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Abstract: This document explores a fluid instability known as buffet, which occurs in the sub-
sonic, transonic and supersonic/hypersonic regimes. Buffet has been observed in experiments
and various computational studies, and yet its underlying physics are not well-established. The
goal of this study is to provide insight into various configurations which produce subsonic buf-
fet and attempt to understand the flow physics at play. Both Reynolds Averaged Navier Stokes
(RANS) and Direct Numerical Simulation of the Navier Stokes Equations (DNS) simulations
were performed. Preliminary results for the study of transonic buffet over a range of angles of
attack are also presented.

1 INTRODUCTION

A number of investigations have been made into the buffet phenomenon in both the subsonic
and transonic regimes. [1–5]. These include both experimental and computational studies, with
experiments going back as many as five decades [6].

The vortex shedding behavior seen in cylinders and other bluff bodies in crossflow has also
been observed in stationary airfoils at high angles of attack [4, 5, 7]. These instabilities are
characterized by lift, drag and moment coefficients which are periodic in time. Experimental
studies have been performed over a range of angles of attack ( 0◦ < α < 60◦) by Tang and
Dowell [4], Besem et al [5], Zhou et al [7] and Lee and Huang [8], as well as many others for
various bluff bodies. This limit cycle is caused by the separation of the flow at the leading edge
as the static angle of attack is increased, where the system begins to resemble a bluff body in
crossflow. This vortex shedding is analogous to the von Karman vortex street [9]. According
to scaling analysis of the Navier Stokes equations by Jaworski and Dowell [10], the order of
magnitude estimates for the reduced frequency and the peak to peak oscillating lift in buffeting
flows suggest that both quantities are of O(1).

Previous studies focused mainly on correct prediction of frequency in these flows, as well as
prediction of the effect that wind tunnel geometry has on the shedding frequency and corrections
for these wall effects. Additionally, these studies often extend to investigations of pitching
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and plunging oscillating airfoils in order to determine the lock-in frequencies as a function of
oscillating airfoil amplitude and for a given steady angle of attack and flow speed. These studies
have not typically been concerned with prediction of mean lift coefficient (CL) or the peak-to-
peak lift coefficient (∆CL), though one study mentions these parameters [7], or the conditions
for the onset of this behavior. Figure 1 shows a typical time history of the lift coefficient for a
buffeting flow for a stationary airfoil.

Figure 1: Typical Time History for Buffeting Flow

Transonic flow buffet dynamics are still not well understood. Exhibiting characteristics of both
subsonic and supersonic flows, shockwave-boundary layer interactions (SWBLI) are a key fac-
tor. For a number of airfoil and wing, Mach number and angle of attack configurations, the
flow can enter a limit cycle, creating oscillating forces on the aerodynamic bodies and creat-
ing the possibility of fatigue and therefore failure of structures. Some transonic flows exhibit
a shockwave boundary layer interaction which causes the shock formed on the surface of the
aerodynamic body to oscillate back and forth along its chord. Unfortunately, the physics of
the transonic buffet phenomenon are not yet clear. However, it is clear that the shock causes
separation downstream of the shock [1, 2, 11]. A classic experiment by McDevitt and Okuno
[12] established buffet onset for the NACA0012 airfoil at transonic conditions beyond a certain
angle of attack, α at a fixed Mach number. Experimental studies show that the transonic buffet
phenomenon continues as α increases. Subsequently, experiments were performed on transcrit-
ical airfoils; these airfoils are designed to delay the formation of a shock on the surface of the
airfoil. These, too, exhibit transonic buffet, with RANS simulations being able to capture this
buffet [13, 14]. However, the simulations appear not to be able to capture the sustained buf-
fet beyond M = 0.8, where experiments continued to exhibit buffeting behavior while RANS
calculations predicted steady flows [2, 12]. As a phenomenon, transonic buffet is somewhat
difficult to capture computationally without a particular set of parameters and turbulence mod-
els [1, 2, 14, 15]. Barakos and Drikakis [15] performed a study in which they evaluated the
effectiveness of a number of turbulence models in capturing buffet over a NACA0012 profile.
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There was a substantial variation in results for different turbulence models, with some turbu-
lence models failing to produce buffet.

