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There is a growing interest in the experimental study of discrete vertical gusts motivated
by the proliferation of small Uncrewed Air Systems. However, gusts are not the only unsteady
flow disturbances that these vehicles are expected to encounter. Freestream turbulence is also a
serious consideration. Previous work has indicated that freestream turbulence has significant
effects on the flow around airfoils, so this work investigates the interaction of these two unsteady
flow disturbances. Airfoils are pitched to mimic the flow angle change caused by a gust at
different levels of incoming freestream turbulence. The lift generated during the gust encounters
with elevated incoming freestream turbulence show that the effects on the performance of the
airfoil are dependent on the turbulence intensity. Low turbulence intensity has beneficial effects,
delaying stall and increasing the maximum lift, whereas higher freestream turbulence intensity
delays stall without a corresponding increase in the maximum lift. A preliminary investigation
of 15-trial ensemble-averaged flow fields suggests that freestream turbulence dominates the
flow, but the flow features associated with the dynamic lift seen in the "clean" case are still
somewhat present. However, lift curves and flow fields from individual trials indicate that the
turbulence increases the unsteadiness in the interaction, but the general trends are dominated
by the gust interaction. Further work is still needed to better determine the flow physics of these
interactions and the interplay between repeatable and stochastic flow phenomena.

I. Nomenclature

𝛼 = angle of attack, degrees
𝑐 = chord, meters
𝐶𝐿 = coefficient of lift
FSTI = Freestream Turbulence Intensity, (𝑈rms/𝑈mean)x100%
𝐺𝑅 = gust ratio, GR = v/𝑈∞
𝐿𝑥 = Turbulent length scale, meters
𝜔 = Vorticity, 1/s
rms = root mean square subscript
𝑡 = time, seconds
𝑡∗ = convective time, 𝑡∗ = 𝑈∞𝑡/𝑐
𝑈∞ = freestream velocity, meters per second
𝑢 = velocity component in x direction, meters per second
𝑣 = velocity component in y direction, meters per second

II. Introduction

The growing popularity of small Uncrewed Air Systems (sUAS) has led to an increased interest in studying the flow
regimes that such vehicles inhabit. The small size and weight of these vehicles, coupled with their low speeds, make
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them especially susceptible to unsteady flow disturbances [1]. One such disturbance that many sUAS are anticipated to
encounter, especially in urban environments, is vertical gusts, and as such there is an expanding interest in studying
these discrete vertical gust encounters. Vertical gusts are defined as an introduction of a vertical velocity component to
otherwise horizontal flight, and their strength is characterized by gust ratio, where GR = v/𝑈∞ = tan(𝛼flow) [2]. Mohamed
et al. [3] and White et al. [4] investigated the flow past a building numerically and experimentally, respectively, and
found that gusts could be as strong as GR = 1, i.e., flow angles as high as 45◦. Even gust ratios as low as GR = 0.2
(𝛼flow = 11.3◦) could lead to flow angles above the static stall angle for many airfoils at lower Reynolds numbers
[5]. Some gusts have also been observed to develop at high enough rates to generate transient dynamic lift [5] or
large, repeatable leading-edge vortices [6, 7]. These factors highlight the importance of continuing research on gust
interactions at scales that are relevant to sUAS.

Small UAS typically fly at lower altitudes than traditional crewed aircraft. These lower altitudes mean that sUAS
must deal with the unsteadiness inherent in the atmospheric boundary layer, specifically freestream turbulence [8].
Watkins et al. [8] investigated this low-altitude turbulence with a rake of probes placed on a stand on the roof of a vehicle
driving at a variety of speeds in multiple surroundings. The resulting data indicated that freestream turbulence intensity
(FSTI = 𝑢rms/𝑢meanx100%) experienced an exponential decay as the freestream speed of the vehicle increased, with
FSTI < 5% at speeds above 30 m/s but as high as 30% at 5 m/s. This suggests that the presence of freestream turbulence
is a factor that must be considered for sUAS flight. Olson [9] investigated the effects of freestream turbulence on the
boundary layer of an SD7003 airfoil at low Reynolds numbers (O(104)). The "baseline" cases (FSTI < 0.5%) showed
large reverse regions beneath separated boundary layers at higher angles of attack. However, the addition of freestream
turbulence (FSTI ≈ 1.5%) led to the boundary layers staying almost completely attached along the entire chord of the
airfoil. This suggests that the addition of even a small amount of freestream turbulence has the potential to completely
change the flow physics for a static airfoil at low Reynolds numbers. Recent work at DEVCOM ARL on the effects of
freestream turbulence on the static lift curves of airfoils at low Reynolds numbers also demonstrated that the presence of
freestream turbulence significantly changes the performance of the airfoils [10, 11]. When taken together, these results
indicate that sUAS will encounter freestream turbulence during regular operation, and its presence will likely alter the
flow and performance characteristics of the lifting surfaces. This is an especially important factor to consider given that,
historically, great efforts have been made to ensure the lowest possible amounts of freestream turbulence in experimental
environments.

