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We study interactions between an NACAQO012 airfoil and a discrete vortex gust of
extreme strength at a chord-based Reynolds number of 5000. This paper considers the gust
ratios of G > 1, representative of conditions experienced by small-scale aircraft in adverse
flight environments. We first carry out large-eddy simulations of spanwise periodic flows
around an airfoil at the angle of attack of 14°, exhibiting a turbulent separated wake.
Introducing a vortex gust as a Taylor vortex upstream of the wing, the dependence of
aerodynamic forces and vortical flows on gust parameters such as magnitude, rotational
direction (positive and negative signs), size, and orientation is investigated. The lift
responses and flow fields exhibit primarily two-dimensional behavior up to the gust ratio
|G| of 3, while three-dimensionality with very fine-scale structures emerges for |G| > 4,
triggering instabilities during the interaction. Once the gust becomes large in size, the
fluctuation of aerodynamic loads is further enlarged, and the deformation of vortical flows
and lift response is experienced earlier compared with cases with a small-sized gust,
which reveals the dangerous aerodynamic situation hindering stable flights. The current
study also shows that the fluctuation of the unsteady lift strongly depends on the gust
location and rotational direction, providing hints for lift attenuation. Scale-decomposition
analysis is performed to further examine the energy-transfer dynamics in extreme
vortex-airfoil interaction across a range of spatial length scales. We reveal that the
energy from large-scale vortex cores is transferred to the shear layers that emerge due
to the interaction. Based on the current findings, we also consider unsupervised machine
learning-based data compression of the present extreme vortex-gust airfoil interactions
with an observable-augmented nonlinear autoencoder. A collection of vortical flow
snapshots for |G| < 3 whose interaction dynamics are primarily two-dimensional can be
compressed to three variables while extracting the important vortical structures associated
with the lift coefficient. The findings throughout this study suggest that modeling and
control strategies developed for two-dimensional problems could be considered for
analyzing extreme vortex-airfoil interactions at higher Reynolds numbers.
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I. INTRODUCTION

Modern small- and medium-sized aircraft are increasingly tasked to operate in aerodynamically
challenging environments, including airspace in urban canyons, over mountainous terrain, and
behind ships. In such adverse situations, they encounter extremely unsteady flows where the
spatiotemporal scales of disturbances are nearly the same or larger in magnitude compared with
the flight speed [1]. This study examines the effect of extremely strong vortex disturbance on
aerodynamic responses of flows around an airfoil through numerical simulations and data-driven
analysis.

In studying vortex-gust airfoil interactions, vortex disturbance is characterized by various pa-
rameters, such as vortex strength, size, and orientation [2]. Among them, the gust ratio G = u,/ux
is particularly important, where u, is the characteristic gust velocity and u., is the freestream
velocity. This value is generally quite low for large-scale aircraft due to their high cruise velocity
U~ However, G becomes large for small-scale aircraft, such as drones, due to its low cruise velocity,
even for the same u,.

As flight conditions of G > 1 have been traditionally considered unflyable, the primary concern
in previous studies of vortex-gust airfoil interactions has been focused on cases with G < 1. For
instance, Qian et al. [3] performed experimental investigations into vortex-gust interactions with
an airfoil under conditions of G < 0.5. Through Particle Image Velocimetry (PIV) measurements,
they explored the influence of parameters such as gust ratio, angle of attack, and wing sweep angle
on vortical structures and aerodynamic forces. Herrmann et al. [4] proposed a proportional-integral
feedback/model-based feedforward control to relieve the impact of gusts with G < 0.1 on flows
around a DLR-F15 airfoil, achieving a 64% reduction in the lift fluctuation during quasirandom
gust encounters. A closed-loop pitch control for mitigation of lift deviation due to transverse gust
encounters was also examined by Sedky et al. [5] for conditions of G < 0.71. At a high Reynolds
number of Re = 200000 for G = 0.5, Barnes and Visbal [6,7] performed large-eddy simulations
(LESs) of interactions between a vortex gust and an NACAQ012 airfoil to investigate the dependence
of flow behaviors on the rotational direction and orientation of gusts against a wing. Furthermore,
some unsupervised learning techniques and time-dependent modal analyses have been considered
in studying the nonlinear and transient nature of gust airfoil interactions of G < 1 [8,9].

Recent studies have explored conditions of G > 1 that can emerge in urban canyons, mountain-
ous environments, and severe atmospheric turbulence for small-scale air vehicles [10]. Moushegian
et al. [11] performed a delayed detached eddy simulation of transverse gust encounter with G = 1
while comparing it to the Kiissner linear gust theory and PIV measurements. Biler et al. [12] experi-
mentally investigated the lift response of transverse and vortex gust encounters with 0.5 < G < 1.5.
They reported that the Helmbold equation can be used to predict the lift coefficient based on the
gust-induced angle of attack. Effects of transverse gust velocity profiles on aerodynamic responses
for 0.5 < G < 1.5 are also comprehensively examined by Andreu-Angulo et al. [13] with their top
hat gust generator. A recent experimental study by Andreu-Angulo and Babinsky [14] has explored
the dependence of the sign of transverse gusts on lift mitigation by pitching control for G = 0.5 and
1, providing a comprehensive analysis of the relationship between an effective angle of attack and
vortical motions.

