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Abstract Unsteady flows threaten the performance and effi-

ciency of systems operating in gusty environments. The im-

pact of an unsteady freestream, generated in a closed test-

section unsteady wind tunnel, on the flow separation and

aerodynamic performance of a wing at a post-stall angle

of attack is examined within the current study. Synchro-

nized two-dimensional, high-speed particle image velocime-

try and integrated surface pressure measurements were col-

lected for a finite-span wing in a time-varying, spatially uni-

form freestream. Freestream accelerations impose additional

unsteady pressure gradients within the wind tunnel that alter

the behavior of shed vortical structures within the separated

flow above the wing. Freestream acceleration and conserva-

tion of circulation determine the orientation and interaction

of shed vortical structures, which alter the magnitude of the

fluctuations in the lift force and pitching moment experi-

enced by the wing. Specifically, fluctuations in the sectional

lift and pitching moment coefficients are amplified during

deceleration and attenuated during acceleration.

Keywords experimental aerodynamics, vortex dynamics,

unsteady freestream

1 Introduction

Systems operating within the atmospheric boundary layer,

including unmanned aircraft systems and wind turbines, fre-

quently encounter unsteady gusts. Gusts introduce additional

unsteadiness at timescales and velocities similar to the oper-

ating conditions of these systems, which can potentially al-

ter their aerodynamic performance (Jones et al 2022). Gusts
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can be decomposed based on their magnitude and direction.

Streamwise gusts create time-varying changes to the veloc-

ity magnitude, whereas transverse gusts create time-varying

changes to the velocity direction. While some studies ex-

amine the impact of transverse gusts on aerodynamic per-

formance (McCroskey 1981; Carr 1988; Platzer et al 2008;

Shyy et al 2010; Mulleners and Raffel 2012; Perrotta and

Jones 2017), this study will focus on the impact of stream-

wise gusts, particularly a time-varying freestream, on the

aerodynamic performance of a finite-span wing.

For airfoils in unsteady freestreams, the structure of sep-

arated flows, and the vortex dynamics of shed vortices, has

been shown to alter the unsteady loading. Stevens et al (2017)

evaluated how the convection of shed leading and trailing

vortices alter the lift history of an accelerating airfoil. Kirk

and Jones (2019) identified the optimal surging frequencies

to maintain a shed leading edge vortex above the wing sur-

face to maximize lift. Choi et al (2015) examined the cou-

pling of shed vortical structures with the amplification of un-

steady forces when the frequency of the surging freestream

is on the same order as the vortex shedding frequency. A

handful of low order models (Manar et al 2016; Mancini

et al 2015; Pitt Ford and Babinsky 2013) use experimental

or computational results to enhance potential flow models

(Isaacs 1945; Greenberg 1947; van der Wall and Leishman

1994; Strangfeld et al 2016) with additional shed vortices

from the leading and trailing edges to better estimate the

loading history. These and other models, such as discrete

vortex models (Clements 1973; Xia and Mohseni 2013; Ramesh

et al 2014), highlight the significance that shed vortical struc-

tures have on the aerodynamic loading of a wing.

Noncirculatory forcing has also been shown to influence

the unsteady loads experienced by an airfoil in a time-varying

freestream. Flow-induced accelerations frequently used in

unsteady wind tunnels impose two noncirculatory effects:

an added mass effect and an unsteady pressure gradient. The
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unsteady pressure gradient, in particular, can become signif-

icant at high frequencies. Granlund et al (2014) identified

the contributions by added mass and buoyancy to the un-

steady loads experienced by airfoils within unsteady free-

streams at various frequencies and amplitudes. Greenblatt

et al (2022) highlighted how the favorable pressure gradi-

ent induced during acceleration drives separated flow aft and

can result in large lift oscillations when the boundary layer

bursts.