This work will investigate the interaction of two unsteady flow disturbances: freestream turbulence and discrete
vertical gust interactions. One goal of the current study is to determine if one disturbance is clearly dominant. Conversely,
if the disturbances interact, does the interaction take the form of a type of superposition that can be readily understood
and even predicted? Preliminary results include combined flow fields from repeated trials and pressure-derived lift
histories from the gust encounters.

III. Experimental Methods
The experiments in this work were conducted in the Microsystems Aeromechanics Wind Tunnel at the DEVCOM

Army Research Laboratory (ARL). This tunnel has a test section with a cross-sectional area of 0.91 m x 0.91 m (3
ft x 3 ft) and a length of 1.83 m (6 ft) and is capable of speeds between 1 and 100 m/s. Two airfoil models were
used, with NACA 0012 and Eppler 387 cross sections, 12 cm chords, and 50.8 cm spans. The models were mounted
between false walls in the center of the test section and connected on one side to a servomotor at 1/4-chord. Pitching
motions, which will be described in detail later, were controlled by a 4,000 count per revolution (angular resolution of ≈
0.1◦) servomotor operated by a Galil 4020 servo controller [12]. Flow field data were collected at the model midspan
using high-speed Particle Image Velocimetry (PIV). The PIV data were collected at 100 Hz with LaVision’s DaVis
10 software. Two Phantom v641 cameras and a Photonics Model DM 100 dual-cavity laser were used in conjunction
with a mirror system that directed a portion of the laser sheet underneath the model. This allowed for the collection
of time-resolved, instantaneous, full-field flow data to be collected. Fifteen repeated trials were combined and fit to
a regular grid using the method described by Cohn and Koochesfahani [13]. Vorticity was then calculated using the
regularly spaced velocity fields. Uncertainty for the combined flow fields was determined to be below 3% using the
methods described and validated by Wieneke [14].

This work will focus on an existing, well characterized, experimentally generated prolonged gust: the GR 0.3 gust at
Re = 12x103 from Stutz et al. [5]. The original gust was generated by an aerodynamic blockage via a vertical jet from
the floor of the test section. Stutz et al. [5] observed that the jet bent in the direction of the freestream flow, creating a
blockage that the freestream flow then deflected over, which introduced the vertical velocity component of the gust. Lift
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was then directly measured during the gust encounter with NACA 0012, Eppler 387, and SD 5060 airfoils. All three
airfoils experienced a rapid increase in lift, along with a period of dynamic lift that was above the steady-gust lift, before
settling at a steady-gust lift condition. The lift profiles during the gust interactions were observed by Stutz et al. [5]
to stabilize to steady lift values, when the gust was fully developed, which were similar to the expected 𝐶𝐿 from the
static lift curves at the same angle as the maximum flow angle of the gust. This is called the "steady-gust" condition.
The onset of the dynamic lift was observed in the flow fields to be caused by a delay in the development of the flow
near the upper surface of the airfoil. Most drastically, this presented as a reattachment of the boundary layer near the
trailing edge of the NACA 0012. Stutz [15] demonstrated that the major flow structures of the gusts in Stutz et al. [5]
could be successfully replicated with a two-slope linear pitching motion of the airfoil in steady flow. The flow in the
pure-pitching gust replication cases was observed to have more distinct vortical structures, likely due to the increased
repeatability between trials of the pitching motion compared to the generated gust. It was determined that removing the
variability between repeated trials in the gust would be beneficial for this study, leaving the freestream turbulence to be
the only component with obvious run-to-run variability. The GR 0.3 gust was replicated using a pitching motion that
was an exact match of the flow angle characterization from Stutz et al. [5], which is shown in Fig. 1. This pitching
motion was performed with NACA 0012 and Eppler 387 airfoils to replicate the GR 0.3 gust at the same chord-based
Reynolds number of 12x103 as the original work.