For extremely high levels of vortex disturbance with 0 < G < 10, our recent study [15] showed
that time-varying two-dimensional vortical flow field data spanning the large-parameter space can be
compressed to only three variables with nonlinear unsupervised learning. The proposed technique,
called an observable-augmented autoencoder, finds a low-dimensional manifold that captures the
influence of extreme vortex disturbance on the baseline flow dynamics. In the study [15], we refer
to aerodynamics with G > 1 as extreme aerodynamics due to the presence of violently strong
gusts. Following the discovery of the low-order manifold, follow-up studies have further shown
that such data-driven low-order representations can be used to design optimal control strategies to
swiftly mitigate the impact of vortex disturbances, equipped with phase-amplitude modeling [16]
and reinforcement learning [17].
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TABLE 1. The parameter list considered in the present study.

CaseID G D Y CaselD G D Y CaselD G D Y CaselD G D Y CaselD G D Y

1 050501 6 5 0501 11 —405 0.1 16 —-205-03 21 -2150.1
2 10501 7 -050501 12 =505 0.1 17 2 1.0 0.1 22 =2200.1
3 2 050.1 8 -1 0501 13 2 05-01 18 2 15 0.1

4 30501 9 -2 0501 14 2 05-03 19 2 20 0.1

5

4 0501 10 -3 0501 15 -205-01 20 -21.0 0.1

While there exist a few studies focusing on G > 1, their analyses are limited to low-Reynolds-
number simulations or experiments that produce sectional measurements only, necessitating
comprehensive examinations of higher Reynolds number flow. In response, this study considers
extreme vortex-airfoil interactions, with an interest in their behaviors across a spanwise periodic
domain. We first perform LESs of flows around an NACAOQ012 airfoil at a chord-based Reynolds
number of 5000, encountering a violent gust vortex of G > 1. Strongly disturbed flows are then
examined with respect to aerodynamic forces and vortical flows while varying gust parameters, such
as magnitude, size, rotational direction (positive and negative signs), and orientation. Along with the
current findings from numerical simulations, we further consider nonlinear autoencoder-based data
compression of the present vortex-gust airfoil interactions, providing insights into understanding
and modeling for extreme aerodynamic flows at a range of Reynolds numbers.

This paper is organized as follows. The present simulation setup is described in Sec. II. Results
produced by the simulations and data-driven analyses are presented in Sec. III. Conclusions are
offered in Sec. IV.

II. SIMULATION SETUP

We perform LESs of an NACAO0O012 airfoil at a chord-based Reynolds number Re = uyc/v =
5000, where c is the chord length and v is the kinematic viscosity. The angle of attack « is set to 14°,
producing a turbulent separated wake. We perform LES using an incompressible flow solver CIiff (in
CharLES software package) based on the finite-volume formulation with second-order accuracy in
time and space [18,19]. The computational domain is set over (x, y, 7)/c € [—20, 25] x [—20, 20] x
[0, 1], with the leading edge of the wing positioned at the origin. The inlet and far-field boundaries
are prescribed with freestream, while the convective boundary condition is applied at the outlet.
The no-slip boundary condition is imposed on the wing surface. The present LES with spanwise
extent of 1c is performed over a spanwise periodic domain that captures the three-dimensional flow
structures [20,21]. The Vreman subgrid-scale model [22] is used to provide turbulent closure for the
present LES.

For the disturbed flows, a strong vortex gust is introduced upstream of an airfoil at xy/c = —2.
The disturbance is modeled with a Taylor vortex [23] whose rotational velocity profile is determined
as

r 1 r?
Ug = Me,maerXP 5 - ) (D

where R is the radius at which uy reaches its maximum velocity ug max. In the present analysis,
the effect of the vortex gust on aerodynamic responses is examined by sweeping the parameters of
the gust ratio G = up max/Uoo € [—5, 51, its size D = 2R/c € [0.5, 1.5], and vertical position of the
disturbance yp/c =Y € [—0.3, 0.3] relative to the wing, as summarized in Table I. We again note
that the present gust ratio magnitude |G| is much larger than 1.

The grid dependence with respect to the vortical flow structures and lift forces is examined by
considering three different spatial resolutions: regular (8 x 10%), fine (20 x 10° with the domain
presented in Fig. 1), and finer (2240 x 10°). The comparison of flow fields and aerodynamic forces

084703-3



KAI FUKAMI, LUKE SMITH, AND KUNIHIKO TAIRA

i
it
\“\\\\\\\\ auuniig
‘\\uwu\\\"\\‘,mﬂ

T

20c

FIG. 1. The computational domain with a fine grid mesh (220 x 10° cell counts).

for the undisturbed flow among the meshes and previous studies [21,24] is shown in Fig. 2. Here, the
lift coefficient and the drag coefficient are defined as C;, = F7. /(0.5 pugoc) and Cp = Fp /(0.5 ,ougoc),
respectively, where F; and Fp are the lift and drag forces on the wing body and p is the density.
Since the results show convergence, we choose the fine mesh to compute the undisturbed flow.
We further compare these grids for a disturbed flow with (G, D,Y) = (1, 0.5, 0.1), as presented in
Fig. 3. Here, the convective time nondimensionalized by (c/us) is set to zero when the center of
the vortex arrives at the leading edge of the wing. While the lift response does not show significant
differences across the grid resolution, its effect is slightly observed for the evolution of vortical

@ (b) . .
CL CL, rms CD CD, rms L/ ¢ Note
Regular (8M) | 0.730 | 0.103 | 0.245 | 0.0224 1 —
=
% Fine (20M) | 0.737 | 0.116 | 0.249 | 0.0190 | 1 —
~
Finer (40M) | 0.738 | 0.098 | 0.249 | 0.0183 1 —
Rolandi et al. LES
Q025 | 0m4 | — fo2s | — | 1 M, =02)
Gupta ef al. Wind-tunnel
= 1} (2023) 0.763 — |02 o 10 experiment

303

FIG. 2. (a) Comparisons of an instantaneous baseline flow visualized by isocontours of Q-criterion. (b)
Comparisons of lift and drag forces (time-averaged value and root-mean-squared value).
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FIG. 3. The lift coefficient C; and vortical flow visualized by the isocontours of Q-criterion across the three
grid resolutions over time.

structures, especially downstream, as seen in Fig. 3(d). Following the impact of the gust on the
wing, the downstream convection of vortex structures differs slightly between the regular and fine
cases, likely due to mesh coarseness in the region far from the wing. Along with our verification for
the undisturbed case, we hereafter use the fine grid for the present study.

