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Generation of an isolated vortex gust through a heaving and pitching foil
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This study introduces a vortex gust generation method for isolated vortices impacting
a downstream airfoil that is applicable to both numerical simulations and experiments.
The vortex gust is generated by a symmetric airfoil undergoing a rapid pitching maneuver
during a prescribed heaving motion. The resulting vortices propagate along trajectories
nearly parallel to the incoming flow, while the associated wake extends obliquely from
the vortex core. Despite differences in Reynolds number, rapid pitching duration, and
detailed vortex structure between simulations and experiments, consistent trends are
observed in how the vortex rotation orientation, strength, and position vary with the
prescribed motion parameters. Analysis of the lift response of the downstream airfoil shows
that the aerodynamic influence associated with the wake does not persist over extended
timescales. These results demonstrate that the proposed method enables the controlled
generation of vortex gusts with prescribed characteristics, providing a flexible approach
for systematic studies of vortex-airfoil interaction.

DOI: 10.1103/mv3n-j8bd

I. INTRODUCTION

Gusts are spatially and temporally varying flow disturbances that are commonly encountered in
both natural and engineered environments. In applications ranging from unmanned aerial vehicles
(UAVs) to wind and tidal turbines, lifting surfaces are commonly exposed to complex atmospheric
or wake-driven gust environments, where the characteristic time and length scales of unsteadiness
may be comparable to those governing the aerodynamic response of the structure. These unsteady
flow features can induce large transient aerodynamic loads, posing significant challenges to the
performance, stability, and structural integrity of flight vehicles and energy-harvesting systems [1,2].
Canonical gust models have been widely employed to study these interactions in a controlled and
systematic manner. This research focuses on the model of a vortex gust interacting with a airfoil.
Specifically, this manuscript introduces a method to generate predictable and isolated vortex gusts
across both experiments and simulation, that are not impacted by the surrounding wake structure of
the vortex generator.

Classical aerodynamic theory has primarily focused on transverse and streamwise gust models
[3-6], which can be conveniently analyzed using linearized potential flow formulations. In contrast,
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vortex gusts, characterized by compact and coherent regions of concentrated vorticity, are more
difficult to describe within such frameworks because they are highly localized, directional, and
inherently transient. As Jones et al. [7] notes, a central challenge in gust response research lies in
isolating a well-defined interaction within an inherently unsteady, multiscale flow. In this context,
the method by which a vortex gust is generated becomes crucial, as it determines both the structure
of the incoming disturbance and the degree to which the resulting interaction can be systematically
analyzed. This study and the following review of previous work focus specifically on vortex gusts
consisting of a single dominant and isolated vortex.

Current studies of vortex-body interactions utilize two primary methods for generating isolated
vortex gust. The first type, only possible in numerical studies, involves directly imposing a theo-
retically modeled vortex upstream of the body that interacts with the vortex. Using this method, in
two studies Barnes et al. [8,9] used Taylor vortices to explore their interaction with a downstream
NACA airfoil, examining vortex shedding and boundary layer effects. Similarly, Martinez-Muriel
and Flores [10] investigated the effects of incoming Taylor and Lamb-Oseen vortices on the forces
exerted on an airfoil at a Reynolds number of 1000, and proposed a semiempirical method to
predict the response of the lift during vortex encounters. Similar approaches have also been used in
studies that address other aspects of vortex-foil interactions. For example, Zhong et al. [11] imposed
Taylor vortices to investigate data-driven reconstruction of the wake dynamics during vortex-airfoil
encounters, while Zhong er al. [12] used the same framework to analyze the amplification of
optimally time-dependent orthogonal modes in such interactions. While this strategy provides
precise control over vortex properties and allows arbitrarily strong vortices to be considered, it is
inherently limited to numerical studies, since imposing a predefined vortex within a flow field is not
feasible in experiments. In addition, because the vortex is introduced directly into the computational
domain, its consistency with the surrounding background flow may not always be fully ensured.

A second type of vortex generation method, commonly used in experiments, involves either
pitching or heaving a rigid body. Hufstedler and McKeon tested both pure heaving of a flat plate and
pure pitching of an airfoil and observed that, although heaving can generate vortices, the resulting
structures tend to be less compact than those generated through pitching [13]. Purely heaving-based
approaches have also been explored by Qian et al. [14], who generated individual vortices through
transient heaving motion of a hydrofoil. By varying the heaving velocity, they produced counter-
clockwise and mostly two-dimensional vortices with different circulation magnitudes, but offered
limited direct control over key vortex characteristics such as position and rotation orientation.
Peng and Gregory generated vortices by rapidly pitching an upstream airfoil and examined the
resulting interaction modes with a downstream airfoil [15]. Biler ef al. [16] similarly used rapid
pitching of a flat plate to generate vortex gusts and their unsteady interaction with an airfoil. Vadher
and Babinsky [17] experimentally generated vortices of varying strength using linear pitching of
an airfoil in a tow tank and found that the coherence of the resulting starting vortex depends
strongly on the nondimensional pitching distance. Although pitching methods generate coherent
vortices, a commonality across each of these prior works is that the stationary transverse position
of the pitching body relative to the vortex produces a trailing wake that accompanies the vortex
as it convects downstream. Hufstedler and McKeon [13] reported that this wake can significantly
influence the downstream body, causing variations in the mean lift coefficient on the order of 0.1.

Given the limitations of numerically introduced vortices and the constraints associated with
commonly used experimental generation methods, there remains a need for a vortex generation
approach that is effective in both numerical and experimental contexts. To address this, we introduce
a method for generating isolated vortex gusts using a symmetric airfoil undergoing combined
heaving and pitching motions. This kinematic combination leaves the airfoil transversely offset from
the dominant vortex trajectory, thus reducing additional wake influence beyond the dominant vortex
itself. Direct numerical simulations (DNS) at low Reynolds numbers and water channel experiments
with particle image velocimetry (PIV) at higher Reynolds numbers are performed to examine
vortex formation and its subsequent interaction with a second airfoil positioned downstream of
the vortex-generating airfoil. Vortex characteristics, including strength, size, and trajectory, are
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FIG. 1. Schematic of the airfoil geometry and vortex-gust generation setup. The upstream airfoil undergoes
prescribed heaving and pitching motions to generate vortex gusts, while a stationary downstream airfoil is
positioned 5S¢ downstream. Flume walls are present only in the experimental configuration.

quantified, and comparisons between simulations and experiments are used to identify common
trends. This method provides a promising basis for more controlled studies of isolated vortex gusts
and their aerodynamic effects on downstream bodies.

II. VORTEX GENERATION AND IDENTIFICATION

A. General configuration of vortex-generating airfoil

Here we describe the generic vortex-generating system used in both simulations and experiments.
Details more specific to each approach are discussed in Sec. III. Vortices are generated using a flap-
ping symmetric NACA airfoil, with the pitch axis located at the quarter-chord. The chord length of
the vortex-generating airfoil, denoted by c, is used as the reference length for nondimensionalization
throughout this study unless otherwise specified.