A previous study by the authors examined the influence

of the unsteady pressure gradient, imposed by a purely time-

varying freestream, on the phase-averaged aerodynamic be-

havior of a finite-span wing (Gloutak et al 2022). Freestream

deceleration was shown to impose an adverse pressure gra-

dient, ⟨∂ p/∂x⟩> 0, whereas acceleration was shown to im-

pose a favorable pressure gradient, ⟨∂ p/∂x⟩< 0. For angles

of attack dominated by separated flow, the phase-averaged

sectional lift was modulated by the dominant unsteady pres-

sure gradient forcing at reduced frequencies on the order

of 0.1. Streamlines above the wing were deflected down-

wards at the point of maximum favorable pressure gradient,

thereby thinning the shear layer above the wing and enhanc-

ing the lift. Interestingly, the phase-averaged sectional pitch-

ing moment remained relatively constant throughout the en-

tire cycle.

The current study examines the impact of a temporally

varying freestream and its induced unsteady pressure gra-

dient on the instantaneous fluctuations and the standard de-

viations between cycles of the surface pressure distributions,

sectional lift force, and sectional pitching moment for a finite-

span NACA 0015 rectangular wing at a post-stall angle of

attack of α = 13◦. In particular, the standard deviations be-

tween cycles of the fluctuating aerodynamic responses are

compared against the structure of the separated flow. Fi-

nally, a detailed discussion of the the vortex dynamics, asso-

ciated with the flow structures shed during acceleration and

deceleration, is used to explain the observed aerodynamic

response of the wing.

2 Methods

Experiments were conducted in the closed test section con-

figuration of the unsteady, low-speed wind tunnel facility at

the University of Colorado Boulder (Farnsworth et al 2020).

A set of upstream louvers generated time-varying, sinusoidal

streamwise velocities, u(t) = u(1+σsin(ωt)), where u is

the time-averaged velocity, σ is the normalized amplitude,

ω = 2π f is the radial frequency, and f is the temporal fre-

quency. For this study, an unsteady freestream with a re-

duced frequency of k = ωc/2u = 0.12 was imposed, where

c is the wing chord. This induces a freestream amplitude

of σ = 0.136. The unsteady freestream had a mean chord-

based Reynolds number of Rec = uc/ν = 1.0× 105, where

ν is the fluid kinematic viscosity.

A NACA 0015 finite-span wing with a chord length of

c = 0.152 m and semi-span aspect ratio of sAR = 3 was

mounted within the unsteady wind tunnel. The wing was

placed at a post-stall, geometric angle of attack of α = 13◦.

Synchronized surface pressure and particle image velocime-

try (PIV) measurements were recorded at the wing midspan.

A Scanivalve ZOC23B-32Px pressure scanner with a full-

scale range of ±10 inH2O and an accuracy of ±0.25% of

the full-scale range was used to measure time-resolved static

pressure at 32 pressure ports on the wing surface at approx-

imately 720 Hz. Wind-off or zero/tare pressure measure-

ments were recorded before and after each data collection

cycle and subtracted from the measured data. More details

on the experimental setup are included in Gloutak et al (2022).

High-speed PIV was used to measure two-component,

planar velocity fields over the wing at the midspan. The sys-

tem is composed of a Phantom VEO640L camera and a Pho-

tonics DM30-527 Nd:YLF laser. The flow was seeded with

Di-Ethyl-Hexyl-Sebacic-Acid-Ester (DEHS) using a LaVi-

sion Aerosol Generator, and the images were captured at

a frame rate of 720 Hz. Raw images were processed us-

ing a multi-pass algorithm in LaVision’s DaVis 10.2.0 soft-

ware. The first pass was run with 96×96 pixel interrogation

windows followed by three passes with 32× 32 interroga-

tion windows. Gaussian weighting functions were applied to

the interrogation windows and a 50% overlap was used. A

post-processing step removed spurious velocity vectors us-

ing the DaVis 10.2 universal outlier detection scheme within

a sliding 5×5 vector window. This produced planar velocity

fields with a spatial resolution of 1.47 mm between consec-

utive vectors in both the x- and y-directions.

Wind tunnel corrections are applied to the collected data

to reflect freestream conditions more accurately. Unlike free-

flight conditions, streamlines under-expand around a bluff

body in a closed test section due to solid blockage from the

test section walls, thereby increasing the effective velocity.

Changes in velocity due to solid blockage effects were cal-

culated using the methods from Pope and Rae (1984).