III. RESULTS

A. Vortical flow fields and lift response for |G| < 3

We examine the flow fields and lift force from the present LES. Let us begin with the undisturbed
baseline flow, as summarized in Fig. 4. At the current chord-based Reynolds number of 5000
with o = 14°, the flow is fully separated over the wing. The shear layer separating from the
leading edge rolls up over the wing, forming two-dimensional vortical structures associated with the
Kelvin-Helmholtz instability. As the wake evolves, these vortical structures break down, producing
three-dimensional structures in the wake. Although this turbulent wake possesses three-dimensional
rib structures around shear layers related to the mode C instability [25], the primary feature remains
two-dimensional, as exhibited in the spanwise-averaged spanwise vorticity field in Fig. 4(a). Since
the current study considers a two-dimensional wing profile, the present baseline flow at @ = 14° is
a representative model case to examine the effect of three-dimensionality caused by the spanwise
extent and Reynolds number in extreme vortex-airfoil interactions. The time trace and spectra
of lift coefficient C; are also shown in Figs. 4(b) and 4(c), respectively. Here, the frequency f
is nondimensionalized by (u,/c). Corresponding to the coherent vortex shedding observed in
Fig. 4(a), the lift oscillates over time while exhibiting quasiperiodicity, which is also evident from
the notable peak in the lift spectra. The current problem setup serves as a canonical study in
examining gust effects on unsteady flight operations.

(a) o, b)) a c, (© AP(Cp)

. - - > 1076 ' ' >
10 20 30 40 ¢+ 102 100 100 10! f

FIG. 4. The undisturbed baseline flow. (a) Instantaneous three-dimensional flow field visualized by the
isocontours of Q-criterion and spanwise-averaged spanwise vorticity field w,. (b) Time series and (c) spectra
of lift coefficient Cy.
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FIG. 5. Dependence of lift coefficient C;, and flow field on the gust ratio G. Three-dimensional flow fields
visualized by the isocontours of Q-criterion and spanwise-averaged spanwise vorticity fields w, are presented
over time. The cases for (D, Y) = (0.5, 0.1) with G = [—3, 3] are shown. The gray line in the lift response
corresponds to the undisturbed case.

1. The effect of gust ratio G

Next, let us discuss the disturbed flows. Since the gust ratio G influences the flyability of modern
small-sized aircraft, the effect of G on lift coefficient C; and flow field for cases of (D,Y) =
(0.5,0.1) is first examined in Fig. 5. As representative examples, the cases with G = [—3, 3] are
considered. The fluctuation from the undisturbed lift coefficient increases as |G| becomes large.
Correspondingly, the separation also becomes massive—for example, the impinging vortex gust
removes almost all structures near the wing with G =3 at¢ > 0.75.

When a positive vortex gust approaches the wing, the lift first increases from the undisturbed
state. Once this positive gust impinges on the wing, the violent interaction between the gust and
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2 1 0 I 2 "
FIG. 6. Dependence of lift coefficient C; on the timing introducing a gust with (G, D,Y) = (2,0.5,0.1).
The gray line corresponds to the undisturbed case.

the airfoil massively enhances separation, resulting in the reduction of the lift over 0 < ¢ < 1. In
contrast, the negative vortex disturbances first decrease the lift and then transiently recover it toward
the undisturbed value. For both positive and negative cases, the fluctuation level is much larger
compared with the undisturbed case. The majority of the lift force excitation occurs within a very
short duration of two convective time units (—1 <t < 1).

Regarding the timing of lift excitation, the secondary negative peak for the positive gust case
shifts earlier in time when a stronger gust occurs. This is due to the interaction between a vortex gust
and the pre-existing negative vorticity on the suction side of the airfoil. The relationship between the
signs of a vortex gust and the vorticity near the wing has been recognized as an important factor in
determining the interaction pattern and load fluctuation level [26]. As observed with the spanwise-
averaged spanwise vorticity snapshots at t = —0.10, a stronger interaction with G = 3 generates a
larger negative w, near the wing. The leading-edge vortex with G = 3 has been completely pinched
off due to the stronger gust by t = 1, whereas the same flow structure is still quite close to the wing
at G = 1. This leads to a greater and faster drop in lift with G = 3 compared with the case with
G = 1. This observation of timing shift in lift coincides with the case of two-dimensional, laminar
vortex-gust airfoil interactions [15,27]. We note that the dynamical behavior of transient interactions
with |G| > 4 differs from what we observe here, which is discussed in Sec. III C.