Figure 1 shows a schematic of the two-airfoil configuration used in this study, consisting of an
upstream vortex-generating airfoil and a downstream stationary airfoil that serves as a sensor for the
incoming gust. The upstream airfoil undergoes prescribed heaving and pitching motions, while the
downstream airfoil remains fixed.

For both simulations and experiments, the streamwise distance between the quarter-chord points
of the two airfoils is 5c¢, and the upstream airfoil is initially positioned 1.333¢ below the down-
stream airfoil in the transverse direction. In the experiments, the heaving amplitude is limited to
hmax = 0.3 m by the gantry system, whereas no such constraint is imposed in the simulations. The
experimental setup is further bounded by flume walls located 0.4 m from the flow centerline, while
the simulations do not include confining wall boundaries.

B. Vortex generation profile

Vortex generation is initiated through a rapid pitching event of the upstream airfoil, combined
with simultaneous heaving motion.

To properly coordinate the pitch and heave components of the vortex-generating airfoil, we make
use of the effective angle of attack, which directly influences the circulation around the airfoil. As
shown by Simpson [18], controlling the effective angle of attack also enables the suppression of
higher harmonics that could otherwise lead to the formation of secondary, spurious vortices. The
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relationship between pitch, heave velocity, and effective angle of attack is given by

h(t)
aer(t) = 6(t) — arctan T (1)

o0

where 6(¢) is the pitch angle, h(t) is the heave velocity, and Uy is the freestream velocity.
In this study, the flapping motion is modulated by prescribing the pitch angle and the effective
angle of attack, while the heave motion is obtained numerically by inverting Eq. (1),

h(t) = f Use tan (0() — s (£))d. @)
0

Although the motion involves both pitching and heaving, the effective angle of attack is designed
to evolve in a manner similar to that observed in purely pitching cases, where the effective angle
of attack reduces to the pitch angle. When heaving is included, the pitch angle and effective angle
of attack can exhibit similar rates of change while differing in magnitude, allowing the combined
motion to mimic the flow response of a pitching-only event. Having two degrees of freedom (pitch
and heave) allows us both to define the effective angle of attack, and to control the position of
the airfoil wake relative to the shed vortex, thus providing greater control over the resulting vortex
characteristics.

To ensure smooth variation in the pitch angle and effective angle of attack, we introduce a

transition function
titots) = (14 tanh (K (=5 ] 3)
r(t;ts, == - A )
) w2

which provides a smooth transition in amplitude from O to 1, starting at time #; and spanning a
duration #4. The constant, K = 2 arctanh(0.975) =~ 4.369, ensures that 97.5% of the displacement
occurs within time #4. The pitch angle and the effective angle of attack are then expressed as
combinations of transitions,

0@) =00r(t;ts1,ta1) + A0 r(t;te, tar) — (B0 + AB) r(t; 13, 1a3), €]

Qefr (1) = Oegr,0 7(F; L1, ta1) + Ay 7 (512, ta2) — (Otet,0 + Actesr) 7(F; 163, 1a3)- @)

As illustrated in Fig. 2, the foil starts at rest and then pitches up to achieve the first state at 6y and
et 0- Next, the second stage is a fast pitch-up or pitch-down maneuver, governed by A6 and Acs,
which initiates shedding and roll-up of a trailing-edge vortex (TEV). Finally, the foil returns to zero
pitch and zero angle of attack, but is now resting at a vertical position well above its start point.

The primary vortex characteristics of interest in this study are the vortex strength, direction
of rotation, and transverse position. The parameters A6 and A« govern the magnitude of the
rapid variation in angles and are expected to primarily influence the vortex strength, while their
sign defines the rotation direction. For simplicity, these two parameters are set equal in this study.
Prescribing different values would introduce additional heave motion, allowing part of the effective
angle of attack variation to arise from the heaving velocity rather than from pitch alone. The baseline
values, 6y and ot 9, primarily affect the foil’s maximum heaving velocity and the total heaving
distance traveled. Within the restricted range considered here, their influence on the resulting vortex
characteristics is secondary compared to that of the rapid angular variations A6 and Acg.

The time parameters #;; and g set the overall duration and influence the total heaving distance
traveled by the foil. The parameter z;, determines when the vortex is produced and therefore controls
its transverse location. For convenience, we introduce the nondimensional timing parameter ty,
which characterizes the relative placement of the vortex-generation onset within its admissible
time window. Let T, denote the interval between the chosen onset time and the earliest allowable
onset time, and let Ty, denote the width of the admissible onset interval, bounded by #;; + #4; and
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FIG. 2. Foil kinematics during the vortex-generation maneuver. (a) Foil position colored according to the
profiles shown in panel (b). (b) Kinematic profiles, with timing and geometric parameters defined in Eqs. (4)
and (5). Also shown are Tiy, and 7, from Eq. (6).

ts3 — tap. The parameter 7 is then defined as

_ to—Uatta) T
3 — (s +1a1) =tz Tiowl
The parameter 7, ranges from O to 1 and provides a convenient normalized measure of the onset
timing, which is directly related to the transverse location of the generated vortex.
We characterize the rapid pitching phase using a Strouhal number based on the duration t4;.
Operating within an appropriate range of this parameter was found to promote the formation of
compact, isolated vortices. The Strouhal number is defined as

(6)

Ty

St. — |deff|maxc ~ |Aaeff|KC
v Uy 2t Uso

where |deff|max 1S the maximum rate of change of the effective angle of attack during the rapid
pitching phase. For a prescribed value of St,, the duration 74, can be selected accordingly. Examples
of vortices produced over a range of St, are presented in Appendix C, where it can be observed
that vortices produced with an optimal St, display more coherence and isolation from neighboring
vorticity. In the experiments, St, &~ 0.655 was used for all cases, as this value yielded coherent
and isolated vortices over the range of conditions considered. In the simulations, coherent isolated
vortices were obtained for St, in the approximate range 1.63 < St, < 1.91. These values represent
approximate optimal conditions rather than strict limits; vortex gusts can still be generated outside
these ranges, although they may be less compact or accompanied by stronger neighboring vorticity.
The difference between the experimental and numerical values is likely associated with differences
in Reynolds number and with the two-dimensional nature of the simulations compared with the
three-dimensional experimental flow. The remaining durations 74; and #43 do not correspond to

(7
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the rapid pitching phase and are therefore not associated with a Strouhal number. Instead, these
durations are chosen to be long enough such that any starting or ending vortices remain well
separated from the primary vortex and have limited influence on the downstream airfoil.

