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Systems such as aircraft and wind turbines frequently operate in highly unsteady
flow environments and are subject to large flow disturbances, such as gusts. Gust
encounters can lead to severe performance degradation and, in extreme cases, catas-
trophic failure. This dissertation investigates the fundamental flow physics underlying
wing-gust encounter aerodynamics and explores strategies for effective flow sensing
and gust mitigation. Emphasis is placed on the development and use of inviscid
methods to facilitate the detection, prediction, and alleviation of incident gusts.

The first part of the dissertation experimentally investigates the unsteady loads
and flowfields produced during transverse gust encounters and evaluates the effective-
ness of inviscid aerodynamics theory. In particular, experimental lift transients and
shed vorticity distributions are compared with those predicted by Kiissner’s trans-
verse gust model. The results show that in the early stages of the gust encounter
Kiissner’s inviscid model captures the circulation production of the separated, vis-

cous flow which produces favorable agreement between experimental and theoretical



lift transients. The performance of Kiissner’s model deteriorates during the wing’s
exit from the gust due to contrasting shed vorticity distributions between the model
and the experiments, resulting in fundamentally different lift reduction mechanisms.

Building on these findings, the dissertation investigates how vorticity in the flow
affects the wing’s surface pressure distribution during a gust encounter. Simultaneous
surface pressure, load, and flow measurements are presented, and their concurrent
analysis details the events leading to flow separation and leading-edge vortex (LEV)
formation. In particular, surface pressure-derived quantities—such as leading-edge
suction and the leading-edge pressure gradient—are examined in their ability to sense
key flow structures and detect gusts.

The final part of the dissertation centers on the development and application of
inviscid modeling methods to explore the physics of flow separation and to design ef-
fective strategies for flow sensing and control. Three key applications are addressed:
(1) A numerical inviscid method incorporating the effects of leading-edge separation
is developed to compute unsteady surface pressure distributions during gust encoun-
ters; (2) an analytical vortex sheet model is introduced, relating the growth of the
leading-edge vortex sheet to the pressure coefficient at the leading edge, enabling LEV
detection and strength estimation, and (3) Theodorsen’s inviscid model is combined
with an iterative optimization method developed by collaborators, to experimentally

identify optimal gust-mitigating pitch and plunge maneuvers.
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Chapter 1: Introduction

1.1 Motivation

The operation of systems in unsteady flow environments is a central challenge
across disciplines such as renewable energy, aerospace, and maritime engineering.
Examples include aircraft flying through highly unsteady conditions, wind turbines
subjected to turbulent fluctuations in the atmospheric boundary layer, and robotic
fish navigating complex flowfields [27, 62, [62]. Addressing these challenges requires a
fundamental understanding of unsteady flows, particularly those dominated by vortic-
ity, as well as the development of sensing and control methods that enable engineered
systems to operate effectively within such environments [5, L0l 48], 60, [71), [78], 90] 98].

An important class of unsteady flows relevant to flight vehicles are wing-gust
encounters. Large force transients produced during wing-gust encounters can lead to
permanent structural damage or catastrophic loss of control [112]. While gusts have
been studied since the 1930’s, early work was restricted to the use of potential flow
modeling due to the limited experimental and computational tools available at the
time [59]. The exact physics of gust encounters are to this day not well understood and
have only recently gained widespread attention from the aerodynamics community
[51].

Unsteady flows present significant challenges in the sensing and control of vehi-

cles, beyond the lack of understanding of the underlying physics. These challenges



arise from the intrinsic nonlinearities associated with unsteady flow dynamics. For
instance, accurately predicting forces and flowfields during a gust encounter requires
understanding the complex relationship between vortical structures and the corre-
sponding pressure signatures on a lifting surface. This underscores the need for phys-
ically grounded models and methods that enable systems to sense, predict, and adapt
to unsteady flows in real time.

This dissertation addresses these challenges by advancing the understanding of
gust encounter physics and exploring applications in flow sensing and control. Spefi-

cally, the goals of this dissertation are

1. Experimentally investigate the unsteady aerodynamics of wing-gust encounters

using flowfield, load, and surface pressure measurements.

2. Develop flow sensing and control techniques that aid in the estimation of un-
steady flowfields and forces produced during wing-gust encounters, as well as in

the mitigation of undesirable gust loads.

1.2 Background

1.2.1 Unsteady force production

Calculating the forces on a body immersed in a fluid is a fundamental problem in
fluid mechanics with important engineering applications. In aeronautics, calculation
of the static and dynamic loads produced by an aircraft flight surface is an essen-
tial aspect of flight vehicle design. The governing equations of fluid motion are, in
general, extremely difficult to solve. Aerodynamicists have instead resorted to either
numerical simulations of the governing equations, also known as Computational Fluid

Dynamics (CFD), or to simplified fluid flow models that can be solved analytically



or numerically. Specifically, the use of potential flow, which assumes an inviscid,
irrotational, incompressible fluid, has been successful at predicting the aerodynamic
lift on wings at low angles of attack, serving as the foundation of what is known as
classical aerodynamics [53]. Its success can be traced to the observations of Prandtl
[86] who postulated that viscous forces are negligible except close to solid boundaries,
where the no-slip condition needs to be satisfied. Through a simplification of the gov-
erning equations, Prandtl showed that the pressure is approximately uniform across
a boundary layer, and thus, for attached flows at high Reynolds numbers, potential
flow is able to approximate the pressure distribution on a lifting surface [55]. Exper-
imental data has shown that this holds true for both steady and unsteady flows, as
long as the flow remains attached, and the vorticity shed from the trailing edge is
accounted for [55] [102], 106, 107].

At high angles of attack, lifting surfaces exhibit trailing edge or leading edge
separation, and the boundary layer arguments which justified the use of potential flow
are no longer valid. This is manifested in the inability of potential flow to predict the
reduction in the steady-state lift slope that occurs at high angles of attack. Unsteady
potential flow lift predictions suffer the same shortcomings several convective times
after an initial unsteady forcing - say a large step change in the angle of attack [70].
However, during the initial transient, researchers have observed that wings are able to
sustain lift values close to the potential flow prediction |7, 87, 54} 70l [72, (77, 8T]. This
phenomenon, often called delayed stall, is a well-known characteristic of separated
flows, and is facilitated by the formation of a leading-edge vortex (LEV). As described
in McCroskey [74], a growing LEV attached to the wing delays stall at high angles
of attack, which allows for higher instantaneous lift coefficients than would otherwise
be possible under steady conditions. The LEV detachment process marks the end

of lift enhancement and the inception of stall. Flows encompassing LEVs have been



studied extensively due to their prevalence in the unsteady locomotion of biological
fliers and swimmers [32], 34].

The accuracy of unsteady potential flow models outside the domain of their va-
lidity can be perhaps explained through the concept of fluid impulse. In the absence
of non-conservative forces, the fluid impulse is an invariant of the flow, despite any
unsteadiness [91]. Thus, any forces on an immersed body can be calculated from the

change in fluid impulse, which can be computed as a moment of the flow vorticity

field [I11],

I= ! /wxde—l—/a}x('ﬁxu)dS (1.1)
nd—l Vi Sy

dr

where ng denotes the number of dimensions, V; is the fluid volume, S, is the solid
surface with unit normal vector 7, x is the spatial coordinate, and w and w are
velocity and vorticity vector fields, respectively. The second integral in vanishes
under the conditions that the reference frame is fixed to the body, and that this body

frame is inertial. Lift can then be expressed as the change in vertical fluid impulse,

d
[ =—p— .dV 1.3
Pdt/vfm (1.3)

Equation shows that lift can be explicitly computed from the generation of vor-
ticity and its streamwise movement. It has been recently demonstrated that, in many
cases, potential theory correctly predicts the development of both circulatory and non-
circulatory vortex sheets [38,[39], which can be experimentally isolated using standard

results of potential theory [22]. Hence, even if potential flow models require the use



of erroneous assumptions, they can still approximate lift transients by capturing the
hydrodynamic impulse of viscous separated flows. Furthermore, vortex-impulse can
be used to augment models using data from experiments or simulations. Notably,
Babinsky et al. [7] used the above ideas to develop a low order model for pitching
and surging wings. They found that Wagner’s model [106] accurately predicted the
lift of pitching and surging wings when the relative advection of vortices is properly
accounted for. Polet et al. [84] used similar ideas to estimate the force on a wing
undergoing a perching maneuver. Otomo et al. [82] found that Theodorsen’s pitch
model performs remarkably well despite the formation of a LEV, and the discrepancy
in lift after the LEV detaches can be accounted for using the relative advection of the
LEV with the circulation in the wake. Stevens and Babinsky [99] found that the LEV
circulation as calculated from experimental measurements of a pitching wing closely
follows the bound circulation predicted by Wagner’s model, suggesting that the lift is
dominated by the circulatory component regardless of whether a leading-edge vortex
is formed or not. Furthermore, the work of Ford and Babinsky [37] showed that, for
an impulsively started airfoil at high angle of incidence, most of the vorticity in the
flow is not in the bound vortex but shed in the wake.

Kiissner’s transverse gust encounter model has also been reported to agree with
experimental data for a wide range of gust ratios and gust profiles [9, 14, 21]. In the
past, models of varying fidelity have been used to predict force transients produced
during gust encounters, including unsteady potential flow [6], state-space formulations
[95], and experimental, data-driven models [48]. However, Kiissner’s model has several
enticing properties. Its computational simplicity makes it a great candidate for online
control applications. Moreover, Kiissner’s model is based on well-understood physics,
and its agreement with data suggests that it can be used to understand the different

force producing mechanisms during a gust encounter [I8]. Defining the gust ratio to
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Figure 1.1: Example experimental transverse gust encounter measurements: (a) Vorticity
and velocity field and (b) experimental lift transient compared to Kiissner’s model

be the ratio of peak gust velocity to freestream velocity, i.e., GR = V/U, and the
gust-width-to-chord ratio (w/c) to be the streamwise width of the gust divided by
the chord, figure depicts an example flowfield and lift transient for a transverse
gust encounter with a trapezoidal gust profile, GR = 0.75, and w/c = 1.4. The grey
area denotes the convective times that the leading edge is in the gust. The flow is
massively separated at the leading edge (and therefore not potential), the wake is
deflected due to the gust velocity, and the gust vorticity is deformed. However, the
predictive ability of Kiissner’s model shown in figure [1.1b] suggests that the model
is able to capture some essential aspects of the encounter. One of the goals of this
dissertation is to identify the mechanisms by which this inviscid model is able to
predict the lift transients of viscous, separated flows, and explore its limitations.

All unsteady potential flow models mentioned above have a known limitation:
They overpredict force transients after LEV detachment. The concept of the optimal
vortex formation introduced by Gharib et al. [42] and extended to unsteady airfoil
kinematics by Dabiri [23], can be used to estimate the timescale of LEV detachment.

It describes the non-dimensional period of time over which a single vortex created



by a vortex generator grows. Its maximal value denotes the time that the vortex
stops entraining fluid from the shear layer and detaches. Optimal vortex formation is
defined as T = CT/(DAU) where T is the instantaneous circulation of the vortex, C
is a constant depending on the configuration, D is the characteristic length scale of
the flow, and AU is the velocity difference across the shear layer feeding the vortex.
Dabiri [23] showed evidence that there is a universal optimal formation time T ~4in
vorticity-driven lift and propulsion. However, subsequent research revealed that this
is not always true |10, 89]. The variation in optimal vortex formation time has been
attributed to differing LEV detachment mechanisms. Two competing mechanisms
governing LEV detachment have been identified: the bluff body detachment mech-
anism and the boundary layer eruption mechanism [I08]. The former is associated
with the interaction of the LEV with the trailing edge of the wing. The latter is
associated with the vortex-wall interaction between the LEV and the airfoil surface.
A characterization of the relevant vortex detachment parameters can be found in
Kissing et al. [57].

Given the demonstrated importance of the LEV, another goal of this dissertation
is to analytically investigate its growth during a gust encounter. The seminal work
of Didden [28] expressed the growth rate of a vortex by integrating the vorticity flux
over the shear layer. By assuming a linear velocity profile across the shear layer, the

vorticity can be approximated by,

Wy N — N —— (1.4)

where 0 is the thickness of the shear layer feeding the vortex. The approximation is
shown in equation ([L.5)). Similarly, the size of the LEV can be approximated by the

mass flux from the shear layer into the vortex. Written in terms of non-dimensional



quantities, the results for circulation and area of a vortex are shown in equations ({1.6)

and ([1.9), respectively, where t* = tU,,/c is the convective time.

F(t):/t/ uwzdydT—/ / u—dydTN—Ufot (1.5)

*

CUoo = 5 (1.6)

(1.7)

//udydTN—U ot (1.8)
A(t") 5t*

02 =50 (1.9)

Widmann and Tropea [I08] used the above results along with a Falkner-Skan ap-
proximation for the boundary layer thickness, §, to investigate the vortex detachment
mechanisms of a plunging airfoil. Rival et al. [90] and Sattari et al. [92] used a similar
approximation to study the growth of starting vortices and the effects of leading-edge

geometry on LEV growth and detachment.

1.2.2  Gust encounters and gust mitigation

To first order, simple, discrete gust encounters can be approximated by forced
wing kinematics. For example, the flow seen by the leading-edge of an airfoil during a
transverse gust encounter is identical to that of a plunging airfoil. However, transverse
gusts are parameterized by a different set of dimensionless numbers, namely, the gust
ratio GR = V/Uy, where V' is the maximum gust velocity, the chord to gust width
ratio, ¢/w, and the gust profile (or effective angle of attack history at the leading-
edge). Nevertheless, there are strong relationships across the two parameter spaces.

The reduced frequency defined as k = 7fc/Uy where f is the oscillation frequency



of an aerodynamic profile, can be defined for gusts if the period of the interaction is
defined to be the amount of time the wing spends in the gust, i.e., w/U,. By this
definition the reduced frequency of the gust simply becomes k& = 7(c/w), a scaled
version of the chord to gust width ratio. Similarly, for canonical top-hat gusts the
Strouhal number which is defined as the ratio between a forcing velocity and the
freestream velocity, is analogous to the gust ratio. This is in agreement with findings
that the Strouhal number and the gust ratio are the main parameters governing force
production in their respective areas of application [6, B0]. Using these relations, it
becomes clear that the discrete gusts of interest currently being studied are well within
the region of Strouhal numbers previously studied by the aerodynamics community;,
but at reduced frequencies an order of magnitude higher. This has implications
relating to the evolution of force-producing flow characteristics such as the LEV,
which at higher reduced frequencies will have less time to develop before the wing
exits the gust.

Gust encounters have been studied theoretically and experimentally since the
1930s [58), [59]. These studies identified the gust ratio (GR = V’'/U,), the ratio of
the disturbance velocity to the freestream velocity, as a key parameter governing
the associated dynamics. Due to the limitations of the experimental and analytical
tools available at the time, early investigations were constrained to small gust ratios
(GR ~ 0.1), where linear approximations of the governing equations provided an
adequate description of the dynamics. Recent advances in experimental and compu-
tational methods have enabled the exploration of high gust ratios (GR ~ 1), where
nonlinear effects such as flow separation, vortex dynamics, and gust deformation play
a significant role [0, [§, (14, [40]. Experimental towing tank facilities equipped with
gust generator hardware have proved to be a valuable tool in the investigation of

transverse gust encounters. In towing tanks, generated gusts need not convect with



the freestream, thus allowing a large parameter space involving gust profile, width
and strength, as well as model kinematics to be explored [6], 8, 2] 4], 83, O7]. These
studies have yielded critical insights into the aerodynamics of large-amplitude gust
encounters, and particularly, on the formation and shedding of leading-edge vortices,
which dominate the unsteady aerodynamic response.

Building on this foundational work, recent gust encounter research has focused
on gust mitigation through kinematic actuation. In these studies, wings are actively
controlled to achieve desirable load responses during gust encounters [5], [48], [85] [98].
Recent work has shown that active wing pitching based on feedback from lift mea-
surements can significantly reduce undesirable load transients during wing-gust inter-
actions [5], [98]. Similar techniques have been applied to wind energy systems, where
active blade pitch control of vertical-axis wind turbines has been demonstrated to
achieve a threefold increase in power generation [63]. While effective, such control
strategies depend on direct load measurements, which are typically not available out-
side of the laboratory. This limitation underscores the need for alternative sensing
methods capable of providing flow information to controllers. To address this, this dis-
sertation explores the use of surface pressure measurements as a practical means of in-
ferring aerodynamic loads and capturing key flow phenomena during large-amplitude
transverse wing-gust encounters. The aim of this work is to study the flow physics
of transverse gust-encounters using simultaneous surface pressure, load, and flowfield
measurements, and also to investigate various flow sensing methods that can provide
valuable information about the state of the unsteady flow.

For unsteady flow investigations, surface pressures have been historically used
to provide important connections between the structures in the flow, model loads,
and vorticity generation mechanisms on surfaces [Il, [16, 32] [77]. Surface pressures

are also commonly used in conjunction with physics-driven or data-driven modeling,
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to estimate and control loads and flowfields in real time [2| 17, 43, [47]. Recently,
progress in the low-order modeling of unsteady flows has highlighted the importance
of airfoil leading-edge suction, a phenomenon tied to the surface pressure distribu-
tion near the leading edge [88] [I0T]. Hence, surface pressure measurements can also
aid in the investigation of leading-edge separation [24], 46]. Unfortunately, surface
pressure measurement in towing tanks is considered a laborious task, and require
considerable manufacturing and post-processing efforts. Jentzsch et al. [50] recently
outlined many of the challenges associated with towing tank pressure measurements.
Notably, towing tank models experience relatively low dynamic pressures, and thus,
small pressure differences that are hard to measure. The use of tubing, which con-
nect pressure taps on the model surface with pressure transducers located away from
the model also create complications. When measuring water pressure, tubing intro-
duces alterations in pressure amplitude and phase, which are especially detrimental
for unsteady measurements [I3]. Trapped air in the tubing can also contribute to the
error through its inertia (as the tubing is often accelerated with the model) as well as
through the impedance mismatch on the air-water interface. As part of this study, an
instrumented wing model was developed to overcome some of measurement compli-
cations discussed above. A secondary objective of this dissertation is to present and
validate the design methodology for the instrumented wing model, with the aim of
providing a useful framework for researchers seeking to acquire dense surface pressure

distribution data in towing tank experiments.

1.3 Dissertation outline

This dissertation is organized as follows: Chapter 2 reviews the relevant inviscid

and viscous physics underlying wing-gust encounters. Chapter 3 details the experi-
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mental methods employed in this study. Chapter 4 presents load and flowfield mea-
surements of transverse wing-gust encounters across varying gust ratios and Reynolds
numbers, evaluating the applicability of linear aerodynamic theory to fully separated
gust encounter flows. Chapter 5 examines simultaneous pressure, load, and flowfield
measurements, investigating the potential of pressure sensors for flow sensing appli-
cations. Chapter 6 explores the use of inviscid modeling to address challenges related
to flow sensing and gust mitigation. Finally, Chapter 7 summarizes the findings,

highlights key contributions, and offers suggestions for future research.
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Chapter 2: Physics of unsteady aerodynamics

This chapter presents the fundamental principles of unsteady aerodynamics in the
context of wing-gust encounters, emphasizing the physical mechanisms that govern
time-dependent fluid flows and the forces they generate. It begins with an overview
of viscous, incompressible aerodynamics, exploring the equations of motion, vorticity
dynamics, and their relevance to unsteady flows. The discussion extends to potential
flow theory, offering insights into inviscid approximations and their applicability to
modeling unsteady aerodynamic phenomena. By combining these perspectives, the
chapter establishes a comprehensive framework for analyzing the aerodynamic loading
experienced by wings during gust encounters and the underlying flow physics driving

these interactions.

