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Abstract
At certain conditions in the transonic flight regime, interactions between oscillating shock waves and a forced
or freely oscillating structure may incite frequency lock-in between the aerodynamic and structural modes,
resulting in large amplitude limit cycle oscillations. This study investigates the influence of both static and
dynamic control surface deflections on this aerodynamic instability. A static trailing edge flap deflection is
found to reduce the buffet onset incidence, while simultaneously increasing the mean lift coefficient. This is
advantageous for extending the flight envelope. Static leading edge deflections are less promising, reducing
the mean lift at buffet onset. Forced harmonic excitation of the trailing edge flap induces synchronisation of
the buffet response with the control surface motion. With large amplitude deflections, at driving frequencies
above the buffet, the root mean square buffet loads are significantly attenuated. This, however, does not
extend to an elastically-suspended aerofoil, where harmonic flap excitation exacerbates the buffet response.

1 Introduction

For certain flight conditions in a transonic flow, interactions between shock-waves and thin/separated shear-
layers may give rise to large amplitude, self-sustained shock oscillations. This transonic buffet phenomenon
is a limiting factor in aircraft performance. The low-frequency shock motions are typically on the order
of the structural natural frequencies, leaving the aircraft susceptible to Limit Cycle Oscillation (LCO), and
consequently, diminished handling qualities and fatigue life [1].

Although the phenomenon of transonic shock buffet was first identified over six decades ago, shock buffet
alleviation remains an active area of research. A range of potential mitigation techniques are evident in
the literature, including mechanical and fluid vortex generators [2], trailing edge deflector tabs [3], shock
control bumps [4] and plasma-based actuators [5], however, a robust buffet suppression technology has
proven elusive. Early research in the field by Lee [6] has shown a significant dependency of buffet onset
boundaries and intensities to static trailing edge flap deflections. Additionally, the ability of static leading and
trailing edge flap settings to delay buffet onset was found to be sensitive to aerofoil geometry. Studying the
influence of harmonic flap excitation in the vicinity of shock buffet onset, Iovnovich & Raveh [7] showed that
low-amplitude control surface excitation can significantly influence the oscillatory flowfield characteristic of
the buffet phenomenon, with aerodynamic frequencies synchronising with the imposed driving frequency.
Recent research by Gao et. al. [8, 9] has also found that a simple closed-loop linear delay control law based
on the unstable lift response can effectively quench transonic shock oscillations for a rigid aerofoil, with a
marginal effect on the flight condition.

Although recent literature has shown that, at least for simple rigid aerofoil sections, the transonic buffet
instability can be effectively mitigated, little consideration has been given to aeroelastic systems, which
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better represent the in-flight behaviour of a true aircraft. The aim of the present work is to explore the
potential for static and dynamic control surface deflections to alleviate shock buffet for elastically-suspended
wing sections. The NACA 0012 aerofoil will be investigated owing to the experimental data available in
open literature for validation. The paper will begin with a description of the numerical method employed in
the static aerofoil simulations. This will be supported by the main results of the static simulations, including
validation of the buffet response against experimental data and the nature of the buffeting flow for a nominal
flight condition with a rigid wing section. The influence of static leading and trailing edge deflections on the
buffet boundary will then be presented and discussed with reference to the experimental findings of Lee [6]
as a means of validating the method of geometry and mesh deformation. A parametric study on the influence
of flap oscillation amplitude, frequency and phasing for a rigid section will then be provided and validated
against the experimental findings of Braza [10]. This will be extended to an elastically-suspended aerofoil
free to rotate in pitch, so that relationships between the various control parameters and their influence on the
buffet response in both rigid and aeroelastic systems can be developed. A summary of the principal findings
and suggestions for future work will then be presented.