The time-varying sectional lift force, l(t), and the time-

varying sectional pitching moment, m(t), about the quarter-

chord were computed through the integration of the pressure

distribution. The sectional lift and pitching moment coef-

ficients, Cl and Cm, are calculated using Eq. 1 and Eq. 2,

respectively. The unsteady coefficients presented below are

nondimensionalized using the unsteady instantaneous ve-

locity, u(t). The reference velocity is taken to be the aver-

age of a 0.1c×0.06c velocity vector region centered around

[x′/c,y′/c] = [0.13,0.43].

Cl(t) =
2l(t)

ρu(t)2c
(1)
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Cm(t) =
2m(t)

ρu(t)2c2
(2)

The Reynolds and triple decompositions, expressed in

Eq. 3 and Eq. 4 respectively, were used to isolate the peri-

odic and stochastic contributions to the unsteady data. Note

Cl is used as an example here, but similar decompositions

were applied to all other data.

Cl = ⟨Cl⟩+C′
l (3)

Cl =Cl +C̃l +C′
l (4)

Time-averaged measurements are indicated with an over-

line, Cl . Phase-averaged measurements, which are ensemble

averages repeated over the cycles, are indicated with brack-

ets, ⟨Cl⟩. Periodic fluctuations, in-phase with the unsteady

forcing, are indicated with a tilde, C̃l . Stochastic fluctuations

are indicated with a prime, C′
l . Note that ⟨Cl⟩=Cl +C̃l .

The standard deviation of the fluctuations between cy-

cles, or the root mean square (RMS) of the ensemble av-

erages of the fluctuations, ⟨C′
l⟩RMS =

√
⟨C′2

l ⟩ will be pre-

sented. This captures the unsteadiness as a function of the

phase angle in the unsteady freestream cycle.

The study analyzes ensemble averages of 12 repeated

cycles of the periodically unsteady freestream flow. These

cycles were collected in two sets, each composed of six cy-

cles, due to the storage limitations dictated by the memory

in the high-speed camera used by the PIV system. Note that

prior to initiating the data collection, the unsteady wind tun-

nel was driven for a minimum of five velocity cycles to elim-

inate the impact of starting transient effects and ensure that

a consistent periodic velocity cycle was obtained.

3 Results

The unsteady velocity is plotted in Fig. 1(a) with respect to

the left axis as a function of nondimensionalized time, t/τ ,

where τ is the cycle period. The nondimensionalized phase-

averaged velocity, ⟨u(t)⟩/u, is plotted in the solid black line.

The shaded gray region shows the standard deviation of the

fluctuations between cycles, (⟨u(t)⟩±⟨u′⟩RMS)/u. Note the

variation of the actual signal from an ideal sinusoidal case.

In particular, there is a small plateau in velocity during ac-

celeration, breaking the sinusoidal velocity acceleration into

a larger region (shaded green) from 0.58 < t/τ < 0.92 and a

second from 0.92 < t/τ < 0.25. The following will focus on

the entirety of the deceleration and the initial portion of ac-

celeration, where the largest amplitude acceleration occurs,

indicated by the shaded red and green regions, respectively.

The phase-averaged unsteady pressure gradient, ⟨∂ p/∂x⟩,

nondimensionalized by the dynamic pressure, 0.5ρu2, and

the wing chord, is plotted in the solid blue line with respect

to the right axis for comparison.

Fig. 1 (a) Nondimensionalized, phase-averaged velocity (left axis) and

phase-averaged unsteady pressure gradient (right axis) versus normal-

ized time. (b) Phase-averaged sectional lift coefficient, ⟨Cl⟩, and (c)

RMS of the ensemble average of fluctuating sectional lift coefficient,

⟨C′
l⟩RMS. (d) Phase-averaged sectional pitching moment coefficient,

⟨Cm⟩, and (e) RMS of the ensemble average of fluctuating sectional

pitching moment coefficient, ⟨C′
m⟩RMS.