2.1 Fundamentals of viscous, incompressible aerodynamics

2.1.1 Equations of motion

An important non-dimensional parameter that governs the motion of fluids is the
Mach number, which is defined as the ratio of flow velocity to the speed of sound. If
the Mach number of a particular flow is small, then dynamic density variations become
negligible and the fluid is said to be incompressible. The dynamics of incompressible
fluids are governed by the incompressible Navier-Stokes equations, which are mathe-

matical statements of the fluid’s mass and momentum conservation. Conservation of
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mass for an incompressible fluid necessitates that its velocity field is divergence-free,
V-u=0 (2.1)

where u is the velocity vector field of the flow. Conservation of momentum for an
incompressible fluid relates the acceleration of the flow to internal and external forces
acting on the fluid. In the absence of gravity and other body forces, the conservation
of momentum reads,

Ju

5% +u-Vu= —%Vp +vV?u (2.2)

where p is the pressure of the flow and v is the kinematic viscosity of the medium.
The first term on the left-hand-sight of equation represents acceleration due to
the local time evolution of the velocity field. Any flow for which this term is non-
zero is called unsteady. The second term on the left-hand-side represents the spatial
acceleration of the velocity field while the right-hand-side terms represent the pressure
and shear forces in the flow. If an immersed body exists within the flow domain — as
is typical for aerodynamic flows — the governing equations need to be supplemented
with appropriate boundary conditions. For viscous flows, the appropriate boundary
condition is the no-slip condition, which states that the flow velocity on the body’s
surface is equal to that of the body, u = U. In other words, in a body-fixed reference

frame, all the components of velocity are equal to zero.

2.1.2  Vorticity and circulation

An important concept in the study of aerodynamics is that of flow vorticity. Vor-
ticty is defined to be the curl of a velocity field, w = V x u, and is equivalent to

twice the angular velocity of a local fluid element [66]. Its evolution equation can be
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obtained by taking the curl of the mass and momentum conservation equations and

combining them to yield,

g—;‘)+u~Vw:w-Vu+1/V2w (2.3)

This equation is often called the vorticity transport equation and states that vorticity
dynamics are driven by two mechanisms: tilting and stretching of vorticity due to flow
velocity gradients (w - Vu) and viscous diffusion (vV?w). In two-dimensional flows,
the velocity and vorticity vector fields are necessarily perpendicular, and the vortex
tilting and stretching term vanishes [91]. Hence, in two dimensions the vorticity

tranport equation can be written as

D
D—"; = V%W (2.4)
where we have used the definition of the substantial derivative, %(t) = %_9 +u- V().

A related and equally important quantity is the flow circulation. Circulation in a

flow is defined as a line integral of velocity around a closed curve,

I'= ?gsu- dl. (2.5)

By Stoke’s theorem, the circulation can be related to the flux of vorticity through the

surface bounded by the line integral contour [91],

F:ylgsu~d1://SV><u-dS://Sw-dS. (2.6)

In two-dimensions, the vorticity field and vector area element are parallel, and equa-
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tion (2.6)) reduces to

= //S w, dS (2.7)

where w, is the out-of-plane vorticity component. Thus, circulation is a measure of the
total vorticity in a given area and characterizes the angular momentum enclosed by
the bounding curve. Its conservation properties will be used to provide a convenient

formulation to understanding unsteady aerodynamic loading.

2.1.3 Aerodynamic impulse

An immersed body experiences pressure and shear forces everywhere on its surface.

Integrating these quantities results in the total aerodynamic loading experienced by

F_#pﬂds+#?w-ﬁds (2.8)

where T, is the viscous stress tensor. An indirect method to compute aerodynamic

the body [3],

loading is through the rate of change of impulse of the flow [ITI]. The reasoning is
as follows: In the absence of any immersed bodies and non-conservative forces, fluid
impulse is an invariant of the flow, despite any unsteadiness [91]. Thus, any change
in fluid impulse can be attributed to the force imparted on the fluid by an immersed
body. Specifically, the force on an immersed body can be calculated from the rate

of change in fluid impulse, which can be computed as a moment of the flow vorticity

field [I11],

I= L </wxwdv+/wx(ﬁxu)d5> (2.9)
nd—]. Vi S

drI

(2.10)
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where I is the fluid impulse, n4 denotes the number of dimensions, V; is the fluid
volume, S, is the solid surface with unit normal vector 72, and « is the spatial co-
ordinate. This is a very useful theoretical and computational tool in the study of
unsteady flows. To see why, we can evaluate the expression for a two-dimensional
flow in a reference frame which is fixed to the body and for which the freestream
velocity vector is parallel to the x-axis. The second integral in (2.9 vanishes and the

lift can be expressed as a change in vertical fluid impulse,

d
L=—p— .dV. 2.11
Pdt/vfm v (2.11)

Equation shows that lift can be explicitly computed from the generation of
vorticity and its streamwise movement. In unsteady flows — and particularly those
associated with wing-gust encounters — the background flowfield is inherently vortical
while the wing is shedding its own vorticity. Thus, equation provides a path to
study the impact of gust vorticity, shed vorticity, and their cross-interaction on the

aerodynamic loading.

2.2 Potential flows and inviscid aerodynamics

2.2.1 Governing equations

A flow is said to be potential if it is inviscid (v = 0) and irrotational (w = V xu =
0). These two assumptions imply that velocity field can be written as a the gradient
of a scalar potential, u = V¢ [II]. Conservation of mass further implies that this

potential satisfies Laplace’s equation,

Vi = 0. (2.12)
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The absence of viscosity in inviscid flows means that there is no mechanism to enforce
the no-slip boundary condition on solid walls. Thus, for inviscid flows the boundary
condition becomes a statement of equivalence of the normal velocity components
between the body and flow, n- V¢ = U - n, where n is the surface unit normal vector.
In other words, there is no requirement for the tangential velocity in the flow to be
continuous. Areas of tangential velocity discontinuity are called vortex sheets [91].
In inviscid flows, vortex sheets can be found on the surfaces of immersed bodies but
can also be found convecting freely in the flow. They are important objects in this
dissertation and their properties will be analyzed in some detail.

Potential flows can also be described through their streamfunction, ¢. The stream-
function is orthogonal to the potential and is constant along streamlines of the flow.
Defining the vector potential ¥ = [0,0,%]7, the velocity can be computed from the
streamfunction as u = V x ¥. Plugging this into w = V x u = 0 implies that the
streamfunction also satisfies Laplace’s equation, V21 = 0.

The potential flow formulation is convenient for several reasons. First, the funda-
mental solutions to Laplace’s equations are mathematically very well understood and
can be used to construct simple potential flows. Second, Laplace’s equation is linear,
meaning that we can use the principle of superposition to build up complicated flows
from simple ones. We will use this fact to our advantage to model the complicated

flows associated with gust encounters.

2.2.2 Vortices and vortex sheets

While potential flows are defined to be irrotational, they allow vorticity in the
form of isolated singularities [91]. Singular flow elements can be understood through

the fundamental solution of Laplace’s equation, G(x), which satisfies V2G(x) = §(x),
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e ds = #(s)ds

Figure 2.1: Depiction of a vortex sheet and its properties

and in two dimensions reads G(x) = 5= log|x|. G(x) is also called the Green’s function
of the Laplace operator. Singularities based on the fundamental solution satisfy the
potential flow assumptions everywhere except at isolated points in the flow. The
simplest of these singular solutions is the point vortezr, whose streamfunction can be
written in terms of the Green’s function as ¢ = I'G(x), where I' is a measure of the
strength of the vortex and is defined as the circulation of a contour encompassing
the vortex. The induced velocity of the point vortex can be computed from the
streamfunction or through the Biot-Savart law, which inverts the curl operator and
computes the velocity field from the vorticity field. Recognizing that the vorticity
field of the point vortex is the dirac-delta function, w = I'd(x)é3, where €3 is the

out-of-plane unit vector, the velocity can be computed from Biot-Savart (2.13))as,

u(x) = ; VG(x —y) X w(y)dV(y) (2.13)

u(x) = VG(x) x I'eg (2.14)

Another important singular element is the vortex sheet, depicted in figure 2.1} In

a two-dimensional flow, a vortex sheet is a surface across which there exists a discon-
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tinuity of tangential velocity. The jump in tangential velocity is the local strength of
the vortex sheet, v(s) = ut —u~. Its velocity contribution to the flowfield can be com-
puted through the use of the Biot-Savart law and by recognizing that its differential
lengths, ds, can be regarded as point vortices with strength ~(s) ds.

The local jump in tangential velocity implies a local jump in potential across the
vortex sheet, A¢ = ¢ — ¢~. For reasons that will become clear in later sections, we
are interested in calculating that potential jump. First, we recognize that the jump in
potential is related to the strength of the vortex sheet through its tangential gradient,

I

v(8) = =F(s) - V(97(s) = &7 (s)) = =5~ (2.15)

Second, we define the local circulation for the sheet by computing the circulation
integral with a contour that crosses the sheet at location s = £, as shown in figure
2.1} Since the flow is potential, the loop can be deformed to wrap the vortex sheet

tightly, leading to the following,

r(e) = yg(@u. e (2.16)
3

_ /0 (ut(s) — u(s)) ds (2.17)
3

:/O ~(s) ds. (2.18)

Taking derivative of (2.18) with respect to £ and setting equal to (2.15)) leads to,

dr  9A¢

=" (2.19)

This is a useful relationship that allows us to compute the potential jump using the

definition of circulation. Finally, to compute the integration constant we need one
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boundary condition. For the sheet in figure Ag¢(s = 0) = 0 so integration yields,
A¢(s) = —I'(s), which allows us to compute the potential jump of a vortex sheet at

an integral of its strength, v(s). Namely,

13
80(6) = = [ (s)ds. (2.20)

2.2.3 Circulation conservation

A useful observation is that for potential flows, the 2D vorticity transport equation
simplifies to Dw/ Dt = 0, which implies that the vorticity of a material volume
— or a volume that follows the same fluid particles in time - remain constant. The
equivalent result in terms of circulation is called Kelvin’s circulation theorem [103]

and reads,
DI
Df = 0. (2.21)
For unbounded flows, we can choose the material volume to be the whole flowfield,
leading us to the conclusion that the overall circulation in an unbounded flow must
be constant in time. Note that if a body exists within that volume, the circulation
about the body must be accounted for in the integral. This can be seen from the

following calculation which starts from ([2.7) and uses Stoke’s theorem to replace the

volume integral inside the body with a line integral on its bounding surface,

= // V xudS (2:22)
SfUSb
:/ qudV—l—% u- dl (2.23)
S

Cy

f
_ // w.dV + T, (2.24)
Sy
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where Sy is the planar fluid region, S; is the region occupied by the body, Cj, is its
bounding contour, and I’ is the circulation of a contour wrapped tightly around the
body. For a non-rotating body in a viscous fluid, I', as defined here is 0 by virtue
of the boundary conditions, and all of the circulation is contained within the fluid (a
rotating body contributes a factor of twice its angular velocity to the overall vorticity).
However, a body immersed in an inviscid flow will have a vortex sheet on its surface
and the overall circulation of the vortex sheet must be included in the circulation
budget.

An important observation came from Wu [111], who explains that the conservation
of circulation is also true for viscous flows, if the contour is drawn through regions with
negligible shear stress. This is because there can be no advective vorticity transport
across the material contour as it moves with the fluid, and only viscous diffusion can
allow for vorticity to cross the boundary. Again, for unbounded flows the contour can
be drawn to contain the whole flowfield, far away from any immersed bodies, and this
guarantees negligible viscous diffusion at the contour for any finite amount of time.
The conservation of circulation will be applied to both viscous and inviscid domains

and will play an important role in the understanding of wing-gust encounter flows.

2.2.4 Equivalent inviscid flows

Potential flow theory provides a convenient modeling platform for analyzing and
computing aerodynamic flows. However, its use requires some justification since it is
necessitates an idealization of the flowfield. There is also some ambiguity in deriving
relevant potential flows from viscous flows. To address these issues, we utilize the
concept of an equivalent inviscid flow [30]. Equivalent inviscid flows are derived by

lumping vorticity in the viscous layers into singular vortical elements. The procedure
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is demonstrated in figure 2.2 Figure depicts a viscous representation of a gust
encounter flow. The wing’s boundary layers have nonzero thickness and merge at the
trailing edge to form the wake shear layer. Further, there exists ambient flow vorticity
which interacts with the wing and its shed vorticity — a distinctive characteristic
of wing-gust encounter flows. Figure [2.2b] shows an equivalent inviscid flow to the
one shown in figure The boundary layers and wake shear layers have been
aggregated into vortex sheets of appropriate strengths, and the ambient flow vorticity
into a collection of point vortices. Another important equivalent inviscid flow can be
obtained by merging the top and bottom segments of the airfoil vortex sheet. This
is depicted in figure and is called the thin airfoil representation of the airfoil [3].
Thin-airfoil modeling has allowed important analytical results in both steady and
unsteady aerodynamics, some of which will be discussed in the coming sections.

A justification for neglecting the effects of viscosity can be made based on the
impulse perspective presented in section [2.1.3] Aerodynamic impulse states that
aerodynamic loads can be calculated solely from the generation and movement of
vorticity relative to the wing [I1I]. While the presence of vorticity in boundary
layers is restricted to viscous flows, the generation of vorticity on solid surfaces is
understood to be an inviscid process, and the action of viscosity is simply to diffuse
the vorticity away from the body [76]. Furthermore, the movement of vorticity for
unsteady aerodynamics flows in the Reynolds number range being investigated in this
dissertation (Re = O(10°)) can be considered to be convection-dominated. This is
because diffusion timescales are typically much longer than convection timescales for
moderately high Reynolds numbers. These two observations help classify the action
of viscosity as having a secondary role on aerodynamic loads. This allows us to justify
the use of potential flow dynamics and replace the boundary layers and other flow

vorticity with vortex sheets and point vortices, as shown in figure One obvious
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(a) Viscous aerodynamic flow containing vor- (b) Equivalent potential flow with singular
tical disturbances and boundary layers. vorticity elements replacing locations of flow
shear.
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(c) Representation of the body as a thin air-
foil.

Figure 2.2: Correspondence between viscous aerodynamic flow and equivalent potential flows
with thick and thin airfoils.

weakness of this analysis is its omission of boundary layer separation, a phenomenon
which will play a critical role in wing-gust encounter dynamics. In this dissertation,
separation will be modeled heuristically and will be discussed in some detail later on

in the text.

2.2.5  Thin-airfoil theory

The representation of a wing as a thin airfoil, as in figure [2.2c, along with the

use of potential flow physics has led to a variety of useful aerodynamics concepts.
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The thin-airfoil problem seeks to find the strength of the bound vortex sheet, ,,
which satisfies the problem boundary conditions. The first boundary condition states
that the flow induced by the vortex sheet, as described by the Biot-Savart law, must
ensure that there are no normal velocities on the airfoil, turning the camber line of the
airfoil into a streamline of the flow. The second condition, called the Kutta condition,
requires the flow to leave tangentially at trailing edge. The solution for this vortex
sheet strength, 7, and its overall circulation I'y, can be famously written as a Fourier

series using the transform x = ¢/2(1 — cos @), where ¢ denotes the chord length [3],

(0, 1) = 2Ux <Ao( )1 - cos(d ZA sin(nd) ) (2.25)
Ty(t) = /C Y(z,t) de = Uooc7r<A0(t) + A12< )> (2.26)

A, are the Fourier coefficients which can be expressed in terms of the wing downwash
distribution, W(x,t), defined to be the local normal velocity on the wing induced

from all flow elements except the bound vortex sheet,

t) = —% /7r W[(jx’t) do (2.27)
A, (t) = %/ﬂ W[(]x,t) cos(nb) de. (2.28)

The downwash distribution includes the induced velocity from wing kinematics as
well as from flow vorticity. For example, it can include the induced normal velocity of
due to a wing pitching or due to the vorticity from a gust. This formulation will help
us analyze different aerodynamic loads experienced by wings in a variety of unsteady

flows useful to this dissertation.
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2.3 Decomposition of acrodynamic loading

In this section we use models of aerodynamic flows and understand the various
contributions to unsteady aerodynamic loading. The discussion will be based on
flows produced from unsteady wing kinematics, gust encounters, as well as their
combination. An important non-dimensional number that parameterizes unsteady

wing kinematics is the reduced frequency,
kE=—2— (2.29)

where f is the characteristic unsteady frequency. For example, f can be the frequency
of oscillation of a flapping wing. A high reduced frequency implies high degree of
unsteadiness. While gust encounter flows are typically not associated with a reduced
frequency, we can define an analogous parameter. Instead of frequency, we can think
about the period of the gust encounter, or the amount of time a wing spends inside
a gust. For wings moving with constant velocity U, the gust period is defined as
T = w/Us, where w is the gust width. Plugging in f = 1/T to the definition of
reduced frequency results in,

e

kgust = E (230)

which is proportional to the inverse of the gust-width-to-chord ratio, w/c. Thus, we
can expect gusts that are long compared to the chord to induce less unsteadiness as

flow variations take place over large time intervals.
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2.3.1 Steady loads

For £k = 0 the flow is steady and the aerodynamic loading is solely due to the
wing’s circulation. This is evident from the well-known Kutta—Joukowski theorem
which relates the circulation of a wing to its lift through L = pU.,.I'y [3]. Consider a
thin airfoil with no camber, and at a small angle of attack. The downwash distribution
can be written as W(z) = Uysin(a) =~ Usa, where « is the geometric angle of
attack of the airfoil. Each of the Fourier coefficients vanish except for Ay which
evaluates to Ag = . The bound vortex sheet, its circulation, and the lift coefficient,

C; = 2L/(pUZc) evaluate to,

NCEY:

() = —2aUx 7z (2.31)
[y = Usgcma (2.32)
) = 2ra (2.33)

In this case, the lift coefficient is proportional to the wing’s angle of attack. If we now
consider a camber distribution z(x), then the local downwash distribution becomes
W (z) = U (sin(a) + tan ™' (—£)) = Uy (o — ). Evaluating the Fourier integrals
of thin-airfoil theory and using the Kutta—Joukowski theorem results in the following
lift coefficient,

C, =27 (Oz + ! /07r %(COS(Q) -1) d@) = 2T Qeft (2.34)

T dx

In this case, the lift coefficient is proportional to the effective angle of attack, ceg,
defined as the quantity inside the parenthesis. The effective angle of attack adjusts

the geometric angle of attack to to the varying flow incidence along the chord. Note
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that camber is not weighted equally along the chord, and points near the trailing edge

have a larger influence on the effective angle of attack.

2.3.2 Quasi-steady loads

Unsteady flows exhibiting low reduced frequencies (typically 0 < k£ < 0.05) are
classified as quasi-steady [65]. Quasi-steady flows exhibit time-varying loads and
inevitably time-varying wing circulation. Kelvin circulation theorem necessitates that
vorticity be shed from the wing to balance this change in body circulation. However,
even though shed vorticity is theoretically present in quasi-steady flows, it is quickly
convected away by the freestream and does not contribute to the loads over meaningful
timescales. Instead, the unsteady loading is dominated by the change in incidence
induced by the kinematics or a gust. This can be theoretically quantified as a change
in the wing’s effective angle of attack. Figure 2.3] shows different types of unsteady
flows and their quasi-steady representation. Pitching motion is defined by its pitch
rate, &, and its pitch axis location, a € [—0.5,0.5]. The induced velocity varies
linearly across the wing and this induces virtual camber, shown on the right of figure
m. Plunging motion is characterized by its plunge velocity, &, and induces a constant
change in angle of attack across the wing chord. Transverse gusts are characterized
by their gust velocity profile, vy, and also induce virtual camber as shown in figure

2.3] The overall quasi-steady lift coefficient in terms of the unsteady parameters is,

C =27 <a+Uim+b(%—a)U%+/OW%?(COS(9)—1M0>. (2.35)

Note that in this regime, the loads are still an algebraic function of the unsteady
parameters and their instantaneous values fully define the instantaneous loads. In

other words, no information about the history of the flow is necessary.
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Figure 2.3: Schematic of the quasi-steady lift generation of wings in motion or wings exposed
to gusts.