2 Numerical method

2.1 Test case

The test case considered in this study is the transonic flowfield around the symmetrical NACA 0012 aero-
foil. Early experiments were conducted on this section by McDevitt & Okuno [11] at NASA Ames High
Reynolds Number Facility. The HRC-2 test section, in which the investigation was performed, is equipped
with perforated sidewall vents and contoured upper and lower walls to minimise tunnel interference effects,
resulting is data that has remained popular even in contemporary literature for validation of buffet simulations
[12, 13, 14]. A 203.2 mm chord wind tunnel model was manufactured with a 0.4 mm thick trailing edge,
and instrumented with 40 static pressure orifices and six embedded dynamic pressure transducers. Static and
dynamic pressure readings were recorded for freestream Mach numbers between 0.7 and 0.8, with Reynolds
numbers ranging from 1 × 106 to 14 × 106. The experiments were performed with free transition over the
aerofoil surface, and due to the erratic pressure wave form responses at low Reynolds numbers, McDevitt
& Okuno [11] recommend the data set at Re = 10 × 106 be used for validation of buffet simulations. At
these conditions, analysis of the unsteady pressure data yields buffet frequencies for conditions deep within
the buffet envelope.

Additionally, to validate the influence of trailing edge flap deflections on the buffeting flowfield of the NACA
0012, simulations are compared to the experimental data provided by Braza[10]. Experiments on a 180
mm chord NACA 0012 were performed at the Institute of Aerodynamics (IoA) N3 trisonic wind tunnel.
The model was instrumented with 48 static pressure orifices and two unsteady pressure transducers, with
Schlieren imaging also employed to qualitatively observe the flowfield. The model was equipped with a
20% chord aileron and a slider-crank mechanism, capable of driving the aileron with deflection amplitudes
∆δf = ±2◦ at frequencies in the range ff = 0 − 35 Hz. Static pressure distributions and buffet onset were
captured at several Mach numbers with varying static flap deflection, in addition to spectral data for forced
flap actuation at ∆δf = ±2◦ and ff = 35 Hz.

2.2 Flow solver

Simulations are performed using the commercial, cell-centred finite volume code ANSYS Fluent R18.0 [15].
The two-dimensional pressure-based implicit solver is used to formulate the coupled set of momentum and
pressure-based continuity equations, which are solved segregated from the energy equation. Second-order
upwind differencing is used for all convective variables. All diffusive fluxes are treated with a second-order
accurate central-difference scheme. Gradients of the convective and diffusive terms are computed at the
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cell faces through a Green-Gauss reconstruction scheme, with a differentiable gradient limiter employed to
mitigate spurious shock oscillations.

The Stress-Omega Reynolds Stress Model (SORSM), a stress-transport model developed from the omega
equations and the Launder-Reece-Rodi (LRR) model [16], is employed for closure of the Navier-Stokes
equations. The SORSM is derived by taking the second-moments of the exact momentum equations, yielding
(in a two-dimensional flow) an additional four transport equations for the Reynolds stresses, together with
an equation for the dissipation rate. All turbulent transport equations are solved segregated from the coupled
set of continuity, momentum and energy equations, with second-order accurate upwind discretisation of the
turbulent quantities.

2.3 Spatial & temporal discretisation

Simulations in this investigation are performed on a two-dimensional CH-type structured grid, with an up-
stream boundary of 40 chords and downstream boundary of 60 chords. The grids are constructed through
hyperbolic extrusion of nodes in the wall normal direction, allowing for high orthogonality throughout the
domain. To ensure mesh independent solutions of the unsteady flowfield, three levels of grid refinement are
considered. Refinement is primarily concentrated in the shock region and at the aerofoil trailing edge, to en-
sure sufficient resolution in regions of significant pressure fluctuation. The node count for each of the grids,
along with the corresponding resolution through the mean shock location are provided in Table 1, where i
indicates the streamwise direction and j the wall-normal direction.

Grid Size (i× j) Shock Resolution (c)
G1 230 × 112 0.0075
G2 410 × 126 0.005
G3 570 × 138 0.0025

Table 1: Computational grid properties.

To assess mesh independence, simulations are performed at the established buffet condition from McDevitt
& Okuno [11] (M = 0.72, Re = 10 × 106 and α = 6◦). Mesh independence is achieved at the medium
resolution grid, where the peak root mean square pressure coefficient and buffet reduced frequency are within
2% of the fine grid. To assess temporal convergence, the baseline McDevitt & Okuno [11] condition was
again employed on the medium density grid for three levels of temporal resolution. The root mean square
pressure fluctuations indicate convergence of the pressure field with a nondimensional time-step (with respect
to the speed of sound) of 0.002. The lift coefficient frequency responses (not shown) display consistent
predictions of the fundamental and first harmonic frequency for τ = 0.001 and τ = 0.002, with marginally
lower reduced frequencies at the coarsest resolution. Owing to this, all subsequent simulations are performed
with a nondimensional time-step of 0.002.

