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We present results of an airfoil encountering transverse gusts using theoretical modeling
using a modified discrete-vortex method, performed at NC State University, and experimental
testing using a tow tank facility, performed at the University of Maryland. The theoretical
framework is based on a 2D lumped vortex element (LVE) method to model the unsteady flow
resulting from an airfoil encountering a transverse gust. An important feature of the model is
an approach to predict intermittent LEV shedding using the leading edge suction parameter
(LESP), which is a measure of the suction at the leading edge, and is affected by contributions
from airfoil kinematics, discrete vortices in the flowfield, and the gust during the gust encounter.
With this theoretical unsteady model capable of predicting LEV shedding, we conducted several
simulations of an airfoil encountering different transverse gusts and compared them with results
from experiments in a tow tank. The results show that the model-predicted flowfield development
is in good qualitative agreement with experiments, including the LEV formation. However,
the model over-predicts lift history compared to experiments. It was hypothesized that the
three-dimensional (finite-wing) effects might be the primary cause of this lift discrepancy. To test
this hypothesis, a series of experiments with wings having different aspect ratios were conducted.
The 2D theoretical results were corrected for aspect-ratio effects using Helmbold’s equation.
The lift histories predicted by the theory (with aspect-ratio corrections) show significantly
improved comparison to the experimental results for all aspect ratios, which indicates the
importance of taking finite-wing effects into consideration in both experimental and theoretical
studies of transverse gust encounter.
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0 chordwise angular coordinate
a airfoil pitch angle

1) velocity potential

r vortex core strength

Us freestream velocity

u velocity in horizontal(x) direction
w velocity in vertical(z) direction
We gust velocity

w downwash velocity

t non dimensional time

BV bound vortex

Fv free vortex

I. Introduction

Unsteady aerodynamics is the study of motion through a flow field whose properties change with time. Studying
unsteady aerodynamics is necessary to understand and model time-dependent phenomena such as flutter (Berci [1]),
vortex-shedding (Shukla et al. [2]), gust-foil interactions (Medina et al. [3]), to name a few. These flow conditions
present problems to flight stability, as most instabilities are caused by sudden changes in flow properties. Among
unstable flow phenomena, one that is heavily considered when analyzing the lift of a wing is leading-edge vortex (LEV)
shedding. LEV shedding was first discovered in the late 1900s when a number of studies were done by biologists to
uncover the secrets of natural flight (Ellington [4], Dickinson et al. [5], Ellington et al. [6], and Pullin et al. [7]). They
discovered a flow structure that was the result of the unsteady motions of an insect wing, which was later termed an LEV.
They determined that immediately after the LEV was shed, there was a subsequent increase in lift which decreased as
the LEV advected away from the wing surface [8]. A similar phenomenon is also observed when an airplane wing is
exposed to a field of gust.

Broadly, gust refers to a sudden change in velocity within the flow field. The earliest gust research dates back to the
1930s when Kiissner [9] determined that transverse gusts caused the highest wing stresses compared to gusts acting in
other directions. Experimentally, Kiissner attributed the effect of this vertical gust to a change in the angle of attack,
recording airplane wing deflection during stormy weather. During flight, entering a region of gust momentarily alters
the airplane angle of attack, which can cause flight-path deviations and additional loading. The strength of the gust is
typically defined with a parameter called gust ratio, GR, which is defined as the maximum gust velocity relative to the
free stream velocity. This ratio can help quantify the severity of the effect of gust, which can span from slight discomfort
to severe structural damage [10].