Together, these parameters enable the generation of vortices with controlled rotation direction,
strength, and transverse position in a physically interpretable manner. A parametric investigation
was conducted in which the change in effective angle of attack was varied over —20° < Ader <
20°, and the normalized onset parameter was varied within 0 < 7, < 1. Each parameter combination
is labeled according to whether it represents a simulation (S) or experiment (E), with the vortex
rotation indicated as clockwise (CW) or counterclockwise (CCW); e.g., SOI_CW denotes a clock-
wise vortex from a simulation, and E0O4_CCW a counterclockwise vortex from an experiment. The
case numbering does not imply a one-to-one correspondence between simulation and experimental
cases, although it may reflect comparable parametric trends. A full set of case-specific parameters
is listed in Table III in the Appendix. Although the same parametric trends are examined in
both simulations and experiments, the specific parameter values differ due to inherent differences
between the numerical and experimental implementations, such as variations in Reynolds number.
The numerical and experimental configurations are described in detail in Sec. III.

C. Vortex identification and classification

To identify and characterize vortices, we adopt the I', criterion proposed by Grafticaux et al.
[19], which characterizes the local rotational organization of the velocity field and is invariant to
uniform scaling of the velocity magnitude. Although originally introduced for vortex identification
in turbulent flows, Graftieaux et al. evaluated this criterion using a theoretical Lamb-Oseen vortex,
finding that it provides a robust indicator of the vortex core and yields a nearly scale-independent
threshold. These properties make the I, criterion suitable for identifying vortices across the range
of flow conditions considered in this study. In addition, the I'; formulation provides a clear
dimensionless threshold for defining vortex cores, enabling consistent identification across vortices
of varying strengths.

In both simulations and experiments, the value of I'; at a point P is given by

Fz(xp):L [(x_xp)x(u_ﬁf’)]'sz, )
ISl Js, [l —xp|[ [lu —@pl|

where Sp is a small area surrounding point P, and

iip = 1 udA 9
ISp| Jsp

is the average velocity within Sp. Note that the I'; calculation is performed on a two-dimensional
velocity field. In the experiments, this field corresponds to the streamwise—transverse measurement
plane located at the mid-span of the foil, whereas the simulations directly provide the required
two-dimensional flow field. Further details of the numerical and experimental methodologies are
provided in Sec. III. In the present experimental implementation, Sp is taken as a small circular
region of radius 0.2¢ surrounding point P, while in simulations Sp is taken as the union of all cells
within 1.5A of point P, where A is the average cell size in the region. The vortex core S, is then
defined as the region where |I',| > 2/m.

Once the vortex region has been identified, the following characteristics are evaluated:

1. Vortex strength. The strength of each vortex is quantified by the circulation of its core, which
in nondimensional form is given by

1
rr=— w, dA, (10)
' Usoc Sy

where w;, is the spanwise vorticity component.
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2. Vortex core size. The size of the vortex is represented by the equivalent circular radius of the
core, defined as

r. = . (11

3. Vortex core position. The nondimensional coordinates of the vortex center, (x}, y¥), are defined
using a vorticity-weighted centroid,

fsvwadA . fS\’ywsz

=, = 12
C cf; w.dA Ve ¢ [ @ dA (12)

X
where x is referenced to the quarter-chord of the vortex generator, and y is referenced to the leading
edge of the downstream airfoil.

4. Gust ratio. The gust ratio is defined as the ratio of the absolute azimuthal velocity at the vortex
core radius to the freestream velocity,

_ Gl
Un

which serves as an additional metric for vortex strength in a flow field and is commonly used in the
gusts literature [1,16].

GR , (13)

III. NUMERICAL AND EXPERIMENTAL METHODS

A. Numerical setup
1. Governing equations and solver

The numerical simulations utilize a NACA 0015 airfoil as the vortex generator and solve the
two-dimensional incompressible Navier-Stokes equations at a chord-based Reynolds number of
Re = 1000 using DNS. The simulations and experiments were designed as complementary investi-
gations at different Reynolds numbers rather than as a matched comparison. Additional calculations
at the experimental Reynolds number (Re &~ 35000) were not performed because the required
computational cost would be prohibitive to test a wide range of vortex properties. The equations are
discretized using the open-source finite-volume libraries OpenFOAM, employing second-order
spatial discretization schemes and a second-order backward temporal scheme. Pressure-velocity
coupling is handled using the pressure implicit with splitting of operators (PISO) algorithm.

The motion of the vortex-generating airfoil is accommodated using a mesh-morphing approach
that solves for the updated location of each individual mesh point at each time-step. The mesh-
motion equation combines a Laplacian term with a correction term accounting for solid-body
rotation,

V.@2D;Vd)+V - (Dsln - (Vd)" — Vd) — nte(Vd)]) = 0, (14)

where d is the cell displacement vector, Dy is the diffusivity controlling the rigidity and smoothness
of the mesh deformation, and n is the normal vector of the cell faces. In the present implemen-
tation, the diffusivity is scaled inversely with the distance to the two airfoil surfaces, so that cells
closer to either airfoil deform less and better retain their shape. The prescribed pitch and heave
kinematics are imposed as boundary conditions on the surface of the vortex-generating airfoil in the
mesh-motion solver, while zero displacement is enforced on the downstream airfoil and the outer
domain boundaries. The mesh-motion methodology has been implemented and validated in previous
studies [20].

2. Computational domain and grid independence

The computational domain, shown in Fig. 3(a), is circular, with the outer boundary located
approximately 50c¢ from the vortex-generating foil. Standard incompressible inlet conditions are
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(a) Overall domain (b) Intermediate mesh region (c) Near-airfoil mesh

FIG. 3. Computational mesh for numerical simulations. (a) Overall computational domain. (b) Intermediate
region where unstructured cells connect the near-airfoil meshes to the outer structured grid. (c) Body-fitted
structured mesh near the upstream airfoil.

applied on the left half of the circular boundary, while outlet conditions are imposed on the right
half. A no-slip condition is enforced on the surfaces of both airfoils.

The meshing strategy uses a predominantly structured grid throughout the domain, with an in-
termediate unstructured region connecting the structured blocks around the two airfoils. Body-fitted
structured meshes are applied around each airfoil to accurately resolve boundary-layer separation
and reattachment, as exemplified in Fig. 3(c). A separate structured mesh is also applied along
the outer boundary to reduce numerical oscillations. The region between the body-fitted structured
meshes around the airfoils and the outer structured mesh is discretized using unstructured cells, as
shown in Figs. 3(b) and 3(c), to accommodate geometric complexity and mesh deformation, thereby
avoiding excessive cell skewness or collapse.

