tests
(not shown here) show that the corner separations are re-
duced and more similar to the experimental ones when
EARSM or SST models are used. Future investigations
on the side-wall effects need to be addressed. By com-
paring the shock locations obtained on different sections
of the wings for both unswept and swept configurations
(Fig. 5), it is possible to see that the shock location also
present several differences. The current configurations
is very challenging to be accurately reproduced by the
numerical simulations. The co-existence of large sepa-
rations, shocks and turbulent boundary-layers make the
comparisons very complex. However, the main flow fea-
tures seem to be reproduced and these base flows are used
to carry out the global stability analyses.

Figure 2: RANS solutions for the unswept (Λ = 0◦) wing configuration at AoA = 4 (top plots) and 7◦ (bottom plots).

Figure 3: RANS solutions for the swept (Λ = 10◦) wing configuration at AoA = 4 (top plots) and 7◦ (bottom plots).

Figure 4: Comparison between RANS solutions and experimental oil-flow visualizations. A sketch of the oil flow vi-
sualizations reporting the experimental streamlines is also added. Unswept wing at AoA = 4◦ was not investigated
experimentally. Experimental results from [21].

5.2. Global Stability Analysis

The global stability analysis was carried out only for
the unswept wing configuration and the swept wing re-

mains to be studied.

The eigen-spectrum obtained for the AoA = 4 and 7◦

cases (blue and red circles, respectively) are reported in
Fig. 6. Due to not sufficiently well converged base flow
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Figure 5: Comparison between RANS and experimental
shock locations. Experimental results from [21].

solutions, some spurious modes appeared but were ig-
nored and not reported in the figure. Future work includes
a better convergence of the base flows to remove these
spurious modes from the stability calculations.

For the lowest AoA, two unstable modes were found
at St = 0.056, or dimensional frequency of f ≈ 190 Hz
(indicated as MAoA=4◦

1 in the figure), and St = 0.112,
or dimensional frequency of f ≈ 380 Hz (indicated as
MAoA=4◦

2 in the figure). The corresponding eigenmodes
are reported in the first two top-plots of Fig. 7, where
white arrows are added to show the propagation direc-
tions and black dashed lines indicate the zero-streamwise
velocity iso-lines from the base flow solution. The low-
frequency MAoA=4◦

1 mode is essentially 2D and localized
on the shock foot. This mode corresponds to the shock-
oscillations buffet mode. The higher-frequency MAoA=4◦

2
mode presents instead an instability coming from the cor-
ner separation and moves downstream along the shear-
layer.

For the highest AoA, two high-frequency modes at
St = 0.067 and St = 0.198 are found to be unstable.
The corresponding eigenmodes in the last two bottom-
plots of Fig. 7 show that the 2D mode no longer ex-
ists. Both modes are 3D and organized in perturbation
structures that move from the corner separation towards
the wing center. At lower amplitudes, the perturbations
travel upstream from the trailing edge towards the shock
in the wing mid-section, where full separation exists.

Although 3D structures appear and the corresponding
non-dimensional frequencies match those of buffet cells
shown in the literature, it is difficult to conclude that they
are indeed buffet cells. The buffet cells wavelengths have
normally been reported to be around one profile chord,
but the presence of side-walls and corner separations may
affect this. Future investigations on swept configurations
might elucidate this point.

Figure 6: Unswept wing configuration. Global stability
analysis eigen-spectra for AoA = 4 and 7◦ cases (blue
and red circles, respectively).

Figure 7: Unswept wing configuration. Global stability
eigenmodes for AoA = 4 and 7◦ cases (top two plots and
bottom two plots, respectively).

6. Conclusions and Future Work

The interaction between transonic buffet shock oscilla-
tions, corner separation and spanwise buffet cells is stud-
ied for an extruded 2D Common Research Model (CRM)
profile and flash mounted on lateral walls at its extremi-
ties. Both unswept and swept configurations at different
angles of attack are considered. The numerical setup is
based on the experiments carried out at JAXA 0.8 m ×
0.45 m high Reynolds number transonic wind tunnel. Al-
though some differences exist with the experimental re-
sults, the RANS solutions capture the main flow features.
Corner separations appear on the side-walls and for high
angles of attack the flow in the wing mid-section fully
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Although 3D structures appear and the corresponding
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are indeed buffet cells. The buffet cells wavelengths have
normally been reported to be around one profile chord,
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affect this. Future investigations on swept configurations
might elucidate this point.
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Figure 7: Unswept wing configuration. Global stability
eigenmodes for AoA = 4 and 7◦ cases (top two plots and
bottom two plots, respectively).