Following Kiissner’s observations, an increased emphasis was placed on understanding the effects of transverse
gusts in later research, and some other on mitigating the lift overshoot due to the gust, such as the work by Herrmann
et al. [11]. In recent research, there are two main gust profiles that have been studied: transverse sine-squared gust
encounters and top-hat transverse gust encounters. Corkery et al. [12] used a pump and ducting system to create a flow
field through which a wing model is towed. From this, they were able to simulate a top-hat gust encounter. Particle
image velocimetry (PIV) measurements of the wing encountering such gusts showed the formation of a strong LEV and
significant deformation of the shear layers at the gust boundaries. Andreu-Angulo et al. [13] compared the two profiles,
finding large discrepancies between the force measurements. They found that this was likely caused by differences in the
shear layer distribution of the two profiles. They further reiterated the importance of LEV shedding on lift, finding that
the top-hat gust profile had a significantly higher level of circulation shed within the gust region due to the formation of
the strong LEV. Recently, more research has been dedicated to the goal of mitigating the gust effect. Sedky et al. [14]
present three maneuvers which have been used in lift regulation as a means of mitigating gust effects. The first of the
three maneuvers is to oppose the induced angle of attack from gust @, with airfoil pitch angle a such that the sum of
the two equals to zero. This maneuver assumes fully attached flow and thus does not shed an LEV as shown in the
experiments done by Corkery [12] and Andreu-Angulo [13]. The second maneuver is designed such that the total lift
response from the superposition of Wagner and Kiissner’s lift response functions sums to zero. Wagner [15] gives the
lift response as a function of angle of attack whereas Kiissner gives the lift response of a wing exposed to gust. This
maneuver assumes fully attached flows at small angles of attack and thus is ineffective at mitigating strong gusts. The
third maneuver uses an unsteady Discrete Vortex Model (DVM) [16] to obtain a wing’s pitch kinematics. The velocity
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Fig. 1 Illustration of the airfoil kinematics and the discrete vortices shed from it, along with the variables used
in the unsteady aerodynamic model

field, including the gust, is predetermined and is imposed on the wing’s control points, bound vortices, and shed vortices
within the flow field. LEV and Trailing-Edge Vortex (TEV) shedding are enforced by the Kutta condition at both edges
of the airfoil.

This paper will use a low-order modeling approach to study a wing entering and exiting a region of gust. The use
of low-order modeling in unsteady aerodynamics has gained a lot of traction in recent years, leading to a number of
different models capable of analyzing various flow phenomena. Low-order modeling methods are designed to reduce
the time and cost needed to analyze unsteady aerodynamics using computational fluid dynamics (CFD) or experimental
procedures by capturing key unsteady flow phenomena without too complex of calculations. To develop such a model,
the challenge is to rapidly and accurately capture one of the most important unsteady flow physics: leading edge vortex
shedding, and its effect on an airfoil. There has been a lot of attempts on achieving the goal, and among these efforts,
the concept of leading-edge suction force, which keeps the flow attached until the suction can no longer support the
flow attachment, has gained a lot of interest. Ramesh et al. [17] first proposed a parameter called leading edge suction
parameter (LESP) and used it as a parameter within unsteady thin airfoil theory to create a mechanism for predicting
LEV shedding initialization and termination. It states that an airfoil at a Reynolds number will have a critical LESP
value that is largely independent of motion kinematics. As long as the instantaneous LESP is less than the critical value,
the leading-edge flow stays attached. When the LESP exceeds the critical value, LEV shedding starts, resulting in the
growth of the LEV structure. The same concept has been inherited by Narsipur et al. [18, 19] with a Lumped-Vortex
Element (LVE) model as the basis for trailing edge separation prediction. A more detailed study on leading edge
suction force in CFD has been done in the work of Narsipur et al. [20] and experimentally by Saini et al. [21, 22].
The improvement and modification to increase the low order model’s capability has also been done in the work of
SureshBabu [23] and Lee et al. [24], where model reduction and a state variable form to couple with structure dynamic
equations are investigated. In this paper, we follow the work of Narsipur et al. [19] to construct our low-order model and
add a region of top-hat profile transverse gust to simulate the gust encounter problem. To assess the accuracy of this
low-order model with an added field of gust, experiments similar to the work in Sedky et al. [14] are conducted and
used as the reference. The effect of the gust ratios and wing aspect ratios are studied by comparing the lift history and
the flow field data from the low-order model and experiments.

The paper will be organized as follows: Sec. II will introduce the basic LVE method and the LESP for the LEV
shedding mechanism along with gust implementation to the solver. Sec.III will introduce the experimental setup and
parameters used in the experiments. The following Sec. IV demonstrates the results of the gust profile, lift prediction,
and flow field velocity and vorticity distribution compared to experimental results. The effect of the gust ratio and the
wing aspect ratio are also discussed in this section. Finally, in Sec. V, we summarize the current conclusion from our
theoretical and experimental work.