A grid independence study was conducted to ensure that the numerical results are not sensitive to
grid resolution. Five mesh configurations with different resolution levels were tested, as summarized
in Table I. Mesh3 serves as the baseline configuration. Compared with Mesh3, Mesh1 has a reduced
resolution in the intermediate region between the airfoils, while Mesh4 increases the resolution
in this region. Mesh2 reduces the resolution of the body-fitted meshes around both airfoils,
whereas Mesh5 increases the resolution of the body-fitted meshes. For all meshes, simulations
were performed using an identical flapping profile of the upstream airfoil. The lift coefficient of
the downstream airfoil was monitored over a duration of 20 convective time units. The maximum
and minimum lift coefficients, together with the circulation of the generated vortex averaged over a
time interval during which the shed vortex convects toward the downstream airfoil, are reported in
Table 1.

TABLE I. Mesh parameters and resulting aerodynamic quantities in the grid independence study. N: total
number of cells, Ay.: approximate cell size between the airfoils, Ny: number of grid points along the top
surface of the airfoil, Ay,: first-layer mesh height around the upstream airfoil, Ay,: first-layer mesh height
around the downstream airfoil, C; nax: maximum lift coefficient of the downstream airfoil, C; yin: minimum lift
coefficient of the downstream airfoil, F/ (Uxc): mean nondimensional circulation of the vortex core. The lift
coefficient is nondimensionalized using the chord length of the downstream airfoil.

Mesh N Avae/c  Ng Ayi/c Ayz/c Clmax Ci,min T/(Uxc)
Meshl 1.22 x 105 4.40 x 1072 200 1.00 x 1073 8.00 x 107* 6.11 x 107! —9.66 x 10~! —0.554
Mesh2 1.57 x 10° 3.04 x 1072 130 1.50 x 1073 1.20 x 103 6.24 x 100! —9.90 x 10~} —0.542
Mesh3 1.82 x 10° 3.04 x 1072 200 1.00 x 1073 8.00 x 107* 6.20 x 10°! —9.92 x 10~! —0.543
Mesh4 3.22 x 10° 2.07 x 1072 200 1.00 x 10~3 8.00 x 10~* 6.25 x 10°! —1.01 x 10° —0.534
Mesh5 2.21 x 10° 3.04 x 1072 300 6.00 x 107* 5.00 x 107* 6.18 x 107! —9.89 x 10~} —0.542
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FIG. 4. Experimental setup. The upstream symmetric airfoil serves as the vortex generator and is mounted
on a traverse system. Two cameras arranged in a side-by-side configuration acquire PIV measurements in
the measurement plane. A stationary downstream airfoil is positioned to measure the forces induced by the
incoming vortex gust.

The results indicate that the maximum and minimum lift coefficients differ with variations
of up to 1.2% from Mesh2 to MeshS5. A similarly small variation is observed in the vortex
circulation. These results suggest that the solution has largely converged with respect to grid reso-
Iution beyond Mesh3. Consequently, further mesh refinement yields only marginal changes in the
computed quantities while greatly increasing the computational cost. Based on this analysis, Mesh3
is selected for the simulations presented in this study as it provides a suitable balance between
accuracy and computational efficiency.

B. Experimental setup

Experiments were performed in an open-channel recirculating water flume at Brown University
with test-section dimensions of 0.8 m x 0.6 m x 4 m (width, height, and length, respectively), as
illustrated in Fig. 4.

The free-stream velocity was maintained at Uy, = 0.35 ms™', measured upstream using an
acoustic Doppler velocimeter (Nortek Vectrino). Three symmetric NACA-profile wings were used
as vortex generators: a NACA 0015 with chord length ¢ = 0.12 m, and two NACA 0012 airfoils with
¢ =0.10m and ¢ = 0.08 m, corresponding to chord-based Reynolds numbers of 42000, 35 000,
and 28 000, respectively. Unless otherwise noted, the experimental flow-field snapshots presented
in this work correspond to the ¢ = 0.10 m cases. A single downstream wing with a chord length
of 0.1 m was used. All wings used in this study had a span of 0.4 m and were equipped with end
plates extending 0.5¢ from each tip to reduce three-dimensional effects. The wings were submerged
such that the water surface was 10 cm above the top end plates and the bottom end plates were
10 cm above the flume bottom, as indicated in Fig. 4. The prescribed pitch and heave motions of
the vortex-generating airfoil were produced using a gantry traverse system mounted on the flume
frame, driven by a Parker rotary servo for pitching and an AeroTech linear servo for heaving. The

1
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TABLE II. Summary of vortex characteristics in simulations and experiments. Experimental results shown
for Re = 35 000. Simulations are at Re = 1000.

Simulations Experiments

Case y* T, T GR Case y* T, [ GR
S01_CW 0.00 —0.54 0.13 0.65 EO0O1_CW —0.22 —0.48 0.13 0.49
S02_CwW 0.01 —0.42 0.13 0.47 E02_CW —0.23 —0.34 0.12 0.44
S03_CW 0.00 —0.36 0.13 0.42 E03_CW —0.13 —0.18 0.11 0.13
S04_CCW 0.05 0.37 0.15 0.34 E04_CCW —0.24 0.21 0.11 0.17
S05_CCW 0.07 0.41 0.14 0.42 E05_CCW —0.16 0.36 0.12 0.46
S06_CCW 0.04 0.54 0.14 0.61 E06_CCW —0.18 0.46 0.13 0.51
S07_CW —0.47 —0.55 0.13 0.65 E07_CW —0.72 —0.46 0.13 0.47
S08_CW —0.24 —0.54 0.13 0.64 E08_CW —0.40 —-047 0.13 0.52
S10_CW 0.24 —0.55 0.14 0.60 E09_CW —0.04 —0.48 0.13 0.50
S11_CW 0.48 —0.56 0.14 0.61 E10_CW 0.29 —0.47 0.13 0.50
E11_CW 0.60 —0.49 0.13 0.54

E12_CW —1.03 —0.44 0.13 0.50

E13_CCW —1.02 0.46 0.13 0.48

El4_CCW 0.65 0.47 0.13 0.52

E15_CW —0.18 —0.54 0.13 0.51

E16_CCW —0.20 0.55 0.13 0.51

instantaneous pitch and heave positions were monitored independently using optical encoders (US
Digital).

Two-component, time-resolved PIV measurements were acquired in the streamwise—transverse
xy-plane at the mid-span location of both airfoils. Two high-speed cameras (Photron Fastcam Nova
R2, 2048 x 2048 pixels) were positioned below the test section in a side-by-side arrangement,
yielding a field of view of 0.4 m x 0.3m in the x and y directions, respectively. The flow was
illuminated using an Nd:YLF laser (Photonics Industries DM30), and image pairs were acquired
at 6.66 Hz, with select cases acquired at 200 Hz. Velocity fields were computed using DaVis
v10 (LaVision) and post-processed in MATLAB. A representative flow field acquired with this
configuration is shown in Fig. 1.

