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Abstract. A ﬂuid dynamics numerical simulation is carried to study the gust characteristics produced
downstream of a pair of sinusoidally pitching two-dimensional thin foils with a certain lateral spacing and placed
in a freestream ﬂow. The ﬂow was simulated for Reynolds number (Re) = 1.6 9 105, the airfoil pitching angle =
6.9°, and a range of reduced frequencies (0.54 B k B 1.2). Between the two (undulating) wakes of the two foils,
the ﬂow is irrotational and unsteady that can be used to study gust response of, for example, micro-air vehicles
(MAVS). The maximum gust velocity that can be generated by this technique is, however, limited to (5–7) % of
the mean ﬂow velocity. To enhance the gust intensity, a new method is proposed: introduction of a jet at the
trailing edge of each pitching foil. Results show that the addition of the trailing jet enhances the gust intensity by
2–7 times for the Re, jet velocity, and the range of reduced frequencies considered. This technique provides a
simple, economical, and controlled way to study gust response of MAVs and aircraft in wind tunnels.
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1. Introduction
Recent advances in miniaturization technology have seen
signiﬁcant growth in the use of MAVs for civil and
strategic applications. These vehicles operate at relatively
low Re (*105) [1] in the lower part of the earth’s atmosphere (100–1000 m above ground surface) [2–5]. Such
areas include hillsides, canyons, city, street corners, residential areas, catastrophe-affected areas, etc. Thus, these
vehicles operate in very complex environments (wakes of
local obstructions like houses, grasslands, trees, towers)
where the ambient ﬂow is likely turbulent or gusty. It is
important to understand how the spatial and temporal scales
of these gusts affect the ﬂight of MAVs. Even larger aircraft are subject to turbulence that affects their ﬂight. To
study the response of small air vehicles, several methods of
gust generation have been reported. These include the use
of ﬂuidically activated nozzle [6], circulation controlled
airfoils [7, 8], ﬁxed airfoils with oscillating ﬂaps [9],
oscillating twin vanes mounted on the sidewall of wind
tunnel [10], twin oscillating vanes [11–15] and a cascade of
oscillating airfoils [16, 17]. One view of an ideal gust is one
that is irrotational. Ideally, the gust creation mechanism
should be mechanically simple and highly controllable.
This paper presents a numerical simulation of the ﬂow
created by a pair of sinusoidally pitching two-dimensional
thin foils with a certain lateral spacing between them. The
*For correspondence

pitching of the foils produces transverse and stream-wise
velocity ﬂuctuations superimposed over the mean ﬂow. The
unsteady ﬂow is generated in the region behind and
between the wakes of the foils. The ﬂow so generated and
superimposed over mean ﬂow is called here as a gust. One
limitation of this method is the relatively low intensity of
the gust that is produced. To enhance the gust intensity, a
novel technique using a jet at the trailing edge of each foil
is proposed. It is shown that introduction of the trailing
edge jet enhances the gust intensity by as much as 7 times
for the range of variables covered.

2. Method
Two NACA 0015 foils with chord length (c) 20 cm were
used. Two lateral separations between the two foils were
used: 2.3c and 3c. The point of oscillation was ﬁxed at the
mid-chord point. The geometry was generated in a commercially available ANSYS workbench 19.1. The geometry
and dimensions are given in Figure 1. The speciﬁed chord
length and the mean ﬂow velocity were chosen to suit the
maximum size and the velocity of MAVs. According to
DARPA, the maximum dimension of MAVs should not
exceed 15 cm, and they should be able to ﬂy at a velocity of
* 10m/s. The whole domain was discretized using an
unstructured grid that was generated using tetrahedral elements in ANSYS workbench 19.1. To simulate the pitching
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Figure 1. Numerical simulation of domain showing airfoil geometry and boundary conditions. ‘x’ and ‘y’ are streamwise and
transverse directions, respectively. (A) A pair of NACA foils are placed at a separation (Y) of 3 chord length (c), both pitching in-phase
by 6.9° at mean Re = 1.6 9 105. The foils pitch about mid-chord point, enforced by a custom-written UDF. X0 is the location where
values of interest are calculated. The distance between sidewalls is 9.5c, and that between inlet and outlet is 12c. (B) Jet introduction at
trailing edge (TE) of foil. Uj is the jet velocity at TE. (i) A source of mass ﬂow is placed at the quarter-chord point, and TE is cut normal
to the chord line. Arrows on the source show that air was ejected into airfoil through that face only, and all other faces were treated as
wall. (ii). The area of the source and TE cut is selected such that velocity at jet is 3-times mean ﬂow velocity.