IL. Theory
The schematic representation in figure 1 shows an airfoil of chord ¢ undergoing arbitrary prescribed pitching and
heaving kinematics. The kinematic state of the airfoil is defined by the pitch angle, «, the heave position, 4, and the



respective velocities, @ and /. The pivot point, located at a distance x p aft of the leading edge, denotes the center of
rotation of the airfoil. Also shown is a body-fixed frame, Bxz, with the origin coinciding with the leading edge of the
airfoil and the x and z axes extending in the chord-wise and chord-normal directions, respectively. The wake of the
airfoil consists of discrete LEVs and TEVs shed from either edge of the airfoil in the previous time steps.

A. Lumped Vortex Element model and the Unsteady Thin Airfoil Theory

The Lumped Vortex Element (LVE) method and Thin Airfoil Theory assume that an airfoil can be represented by
several bound vortex elements concentrated on points along the camberline of the airfoil. The airfoil can be separated
into several panels, with each bound vortex at the quarter-chord position of the panel as a discrete bound vortex element,
and a control point at the three-quarter-chord position of the panel. The concentrated bound vortex strength on each
panel is presented by I'. Based on the Unsteady Thin Airfoil Theory, at any time instant, the zero-normal-flow condition
needs to be fulfilled following the equations below:

(V¢B+V¢W+l70—l7rel—o’z><7)-71=0 (1)

In this equation, V¢ p is the velocity induced due to the velocity potential from bound vortex elements, while Vg,,,
is the velocity induced due to all the free vortices. The 170 is the free stream velocity vector, [-jrel is the translational
velocity of the airfoil, and & X 7 is the velocity induced due to the airfoil pitching motion, where ¢ is the pitch angular
velocity and 7 is the position vector of a point on the airfoil relative to the pivot point. This equation will be applied on
all the N control points on the camberline and provide N equations to solve the corresponding unknowns, which are the
instantaneous bound vortex strengths along the camberline. As a result, the equation is typically separated into two
sides as follows:

V¢B-ﬁ=—(V¢w+ﬁo—ﬁrd—dx?)-ﬁz—Wn )

This can be realized as the self-induced velocity on the control points normal to the panel due to the bound vortices
having to be balanced by the right-hand side, —Wn, which is the contribution from wake-induced velocity, free stream,
and motion resulting velocity normal to the panel. The sum of these velocities normal to the ith panel is referred to as
downwash, and can be separated as follows:

Wn; = Wi SH; = (WiUO + WI.UR’Z + Wid + WiFv) -1 3)

This shows that there are four parts inside the downwash: free stream VT/I.UO, airfoil translation motion le’e’, airfoil

pitching motion Wid and free vortex-induced velocity VT/lF V. Induced velocity due to free vortex and bound vortex on
any point can be calculated using the Biot-Savart law at x and z direction as:
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This equation gives the induced velocity i; at position X; due to the vortex at X; with vortex strength I';. The distance
between the point i and point j is defined using Equation (6), with a special term §v?#__,. The value of & will be zero
when the distance is calculated between the control points and bound vortex points since the distance is usually a fixed
value, while ¢ will be unity when the distance equation is used for calculating induced velocity from free vortices. This
term is designed to prevent the effect of the free vortex being too close to any bound vortex or any other free vortex and
creating an unrealistically large induced velocity. Based on the work of Leonard [25], the vortex core distance v o e is
defined as follows:

Veore = 1.3¢At, (N

where Ar* is the non-dimensional time step. The self-induced velocity term on the left-hand side of Equation (2) can be
expressed at the control point of each panel. The unit induced velocity on control point i due to the bound vortex on



panel j is represented as an influence coefficient a;; with the strength I'; :

1 o
aij = — (i —xy) |- 7 ®)

i 2nr; .
For panel i, the total induced velocity normal to the panel g; from all the N bound vortex elements can be written as
follows:

1
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The balance between the self-induced velocity and the right-hand side is written as an influence matrix equation as
follows, which is valid at any time instant and can be used in both steady and unsteady simulation.