The phase-averaged sectional lift coefficient, ⟨Cl⟩, is plot-

ted in Fig. 1(b), (solid black line). Plotted in the shaded gray

region is ⟨Cl⟩±⟨C′
l⟩RMS. Interestingly, ⟨C′

l⟩RMS exhibits a de-

pendence on the freestream acceleration, and thereby the un-

steady pressure gradient. In particular, ⟨C′
l⟩RMS is amplified

during deceleration and attenuated during acceleration. The

dependence of ⟨C′
l⟩RMS on the unsteady cycle can be better

seen in Fig. 1(c), where ⟨C′
l⟩RMS is plotted as a function of

t/τ . A local maximum occurs in ⟨C′
l⟩RMS near t/τ = 0.42,

which corresponds closely to the point of maximum decel-

eration and, therefore, the maximum adverse pressure gradi-
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ent. The opposite is also true, where ⟨C′
l⟩RMS reaches a min-

imum near t/τ = 0.75, corresponding to the point after the

maximum acceleration and, therefore, the maximum favor-

able pressure gradient. On average, ⟨C′
l⟩RMS = 0.066 during

deceleration and ⟨C′
l⟩RMS = 0.040 during acceleration. This

equates to cycle-to-cycle standard deviations on the order of

16% and 9% of the time-averaged sectional lift coefficient

(Cl) during deceleration and acceleration, respectively.

The phase-averaged sectional pitching moment coeffi-

cient, ⟨Cm⟩, is plotted in the solid black line in Fig. 1(d),

while ⟨Cm⟩± ⟨C′
m⟩RMS is plotted in the shaded gray region.

A similar dependence is exhibited between ⟨C′
m⟩RMS and the

freestream acceleration as was seen for ⟨C′
l⟩RMS. Specifi-

cally, ⟨C′
m⟩RMS is amplified during deceleration and atten-

uated during acceleration. As shown in Fig. 1(e), ⟨C′
m⟩RMS

increases to an average of ⟨C′
m⟩RMS = 0.017 during deceler-

ation and decreases to an average of ⟨C′
m⟩RMS = 0.012 dur-

ing acceleration. This is equivalent to cycle-to-cycle stan-

dard deviations on the order of 37% and 25% of the time-

averaged sectional pitching moment coefficient (Cm) during

deceleration and acceleration, respectively. As a result, the

fluctuations in the sectional coefficients during deceleration

are nearly 1.5 times greater than that during acceleration for

both the lift force and the pitching moment.

The instantaneous velocity fields and pressure distribu-

tions for a single representative cycle provide further insight

into the differences observed in the cycle-to-cycle standard

deviations of the sectional lift and pitching moment coef-

ficients. Within Fig. 2, the left-hand column, Fig. 2(a-e),

examines the influence of deceleration, and the right-hand

column, Fig. 2(f-j), examines the influence of acceleration.

The instantaneous imposed streamwise velocity u(t), nondi-

mensionalized by u, is plotted in Fig. 2(a, h) with respect

to the left axes, in the solid black line. The instantaneous

lift coefficient, Cl(t), is plotted in Fig. 2(a,f) with respect

to the right axes, in the solid blue line. Both the instanta-

neous velocity and sectional lift coefficient are compared to

their phase-averaged counterparts, dotted lines. The black

diamonds, each spaced by ∆(t/τ) = 0.0167, indicate points

in time that correspond to the velocity vector fields and pres-

sure distributions in Fig. 2(b-e, g-j).

It can be seen that the instantaneous velocity case is in-

deed representative of the phase-averaged case. The overall

behavior of the instantaneous sectional lift coefficient fol-

lows that of the phase-average, however, the phase-averaged

sectional lift coefficient does not capture the instantaneous

fluctuations. This is due to the significant separation between

the imposed frequency of the time-varying freestream and

the natural shedding frequency of the wing; meaning that

the sheding does not consistently lock-in to the phase of the

freestream flow.

For the decelerating case, it can be seen in Fig. 2(a)

that large fluctuations in Cl(t) on the order of 0.15 are ex-

hibited. In Fig. 2(b-e), it can be seen that a large clock-

wise vortical structure forms over the wing. In Fig. 2(b), a

clockwise vortical structure with a small footprint can be

seen above the midchord with its rotational center located

at [x′/c,y′/c] = [0.65,0.23], indicated in the white circle.

A wide region of enhanced suction pressure on the suction

side of the wing is observed, solid line, compared to the

time-average, dash-dot line, and is aligned directly below

this vortical structure. The vortical structure grows in size

in the following time step, Fig. 2(c), which corresponds to a

local peak in the sectional lift coefficient per Fig. 2(a). Note

that the enhanced suction region moved close to the trailing

edge and increased in size compared to the previous time

step. This creates an enhancement of lift and a large pitch

down moment.