motion of the foils, sliding mesh technique was used. In the
sliding mesh technique, the pitching foils are ﬁxed to the
surrounding domain, and the domain rotates by the speciﬁed angle. This method has the advantage of preserving
grid quality over dynamic mesh technique in which just the
airfoil pitches up and down, thereby leading to tearing up of
mesh at high rotation angle. Before solving the ﬂow over
pitching foils, simulations were carried out for a steady and
non-rotating airfoil for different angles of attack (a) in
ANSYS Fluent 19.1 employing inviscid, laminar, and turbulence models like S-A, K-e, and K-x. It was found that
the realizable K-e model (with inlet turbulence intensity
5%) gives the result that agrees well with thin airfoil theory
(i.e. CL ¼ 2pa, CL is the coefﬁcient of Lift) (results not
shown here). This increased our conﬁdence in using this
model for pitching foil. Besides, the results obtained for

gust intensity using this model match reasonably well with
available experimental data for pitching foils (to be discussed in detail in the ‘‘Results and discussion’’ section).
Although the mean ﬂow Re is in the laminar range, the
applicability of the turbulence model is somewhat surprising. The exact reason is not known to us.

2.1 Boundary conditions
Reynolds number ðRe ¼ Uc=tÞ; based on chord (c) and
mean ﬂow velocity (U), was 1.6 9 105. No-slip boundary
condition was imposed on all wall surfaces while velocity
and pressure boundary conditions on inlet and outlet,
respectively (Figure 1A). Transient pressure-based solver
employing ﬁrst order SIMPLEC upwind and second-order
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implicit formulation were used. The governing equations
used are unsteady incompressible continuity and momentum equations, represented by eqs. (1) and (2), respectively,
which are resolved using RANS approach.

o uj
¼ Sm
ð1Þ
oxj



o uj
o ui uj
oP oCij
þ
q
þ
þ SM
ð2Þ
¼
ot
oxi
oxj oxi
where ui ; uj are average velocity vectors, q density, xi and xj
direction vectors, P is static pressure, Cij is deviatoric stress
tensor, Sm and SM are source terms for continuity and
momentum equations, respectively. The K-e model further
solves for turbulent kinetic energy (K) and dissipation rate
of K.
Pitching motion of the foils was achieved using a custom
UDF that speciﬁed the type of motion, maximum rotation
angle ða0 Þ and rotation frequency (f ). The instantaneous
motion of the foils was given as below.
aðtÞ ¼ a0 sinð2pftÞ

ð3Þ

Both the foils pitch sinusoidally in-phase. Vortices shed
from the pitching foils induce velocity normal to the line
joining their center and any point in the neighborhood, as
per Biot–Savart law. In-phase sinusoidal motion gives rise
to sinusoidal transverse gust, as the velocity induced in
streamwise direction gets canceled out; out-of-phase
pitching motion cancels out the transverse velocity component, resulting in an only streamwise gust. Generating
transverse sinusoidal gust is the aim of this study. So, an inphase sinusoidal motion was imposed on both the airfoils
via UDF.
To enforce jet at trailing edge (TE) of the foils, a slit
source is introduced at the quarter-chord point of the foils,
as shown in Figure 1B(i), and TE was cut in a plane perpendicular to the chord line. The area of the source and TE
cut were chosen such that the jet velocity was three times
the mean ﬂow velocity at TE exit as shown in Figure 1B(ii).
This magnitude of jet velocity was used as the starting case
for the gust enhancement in the present study. Velocity
inlet boundary condition was used on the face of source
facing TE, as shown by arrows on the corresponding face in
Figure 1B(i), while on all other faces, no-slip wall boundary
condition was enforced. The main reason for introducing
the source, rather than using velocity inlet condition
directly at TE cut was to simulate the real experimental
condition where the mass will be added inside the foil by
rotating source ﬁxed to it at the quarter-chord point.