air  app - ain || -Wny
ay axn - an||(2| |-Wn (10)
ani1 an2 -+ ann]|[I'n -Wny

B. LESP and vortex shedding

Continuous vortex shedding from the trailing edge and in some cases from the leading edge is the most important
phenomenon responsible for the aerodynamic unsteadiness. To expand the usual influence matrix equation for vortex
shedding, a new TEV and a new LEV will be released into the field, with the positions defined following Narsipur’s
work[19]. To handle these additional unknowns, the first new equation to help solve the bound vortex strength and the
new TEV/LEV strength will be the Kelvin condition, which is as follows:

ZFb(t—At) erb(t)"'FTEV"'FLEV (11)

At the start of every step, we assume that there is no LEV shedding but only TEV shedding resulting in I' gy = 0,
which gives only N + 1 unknowns with now N + 1 equations as follows:

ayl  ap . aiN - Qiey I -Wny
a1 Gy -t AN Qe I -Whny
= ... (12)
ayit anz -+ 4NN dngev|| I'v -Wnn
1 1 1 1 I'rev ZFb(t—At)

This equation can be used to solve the instantaneous bound vortex strength and the new TEV strength. To further
determine if LEV shedding should be activated at the current step, we introduce a parameter called the Leading Edge
Suction Parameter (LESP) from the work of Ramesh et al. [17]. LESP is a parameter representing how strong the
suction is at the leading edge of an airfoil, and is a parameter governed by the strength of the first bound vortex based on
the work of Aggarwal [26] using the following definition:
1.13(I'y (1))

U (t)c [cos™(1 - %) +sin(cos~1(1 - %))]
The idea of LESP is that for each airfoil at each Reynolds number, there is a maximum suction force it can support,
which is defined as LESP,,;;. When the instantaneous |LESP)| surpasses the LESP,;;, LEV shedding will be started,
indicating that the airfoil can no longer support enough suction at the leading edge to keep the flow attached. More
details on LESP can be found in previous work. [17, 20, 27] When LEV shedding is active, the LE S P will be maintained
at the LESP.,;;, which means that the first bound vortex strength will now be determined. Using this information,
whenever the pure TEV shedding calculation is finished and the result of I'; contributes to a larger |LESP| than the
LESP.,i;, the LEV shedding will be activated and we will have a new influence matrix equation to solve:

LESP(t) = (13)

ap o+ AN Qlrev Qllev I, -Wn,y arn
ax 1 QN Qev  @2ev o ~Wny as
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Where the I ¢, is the value that will result in LESP = LESP,;;. With this influence matrix equation, the solver can
solve the strength of newly shed TEV/LEV and the bound vortex strength simultaneously.

Once the strengths of bound vortices and free vortices are determined, each free vortex is convected using its induced
velocity, which comes from the effect of induced velocity due to free stream, bound vortices, and all other free vortices
as follows:

UFV = loo + Uind BV + Uind FV (15)

C. Modeling the Gust Effect

To simulate the gust effect, the basic theory is that when any point of interest such as control points or free vortex
positions is within the gust region, the velocity calculation will need to include the effect of gust. In the current work,
we create a specific gust field function that can calculate the corresponding gust velocity at any point of interest. We add
the contribution from the gust field function to zero normal flow boundary conditions and the calculation of the velocity
of the free vortices. The first modification is that the right-hand side of the influence matrix equation of each panel will
now be :

Wn; = Wi . ﬁi = (W[.UO + W[.Ur“l + Wid + va + VT/g()-él)) . ﬁl) (16)

where w, (X;) is the local gust velocity vector at position x;. The second modification will be that the velocity of all the
free vortices needs to account for this additional gust velocity:

UFV = loo + Uind, BV + Uind FV + Wg (17

This modification shows that the gust directly affects the corresponding bound vortex strength when the airfoil is within
the gust region, so the load distribution and whether an LEV is shed or not are both affected. The other impact is that
the gust will directly change how the free vortices move in the flow field due to direct velocity changes.