2.3.3 Unsteady circulatory loads

Flows with £ > 0.05 are typically classified as fully unsteady [65]. In this regime,
the influence of shed vorticity on the loads cannot be ignored. As a result, the
instantaneous unsteady parameters no longer prescribe the instantaneous loads, and
information about the history of the flow is necessary. Related to this is the fact that
the use of the Kutta—Joukowski theorem is no longer appropriate. In the unsteady
regime, the rates of change of circulations also appear in circulatory load components.
To demonstrate this, consider a wing at some angle of attack, impulsively accelerated

to a velocity U, from rest. While the wing is at rest, the overall circulation of the flow
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is 0. At some time instance after the wing has been accelerated, it has circulation Iy,
which means that up to that point it must have shed vorticity with circulation —I', so
that overall circulation is conserved. The simplest way to model this flow is to lump
the bound vorticity to a single point vortex of strength I'y, and the wake vorticity to
another point vortex of strength —I',. The two point vortices are a distance d apart
and are moving away from each other at velocity U,,. The flow is depicted in figure
2.4 To compute the lift of this system we can evaluate the change in aerodynamic
impulse described in section m Starting from equation , and recognizing
that vorticity field of this flow is w, = T'y0(x1) — T'y0(x2), the change in aerodynamic

impulse evaluates to,

d v,
= e / (D) ~ Do) ) dV (2.37)
Vi
d
= p— (de) (2.38)
= pUs Ty + pdl, (2.39)

The calculated lift of this two vortex system has a term equivalent to the steady
Kutta—Joukowski lift but also a term proportional to the rate of change of circulation,
', multiplied by the distance between the two vortices. Thus, for fully unsteady flows
(k > 0.05), unsteady terms in the governing equations cannot be routinely neglected
and the rates of change of flow circulations need to be accounted for.

When attempting to model more complex systems such as those discussed in
section [2.2.4] and shown in figure 2.2d the impulse of individual vortex sheets needs

to be evaluated. For example, applying the integral (2.11]) to a flow with a single
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vortex sheet leads to,

L=—p ( /C | d”gis)sds + /C WA ds) (2.40)

where U(s) is the local streamwise velocity of the vortex sheet (not necessarily con-

stant if the vortex sheet is deforming). The second integral is tied to the overall
circulation of the vortex sheet. For example, for a rigid vortex sheet convecting at
Uy it evaluates to U, Iy, where I'y is the overall circulation of the vortex sheet. The
first integral reflects the contribution of the rate of change of the local vortex sheet
strength (the unsteady contribution). However, upon inspection of the term it is clear
that a vortex sheet can generate forces even without any net circulation. That is,
even if the total vortex sheet strength integrates to zero, I', = 0, the time-dependent
variation of the vortex sheet strength can still produce a non-zero force. These forces,

referred to as non-circulatory forces, are explored further in the next section.

2.3.4 Non-circulatory loads

At high reduced frequencies k > 0.05, non-circulatory aerodynamic loads need to
be accounted for along with unsteady circulatory loads. The terms non-circulatory
loads and added-mass loads are often used interchangeably. “Added mass” refers to
the effective mass of the fluid that must be accelerated along with the body during
unsteady motion, leading to forces that scale with the body’s acceleration. While
the equivalence of added-mass and non-circulatory loads is true for many flows, in
the context of gust encounter it is not accurate. Non-circulatory forces and moments
arise from changes in the strength of the vortex sheet that do not contribute to
the net circulation around the body. Following the seminal work of von Karman

and Sears [105], the lift produced in unsteady aerodynamics can be decomposed into
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three components: The quasi-steady lift, the added-mass lift (non-circulatory), and
the lift due to the presence of the wake. The first component corresponds to the
results of steady thin-airfoil theory, where wake vorticity is assumed to be infinitely
far downstream of the wing. The second component corresponds to the vortex sheet
that develops in order to enforce no flow through the wing during wing accelerations,
and the last component corresponds to the vortex sheet that develops to counteract
the downwash (or upwash) due to the wake. A paradox arises in the case of a gust
encounter, as there is an added-mass force according to the definition of von Karman
and Sears [I05] but with no body accelerations. Corkery and Babinsky [19] showed
that this force arises due to the change in the vortex sheet induced by the gust vorticity
on the wing. In accordance with Kelvin’s circulation theorem, all vorticity in the flow
not shed by a body must sum to zero. Therefore, this induced vortex sheet must
have no total circulation and is appropriately called 'non-circulatory’. It is worth
noting that researchers have identified these vortex sheets even in the presence of
flow separation and external vorticity [19, 22] 40]. In light of this evidence, in this
dissertation we assume that non-circulatory effects approximately superimpose with
circulatory effects. The quasi-steady lift and the lift due to the wake make up what is
called circulatory lift, as they are associated with the build-up of bound circulation.
Further discussion on the resolution of this apparent paradox for the general case of
a body immersed in a viscous flow can be found in Limacher et al. [68].

It is possible to derive analytical expressions of non-circulatory forces for a variety
of unsteady flows. For pitching and plunging thin-airfoils such as those shown in
figure the non-circulatory forces are

Ne & h  bad
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Figure 2.4: Schematic of the flow produced by an impulsively started wing.
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Figure 2.5: Schematic of an inviscid model for unsteady flows consisting of a bound vortex
sheet and a wake vortex sheet.

where &, & and h are the pitch rate and pitch acceleration, and plunge acceleration
respectively, b is the semi-chord, and a € [—0.5,0.5] is the non-dimensional pitch axis
location. For gust encounters, no such simple expression exists for the non-circulatory
loads, but we will discuss how it can be computed from Kussner’s transverse gust

model to be discussed in the next section.

2.3.5 Indicial response aerodynamics

Most unsteady aerodynamics flows evolve in ways that cannot be described analyt-
ically, and thus, general closed-form expressions do not exist for their load evolution.
However, progress can be made making simplifications on the assumed generated
flowfield. Classical unsteady aerodynamics theory uses a set of simplifying assump-
tions to derive analytic or semi-analytic expressions for the loads on a wing section.

Typically, the wing is modeled as a thin airfoil with a vortex sheet placed on its cam-
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ber line. The wake is also modeled as a vortex sheet starting at the trailing edge and
is assumed to be flat and frozen in the flow. Using the above simplifying assumptions
along with the enforcement of no flow through the wing, as well as the Kutta condi-
tion and Kelvin’s circulation theorem, load coefficients can be derived as a function
of the unsteady operating conditions and wing kinematics.

The theory of indicial aerodynamics is a framework used to describe the aerody-
namic response of a lifting surface to sudden changes in flow conditions. By charac-
terizing the time-dependent aerodynamic loads due to step inputs in angle of attack,
gust velocity, or other perturbations, indicial aerodynamic models form the basis for
understanding and predicting unsteady aerodynamic behavior in both canonical and
complex flow scenarios. The formulation of indicial aerodynamic models involves

several important assumptions and approximations:

e Inviscid Flow: The majority of models are derived under the assumption
of inviscid flow, neglecting viscous effects to focus on the dominant unsteady

aerodynamic phenomena.

e Thin Airfoil Theory: Indicial models are based on thin airfoil theory, which

assumes small wing thickness, camber, and angle of attack.

e Linearization: Indicial models assume small perturbations, allowing the aero-
dynamic response to be described using linear theories. This simplification
facilitates analytical solutions and integration into broader linear dynamical

systems frameworks.

e Flat wake: Indicial response models assume a simplified wake to allow analyt-
ical tractability. In most theories, the wake is assumed to be flat and aligned

with the freestream.
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The linear nature of these models allows the use of superposition to predict the
response to arbitrary time-dependent inputs by convolving the step response with
the input history. Below is a description of some important unsteady aerodynamics
models relevant to this dissertation.

Wagner’s Model

Wagner’s model Wagner [106] describes the time-dependent lift response of a thin
airfoil to a sudden change in angle of attack, or more generally, to any step change in
the quasi-steady bound circulation of an airfoil. The Wagner function, ®(¢), depicted
in figure [2.6] captures the delayed build-up of lift due to the vorticity shed from the

wing’s trailing edge. Mathematically, the lift coefficient C' is expressed as:

O (t) = 2mad(t), (2.42)

where « is the step change in angle of attack and ®(¢) is a function that asymptotically
approaches unity as time progresses. Notably, its initial value is exactly half of its
final value. This means that, at the moment of the step change, the wing generates
half of the total lift it will ultimately achieve as time progresses.

Theodorsen’s Model

Theodorsen’s model extends Wagner’s framework to harmonic oscillations in wing
motion. Using a frequency-domain approach, Theodorsen developed a transfer func-

tion, C'(k), that relates the unsteady lift and moment to the motion of the airfoil:

HP (k)

O = 0+ P

(2.43)

where H? are Hankel functions of the second kind and k is the reduced frequency.
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Figure 2.6: Comparison of Wagner’s and Kussner’s functions

The lift coefficient can then be written as,
(2.44)

h +a+b 1—a a@
Us 2 Uso

The first term in equation (2.44]) represents the non-circulatory forces, while the

&  h bad
CL =7b (K—F@ - @) +27TC<]{Z)

second term represrents the circulatory forces. Notably, the circulatory forces are
modulted by the transfer function C'(k), which introduces unsteady delay effects.

Kiissner’s Model

Kissner [59] used Wagner’s result to to extend indicial response theory to trans-
verse gusts. He modeled the wing as a broken-line airfoil, whose local angle of attack
and quasi-steady bound circulation are computed from the gust velocity. The mod-
eled flowfield is shown in figure 2.7} For a detailed derivation of Kiissner’s model the
interested reader is pointed to Leishman [65, Chapter 8.1].

The Kiissner function, ¥(t¢), plotted in figure captures the gradual develop-

ment of lift as an airfoil enters a sharp, transverse gust. The lift coefficient due to a
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Figure 2.7: The flowfield in Kiissner’s gust encounter model. The wing and wake are repre-
sented as vortex sheets and the local angle of attack of the airfoil changes according to the
local gust velocity V.

step gust of velocity V, is given by:

_ 2V,
=

Cr(t) W(t) (2.45)

where U, is the freestream velocity. Like Wagner’s function, W(¢) approaches unity

at steady-state, but unlike Wagner’s function its initial value is zero.

2.3.6 Load decomposition

As discussed, the linearity of indicial aerodynamics models makes them particu-
larly valuable for integration into linear dynamical systems frameworks. For example,
lift responses to arbitrary gust profiles can be computed using a superposition integral

with Kussner’s function,

Cr(t) = ;—Z /O W(t— ﬂdvjf) dr (2.46)

where vy() is the gust velocity at the leading-edge of the airfoil. This can be applied
to realistic atmospheric gusts or gust generated in a laboratory for experimentation.
Figure displays time-averaged gust velocity profiles generated in the University of

Maryland towing tank gust generator [96]. These profiles can be used as input into
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Figure 2.8: Time-averaged gust velocity profiles generated by the UMD towing tank gust
generator. Figure obtained from Ref. [96] with permission.

this dynamical systems framework. The output is the lift response to each of these
gust profiles.

As discussed earlier, the lift produced in unsteady aerodynamics can be de-
composed into three components: The quasi-steady lift, the added-mass lift (non-
circulatory), and the lift due to the presence of the wake von Karman and Sears
[105]. Each of the lift contributions are shown figure for a trapezoidal gust profile
with gust width of 1.4 chords and a sine-squared gust profile with a gust width of
2.6 chords [96]. These forces have been obtained as part of this dissertation using
unsteady vortex simulations which explicitly enforce the frozen wake and attached
flow assumptions. Epps and Roesler [35] showed that this method accurately ex-
tracts the forces and circulations from classical unsteady theories, which often do
not have closed-form time domain solutions. These forces are extracted numerically
from the vortex model in the following way: At each timestep, the bound vorticity
distribution can be determined by solving the linear system AI' = RHS, where A
is a matrix containing the influence coefficients of the bound vortices, I' is a vector
containing the circulation of the bound vortices, and RH.S is a vector containing the

induced velocities from the flowfield. The circulatory and non-circulatory bound vor-
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Figure 2.9: Lift decomposition in Kiissner’s model for (a) Trapezoidal gust profiles and (b)
sine-squared gust profiles

ticity distributions are extracted by decomposing RHS into contributions from the
shed vorticity and the gust, RHS = RH Sy, + RHSgpeq, and then solving the two
linear systems for I and I'*. The corresponding circulatory and non-circulatory lift
is then calculated using equation (2.11)). The quasi-steady lift, L%, is obtained by
integration of the effective angle of attack induced by the gust along the chord of the
wing. The lift induced by the wake, L™, is calculated by subtracting the quasi-steady
lift from the total circulatory lift.

Figures [2.9a] and [2.9D] show that during the early phases of the gust encounter,
most of the force is non-circulatory. As the effective angle of attack increases, the
quasi-steady lift increases accordingly and there is a (delayed) build-up in bound cir-
culation following Wagner’s theory [106], which is balanced by opposite sign vorticity
shed in the wake. This negative wake vorticity induces downwash on the wing and
therefore has a negative contribution to the overall lift as shown in figure 2.9 Simi-

larly, as the effective angle of attack decreases in the later stages of the gust encounter,
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the quasi-steady bound circulation also decreases. Consequently, the vorticity that
is shed in the wake is positive and induces upwash on the wing and therefore has a
positive contribution to lift. This positive wake-induced lift is the sole contributor
to lift after the gust exit and persists for several chord lengths in accordance with

Wagner’s indicial response.

2.4 Viscous flow physics

While the inviscid physics discussed in this chapter capture important character-
istics of wing-gust encounters, they neglect viscous effects, which can be significant in
certain cases. Notably, the formation of a leading-edge vortex (LEV) is only possible
in the presence of viscosity and plays a critical role in large-amplitude gust encoun-
ters. In this section, we explore key characteristics of LEV flows and discuss their

heuristic modeling.

2.4.1 Leading-edge vorticity flux

The seminal work of Didden [28] expressed the growth rate of a vortex by inte-
grating the vorticity flux over the shear layer. By assuming a linear velocity profile

across the shear layer, the vorticity can be approximated by,

W, N — R — (2.47)

where 0 is the thickness of the shear layer feeding the vortex. Similarly, the size
of the LEV can be approximated by the mass flux from the shear layer into the
vortex. In this section we use these vorticity flux methods to predict the general

scaling between LEV growth and the relevant transverse gust encounter parameters.
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We follow the treatments of Widmann and Tropea [108] as well as other studies of
unsteady aerodynamics flows [90, [02] The goal can be stated as follows: Given some
fixed geometry, what are the effects of the experimental parameters such as Reynolds
number and gust ratio on the leading-edge vortex.

The problem at hand is depicted in figure 2.10] A control volume can be drawn
around the LEV, shown in figure 2.10a] The LEV circulation can be determined by
integrating the fluxes on the boundary of the control volume. The LEV vorticity flux

equation is derived in Eldredge and Jones [32] and in two dimenions it reads,

dr dw,
< _ [ w.u-ndB dB 2.48
% /Bw u-n +/Bydﬁ (2.48)

where 0 is the normal vector along B. The first term represents the convective
flux and the second term represents the diffusive flux through the control volume
boundary, B. All of the vorticity of the LEV originates from the leading edge shear
layer and therefore the integral in equation is only non-zero along the part of
the control volume boundary intersecting the shear layer, C'. Furthermore, as noted
in [32] the diffusive flux is likely to be small when compared to the convective flux
through the shear layer. Therefore the integral can be simplified to,
%:/szu-ﬁdC (2.49)
The angle of curve C is fixed by the effective angle of attack seen at the leading edge,

Qeft, shown in figure 2.10P] Assuming a linear profile for the two velocity components

across the shear layer, the vorticity can be written as the total velocity over the shear
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layer thickness,

du dv VU2 + V2

W, = (— — —) ~ (—) (2.50)
dy dx )

where V' is the local vertical velocity induced by the gust. The assumptions stated

above and shown in figure imply that the velocity vector in the integral in

equation ([2.49) is always normal to curve C, i.e. u-f = vu?+ v2. Introducing a

parametric variable r € [0, 1], the equation (2.49)) can be written and evaluated as

shown below,

dr
- — - 2.51
& /sz u-ndC (2.51)
1 /U2 12
x /0 (OOTJr) VUL +V2rédr (2.52)
1
o §U§O(GR2 +1) (2.53)

The proportionality symbol has been used to emphasize that this is not an exact
relationship as the flow acceleration effects around the leading edge have been ignored.
For example, Fage and Johansen [30], found that for an airfoil at a high angle of attack,
the velocity of the shear layer, Ugy, is about 35-50% higher than the freestream
velocity, depending on the angle of attack. Furthermore, induced velocities by the
bound vorticity and LEV will also change the shear layer velocity. This will inevitably
lead to errors, but the elementary scaling effects of the experimental parameters can

still be captured. An identical calculation can be carried out for the size of the LEV
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by integrating the mass flux across curve C.

A
d mv:/\»ﬁdc (2.54)
C

dt
1
x / VUL +V2rédr (2.55)
0
x gUooV GR? +1 (2.56)

This calculation shows that the LEV area has a direct dependence on the shear
layer thickness, 9, a quantity not known a priori. Assuming that the vorticity in the
shear layer originates at a stagnation point on the pressure side [76], and that the
stagnation point flow is quasi-steady since the angle of incidence in a trapezoidal gust
is approximately constant, the Hiemenz equations [49] can be used to approximate
the thickness of the shear layer, as discussed in Widmann and Tropea [108] and

Schlichting and Gersten [93|. This approximation is given by,

5:24%% (2.57)

where v is the kinematic viscosity of the fluid and a is a parameter that describes
the local flow curvature around the stagnation point on the pressure side, i.e., a =
Us(z,y)/z = =V (x,y)/y, with the origin of the coordinate system located at the

stagnation point. a is proportional to U, a = apUy, and equation (2.57) can then

v
=24 2.
] 1/aOUoo (2.58)

Equation ([2.58]) can be used in conjunction with equation ([2.56) to predict the area

be written as,

growth of an LEV. In this dissertation, a steady vortex panel method was used to
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Figure 2.10: (a) Control volume analysis of LEV growth and (b) geometry of the problem
after simplifying assumptions have been applied

compute the location of the stagnation point and the parameter aq. It is found to be
1.67 and 2.59 for gust ratios 0.75 and 0.5, respectively. This method was also used in

[108] to calculate ay.

2.5 Chapter summary

In summary, this chapter explored the fundamental physics of unsteady aerody-
namics, in the context of wing-gust encounters. The roles of vorticity, circulation,
and aerodynamic impulse in the generation of unsteady forces was explored. Poten-
tial flow theory was presented and used to discuss inviscid, unsteady aerodynamics.
This theory was then used to decompose unsteady loads in terms of its quasi-steady,
circulatory, and non-circulatory components. Finally, the chapter highlighted the lim-
itations of inviscid assumptions and introduced viscous effects, such as leading-edge

vortex formation, to address more complex flow scenarios.
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Chapter 3: Experimental methodology

This chapter describes the experimental methodology used in this dissertation.
Key measurements were obtained using Particle Image Velocimetry (PIV) for flow vi-
sualization, load sensors for quantifying aerodynamic forces, and pressure transducers
for surface pressure measurements. The chapter also details the characterization of
gust profiles, instrumentation of wing models with embedded pressure sensors, and

procedures for data synchronization and processing.

3.1 Towing tank facility

The experiments detailed in this dissertation were carried out using the University
of Maryland’s free surface water towing tank, pictured in figure This facility is
7 meters in length, 1.5 meters in width, and 1 meter in depth. Its design includes
a steel framework with transparent glass walls, enabling optical access for particle
image velocimetry (PIV).

The tank is equipped with a 4-degree-of-freedom motion control system, as shown
in figure [3.1b], which supports streamwise, stream-normal, rotational, and pitching
motions. The motor assembly consists of two independent parallel vertical brushless
linear motors (H2W BLDC-04), responsible for pitching and plunging movements of
the attached wing models. Out-of-phase motor actuation causes the model to pitch by

changing its angle of attack. Conversely, in-phase motor actuation causes the model
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(a) Picture of the UMD STAL towing tank (b) Rendering of towing tank car-
riage

Figure 3.1: UMD STAL towing tank

to plunge. This plunging motion is often used to cancel any spurious pitch axis
movement due to a change in angle of attack. The system also features a brushless
rotary stage for continuous rotation and two brushless linear motors (H2W BLDC-08)
that provide streamwise translation, generating the freestream velocity. The motion
control is managed by a multi-axis Galil DMC 4153 controller and magnetic motor

encoders.