2. The effect of vortex-impingement timing on the wing

As the current undisturbed baseline flow exhibits unsteady separated wake while producing lift
oscillation, the timing of when a vortex gust impinges on a wing may affect the dynamics. To
examine this point, we consider four different timings (phases) to introduce a vortex gust with
a representative case of (G,D,Y) = (2,0.5,0.1), as shown in Fig. 6. Here, these time instants
correspond to phase 6 = tan_l(CL(t)/CL(t)) of 0,7/2, w, and 37 /2 of the current lift dynamics
[28]. There are no significant differences in the dynamical behavior and the amplitude of excitation
of the lift. This is because the extreme fluctuation level is significantly higher than the baseline level
due to the present vortex-airfoil interaction with |G| > 1. Based on this observation, we hereafter
consider gusts introduced at the timing at & = 0 only for the present analysis.

3. The effect of gust orientation Y

The vertical position of gust Y also affects the transient dynamics because it determines how
the vortex gust interacts with the pre-existing vortical structures around a wing. The dependence
of the extreme aerodynamic response on the vortex position Y is also investigated. We consider
three vertical positions of ¥ = (—0.3, —0.1, 0.1) for a fixed gust size of D = 0.5 with positive
and negative gust ratios of |G| = 2, respectively, presented in Figs. 7 and 8. For the positive gust,
the lift excitation for ¥ = —0.3 from the undisturbed case is less than that for ¥ = £0.1 over
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FIG. 7. Dependence of lift coefficient C;, and flow field on the initial vertical position Y for the cases
of positive vortex gust. Three-dimensional flow fields visualized by the isocontours of Q-criterion and
spanwise-averaged spanwise vorticity fields w, are presented over time. The cases for (G, D) = (2, 0.5) with
Y = —0.3, —0.1, and 0.1 are shown. The gray line in the lift response corresponds to the undisturbed case.

time. Regarding the first peak at t &~ —0.2, the reason for the smaller fluctuation is likely that a
large portion of the positive gust interacts around the pressure side of the wing. This suggests that
the excitation of lift force due to extreme-vortex gust airfoil interactions could be suppressed by
performing actuation to shift the vertical location of vortex gusts.

The secondary peak observed over 0.3 < ¢ < 0.5 is greatly suppressed for ¥ = —0.3 compared
with that for ¥ = £0.1, as shown in Fig. 7. While the drastic separation due to the vortex-airfoil
interaction mainly occurs above the wing for Y = £0.1, the flow fields of ¥ = —0.3 exhibit that
the separation happens at both pressure and suction sides, and the wing splits the gust. Due to these
split structures at both sides of the wing, positive and negative contributions to lift eventually cancel
out with each other, resulting in the suppression of lift fluctuation.

The lift fluctuation from the undisturbed response for the negative vortex cases also varies
depending on the vortex position, similar to the cases with positive gusts. For the first peak of lift at
t ~ —0.1, a smaller fluctuation is observed for Y = 0.1 compared with the cases of ¥ = —0.1 and
—0.3 since the bottom portion of the negative gust impinges on the airfoil. The case for Y = —0.1
shows the largest fluctuation while exhibiting a sharp response in lift around # = 0.75. Similar to
the positive vortex case for Y = —0.1, the negative gust is split by impinging on the airfoil. These
split structures originated from the negative gust interaction merge with the pre-existing vortical

084703-8



EXTREME VORTEX-GUST AIRFOIL INTERACTIONS AT ...
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FIG. 8. Dependence of lift coefficient C; and flow field on the initial vertical position Y for the cases of
negative vortex gust. Three-dimensional flow fields visualized by the isocontours of Q-criterion and spanwise-
averaged spanwise vorticity fields w, are presented over time. The cases for (G, D) = (—2,0.5) with ¥ =
—0.3, —0.1, and 0.1 are shown. The gray line in the lift response corresponds to the undisturbed case.

structures with a negative spanwise vorticity at the suction side, as shown in Fig. 8. The resulting
structures from the interaction reside around a wing at r = 0.75 producing a sharp lift response.
Through the interaction, a set of small, two-dimensional structures is formed as seen around the
suction side at ¢t = 1.5. For Y = —0.3, the negative vortex gust mainly interacts with structures
around the pressure side of a wing possessing the positive vorticity w,. As a result, the separating
structures convect toward the bottom right in the flow field.

4. The effect of gust size D

The dependence of the extreme aerodynamic response on the gust size is also investigated. For
comparison, we consider the gust ratio and vertical position of (|G|, Y) = (2, 0.1) while varying
the gust size D from 0.5 to 1.5. The cases with a positive vortex gust are presented in Fig. 9.
Across different D, all lift histories exhibit a consistent trend of first increasing and then decreasing
toward the undisturbed response. The first lift peak appears earlier as the gust size increases since a
larger vortex gust reaches the wing earlier. The size of newly generated structures from the trailing
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FIG. 9. Dependence of lift coefficient C;, and flow field on the gust size D for the cases of positive
vortex gust. Three-dimensional flow fields visualized by the isocontours of Q-criterion and spanwise-averaged
spanwise vorticity fields w, are presented over time. The cases for (G, Y) = (2,0.1) with D = 0.5, 1, and 1.5
are shown. The gray line in the lift response corresponds to the undisturbed case.

edge becomes larger with the gust size D. While the separating structure with D = 0.5 around the
suction side simply convects over time, these newly-generated large structures from both leading and
trailing edges interact with each other downstream, as shown with the flow fields at 0.75 <t < 2.75
in Fig. 9, producing large fluctuation of lift coefficient. Because of such a large-scale interaction,
the case for D = 1.5 takes much longer to recover the lift response toward the original level of the
undisturbed lift compared with that for D = 0.5 and 1.