Buffet has been studied computationally largely in two dimensions [1, 2, 13]. This is primarily
because of the fine grids and small time-steps required to capture buffet [11, 13, 14, 16], which
increase the computational cost, as well as there being reasonable agreement between the 2D
calculations and experimental values [2].

This paper focuses on the study of buffet over static airfoils. The subsonic case is studied with
regard to its dependence on Reynolds number, and the transonic case with its dependence of
angle of attack α.

2 SUBSONIC BUFFET

Low speed buffet occurs on airfoils at high angles of attack in crossflows. Buffet is characterized
by large scale fluid instabilities, which manifest themselves in fluctuations in pressure on the
airfoil surface. A number of studies have been performed to determine the behavior of airfoils
at various angles of attack. A computational study was performed for the NACA0012, a sym-
metric airfoil, to determine buffet onset, capture reduced frequencies (Eqn. 1) and determine
the variations in lift coefficient (Eqn. 2).

k =
ωc

U∞
(1)

where ω is the frequency in rad/s, c is the airfoil chord in m, and U∞ is the freestream velocity
in m/s.

CL =
L

1
2
ρ∞U2

∞c
(2)

where L is the lift force, perpendicular to the freestream.

A study was conducted to determine the effect of Reynolds number on the subsonic buffet
phenomenon at a fixed angle of attack (α) and fixed Mach number. The unsteady Reynolds
Averaged Navier Stokes equations and the Navier Stokes equations are solved discretely using
ANSYS Fluent. Though not reported here, results were also obtained over a range of angle of
attack, and for 30◦ ≤ α ≤ 60◦ the results are similar.

2.1 Computational Parameters

The reference parameters for this study are as per an experiment performed by Tang and Dow-
ell [4] and Besem et al [5], whose freestream Reynolds number was Re = 87, 000. The ex-
periment by Tang and Dowell [4] studied the vortex shedding phenomenon on the NACA0012
airfoil at angles of attack (α > 20◦) at low Mach number (M ≈ 0.05). This study, in conjunc-
tion with the study by Besem et al [5], which contains a correction for wind tunnel geometry,
are the guiding works for the current study. Additionally, the work by Lee and Huang [8] guided
the Reynolds number ranges which are studied here. Figure 1 shows a typical time history of
the lift coefficient for a buffeting flow. Simulations were performed using a truncated version
of the NASA grid [17] for the NACA0012 airfoil (Figs. 2 and 3) with 257 points on the airfoil
in an attempt to capture low speed buffet across a range of Reynolds numbers. The NACA0012
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is a 12% thick airfoil with chordwise thickness defined by a polynomial. This grid extends 20
chords in each direction as shown in Figs. 2 and 3, as the original grid’s 1000-chord span was
determined to be unnecessarily large for this study. The steady flow lift coefficient changes by
less than 0.5% when moving from the 1000 chord span to the 40 chord span. Similarly, the
reduced frequency value changes by 1% when the domain size is reduced.

Figure 2: Truncated NASA Grid
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Figure 3: NASA Grid Close-Up View
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2.2 Computational Model and Convergence Study

Simulations were performed using a pressure-based RANS calculation with Fluent in ANSYS
19.2. Using the coupled pressure-velocity scheme, as well as dual time-stepping, the maximum
number of sub-iterations was set to 100, and the Courant number, which controls relaxation in
the solution, was set to 5.

A grid convergence study was performed using four NASA grids for the NACA0012. Starting
with 64 cells on the airfoil surface, each subsequent grid has twice the grid resolution. The
quantities of interest in convergence are the peak-to-peak lift coefficient (∆CL) and the reduced
frequency k. Each grid has the same span, and uses the Spalart Allmaras turbulence model, in
accordance with previous studies [5,7]. It was determined that the grid had converged when the
parameters of interest were changing by less than 2% with a halving of grid spacing.