IV. RESULTS AND DISCUSSION

These results present the physics of the vortex generation process (Sec. IV A) and provide an
overview of the generated vortex characteristics (Table II and Sec. IV B). Subsequently, a parametric
study examining the influence of the pitch-heave profile parameters on resulting vortices is presented
in Sec. IV C, and the vortex-induced forces on the downstream airfoil are discussed in Sec. IV D.
Finally, the implications of these trends are synthesized in Sec. IV E, where a framework is outlined
for the controlled design of vortex gusts with prescribed properties.

A. Vortex formation

Figure 5 presents vorticity contours illustrating the vortex-formation process in both numerical
simulations and experiments. Simulation results are shown in the first two rows and experiments
in the third and fourth rows. The formation of CCW vortices is shown in Figs. 5(a)-5(d) for
simulations and Figs. 5(i)-5(1) for experiments, while CW vortices are shown in Figs. 5(e)-5(h) for
simulations and Figs. 5(m)-5(p) for experiments. From left to right, the four columns correspond to
representative stages of the vortex-formation process: immediately prior to the rapid pitch maneuver,
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FIG. 5. Time evolution of vorticity contours during the formation of counterclockwise and clockwise
vortices. Simulation results are shown for cases SO6_CCW (a)—(d), SO1_CW (e)—(h), experimental results
for cases EO6_CCW (i)—(1), and EO1_CW (m)—(p).

upon completion of the rapid pitch, during vortex shedding and roll-up, and after the vortex has fully
detached and has begun advecting downstream.

In the simulations, the shear layer over the upstream airfoil remains nearly steady prior to
the onset of the rapid pitching phase, as both the pitch angle and the effective angle of attack
are approximately constant during this period. Once the rapid pitching phase begins, the shear
layer rapidly deforms and rolls up. A concentrated region of vorticity is subsequently shed from
the trailing edge, forming a coherent vortex that propagates downstream, accompanied by a thin
wake extending obliquely from the trailing edge. The sign of the rapid pitch maneuver determines
the resulting TEV rotation orientation: pitch-down motions (Aces < 0) generate CW vortices,
whereas pitch-up motions (Aceg > 0) generate CCW vortices. This behavior is consistent with
the circulation sign induced by purely pitching airfoils in classical unsteady aerodynamics.

Although the experiments do not resolve the shear layer on the airfoil surface, the observed
vorticity shedding follows a qualitatively similar sequence. This behavior closely resembles the TEV
shedding process reported in the experimental study of Vadher and Babinsky [17]. Using a similar
purely pitching maneuver, they attributed TEV shedding to the release of boundary-layer vorticity
generated by changes in bound circulation due to the pitching motion, therefore satisfying Kelvin’s
circulation theorem. In the experiments, the vortex structures initially appear elongated during the
shear-layer roll-up (e.g., Figs. 5(j) and 5(k) for the CCW case and Figs. 5(n) and 5(o) for the CW
case), a feature also observed by Vadher and Babinsky. In contrast, the vortices in the simulations
appear less elongated during the roll-up process. This difference is likely associated with the much
smaller St, used in the experiments, which corresponds to a lower nondimensional pitch rate during
the rapid pitching phase and consequently faster TEV formation. These observations demonstrate
that the rapid pitching motion of the upstream airfoil produces compact, well-defined vortices that
propagate downstream with limited continuous wake interference.
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FIG. 6. Vortex trajectory, circulation, core radius, and advection velocity of representative cases from
simulations and experiments (four cases each).

B. Fundamental vortex characteristics
1. Vortex trajectory, circulation, and core radius

The average values of y position, circulation, core radius, and gust ratio resulting from the vortex
characterization are shown in Table II. Additionally, Fig. 6 summarizes the primary vortex trajectory,
advection velocity, circulation, and core radius throughout their advection for several representative
simulation and experimental cases.

Figure 6(a) shows that, despite the airfoil’s large heaving velocity, the resulting vortices move in
a straight streamwise trajectory with negligible transverse motion. Furthermore, the vortex consis-
tently advects in the streamwise direction at approximately the freestream velocity x./Us =~ 1, and
with negligible transverse velocity y./Us = 0, as shown in Fig. 6(b). However, small differences
in advection velocity can be observed between experiments and simulations. In all experiments,
vortices traveled with a streamwise velocity X, that remained within £1% of the freestream U,
and with a maximum transverse velocity y. of 0.05U. In simulations, vortices traveled with an
average streamwise velocity X, between 0.9U and U, and with a maximum transverse velocity
y. of 0.07U+. These variations across experiments and simulations likely stem from differences in
airfoil kinematics, such as pitch rate, with simulations being higher than in experiments, thereby
imparting additional x or y momentum to the vortex during the shedding process.

Throughout the advection process, Fig. 6(c) shows how vortex circulation remains approximately
constant, indicating that the vortices remain well defined before interacting with the downstream
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FIG. 7. Nondimensional velocity profile across the vortex center. Simulation and experimental results are
compared with the Lamb-Oseen vortex model. (a) shows the variation of streamwise gust velocity u, along
y/r., and (b) shows transverse gust velocity v, along x/r.. Both velocities are normalized by the vortex-core
circulation I',.

airfoil. There is a small difference in vortex strength between simulations and experiments, with the
former yielding slightly higher circulation and gust ratios than the latter, which can be observed in
Table II. This does not appear to be Re-dependent, as all three Re investigated experimentally had
approximately equal I'* and GR.

The evolution of vortex core radius throughout vortex advection is shown in Fig. 6(d), where
simulation cases show a gradual increase in radius, and experimental cases remain nearly constant.
This difference is likely attributable to the lower Reynolds number used in the simulations, which
enhances viscous diffusion, and to the two-dimensional nature of the numerical model, which
inhibits vortex stretching. However, the average core radius is consistent, whether from simulations
or experiments, as also shown in the results in Table II.

2. Vortex-induced velocity profile

To further assess the coherence of the generated vortices, induced velocity profiles are extracted
and compared with the theoretical Lamb-Oseen vortex model (LO-model). The center of each vortex
is first identified, after which the y velocity is extracted along a streamwise slice across the vortex
center and the x-velocity along a transverse slice through the same point. The azimuthal velocity
profile of the Lamb-Oseen vortex model is given by

l—‘total —kr?
2mr (1=e™),
where [y denotes the total circulation and & is a parameter controlling the radial spread of the
vortex. It should be noted that Iy, differs from the circulation of the vortex core obtained from the
I'>-based identification procedure. For an ideal Lamb-Oseen vortex, application of the ', criterion
identifies a core region approximately bounded by the radius at which the azimuthal velocity
reaches its maximum [19], corresponding to r & 1.121/+/k. This region contains a circulation of
approximately I'. = 0.715 [l

To compare the measured velocity fields with the LO-model, representative vortices with similar
strength are selected, and the model parameters are obtained through a nonlinear least-squares fit
to the simulation and experimental data. The resulting velocity profiles are shown in Fig. 7. To
enable meaningful comparisons across simulations, experiments, and the LO-model, the profiles

vo(r) =
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FIG. 8. Vorticity contour snapshots illustrating the variation of vortex strength with the rapid angle of attack
maneuver amplitude Aceg.

are rescaled using the circulation and core radius of the identified vortices. The measured profiles
exhibit excellent agreement with the LO-model, confirming the compactness and coherence of the
generated vortices.