The cases with negative vortex gust varying the gust size D are depicted in Fig. 10. Similar to
the observation of the positive gust cases, the impact of vortex gust appears earlier as the gust size
increases. The main difference from the positive gust cases is that the lift dynamics after impinging
a negative gust of D = 1 and 1.5 do not monotonically come back to the undisturbed trajectory. For
D = 0.5, the gust mainly interacts with the pre-existing structure on the suction side. By increasing
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t=-0.90 t=0.75 t=1.50 t=2.75 !

FIG. 10. Dependence of lift coefficient C; and flow field on the gust size D for the cases of negative
vortex gust. Three-dimensional flow fields visualized by the isocontours of Q-criterion and spanwise-averaged
spanwise vorticity fields w, are presented over time. The cases for (G,Y) = (—2,0.1) with D = 0.5, 1, and
1.5 are shown. The gray line in the lift response corresponds to the undisturbed case.

the gust size to D = 1, a gust induces the generation of new structures at the pressure side, as seen
at t = 0.75 in Fig. 10. This newly-generated structure and the upper side of the vortex gust merge
and mix together above the airfoil while moving downstream, as presented with the flow fields for
t > 1.50. A further larger gust of D = 1.5 also causes the generation of new structures around the
pressure side at + = 0.75. However, since the size of this generated structure around the pressure
side is enlarged as the gust size increases, the presence of this large structure induces a complicated
interaction above the wing while exhibiting another interaction of large vortices near the trailing
edge at r = 1.50. These structures, through two different vortex interactions, eventually merge with
each other, producing large-scale vortical structures at r = 2.75. Since the interaction process is
different and becomes complex as the gust size increases, the lift response with a larger gust starts
to show nonmonotonic decay toward the undisturbed dynamics.

It is also worth discussing that the negative cases with D > 1 shown in Fig. 9 exhibit fewer
three-dimensional flow characteristics over time, producing fewer fine-scale structures, compared
with the positive cases shown in Fig. 10. This suggests that the negative sizable gusts suppress the
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spanwise instabilities that trigger the generation of three-dimensional vortical structures, which is
clearly seen for r > 0.75 in Figs. 9 and 10. This is likely because the negative vortex gust weakens
the shear layer above the wing by reducing the velocity difference between the freestream and the
separated flow. Hence, the occurrence of shear layer instabilities is suppressed and delayed with
the negative gusts. In contrast, the positive gust enhances separation and amplifies the shear layer
instabilities, promoting early transition to turbulent vortex structures in the wake. As a result, the
lift fluctuation of negative cases is larger than that of positive cases due to the absence of three-
dimensional structures. Summarizing, these negative, sizable extreme gusts, preserving the two-
dimensionality of the flow field, may be regarded as the most dangerous, hindering the stable flight
of small-sized aircraft. Note that the lift fluctuation for (|G|, D) = (2, 1.5) is even greater than the
cases for the smaller size of gusts with |G| > 4 discussed later in Sec. III C.

B. Scale-decomposition analysis of extreme vortex-airfoil interactions

The present extreme vortex-airfoil interactions can also be examined through energy transfer
across a range of spatial length scales. To do so, let us consider the scale-decomposition analysis
for turbulent separated wake proposed by Fujino et al. [29]. We apply a spatial band-pass filter to
the velocity field u# based on a two-dimensional Gaussian kernel G in the x and y directions with the
length scale range between o, and o,. The operation is described as

ulorl(x, y,z,t)=/u(x,y, L OIGE, Y x,y,01) — G, Y x,y, 02)ldx'dy, 2)
S

where

3)

AV V)2
GW,y;x,y,0)= exp[_(x )Y+ @ y)]’

2ol 202

and S denotes the integration window covering the whole computational domain in the x and y
directions. Once the flow fields are decomposed in this manner, the energy transfer between the
length scales can be quantified based on the decomposed flow fields.

First, the isocontours of Q-criterion obtained from the scale-decomposed flow fields for a length
scale range of [0, 201] With 01 = (Omax, Omax/4s Omax/16) are shown in Fig. 11. Here, the cutoff
length scale is om,x = ¢/(2m St), where St is the Strouhal number, corresponding to the diameter of
the shed roller vortices [30]. We consider the baseline flow and a disturbed case with (G, D,Y) =
(2,0.5,0.1). For the undisturbed flow, the dominant, coherent roller vortices of wake shedding and
the rib structures surrounding the vortex cores are successfully decomposed.

The scale-decomposition technique captures how the effect of a vortex gust transfers across the
length scale in a transient manner for the disturbed flow. At¢ = —0.70, the cylinder-like vortex tube
corresponding to the gust is seen for oy = (Omax and omax/4) while not appearing for oy = oyax /16
since the gust itself does not possess small length scales. Once the gust impinges on the wing,
fine-scale structures with o1 = oyx /16 appear att = 0.05. The presence of such small length scales
is also noticeable at t = 0.80. While the scale-decomposed field for o7 = o only highlights the
dominant vortex cores, structures with fine length scales are observed in the area between the wing
and the massively separating structure rolled up from the leading edge. These fine-scale structures
largely contribute to energy transfer dynamics, which are discussed later using the formulation in
Eq. (4).

Furthermore, the effect of transient gust encounters on a range of spatial length scales can be
quantified in terms of of scale-independent energy transfer of vortex stretching. Here, the energy
transfer due to the vortex stretching from a provider scale o), to a receiver scale o, is defined as

E(o, —> 0,) = wf“r)Sf;”)w;."’)arz, 4)
where the vorticity w and the strain-rate tensor S are evaluated by the scale-decomposed velocity
field with the length scales of o, and o,.. This energy transfer approximately quantifies the contribu-
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FIG. 11. Scaled-decomposed fields of the undisturbed flow and a disturbed flow of (G,D,Y) =
(2,0.5,0.1) visualized by the isocontours of Q-criterion.

tion to the stretching of vorticity at the receiver scale o, from strain-rate fields at the provider scale
o, [29,31].