3 Results

3.1 Static aerofoil

Employing the developed solution procedure, the buffet onset boundary for the NACA 0012 atRe = 10×106

is computed by angle of attack sweeps at Mach numbers corresponding to the nominal conditions investigated
by McDevitt & Okuno [11]. The resulting stability boundary is shown in Figure 1. The computed onset is
in excellent agreement with the experiments for data sets 1, 5 and 6. At each of these conditions, onset is
characterised by the emergence of Tijdeman Type A[17] periodic shock oscillations over the suction surface
of the aerofoil.

AERO-ELASTICITY 533



The higher Mach number condition corresponding to data set 4 is anomalous. The onset incidence at this
condition is overpredicted by approximately 0.5◦. This result is, however, consistent with a number of
studies investigating this test case, including Barakos & Drikakis [12] and Iovnovich & Raveh [18]. The
difficulty in accurately capturing onset at this condition is related to a shift in the nature of shock dynamics
at low incidence. At lower Mach numbers and moderate incidence, the NACA 0012 exhibits Type II shock
oscillations constrained to the suction surface. The low incidence onset condition at M = 0.8 consists of
oscillations of both a strong upper surface shock and weaker lower shock. This shock motion is akin to
Type I shock oscillations typically observed on biconvex and symmetric aerofoils at zero incidence [19, 20].
Relative to onset at lower Mach numbers, the emergence of Type I shock-induced oscillations is subtle, with
comparatively smaller shock travel and lower levels of pressure fluctuations.
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Figure 1: NACA 0012 buffet onset boundary.

The reduced aerodynamics frequencies at developed buffet conditions for each of the data sets are provided
in Table 2. While the buffet frequency is accurately captured at M = 0.72, discrepancies arise at higher
Mach numbers. At M = 0.75 and M = 0.77, the computed buffet frequencies are underpredicted and
overpredicted, respectively. The values are however within reasonable deviations from the experiments
and are consistent with URANS results reported by several authors[13, 18]. The result at M = 0.8 is
somewhat less convincing. The simulations yield a steady solution where the experiments predict sustained
shock oscillations. Repeating this condition at various levels of spatial and temporal resolution consistently
produced a steady flowfield. As previously noted, the buffet magnitudes atM = 0.8 are significantly smaller
than those observed at the lower Mach numbers. It is possible that this condition lies toward the upper Mach
number bound of the buffet envelope. In a similar light to the delay in onset prediction to higher incidence,
the simulations appear to predict offset at a lower Mach number. While further investigation is necessary
to confirm this, the solution method presented herein correlates well with the experiments of McDevitt &
Okuno [11] across the majority of conditions considered and will be employed to examine the influence of
control surface deflections on the aerodynamic and elastic response of the NACA 0012 at buffet conditions.

M α(◦) ksim kexp
0.72 6 0.55 0.55
0.75 4 0.43 0.47
0.77 4 0.47 0.44
0.80 4 Steady 0.38

Table 2: Comparison of computed NACA 0012 buffet frequencies with McDevitt & Okuno [11].
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3.2 Static trailing edge deflections

The influence of static trailing edge deflections on the buffet response of the NACA 0012 aerofoil is investi-
gated by means of a blended flap configuration. The aft 20% of the section is statically deformed by the flap
deflection angle δf , with diffusion-based smoothing applied to the baseline grid. The study of Braza [10]
has shown that inclusion of a slotted flap may have an appreciable effect on the trailing edge flowfield, and
in some instances, the shock location. Nonetheless, the grid densities required to sufficiently resolve the
flow through the slot are not amenable to the parametric study of dynamic control surface deflections in-
tended in this study. To this effect, the data from Braza [10] are employed to validate the present method of
incorporating control surface deflections.
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Figure 2: Validation of static trailing edge flap deflection.