C. Parametric influence on vortex behavior

The influence of the flapping profile parameters on the vortex is summarized in Figs. 8—10.
Figures 8 and 9 present representative vorticity snapshots illustrating variations in vortex strength
and transverse position associated with Aaeg and 7, respectively. Figure 10 provides a quantita-
tive overview of the vortex characteristics, including simulations and experimental cases at three
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FIG. 9. Vorticity contour snapshots illustrating the variation of vertical vortex position with the shedding
instance parameter t,. In these cases, 7, (and the corresponding shedding time ;) is varied, while all other
flapping profile parameters are held constant.
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FIG. 10. Effects of vortex generation parameters on vortex strength, gust ratio, and vertical position. Shown
are the variation of vortex circulation and gust ratio GR with pitch amplitude Ac.g, and the variation of vortex
vertical position with the shedding instance parametrized by 7,. (a) Vortex strength variation. (b) Vortex gust
ratio variation. (c) Vortex position variation.

Reynolds numbers. Systematic relationships between the flapping parameters and the resulting
vortex characteristics are identified from these results, with consistent trends observed across
numerical simulations and experiments.

(1) Vortex rotation orientation. The rotation orientation of the generated vortex is directly
controlled by the sign of the rapid pitch maneuver. Pitch-down motions (negative A9 and Ad)
produce CW vortices, whereas pitch-up motions (positive Af and Aceg) produce CCW vortices.
In addition, CCW vortices are accompanied by a trailing wake that extends ahead of the vortex
core and impinges on the downstream airfoil prior to the primary vortex interaction. Conversely,
the wake associated with CW vortices is oriented such that it does not impinge on the downstream
airfoil prior to the arrival of the vortex. This difference results from the nonmirrored heaving and
pitching motions used for the CW and CCW cases, rather than from the vortex rotation direction
alone.

(2) Vortex strength. The strength of the generated vortex, characterized by its circulation I'*,
increases monotonically with the magnitudes of A6 and Acw.g. This trend is consistent with
classical pitching-airfoil behavior, in which the circulation is directly related to the pitch amplitude.
As observed in the vorticity fields, increasing the magnitude of Acw.s leads to a corresponding
increase in the magnitude of the vortex circulation, with the sign of I determined by the sign
of the rapid pitch maneuver. This dependence is clearly observed in Fig. 10(a), which shows a
positive correlation between I' and Acw.g. The increase in circulation slightly tapers off as Aot
reaches higher amplitudes across all Reynolds numbers considered, presumably due to the airfoil
approaching a stalling regime. We also note that there are negligible variations in strength with Re.

The same observations can be made for the gust ratio, shown in Fig. 10(b), where GR increases
with the magnitude of Aw.s, and where the tapering trend at large magnitudes is more noticeable.

Our results also show that for small values of Ac.s, secondary vortices may form in both
experiments and simulations, whereas such structures are not observed for larger values of Awgs.
This behavior is illustrated in the experimental results shown in Figs. 8(i) and 8(j), where a
secondary vortex of comparable magnitude appears near the primary vortex. The secondary vortex
is more apparent in the experiments because the cases shown extend to lower pitch amplitudes. In
the simulations, it forms farther from the primary vortex and lies outside the framing of Fig. 8(c); a
wider view of case SO3_CW is provided in Appendix B, Fig. 13(a). One contributing factor is that,
for a fixed St,, smaller values of A, correspond to a shorter rapid-pitch duration 74, [see Eq. (7)].
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FIG. 11. Evolution of the lift coefficient (C.) on the downstream airfoil during vortex encounters, normal-
ized by the magnitude of vortex circulation. Results are shown for experiments and simulations for vortices
located below, at, and above the leading edge (LE) of the downstream airfoil. Panel (b) corresponds to a direct
impingement case. The nondimensional time is defined such that #* = 0 corresponds to the instant when the
vortex reaches the downstream LE.

When the rapid pitching motion ends, the shear layer shedding does not cease immediately, and a
portion of the remaining vorticity can roll up into a secondary vortex. Although this effect might be
partially mitigated by selecting a smaller St, to increase #4,, the resulting primary vortex would then
be more stretched and more difficult to roll up into a compact structure.

(3) Vortex position. The transverse position of the vortex can be adjusted independently of its core
structure by varying the timing parameter 7y, or equivalently the rapid-pitch onset time #,. Changes
in 7, shift the vertical location at which the vortex forms and therefore its downstream trajectory.
Smaller values of t, correspond to earlier vortex shedding and lower formation positions, whereas
larger values lead to vortices forming higher in the transverse direction. This trend is quantified in
Fig. 10(c), which shows an approximately linear dependence of vortex position on t,.

While the vortex core size is relatively insensitive to variations in the flapping parameters
considered here and remains comparable between simulations and experiments, slight differences
are observed in the vorticity distribution surrounding the core. Experiments show somewhat more
compact vortices and appear to be consistently smaller in radius than in simulations, most notably at
low Acr (see Fig. 8). However, vortex size is largely insensitive to Re, as the range of )" across all
cases shown in Table II for simulations and experiments remains within a small margin of 0.11 to
0.15, with simulations displaying slightly higher values. Although not shown, this insensitivity also
holds for the additional Re cases tested experimentally. These observations suggest that, given that
vortices originate from accumulation of vorticity in the airfoil’s boundary layer (see Sec. II), their
size is driven primarily by airfoil size rather than generation parameters. Therefore, substantially
larger or smaller vortices would require a change in chord length of the vortex-generating airfoil.

D. Induced lift on downstream airfoil

Although the primary focus of this study is the vortex generated by the flapping upstream
airfoil, the characteristics of the vortex and how well it is isolated from the wake can be further
assessed by examining the interaction with a downstream airfoil. Accordingly, the lift response of
the downstream airfoil is examined for selected cases in which the vortex closely interacts with the
airfoil. Figure 11 shows the time history of the lift coefficient (Cy) for representative CW vortices.
The lift force is nondimensionalized using the chord length of the downstream airfoil, and the results
are normalized by the vortex circulation to enable comparison between simulations and experiments.
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As the clockwise vortex approaches the downstream airfoil, it induces a downwash near the
leading edge, resulting in a gradual decrease in the lift coefficient to a negative peak. As the vortex
convects over the airfoil, the lift rapidly increases to a positive maximum before gradually returning
toward zero. This transient response is characteristic of vortex-airfoil interactions and is consistent
with observations reported in previous studies [8,13,21]. Among the configurations shown, the direct
impingement cases produce the largest variation in Cy,, as expected, whereas vortices passing above
and below the leading edge yield comparable responses with smaller amplitudes.