The energy transfer fields of the undisturbed flow and a disturbed flow of (G,D,Y) =
(2,0.5,0.1) are shown in Fig. 12. The size of structures in the field for each length scale cor-
respondingly varies across a length scale of interest, indicating that the energy transfer captures
events associated with a particular length scale. As the energy transfer considered here highlights
how the energy is given or sent across a length scale due to vortex stretching, both the fields
with (0, 0,) = (Omax, Omax/4) and that with (0, 6,) = (Omax/4, Omax/16) show strong values near
the shear layers rather than the vortex cores. This is also evident from the visualization of the
superposition of the spanwise-averaged magnitudes of spanwise vorticity |w,| and energy transfer
|E|, depicted in Fig. 12.

For the disturbed case, the energy transfer field across a length scale varies over time. While
both the gust and the region near the leading edge do not show high E at t = —0.70, a strong
energy transfer between a small-length-scale range of (0, 0,) = (0max/4, Omax/16) is observed for
t > 0.05 due to the interaction between the gust and wing. In other words, the energy from large-
scale structures, including a gust, is given to small length scales that emerge due to the transient
extreme vortex-airfoil interaction.

C. Extreme vortex-airfoil interactions with |G| > 4

While the primary feature of lift responses and flow fields is two-dimensional up to the gust ratio
|G| of 3, the aerodynamic response becomes different when a wing encounters a much stronger
gust. Here, we consider the cases for G = £(4, 5) with (D, Y) = (0.5,0.1), as shown in Fig. 13.
The lift increases or decreases with a positive or negative gust when a gust approaches the wing over
—1 <t < 0, similar to the cases with |G| < 3. For the positive case, once the gust induces drastic
separation at the leading edge, the separating structure rotates above the wing (as seen at t = 0.75)
and impinges on the wing again at t =~ 1.50 for G = 4 and ¢t ~ 1.05 for G = 5. Correspondingly,
the lift coefficient drastically increases again at ¢ =~ 1 before converging to the level of undisturbed
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FIG. 12. Scale-independent energy transfer of extreme vortex-airfoil interactions. (a) Spanwise-averaged
energy transfer field of the undisturbed flow and a disturbed flow of (G, D,Y) = (2, 0.5, 0.1). Superposition
of the spanwise-averaged magnitudes of spanwise vorticity |w,| and energy transfer |E|, and that of the
isocontours of Q-criterion and energy transfer, with (¢, 0;) = (Omax, Omax/4) are shown for (b) the undisturbed
flow and (c) the disturbed flow at ¢t = 0.80.

lift response. After the second impingement for ¢ > 1.5, fine-scale structures emerge and interact
with the wake across the convection process.

We note that the emergence of fine structures might be triggered before the second impingement
occurs. According to snapshots at t & 1.50 for G =4 and 7 &~ 1.05 for G =5, the vortex pair
bounding above the wing becomes unstable right before arriving at the wing surface. Hence, the
three-dimensionality observed here may be caused by the interaction between the wing, gust, and
small-scale structures newly produced during the transient process.

For the negative case, once the gust induces separation att = 0.75, the separating structure jumps
downstream and immediately merges with the wake. This is contrary to the cases with G < 3, for
which the gust convects while interacting with vortical structures near the wing. Analogous to the
positive cases, fine-scale structures are observed due to the mixing of the wake and the separating
structures, as seen at 7 = 2.50 in Fig. 12. While both positive and negative strong gusts with |G| > 4
trigger spanwise instabilities, the timing of appearance for three-dimensional fine-scale structures
depends on the sign and magnitude of gusts, causing the difference in the interaction between
transient vortical structures and wake.

D. Data-driven compression of extreme aerodynamic flows

Through the previous computational analysis, we revealed that extreme vortex-airfoil interaction
in a three-dimensional domain still preserves the two-dimensionality of flow and lift responses
for |G| < 3. In a previous study, we found that a collection of vorticity data for two-dimensional
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FIG. 13. Extreme vortex-airfoil interaction with G = £4 and +5 for (D,Y)=(0.5,0.1). Three-
dimensional flow fields visualized by the isocontours of Q-criterion and spanwise-averaged spanwise vorticity
fields w, are presented over time. The gray line in the lift response corresponds to the undisturbed case.

extreme vortex-airfoil interaction over time and parameter space at Re = 100 can be compressed
into three variables using nonlinear machine learning [15]. Based on the discovery of a low-rank
nature of two-dimensional extreme aerodynamic flows, we pose the question of whether the current
extreme vortex-airfoil interactions at Re = 5000 can also be described with a few variables. Here,
we consider unsupervised data-driven compression for the present datasets of extreme aerodynamic
flows with |G| < 3.

An observable-augmented nonlinear autoencoder [15] is used for the present compression, as
illustrated in Fig. 14. An autoencoder [32,33] is a neural-network-based order-reduction technique,
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FIG. 14. Data-driven compression of extreme aerodynamic flows. (a) Convolutional layer inside convolu-
tional neural networks. (b) A perceptron, a minimum unit of multilayer perceptron. (c) Observable-augmented
nonlinear autoencoder.

which takes the same data as the input and output of the model. The autoencoder model is composed
of an encoder F, and a decoder F,; while possessing the bottleneck called the latent vector & whose
data dimension is generally set to much lower than that of the input and output. Hence, a given input
data g can be compressed into the latent vector & if the autoencoder successfully reconstructs the
original data. These encoding and decoding processes are expressed as

q~ Fq) =Fa(Fe(@). §=Feq). q=q=Fai@), &)

where (*) represents a reconstructed variable.