The freestream velocity is U∞ = 20m/s, default values are used for turbulent model parameters
and the pressure is atmospheric. To determine the dependence of the solution on turbulence
model, three turbulence models were evaluated for the nominal case of α = 40◦ and Re =
87, 000: Spalart Allmaras [18], k − ΩSST [19] and Realizable k − ε [20] were evaluated for
this case. It was determined that the reduced frequency and variance of lift coefficient, as well
as mean lift coefficient were weakly dependent on the selected turbulence model. However, the
Spalart Allmaras model [18] yielded results closest to those of Tang and Dowell [4], as well as
Besem et al [5] for the nominal case of α = 40◦, Re = 87, 000.
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2.3 A Sweep in Reynolds Number at α = 40◦

To determine the effect of Reynolds number on reduced frequency, a sweep was performed
across a range from Re = 50 to Re = 2, 000, 000 using the original experimental Reynolds
number of 87, 000 as a reference point, with vortex shedding appearing as in Fig. 4.

Figure 4: Instantaneous Pressure Contours for Re = 87, 000 for α = 40◦

The time history for lift coefficient can be seen in Fig. 5, with a smooth periodic behavior,
giving a dominant frequency k = 1.009
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Figure 5: Lift Coefficient Time History for Re = 87, 000
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While in general this behavior is expected for bodies resembling cylinders, as seen in Fig. 6
from Blevins [21], it was expected that there would be distinct regimes of no periodicity, sim-
ple periodicity, quasi-periodicity, chaos, and then periodicity again as the Reynolds number is
increased. Figures 7a, 7b show a nearly constant reduced frequency across a large range of
Reynolds numbers – an unexpected behavior that was originally investigated over a smaller
range of Reynolds numbers [4, 5, 8]. Lee and Huang [8] found that these flow behaviors can be
categorized into laminar, subcritical, transitional and supercritical regimes based upon Reynolds
number and angle of attack.

Figure 6: Flow Regimes for a Cylinder in Crossflow [21]
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(a) 0 < Re ≤ 2, 000, 000

(b) 0 < Re ≤ 200, 000

Figure 7: Dominant Frequency vs Reynolds Number for α = 40◦ (RANS)
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The variation in time of average lift coefficient and peak to peak change (standard deviation) in
lift coefficient were also determined, and these can be seen in Figs. 8a, 8b and 9a and 9b.

(a) 0 < Re ≤ 2, 000, 000

(b) 0 < Re ≤ 200, 000

Figure 8: Mean CL vs Reynolds Number for α = 40◦ (RANS)

Figure 8a shows small dependence on Reynolds number of the mean lift coefficient across a
large range. However, there appears to be a maximum mean lift coefficient near Re = 105 and
when the the Reynolds number falls below 0.2 × 104 a significant drop in mean lift coefficient
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is observed.

(a) 0 < Re ≤ 2, 000, 000

(b) 0 < Re ≤ 200, 000

Figure 9: Standard Deviation of CL vs Reynolds Number for α = 40◦ (RANS)
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Similarly, the peak-to-peak (standard deviation) lift coefficient remains nearly constant until
the Reynolds number decreases to Re = 105 and experiences the same decrease, with the
lift coefficient no longer oscillating below Re = 1500. The transient lift coefficient at this
Reynolds number, however, has a reduced frequency similar to the rest of the Reynolds range.
Additionally, it is expected from the experimental results by Lee and Huang [8] that the lift
coefficient remains periodic in this range, down to Reynolds numbers on the order ofRe ≈ 600.

2.4 Breakdown of Turbulence Model in RANS Simulations

As the Reynolds number decreases to O(103), lift coefficient oscillations begin to damp out
using a RANS model. This is unexpected since, in the case of the cylinder in crossflow [22],
vortex shedding is observed for Reynolds numbers as low asRe ≈ 47. This result, coupled with
the fact that turbulence models are generated for high Reynolds numbers (where fully resolved
direct numerical simulation of the Navier Stokes equations is not feasible), suggested that there
was a breakdown of the Spalart Allmaras turbulence model at sufficiently low Reynolds number.