3.2 Gust generator

In addition to standard aerodynamics testing hardware, gust encounter experi-
ments require the use of a gust generation system. For transverse gust experimenta-
tion in a towing tank, a vertical jet must be created somewhere along the length of
the tank. In the experiments of this dissertation, the gusting flow was created using
the gust generator depicted in figure [3.2] This gust generator is driven by a variable-

speed 1.85 HP Hayward centrifugal pump. The gust system circulates water through
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Figure 3.2: Rendering of the gust generator inside the STAL towing tank

a series of diffuser and turning sections that ultimately create a vertical gusting flow
at the lengthwise center of the towing tank. The first part of the diffuser section,
shown in red in figure 3.2 changes the cross-sectional shape of the flow from circular
(matching the shape of the PVC piping) to rectangular (matching the shape of the
gust outlet). The diffuser has a cone angle of 6°. After the flow has diffused to the gust
outlet area (83.82x12.7 cm), it is turned by 90° by a set of turning vanes. The turning
vanes radius is 2.54 ¢cm and have a chord-to-vane-spacing ratio of 25%. Finally, the
flow is conditioned through a honeycomb diffuser as well as a set of screens, depicted
in figure 3.2 The honeycomb has a cell size of 3.18 cm and a cell length-to-width

ratio of 8. The inner and outer screens were 16-mesh and 20-mesh, respectively.

47



3.3  Gust characterization

A gust characterization study was conducted to identify the shape and strength
of the created gust. A static PIV setup was used to measure time-resolved gust
velocities with varying pump RPM. The details of the static and tow PIV setup will
be presented in section [3.4 For the gust characterization study, the field of view
was centered 10 cm above the gust outlet, as shown in figure Figure [3.3b
depicts gusting flow time-averaged, out-of-plane vorticity component and velocity
vector field. The gusting flow is characterized by two shear layers that grow in size
with increasing height. The gust profile is defined as the vertical velocity a body
experiences as it goes through a gust. Figure [3.4] depicts gust profiles for 6 different
pump RPMs. The profiles each start with near-quiescent flow on either side of the
gust, and increase in strength in the shear regions. The region between the shear
layers exhibits an almost constant velocity, which gives the gust its characteristic
trapezoidal shape. The chordwise-averaged vertical velocity between the shear layers
as a function of pump RPM is shown in figure 3.4b] The figure shows that the gust
velocity increases linearly with pump RPM. Linear regression yields the relationship
V, = 0.03(RPM/1000) — 0.007, which can be used along with the prescribed tow

velocity to determine the experiment gust ratio.

3.4 Particle Image Velocimetry and load measurements

This dissertation contains experimental data from two separate PIV and load
measurement configurations. The two configurations are described in the following

sections.
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Figure 3.4: Gust profile and strength variation with pump RPM.
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Table 3.1: Experimental test matrix
Gust Profile Gust Ratio Maximum Incidence Reynolds Number

Trapezoidal 0.75 37° 6000, 12000
Trapezoidal 0.50 27° 12000, 17000
Trapezoidal 0.30 17° 12000, 28000
Trapezoidal 0.20 11° 12000, 42000

3.4.1 Configuration I: Static PIV

In the static PIV configuration, the camera, laser optics, and laser sheet were
located off of the carriage, and were therefore fixed in the lab reference frame. This is
depicted in a schematic in figure [3.6a], as well as in a picture in figure[3.7a] A Quantel
Evergreen Nd:YAG 532 nm laser is located below the tank and its beam is redirected
using a set of mirrors to a fixed structure mounted directly above the gust. On this
structure, a pair of convex and concave lenses control the focus of the beam and a
45° powell lens creates the laser sheet depicted in figure |[3.7a] The water tank was
seeded with class IV soda lime spheres with 37 pm diameter and a Phantom v641
camera with 2560 x 1600 pixel resolution was used to capture images at 15 Hz in the
laboratory reference frame.

In these experiments, the wing model used had a NACA0012-64 airfoil profile,
with a chord of 10.5 cm and a span of 63 cm resulting in an aspect ratio of 6. The
PIV plane was located 2.5 chords away from the wing tip of the model. The model
was equipped with a 6-degree-of-freedom ATI Mini-40 force balance, depicted in figure
that measured forces and moments at 1 kHz. Each experiment was repeated
five times and all measurements were ensemble averaged, as well as filtered at a cutoff
frequency of 5 Hz to remove structural vibrations in the 8-10 Hz range, as shown in
figure

Table summarizes the experiments used in this study. Two different Reynolds
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Figure 3.5: Example of an unfiltered, ensemble averaged, and low-pass filtered lift signal
obtained using the ATI Mini-40 force balance.

numbers were tested at four gust ratios. The gust ratios were chosen to investigate
two different regimes: A high gust ratio and a low gust ratio regime. All experiments
were conducted at a geometric angle of attack of 0°. The effective angles of attack
seen by the wing when fully immersed in gusts of gust ratios 0.75 and 0.5 are 37° and
27°, respectively. The effective angles of attack seen by the wing when the gust ratios

are 0.3 and 0.2 are 17° and 11°, respectively.

3.4.2  Configuration II: Tow PIV

In the tow PIV configuration, the camera, laser optics, and laser sheet were towed
with the carriage. This is depicted as schematic in figure [3.6b| and in a picture in
ﬁgurem A Photonics Industries Nd:YLF laser with a wavelength of 527 pm (DMX-
30-527) is used to illuminate the neutrally buoyant class IV soda lime sphere tracer
particles with a 37 pum diameter. The laser head was located beneath towing tank
and the beam was redirected to an optical setup located on the towing tank carriage,

as depicted in figuire The optical configuration used in these experiments was
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similar to the one used in the static PIV experiments. A pair of convex and concave
lenses and a powell lens were used to generate the laser sheet. An acryic block was
placed at the air-water interface to avoid laser sheet reflection and diffraction.

The test article used in these experiments was a NACA(0012 wing model with a
chord of 115 mm and a span of 556 mm, resulting in an aspect ratio of 4.8. The
wing model was equipped with a six-degree-of-freedom ATI Mini-40 force balance
that measured forces and moments at 1 kHz. Both PIV and load experiments were
repeated five times and the data was ensemble averaged to remove stochastic noise.
The force measurements were also filtered at a cutoff frequency of 5 Hz to remove
structural vibrations in the 8-10 Hz range. The gust experiments were carried out at
a Reynolds number (defined as Re = Uyc/v) of 10,000. The gust ratios, defined as
GR =V, /Us, used in this study are GR € [0.25,0.50,0.75, 1.00].

3.5 Pressure sensor wing model

In this section we discuss the design choices and manufacturing of the pressure sen-
sor instrumented model that was used in parallel with the models described in section
m. Following the design philosophy of [56], this work circumvents challenges in mea-
suring surface pressures disuccused in section chapter [I] by embedding the pressure
transducers directly below the model surface. While this eliminates the difficulties
associated with tubing, it introduces other design restrictions. Namely, the sensors
must be compact to fit inside the model, and also must measure absolute pressure
using an internal vacuum, as access to a reference pressure would again require the
use of tubing. Embedding sensors inside a model also results in long wiring distances.
Towing tank motors produce a substantial amount of broadband electromagnetic in-

terference (EMI) and long wiring carrying analog voltages exacerbates the noise in
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Figure 3.6: Two different PIV configuration used in this dissertation.
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(a) Picture of static PIV setup (b) Picture of tow PIV setup

Figure 3.7: Pictures of the two different PIV configuration used in this dissertation.

the signal. Thus, it is advantageous for the analog-to-digital conversion (ADC) of the
pressure signal to take place physically close to the location of the measurement to
minimize EMI.

Given these constraints, TE Connectivity’s (TE) MS5837-02BA pressure sensor
was selected for the measurements. The sensor is compact (3.3 x 3.3 x 2.75 mm),
comes with an internal calibration, and uses an 12C communication protocol which
directly outputs digital, temperature-compensated pressure. Its operating pressure
range is 300-1200 mbar, with a + 0.5 mbar accuracy. There are several drawbacks that
accompany this family of sensors. In the context of experimental measurements, ADC
chips located on the sensor limit the allowable sampling bandwidth. ADC conversion
times for this sensor range from 0.54 to 16.44 ms, depending on the selected over-

sampling rate (OSR), which after considering temperature compensation corresponds
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Figure 3.8: Sensor soldering and wiring.

Pressure side sensors

(a) Dimensions and pressure sensor loca- (b) One of the two sensor cavities of the in-
tions for the instrumented model used in strumented model used in this study.
this study.

Figure 3.9: Embedded pressure sensor wing model design
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Figure 3.10: Schematic depicting a single panel for the pressure integration procedure as
well as the resolves force components. The pressure sensor locations on the airfoil surface
are also shown.

to sampling frequency of 900 to 30 Hz, respectively. Further, ADC chips require a
stable voltage supply during the conversion cycle. In practice, this limits the wiring
distance from the power source to the sensor to approximately 0.3 m. We found that
this restriction can be relaxed if the voltage supply is stabilized near the sensor by
using a buffer capacitor, which connects the power and ground channels on the sensor
as shown in figure A buffer capacitance of 100 nF was found to remove most
AC noise from the 3.3 V DC supply voltage and extended 12C communication to at
least 2 m. The choice of pull-up resistors on the 12C data (SDA) and clock (SCL)
lines also affects the allowable sampling rate. Pull-up resistors restore the digital line
voltage to the supplied value (3.3 V in this case) when the sensor switch connected to
ground is off. It is typically recommended to use high pull-up resistances to minimize
power consumption when the digital signal line is high. However, a large pull-up

resistance increases the line rise time and thus limits the communication bandwidth.
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In the context of experimental measurements, power consumption is usually not a
concern and it is recommended to decrease the pull-up resistance as much as possible
to decrease signal rise time and allow higher communication baudrates. A pull-up
resistance of 1 k{2 was used in this system. A custom data acquisition board was
developed and used during the towing tank experiments. The board consists of a
Raspberry Pi 4 Model B computer module, 6 TCA9548 multiplexers to handle 12C
address conflicts, a 3.3 V power supply and digital IO connectors for the sensors.
A connection diagram for a single sensor is shown in figure [3.8b] An oversampling
rate of 2048 was found give the best balance between signal-to-noise ratio and time
resolution. With 42 sensors, the overall sampling frequency of the system was 120 Hz.

A wing model identical in dimensions with the one described in section was
constructed of Vera family photopolymers using the Stratasys Objet500 Connex3 3D
printer. The model was retrofitted with a total of 48 pressure sensors — 24 sensors
on one side, 1 chord away from the centerline and 24 symmetrically on the other,
as shown in figure [3.9a] For manufacturing purposes, each side houses either only
top side or bottom side sensors. Thus, the top and bottom sensors can only be
considered to be on the same wing section for flows that are symmetric about the
centerline. The sensor chips were covered with epoxy and silicon for waterproofing,
as depicted in figure [3.9b] while the sensor pressure port was exposed to the flow
through pressure taps. 42 of the 48 installed sensors were found to operate nominally
across all of the experiments conducted for this dissertation. For consistency, only
data from these sensors are presented for all the experiments. Their locations on the

surface are shown in figure [3.10] and listed in table

57



Sensor # 1 2 3 4 5 6 7 8 9 10 11 12 13 14
x-coordinate 0.0000 0.0167 0.0397 0.0795 0.1192 0.1589 0.1987 0.2428 0.2781 0.2980 0.3753 0.3996 0.4415 0.4790
y-coordinate 0.0000 0.0220 0.0320 0.0427 0.0497 0.0543 0.0573 0.0592 0.0599 0.0600 0.0588 0.0581 0.0563 0.0540

Sensor # 15 16 17 18 19 20 21 22 23 24 25 26 27 28
x-coordinate 0.5585 0.6004 0.6402 0.6843 0.7594 0.7991 0.8389 0.8786 0.0167 0.0397 0.0795 0.1192 0.1589 0.1987
y-coordinate 0.0486 0.0453 0.0418 0.0381 0.0304 0.0256 0.0214 0.0165 -0.0220 -0.0320 -0.0427 -0.0497 -0.0543 -0.0573

Sensor 7# 29 30 31 32 33 34 35 36 37 38 39 40 41 42
x-coordinate 0.2428 0.2781 0.2980 0.37563 0.3996 0.4415 0.4790 0.5188 0.5585 0.6004 0.6402 0.6843 0.7594 0.8389
y-coordinate -0.0592 -0.0599 -0.0600 -0.0588 -0.0581 -0.0563 -0.0540 -0.0517 -0.0486 -0.0453 -0.0418 -0.0381 -0.0304 -0.0214

Table 3.2: Locations of the pressure sensors on the airfoil’s surface

3.6 Measurement uncertainty and error propagation

The PIV raw images are processed using LaVision’s DaVis 8.4 software, employing
a multi-pass cross-correlation technique. The processing begins with three passes
using a 48 x 48 pixel square interrogation window with 50% overlap. For wing-
gust encounter cases, a 24 x 24 pixel auto-adaptive interrogation window with 75%
overlap is applied. The uncertainty of the PIV vector fields acquired in section [3.4] was
quantified using a built-in DaVis error tool that uses correlation statistics to construct
an error estimate [109]. For the static PIV experiments, the maximum uncertainty in
the velocity field was found to be 3.6% and the average error was about 1%, while for
the tow PIV experiments, the maximum uncertainty in the velocity field was found to
be 6.6% and the average error was about 3.5%. The error on the force measurements
was estimated based on the ensemble statistics of the experiments. The maximum
standard deviation was found to be approximately 7% of the ensemble mean.

Errors in individual pressure measurements are estimated by collecting time-series
data from each sensor at the specified oversampling rate and analyzing its statistics.
These standard deviations are then added to the ensemble standard deviations, in
the sum of squares sense. Uncertainty in derived quantities such as lift from pressure
integration are estimated using linear uncertainty propagation, discussed in [94]. An

example computation for lift proceeds as follows: The lift is written as a function of
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the pressure measurements, L = F(P;) = . k; P, where k; contains the effects of
scaling and projecting the measurement in the lift direction as discussed in section

3.7.3l The variance in the derived measurement can then be written as,

8F oF (9F

=1 le i+1
—Zk:ap+222kk:]pf’,,P O'PO'P (3.1)
i=1 j=i+1

where p(P;, P;) is the cross correlation between pressure measurements and op, are
the standard deviations of the individual pressure measurements. Since measured
pressure scales with the dynamic pressure of each experiment, errors are found to be
strongly related to the experiment tow velocity, Uy. For a tow velocity of 0.5 m/s,
the average error is less than 1%, while for a tow velocity of 0.1 m/s the average error
is found to be approximately 10%. Error bars based on these estimates are displayed

where possible.

3.7 Data postprocessing and analysis

3.7.1 Data synchronization and taring

The analysis presented in this dissertation requires synchronization of the load,
pressure and flowfield data. The sensors also need to be tared so that irrelevant
forces and pressures due to gravity and sensor drift are eliminated. Figure
shows the model pitch angle and height as a function of the experiment time, and
figure 3. 11D shows the pressure at the leading edge as well as the lift coefficient history
over the same time period. In the first 6 seconds of the experiment, labeled sensor

synchronization period, the model is aggressively raised to a height of 40 mm and
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Figure 3.11: Kinematics, measurements and phases of an example experimental run.

in the same manner brought back down. The creates 4 large lift spikes as well a
hydrostatic pressure jump, as shown in figure 3.115 The corresponding responses of
the sensors can then be used to synchronize the measurements to the commanded
kinematic profile.

Following this synchronization, the model is then brought to the height and angle
of attack that the experiment will be conducted in. A 10 second window called the
static acquisition period follows. During this time the model is completely stationary.
Time-averaging of the loads and pressures during this window provides a measure of
the bias of the sensors. This bias can then be subtracted from the measurement
to ensure that the reading of the sensors are 0 before the experiment. The data in
figure has already been de-biased, hence, the lift and pressure during the static
acquisition period is 0.

The model is then accelerated to the experiment tow velocity. A period of constant
velocity follows and in this case a gust encounter takes place at ¢ = 0. The model is

then decelerated and the experiment ends.
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3.7.2  Isolation of aerodynamic pressure

There are several pressure contributions that must be subtracted from the raw
signal in order to isolate the purely hydrodynamic contribution of interest. Pressure

data is presented in terms of pressure coefficient defined as,

_P-P,

3PU%

Cy

where U, is the freestream velocity and P, is the far-field static pressure. A conse-
quence of the taring procedure presented in section is that the initial P is sub-
tracted out during de-biasing. Thus, if the far-field static pressure remains constant
for the duration of the experiment, the remaining pressure divided by the dynamic
pressure would return the pressure coefficient of interest. However, if the towing tank
is not perfectly level everywhere along its length, the hydrostatic pressure seen from
the sensors will vary, as the wing will not be moving parallel to the free surface. Thus,
the farfield static pressure would also be changing. This effect can be seen in the mea-
sured pressure of figure [3.11b] After the model is accelerated to the experiment tow
velocity, the measured pressure continues to increase and begins decreasing a few sec-
onds before the deceleration period. Experiments at different tow velocities verified
that this contribution to pressure is indeed hydrostatic, since the magnitude of the
bias is the same across all experiments when plotted as a function of tow position.
To isolate this component, a hydrostatic tare run was performed at the beginning
each experimental campaign, where the wing was placed at 40 locations along the
length of the tank, and the pressures were again averaged over a 10 second window.

This created a hydrostatic bias as a function of tow position which was used to
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Figure 3.12: An example of how bias induced from a spatially varying hydrostatic pressure
is removed from the pressure signal.
compensate the signal during postproccessing as shown in figure for a single

sensor

3.7.3 Pressure integration

In this study, surface pressure distributions are integrated to recover instantaneous
pressure loads. A panel integration procedure is used, where the airfoil surface is
discretized into panels that have pressure sensors on their edges, as shown in figure
Each panel is assumed to have a linear pressure distribution, varying between
the measured pressures on its edges, P?, P!, Thus, the pressure force on each panel,
F;, can be computed as,

P+ P,
B e

where d; and n; are the length and normal vector of the ¢th panel, respectively. These

forces can then be resolved into wing-normal and wing-axial components, F4;, Fy,

62



for each panel i, and then added to recover the total wing-normal and wing-axial
pressure loads. To capture wing loading near the trailing edge, a fictitious pressure
measurement is added at the trailing edge by linearly extrapolating and averaging the
pressure and suction side pressure distributions. This creates a derived measurement,
PTE which is used in the panel method described above. The overall loads were
found to be insensitive to the inclusion of this trailing edge pressure, typically only

contributing less than 1% to the total.

3.7.4 Vortex tracking

An objective method of vortex boundary, centroid and circulation identification
is of interest in this paper as the properties of the LEV will be compared between
different experiments. The vorticity field obtained from the PIV velocity vector field
is useful in visually identifying vortex structures. However, when used in an algorithm
vorticity fails to differentiate between distinct (but close in proximity) flow features
such as a vortex and a shear layer. Furthermore, in flows with high ambient vorticity
such as those of a gust, vortices of strength greater than that of the LEV can appear
in the flow which further hinders the vortex identification process. In this work, an
algorithm based on the vortex identification method proposed by Graftieaux et al.
[44] is used. Graftieaux et al. [44] introduced two scalar functions, I'y and I's which
are derived directly from the PIV velocity field. Typically, I'; is used to identify the
vortex core and I’y is used to identify the vortex boundary. For each point in the

flowfield a circular window with radius R around that point is used to compute the
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I'y and T’y fields, which are defined as follows

N N
(x —x;) X w)-n
Iy —}j (3.2)
N =[x = x| ui]
N N
Z ) X Y)) (3.3

|1 = % [-][ 1 = |

where x is a position vector in the flowfield, u is a velocity vector, N is the number of
vectors in the circle of radius R, ug,, is the average velocity within the circle, and 7
is the unit-normal vector in the z direction. Typically, vortex centers have I'; values
greater than 0.9 and vortices have I'y values greater than 2/7. Therefore, any I' values
that do not meet either criteria are set to 0. Although LEVs do not necessarily have
the most vorticity in the flow, it is empirically found that they are the most coherent
and have the biggest cluster of valid I'; values at their vortex core. Therefore an outlier
remover algorithm is applied to the I'y field and the remaining valid I'; positions in
the flow undergo a vorticity-weighted average to determine the unique location of the
LEV centroid. The valid I'y values are then divided into different structures based
on their connectivity (effectively giving all the vortices in the flow) and only the one
with the previously identified LEV centroid within its boundary is kept and identified
as the LEV. This procedure is found to be very robust. In the rare cases where it
fails, a polygon is drawn manually around the LEV and the centroid is identified
again through a vorticity-weighted average. Figure shows examples of identified
LEV boundaries on top of contours of vorticity. The circulation of the LEV is then
found using Stokes” Theorem on the vorticity field inside the LEV boundary. The
error in the vortex tracking algorithm was estimated by manually identifying the LEV
boundary and centroid for a whole test case. When the algorithm was successful at

finding the LEV, the average error of the LEV properties was found to be 5% and
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Figure 3.13: Examples of LEV tracking during a gust encounter suing the I';-I'y algorithm

the maximum error was 8%

3.7.5 Finite wing effects

The pressure integration procedure described in section[3.7.3recovers the sectional
load coefficients at the measurement section. These differ from the overall model load
coefficients, which can be determined if the spanwise load distributions are known.
For unsteady flows, these distributions are related to the transient evolution of the tip
vortices, which is a difficult problem and an active area of research [15] [69]. We can
obtain insight into this expected error by using the lift distributions for steady flows,
which are well understood and can be computed using lifting-line methods [3], [73].
Specifically, we seek to use lifting-line analysis to express the overall lift coefficient
of the wing, given a sectional lift coefficient at a prescribed location. Since we are
interested in high incidence flows, we present a nonlinear variant of the lifting-line
problem, which accounts for decay of the lift slope at high angles of attack, as well
as the post-stall lift drop off. This is done through the use of 2D lift data, which
can be obtained through experiment or simulation. Here, they are calculated using
the XFOIL airfoil analysis tool, which has been shown capture the important steady
pressure distribution and load characteristics of airfoils in this regime [29, [75].