6. Conclusions and Future Work

The interaction between transonic buffet shock oscilla-
tions, corner separation and spanwise buffet cells is stud-
ied for an extruded 2D Common Research Model (CRM)
profile and flash mounted on lateral walls at its extremi-
ties. Both unswept and swept configurations at different
angles of attack are considered. The numerical setup is
based on the experiments carried out at JAXA 0.8 m ×
0.45 m high Reynolds number transonic wind tunnel. Al-
though some differences exist with the experimental re-
sults, the RANS solutions capture the main flow features.
Corner separations appear on the side-walls and for high
angles of attack the flow in the wing mid-section fully

separates from the shock-front to the trailing edge. Due
to the flow slowing down near the side-walls, the shock is
weaker in those regions and moves upstream towards the
leading edge. When a sweep angle is applied, the cross-
flow velocity component introduced in the swept con-
figurations induces a secondary flow in the direction of
sweep and large separation due to a thick boundary-layer
appears on the outboard corner. A linearized version of
FaSTAR has been developed and validated. The previ-
ously described RANS solutions are used as base flows
to perform global stability analysis. The linear global
stability calculations on the unswept wing show the ex-
istence of a 2D oscillatory mode at St ≈ 0.06 that is spa-
tially localized on the shock and corresponds to 2D buffet
shock oscillations. A second unstable mode at St ≈ 0.1 is
located near the corner separations and consists of down-
stream traveling perturbation packets that move along the
shear layer. When the angle of attack is increased, two
3D unstable modes appear and both are related to down-
stream traveling perturbations that move away from the
wall towards the wing center and upstream traveling per-
turbations that move from the trailing edge towards the
shock in the fully separated middle section. Although
convection features and non-dimensional frequencies are
close to those reported in the literature, it is difficult to
conclude that these structures correspond to buffet cells.
Fig. 8 shows a schematic representation of unswept and
swept wings in the presence of side-walls. It is well
known that a cross-flow velocity component is needed
to generate convected buffet cells. This cross-flow com-
ponent is naturally added in the presence of swept wing
configurations. However, in the case of an extruded wing
flash mounted on both extremities on side-walls, the ex-
istence of corner separations produces cross flow veloc-
ity components near the side-walls. This seems to cause
the convection of structures moving away from the side-
walls when the corner separation is sufficiently large even
for unswept wings. The interaction/competition of these
corner separation cross flow components and the main
cross flow in swept wings is part of future investigations.
As well as assessing grid and turbulence model sensitiv-
ity, further work also includes a better convergence of
the RANS base flow solutions, addressing the side-wall
treatment issue and study the effect of numerically re-
producing the whole test section (top and bottom walls
included).
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Figure 8: Schematics of corner separation induced cross
flow and swept wing cross flow for unswept and swept
configurations.

Appendix A: Linearized Solver Validation

In order to provide a validation for both nonlinear and
linearized solvers, two validation test cases are selected.
The results obtained with FaSTAR are compared against
those of Giannetti & Luchini [15] for a 2D laminar in-
compressible cylinder and against those of Sartor et al.
[33] for a 2D turbulent transonic buffet case.