In Figure 2(a), the computed suction surface mean pressure coefficients for a range of flap deflection an-
gles are compared to those found in the experiments of Braza [10]. At small deflections, the simulations
accurately reproduce the pressure distribution over the entire section. As the flap deflection angle increases,
discrepancies in the pressure distribution aft of the hinge axis begin to emerge, with the computations over-
estimating the pressure recovery through to the trailing edge. The shock location is generally well predicted,
with the exception of δf = 6◦, where the computed shock location lies approximately 5% chord upstream of
the experiment. While these discrepancies could potentially be addressed through resolution of the slotted
flap flow, the results are in sufficient agreement with the experiment to warrant the continued use of the
blended flap. This is further demonstrated by the excellent correlation in buffet onset prediction relative to
the experiment evident in Figure 2(b). While the onset prediction degrades, expectantly, at larger flap deflec-
tion, the reduction in onset incidence is apparent. Further, at the developed buffet condition of M = 0.70,
α = 6.8◦ and Re = 3× 106, the computations yield a buffet frequency within 5% of the experiment. Owing
to the fair agreement presented, the blended flap configuration is employed through the remainder of this
study.

To further probe the effect of static trailing edge deflections on the aerodynamic response of the NACA
0012 at buffet conditions, conditions corresponding to data set 6 of McDevitt & Okuno are considered
(M = 0.72 and Re = 10 × 106). In Figure 3, the root mean square (RMS) lift coefficient is shown for
angle of attack sweeps at various static deflection amplitudes. Figure 3(a) plots the RMS lift against angle of
attack. It is immediately apparent that an increase in control surface deflection reduces the onset incidence.
This reduction is significant; falling from α = 4◦ in the baseline configuration to α = 1.5◦ at δf = 10◦.
Peak RMS loading through the centre of the buffet envelope also increases with control surface deflection
- growing 20% from the baseline to δf = 6◦. At δf = 10◦, the peak RMS loading is again equivalent to
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the baseline, however, the extent of the buffet region has narrowed by 30%. While positive deflection of the
trailing edge control surface reduces the buffet onset incidence, Figure 3(b) indicates that this is accompanied
by an increase in the mean lift coefficient at onset. Similar behaviour has been identified experimentally by
Lee [21], where it was noted that the rapid increase in RMS loads at onset (as shown in Figure 3(b)) is
characteristic of onset at lower Mach number conditions. The tendency of trailing edge flap deflections to
delay the onset of large-scale unsteadiness to higher lift coefficient is a favourable outcome. At a given Mach
number, the buffet-free envelope of an aircraft may be extended through a small-amplitude static deflection
of an aft control surface. Large amplitude deflections (δf > 6◦) should be avoided; although the mean lift at
onset is significantly higher and a comparatively narrow region of shock unsteadiness exists, complete stall
of the aerofoil occurs at relatively low incidence (α = 5.5◦ for the NACA 0012 at conditions considered
herein).
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Figure 3: RMS lift variation with changes in incidence at various trailing edge flap deflections.

3.3 Static leading edge deflections

While the effects of static trailing edge control surface deflections have been investigated in the past [6, 22],
no studies on the influence of leading edge slat deflections are available in the literature. These effects are
investigated herein, with the baseline condition again corresponding to data set 6 from McDevitt & Okuno
[11] (M = 0.72 and Re = 10 × 106). Angle of attack sweeps are performed at this condition to capture
the extent of incidence for which buffet persists with static leading edge slat deflections (δs) between 2◦ and
10◦. A blended slat geometry with hinge line at 15% chord of the NACA 0012 is considered.