The lifting-line algorithm presented here is a Fourier domain version of the one
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discussed in Anderson Jr et al. [4], and proceeds as follows: An initial spanwise circu-
lation distribution is assumed and decomposed into a sine Fourier series. We make use
of the transformation y = —gcos(e), where b is the span of the wing, y is the length
along the span and @ ranges from 0 < # < 7. Thus, I'(f) = 20U ), Ansin(nd),

where the Fourier coefficients, A,,, can be computed as,

A, 7rbU ) sin(nd)do (3.4)

Given this distribution, the induced angle of attack distribution is determined as,

1 "7 (dr/dy)
(0) = d 3.5
) = - /Wy_yo " (3.5)
sm n@
Z (0 (3.6)

A new circulation distribution can be then computed using the Kutta-Joukowski

theorem and the 2D lift data as,

() = D7 ' (3.7)

where a(6) is the spanwise geometric angle of attack distribution and ¢(#) is the span-
wise chord distribution, which effectively specifies the planform shape. The process
then repeats until I'(#) converges.

Figure depicts computed normalized circulation distributions for three cases:
A wing with an elliptical planform at o = 5°, a rectangular wing at the same angle
of attack with dimensions identical to those used in the present experiments, and the
same rectangular wing but now at a post-stall angle of attack of 13°. The plot also

depicts the pressure measurement section at y*/b ~ 0.2. The analysis suggests that
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scribed in B0

for an elliptical planform, the sectional lift would be 16% higher than the overall lift.
In contrast, for a rectangular planform, the lift is only 1% higher than the overall lift,
due to the inefficient, yet flat pressure distribution produced by rectangular planforms.
This analysis shows that for attached flows it is expected that the sectional lift will
be close to the overall lift. For post-stall angles of attack, the induced angle of attack
near the wingtips causes the flow to reattach, resulting in higher lift near the wing
tips, as depicted in figure [3.14] Thus, for post-stall angles of attack, wing sections
near the tips have higher loading than the rest of the planform. This effect, along
with lift induced by the tip vortex itself, have been the subject of recent investigations
for low aspect ratio wings, and are a likely source of systematic error in this study

for post-stall angles of attack [26], 69).
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3.8 Chapter summary

This chapter detailed the experimental methodology used in this dissertation to
investigate wing-gust encounters. Key components included the UMD towing tank,
gust generator, and motion control systems. Measurement techniques such as PIV and
load sensing and pressure measurements were described alongside procedures for gust
characterization, pressure integration, vortex tracking, and data synchronization. The
chapter also addressed uncertainty analysis and finite-wing effects to ensure accuracy
and reliability in the experimental results.

Chapter 4 utilizes the static PIV setup and model. Chapters 5 and 6 employ the
tow PIV setup and instrumented wing model, providing synchronized flowfield, pres-

sure, and force data to investigate dynamic interactions during wing-gust encounters.
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Chapter 4: Evaluation of linear gust-encounter dynamics

This chapter presents and analyzes flowfields, lift transients explores how the vor-
ticity distributions shed from a wing’s leading and trailing edges affect its lift history
during a large-amplitude transverse gust encounter. Flowfields and lift transients
of blunt-edged wings encountering gusts are studied at different Reynolds numbers
and gust ratios. Emphasis is placed on comparing experimental lift transients and

vorticity distributions with those predicted by Kiissner’s transverse gust model.

4.1 Flow morphology and Reynolds number effects

This section presents the general flow evolution characteristics, as well a com-
parison between the experimental force transients and those predicted by Kiissner’s
model. The effects of Reynolds number on the flow and loads are also briefly explored,
as previous Reynolds number independence results have only been demonstrated for
flat plate wings |20}, [45], 83]. The low gust ratio regime consists of gust ratios 0.2 and
0.3 and the high gust ratio regime consists of gust ratios 0.5 and 0.75. Each gust
ratio is repeated at a different Reynolds number as shown in table For brevity,

flowfields only for GR = 0.3 and GR = 0.75 are presented.
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Figure 4.1: The vorticity fields for GR = 0.75 at (left) Re=6000 and (right) Re=12000
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Figure 4.2: The evolution of (a) the non-dimensional circulation and (b) the non-dimensional
area of the LEV for the high gust ratio cases

4.1.1 High gust ratio regime

Figure depicts the gust encounter vorticity fields at four different timesteps
for GR = 0.75. tUy/c = 0 corresponds to the leading edge entering the gust and
tUs/c = 1.4 corresponds to the leading edge exiting the gust. Figure shows the
LEV circulations and areas for the cases GR = 0.50 and GR = 0.75 which have been
extracted from PIV using the method discussed in section At tUs/c = 0.5
the flow for both Reynolds numbers has already separated and formed a small but
coherent LEV. The vortex has the same strength for both Reynolds numbers but for
Re = 6000, the vortex encompasses a slightly larger area as shown in figure [1.21]
For tU,/c = 1.1, a large region of secondary vorticity has formed under the LEV
and the flow is attached past the midchord. As the wing moves through the gust
the primary and secondary vorticities grow in strength and the reattachment point

moves down the chord of the wing. As the wing is exiting the gust at tUs/c = 1.5,

the LEV is noticeably larger for Re = 6000 as well as at a higher vertical position
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with respect to the wing. This is consistent with the fact that low Reynolds numbers
promote viscous effects and the shear layer (originally a boundary layer on the leading
edge with thickness oc Re %) has diffused over more fluid and therefore has more
mass. Although at both Reynolds numbers the secondary vorticity is separating at
tUs /c = 1.5, the separation at Re = 6000 is more advanced and has partly severed
the advection of vorticity into the LEV. This is again consistent with the fact that at
lower Reynolds numbers secondary vorticity is more diffuse but also more susceptible
to separation. Thus, for a given imposed adverse pressure gradient, the vortex-wall
interaction is expected to be more advanced. Before the boundary layer eruption
mechanism can fully detach the LEV, the wing exits the gust and the LEV is shed.
As the wing moves past the LEV in figures (g) and (h), the reattachment point
eventually reaches the trailing edge which induces flow reversal and a small trailing
edge vortex (TEV) forms. A topological perspective on this flow reversal mechanism
can be found in Rival et al. [90] for plunging kinematics. Furthermore, from figure

[4.2] it is clear that the Reynolds number also affects the convective time of LEV

*

rnset- As expected, increasing the Reynolds number delays the onset of flow

onset, t

separation and LEV formation.

4.1.2 Low gust ratio regime

The flowfields for GR = 0.3 are shown in figure At tUy /c = 0.5 the flow is
fully attached. The flow develops differently for each Reynolds number as the wing
moves through the gust at tU,,/c = 1.1. At Re = 28000 a boundary layer instability
is seen at this time on the surface of the airfoil, while at Re = 12000 there is shear
layer roll-up at the leading edge. At tU,,/c = 1.5 this leading-edge vortex has grown

and is forcing flow reattachment, while at Re = 28000 no such forcing mechanism
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exists and the flow is separating at the trailing edge.

4.1.3 Force measurements

Figure depicts the lift coefficients for each of the gust encounters discussed
in sections and For the low gust ratio cases (GR = 0.2, GR = 0.3) the
force coefficients are larger when the Reynolds number is lower. This is consistent
with the results seen in section [.1.2] At low gust ratios, the effective angle of attack
is close to the static stall angle of attack, which is known to be a strong function of
the Reynolds number. Therefore, changes in the Reynolds number can change the
separation dynamics of the encounter. As shown in figure .3 the flow separates
at the leading edge at GR = 0.3, Re = 12000 but not at GR = 0.3, Re = 28000.
Furthermore, this effect can be seen in the gust ratio normalized lift coefficients of
figure [£.4b] The high Reynolds number cases at low gust ratios converge to a smaller

peak coefficient than the rest of the cases. A two sample t-test has been used to
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Figure 4.5: Normalized LEV properties using the shear layer scaling suggested by equations
and [£.2): (a) Normalized LEV circulation and (b) Normalized LEV area
verify that the differences in maximum lift coefficient between Reynolds numbers is
statistically significant at the 5% significance level.

Given the similarity of the flowfields and the strengths of the LEVs, it is not sur-
prising that in the high gust ratio regime lift is independent of Reynolds number. This
can be attributed to the fact that at high gust ratios the boundary layer effectively
separates at the leading edge, not allowing any Reynolds number dependent effects
to materialize. It is worth noting that the difference in size of the LEV as shown in
figure does not affect the forces. However, this might not always hold true, as
the size of the LEV can trigger different LEV detachment mechanisms [I08] which
can in turn change the dynamics of the LEV. Figure 4.4b| shows that the well-known
gust ratio scaling is appropriate for high gust ratio gust encounters with rounded
leading-edge wings. Figure [4.4b] also shows the lift response of Kiissner’s model for
the trapezoidal gust shape. As observed in previous studies, the overall agreement
with experimental data is good. The success and shortcomings of the model will be

investigated in section {4.3
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4.2 LEV growth

In this section the vortex integral properties discussed in section are used to
study the growth of the vorticity shed from the leading edge. A trapezoidal gust has
an approximately uniform gust ratio across its width. Therefore, the LEV circulation
in equation and LEV size in equation , written in terms of the non-

dimensional variables scale as follows,

r 1,
— X = 1)t* 4.1
i 2(GR + 1)t (4.1)
A GR? +1
— ox 1.2t% | ————— 4.2
The (apc) Re (42)

According to this formulation the growth of non-dimensional circulation is linear
in t* with slope proportional to (GR? 4 1). The growth of the non-dimensional LEV
size is also linear in t* but with a slope that is governed by three non-dimensional
parameters: gust ratio, Reynolds number, and the product of chord with ag, the
streamline curvature around the stagnation point (for details on its calculation see
section .

Equations and suggest an alternative scaling of the LEV growth. Figure
depicts the data of figure normalized by the prediction of equation and
for each case, i.e., (GR?*+1) for the circulations, and (GR?*+1)%° (agc) %% Re™%5
for the areas. The normalized LEV properties in figure have similar growth rates
across the different cases, which suggests that, for the parameter space examined,
the LEV circulation and size growth are approximately proportional to the quantities
suggested by equation and . The disparity in the growth rates increases with
convective time. This could be attributed to the simplified calculation of the shear

layer velocity. At the initial stages of the gust encounter, the flowfield is dominated by
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Figure 4.6: Experimental and theoretical lift coefficients normalized by gust ratio for (a)
Trapezoidal gust profile and (b) Sine-squared gust profile

gust vorticity. However, in the latter stages, there is significant build up of bound and
LEV circulation, which affect the shear layer velocity. The two cases with Re = 12000
remain in fair agreement, while the case with Re = 6000 has a slightly larger maximum
LEV circulation, and the case with Re = 17000 has a slightly lower maximum LEV
circulation. This suggests that the Reynolds number is important in the leading edge
vorticity production after the wing has spent more than 1 convective time inside the

gust.

4.3 Comparison of experimental and theoretical circulations

This section evaluates the differences in circulation budget and lift between the
experimental data and Kiissner’s model. The normalized experimental and theoretical
lift coefficients for the two different gust profiles are presented in figure[£.6] The model
performs remarkably well during the early phases of the gust encounter. This suggests
that the experimental lift early in the gust encounter is indeed non-circulatory as

shown in figure[2.9] This phenomenon has been investigated by Corkery and Babinsky
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vorticity fluxes were measured.
[19] for wings with small thickness and extended to bodies of finite thickness by
Gehlert and Babinsky [40]. Effects that do not scale with gust ratio appear around
t* = 0.75, approximately coincident with the onset of flow separation. Namely, the
rate of increase of normalized lift slightly increases with increasing gust ratio, and
the convective time of the peak lift coefficient slightly decreases with increasing gust
ratio. This has also been reported by Andreu-Angulo et al. [6] and Andreu-Angulo
and Babinsky [5] (See for example figure 18 in Andreu-Angulo and Babinsky [5]).
After the peak lift coefficient is reached, the experimental lift has a sharper drop-off
than Kiissner’'s model. This drop-off is more pronounced for the sine-squared gust
encounter.

To investigate the above results, the experimental circulations shed from the lead-
ing and trailing edges are quantified. The partitioning is carried out as shown in figure

[A.7a] All vorticity shed from the leading edge is counted as LEV circulation, I'y gy,

while all vorticity shed from the trailing edge is counted as wake circulation, I',,. As
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Figure 4.8: Experimental and theoretical circulation trends during a transverse gust en-
counter for a sine-squared gust at (a) GR = 0.75 and (b) GR =1
the sum of gust circulation must be 0, the bound circulation, I'y, can be approximated
by the (negative) sum of the leading edge and trailing edge circulations. Therefore,
'y = —(T'ev + T'w). The leading edge circulation is captured by measuring the flux
of vorticity through a control volume centered at the leading edge with side length
8% of the chord. The trailing edge circulation is quantified by measuring the flux of
vorticity through a plane located at the trailing edge which is perpendicular to the
wing. The flux surfaces used are shown in figure [.7D]

A similar circulation decomposition can be applied to Kiissner’s model. Since in
this case the flow is attached, the bound circulation must be equal and opposite of
the total circulation in the wake, I' = —I'X where ()X denotes quantities related to

Kissner’s model. The bound circulation in Kiissner’s model can be further decom-

K

g5 and the circulation due to the image vorticity

posed into quasi-steady circulation, I
of the wake, 'K,
Figure [1.8) depicts the evolution of each circulation in Kiissner’s model as well

as the experimental circulations for sine-squared gust encounters at gust ratios of
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Figure 4.9: Wake vortex sheet distributions during a transverse gust encounter for (a)
Kiissner’s model and (b) experiments

0.75 and 1. From figure GR = 0.75 shows the best agreement with Kiissner’s
model. The circulation trends for this case are shown in figure [1.8a] Early on in
the gust encounter, both experimental and theoretical circulations are small. This
is consistent with the understanding that in this phase of the gust encounter most
of the force is non-circulatory as discussed in section [2.3.5] and shown in figure [2.9
As the effective angle of attack increases, the flow separates and a LEV forms at a
convective time of t* = 0.75. As positive circulation accumulates in the LEV, negative
bound circulation develops on the wing which is manifested in the wing’s attached
pressure side boundary layer, as well as suction side secondary vorticity. Circulation
shed from the trailing edge starts to increase as the wing is fully immersed in the gust
at around t* = 1. Interestingly, this trailing edge circulation very nearly follows the
theoretical circulation shed in Kiissner’s model up until ¢t* = 2. Since in Kiissner’s
model ' = —T'f and in the experiments I, = —(T' gy + I), it then follows that
Lrev+T, = TE ie., although the real viscous flow is separated, the bound circulation
of Kiissner’s inviscid model captures the combined circulations of the bound vortex
and LEV in the experiments.

For GR = 0.75, the circulation trends possess two more interesting characteris-
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tics: (i) The LEV circulation is approximately equal to the theoretical quasi-steady
circulation and (ii) the experimental bound circulation is approximately equal to the
theoretical bound circulation induced by the wake in Kiissner’s model (the image vor-
ticity required to enforce no flow through the wing, and the Kutta condition). In other
words, Kiissner’s bound circulation approximates the experimental bound vortex-LEV
pair with the LEV carrying positive circulation instead of the quasi-steady bound vor-
tex. This fact, along with favorable vortex dynamics (to be discussed in section ,
gives the model predictive power over a significant portion of the gust encounter.
However, this phenomenon breaks down at around ¢* = 2, at which point the
circulations diverge between theory and experiment. This is caused by the following
discrepancy between Kiissner’s model and the real separated flow: In the attached
flow theoretical model, the wing’s quasi-steady circulation decreases as it nears the
exit of the gust and positive upwash-inducing vorticity must be shed to satisfy Kelvin’s
circulation theorem, as discussed in section [2.3.5] This is shown in figure [£.9a] where
in the second half the gust encounter the circulation shed from the trailing edge is
positive. In contrast, in the real separated flow it is the LEV that is supplying the lift
and not the bound circulation. As the effective angle of attack decreases, the wing
will shed part of its bound circulation, which in this case is negative and downwash-
inducing. This is depicted in figure and can be seen in the PIV vorticity fields of
figures|4.1] (e) and (f). The absence of upwash-inducing wake vorticity is the reason a
much sharper drop-off is observed in experiments when compared to Kiissner’s model.
The model is only able to capture the correct wake topology while the quasi-steady
circulation is increasing. This is also shown quantitatively in figure [4.8] where in
the second half of the gust encounter the experimental wake circulation continues to
decrease, while Kiissner’s wake circulation increases until it reaches 0. This persistent

negative circulation in the experimental wake and the negative bound circulation
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after the gust exit often cause negative lift in the aftermath of the encounter (see for
example figure and figure 18 in [5]). Upon gust exit the effective angle of attack
is zero. The LEV is shed and is no longer supplying much positive lift, but the wake
is still inducing downwash, thus causing negative lift.

Further discrepancy between theory and experiments can be caused by the fun-
damental difference in the vorticity generation mechanism between linear theory and
separated lifting flows. The circulation of Kiissner’s quasi-steady bound vortex is
created from the integrated effect of the effective angle of attack over the chord of
the wing, and thus scales linearly with gust ratio. In contrast, the LEV has no such
restriction. In section [4.2] it was shown that under certain conditions, the vorticity
generated at the leading edge can instead be a function of the gust ratio squared,
and only a function of the effective angle of attack at the leading edge. Further-
more, it has been observed in this study as well as in studies of wings with unsteady
kinematics [24, 57|, that increasing the magnitude of the unsteady parameters can
lead to earlier flow separation and thus a decreasing time of LEV onset, ¢}, ..,. This
can be seen in figure which shows the circulation trends for Kiissner’s model
and the experiments at a gust ratio of 1. In this case, the LEV circulation leads the
quasi-steady circulation in Kiissner’s model by approximately 0.1 convective times.
The corresponding lift transient in figure shows similar characteristics, as the
peak lift coefficient is earlier than Kiissner’s model and the rate of increase of lift
is slightly larger for higher gust ratios. This effect can also be seen in figure
for a trapezoidal gust, where again the rate of increase of normalized lift increases
with gust ratio. It is worth noting that the rate of increase of LEV vorticity does
not directly translate to a corresponding increase in lift, as the bound circulation
also needs to be accounted for. Unfortunately, bound circulation is a function of the

proximity of the LEV to the wing, as well as the size of the region the LEV occupies,
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Figure 4.10: Computational and theoretical lift transients for a sine-squared gusts, varying
the gust width at a gust ratio of 0.8 [§]

and thus its growth rate is a nontrivial function of gust ratio. The data suggest that
the circulatory lift during a transverse gust encounter increases with a factor slightly

larger than gust ratio, i.e., GR" where 1 <n < 2.