- 2D Laminar Incompressible Cylinder
The laminar incompressible flow past a 2D cylinder re-

mains stable and symmetric up to the critical Reynolds
number of Re ≈ 47 (based on free-stream velocity and
cylinder diameter). If the Reynolds number is further in-
creased, the flow undergoes a Hopf supercritical bifur-
cation, the cylinder wake becomes unsteady and a pe-
riodic self-sustained von Kármán vortex street is shed
behind the body. To approximate incompressible con-
ditions, the Mach number was set to M = 0.1 in FaS-
TAR. The numerical fluxes are calculated with the Roe
scheme. The GLSQ is used for the gradient computa-
tion. The dual-time stepping method is used to perform
an accurate time calculation with an implicit time integra-
tion scheme. The LU-SGS scheme is used for the pseudo
time sub-iteration and the physical time derivative is ap-
proximated by the three-point backward difference. The
turbulence models are switched off to perform a laminar
calculation. A structured O-grid of about 130,000 cells
is used. No-slip adiabatic conditions are applied at the
wall. Pressure is imposed on an arc of the domain bound-
ary in the downstream region of the cylinder. Far-field
boundary-conditions are applied on the remaining arc of
the boundary domain. Fig. 9 shows the comparison be-
tween the results obtained with FaSTAR and those of Gi-
annetti & Luchini [15]. The comparison of the nonlinear
Strouhal number evolution with the Reynolds number is
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done against [6]. In the left column, the results obtained
with FaSTAR nonlinear solver are shown. The top plot
shows the separation length, Lsep, of the base flow solu-
tions while the bottom plot the Strouhal number of the
von Kármán vortex street shedding when unsteady calcu-
lations are carried out. The relative percentage error is
at worst 1.3%. The middle column reports the Reynolds
number evolution of the (top) growth rate and (bottom)
Strouhal number predicted by the global stability analy-
sis performed with the linearized solver version of FaS-
TAR. Excluding the growth rate at Re = 50 (the value
of σ is small, hence prone to a larger error), the relative
percentage error is always below 3%. In the right col-
umn, the whole spectrum (top) and the eigen-streamwise
velocity corresponding to the unstable mode (bottom) are
reported. A satisfactory agreement is obtained for various
Reynolds numbers and the laminar part of the linearized
solver can be considered validated.

- 2D Turbulent Transonic Buffet

The simulations by Sartor et al. [33], carried out on
the 2D OAT15A supercritical profile, at different AoA
to characterize buffet pre- and post-onset, have been se-
lected. The flow conditions correspond to those in [33]
and an OAT15A airfoil with sharp trailing edge and chord
of c = 0.23 m was considered. The geometry used here
was however a blunt trailing edge profile. The stagna-
tion pressure and temperature are 101325 Pa and 300 K,
respectively. The Mach number is M = 0.73 and the
Reynolds number based on the chord length is Re =
3.2× 106. The numerical fluxes are calculated with the
SLAU scheme. The GLSQ is used for the gradient com-
putation. The dual-time stepping method is used to per-
form an accurate time calculation with an implicit time
integration scheme. The LU-SGS scheme is used for the
pseudo time sub-iteration and the physical time deriva-
tive is approximated by the three-point backward differ-
ence. The Spalart-Allmaras turbulence model with rota-
tion correction and quadratic constitutive relation 2000
version is used to close the averaged Reynolds stresses.
The trip term f t2 is also ignored. The boundary con-
ditions used are: no-slip velocity and adiabatic temper-
ature on the profile and far-field boundary conditions
are employed at the domain boundaries. The same 2D
C-type structured grid counting about 120,000 cells is
been used for all AoA. The numerical domain extends
about 80c above, below and downstream of the profile.
The pressure coefficient, Cp, distributions corresponding
to the AoA =2.50 (blue), 3.50 (red), 4.50 (black) and
5.50◦ (magenta) are compared against those of [11, 33] in
Fig. 10 (top-left) and show good agreement on both air-
foil sides and in terms of shock positions. Contours of the
dimensional streamwise velocity for the steady solution
at AoA = 4.50◦ are plotted in Fig. 10 (top-right) along
with the sonic (black solid line) and zero-streamwise ve-
locity (white solid line) iso-lines, showing the supersonic

flow region/shock position and separation, respectively.
The steady solutions are used as base flow solutions for
the global stability analysis. Fig. 10 reports the full
spectrum (bottom-left) and the unstable eigen-pressure
(bottom-right) for the AoA = 4.5◦ case. Similarly to [33],
an unstable mode exists at St =≈ 0.06 ( f ≈ 75 Hz) and
the eigenmode is localized on the shock, shock foot and
minorily on the mixing layer.
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