As a result, simulations were performed using the Navier Stokes equations without a turbulence
model (DNS) in an attempt to determine the onset of oscillations in lift coefficient. It was also
of interest to determine where, if anywhere, the results from DNS and the RANS with Spalart
Allmaras closure agree, and how large this range of Reynolds number might be.

2.5 Direct Simulations of the Navier Stokes Equations

Using the same grid, the full Navier Stokes equations were solved directly for the experimental
parameters from Tang and Dowell [4]. With a Reynolds number of Re = 87, 000, it was
expected that not all of the flow features would be captured by a RANS model. However, there
appears to be good agreement for reduced frequency, with the RANS and the DNS predicting
reduced frequencies of k = 1.035 and k = 0.936 respectively. In fact, where the RANS solution
no longer predicts flow oscillations at low Reynolds numbers, the DNS solutions continue to
exhibit periodicity in lift coefficient. See the FFT shown in Fig. 10. Even at Re ≈ 800, DNS
predicts flow oscillations and a reduced frequency of k = 1.003.

Since the full Navier-Stokes equations are being solved rather than the RANS equations, a
convergence study was performed for the DNS case using the same family of grids from
NASA [17]. When the grid was determined to have converged for the parameters of inter-
est, the same parameters were simulated for DNS cases as for the RANS cases with Spalart
Allmaras turbulence model. Figures 11a and 11b show the results over a range of Reynolds
numbers for both methods.
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Figure 10: Frequency Spectrum for DNS at Re = 800
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(a) 600 ≤ Re ≤ 2, 000, 000

(b) 600 ≤ Re ≤ 200, 000

Figure 11: RANS (Spalart Allmaras) and DNS Results for Reduced Frequency Over a Range
of Reynolds Numbers for α = 40◦

There is reasonably good agreement in reduced frequency over a large range, though as the
Reynolds number decreases below Re ≈ 104 and increases above Re ≈ 106, larger discrepan-
cies appear. There is also reasonable agreement for the mean and peak-to-peak lift coefficient,
as seen in Figs. 12 and 13. The standard deviations for the oscillating lift coefficient predicted
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by the RANS and DNS models differ by about a factor of 2.

Figure 12: CL vs Reynolds Number for Spalart Allmaras and DNS for α = 40◦

Figure 13: ∆CL vs Reynolds Number for Spalart Allmaras and DNS for α = 40◦

As expected at the higher Reynolds numbers the frequency spectrum of the DNS simulations
shows a broader spectrum while the RANS computations show a dominant frequency. See
Figs. 14a and 14b for a comparison of FFTs and time histories for Re = 87, 000. Figs. 14c and
14d compare the FFTs and time histories at a Reynolds number Re = 1, 000, 000, showing a
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greater difference between the FFTs for the DNS and RANS cases.

(a) FFT at Re = 87, 000 (b) Time Histories at Re = 87, 000

(c) FFT at Re = 1, 000, 000 (d) Time Histories at Re = 1, 000, 000

Figure 14: FFTs and Time Histories for the RANS and DNS Cases at α = 40◦
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For DNS simulations at Re as low as 100, limit cycle oscillations are still observed and the
reduced frequency is of order 1 over a wide range of Re. See Fig. 15.

Figure 15: DNS Results for k vs Re for Re ≤ 10, 000 for α = 40◦
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2.6 Discussion of Subsonic Buffet

Given the results of these simulations, a number of observations can be made. According to
the prior literature [23], a doubling in Reynolds number should lead to a halving in the size of
the small scale flow structures. This would suggest that each simulation with doubled Reynolds
number would require twice as fine a grid to capture surface interactions. However, the com-
puted results show that there is weak dependence on grid resolution for large ranges of Reynolds
numbers even for the DNS calculations. Given this weak dependence, it would suggest that
there is small dependence on small scale structures. As such, it is argued that this separation-
induced limit cycle oscillation depends mainly on large scale interactions. Of course other flow
features such as drag or skin friction may depend more sensitively on smaller scales.