4.4  Vortex detachment

In the previous section it was observed that, early in the gust encounter, Kiiss-
ner’s model captures the general circulatory characteristics of the real viscous flow.
However, equation [2.11] implies that the convection of vorticity is also a contributor
to the overall lift of the system. Indeed, the experimental agreement with Kiissner’s
model demonstrated in this study and in previous studies [9, [14], 2] is expected to
break down after some critical gust width, due to the convection of the LEV. For long
enough gusts, the LEV will reach its maximum circulation and detach. The purpose
of this section is to quantify the critical gust width and to show that the gust widths
under investigation are shorter than the critical vortex formation timescale. Thus, we
can expect the LEV to remain attached for the duration of gust encounter. In this
study, an LEV is called attached if it is connected to the feeding shear layer while

also convecting at a speed close to the freestream velocity.
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Figure 4.11: Vorticity contours and velocity vector field in the reference frame of the wing
at GR = 0.75 and Re = 12000, depicting the progression of the forced LEV detachment

upon gust exit.
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Stall-delay has been shown to be a function of the unsteady flow parameters [24].
Le Fouest et al. [64] quantified the stall-delay for pitching wings as a function of
reduced pitch rate. They found that the delay obeys a decaying power law, and as
pitch rate increases the delay asymptotically approaches the vortex formation number
discussed in section [I} i.e., the maximum time the LEV can grow before reaching its
maximum circulation and detaching. For a gust encounter, the pitch rate corresponds
to the rate of change of the effective angle of attack. This means that the high-
amplitude, high-frequency gust encounters presently being studied have an effective
pitch rate that is an order of magnitude higher than that required to achieve vortex
formation stall delay. Therefore, it is expected that the vortex formation timescale is
the limiting timescale of the observed lift transient and can be used to approximate
how wide a gust needs to be for stall to occur - stall in this case referring to the lift
drop-off at the end of the dynamic stall process.

Starting from the definition of vortex formation time, T = CT/(DAU), for
leading-edge vorticity production the constant, C', is often taken to be one, as dis-
cussed in Rival et al. [90] and the characteristic length-scale, D, to be the chord.
Furthermore, the velocity across the shear layer during a gust encounter is Ugy, =
\/W = U,ov/GR2 + 1 and the circulation of the LEV is expected to scale with
U2, |28, 108, 110], i.e., gy = KU2.t, where K is the proportionality constant
between the square shear layer velocity and the LEV circulation. Thus, we have the

following,

2
7 CTrpv _ KtUg,, _ KM /GR?2 +1 = Kt'VGR? + 1 (4.3)
cAU cUsp, c

A

According to vortex formation theory, there a exists a critical formation time, T,.;,

at which the LEV will reject any additional vorticity and detach. Using the above
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relation it is then possible to recover the critical convective time (or the gust width-

to-chord ratio) that a wing can spend inside a gust without stalling. Rearranging

equation (4.3)),

A

t* o <w> o Tcm’t (4 4)
erit c/eit  KvGR?2+1 '

Equation (4.4) states that as the gust ratio increases, the critical width-to-chord
ratio decreases since the LEV will reach its critical circulation faster. To the authors
knowledge, there exist no experimental apparatus that can vary the gust width to
determine the constants in equation . Badrya et al. [§] conducted a CFD study
for sine-squared gusts, keeping the gust ratio fixed and varying the gust width. The
lift coefficients are shown in figure [4.10] along with Kiissner’s prediction for each.
Their results show that for GR = 0.8, Kiissner’s theory captures the lift transient all
the way up to a gust width-to-chord ratio of 4, after which stall onset hampers the
model’s performance.

The experiments presented in this dissertation have a maximum gust width-to-
chord ratio of 2.6, well below the critical width-to-chord ratio predicted above, even
after accounting for a higher gust ratio. Therefore, the LEV grows until the wing
exits the gust at which point it detaches. This is evident in figure [£.2a] as the peak
circulation for each of the cases takes place as the wing is exiting the gust. Further,
figure shows that for gust widths longer than 4 chords, the peak lift coefficient
takes place before the wing starts exiting the gust. The detachment of the LEV is
facilitated by a forced interaction between the primary shear layer and the secondary
vorticity. The progression of the forced detachment is depicted in figure for
GR = 0.75, Re = 12000. In figure[d.1Th , the wing is fully immersed in the gust. The

LEV is attached and the separation angle at the leading edge is high due to the high
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effective angle of attack. As the wing is exiting the gust in figures[£.TIp and .11}, the
effective angle of attack gradually decreases and the shear layer moves closer to the
wing surface where it interacts with the secondary vorticity. The downward-moving
fluid of the secondary vorticity reverses part of the flow of the primary shear layer,
reducing the advection of vorticity into the LEV. By tU,, /¢ = 1.8 in figure , the

advection of vorticity into the vortex has ceased and the LEV has detached.

4.5 Chapter summary

This chapter investigates the lift and shed vorticity distributions of wing’s encoun-
tering transverse gusts. Emphasis is placed on comparing experimental lift transients
and shed vorticity distributions with those predicted by inviscid theory. The following
concepts are applied to transverse gust encounters: (i) The notion of optimal vortex
formation time, and (ii) LEV growth prediction through the integration of shear layer
fluxes. The circulation shed in the wake of Kiissner’s model were compared with the
circulation shed in the wake during experiments. A key result is that although the real
viscous flow is separated, the bound circulation in Kiissner’s inviscid model captures
the combined circulation of the bound vortex-LEV pair of the experiments, condi-
tioned on an increasing quasi-steady circulation. The performance of Kiissner’s model
deteriorates once the quasi-steady circulation starts to decrease. This is because the
lift-producing mechanisms between theory and experiment are fundamentally differ-
ent, even though they produce similar values of lift while the quasi-steady circulation

is increasing.
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Chapter 5:  Unsteady surface pressure measurements in a gust

This chapter investigates the unsteady pressure distributions produced during
transverse wing-gust encounters. Pressure measurements are initially presented for
steady and unsteady wings in pre-stall and post-stall configurations. The flowfields
and pressure distributions are then concurrently analyzed. Finally, quantities derived

from pressure are explored in the context of flow sensing for gust encounters.

5.1 Steady measurements

In this section, data from steady-state experiments are presented and the pres-
sure measurements are examined and validated. Figure presents steady (time-
averaged) pressure and load measurements at varying angles of attack at a Reynolds
number of 50,000. The figure compares lift, drag, and midchord pitching moment
coefficients obtained from the force transducer as well as the pressure integration
procedure described in section [3.7.3] Figure [5.1] also depicts four examples of time-
averaged pressure distributions for a € [2°,6°,12°,16°] along with pressure distribu-
tions generated by the XFOIL airfoil analysis tool discussed in section [3.7.5l The
XFOIL distributions were generated using viscous mode, based on the effective angle
of attack at the measurement section, taking into account the induced angle of attack

computed using equation (|3.6)).

The measured pressure distributions and force data in figure [5.1] indicate that the
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flow remains attached at the leading edge up to an angle of attack of 12°. For these
attached flow cases, the measured pressure distributions are in close agreement with
those obtained from XFOIL. A stagnation point with C, = 1 forms on the leading
edge for each angle of attack. A pressure plateau signifies the formation of a laminar
separation bubble for cases o € [6°,12°] at 30% and 10% of the chord, respectively, a
flow characteristic also present in the XFOIL distributions. The separated pressure
distribution at o = 16° exhibits a near-flat suction-side pressure of C}, = —1, while the
pressure side closely follows the attached flow solution. For post-separation angles of
attack, XFOIL is known to lose its accuracy due to assumptions built-in its viscous-
inviscid coupling scheme. In this case, XFOIL predicts the presence of a laminar
separation bubble near the leading edge, a flow characteristic not present in the
measurements.

The lift coefficients obtained from pressure integration are nearly identical to those
obtained from the force transducer for all angles of attack up to 12°. For post-stall
angles of attack, the lift drop-off as measured from pressure is larger than the one
measured from the force transducer. In , there is some contribution to lift that is
not reflected in the sectional pressure distribution measured near the centerline. This
suggests a concentration of lift near the tips of the wing, which is consistent with
the discussion in section [3.7.5] and recent work on the lift generation of low aspect
ratio wings at high angles of attack [20, [69]. In this regime, tip vortices can induce
reattachment as well as vortex lift near the wing tips, creating lift distributions that
grow in strength near the tips. Pressure sensors near the center of the wing are not
able to capture this lift mechanism, and so cannot capture the full lift produced by
the wing.

The pressure-integrated drag coefficient has a constant but small bias when com-

pared to the true drag coefficient (as measured by the force balance), likely due to the
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Figure 5.1: Steady-state pressure distributions and load coefficients measured at Reynolds
number of 50k. The pressure distribution plots also display XFOIL generated pressure
distributions. The load coefficient plots compare the loads measured from the force balance
with the loads obtained from pressure integration.

omission of the skin friction contribution to drag. Past the static stall angle of attack,
the drag coefficient increases drastically and the pressure-integrated drag converges
to the true drag, indicating that the overall drag is primarily due to pressure. The
pitching moment coefficient attained through pressure integration follows a similar
estimation trend as the lift coefficient, with the addition of a small bias that increases
with angle of attack. A possible explanation for this bias is the lack of resolution
of the leading edge suction peak, a well-known pressure characteristic of airfoils at
incidence, and evident in the XFOIL distributions. Overall, the data suggests that
the pressure sensing platform is able to capture the characteristics of steady pressure
distributions and the pressure integration is able to predict the the overall lift, pres-
sure drag and moment coefficients, with good accuracy, albeit with deterioration in

the lift and pitching moments after the onset of stall.
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Figure 5.2: Lift coefficient transients obtained from pressure integration and force balance
measurements for impulsively started wings at (a) varying angles of attack and (b) varying
acceleration parameters

5.2 Unsteady measurements

In this section, pressure and load measurements are presented for impulsively
started wings, with the aim of validating the time-response of the pressure sensors to
accelerating flows and to extend observations of the sectional pressure measurements
and integration procedure to the unsteady regime. The lift behavior of impulsively
started wings at incidence has been extensively studied and is known to be governed
by the vortex formation stage, during which lift increases, and the vortex detachment
phase, during which lift decreases and approaches steady state [12,[37, [71]. Figure[p.24]
compares the lift transients measured from the force transducer with those calculated
from integrating pressure, for an impulsively started wing at a € [5°,10°,20°]. The
wing is accelerated from rest with constant acceleration over a distance of five chords.

For each of the angles of attack, the pressure integration captures the lift during the
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Figure 5.3: Vorticity fields and pressure distributions during a gust encounter at GR = 1,
at four different timestamps
initial transient. For the attached flow cases, a € [5°,10°], the pressure integration
and force transducer measurements continue to agree into the steady-state region. For
a = 20°, the pressure integration starts to undershoot lift when lift starts to decrease
after approximately seven convective times. Hence, during the vortex formation stage
of the dynamic stall process, the sectional pressure distribution accurately tracks the
overall lift. However, once lift starts to drop due to the detachment of leading-edge
vortex, three dimensional effects discussed in section [5.1]are realized and the sectional
pressure distribution no longer reflects the distribution near the tips.

Figure [5.2b| compares the lift transients measured from the force transducer with
those calculated from integration pressure, for impulsively started wings at o = 20°,
for k € [1,3,5], where k is the acceleration parameter, denoting the distance in chords

during which the acceleration takes place. Each of the cases is qualitatively similar.
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Figure 5.4: Vorticity fields and pressure distributions during a gust encounter at GR = 1,
at four different timestamps

The lift from pressure tracks the force transducer lift for each of the cases during
the initial transient, and eventually undershoots the overall lift by an amount that
is independent of the acceleration parameter. Each of the curves converge to their
expected steady-state values. It is worth noting that the sensors are able to respond

to each of the accelerations with no sign of measurement delay or hysteresis.

5.3 Transverse gust encounters

5.3.1 Pressure-flowfield analysis

In this section the unsteady pressure distributions during transverse gust encoun-
ters are investigated. Figures and show the vorticity contours along with

the corresponding pressure distributions at different convective times, defined as
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Figure 5.5: Pressure distribution during a gust encounter for four different gust ratios and
at six different timestamps

t* = tUs/c, during a gust encounter with GR = 1. The wing enters the gust at
convective time t* = 0. At t* = 0.1, the flow is attached and the pressure distribution
resembles that of steady-state airfoil at a moderate angle of attack. The stagnation
surface pressure coefficient is almost exactly 1, as most of the dynamic pressure at
that point comes from the freestream velocity. At t* = 0.3, the stagnation pressure
coefficient rises to approximately 2 due to the dynamic pressure induced by the gust.
The vorticity contours at this timestep depict vorticity concentration in the first 10%
of the chord. This concentration corresponds to a pressure peak of approximately the
same expanse. The width of this pressure peak resembles that of a separation bub-
ble (see figure a = 12°) but its pressure is much lower than typical steady-state
separation bubbles. At t* = 0.5, the flowfield shows the concentrated vorticity lifting

off the surface, initiating the formation of a small but coherent LEV. A secondary
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Figure 5.6: Gust dynamic pressure normalized pressure distribution during a gust encounter
for four different gust ratios and at six different timestamps

suction peak is evident in the pressure distribution at this timestep. The pressure
peaks at the leading edge and then again at 15% of the chord, directly below the
LEV. At t* = 0.7, both the primary and the secondary pressure peaks have decreased
in strength and the secondary peak has grown in width, with its extremum directly
below the vortex core. The pressure on the bottom side has a linear profile, starting
at the stagnation pressure near the leading edge (C), =~ 2) and ending at the farfield
static pressure near the trailing edge (C, ~ 0). As the flow develops in figure ,
the pressure peak continues to decrease in strength despite the increasing size and
strength of the LEV. This can be attributed to the vertical distance between the
vortex and the airfoil surface, which increases once the vortex separates and convects
away from the feeding shear layer. At each of the subsequent convective times in

figures b.3] and [5.4] the suction peak and LEV convect downstream in unison. As the
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Figure 5.7: Variation of (a) the pressure distribution suction peak and (b) the wing’s center
of pressure, as function of convective time at four different gust ratios. The pressure peak is
computed as the minimum pressure of the pressure distribution and the inset displays the
same data normalized by the gust dynamic pressure.

wing exits the gust at t* = 1.3 and 1.5, the stagnation pressure returns to 1, the LEV

detaches, and the suction peak diminishes.

5.3.2 Effect of gust ratio

The pressure distributions for all the gust ratios at six different convective times
are plotted in figure .5 At t* = —0.1, each of the pressure distributions has a
stagnation point at the leading edge and equivalent pressures on the top and bottom
side of the airfoil. At ¢t* = 0.25, the pressure distributions are qualitatively similar,
with pressure loading concentrated near the leading edge and proportional to GR.
By t* = 0.5, the secondary peak has formed for each of the gust ratios except for
GR = 0.25. The secondary peaks increase in strength with gust ratio and are located
at approximately the same chordwise location. At t* = 0.75, the strengths of the

secondary peaks have decreased in strength at a rate that is proportional to gust
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ratio (higher gust ratio results in bigger decay in suction peak) and have moved in
the chordwise direction by an amount proportional to gust ratio (higher gust ratio
results in more chordwise motion). These trends persist for the remainder of the gust
encounter, and as a result, at ¢t* = 1.25 the suction peak strength is the same for all
gust ratios, but is further down the chord for higher gust ratios. This can be also
visualized in figure [5.7al which plots the strength of the suction peak in time. Figure
[b.7a] shows that the suction peaks increase in strength at a rate that is proportional
to gust ratio, but collapse on a single curve during their decay. The evolution of
GR = 0.25 is different, and instead of a coherent LEV-associated peak, a laminar
separation bubble forms near the leading edge and induces a pressure plateau.

The differences in pressure distribution between gust ratios in figure are partly
due to the differing dynamic pressures induced by the gust. To isolate the effects of
incidence from the effects of inflow strength, figure |5.6] depicts the same distributions
but nondimensionalized using the total dynamic pressure of the freestream and gust
flow. This is equivalent to scaling the original definition of pressure coefficient by
GR? + 1. Using this normalization, the initial secondary suction peak is of similar
strength for each of the gust ratios, as shown in panel (¢) of figure As a result of
this and the previous discussion on suction peak decay, this normalization results in
suction peaks that are weaker with increasing gust ratio. This can be seen in panel (f)
of figure [5.6] as well as the inset of figure p.7a] which displays the same peak strengths
as the main figure, but normalized by GR? + 1. In the inset, the growth rates and
maximum suctions for each case possessing a LEV are collapsed until t* = 1, after
which the suction is higher for lower gust ratios. These trends are manifestations of
the competing effects of vortex strength and vortex-wall distance. High gust ratios
produce stronger vortices that result in large initial suction peaks. However, higher

gust ratios also result in larger separation angles and faster convection of the vortex
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away from the wing, resulting in the behavior summarized in figure

The behavior of the center of pressure of the wing is also dominated by the dy-
namics of the vortex or lack thereof. Figure plots the chordwise ordinate of the
center of pressure of the wing for different gust ratios. For GR = 0.25, the center of
pressure starts at approximately 40% of the chord at gust entry and moves up to the
quarter chord by t* = 1. This is inline with Kussner’s inviscid result for attached flow
gust encounters, which states that the center of pressure for a wing fully immersed in
a transverse gust is at the quarter chord [L05]. The center of pressure then gradually
returns to 40% of the chord after recovery. For the other cases which exhibit a coher-
ent LEV, the centers of pressure are again at approximately 40% of the chord at gust
entry. During the early phases of the gust encounter, the centers of pressure shift
towards to the leading edge, each one reaching a minimum denoted by black markers
on the plot. These minima are closer to the leading edge with increasing gust ratio,
and also occur earlier in time with increasing gust ratio. Immediately following each
minimum is a stage where the center of pressure shifts towards the trailing edge,
overshooting its gust entry value. The rate of this center of pressure movement is
proportional to gust ratio. The centers of pressure then gradually recover back to

their gust entry values.

5.4 Pressure sensing

5.4.1 Integrated pressure distributions

This section of the results investigates the use of pressure sensors as a platform
for flow sensing during gust encounters. When dense pressure measurements are
available, the pressure integration procedure discussed in section can be used

to estimate the loads during a gust encounter. Figure shows the lift, drag, and
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Figure 5.8: Lift, drag, and moment coefficients during gust encounters at four different gust
ratios. Both force balance and pressure integrated loads are displayed.

moment coefficients for different gust ratios, as measured by the force balance (FB)
and also as computed by integrating pressure (IP). The IP lift coefficient is in near
perfect agreement with the FB lift coefficient while the wing is fully immersed in the
gust, across all gust ratios. This agreement can be attributed to the analysis presented
in section [3.7.5 and the results from section In other words, for steady flows and
unsteady flows with attached LEV’s, the sectional lift coefficient is representative of
the overall load coefficient. The timescale of these gust encounters is shorter than the
vortex formation timescale and so the vortex remains attached for the duration of
these gust encounter [41]. However, as the wing exits the gust the feeding shear layer
is forced to interact with the secondary vorticity and the vortex detaches. The vortex
detachment sets in motion the aforementioned lift undershoot behavior previously
discussed and shown in figure during gust exit. The lift undershoot of the IP lift
increases with gust ratio and is not present for the GR = 0.25 case where a coherent
LEV does not form.

As expected, the IP drag coefficient outside the gust is very near 0 and does not
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capture the skin friction drag evident in the FB drag coefficient. During the gust
encounter the drag is measured to be negative by both the IP and FB measurements.
E| While there is always a discrepancy between FB and IP drag coefficients due
to skin friction, the discrepancy decreases as the gust ratio increases. That is, the
drag becomes increasingly dominated by pressure as the gust ratio increases. This
is shown in the inset figure [5.8] which plots the difference between IP and FB drag
measurements. The moment coefficients follow similar trends as the lift coefficients.
The IP measurements follow the FB closely during the gust encounter. After the gust

exit, the IP moment coefficents undershoot the FB moment coefficients.