Analogous to the preceding Section, Figure 4 shows the variation in RMS lift coefficient with both angle
of attack and mean lift coefficient at various leading edge slat settings. Clear trends are apparent in the
effects of slat deflection on the buffet envelope. An increase in slat deflection imparts similar influence to
the buffet boundary as is observed with an increase in Mach number. This is to be expected, as the increase
in flow acceleration around the leading edge is analogous to an increase in freestream Mach number. From
Figure 4(a), an increase in slat deflection is accompanied by both a reduction in buffet amplitudes and a
narrowing of the incidence region for which buffet persists. In a similar fashion to the influence of trailing
edge flap deflections, increasing the leading edge slat setting acts to reduce the onset incidence. However,
from Figure 4(b) this reduction in onset incidence is also accompanied by a reduction in mean lift coefficient
at onset. Ultimately, while deflection of a leading edge slat may alleviate the severity of autonomous shock
oscillations, it inhibits the maximum lift coefficient at onset, and may thus be ineffective as a means of
extending the buffet-free flight envelope.

536 PROCEEDINGS OF ISMA2018 AND USD2018



0 2 4 6 8 10
0

0.05

0.1

0.15

0.2

0.25

(a) RMS CL variation with incidence

0 0.2 0.4 0.6 0.8 1
0

0.05

0.1

0.15

0.2

0.25

(b) RMS CL variation with mean CL

Figure 4: RMS lift variation with changes in incidence at various leading edge slat deflections.

3.4 Influence of static control surface deflection on buffet frequency

Figure 5 shows the influence of static control surface deflections on the reduced buffet frequencies of the
NACA 0012 throughout the buffet region at M = 0.72 and Re = 10 × 106. In both instances, and increase
in control surface deflection appears to have a marginal effect on the reduced buffet frequencies. At onset,
a reduced buffet frequency of ksb ≈ 0.4 persists, growing approximately linearly with an increase in inci-
dence. For lower δf and δs, where the instability region is larger in extent, the gradient ∂ksb/∂α steepens at
higher incidence, adopting a quadratic character. Ultimately, the control surface setting predominately acts
to reduce the onset incidence, however, from this point the reduced buffet frequency evolves with incidence
in a consistent manner with the baseline configuration [23].
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Figure 5: Effect of control surface deflection on reduced buffet frequency.
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3.5 Dynamic trailing edge deflections

In recent studies of transonic shock buffet, numerous authors [24, 25, 13, 7] have noted the emergence
of a frequency synchronisation phenomena occurring when an aerofoil experiencing buffet is harmonically
excited at a frequency close to the fundamental flow frequency. When this excitation is in the pitch or heave
degrees-of-freedom, this can lead to amplification in the unsteady loads experienced by the section. However,
Iovnovich & Raveh [7] have shown that for a harmonic excitation in the flap degree of freedom, attenuation
of loads may emerge for certain driving frequencies. In this study, the trailing edge flap of the NACA 0012 is
driven at frequencies 0.5 ≤ kf/ksb ≤ 1.5, where kf is the flap excitation frequency and ksb the rigid aerofoil
buffet frequency.

In Figure 6, a map of the lock-in region across various excitation amplitudes and frequencies is shown. At
conditions marked with response at the driving frequency, the aerodynamic coefficients exhibit frequency
content concentrated at the driving frequency, and potentially, the sub- and superharmonics of this excitation
frequency. The extent of the lock-in frequency band is seen to grow as the excitation amplitude increases.
This growth with driving amplitude is approximately symmetric about the buffet frequency. This is con-
trary to the synchronisation behaviour observed for harmonic pitch excitation, where the lock-in region is
concentrated at driving frequencies above the buffet (where the pitching moment coefficient leads the struc-
ture) [7, 24]. Additionally, the amplitude of flap excitation necessary to incite lock-in is significant if the
driving frequency is far from the buffet. A flap amplitude of δf = 8◦ is required for the lock-in region
to span a 50% deviation from the rigid buffet frequency. While the control effort necessary maintain such
large amplitude flap deflections is likely prohibitive, synchronisation can be promoted by smaller amplitude
oscillations if the flow frequency is known.
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Figure 6: Map of lock-in region with trailing edge flap excitation.