2.2 Grid convergence
The spatial and temporal convergence was carried out for a
different number of nodes and different time steps,
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respectively. The instantaneous transverse velocity calculated at 6c downstream on the centerline between the foils
is shown in Figure 2(i) for the different number of grids for
a pitching frequency of 9.7 Hz and Re = 1.6 9 105. The
ﬂuctuation in streamwise velocity at the same location for
2.6 9 105 nodes was found to be less than 1.85% of the
mean velocity. Similarly, the maximum transverse velocity
changed by not more than 2% after 2.6 9 105 number of
nodes, as can be seen in Figure 2(ii). Also, because the ﬂow
is unsteady, temporal convergence was studied for which
the simulation was run for different time steps (Dt) for 2.6
9 105 number of nodes, and it was observed that the change
in maximum velocity was lesser than 2% for (Dt) less than
0.2 ms (Figure 2(iii)), and hence, spatial and temporal
resolutions of 2.6 9 105 nodes and 0.2 ms were used for
further calculations, respectively. Here, the amplitude of
transverse sinusoidal velocity is considered as maximum
velocity and is denoted by Vmax. Vmax is considered only
after the unsteadiness due to starting motion subsides (i.e.,
after two cycles of rotation. This takes care of cyclic convergence as well). The data is shown for the foil separation
of Y=3c. A similar convergence test was carried for
Y=2.3c. It is also noted that uniform grid spacing was
employed around each airfoil in a rotating domain with a
grid growth rate of 1.2 outside this domain, and the
boundary layer was not resolved. Considering that the focus
of the present work not on boundary layer or drag calculation but on gust generation due to vortices shedding (to be
discussed later in detail), usage of uniform grid spacing is
justiﬁed.

3. Results and discussion
The simulation of pitching foils was carried out for Re = 1.6
9 105, a0 ¼ 6.9° and for a range of reduced frequencies
(k ¼ pfc
U ) from 0.54 to 1.1 with an increment of 0.13.
Reduced frequency is used to denote non-dimensional time,
and signiﬁes the ratio of the time taken by ﬂow to pass over
the airfoil during one pitching time period. The choice of
this range of k was dictated by two main reasons: (a) relatively high gust intensities are obtained for 0.4 B k B 0.6
[12] and (b) experimental data required for the validation of
our simulation results were available for only these reduced
frequencies for the given ﬂow conditions [11]. Each case
was studied for at least ﬁve rotation cycles to ensure that
there remained no transients due to the starting of rotation.
This effect generally subsided after two rotation cycles, as
shown in Figure 2(i).
Figure 3 shows vorticity contour plots of ﬂow for k =
0.54 when foils are separated by Y=3c. Vorticity of opposite sense is shed during each half-cycle (i.e., clockwise
vorticity is shed downstream into ﬂow when the foil pitches
down, while counterclockwise vorticity for pitch-up
motion). Vorticity starts decaying after x/c = 5. Figure 3(ii)
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Figure 2. Grid and time convergence for Y=3c. (i) Non-dimensional instantaneous transverse velocity, v(t)/U calculated at X0 = 6c for
1.6 x 105, 2.6 x 105 and 4.7 x 105 nodes for pitching frequency of 9.7 Hz. U is mean ﬂow velocity. (ii) Maximum non-dimensional
transverse velocity (Vmax/U) versus the number of nodes. (iii) Vmax/U versus time step (Dt) used for simulation.

Figure 3. Vorticity contour in x–y plane for the without-jet case when k=0.54 and foils separation of Y=3c. ‘x’ and ‘y’ are normalized
with foil chord length. Vorticity shedding at t=0.5T (i) and t=6T (ii), where T is the time period of pitching foil. Vorticity decays as it
moves downstream of the foils. A pair of horizontal black lines in (ii) indicates the irrotational region, while the vertical line denotes
X0=6c and * point on centerline where gust intensity was calculated.
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the point increases. An increase in spacing between foils
causes the radial distance of the vortex from any centerline
point to increase, and hence, decrease in induced velocity.
One of the main limitations of this technique of gust
generation is low gust intensity (Ig B 0.6). The maximum
transverse velocity corresponds to approximately 7% of the
mean ﬂow velocity, which may not be enough to simulate
the gust an aircraft or MAV may experience in a natural
environment.

4. Trailing edge jet

Figure 4. Gust intensity Ig for a range of reduced frequencies
(k) for Y = 2.3c and 3c. Circle represents experimental data, and
the solid line potential ﬂow model, both obtained by Stapountzis
(1982) [11]. The present computed data are shown by diamond
and triangle for Y = 2.3c and Y = 3c, respectively. The calculated
data for Y = 2.3c matches reasonably well with experimental data
for Re = 1.6 9 105. Ig reduces with an increase in k and Y.

further shows the shear-less (i.e., irrotational ﬂow) region
marked by two horizontal black lines from - 0.6c to 0.6c in
the y-direction, thus, indicating a vorticity-free region of
1.2c.