D. Load Prediction

The current method calculates the gust effect on how the free vortices move and the corresponding bound vortex
strength distribution. To extend these to an aerodynamic load, unsteady Bernoulli equations can be used to calculate the
pressure difference, based on the work of SureshBabu et al. [23]:

Ap(x) =p [(Ucos @+ hsin + uina(x)) y(x) + % / y(xXdx' +T e, (18)
x’=0

This expression uses a continuous bound circulation distribution y(x), which can be modified for the current panel
method with discrete bound vortex strengths. Notice that the first part of the contribution comes from the downwash
velocity tangential to the panel, so the gust-induced velocity should also be taken into account. As a result, the final
local pressure difference at panel i is then defined by

k=i
SO, L, - -\ L0 .
Ap,-:p(Uo—Urel—dxr+uw+wg)-Ti—+—ZFk+Flev (19)
l; HthI

Here, I'; refers to the bound vortex strength of the ith panel, /; refers to the length of the ith panel,7; refers to the
tangential vector of the panel and i,, refers to the induced velocity vector due to all the free vortices. In (18) and (19),
the third term explicitly takes into account the effect of circulation production due to LEV shedding on the unsteady
loads of the airfoil. The first term is the circulatory term and relies on the velocity tangential to the panel and the bound
vortex sheet strength while the second term is referred to as the apparent mass term.

The normal and suction force coefficients can be derived by summing the pressure difference and is given as:

N
i1 Apil;
Cy=2==1711 20
N DU (20)
Cs = 2nLESP*(1) (21)



Using the normal and the suction force coefficients, the lift and drag coefficients can be evaluated as:

CL=Cncosa+Cgsina (22)
Cp =Cpsina — Cgcos @ (23)

The moment coefficient can be calculated using the equation,

_22?;1 Apili(x; - xpivot)
pUZc?

Cu = (24)

E. Finite Wing Correction
We hypothesize that the tip vortex in the experiment will cause lift reduction, and will be strongly related to the aspect
ratio of the wing. To better compare the model with the experimental data, we apply a simple finite wing correction to
the final lift results calculated from the low-order model. In this work, Helmbold’s equation (equation 25) [28] is used
to take into account the wing aspect ratio effect. Helmbold’s equation calculates the corresponding lift curve slope a for
a low-aspect-ratio straight wing.
a0

a= (25)
V1 + [ag/(mAR)]? + ag/(nAR)
In our experiments and the simulations, all the wings are pure flat plate meaning that the lift coefficient Cy, starts at
0 at 0 degree angle of attack. This means that the ratio between corrected a and the two-dimensional lift curve slope
ag can be used to scale the lift from the two-dimensional simulation in order to better represent the actual lift of a
three-dimensional wing. The corrected Cr. is shown in equation 26.

a
Cr=Crop— (26)
ao

II1. Experimental Methodology

Experiments are carried out in The University of Maryland (UMD) free surface water towing tank shown in figure 2.
The tank dimensions are 7 m long, 1.5 m wide, and 1 m deep. The tank is equipped with a 4-degree-of-freedom model
motion system, allowing for streamwise, streamnormal, and pitching motions. The freestream is created by towing the
wing through the tank, and a transverse gust is created via a planar jet flow. Four carbon-fiber flat-plate half-wings with
8%-thick sections, a chord of 3 in and physical spans of 3, 6, 9, and 12 in of varying spans are tested at gust ratios of
0.4, 0.5, and 0.6, and at a Reynolds number of 10,000. A splitter plate is used on one side to act as a symmetry plane,
resulting in effective full-wing aspect ratios of 2, 4, 6, and 8. In the remainder of this paper, "aspect ratio" will refer to
this full-wing effective aspect ratio. An ATI Mini-40 force/torque sensor is used to measure the loads on the wings at
1 kHz. The force measurements were filtered at a cutoft frequency of 5 Hz. Each experiment was repeated five times
and all measurements were ensemble averaged over the five runs.

IV. Results
The aerodynamic load from the experiment and the low-order method are compared and discussed in this section.
The low-order simulation uses a small LESP,,;; = 0.05 to simulate a flat plate with a sharp leading edge where LEV
shedding is easily triggered. In this section, the gust velocity, lift comparison between different gust ratios, and the lift
comparison between wings with different aspect ratios will be discussed.

A. Gust Velocity Profile
Gust ratio, GR, is defined as the maximum gust velocity, wg yax, Telative to the free stream velocity Us following
the below definition: w
GR = —j’]’”“x (27)

Although gust can be easily defined as two sections with zero gust and full gust individually, in the actual flow field there
must be gust velocity gradient near the gust edges to smooth the velocity distribution to the neighboring free stream.
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Fig. 2 Experimental apparatus at the University of Maryland water towing tank depicting (a) a schematic of
the tow tank and the PIV configuration (b) the physical tow tank as well as the gust generator.