Fig. 1 Comparison of the Flow Angle Characterization from Stutz et al. [5] and the Pure-Pitching Approximation
Motion for the GR 0.3 Gust.

Accurate direct force measurement in air is difficult at the Reynolds number investigated in this work (𝑈∞ = 1.5
m/s, Re = 12x103). The low speed and low dynamic pressure lead to very small aerodynamic forces, and the rapid
pitching motions make the aerodynamic forces difficult to properly isolate. As such, a method has been developed to
calculate the aerodynamic forces from the flow fields. This was done by determining the pressure fields using the PIV
data, extracting the surface pressure, and then integrating to calculate lift. The pressure fields were determined by
first calculating the pressure gradient field, ∇𝑃, which can be done using the velocity fields. The pressure gradient
field was then broken up into the following regions based on the expected complexity of the flow, from simplest to
most complex: outer region, wake region, near-edge region (circles centered at the leading and trailing edges), and the
near-body region [16]. A simple spatial-marching routine [17], constrained by a field-erosion principle, which requires
a minimum number of known points as inputs [18], was then used to integrate the regions in order from least complex to
most complex. An isentropic flow relationship [18] was used as a boundary condition in an upstream corner of the field
of view for the outer region. Each solved region was then used as the boundary condition for the next-most-complex
region. The pressure was then extracted from near the airfoil surface to determine the lift [19].

The freestream turbulence was generated by passive grids placed between the end of the contraction and the start
of the test section. This placed the models 4 chord lengths downstream of the turbulence grids. Three cases were
investigated: a "clean" flow case, where no grid was in place, and two grids referred to as the Low Turbulence Generator
(LTG) and High Turbulence Generator (HTG). The grids were constructed of cylindrical wooden dowels in a Cartesian
grid pattern. Dimensions and basic turbulence characteristics for the three cases are given in Table 1. The grid spacings
for the LTG and HTG grids were selected to maintain a nominal open area of 65%. Freestream velocity, freestream
turbulence intensity, and turbulent length scale (𝐿𝑥) were measured using a single-axis hot-wire probe placed in the test
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section at the same location as the center of the test models. Small discrepancies in the freestream speed due to the
blockages inherent in the passive turbulence grids were accounted for when determining normalized lift coefficients.

Table 1 Turbulence Generator Dimensions

Turbulence Case Wire
Diameter Spacing 𝑈mean (m/s) 𝑈rms (m/s) FSTI (%) 𝐿𝑥 (cm)

"Clean" Baseline - - 1.509 0.0083 0.52 0.003

LTG 0.953 cm
(0.375 in)

2.86 cm
(1.125 in) 1.568 0.0397 2.53 1.435

HTG 3.18 cm
(1.25 in)

9.53 cm
(3.75 in) 1.574 0.1098 6.97 2.646

IV. Results and Discussion
The force histories from the three cases for both airfoils were calculated using the method described in Section III.

The force histories are then given in Fig. 2. A light smoothing was applied to the pressure-derived lift curves to allow
for easier visual comparison using a 15-point moving mean filter. The "clean" flow cases for both airfoils demonstrate
the dynamic lift observed in Stutz et al. [5], seen from 15 ≲ 𝑡∗ ≲ 40. This dynamic lift region can be defined as when
the airfoil generated lift above the static maximum in a transient fashion. After the dynamic lift event, the lift then
settled to a steady-gust condition (𝑡∗ ≳ 40) for the NACA 0012 and a cyclical vortex-shedding-induced steady-gust
condition for the Eppler 387. The airfoils still experienced dynamic lift for the LTG and HTG cases, with a period of lift
higher than the steady-gust lift. For both airfoils, a small amount of turbulence (FSTI = 2.5%) generally did not affect
the lift production until the dynamic lift region. Both airfoils experienced a higher peak 𝐶𝐿 at a later time for the LTG
case. The shape of the lift curves for the LTG cases suggest that the early portion of the dynamic lift period was similar
to the baseline "clean" case, but the presence of freestream turbulence extended the dynamic lift event for a longer time
than in the "clean" flow. However, when the freestream turbulence was increased, the change in the lift data was more
dramatic. The slope of the lift curve decreased, with roughly the same peak lift as the "clean" flow case but occurring
later in time. The divergence in the turbulent lift curves from the "clean" flow case occurred at the same time as when
the "clean" case began to experience the dynamic lift, 𝑡∗ ≈ 15.