Figure 4 shows gust intensity

max
Ig ¼ vUa
0

for different

reduced frequencies and at foil separations of Y=2.3c and
3c calculated at X0=6c. The reasons for choosing this
downstream distance for calculation of gust intensity are
(a) the effect of bound circulation becomes minimal on the
model after X0=5c and (b) the shed vorticities decay rapidly
after X0=10c [11]. Results show that the gust intensity
computed for Y=2.3c agrees reasonably well with experimental data reported by Stapountzis (1982) for identical
ﬂow conditions with a maximum difference of 15 % at
k=0.54, as can be seen in Figure 4 [11]. The error reduces to
2% at higher k. Also, as predicted by the potential ﬂow
model, the gust intensity reduces with an increase in
reduced frequency for the range of k studied here. One
possible explanation for this decrement is that the shed
vortices take some time to fully develop. With an increase
in reduced frequency, the formation of fully developed
vortices is hindered, as there is less time for them to
develop, and hence, the circulation induced due to the
vortices may also reduce. The reduction in circulation may
be why the gust intensity decreases with increasing reduced
frequency [12].
Figure 4 further shows that gust intensity reduces with an
increase in spacing between the foils. For Y = 3c, the gust
intensity reduces by (40–60) % compared to that for Y =
2.3c. This reduction in gust intensity is expected and can be
explained using Biot–Savart law, according to which the
velocity induced by a vortex at any point in its neighborhood reduces as the radial distance between the vortex and

The gust intensity can be enhanced by increasing mean ﬂow
Re, number of pitching foils [16, 17], rotation angle, and/or
pitching frequency. Each enhancement technique, however,
comes with its own limitation–deviations from intended
ﬂow conditions for high Re, high cost and loss of potential
ﬂow region for a large number of foils, ﬂow separation for
high rotation angle, and maximum gust intensity for only a
range of pitching frequency (0.4 B k B 0.6), after which it
starts decreasing [11, 12].
Considering the limitations of each enhancement technique, a new method for gust enhancement–introducing a
high-speed external continuous jet, in addition to mean
ﬂow, at the exit of the trailing edge of the pitching foils, is
proposed here. Due to the inherent ﬂow entrainment
property of a jet, it is conjectured that usage of the trailing
jet would increase the shearless irrotational region between
the pitching foils.
The numerical geometry and grid generation details are
the same as explained in section Method, except the number of grid nodes was increased to 5.4 9 105 to satisfy
spatial grid convergence. The time-step was kept the same
(0.2 ms) as that for the case without trailing jet, as this time
resolution satisﬁed temporal convergence. The results discussed here are considered only after verifying spatial and
temporal grid convergence (not shown here).
Figure 5 shows a comparison of instantaneous transverse
velocity for cases with- and without-jet at foils spacing of
3c and k=0.54. The maximum velocity with the jet is at
least twice as higher as that without the jet. Also, a distinct
phase difference exists between the induced transverse
velocity for the cases with- and without-jet, the latter
leading the former. Such observation was noted in all cases.
It is evident that the introduction of the jet causes the phase
difference, but understanding the ﬂow physics requires
further study.
Figure 6 shows vorticity contour in the x-y plane at twotime instances (t=0.5T and t=6T) for k=0.54 and foils
spacing Y=3c with jets introduced. Formation of starting
vortex can be seen as a blob of ﬂuid in Figure 6-(i) at
t=0.5T. The jet causes two layers of vorticity. The vorticity
starts decaying 8c downstream of foils (see Figure 6-(ii)), in
contrast to that observed for the case without-jet (i.e., after
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Figure 5. Transverse velocity with- and without-jet for k = 0.54
at foils spacing Y = 3c at X0 = 6c. Maximum velocity with jet is
higher than that without jet by more than 2 times.

x/c=5) (see Figure 3-(ii)). Also, the strength of vorticity at
any spatial location is higher in the case of ﬂow with the jet,
as compared to that without the jet as shown in Figure 3(ii). Besides, in contrast to the without-jet case, due to jet,
while the boundary layer vorticities remain unchanged in
terms of their direction, vorticities of opposite nature are
being shed from each surface (i.e., positive vorticity from
the upper surface and negative vorticity from the lower
surface) for each foil (see also Figure 3). In the without-jet
case, negative vorticities are shed from the upper surface of
each foil and positive vorticities from the lower surface (see