It is well-understood that information is lost not only when using a coarse grid, but also when
performing 2D simulations. The Navier-Stokes equations exhibit vortex stretching in 3D, but
not in 2D, as shown in the incompressible vorticity Eqn.(3 and 4), as vorticity cannot depend on
the out-of-plane direction, so the term ωjSij becomes zero. That is to say strain is orthogonal to
vorticity. Vortex stretching is an important component of turbulent flows [23], though it seems
not to have a strong effect on the ability to capture a reasonable reduced frequency for buffet
in two dimensions. This may also be attributed to the fact that the experiment by Tang and
Dowell [4] was performed using an airfoil which spanned the test section of the wind tunnel,
allowing for quasi-two-dimensional flow characteristics.

D

Dt
ωi = ν∇2ωi + εijk∇jFk (3)

D

Dt
ωi = ωjSij + ν∇2ωi + εijk∇jFk (4)

where the strain tensor Sij = ∇jui.

Given the agreement of computed results with experimental results, it can be argued that the
phenomena observed by Tang and Dowell are chiefly two dimensional. This allows for far
less computationally expensive simulations for predictions than if these phenomena were gov-
erned by three-dimensional interactions. Further work is suggested in the following section to
determine the three-dimensional effects on vortex shedding frequency.

In the case of ∆CL, the discrepancy between RANS and DNS is more significant. Given that
the ∆CL is more random-like in the DNS simulations, the standard deviation was used as the
metric for comparison.

3 TRANSONIC BUFFET

Transonic buffet flow dynamics are not well understood. As such, a number of computational
and experimental studies are being performed in order to form a more complete understanding
of the physical phenomena observed in previous work.

The present work has focused on the study of transonic buffeting flow after the work of Raveh [11],
Raveh & Dowell [24], Giannelis [1]. Simulations were performed in Fluent using a truncated
version of the NASA grid [17] for the NACA0012 airfoil with 257 points on the airfoil in an
attempt to capture transonic buffet. This grid extends 40 chords in each direction. This grid
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was determined to have converged for the reduced frequency, but not for the peak-to-peak lift
coefficient. The computational model for this case was as per the paper by Vio and Giannelis
on the effect of angle of attack and Mach number on transonic buffet [14], and is outlined as
follows:

“Discretisation of the steady RANS equations is performed with Roes scheme, us-
ing the third-order scheme for the inviscid fluxes and second-order central differ-
encing for the viscous and thermal fluxes. A first-order upwind scheme is used
for the turbulent convective quantities. Interpolation of the state vector and cell
coefficient matrix is performed through a blended third-order upwind/fourth-order
central difference scheme, to reduce the numerical dissipation induced by the up-
wind differencing”

3.1 Computational Model Parameters

As per Giannelis and Vio [1], simulations were attempted using a density-based RANS cal-
culation with Fluent in ANSYS 19.2, using the Spalart Allmaras [18] turbulence model. The
maximum number of sub-iterations was set to 100, and the Courant number was set to 5.

3.2 An Angle of Attack Sweep at M∞ = 0.72

Simulations were performed for angles of attack below the buffet boundary, and the angle of
attack was increased until buffet offset was observed. The angles simulated for this set of pa-
rameters were 3.5◦ ≤ α ≤ 8◦. The Reynolds numbers for these flows were Re = 10, 000, 000.
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3.3 Transonic Buffet Results

Buffet onset was expected to occur near α = 4◦ based on computations performed by Crouch
et al [2]. As expected, buffet was not observed at α = 3.5, but had clearly appeared at α = 4.5◦

and continued to buffet up to α = 7◦. See Fig. 16 for the reduced frequency plotted vs angle
of attack. The reduced frequency was expected to be nearly constant, however these results
exhibit an increasing frequency with increasing α, up to buffet offset at α = 7◦. The transient
reduced frequency is also reported on Fig. 16, though this damps out after about twenty cycles.
For the cases at α = 3.5◦ and α = 8◦, the transient solution was too heavily damped to extract
a meaningful frequency. Whether the variation in k over the range of angles is a function of of
grid resolution is currently being investigated.