To gauge the influence of forced trailing edge oscillations on the unsteady aerodynamic response, Figure 7
presents the lift and pitching moment response across various excitation amplitudes and an excitation fre-
quency of kf = 1.25ksb. At low driving amplitude (δf = 2◦), the buffet frequency dominates the response
in both aerodynamic coefficients, with the secondary presence of the excitation frequency producing a mild
beating response that amplifies the fluctuations relative to the rigid section. As the excitation amplitude in-
creases, the buffet frequency continues to dominate the frequency content of the aerodynamic coefficients.
The first subharmonic of the buffet frequency also becomes prominent in this instance, and the interaction
with the driving frequency yields aperiodic responses in both the lift and pitching moment coefficients. For
δf = 8◦, The buffet frequency has vanished and frequency content is concentrated at the excitation frequency
and its first superharmonic. At these conditions, attenuation in the unsteady response of both aerodynamic
coefficients is apparent.
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Figure 7: Aerodynamic coefficient time histories at various excitation amplitudes (kf/ksb = 1.25).

To better understand the effect of driving frequency on the unsteady load fluctuations, Figure 8 shows the
root mean square lift and pitching moment coefficients for the range of excitation amplitudes and frequencies
investigated. For each driving amplitude, in the absence of frequency sychronisation the excitation frequency
imparts a negligible influence on the RMS of the aerodynamic coefficients and the aerofoil under dynamic
trailing edge oscillations experiences nominally larger fluctuation in loads relative to the rigid section. Within
the lock-in region, excitation frequencies below the buffet exacerbate the unsteady aerodynamic response;
an effect that becomes more pronounced at larger excitation amplitudes. Attenuation in both lift and pitching
moment fluctuations is observed within the lock-in region for driving frequencies above the buffet. The most
favourable response is evident at δf = 8◦ and kf/ksb = 1.25, where a 30% and 40% reduction in RMS
lift and pitching moment coefficients is found, respectively. Again, the control effect necessary to achieve
significant unsteady load attenuation in both the lift and pitching moment coefficients is inordinate for a true
aircraft system. From this parameter study it would appear that robust buffet alleviation through open-loop
trailing edge flap oscillations is not achievable.
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Figure 8: RMS variation in aerodynamic coefficients at various excitation amplitudes and frequencies.
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The preceding discussion demonstrates that shock buffet lock-in to the trailing edge flap excitation occurs for
a range of driving frequencies in the vicinity of the buffet. The extent of the lock-in frequency band grows
with excitation amplitude. Although shock buffet and the associated lock-in phenomenon is inherently non-
linear, under synchronisation conditions the aerodynamic response consists primarily of a single frequency
(and its harmonics), permitting analysis of the response through a frequency sweep study. The amplitude re-
sponse behaves in an analogous manner to the RMS coefficients present in Figure 8 and so this is not repeated
here. Figure 9 shows the phase of the lift and quarter-chord pitching moment to trailing edge excitation at
lock-in conditions. At all excitation amplitudes the lift coefficient lags the control surface motion, with a
steeper phase gradient through the buffet frequency encountered at lower δf . The pitching moment coeffi-
cient yields a more interesting response. At all amplitudes the aerodynamics lead the motion for excitation
frequencies below the buffet, indicating the possibility of an aerodynamic instability at these conditions. At
the buffet frequency, the pitching moment response experiences a 180◦ phase lag, which persists for driving
frequencies above the buffet. In conjunction with the attenuation in RMS loads in this frequency band (as
shown in Figure 8), it appears mitigation of autonomous shock oscillations through harmonic trailing edge
oscillation is most receptive to large amplitude deflections at driving frequencies above the buffet. This anal-
ysis has been repeated at a driving amplitude of δf = 4◦ and with phase shifts φ of 90◦, 180◦ and 270◦.
The influence of excitation phase is negligible. Once frequency lock-in occurs, the aerodynamic response
becomes phase locked with the excitation and the response is identical to that presented in this section.
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Figure 9: Phase of lift and moment coefficients at lock-in conditions.