Our previous study showed that low-dimensional representations & obtained through a nonlinear
autoencoder can capture the aerodynamic characteristics of extreme vortex-airfoil interaction by
incorporating the lift coefficient C.(¢) into the learning formulation. The present model, referred
to as an observable-augmented autoencoder, includes the additional branch subnetwork connected
with the latent variables &(¢), as illustrated by the yellow-shaded portion in Fig. 14, outputting Cy (¢).
The optimization for the weights inside the lift-augmented autoencoder is performed with

* = argminy[|lg — §ll> + BIICL — Cill2], (6)

where B balances the vorticity field and lift reconstruction loss terms. We choose g = 0.05 based
on the L-curve analysis [34] that finds an appropriate regularization parameter of the cost function.
Since the lift coefficient needs to be accurately estimated to minimize the loss function, this
formulation enables w to be tuned to capture important vortical structures correlated with the lift
coefficient due to I' o« Cy, where I' is circulation. This augmentation also promotes capturing large
transient lift caused by the present extreme vortex-airfoil interactions. The observable-augmented
network has been used in a range of aerodynamic examples, such as flow control design [16,17],
shape optimization of electric vehicles [35], and sensor-based global field reconstruction [36—39].
The present observable-augmented autoencoder composed of a multilayer perceptron [40] and
a convolutional neural network [41] is trained using the cases with G = +(1, 2, 3) for (D,Y) =
(0.5, 0.1) and the undisturbed flow. Each case includes 110 snapshots collected over 5.5 convective
time. A subdomain of (x,y,z)/c € [—1.5,4.5] x [—1.5, 1.5] x [0, 1] is extracted from the com-
putational domain for the present data-driven analysis. We interpolated datasets onto a Cartesian,
uniform grid with spatial grid points (N, Ny, N;) = (300, 150, 50) to use them for the present
convolutional neural network-based autoencoder. To examine how the autoencoder learns the
three-dimensionality of the flows through nonlinear compression, we consider a three-dimensional
and a spanwise-averaged vorticity field w, as a variable of interest. We use 70% of the datasets
for training, and the remaining 30% are prepared for validation. For the training process of the
observable-augmented autoencoder, early stopping [42] with the criterion of a series of continuous
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FIG. 15. Dependence of the reconstructed vorticity field on the latent dimension size ng. The disturbed
flow for (G, D,Y) = (2,0.5,0.1) is shown as a representative case. The L, reconstruction error ¢ is reported
underneath each contour. For the three-dimensional case, the isocontour of w, is colored by the spanwise
velocity w.

100 epochs is employed to avoid overfitting. Details on the autoencoder formulation are provided
in Fukami and Taira [15].

To observe how much the present extreme aerodynamic flows can be nonlinearly compressed
through the observable-augmented autoencoder, the dependence of the reconstructed vorticity field
on the latent dimension 7 is examined, as shown in Fig. 15. The error decreases as the size of the
latent vector increases for both two- and three-dimensional models. The error plateaus for ng > 3,
suggesting that the primary feature of the present extreme aerodynamic flows can be expressed with
three-dimensional variables. This coincides with the finding of the three-dimensional latent space
in a previous study [15]. The reason for the higher error of the three-dimensional model compared
with that of the two-dimensional model is discussed with the results in Fig. 18.

The decoded vorticity field and lift coefficient through the two-dimensional model with ng = 3
are presented in Fig. 16. Here, we define the L, reconstruction error ¢ = ||q — q||2/||q||>- The
present nonlinear autoencoder reasonably reconstructs vortical structures of the undisturbed case
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FIG. 16. Reconstructed vorticity fields with the two-dimensional model for (a) the undisturbed and the
disturbed cases, (b) G = 2 and (c) —2. For the three-dimensional case, the isocontour of w;, is colored by the
spanwise velocity w. The estimated lift coefficient from the subnetwork is also shown.
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FIG. 17. Reconstructed vorticity fields with the three-dimensional model for (a) the undisturbed and the
disturbed cases, (b) G = 2 and (c) —2. For the three-dimensional case, the isocontour of w;, is colored by the
spanwise velocity w. The estimated lift coefficient from the subnetwork is also shown.

and represents the transient gust-airfoil interaction process of the disturbed cases. Accurate estima-
tion of the lift coefficient also suggests that the high-dimensional data of extreme vortex-airfoil
interaction can be compressed into only three variables while extracting the important vortical
structures associated with lift.

The reconstruction results with the three-dimensional model tell us how the present nonlinear
lift-augmented autoencoder learns the relationship between the vortical structures and lift coef-
ficients through the compression process. The decoded vorticity field and lift coefficient for the
three-dimensional model with ng = 3 are presented in Fig. 17. Interestingly, the three-dimensional
decoded fields retain only the vortex cores similar to structures captured by the scale-decomposition
analysis for o7 = ¢/(27St) while discarding small-scale structures through the nonlinear com-
pression process. While a regular autoencoder may also discard fine-scale structures as well due
to its compression process, the accurate lift estimation indicates that the large-scale information
compressed in the present low-order subspace is sufficient to estimate the lift. In other words,
although losing small scales itself is not due to the lift-based augmentation, it can be argued that
these dominant vortex cores primarily contributing to estimating lift are extracted into the three-
dimensional latent variables through the lift-augmented nonlinear autoencoder. This observation is
similar to a finding in a recent study examining the extraction of dominant vortical structures for lift
dynamics through an information-theoretic approach [43].