Relative to the experiments, the vortex-induced lift response in the simulations appears more
temporally compact and exhibits nearly symmetric fluctuations, consistent with trends reported
by Zhong et al. [11]. In the direct impingement case [Fig. 11(b)], the overall variation in Cp,
is significantly larger in the simulations, with both positive and negative peaks reaching higher
amplitudes. In contrast, the opposite peak is noticeably flatter in all experimental cases, indicating
that the vortex influence is more localized in time in the numerical results.

These differences likely arise from the variation in Reynolds number that would result in faster
vortex breakdown due to increased turbulence in experiments. Additional discrepancies may also
stem from differences in vortex-generator kinematics. In the simulations, the larger nondimensional
heaving velocity produces a more obliquely oriented wake, shown in Fig. 5, which reduces the
duration over which wake-related effects influence the downstream airfoil. Previous experimental
studies, including Biler et al. [22] and Qian et al. [14], have similarly reported asymmetric lift
responses, in which the initial lift peak is dominant and subsequent fluctuations diminish as the
vortex crosses the airfoil.

Importantly, the lift coefficient is near zero prior to the vortex encounter and gradually returns
toward zero after the interaction, indicating that the downstream airfoil does not experience sus-
tained loading from the extended wake. For comparison, Fig. 12(a) shows the flow generated by
a purely pitching airfoil. Without the heaving motion, the trailing wake remains aligned with the
downstream airfoil and impinges on it after the primary vortex encounter, producing the additional
lift oscillations shown in Fig. 12(b). The combined heaving-and-pitching motion displaces the trail-
ing wake away from the downstream airfoil, thereby limiting this transient wake-induced loading.
More persistent changes in the mean lift have also been reported for pitching-only generation at
other Reynolds numbers [13].
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E. Implications for vortex gust design

Building on this parametric analysis, the relationships between the flapping profile parameters
and the resulting vortex characteristics provide a framework for the systematic design of vortex
gusts with prescribed rotation orientation, strength, and transverse position. Appropriate selection
of the rapid pitch direction, pitch amplitude, and formation timing enables vortices with targeted
properties to be generated in a controlled and physically interpretable manner.

Based on these observations, a practical design strategy can be outlined. The desired vortex
orientation and strength primarily determine the sign and magnitude of the rapid pitch parameters
Acesr and Af, while the duration of the rapid pitching phase is selected within an appropriate
Strouhal-number range to ensure compact vortex formation. Because this Strouhal number depends
on the Reynolds number, its optimal range varies with the flow regime. The remaining pitch ampli-
tudes and timing parameters, except for the vortex formation time #y,, exert comparatively weaker
influence on the resulting vortex characteristics and therefore provide flexibility for accommodat-
ing experimental or numerical constraints. Care must nevertheless be taken to avoid excessively
large effective angles of attack, which may induce undesired leading-edge separation. In addition,
the vortex-generation process does not require the airfoil to initiate motion from a lower transverse
position. A mirror-image vortex could be generated by starting the airfoil from a higher transverse
position and reversing both motions, i.e., heaving downward and pitching upward instead of heaving
upward and pitching downward. This may be advantageous when the overall structure of the vortex
gust, including the extended wake, is of interest.

Once the parameters governing vortex orientation and strength have been established, the
transverse placement of the vortex can be adjusted through the formation timing, either via the
normalized parameter t, or equivalently the time instance fs;. As demonstrated in the preceding
results, variations in 7, shift the vortex trajectory without significantly altering its internal structure,
making this parameter a convenient final design choice.

Additional manipulation of the vortex-generation process may be achieved by prescribing un-
equal values of Ac,gr and A6, or by introducing a phase offset between the rapid variations in pitch
angle and effective angle of attack. Such adjustments become particularly relevant when Acsr is
small, as secondary vortices may become more pronounced under these conditions, as illustrated in
Figs. 8(i) and 8(j). Introducing a phase offset can partially mitigate the strength of these secondary
vortices, while prescribing unequal amplitudes primarily modifies the strength of the primary vortex.
Although these configurations can alter the overall vortex structure, systematically quantifying their
effects would introduce additional degrees of freedom beyond the scope of the present study, since
the phase offset that most effectively suppresses secondary vortices may vary with other profile
parameters. Selected examples illustrating these effects are therefore presented in Appendix B.

As shown previously, vortex radius is determined primarily by airfoil chord rather than generation
parameters. Thus, producing a large vortex relative to a given length requires a proportionally larger
airfoil, and vice versa. While this poses little issue in numerical studies, experimental setups may be
limited by the larger traverse distance required. Moreover, larger airfoils generate stronger wakes,
increasing their influence on downstream objects.

V. CONCLUSION

In this study, a method for generating isolated vortex gusts with limited wake influence during
horizontal impingement was introduced. The generated vortices propagate along trajectories that
remain nearly parallel to the incoming flow, enabling well-controlled vortex-airfoil interactions. The
rotation orientation, strength, and vertical position of the vortex were shown to vary systematically
with selected parameters of the flapping profile. In addition, the associated wake extends obliquely
from the primary vortex, thereby limiting its influence on the downstream airfoil, as evidenced by
the measured lift response.
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Through appropriate selection of the profile parameters, vortex gusts with prescribed orientation,
strength, and position can be generated within a well-defined and controllable range. Comparisons
between numerical simulations and experiments demonstrate qualitatively consistent vortex forma-
tion behavior, although the rapid pitching kinematics required for vortex formation, characterized
by the associated Strouhal number, depend on the Reynolds number. Despite this dependence, the
overall trends in vortex characteristics are preserved across the Reynolds-number range examined.

Future work will utilize the present method to investigate aeroelastic interactions between vortex
gusts and passively moving downstream airfoils. In particular, we will examine the coupled dy-
namics of vortex-induced loading and structural response, with the goal of identifying strategies to
alleviate aerodynamic loading and aeroelastic response through the design of structural parameters.
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APPENDIX A: TABLE OF PARAMETERS FOR THE VORTEX GENERATION
KINEMATIC PROFILE

The input parameters to the vortexgeneration profile utilized to generate the vortex cases de-
scribed in this study are provided in Table III.

APPENDIX B: EXTRA MANIPULATION OF THE KINEMATIC PROFILE

A more general form of the vortex-generating profile includes a parameter 7., which denotes the
time offset between the onset of the rapid pitch maneuver and the change in the effective angle of
attack. It results in a modified the o, equation,

Qe (1) = Qetr,0 F(E5 151, ta1) + Actegy 7(85t2 + Tofr, ta2) — (Otetr,0 + Actesr) 7(25 153, 143)- (BD)

The remaining parameters follow the conventions introduced in Sec. II.