5.4.2 Leading-edge suction and pressure gradient

Pressure distributions are rarely densely resolved during operation. Outside of the
laboratory, a few pressure measurements are typically available, tasked with probing
specific flow characteristics. The leading edge is a good candidate for sensor place-
ment, as measurements there can provide useful information pertaining to flow events
related to stall. Pressure at the leading edge can be used to extract the leading-edge
suction, a quantity whose criticality can be used estimate the shedding of vorticity at
the leading edge [46, 100], [I0T]. Using the present measurements and the procedure

described in section [3.7.3] the experimental leading-edge suction coefficient, £ can be

IThis anomalous measurement is a result of the axis system used to define the load coefficients.
Lift and drag are defined to be perpendicular and parallel to the freestream velocity vector. In other
words, the gust is treated as a disturbance and does not change the orientation of the lift and drag
vectors. Redefining drag to be parallel to the inflow velocity gives the expected result of positive
drag.
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Figure 5.9: Evolution of the flowfield, pressure distribution, leading-edge suction, and
leading-edge pressure gradient during separation at GR = 1. Panels (a)-(e) display vor-
ticity contours and velocity vector fields, panels (f)-(j) display the pressure distributions,
and panel (k) displays the leading-edge suction coefficient, £, and the pressure gradient
computed using the sensors marked with green in the previous panels. The vertical dash
lines in panel (k) correspond to the timesteps associated with panels (a)-(j).

defined as [79]

sgn(FN,LE) FaLE for Fy> 0,

2Tqooc’

L= (5.1)

0, for F4 <0.

where the leading-edge normal and axial forces, Fix g, Fa g, are computed by sum-
ming the load contribution from panels on the leading edge, defined to be the leading

30% of the chord.

Another quantity that is known to be critical during leading-edge stall is the
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Figure 5.10: Quantities derived from pressure on the leading-edge. Figure (a) displays
the leading-edge suction coefficient, £, and (b) displays the leading-edge pressure gradient
as function of convective time for four different gust ratios. The inset displays the time
derivative of the leading-edge suction data.

pressure gradient at the leading edge. While always subject to discretization errors,
the pressure gradient can be estimated using finite differences of the measured pres-
sure distribution. This section analyzes the evolution and criticality of these derived
quantities during the gust encounters being studied.

Figure [5.9] examines the evolution of leading-edge separation for the case GR = 1.
Panels (a)-(e) depict out-of-plane vorticity contours along with the velocity vectors
for the leading 30% of the chord. Panels (f)-(j) depict the corresponding pressure
measurements, and panel (k) depicts the leading-edge suction coefficient, £, as well
the pressure gradient at the leading edge, computed as a finite difference using the
sensors marked in green in the other panels. At t* = 0.15, the vorticity contours
and the pressure distribution show that the flow accelerates around the leading edge
and only starts to decelerate between the first and second sensors on the top surface,
evident by the favorable pressure gradient in panel (k). At this timestep, this favorable

pressure gradient has reached a maximum and the leading-edge suction coefficient is

102



rapidly increasing. At t* = 0.25, the velocity vectors indicate an onset of a wall-normal
velocity component near the leading-edge surface and the leading-edge suction reaches
an inflection point (its growth rate begins to decreases). By t* = 0.35, the secondary
suction peak discussed in section has appeared in the pressure distribution
and significant surface normal velocities are present in the resolved portion of the
boundary layer. The leading-edge suction is still increasing, albeit at a slower rate,
and the leading-edge pressure gradient has crossed the x-axis due to the formation of
the secondary suction peak. At t* = 0.45, vorticity can be seen lifting off the surface
and the leading-edge suction reaches its maximum, while the pressure gradient at the
leading edge has reached a minimum. Subsequently, the vortex begins convecting in
the chordwise direction, the leading-edge suction begins decreasing, and the pressure
gradient begins increasing.

The above data suggest that during gust encounters the onset of stall takes place
before the leading-edge suction reaches its maximum value. Instead, the flowfields and
pressure distributions suggest that the onset of the dynamic stall process corresponds
to the point where the suction growth rate begins to diminish, and the maximum
suction coefficient corresponds to the onset of vortex lift-off and chordwise convection.
This can be more clearly seen in figure which plots the suction coefficients for
each of the gust ratios, while its inset plots their time derivative. The data shows that
for each of the gust ratios that exhibit coherent vortex formation, GR € [0.5,0.75, 1],
the suction coefficients reach their inflection points (where their derivatives have a
maximum) at approximately the same time, t* &~ 0.2. Further, each of the suction
coefficients reach their maximums at approximately t* ~ 0.5. This observation is
useful to the design of gust alleviation controllers that use flow sensors. An inflection
in suction coefficient can provide information on the timing of the vortex formation

process during a severe gust encounter, while its maximum can provide information

103



on the timing of the vortex convection initiation phase.

While the timing of the suction coefficient evolution is independent of gust ratio,
the magnitude of the suction coefficient is dependent on gust ratio, as shown in fig-
ure [5.10a] This was previously explored in Narsipur et al. [79], who investigated the
variation of leading-edge suction with unsteady parameter variation. This variation
is problematic to a flow sensing framework using leading-edge suction, since the gust
ratio is a parameter that is not known a priori. The leading-edge pressure gradient
provides an alternative way of sensing vortex formation processes. Each of the vor-
tex formation events discussed above are also reflected in the leading-edge pressure
gradient transients, shown for each gust ratio in figure The first signs of stall
at t* ~ 0.2 correspond to the sudden drop in leading-edge pressure gradient (first
vertical line). The formation of the secondary peaks corresponds to the pressure
gradient crossing the x-axis (second vertical line), and the onset of vortex convec-
tion corresponds to the rise in leading-edge pressure gradient (third vertical line). In
contrast to the leading-edge suction, the variation of leading-edge pressure gradient
between different gust ratios is a small percentage of the overall variation during a
gust encounter. In other words, each case takes a similar pressure gradient trajectory
through the gust encounter. Thus, the leading-edge pressure gradient can provide
gust ratio invariant information to a gust alleviation controller.

The case GR = 0.25 has the same suction coefficient inflection and pressure gra-
dient drop timing but its subsequent evolution is different. The pressure gradient at
the leading edge never crosses the x = 0 line (no secondary peak formation), and
its suction coefficient continues to increase until the effective angle of attack begins

decreasing at t* ~= 1.
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5.5 Chapter summary

This chapter analyzes simultaneous flowfield, load, and pressure distribution mea-
surements of gust encounter flows. A surface pressure measurement wing model ca-
pable of simultaneous pressure and load measurements is developed and is validated
using steady and unsteady test cases. It was shown that pressure integration can
capture the overall wing lift while the leading edge is inside the gust but undershoots
the overall lift after the wing exits the gust and the vortex detaches.

Analysis of the transient flowfields and pressure distributions detailed the following
event sequence for high gust ratio experiments: While t* < 0.2, the flow remains
attached and a large suction peak forms on the leading edge. As time progresses, the
suction widens and eventually splits into two distinct peaks. The first is associated
with the acceleration of the flow around the leading edge and the second with the
concentration of vorticity near the surface. Eventually, the concentrated vorticity lifts
off the surface and a coherent vortex forms. The initial location of the secondary peak
is found to be independent of gust ratio and its strength is found to be proportional to
the gusting flow dynamic pressure, i.e., GR*+1. Leading-edge flow sensing techniques
for gust encounters were also investigated. Specifically, the behavior of the leading-
edge suction coefficient and the leading-edge pressure gradients were analyzed. The
onset of stall is found to take place when the leading-edge suction reaches an inflection
point. A peak in leading-edge suction is found to correspond with vorticity lifting off
the surface. The pressure gradient computed at the leading edge was found to contain
useful signatures for each of the events during the gust encounter. The initiation of
stall causes the pressure gradient to decrease. The formation of the secondary suction
peak takes place when the pressure gradient crosses the x-axis, and the detachment

of the vortex causes an increase in leading-edge pressure gradient.
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Chapter 6: Inviscid modeling applications

This chapter investigates the use of inviscid models in different flow sensing and
control applications during transverse gust encounters. The chapter is organized into
three sections. The first section discusses the development of a low-order inviscid
model that can calculate unsteady pressure distributions associated with leading-
edge vortex flows. The second section develops an analytical relation between the
pressure at the leading edge and the strength of the leading-edge vortex sheet. The
third section discusses the development of optimal gust mitigation kinematics us-
ing Theodorsen’s model and the Simplified Iterative Maneuver Optimization (SIMO)

procedure, developed in Xu et al. [I13].

6.1 Application I: Low-order unsteady pressure computation

In this section we develop a low-order numerical procedure to calculate unsteady
pressure distributions associated with leading-edge vortex flows. We compare the
generated values with experimental measurements and study the effects of separation

on the pressure distribution of a wing in a gust encounter.

6.1.1 Computing inviscid, unsteady pressure

In this method, the wing is represented by a closed vortex sheet that also models its

thickness (as opposed to thin-airfoil bound vortex sheets). The leading and trailing
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edge shed vorticity distributions are represented by free vortex sheets attached to
the bound vortex sheet, while gusts are represented by the appropriate point vortex
distributions or boundary conditions. This representation of the flowfield is shown in
figure[6.1} The pressure distribution on the wing can be computed using the unsteady

Bernoulli equation,

Co(s) =1 — (72(8) + 28%(:)) U% (6.1)

While this representation is convenient, there are several theoretical details about
this system need to be addressed. First, since we are interested in computing the
pressure on the surface of a wing with thickness, the bound vortex sheet must form
a closed loop, a shown in figure [6.1} This is problematic for the computation of the
unsteady potential in equation . In chapter [2, it was shown that the potential

jump of a vortex sheet is related to the local circulation of the vortex sheet as

99 or

9~ O (6.2)

However, for closed vortex sheets, equation can only yield the potential up to
a time-dependent integration constant. This is because it is topologically impossible
for a closed circulation contour to cross the bound vortex sheet just once. In order to
form a closed loop, the contour needs to cross the bound vortex sheet at least twice,
and after integration, the value of the circulation at either intersection needs to be
specified to compute the potential. Unfortunately, this information is not available,
and the pressure distribution of the representation in figure [6.1] cannot be determined
using Bernoulli’s equation.

Fundamentally, this issue arises because the method first solves for the bound vor-

tex sheet strength and then integrates the sheet to obtain the potential. A workaround
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to this problem is to instead solve directly for the potential on the surface instead of
the bound vortex sheet. This entails replacing the bound vortex sheet with a bound
doublet sheet, p (also called a double layer potential), whose strength is exactly the
jump in potential on the body. To carry out this replacement we can relate the in-
duced velocities of vortex sheets and doublet sheets to create equivalent distributions.
An important theoretical detail is that the bound doublet sheet strength cannot be
assumed to be continuous. This is because intersections with the leading-edge and
trailing-edge vortex sheets will cause tangential discontinuities in the potential. To
relate the induced velocities we use a vector identity proven in Eldredge [31] which

reads,

Vortex sheet
7\

—V x /SG(a: —y)n, X V,u(y)dS(y) =

- /C )t VG(@ — y) x di(y) + ¥ / u(y)n, - VG(z — ) dS(y)

J

Vo TV
Discontinuity Doublet sheet

where S is the surface the sheets are on, and C'p are the segments where discontinuities
exist in p. Since p is the potential jump, the LHS represents the induced velocity of a
vortex sheet with strength n, x V,u(y). The second term on the RHS is the induced
velocity of a doublet sheet with strength p(y), and the first term represents the
effects of doublet sheet discontinuities In other words, a vortex sheet of strength n,, x
V,u(y) on a surface can be regarded as a doublet sheet of strength y(y) on the same
surface, plus a term accounting for discontinuities in the dipole distribution. These
discontinuities capture the overall potential jump contribution from the attached shed
vortex sheets. Since the shed vortex sheets are not closed, their potential jump can

be computed using the circulation method described in section 2.2.2] Namely, their
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Figure 6.1: Vortex sheet representation of the flowfield

total potential jump contribution is the circulation of contours that completely enclose
them and cut through the intersection point with the bound vortex sheet, as shown in
figure[6.2 The bound doublet strength 4, is the jump in potential from the constant
internal potential inside the wing to the potential outside the wing, u = ¢ — ¢;. Each
of the edges contains a discontinuity in surface potential. For example the strength
of the potential on either side of the leading edge is related by, ¢}, = ¢, + Trev,
where 'y gy is the circulation of the leading-edge vortex.

While the strength of the trailing edge vortex sheet can be determined using
Kelvin’s circulation theorem and the Kutta condition, the leading-edge vortex sheet
needs to be modeled heuristically. The method of leading-edge suction first described
in Ramesh et al. [88] and discussed in [2| provides a convenient route to its calculation.
However, as it stands it can only be applied to thin-airfoil geometries. To bypass
this issue, we solve the thin-airfoil problem on the camber line of the wing as well as
the thick-airfoil problem on the wing’s surface. The shed vorticity distributions are
determined based on the thin-airfoil problem. Subsequently, the dipole distribution is
solved for the given shed and gust vorticities. Figure[6.3|shows an example calculation

of the flowfield and associated surface pressure during a wing-gust encounter. The
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Figure 6.2: Bound doublet sheet distribution and its relationship to shed vorticity distribu-
tions

plot on the left in is the velocity contribution to surface pressure, similar to
the steady Bernoulli equation. The middle plot in [6.3D]is the unsteady contribution
to the pressure distribution. Note the the discontinuities at the leading and trailing
edges. They are caused by the attached vortex sheets at either edge, and the size
of the discontinuities is related to the rate of change of circulation of the attached
vortex sheets. The plot on the right in [6.3b|is the surface pressure distribution of the

flowfield in figure

6.1.2 Effect of gust model

An important modeling choice pertains the representation of the gust in the flow.
There are two ways one can model a gust: 1) As a velocity boundary condition, or 2) as
flow vorticity. The velocity boundary condition approach is the most straightforward
in both and implementation and computational complexity. A gust profile is assigned
and any body under its influence must adjust its surface and shed vorticities to enforce

the boundary conditions. The main disadvantage of modeling a gust in this way is the
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(b) Contributions to surface pressure from the unsteady Bernoulli equation.

Figure 6.3: Example calculation of the flowfield and associated surface pressure during a
wing-gust encounter.
fact that it does not deform. The problem is one-way coupled and the wing cannot
influence the properties of the gust. In contrast, the representation of the gust as flow
vorticity is a two-way coupled problem. During the wing-gust encounter, the wing’s
bound and shed vorticities are deforming the gust shear layers in accordance with
potential low dynamics.

The way to construct a specific gust profile using flow vorticity is as follows:
Regions of constant gust velocity are left empty. Regions of gust shear are modeled

using a series of vortex sheets. Note that the strength of each vortex sheet is equivalent
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Figure 6.4: Two different ways gusts can be modeled in a low-order setting.

to a jump in its tangential velocity. Thus, if a smooth climb in gust velocity from 0
to Vj, is desired, N vortex sheets can be used each one with strength V,/N.
Figure[6.4] shows a snapshot from an example calculation of a wing-gust encounter
at GR = 0.75, for both rigid and deformable gusts. Their associated pressure dis-
tributions are shown in figure The leading edge of the wing encountering the
rigid gust has exited the gust. Consequently, the suction peak at its leading edge has
diminished. In contrast, the wing encountering the non-rigid gust is still experienc-
ing high velocity at its leading edge and possesses high loading in the first 15% of its
chord. The biggest discrepancy between the two cases is the negative lift produced by

the wing encountering the rigid gust at about 20% of its chord. This area of negative
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lift propagates down the chord of the wing as it crosses the rigid shear layer. This
phenomenon is neither present in the non-rigid gust case nor observed in experiment.
It is an artifact created by the rigid gust assumption. As the wing crosses the rigid
shear layers, it experiences large gradients in velocity. The large gradients induce un-
realistic surface accelerations that produce this negative lift peak. For the remainder

of this chapter all computations will use the non-rigid gust model.

6.1.3 Effect of leading-edge separation

One of the main advantages of the unsteady pressure model developed in section
[6.1.)is that leading-edge separation can be toggled based on the value of the critical
leading-edge suction. For example, setting the critical value to infinity recovers the
familiar attached flow dynamics. In this section we use this model along with experi-
mental pressure measurements to investigate the effects of separation on the pressure
distribution.

Figure[6.5]depicts the experimental pressure distributions at six different timesteps
and four different gust ratios. Overlaid are also the pressure distributions predicted
by the inviscid model without any leading-edge shedding (L. = 00). The modeled
pressure distributions correspond to those produced by the linear aerodynamics stud-
ied in chapter [4] with the additional effects of wing thickness, gust deformation, and
dynamic wake modeling. For GR = 0.25, the inviscid and experimental pressures
are in agreement, with the exception of the low gust ratio separation bubble near
the leading edge seen in chapter o At GR = 0.50, the inviscid pressure distribution
develops a large suction peak at the leading edge which grows in time during the gust
encounter. While a suction peak does exist in the experimental pressures, it is much

smaller in magnitude and also decreases in strength after the LEV starts propagating
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downstream at t* = 0.75. While this discrepancy may be attributed to the separation
present in the experiments, it is also likely that the finite resolution of the pressure
taps are unable to capture localized pressure peaks. There are two other obvious
discrepancies between the experimental and inviscid pressures: 1) The LEV suction
peak on the suction surface, and 2) the pressure side pressure which appears to be
slightly higher in the experiments. These trends persist as the gust ratio increases. At
GR = 0.75 and GR = 1.00, the suction peaks discrepancy increases, but the pressure
difference between experiments and the model on the pressure surface also increases
(see for example figure [6.5], panels (t)-(x)). This is unexpected and will be addressed
later on in the text.

Figure depicts the same experimental data as figure but this time overlaid
with the inviscid pressures that include the effects of leading-edge separation (L. =
0.13). For reference, figure depicts the experimental vorticity contours along with
the vorticity shed by the wing in the vortex model. For GR = 0.25, the leading-
edge suction of the model does not exceed the critical amount and no leading-edge
shedding takes place. For the rest of the gust ratios, the leading-edge suction does
exceed the critical value and vorticity is shed from the leading edge, as depicted in
figure[6.7] In general, the shed vorticity has the desired effect on the inviscid pressure
distribution. The shed vorticity forms a LEV which induces a large suction peak on
the suction surface. This is not true for GR = 0.50, where the shed vorticity in the
model fails to roll up as in the experiments. Thus, no coherent suction peak forms
on the surface. For GR = 0.75 and GR = 1.00, the vorticity rolls up and creates a
suction of strength that is in agreement with measurements, but that initiates about
a quarter of a convective time too late. This is not related to the onset of separation,
but rather, to the dynamics of the separate shear layer after separation. An interesting

suction surface discrepancy between the model and the experiments is the relatively
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Figure 6.5: Pressure distribution during a gust encounter for four different gust ratios and
at six different timestamps. Both experimental and inviscid model with no leading-edge
separation are shown.
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Figure 6.6: Pressure distribution during a gust encounter for four different gust ratios and at
six different timestamps. Both experimental and inviscid model with leading-edge separation

are shown.
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Figure 6.7: Experimental contours of vorticity overlaid with shed leading-edge vorticity in
the inviscid model.

low pressure associated with secondary vorticity in the experiments. Even though
inviscid dynamics capture the shed vorticity and its dynamics (see figure panel
(w) and 6.7 panel (k)), they fail to capture the effect of the secondary vorticity under
the separated shear layer. This is more clearly seen in figure which plots the
suction side pressure signatures as contours in space and time. The experimental
suction peak signatures are connected to the leading edge through a low pressure
region (see region in x/c € [0, 0.2] in figure [6.8). This modeled signatures exhibit a
sharp increase in pressure before reaching the leading edge. This effect, along with
the lack of roll up for GR = 0.50 highlight scenarios where simply predicting the
inviscid flowfield is inadequate and viscous-inviscid coupling is necessary.