In Fig. 2(d), the vortical structure grows further in size

to an approximate radius of 0.20c and strengthens in co-

herence. However, the structure has detached from the sur-

face (i.e. it is no longer fed by the leading edge shear layer)

as indicated by the drop in suction pressure near the mid-

chord. The vortical structure has also convected closer to the

trailing edge, with its rotational center now at [x′/c,y′/c] =
[0.90,0.19]. The suction pressure is enhanced near the tri-

aling edge by the vortical structure, however the changes

to the net integrated lift are negated by the loss in suction

pressure near the midchord. Because the vortical structure

has detached from the surface, it starts to expel fluid up and

away from the surface just downstream of the midchord.

In Fig. 2(e), the vortical structure has convected beyond

the trailing edge and is seen to expel a bolus of fluid near

[x′/c,y′/c] = [0.85,0.40] up and away from the wing sur-

face. This creates a thick shear layer above the wing that

reduces the suction pressure above the wing significantly.

This time step coincides with a local minimum in the sec-

tional lift coefficient as seen in Fig. 2(a).

The growth of large vortical structures over the wing

during freestream deceleration creates large increases in the

sectional lift coefficient. As the vortical structure convects

towards the trailing edge, the suction pressure below the

vortical structure is enhanced and both the sectional lift and

pitching moment coefficients are enhanced. Once the vorti-

cal structure separates from the surface, the suction pressure

is decremented and the sectional lift and pitching moment

decrease drastically. These phenomena create large instanta-

neous fluctuations in the sectional lift and pitching moment,

as seen in Fig. 1(a) resulting in large cycle-to-cycle standard

deviations of ⟨C′
l⟩RMS and ⟨C′

m⟩RMS seen in Fig. 1(c, e), re-

spectively.

During acceleration, as seen in Fig. 2(f), the fluctuations

of Cl(t) are smaller and on the order of 0.1. The flow in the

separated region above the wing behaves quite differently. A

thinner shear layer is initially observed in Fig. 2(g) with no

notable coherent vortical structures visible above the wing.
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Fig. 2 Instantaneous freestream velocity, u(t), nondimensionalized by the mean, u, versus normalized time during (a) deceleration and (f) acceler-

ation, left axis, solid black line. Instantaneous sectional lift coefficient, Cl(t), versus normalized time during (a) deceleration and (f) acceleration,

right axis, solid blue line. Phase-averages are plotted in the dotted lines. Instantaneous, subsequent snapshots of the velocity fields and their instan-

taneous pressure distributions, −Cp, during (b-e) deceleration and (g-j) acceleration. Instantaneous pressure distributions are plotted in the solid

black line, the phase-averaged values are plotted in the dash-dot black line for reference.
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In the next time step, Fig. 2(h), a small oblong coherent

vortical structure is seen near the midchord at [x′/c,y′/c] =
[0.66,0.19]. Below this attached vortical structure is a small

yet wide region of enhanced suction pressure. In Fig. 2(i),

the same vortical structure is seen with a rotational center

nearer the trailing edge, at [x′/c,y′/c] = [0.79,0.22], with

a similar shape and coherence. This corresponds to a point

near the local lift maximum as seen in Fig. 2(f). In Fig. 2(j),

the rotational center of the vortical structure convects down-

stream to [x′/c,y′/c] = [0.84,0.23], becoming further elon-

gated in the chordwise direction and forming a diffuse vor-

tex sheet. The diffusion of the vortex corresponds with a

dispersion and attenuation of the suction pressure, aligning

with a decrease in the sectional lift coefficient as seen in

Fig. 2(f).

During acceleration, vortical structures are still seen to

form over the wing surface. However, they do not grow to

the same strength or size as those observed during deceler-

ation. The interaction of the unsteady freestream with the

growth of vortical structures and implications for the pres-

sure distributions are further discussed in the following sec-

tion.