Sådhanå (2021)46:140
Figure 3). These vorticities are of the same nature as that in
the boundary layer formed on the foil. This difference in
vorticity direction is due to the jet introduction.
The increase in vorticity shed by the foils implies that the
addition of a trailing jet serves to increase the circulation
shed by the foils. Such introduction of the jet at the trailing
edge of foils has also been observed to increase the lift
generation by foils, and a possible mechanism to alleviate
gust that aircraft may experience in the outdoor environment [18]. The region of potential ﬂow, however, is conﬁned to 0.5c above and below the centerline (total 1c) (see
Figure 6(ii)), which is 20% lower compared to the withoutjet case (see Figure 3(ii)). This reduction is due to the larger
amplitude of the ‘waving’ of the jet in comparison to that of
the wake.
Figure 7 shows the gust intensity variation with k for two
spacings of the airfoils with the trailing jet. For Y=2.3c, the
gust intensity increases monotonically from 1 at k=0.54 to
2.72 at k=1.1; for Y=3c, it remains nearly constant with k,
which is somewhat surprising. Note for the case withoutjet, Ig decreases monotonically with k for each spacing (see
Figure 4).
Introduction of the jet increases Ig in comparison with no
jet for given spacing and k. Figure 8 shows the comparison
of gust intensity ratio for the cases with- and without-jet for
two spacings of the foils. For each spacing, the gust
intensity ratio, unlike Ig, increases with an increase in
reduced frequency. It is worth noting that the increase in
gust intensity ratio for Y=2.3c is due to the combined effect
of increment in gust intensity in the presence of jet and its
decrement in the without-jet case. For Y=3c, however, it is
only due to a decrease in Ig with increasing k in the absence
of jet, since Ig remains nearly constant when jet is introduced (see Figure 7).

Figure 6. Vorticity contour in x–y plane for the with-jet case when k=0.54 and foils separation of Y=3c. ‘x’ and ‘y’ are normalized with
foil chord length. Vorticity shedding at t=0.5T (i) and t=6T (ii), where T is time period of pitching foil. A pair of horizontal black lines in
(i, ii) indicates the irrotational region, while the vertical line denotes X0=6c and * point on centerline where gust intensity was calculated.
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Figure 7. Gust intensity for two spacing of airfoils when jet is
introduced at TE (Igjet). Y is the spacing between foils.
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Figure 9. Transverse velocity compared to the mean ﬂow
velocity along the centreline at t=6T for Y=3c and k=0.54.

be different, and need to be explored further. Introduction
of jet maintains the coherence of the ﬂow for a longer
downstream distance. The additional momentum of the jet
counteracts the momentum defect introduced by the
boundary layers on the two surfaces of the foil. In the no-jet
case, elongated vorticity blobs of opposite signs are
observed (ﬁgure 3). In contrast, for the case with trailing
jets, the jet-like structure with two layers of opposed signed
vorticity is maintained, though the vorticity magnitude is
decaying (see ﬁgures 3 and 6).
The introduction of the trailing jet certainly enhances the
gust intensity. Optimization may be done by varying the jet
intensity and airfoil spacing for speciﬁc applications.
Experimental veriﬁcation is also required for larger lateral
spacing of foils (Y=3c).
Figure 8. Comparison of gust intensity with jet (Igjet) and
without jet (Ignojet). Gust intensity with-jet increases by 2–7
times compared to that without-jet for both Y=2.3c and 3c.

5. Conclusion

To get a better idea of the nature of induced ﬂows, ﬁgure 9 shows non-dimensionalized transverse velocities
along the centreline at t=6T for the with-jet and without-jet
cases. This is the same time instant for which vorticity
contour plots have been shown in ﬁgures 3(ii) and 6(ii). The
transverse velocity along the centreline in the presence of
jet is higher compared to that without-jet case. The mechanisms by which potential ﬂow disturbances by the waving
wake (no-jet case) and by waving jet are induced seem to

Earlier studies [11, 12] had shown that irrotational gusts
may be generated using a pair of pitching foils placed in
freestream ﬂow. The maximum gust that can be generated
by this technique is, however, limited to (5–7) % of the
mean ﬂow. It has been shown in the present study that the
gust intensity can be increased by 2–7 times by introducing
a jet at the trailing edge of each of the pitching foils. The
gust intensity is a function of the foil spacing and frequency
of pitching. This method may be used to study the response
of MAVs besides that of insects and birds to gusts. Further
study is required to understand the mechanism of the gust
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creation by the waving jets. Suitable optimization studies
may be done by varying jet velocity and airfoil spacing.
[6]