Fig. 2 Effects of Freestream Turbulence on GR 0.3 Wing-Gust Interaction Lift Profile for (a) NACA 0012 and
(b) Eppler 387.

The effects of freestream turbulence on the lift generated during a wing-gust interaction are difficult to interpret
alone, but the flow fields may help in understanding the flow physics. Figure 3 shows flow fields for the NACA 0012 at
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three points during the gust interaction, which are marked on the lift curves. First is the point at which the lift first
exceeds the steady-gust lift, which represents the beginning of the dynamic lift region. Next is the point of peak lift
for each case, and the last point is roughly where the lift reaches the fully developed gust condition. The original
experimental study of this gust, Stutz et al. [5], found that the boundary layer had started to separate as the flow angle
increased and reattached at the trailing edge during the period of dynamic lift. The boundary layer then re-separated as
the lift returned to the fully developed gust condition. This series of events was successfully recreated by the "clean"
flow case, which is shown in the left column of Fig. 3. The presence of freestream turbulence, center and right columns
of Fig. 3, appeared to drastically change the behavior of the flow during the gust interaction. As reported by Olson [9]
for static airfoils, the presence of freestream turbulence in the flow leads to the boundary layer being attached along the
entire chord of the airfoil, well past the static stall angle (≈8◦ for a NACA 0012 at Re = 12x103). Although there was
not a clear separation and reattachment for the turbulence cases, the streamlines for both indicate that near the point of
peak lift, the flow remained attached at the trailing edge. The effect is more easily observed for the lower turbulence
case at peak lift, where the streamlines bend toward a reattachment point well past the static stall angle of this airfoil at
this Reynolds number (𝛼 = 8◦). This suggests that although the freestream turbulence changed some features of the flow
and lift generation, the gust and turbulence effects contributed in such a way that neither one dominated the overall
flow behavior. All three cases showed similar fully separated flows, corresponding to the force profiles reaching the
steady-gust lift condition.

Fig. 3 Effects of Freestream Turbulence on GR 0.3 Wing-Gust Interaction Flow Physics for NACA 0012 at
Important Times - Visualized as Normalized Vorticity.

Stutz et al. [5] demonstrated that the separation and reattachment of the boundary layer was more readily observable
in contours of u-velocity as opposed to vorticity. Figure 3 was reproduced highlighting u-velocity in Fig. 4 to show
reverse flow regions. The separation at the trailing edge and the reattachment corresponding with peak lift for the
"clean" case are more easily observed in Fig. 4, with reverse flow (blue) along the airfoil surface indicating separation.
Similarly, it is clear that the flow was completely attached until very high angle for the LTG and HTG cases.
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Fig. 4 Effects of Freestream Turbulence on GR 0.3 Wing-Gust Interaction Flow Physics for NACA 0012 at
Important Times - Visualized as Normalized u-Velocity.

Figures 3 and 4 also demonstrate an interesting, but not new, challenge when investigating freestream turbulence.
High-speed PIV and highly repeatable pitching motions couple with a stochastic flow phenomenon like freestream
turbulence in such a way that may make the standard method of combining repeated trials unrepresentative of the actual
flow. In essence, the combined flow fields from 15 repeated trials shown here act as a time-resolved averaged flow,
where individual turbulent structures, which are nonrepeatable, are averaged out. In these averages of repeated trials,
the gust generation is highly repeatable, but the exact mechanisms of how the turbulence interacts with the repeatable
flow structures may not be adequately captured.

The first five repeated trials for the LTG and HTG cases for the NACA 0012 were individually processed as a first
step in investigating the interaction of repeatable and stochastic flow phenomena. These single-run cases were expected
to be significantly more sensitive to any noise in the data. Figure 5 shows the pressure-derived lift from these individual
repeated trails compared with the derived lift from the 15-trial ensemble, which was given in Fig. 2(a). Figures 5(a)
and (b) demonstrate the highly unsteady nature of the freestream turbulence by comparing the raw lift curves to the
ensemble-averaged data, where the cyan curve is the raw ensemble-averaged data and the black curve has the same
15-point moving mean filter as was used on the curves in Fig. 2. The moving mean filter is then applied to the lift
curves from the individual trials and compared to the ensemble-averaged curves in Figs. 5(c) and (d). These results
show that the individual trials and the ensemble-averaged data follow the same trends, which are similar to the gust
interaction in a nominally clean freestream. This suggests that the overall trend in lift during the gust interaction is not
affected by the presence of freestream turbulence. However, there may be large deviations at any point in time between
an individual interaction and the mean.
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Fig. 5 Raw (top) and lightly smoothed (bottom) lift curves for the first five repeated trails (colored lines) and the
combined 15-trial dataset for the NACA 0012.