4 Discussion

Firstly, the effect of the unsteady freestream on the bound

circulation is examined. For simplicity, it is assumed that

the force can be approximated in a quasi-steady manner us-

ing the Kutta–Joukowski lift theorem, l = ρuΓ . The time-

varying bound circulation, Γ (t), can be written as a function

of the sectional lift coefficient, using Eq. 1, and is expressed

as written in Eq. 5.

Γ (t) = 0.5Cl(t)u(t)c (5)

Using the triple decomposition of Cl(t) expressed in Eq. 4,

Eq. 5 can be expanded to include Cl , C̃l , and C′
l . For a first-

order approximation of Γ (t), C′
l is momentarily neglected

since Cl and C̃l are assumed to be an order of magnitude

larger than C′
l . Rearranging Eq. 5 yields an approximation

for the time-varying bound circulation as expressed in Eq. 6.

Γ (t) = 0.5
[
Cl +C̃l

]
u(t)c (6)

The periodic sectional lift coefficient, C̃l , for a separated

wing in a purely time-varying freestream was previously

shown to be primarily a function of the unsteady pressure

gradient, ∂ p/∂x (Gloutak et al 2022). More explicitly, C̃l

scales inversely with ∂ p/∂x, which can be approximated

here as C̃l ∼−B∂ p/∂x where B> 0. Given ∂ p/∂x=−ρ∂u/∂ t

per the Euler equation for a spatially uniform flow, the sec-

tional lift coefficient can be expressed as C̃l ∼ Bρ∂u/∂ t.

The time-varying bound circulation can thus be expressed

as written in Eq. 7.

Γ (t) = 0.5

[
Cl +Bρ

∂u

∂ t

]
u(t)c (7)

Therefore, so long as the freestream is positive (u(t) > 0),

Γ (t) will decrease for a decelerating freestream (∂u(t)/∂ t <

0), and Γ (t) will increase for an accelerating freestream

(∂u(t)/∂ t > 0).

Secondly, the effect of the changing bound circulation

on the shed vortical structures is approximated. Consider a

control volume centered on the wing. When the freestream

changes, the bound circulation must change according to

Eq. 7. However, to conserve circulation, a vortical structure

must be shed to compensate for this change in circulation

within the control volume. As the freestream decelerates, the

clockwise bound circulation decreases, and a clockwise vor-

tical structure, with the same orientation as the bound circu-

lation, is shed from the wing. This is sketched in Fig. 3(a),

where at time t = t1 the freestream has decreased, u(t1) <

u(t0), and Γ (t1) (solid blue line) has shrunk in size com-

pared to the bound circulation at a previous time step, Γ (t0)

(dashed blue line). In order to conserve circulation within

the control volume, excess circulation must be shed from the

wing with the same clockwise orientation as the bound cir-

culation, as seen by the enlarged clockwise vortical structure

generated near the leading edge. In this study, it is assumed

that excess circulation that is oriented in the clockwise di-

rection is generated at and shed from the leading edge.

As the freestream accelerates, the clockwise bound cir-

culation increases and a counterclockwise vortical structure,

with the opposite orientation as the bound circulation, is

shed from the wing. As sketched in Fig. 3(b), at time t = t2
the freestream has increased, u(t2)> u(t0), and Γ (t2) (solid

blue line) has grown in size compared to Γ (t0) (dashed blue

line). To conserve circulation within the control volume, ex-

cess circulation must be shed from the wing with an oppo-

site, or counterclockwise, orientation.

Thirdly, the degree of interaction between vortical struc-

tures is determined by the location from which they are shed,

which is coupled to their orientation and the freestream ac-

celeration, as noted above. A vortical structure generated at

the leading edge during deceleration initially convects par-

allel to the freestream over the wing surface. Its convective

speed is slowed by the presence of the wing surface and the

freestream adverse pressure gradient. The influence of the

wing surface can be modeled by an oppositely oriented im-

age vortex equidistant across the surface boundary through

the method of images. The oppositely oriented image vortex

induces an upstream velocity on the real vortical structure

above the wing; slowing its convection downstream. Note

that the adverse pressure gradient imposed by the decelerat-

ing freestream induces an upstream-oriented pressure force
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Fig. 3 Simplified vortex model for the (a) decelerating freestream, and (b) accelerating freestream.

that also slows the downstream convection of the vortical

structure.