List of symbols
c
Chord length
f
Pitching frequency
t
Time
T
Pitching time period = 1/f
U
Mean ﬂow velocity, streamwise ﬂow velocity
u(t) Instantaneous axial velocity
u’(t) Fluctuation in instantaneous axial velocity
v(t) Instantaneous transverse velocity induced by gust
vmax Maximum transverse velocity
x, y Streamwise and transverse directions
Downstream distance where gust intensity was
X0
calculated
Y
Airfoil spacing
a (t) Instantaneous pitch angle
a0
Maximum pitch angle
k
Reduced frequency = pfc
U
Re
Reynolds number = Uc
t
max
Ig
Gust intensity = vUa
0

[7]

[8]

[9]
[10]

[11]
[12]

[13]

[14]

References
[1] Roadman J and Mohseni K 2009 Gust characterization and
generation for wind tunnel testing of micro aerial vehicles.
In: 47th AIAA aerospace sciences meeting including the new
horizons forum and aerospace exposition. p.1290
[2] Watkins S, Thompson M, Loxton B and Abdulrahim M 2010
On low altitude ﬂight through the atmospheric boundary
layer. Int. J. MAVs. 2: 55–68.
[3] Loxton B 2011 An experimental investigation into the effects
of atmospheric turbulence on the aerodynamics of micro air
vehicle wings. PhD Dissertation. RMIT, Melbourne, Australia
[4] Watkins S, Milbank J, Loxton B J and Melbourne W H 2006
Atmospheric winds and their implications for microair
vehicles. AIAA 44: 2591–2600.
[5] Deshpande P, Singh S, Narayanan P, Babu D and Sundaramoorthy B 2014 Experimental investigation of periodic

[15]

[16]

[17]

[18]

wind gust generated in a low speed wind tunnel. In: 32nd
AIAA Appl. Aerodynamics Conf, p. 2306
Viets H, Ball M and Piatt M 1981 Experiments in a subscale
pilot gust tunnel. AIAA 19: 820–822
Ham N D, Bauer P and Lawrence T 1974 Wind tunnel
generation of sinusoidal lateral and longitudinal gusts by
circulation of twin parallel airfoils. NASA tech. Report. CR137547
Jancauskas E and Melbourne W 1980 The measurement of
aerodynamic admittance using discrete frequency gust
generation. In: 7th Australasian Conf. Hydraulics and Fluid
Mech. Preprints of Papers, Inst. of Engg. Australia. p. 70
Bicknell J and Parker A 1972 A wind-tunnel stream
oscillating apparatus. J. Aircraft. 9: 446–447.
Reid C F and Wrestler C 1961 An investigation of a device to
oscillate a wind-tunnel airstream. NASA tech. Report. TN
D-739
Stapountzis H 1982 An oscillating rig for the generation of
sinusoidal ﬂows. J. Phys. E Sci. Instrum. 15: 1173
Harding S and Bryden I 2012 Generating controllable
velocity ﬂuctuations using twin oscillating hydrofoils. J.
Fluid Mech. 713: 150–158
Wood K T, Cheung R C, Richardson T S, Cooper J E,
Darbyshire O and Warsop C 2017 A new gust generator for a
low speed wind tunnel: Design and commissioning. In: 55th
AIAA Aero. Sci. Meeting. p. 0502
Lancelot P M, Sodja J, Werter N P and De Breuker R 2017
Design and testing of a low subsonic wind tunnel gust
generator. Adv. Aircraft and Spacecraft Sci. 4: 125.
Ricci S and Scotti A 2008 Wind tunnel testing of an active
controlled wing under gust excitation. In: 49th AIAA/ASME/
ASCE/AHS/ASC Structures, Structural Dynamics, and Mat.
Conf., 16th AIAA/ASME/AHS Adaptive Structures Conf.,
10th AIAA Non-Deterministic Approaches Conf., 9th AIAA
Gossamer Spacecraft Forum, 4th AIAA Multidisciplinary
Design Optimization Specialists Conf. p. 1727
Buell D A 1969 An experimental investigation of the velocity
ﬂuctuations behind oscillating vanes. NASA tech. Report.
TN D-5543
Saddington A, Finnis M and Knowles K 2015 The characterisation of a gust generator for aerodynamic testing. Proc.
Inst. Mech. Eng. Part G J. Aerospace Eng. 229: 1214–1225.
Simmons J M and Platzer M F 1971 Experimental investigation of incompressible ﬂow past airfoils with oscillating jet
ﬂaps. J. Aircraft. 8: 587–592.