A subset of flow fields is shown in Figure 6 for the three points in the interaction identified in Fig. 4. The interaction
that occurred in "clean" flow shows clear vortical shedding from the upper surface at the start of the dynamic lift region
(first column). The ensemble-averaged flow field for the HTG case for the same period indicates completely attached
flow. However, although it is difficult to tell with still images, the flow fields from the individual trials also exhibit vortex
shedding from the upper surface. For these cases, vortices were observed to begin forming in the boundary layer near
the quarter-chord location. Instead of separating from the surface and shedding, the vortices convected along the airfoil
surface and only leave the surface near the trailing edge. Initial observations suggest that passing turbulent structures in
the flow may be preventing the detachment of the vortices from the boundary layer. This stochastic behavior is also seen
in the flow fields at the point of peak lift, where the streamlines in the "clean" flow case clearly show a reattachment of
the boundary layer to the airfoil at the trailing edge. The ensemble-averaged flow field also appears to show that the
boundary layer trends toward the surface at the trailing edge on average. However, similar to the start of the dynamic
region, the path of the shedding boundary layer in the individual trials is disturbed by the freestream turbulence. HTG
Trial 1 (Fig. 6, third row) shows a very similar flow field to the "clean" flow average. However, HTG Trial 2 (Fig. 6,
fourth row) appears to show a completely attached boundary layer. A shedding vortical structure observed in HTG Trial
3 seems to split the difference between the other two cases. Based on these results, along with the lift data, it appears
that the effects of turbulence reattaching the boundary layer [11] mix with the dynamic lift generation observed for gusts
in Stutz et al. [5].
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Fig. 6 A comparison of the flow fields for the "Clean" and HTG cases from Figure 4 with a subset of the
individual trials. Note that all HTG cases in the same column occur at the same t* and angle.

V. Conclusions
This work investigates the interplay between two unsteady flow disturbances, discrete vertical gusts and freestream

turbulence. Two airfoils were pitched to simulate an interaction with the GR 0.3 gust from Stutz et al. [5] in three
different amounts of freestream turbulence. Preliminary results show that lower levels of freestream turbulence (2.5%
FSTI) slightly increase the maximum dynamic lift experienced during the interaction and delay the stall point compared
to "clean" flow (0.5% FSTI). However, a larger amount of freestream turbulence (7% FSTI) delays the stall point but has
a negligible or detrimental effect on the maximum generated lift. Investigation of the ensemble-averaged flow fields for
the NACA 0012 shows that, unlike in "clean" flow, there was no initial separation and reattachment of the boundary layer
associated with the dynamic lift. Instead, the boundary layer stayed generally attached to the upper surface of the airfoil
for the turbulence cases, with higher turbulence generating a significantly larger boundary layer. Streamlines indicated
that the flow continued to bend and reattach for all cases, but with turbulence causing some variability in this process.

A subset of repeated trials for the NACA 0012 in 7% FSTI (the HTG case) were analyzed to investigate the interplay
between the highly repeatable simulated gust interaction and the stochastic freestream turbulence. Pressure-derived lift
curves from these cases suggest that the overall trends in lift generation are dominated by the gust interaction, but the
freestream turbulence greatly increases the unsteadiness in the lift. The flow field data from these trials supported the
assertion that the standard ensemble-averaging method utilized when studying many repeatable flow phenomena likely
captures the trends in the flow on average but misses the stochastic processes in an individual interaction. The results
show a complex mixing of turbulence effects with the dynamic lift generation observed for gusts. More work must be
done to understand how the dynamic lift in gust events is generated and how turbulence alters those flow mechanics.

Future work will include extending the investigation of the flow fields to the Eppler 387 airfoil, specifically to
confirm that the observed flow physics are not airfoil dependent. More work will also be done to interrogate the interplay
between the two unsteady flow phenomena. Of specific interest is if the effects of freestream turbulence on repeatable
unsteady flows can be captured by accounting for the effects on the static performance of the airfoil, which is easy to
measure. Also, there is likely value in determining if the classic ensemble-averaging method is viable for studying
problems like these if the only consideration is on-average broad trends, and the run-to-run stochastic variation is of less
concern.
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