Fig.3 The half-wing setup used in the experiments. A 6in endplate is used to isolate the effects of the attachment
mechanism and the force balance on the flow.

Hence, we use a function inspired by the Eldredge pitch-up and return function[29], to create a gust velocity profile that
smoothens the velocity distributions at the edge of the gust and creates a slope to merge the horizontal velocity to the
free stream one. The gust velocity distribution can be defined using the following equation:

cosh(a(x —xy/)/c)cosh(a(x —x4/)/c)
cosh(a(x —x3/)/c) cosh(a(x —x3/)/c)

G(x)=1In (28)
with a being a smoothing parameter from Granlund et al.[30] to control the smoothing at four turning points of x, x»,
x3 and x4. The final velocity profile is then defined by

we(x) =GR U, G(x) (29)

“ max(G(x))

The velocity profile used in the current study is shown in figure 4. By applying the Eldredge function to generate the
gust velocity profile for the simulation, we successfully generate a curve that captures the velocity gradient at the edge
of the gust, ensuring that the gust exposure time in the simulation is similar to that in the experiments.
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Fig. 4 Gust velocity profile comparison between the experimental measurement and the low-order model.

B. Effect of Gust Ratio on Lift
The lift from three different gust ratios GR = 0.4, 0.5 and 0.6 with wing aspect ratio AR = 4 in the experiments are
plotted against the non-dimensional time #* in figure 5, where the non-dimensional time can be defined as

t* =tUs/c (30)

In the figure, the shaded region indicates the time period during which the flat plate is exposed to the transverse gust.
Figure 5(a)(b) are the plots for the comparisons of the lift and normalized lift coefficient between the model and
experiments, and (c)(d) are the plots when the model results are scaled using the finite wing correction. The figure shows
that our low-order method in the current work can predict the lift increase when the airfoil enters the gust region and the
corresponding lift drop when the airfoil departs from the gust region. The lift increases further when the strength of the
gust is higher, but when normalized by the gust ratio, we can see that the curves collapse to the experimental results. It
can be seen the low-order model also captures the overall lift behavior in good agreement with the experiments. The lift
starts to increase once the leading edge of the airfoil enters the gust and keeps increasing until the time * = 1.7, which
is approximately the time when the leading edge of the airfoil starts to move out of the full-strength gust region.

Although the low-order model captures this initial lift increase, it can easily be noticed that regardless of the gust
ratio, all model-predicted lift is much higher than the experimental results. We hypothesize that this discrepancy is due
to the absence of a tip vortex in the two-dimensional model. As shown in figure 5(c)(d), by applying the finite wing
corrections based on Helmbold’s equation using the wing aspect ratio in the experiment, all the lift prediction curves
match better with experiments, indicating that the three-dimensional flow effect is important for the accuracy of the
low-order model in such gust encounter simulation. Although the low-order model can predict the lift increase correctly,
the prediction in the recovery part of the gust encounter, for example after t* = 2.5, is not satisfactory. This may be due
to the fact that although the model can predict the leading edge vortex shedding, some other viscous effect such as
the flow separation is not modeled. Recent research from Narsipur et al. [19, 20] also shows drop in LESP during the
LEV shedding process rather than maintaining it at the critical value. This change will affect the strength of the LEV
shedding and may improve the lift prediction if we incorporate it in the current low-order model.

C. Flow Field Prediction

The velocity and vorticity field from the experiment are used as the reference to compare the velocity field and
shedding of discrete vortices from our low-order method. In figure 6, results from the experiment and the low-order
model for gust ratio GR = 0.5 are presented, with the velocity being calculated on the airfoil frame. Although in the
plot, our results only show the positions of leading-edge vortices (red) and trailing-edge vortices (blue) instead of a
contour plot as the vorticity field, the discrete vortices do show a good match in positions to the points with strong
vorticity in the experimental data. The results show that the model generally predicts an LEV shedding pattern and its
corresponding velocity field in good agreement with the experimental data. This shows that the LEV shedding due to
the contribution from the gust-induced velocity on an airfoil is successfully modeled by our solver. However, it is also
worth noticing that LEV development from the model doesn’t perfectly match the experiment in some later time steps
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such as after t* = 2.0. The discrepancy between the discrete vortex pattern and the vorticity field may also be the cause
of the lift difference between the model and the experimental results.