3.6 Aeroelastic pitching

The shock buffet lock-in phenomenon briefly described in Section 3.5 for harmonic excitation of an aerofoil
further extends to elastically suspended aerofoils, so long as the structural eigenfrequency is sufficiently
close the buffet [26, 27, 28, 14, 29, 9]. In this section, the aeroelastic response of the NACA 0012, free to
rotate in pitch, is examined at the nominal buffet condition of M = 0.72, Re = 10 × 106 and α = 6◦. A
fourth-order Runge-Kutta time-marching integration is employed to solve for the structural displacement, as
given by:

Iα(¨̄α+ 2ζωα ˙̄α+ ω2
αᾱ) = M1/4c (1)

where ᾱ, ˙̄α and ¨̄α are the pitch displacement, velocity and acceleration respectively, ωα is the pitch natural
frequency, ζ is the structural damping and M1/4c is the pitching moment about the quarter-chord point. The
elastic axis and centre of gravity are enforced at the quarter-chord point such that all moments in Equation 1
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are taken about this point. The pitch moment of inertia Iα is computed by:

Iα = µπρ∞b3r2α (2)

where ρ∞ is the freestream density, b is the aerofoil semi-chord and r2α = 0.5 is the radius of gyration, which
is held constant across all simulations. The parameter µ is the sectional mass ratio, given by:

µ =
m

πρ∞b2
(3)

Nominal structural parameters of µ = 100 and ζ = 0.02 are employed and the wind-off pitch natural fre-
quency is varied between 0.5 ≤ kα/ksb < 1.75. In Figure 10, the variation of pitch displacement amplitude
and response frequency are plotted against the ratio of wind-off structural eigenfrequency and rigid aerofoil
buffet frequency. The parameter kα−sb represents the dominant pitch response frequency once a steady state
LCO is achieved. The plots are divided into three distinct regions, where qualitatively dissimilar behaviour
is observed.
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Figure 10: Effect of frequency ratio on pitch response amplitude and frequency.

From Figure 10(b) at frequency ratios below 0.95, the coupled pitch response frequency follows approxi-
mately the rigid aerofoil buffet frequency. In this region, the oscillating shock acts as an external forcing
to the aeroelastic system. The pitching motion is driven at the buffet frequency, and a gradual increase in
LCO amplitude is evident as the structural natural frequency approaches the buffet. From approximately
kα/fsb = 0.95, lock-in of the shock oscillation frequency to the pitching mode is observed. This is in accor-
dance with previous studies on both the NACA 0012 [30] and the OAT15A [27], where the onset of lock-in
occurs at the rigid aerofoil buffet frequency. In Figure 10(b), the structural response is shown to be concen-
trated at the modal frequency through to kα ≈ 1.5fsb. Throughout this region a distinct resonance is present
in the pitch amplitude, with the maximum amplitude LCO response occurring at kα ≈ 1.25ksb. This shift
in the maximum amplitude aeroelastic response to higher frequencies relative to the dominant aerodynamic
mode is supported by similar findings for forced harmonic motions [31, 13, 25]. At kα ≈ 1.5fsb offset of
the shock buffet lock-in phenomenon occurs. The pitch response settles to a low amplitude LCO driven at
the frequency of shock oscillation, essentially behaving as a single degree-of-freedom harmonic oscillator.

3.7 Aeroelastic pitching with dynamic trailing edge deflections

To access the influence of harmonic trialing edge excitation on the aeroelastic response of the NACA 0012,
this section considers three aeroelastic configurations; kα = 0.7ksb, kα = 1.2ksb and kα = 1.6ksb. These
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configurations are representative of the three distinct aeroelastic behaviours observed for an aerofoil at shock
buffet conditions in Figure 10. The mass and damping ratio of the elastically-suspended section are once
more µ = 100 and ζ = 0.02, with a mean flow condition of M = 0.72, Re = 10 × 106 and α = 6◦. For
each configuration the trailing edge is driven at an amplitude of δf = 4◦ with excitation frequencies in the
range 0.5 ≤ kf/ksb ≤ 2.

In Figure 11, the root mean square pitch displacement and response frequency are shown for the three
configurations described across the excitation frequencies considered. Dashed lines represent the RMS and
response frequency of the corresponding aeroelastic response in the absence of trailing edge oscillations.
With both the pitch and flap excitation frequencies below the buffet, the aerofoil experiences amplification in
the pitch response. For the particular case of kα = 0.7ksb, Figure 11(b) shows that lock-in of the pitch mode
to the flap excitation frequency occurs through 0.75 ≤ kf/ksb ≤ 1.05. In this region the pitch amplitude
attenuates up to the offset of lock-in, from which the pitch response amplitude and frequency approximately
follow that of the fixed trailing edge, with the response concentrated at the rigid aerofoil buffet frequency.
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Figure 11: Effect of frequency ratio on pitch response amplitude and frequency.