As discussed in Sec. IV, small values of Af and A« may lead to the formation of secondary
vortices alongside the primary vortex. A representative example is case S03_CW, which was also
shown in Fig. 8. In that figure the visualization was scaled to emphasize the primary vortex, whereas
Fig. 13(a) shows the same case with a wider view that reveals the accompanying secondary vortex.
Figures 13(b) and 13(c) illustrate the effect of introducing a negative time offset 7o, which advances
the rapid variation of a.g relative to the pitch motion. All three cases shown here differ only in the
value of 7., with all other parameters kept identical. With increasing magnitude of the offset, the
secondary vortex becomes weaker, as demonstrated by the decreasing magnitude of its circulation
from 0.21 to 0.17 (a 19% decrease in strength). However, this adjustment only partially alleviates its
formation and does not eliminate it entirely. This approach may nevertheless be useful in situations
where small values of A6 and Ao, are required and the presence of a weak secondary vortex is
acceptable.
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TABLE III. Kinematic parameters [Eqs. (4) and (5)] for all cases presented in this paper. Case labels
starting with “S” refer to simulations, while those starting with “E” refer to experiments. Simulations were

performed at a Re = 1000, and all experimental cases were done at Re = 28 000, 35 000, and 42 000.

Case L1 ta1 I ta I3 a3 Sty T, O oerg  AO Adeg
S01_CW 3.00 1.50 5.83 0.35 6.85 1.50 1.634 0.665 40 6 —15 —15
S02_CW 3.00 1.50 5.83 0.24 6.81 1.50 1.589 0.643 40 6 —10 -10
S03_CW 3.00 1.50 5.81 0.16 6.75 1.50 1.787 0.627 40 6 =75 =75
S04_CCW 3.00 1.50 6.64 0.15 734 150 1.907 0.796 25 -7 7.5 7.5
SO05_CCW 3.00 1.50 6.75 0.20 734 150 1.907 0.852 25 -7 10 10
S06_CCW 3.00 1.50 6.72 0.32 734 150 1.787 0.881 25 —7 15 15
S07_CW 3.00 1.50 5.23 0.35 6.85 1.50 1.634 0.365 40 6 —15 —15
S08_CW 3.00 1.50 5.53 0.35 6.85 1.50 1.634 0.515 40 6 —15 —15
S10_CW 3.00 1.50 6.13 0.35 6.85 1.50 1.634 0.815 40 6 —15 —15
S11_CW 3.00 1.50 6.43 0.35 6.85 1.50 1.634 0.965 40 6 —15 —15
EO1_CW 6.00 3.818 12473 0.873 16.00 3.82 0.655 0.5 26.5 9 —15 —15
E02_CW 6.00 3.818 12.618 0.582 16.00 3.82 0.655 0.5 23.5 6 —10 —10
E03_CW 6.00 3.818 12.763 0.291 16.00 3.82 0.655 0.5 20.5 3 -5 -5
E04_CCW 6.00 3.818 12763 0.291 16.00 3.82 0.655 0.5 145 -3 5 5
EO5_CCW 6.00 3.818 12.618 0.582 16.00 3.82 0.655 0.5 11.5 -6 10 10
E06_CCW 6.00 3.818 12473 0.873 16.00 3.82 0.655 0.5 85 -9 15 15
E07_CW 6.00 3.818 10.880 0.873 16.00 3.82 0.655 0.2 26.5 9 —15 —15
E08_CW 6.00 3.818 11942 0.873 16.00 3.82 0.655 04 26.5 9 —15 —15
E09_CW 6.00 3.818 13.004 0.873 16.00 3.82 0.655 0.6 26.5 9 —15 —15
E10_CW 6.00 3.818 14.065 0.873 16.00 3.82 0.655 0.8 26.5 9 —15 —15
E11_CW 6.00 3.818 15.127 0.873 16.00 3.82 0.655 1.0 26.5 9 —15 —15
E12_CW 6.00 3.818 15.127 0.873 16.00 3.82 0.655 0.0 26.5 9 —15 —15
E13_CCW 6.00 3.818 9.818 0.873 16.00 3.82 0.655 0.0 85 -9 15 15
E14_CCW 6.00 3.818 15.127 0.873 16.00 3.82 0.655 1.0 85 -9 15 15
E15_CW 6.00 3.818 12327 1.164 16.00 3.82 0.655 0.5 29.5 12 -20 =20
E16_CCW 6.00 3.818 12327 1.164 16.00 3.82 0.655 0.5 55 —12 20 20
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FIG. 13. Vorticity contours illustrating the effect of the time offset 7, between the rapid variations of 6
and o.. Primary vortices are highlighted by green boxes, and secondary vortices by magenta boxes. The
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FIG. 14. Vorticity contour snapshots illustrating the effect of vortex generation Strouhal number St, on
vortex coherence.

APPENDIX C: EFFECT OF STROUHAL NUMBER VARIATION ON VORTEX COHERENCE

An optimal choice of St, yields coherent vortices that remain isolated from additional vortices
resulting from the shear wake roll-up. Figure 14 presents vorticity snapshots of CW vortices
generated within a range of 0.291 < St, < 0.874 in experiments, and 0.953 < St, < 3.574 in
simulations. These results show the effect that St, has on the quality of the vortices generated and
apply to both CW and CCW vortices.

For the simulations shown in Figs. 14(a)-14(e), a low value of St, produces an elongated
vortex that does not roll up into a compact, coherent structure, as illustrated in Fig. 14(a). At
St, = 1.634, the vortex is coherent and well isolated, consistent with the approximate optimal range
used throughout this study. At the higher value St, = 3.574, the primary vortex remains coherent,
but the surrounding wake vorticity becomes stronger, reducing its isolation. A similar trend is
observed in the experiments shown in Figs. 14(f)-14(j). At low values of St,, the motion of the
generating airfoil fails to generate a coherent vortex, instead remaining as a somewhat diffused
agglomeration of vorticity, as shown in Fig. 14(f). As Sty is increased above 0.4, an increasingly
prevalent primary CW vortex emerges, although it is accompanied by a smaller secondary CW
vortex on its top-right, as shown in Fig. 14(h). Figure 14(i) shows that increasing St, to 0.728 yields
a vortex with the desired coherence and isolation. Further increasing St, still produces a strong
coherent vortex but also leads to an increasingly prevalent CCW secondary vortex located at the top
left side of the primary vortex.

Based on these observations, the approximate optimal ranges are 1.5 < St, < 2.3 for the simu-
lations and 0.6 < St, < 0.8 for the experiments. These ranges provide a favorable balance between
vortex coherence and isolation, motivating the use of 1.63 < St, < 1.91 for the simulation cases
and St, = 0.655 for the experimental cases considered throughout the study.
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