Lastly, the behavior and characteristics of the shed vorti-

cal structures impact the instantaneous lift and pitching mo-

ments, thereby changing the cycle-to-cycle standard devi-

ations in Cl and Cm. Because of their slow convective ve-

locities, consecutive vortical structures shed from the lead-

ing edge during deceleration coalesce into larger coherent

vortices such as the one seen in Fig. 2(d). As these vor-

tical structures coalesce, the suction pressure on the suc-

tion side of the wing is enhanced. Furthermore, the vorti-

cal structure induces additional circulation around the wing

by deflecting fluid downward near the trailing edge, thereby

increasing the lift. As the vortical structure reaches the trail-

ing edge, the suction pressure is enhanced near the trailing

edge, which creates a sizeable pitch-down moment. Once

the vortical structure detaches from the wing surface and

convects downstream of the trailing edge, the suction pres-

sure is significantly decreased. Both the lift and pitching

moment change drastically, resulting in the large fluctua-

tions seen in Fig. 1(c, e) during deceleration. Gloutak et al

(2022) demonstrated the shear layer thickened during decel-

eration, which, as shown here, is due to the enlarged size

and strength of the vortical structures shed from the leading

edge.

A vortical structure generated at the trailing edge will

interact with other vortical structures and the wing surface

to a much lesser degree. Since this vortical structure does

not convect over a solid boundary, there is no induced up-

stream velocity by an image vortex. The favorable pressure

gradient imposed by the accelerating freestream induces a

downstream-oriented pressure force in the same direction as

the freestream velocity. Due to faster net convective veloc-

ities, subsequent vortical structures shed from the trailing

edge are much less likely to coalesce. Because the primary

vorticity is shed from the trailing edge, the suction pres-

sure is less affected, and the fluctuations in the sectional

lift and pitching moment coefficients are significantly at-

tenuated. Gloutak et al (2022) demonstrated the shear layer

thinned during acceleration, which, as shown here, is due to

the muted size and strength of the vortical structures shed

from the leading edge.

5 Conclusion

The separated flow and fluctuating aerodynamic behavior of

a finite-span NACA 0015 wing in response to a time-varying

freestream were examined. Time-varying freestream veloc-

ities, with spatial uniformity in longitudinal and transverse

directions, were generated in the closed test section configu-

ration of an unsteady wind tunnel facility. The freestream ac-

celerations impose an additional unsteady pressure gradient

within the test section. Synchronized surface pressure and

particle image velocimetry measurements were recorded at

the wing midspan. The fluctuations of the sectional lift and

pitching moment coefficients are magnified during deceler-

ation and attenuated during acceleration.

The fluctuations in sectional lift and pitching moment

coefficients can be attributed to changes in the clockwise,

bound circulation of the wing in response to the unsteady

freestream. The bound circulation of the wing decreases dur-

ing deceleration, which, by conservation of circulation, re-

quires circulation with the same clockwise orientation to be

shed from the leading edge. Vortical structures form near

the leading edge and convect with a slow net velocity, in-

fluenced by the image vortex within the wing surface and

the freestream adverse pressure gradient imposed by the un-

steady flow. As a result of the slow convective velocity, vor-

tical structures coalesce into large coherent structures, creat-

ing significant fluctuations in the sectional lift and pitching

moment coefficients as they form over and shed from the

wing. The large characteristic length scales of the coalesced

vortical structures thicken the shear layer over the wing.

During acceleration, counterclockwise vorticity will be

shed from the trailing edge to counteract the increase in the

clockwise, bound circulation of the wing. The convection

of these vortical structures is not impacted by the wing sur-

face and is enhanced by the favorable pressure gradient im-

posed by the accelerating freestream. These elements thin

the shear layer and reduce the fluctuations in the sectional

lift and pitching moment coefficients.

This study highlights the need to account for not just

the unsteady velocity, but also the unsteady pressure gra-

dient in a flow-induced environment when considering the

impact of aerodynamic performance. The unsteady velocity
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and unsteady pressure gradient alter the behavior and, there-

fore, the separated flow region above the wing at post-stall

angles of attack. The fluctuations in the sectional lift and

pitching moment coefficient are both drastically amplified

as strong vortical structures interact with the wing and are

significantly destabilized during deceleration.
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