Considering the structural configuration for which lock-in to the pitch mode was observed in Section 3.6
(kα = 1.2ksb), harmonic trailing edge excitation has a negligible effect on the response frequency. From
Figure 11(b) it is evident that the pitch response remains synchronised with the pitch natural frequency
regardless of the flap excitation frequency. This is accompanied by an approximately 35% increase in RMS
pitch displacement across all driving frequencies. At flap excitation frequencies in the vicinity of the buffet
a mild resonance effect is noted. While the dominant pitch response frequency is concentrated at the pitch
mode, for these conditions frequency content is also evident at kf , which exacerbates the response amplitude.

In the case for which the pitch natural frequency exceeds the offset of pitch-mode lock-in, the inclusion of
trailing edge oscillations is generally detrimental to the response. With the frequency band 0.9 ≤ kf/ksb ≤
1.1, the pitch response synchronises with the flap excitation, yielding pitch displacements analogous to the
rigid trailing edge. Outside of this region, the perturbations induced by the control surface act to expand the
bounds of the pitch-mode lock-in region, resulting in a response frequency that follows the pitch eigenfre-
quency and a significant amplification in the pitch response. From the combination of parameters considered
herein it appears that open-loop control surface actuation of an elastically-suspended aerofoil at shock buffet
conditions is globally detrimental to the system’s aeroelastic response. It is possible that larger amplitude
control surface deflections may have a more appreciable influence on the response, however, as previously
noted, the necessary control effect becomes prohibitive for implementation in a true aircraft system. Ulti-
mately, feedback control actuation could provide a remedy, so long as a physically observable state of the
system that is directly correlated with the buffet response can be identified. Gao et. al. [8] have employed the
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balanced lift coefficient as a parameter in their control law for buffet alleviation of a rigid aerofoil. Regarding
the observable in an aeroelastic system, the pitch displacement is the logical selection, and future work will
investigate the efficacy of a number of control laws for suppression of the buffet instability in an aeroelastic
system.

4 Conclusion

This paper has investigated the transonic shock buffet phenomenon on the NACA 0012 aerofoil through
URANS simulation. The test case has been validated against available experimental data and has accurately
captured the buffeting response in the vicinity of onset. The influence of both static leading and trailing edge
control surfaces on the buffet response has also been considered. Static deflection of a trailing edge flap
is found to decrease the incidence at which onset occurs. This is, however, accompanied by a significant
increase in the mean lift at onset, and may provide a viable means of extending the flight envelope of an
aircraft operating near the buffet envelope. The contrary is observed for static leading edge flap deflections,
where a narrowing of the buffet region is accompanied by a reduction in the mean lift coefficient at onset.
Static deflection of either control surface is seen to have a negligible effect on the buffet frequency.

Dynamic trailing edge flap excitation has also been found to have a pronounced influence of the buffet re-
sponse. Synchronisation of the shock oscillation to the trailing edge excitation occurs at driving frequencies
in the vicinity of the buffet. This lock-in region extends to frequencies farther from the buffet as the exci-
tation amplitude increases. At driving frequencies below the buffet, amplification in the RMS aerodynamic
coefficients has been observed. In this frequency band, the pitching moment coefficient also exhibits a phase
lead relative to the control surface motion; an indicator of a potential aeroelastic instability. Single degree-
of-freedom simulations of an elastically-suspended NACA 0012 free to rotate in pitch also display have also
shown the presence of a frequency lock-in phenomena, with the aerodynamic response synchronising with
the pitch mode for wind-off pitch natural frequencies above the buffet. Forced harmonic trailing edge oscil-
lations in the elastically-suspended system tend to exacerbate the aeroelastic response, extending the lock-in
frequency range and amplifying pitch displacements. To effectively mitigate the large amplitude displace-
ments associated with this lock-in phenomenon, a feedback control system is required. This is currently
being investigated by the authors.
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