To further discuss the point regarding the extraction of primary two-dimensional features through
nonlinear compression, the spanwise-averaged reconstructed fields with the three-dimensional
model are shown in Fig. 18. Since the three-dimensional model retains the dominant vortex cores
as presented in Fig. 17, the spanwise-averaged field that smooths out fine structures is in agreement
with the reference data. In addition, the L, error calculated based on the spanwise-averaged field
is decreased compared with that directly obtained from the three-dimensional reconstructed field.
This indicates that the higher error of the three-dimensional model observed in Fig. 15 is due to
the presence of small-scale structures. In other words, both two- and three-dimensional models
essentially learn the same primary features of vortical flows through the observable-augmented
nonlinear compression, implying that lift response is mainly driven by two-dimensional flow
mechanisms.
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FIG. 18. Spanwise-averaged fields of the reconstruction with the three-dimensional model for the disturbed
case, (a) G =2 and (b) G = —2.

These results also suggest that the three-dimensional model learns spanwise-averaging opera-
tions through expensive neural-network training. This cautions that when developing reduced-order
models of extreme vortex-airfoil interactions for conditions in which the main dynamics are still
two-dimensional, performing preprocessing of data based on flow characteristics can be considered
to wisely deal with datasets while saving computational costs rather than naively giving them
into the model. The current finding regarding the low-rank nature of the current extreme vortex-
airfoil interactions suggests that sparse-sensing techniques [27,36,37] and data-driven flow control
strategies [16,17] that have been developed with two-dimensional problems may be considered for
extreme aerodynamic flows across different Reynolds numbers.

IV. CONCLUDING REMARKS

We examined extreme vortex-gust airfoil interactions through numerical simulations and unsu-
pervised data-driven analysis. LESs were performed on flows around an NACAOQO012 airfoil at a
chord-based Reynolds number of 5000 and an angle of attack of 14°. An extremely strong gust
with a Taylor vortex profile was introduced upstream of the wing to investigate the dependence of
aerodynamic forces and vortical flows on gust parameters, including magnitude, size, rotational di-
rection, and orientation. We found that the lift responses and flow fields present two-dimensionality
up to a gust ratio |G| of 3, while small-scale structures emerge with |G| > 4, triggering instabilities
during the interaction. The fluctuation of aerodynamic loads from the undisturbed state is amplified
as the gust size increases, with the large deformation of vortical flows at an earlier stage compared
with small-sized gusts, highlighting the potential risks to stable flight. Furthermore, the unsteady
lift response is highly influenced by the orientation of the gust and its rotational direction, offering
insights into lift attenuation control.
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Scale-decomposition analysis was further performed to examine the energy-transfer dynamics
of extreme vortex-airfoil interactions across various spatial length scales. We showed that energy
from large-scale structures, including the gust, is given to small length scales that emerge from
the interaction. Based on the current findings, unsupervised learning-based data compression was
also considered. With an observable-augmented nonlinear autoencoder, vortical flow snapshots with
|G| < 3, where interaction dynamics were primarily two-dimensional, can be compressed to three
variables. The low-rank nature of the extreme aerodynamic flows suggests the potential of data-
driven sensing and control techniques developed with two-dimensional model problems for high-
Reynolds-number scenarios.

Although this study focused on three-dimensional flow structures with a two-dimensional airfoil,
the effect of extreme vortex-airfoil interaction on a three-dimensional wing should be examined
in the future. The interaction between extreme gusts and structures appearing due to the three-
dimensionality of the wing, such as tip vortices that significantly contribute to the lift generation,
would be of interest. Comparisons between such extensions and the current findings offer further
insights into extreme aerodynamic flows, potentially supporting stable flight operations for next-
generation aircraft.
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APPENDIX: PRESSURE COEFFICIENT

In this appendix, we examine the time-varying pressure coefficient C,(¢) on the wing surface
with varying gust ratio G for cases of (D, Y) = (0.5, 0.1), as shown in Fig. 19. At = —0.90, when
a vortex gust approaches, the pressure near the trailing edge sharply decreases regardless of the sign
of the vortex gust. This is likely because both positive and negative gusts induce the local positive
vorticity on the suction side near the trailing edge before the impingement. As a result, locally
modified structures near the trailing edge produce strong suction, thereby reducing C,,.

The large fluctuation of lift discussed in Sec. IITA 1 is evident from the pressure coefficient.
Once the gust impinges on the wing at + = —0.10, the pressure coefficient near the leading edge
greatly deviates from the undisturbed response. The fluctuation from the undisturbed baseline profile
becomes larger as |G| increases for t < —0.10. However, it is no longer ordered in magnitude of
G for t > 0.75 while exhibiting a nonmonotonic profile of pressure coefficient due to complex
interactions between a vortex gust, the pre-existing structures near the wing, and the wake. For
example, the case of G = —3 presents larger fluctuation than that of G = —5 because the interaction
for G = —3 primarily occurs near the wing, while the newly-generated vortex pair from the region
near the leading edge jumps toward the wake and quickly collides with it. The flow fields and the
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FIG. 19. Dependence of the pressure coefficient C,, on the wing surface and flow field on the gust ratio G.
Spanwise-averaged spanwise vorticity fields w, are presented over time. The gray line in the pressure response
corresponds to the undisturbed case.

local pressure distributions during extreme vortex-gust airfoil interactions are shown to provide a
full description of the dynamical events.
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