D. Effect of Aspect Ratio on Lift

Improved accuracy of the low-order predictions while using the finite wing correction motivates further interest on
the effect of the three-dimensional tip vortex on the lift history. The lift comparisons between the low-order model and
the experiment of four wings are presented in this section. Two gust ratios GR = 0.4, and GR = 0.6 are studied for
four wings with aspect ratios AR = 2,4, 6, and 8. Figure 7(a) shows the comparison from the 2D low-order-model to
the experiment, while Figure 7(b) shows the model with finite wing correction comparing to the experimental data.
The experimental data itself shows how the wing aspect ratio affects lift increase differently during the gust encounter.
The initial two-dimensional model over-predicts the lift significantly, but after the correction, the lift matches the
experimental results much better. Similar observations can be made in figure 8, where cases with stronger gusts are
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Fig. 6 The velocity and vorticity fields for GR = 0.5 from the experiment (a, c, ¢, g, i) and velocity and discrete-
vortex positions from the low-order model (b, d, f, i, j) at several time instants.

compared. Although the finite wing corrections result in lift curves matching the experimental data much better than the
pure 2D results, it can be seen that as the aspect ratio decreases, this simple correction will also scale down the lift too
much. This indicates that the current correction is still far from perfect, and a more detailed study on how to properly
address the three-dimensional tip vortex effect that reduces the lift increment due to the gust is needed. Furthermore, the
lift prediction from the model when the airfoil moves away from the gust is always more noisy than the experimental
data. This may be due to the termination of LEV shedding and its corresponding flow field interaction not being well
captured by the model. Some other viscous effects not modeled in the simulation such as the trailing-edge separation
and the viscous dissipation at the gust encounter might also contribute to the discrepancy between the experiment and
the low-order model.
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Fig. 7 The coefficient of lift C; comparison for GR = 0.4 : (a) experiment to 2D low-order model and (b)
experiment to low-order model with finite wing correction.
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Fig. 8 The coefficient of lift C; comparison for GR = 0.6 : (a) experiment to 2D low-order model and (b)
experiment to low-order model with finite wing correction.

V. Conclusions

In this paper, we presented a low-order unsteady aerodynamic model capable of capturing the effect of a transverse
gust encounter on the flow field and the lift of an airfoil. The model was built based on the work of Ramesh et al. [17]
on predicting the initiation and termination of LEV shedding from unsteady airfoils in inviscid methods. Our model
successfully predicts the LEV formation due to the transverse gust encounter in good agreement with experimental
results. The lift prediction shows that lift increase is proportional to the strength of the gust, matching the observation
from the experimental results. We compared the flow field prediction from the model with the experimental PIV data
and observed that the LEV shedding was captured accurately by the model, which could explain the qualitative similarity
of the lift history curve to the experimental results. However, the model also showed an obvious lift over-prediction,
which we attributed to the finite wing effect in the experiments. To test the hypothesis, we adopted the correction using
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Helmbold’s equation to scale down the lift curve. The correction successfully brings down the lift from the model and
results in better agreement with the experimental data.

Further experiments investigated the effect of the wing aspect ratio. The results from the model with finite wing
correction and experimental data showed that the gust-induced lift increase is strongly related to the aspect ratio of
the wing. The low-order model with the finite wing correction matched the experimental data much better than the
pure two-dimensional simulation, indicating that the existence of tip vortices from a three-dimensional wing is also
important in the lift increase during the transverse gust encounter. However, this simple correction developed from
steady-state aerodynamics is limited to the current scenario, and might not be suitable for more complex situations such
as the cases with unsteady motion of the wing. Some lift discrepancies between the model and the experiments also may
be attributed to other viscous effects not being modeled in the current solver, and not just the three-dimensional effects.
Overall, the observations indicate that in future experiments and simulations, the three-dimensional effect will need to be
considered, and a more well-designed finite wing correction technique needs to be implemented in the low-order model.
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