Figure 16: k vs α for M∞ = 0.72, Re = 10, 000, 000

The peak-to-peak lift coefficient varies over the range of α, as shown in Fig. 17.
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Figure 17: Standard Deviation of CL vs α for M∞ = 0.72, Re = 10, 000, 000
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Though these values may not be fully converged, this is a first approximation for the qualita-
tive behavior of peak-to-peak lift coefficient in this range. It is expected that there will be a
maximum ∆CL in this range, at which the limit cycle has its greatest amplitude.

3.4 Discussion of Transonic Buffet

The results of these preliminary simulations are promising. Buffet with converged reduced fre-
quency is produced with grid spacing far larger than the O (0.15%) of the chord recommended
by Crouch [2]. However, it is possible that it is necessary to meet this requirement in order to
converge in buffet lift amplitude as distinct from reduced frequency. Nevertheless, it is possible
to make observations based on these early results.

Current results show buffet onset at the expected combination angle of attack, Mach number
and Reynolds number. Additionally, the reduced frequency is of O(1), as expected from the
scaling analysis by Jaworski and Dowell [10]. These results show a maximum for reduced
frequency and buffet amplitude, though they occur at different angles of attack. A doubling in
grid resolution results in an O(2) reduction in buffet oscillating lift coefficient amplitude; the
reduced frequency appears to depend weakly on grid resolution. Further work will be performed
to compare buffet amplitudes to the work of Goncalves and Houdeville [25]

Buffet is heavily dependent on turbulence closure when using RANS [15], and work will con-
tinue to determine the ability to capture buffet using not only various turbulence models, but
also the full Navier Stokes Equations.

The feasibility of performing 3D transonic buffet calculations is determined mainly by comput-
ing resources and time. While it is desirable to study these phenomena in three dimensions, the
focus will remain on 2D buffet for the time being.

4 PRINCIPAL OBSERVATIONS, CONCLUSIONS AND FUTURE WORK

4.1 Subsonic Flow Observations and Conclusions

Using RANS simulations, it is found that the reduced frequency and oscillating lift coefficient
on a NACA 0012 airfoil at high angle of attack are insensitive to Reynolds number over a wide
range of Reynolds number. DNS models are feasible for buffeting subsonic flow and the DNS
and RANS results agree reasonably well for reduced frequency over a wide range of Reynolds
number. The standard deviations of the lift oscillations show insensitivity to Reynolds number
over a wide range, but with a difference between the two CFD models of about a factor of 2. The
DNS and RANS solution do differ more in the low Reynolds number range, i.e. Re < 10, 000
as expected.

In the subsonic case, the work of Zhou et al [7] allows for a starting point to determining the
effects of the wind tunnel walls on the experimental results obtained by Tang and Dowell [4].
A 3D model of this experimental case is being prepared for simulations to determine the effect
of the spanwise dimension on the parameters of interest. This will allow for the study of three-
dimensional vortex structures being shed from the airfoil in the tunnel.

4.2 Transonic Flow Observations and Conclusions

RANS simulation results for reduced frequency and oscillating lift are similar to those found by
previous investigators.
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4.3 Future Work

One of the issues with all buffet wind tunnel studies is the possible effect of the wind tunnel
walls. See, for example, the work of Fanny Besem et al [5] and Tong Zhou et al [7] on the
effect of the wind tunnel wall in the Tang and Dowell [4] subsonic experiment. Extension of
their work to possible three-dimensional effects is planned. Also two dimensional work on the
transonic experiment of McDevitt and Okuno [12] is planned.

Another important topic for future work is to extend DNS studies to the transonic case. In the
that regard it is well to remember that grid convergence for the DNS simulations must be estab-
lished; it is expected that the DNS simulations will be more computationally costly than RANS
studies and transonic cases are already ten times more computationally costly than subsonic
cases. Finally, three dimensional buffet over wings will be studied as greater computational
resources become available to follow the work of Iovnovich and Raveh [13].
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