The most surprising characteristic of the modeled pressure distributions is their
phenomenal agreement with experiment on the pressure side of the wing. This is in
contrast to the previous comparison of figure [6.5] which did not include leading-edge
separation. Hence, modeling separation has the effect of increasing the pressure on

the pressure side of the wing, and this increase in pressure matches the experimental
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Figure 6.8: Pressure distribution on suction surface from the experiments (top row), and
the inviscid model (bottom row).

data. This is seen for each of the gust ratios GR € [0.5, 0.75, 1.00] by comparing the
pressure side agreement between figure [6.5] and [6.6] Figure shows contributions
to unsteady surface pressure of the inviscid pressure distribution shown in panels
(u) of figures and The figure demonstrates that the attached flow model is
able to capture the vortex sheet strength on the pressure surface, and the steady
contribution to pressure is nearly identical for the two cases (only on the pressure
surface). However, the attached flow model does not capture the correct unsteady
contribution to pressure through the unsteady potential. The presence of leading-
edge separation and LEV formation corrects for this inside the model. The unsteady
potential in the Bernoulli equation can be hard to interpret physically. An alternative
formulation for pressure in a fluid is the pressure Poisson equation. Eldredge and

Le Provost [33] solve the pressure Poisson equation equation for an unbounded viscous
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Figure 6.9: Contributions to unsteady surface pressure of the inviscid pressure distribution

shown in panels (u) of figures and

fluid and make a connection between the unsteady potential and more familiar flow

quantities. When applied to the above flow, the solution reads,

u(@)]* 2

+ 7 | VG(z—y) - (u(y) x w(y))dV(y) (6.3)

Cplx) =1— iE 0z J,

where G(z) is the Green’s function of the Laplace operator. By comparison to the
unsteady Bernoulli equation , the second term on the RHS of equation can
be identified to contain the effect of the unsteady potential. This term requires an
integral of the flow Lamb vector (u(y) x w(y)), which is associated with vector force
[61]. Thus, the extra pressure on the wing’s pressure side in the presence of an LEV

can be associated to the vector force of the LEV.

6.2 Application II: Leading-edge vortex sensing

The LEV has dominant influence on the surface pressure distribution during a
gust encounter. This motivates the following: Is it possible to relate surface pressure

to vortex characteristics? This is the subject of this section.
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6.2.1 Attached vortex sheet model

In order for the problem to be analytically tractable, thin-airfoil theory is used.
Specifically, we consider the following structure shown in figure [6.10} A thin-airfoil
bound vortex sheet, 7, is attached to a vortex sheet at its leading edge, v,y and
a vortex sheet at its trailing edge, 7,. Kelvin’s circulation theorem states that the

overall circulation of the system must be 0,

[ st [Cautsrds+ [ Crumtsds =0 (6.4)

S9 S3 S1

Bernoulli’s equation for the pressure difference on the bound vortex sheet is,

26, = 7 (wlorute) - 57) (65)

where u,(s) is the local tangential velocity induced by the flowfield on that particular
point (excluding the contribution of the bound vortex sheet). For example, for a
wing at an angle of attack «, encountering a transverse gust of strength V, u.(s) =
Uso cos(a) +V sin(a). We postulate that the point connecting the bound vortex sheet
and the leading-edge vortex sheet might yield important information about the LEV.
For this reason, we consider the contour ', which encloses the bound vortex sheet

and the wake vortex sheet, shown in figure The circulation of this contour is,

n:/Clu. dﬁz/sg%(s) ds+/547w(s) ds (6.6)

S92 S3

S2
= —/ Yeev(s)ds = =Ty (6.7)
where in the last step we have used Kelvin’s circulation theorem (6.4) to replace the

circulation inside the contour with the remaining circulation outside the contour, i.e.,
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Figure 6.10: Schematic of the attached vortex sheet model

the LEV circulation. We can now use this result to evaluate the unsteady Bernoulli

equation at the leading edge,

AOP(82> =

2 erEV) (6.8)

o (1rtsam(ea) + 1

This is an interesting result. It tells us that pressure difference at the leading edge
is a function of the velocity at the leading edge and the rate of change of the LEV
circulation. However, in its current form this equation is not useful since the vortex
sheet strength and pressure difference are singular at the leading edge. This is a
mathematical artifact of thin-airfoil theory resulting from the flow having to turn
around a sharp corner, and not a physical phenomenon. This singularity will be

addressed in the next section.

6.2.2 Resolution of the leading-edge singularity

In thin-airfoil theory, the singularity at the leading-edge is integrable and does not
prohibit calculation of quantities such airfoil loads. There are applications however,

where it does cause issues. For example, for the purpose of LEV sensing, we are
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trying to relate measurements at the leading edge with theoretical thin-airfoil values.
The singularity was first resolved by Lighthill [67] and the procedure was formalized
by Van Dyke [104]. The process involves a Matched Asymptotic Expansion (MAE)
of the thin-airfoil singular solution with a non-singular representation of the leading
edge flow. In this section we will use MAE similar to that described in Ramesh [87].

Quter Solution:

The outer solution of the expansion is the familiar thin-airfoil theory presented in

chapter [2| with bound vortex strength,

(0, 1) = 2Ux (Ao( 1 -+ cost) cos(f ZA sin(nh) ) (6.9)

sm

Note the singularity 8 = 0, 4, = co. The pressure difference on the sheet is,

Ap(z)
P

= u,(z)(x) + 6% /f” W(x) dx (6.10)

Plugging equation in equation (6.10) and taking the limit as z — 0 leads to,

Ap(z)
p

= 2U, A \/guT(x) +4UAgy/cx (6.11)

Inner Solution:

The inner solution will be based on approximating the flow near a rounded leading-
edge with the potential flow over a parabola. The flow over a parabola can be ana-
lytically derived using a conformal mapping of the well-known stagnation point flow.
See Deparday et al. [25] and Ramesh [87] for the full derivation. The key parameters
are U and V', which control the stagnation and parallel flows, respectively, and r
which controls the leading-edge radius. The conformal map and its parameters are

demostrated in figure[6.11} The wall in the z-plane maps to a parabola in the (-plane.
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Figure 6.11: Conformal map of the stagnation point flow to the flow over parabola

By changing the ratio of the stagnation and parallel velocities, the angle of attack is
adjusted in the (-plane and the stagnation point moves on the surface of the parabola.

The pressure difference on the parabola is derived reads,

Aplr) _ _ 2v2alV_ oV 2 (6.12)
p rey/re(2x + re) re

Taking the limit as x — oo leads to the asymptotic expression,

Aplr) _ VAUV o [20 (6.13)

14 rC\/TCT rc

The expressions for pressure (6.11) and (6.13]) can be set equal to each other as
they are both valid in the intermediate region. The result is a relationship between

thin-airfoil parameters and the stagnation point flow variables,

U=rcu, (6.14)
V = V2rU, Ay (6.15)
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This allows us to evaluate properties at the leading edge of a thin-airfoil with leading-
edge radius r. For example, the velocity and the unsteady potential near the leading

edge of the airfoil become

. \/EUT + \/EUOOAO

6.16
(@) — (6.16)
dp . «x .

With this information we can define the pressure coefficient near the leading edge as

2
+ oA : 1
VTt+5 rc c| UZ

This is a complicated expression but simplifies considerably if evaluated at the leading

edge where x = 0,
2A2
,

L
Crr =1 (6.19)

This substantial simplification is partly due to the fact that the unsteady potential
term vanishes at the leading edge. This is inline with the analysis in section
which showed this is the case if no leading-edge vortex exists. This expression is also

in agreement with Ramesh [87], who showed that the velocity at the leading edge is

Urg = \/2/T’UOOA0

6.2.3 LEV strength estimation

Equation ([6.19) relates the pressure coefficient at the leading edge with the Ay
Fourier coefficient from thin-airfoil theory. However, the leading-edge suction hypoth-
esis states that Ay does not exceed a critical value £.. Thus, equation (6.19)) translates

the critical leading edge suction to a critical leading-edge pressure coefficient at the
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leading edge,
20?2

CLE =1
p?c T

(6.20)

From chapter b, £. ~ 0.13. The radius of the NACA0012 leading edge can be
estimated by fitting a parabola to its shape. In this study, fitting a parabola to 5%
of the chord resulted in a value of = 0.015. The parabola can be seen in figure [6.11}
Using these values the critical pressure becomes CPL’cE ~ —1.25. Thus, we expect that
for attached flows at this Reynolds number and geometry, the pressure coefficient will
not exceed this critical value.

If the flow is separated at the leading edge, the contribution of the leading-edge
vortex sheet to pressure as shown in section [6.2.1] needs to be accounted for. A vortex
sheet at the leading edge introduces a contribution to the unsteady potential which
takes the form of the rate of change of the leading-edge circulation, as demonstrated
in equation According to this model, any additional suction beyond the critical
value must come from the rate of change of circulation of the leading-edge vortex sheet.
The only other way for the pressure to decrease at the leading edge is by an increase
in velocity. However, at the point of separation the velocity has reached its maximum
value as postulated by critical suction hypothesis. This allows us to attribute any

excess pressure beyond the critical pressure value to leading-edge circulation,

CcLE
752 dr
2 2
LE _ 1 _ c LEV
cH =1 AR TERT (6.21)
2 dI’
LE LE __ LEV
Cyr =0 = @ (6.22)

Figure [6.124] plots the measured pressure at the leading-edge for four different gust

ratios. The critical pressure coefficient is also shown as a horizontal line. Each of
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(a) Measurements of leading edge pressure (b) Experimental and predicted LEV circula-
coefficient for four different gust ratios. tions using the attached vortex sheet theory.

Figure 6.12: Leading-edge pressure measurements and the corresponding vortex circulation
predictions.

the four cases exceeds the critical value. Figure plots the experimental LEV
circulations along with the predictions made using equation . There is fair
agreement between the experimental and predicted values, although there are also
pretty notable shortcomings. For example, while the theoretical prediction is able to
capture the approximate rate of circulation production, it is not able to capture the
timing of the production. For each of the gust ratios there is a significant gust ratio
dependent delay between the predicted and the actual circulation values. This delay
increases with decreasing gust ratio. The predicted final LEV circulation is also higher
for each of the gust ratios. For GR = 0.25, the model predicts a significant LEV of
strength I'ygpy =~ 0.75, but this is not observed in the experiments. Nevertheless,
the ability to get first-order estimates of the LEV strength with one sensor can be
valuable in many scenarios.

There are several modeling assumptions that may contribute to the error in LEV
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circulation. Most importantly, viscocity can play a significant role in situations where
the vortex is close to the wing and viscous stresses are important. This could explain
the large delay that experimental circulations have compared to the predictions. This
could also play a role in the fact the delay increases with decreasing gust ratio. For
lower gust ratios, the vortex is closer to the wing and has more interaction with the
wing’s boundary layers.

Another assumption that may contribute to the error of this procedure is that
the parabola model remains accurate after separation. As the flow turns around the
leading edge and separates, the effective curvature of the leading edge decreases. In
other words, the separation streamline has lower curvature than the leading-edge.
Deparday et al. [25] modeled these phenomenon by experimentally measuring the
shear layer height and adjusting the effective radius of the leading edge. A potential

improvement to the above procedure is accounting for the violation of this assumption.

6.3 Application III: Optimal gust mitigation kinematics

While previous sections use inviscid models to address challenges in gust measure-
ment and prediction, this section addresses the related problem of gust mitigation.
Specifically, it utilizes inviscid theory and an optimization procedure to derive optimal

gust mitigation kinematics.

6.3.1 Iterative maneuver optimization

In this dissertation, optimality is defined as the L?-norm of the lift transient. In
other words, given some lift transient C(t), and some target lift reference, C7(¢),

the cost is,

Tlu(t)] = % /t :f (Cutty - (t)>2 dt (6.23)
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where the cost is written as a functional of the control action u(t). For example, u(t)
can be the angle of attack or plunge amplitude history (or both) of the wing. The
goal of the optimization problem is to find w*(¢) that minimizes J[u(t)].

Several studies have designed and tested gust mitigating controllers in experiment
[48, O8]. However, it is typically not possible to compute optimal maneuvers due to
the lack of accurate models of gust encounter dynamics. For example, Wagner’s and
Kussner’s models can be used to construct and test an optimal alleviation maneuver.
However, since both Wagner’s and Kussner’s models are based on linear aerodynam-
ics, the generated maneuver is bound to perform non-optimally.

To bypass the shortcomings of available models, we use an iterative optimization
technique called Simplified Iterative Maneuver Optimization (SIMO) to generate op-
timal maneuvers. This method was designed in [I13] and has its roots in iterative
control theory. The main idea of SIMO is to take an imperfect model of the dynam-
ics, GG, and iteratively account for its bias. It is advantageous to pick a model that
incorporates the most important physics but is also simple enough to be used in an
optimization routine. For these reasons, Theodorsen’s inviscid model is chosen. The

lift coefficient resulting from Theodorsen’s model is,

Cp = b <i L bao‘) + 22C(k) (6.24)

Uo U2 U2

Uso 2 Uso

The model takes in wing kinematics as input (o, &, @, h,h), and outputs the lift
coefficient transient of the wing. Thus, it is possible to compute an optimal maneuver
based on this model if the gust lift transient is specified and the model is inverted to
yield the kinematics which would cancel the gust transient. In this dissertation the
model is inverted based on the procedure described in [I13] which uses a PI controller

to track the desired signal C’Zef using kinematics u. The closed-loop controller is
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Figure 6.13: Depiction of controller H(s) used to invert the plant G(s).

shown in figure m The PI controller H(s) gains are chosen as K, = 1.4 and
K; = 435.24 based on MATLAB’s pidtune function with 0dB open-loop crossover
frequency of 50Hz.

The gust mitigation objective is to achieve 0 lift through the gust. Hence, the
reference lift signal is Czef = 0. The SIMO algorithm iteratively adjusts the reference
signal, Czef , to account for bias due to unmodeled dynamics. The algorithm is outlines

below,

Algorithm 1 Simplified Iterative Maneuver Optimization

1: Initialize reference lift coefficient C’gie ;=0

2: while J[u®] > tol do

3. Invert Theodorsen’s model to find the kinematics () that track C’X)re /-

4:  Run experiment with kinematics u¥ and measure the gust lift transient Cﬁ)test
5. Compute new reference lift coefficient as C’gjel} = Cg)mf — C’ﬁ)test

6: end while

The first two iterations are trivial. On the first iteration, the reference lift is
C’gz,e s = 0 and the kinematics retreived from inverting Theodorsen’s model are ull) =
0. On the second iteration, the reference lift is C’gz,ef = 9" where C9" is the
transient induced by a gust encounter with no actuation. Theodorsen inversion in
this case will result the kinematics profile required to cancel the gust transient using

potential flow dynamics. Inevitably, the maneuver will cancel part of the transient
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but not all. The key to the SIMO algorithm is then to adjust the lift reference, C’ﬁ)re I
to be the residual lift from the experiment. If the dynamics are linear the iteration is
guaranteed to converge as discussed in [IT3], but for nonlinear dynamics there is no
such guarantee. As will will see in the next section the algorithm works well for this

flow.

6.3.2 Optimal kinematics

This section considers SIMO under pure pitch kinematics, (h = h = 0). The
actuation variable is the angle of attack, u(t) = «a(t), and the procedure seeks to
find the optimal angle of attack history, o*(t), that minimizes the lift cost .
Experiments are done at GR = 0.7 and Re = 12000.

Figure [6.14] summarizes the results of the optimization procedure. Five iterations
were required before the procedure converged. Figure depicts the lift transients
for each iteration, figure depicts the reference lift at its iteration, figure
depicts the angle of attack histories, and figure depicts the pitch rate. In the
initial iteration, the wing goes through the gust without any actuation. In the second
iteration, the lift reference in figure is the (negative) gust transient. In other
words, Theodorsen’s model is asked to produce an angle of attack history that cancels

the gust transient. This results in a pitch-down pitch-up maneuver shown in figures

[6.14cland [6.14d] The wing pitches down to approximately —27° degrees and then back

to small positive angle of attack. This results in the second iteration lift transient of
figure [6.14a] While the maneuver achieved a significant reduction in lift, significant
positive lift remained in the early phases of the gust encounter as well as the gust
recovery region, while negative lift persisted in between. The reference lift update in

figure [6.141] reflects this trend and requires Theodorsen’s model to track a more or
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less aggressive transient depending on the residual lift. Significant reduction in lift

takes place in the next few iterations until convergence at iteration five.
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Figure 6.14: Generation of optimal gust mitigation pitch kinematics using the SIMO method.

An identical optimization procedure is carried for pure plunge kinematics (o =
& = & = 0). The results are shown in figure m Again, the procedure converged
to near optimal kinematics in five iterations. The optimal maneuver is an plunge
up maneuver at approximately 90% of the gust velocity, as shown in figure [6.15d]
Theodorsen’s model is able reproduce a more effective maneuver on the second iter-

ation. Effectively, the only part of the maneuver requiring more than two iterations
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Figure 6.15: Generation of optimal gust mitigation plunge kinematics using the SIMO
method.

is the gust exit.

By recovering the optimal pitch and plunge maneuvers, it is now possible to
investigate what makes them aerodynamically optimal. Figure depicts initial
gust transient, the final reference lift coefficient, as well as the added mass and quasi-
steady lift components of the final pitch maneuver. The difference between the gust
transient and the final reference lift gives an estimate of the bias of Theodorsen’s
model in its prediction of negative lift generation in a gust. Initially, the reference lift

coefficient is higher than the gust transient. This suggests that Theodorsen’s linear
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Figure 6.16: Lift decomposition for an optimal maneuver with (a) pitch kinematics, (b)
plunge kinematics.

aerodynamics overpredict the amount of lift the wing can produce by pitching inside
the gust. The trend reverses after the wing has entered the gust fully (¢* > 1) and
then reverse again as the wing exits the gust. This highlights the nonlinear dynamics
of highly vortical gust mitigation flows.

An important observation is that for the first 0.5 convective times of the gust
encounter for both plunge and pitch maneuvers, most of the gust lift transient is
canceled by added mass lift, as shown in figure [6.16] This is where typical gust
mitigation controllers suffer in performance [48, O8]. Added mass lift responds to

the commanded kinematics instantaneously. The SIMO procedure has demonstrated

that the added mass effect is the key to effective gust mitigation early on in the gust.

6.4 Chapter summary

This chapter focuses on the development and application of three inviscid modeling
methods to study the physics of separation and to develop effective flow sensing and

control strategies. The first model is a numerical inviscid method that can compute
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unsteady surface pressure distributions during gust encounters. The model is used
to study the effects of separation on the unsteady pressure distribution during a
gust encounter. It was shown that accounting for leading-edge separation and vortex
formation affects both the suction side and pressure side pressures. In particular,
the omission of separation resulted in consistent under-prediction of pressure on the
pressure side of the wing. The inclusion of leading-edge separation recovered the
pressures measured in experiment.

The second method is an an analytical model that relates the growth of a leading-
edge vortex sheet to the pressure coefficient on the leading edge of a wing. The theory
predicts that excess pressure beyond an empirically determined critical coefficient can
be related to the formation of a leading-edge vortex sheet.

The third method discussed in this chapter is an iterative optimization procedure
which experimentally determines optimal gust mitigation kinematic maneuvers. The
pitch and plunge maneuvers computed were able to mitigate more than 95% of the
lift transient during gust encounters. The Simplified Iterative Maneuver Optimization
(SIMO), which was developed by Xu et al. [I13], was employed to calculate these pitch

and plunge maneuvers.
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Chapter 7: Conclusions

This dissertation entails an experimental and theoretical investigation of gust en-
counter aerodynamics, and explores pathways to effective flow sensing and kinematic
control during transverse gust encounters. Emphasis is placed on analyzing, extend-
ing, and utilizing the inviscid theory of unsteady aerodynamics, and on developing
computationally inexpensive and analytically tractable models that provide physical
insight into the aerodynamics of wing-gust encounters. The following sections include

a summary of research, original contributions, and suggestions for future work.

7.1 Summary and conclusions

7.1.1 Role of shed vorticity in lift production

The first part of the dissertation investigates the role of vorticity distribution in the
rise and fall of lift during transverse gust encounters. It also evaluates the effectiveness
of indicial response methods, and particularly, Kiissner’s aerodynamic model, using
PIV and load measurements. Emphasis is placed on comparing experimental lift
transients and shed vorticity distributions with those predicted by the inviscid theory.
The results show that Kiissner’s model provides a good first-order approximation of
the lift transient experienced by wings with blunt leading edges during the initial
stages of a transverse gust encounter.

The following concepts are applied to transverse gust encounters: (i) The notion
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of optimal vortex formation time, and (ii) LEV growth prediction through the inte-
gration of shear layer fluxes. The timescale of optimal vortex formation is shown to
be larger than the timescale of the gust encounters studied in this chapter. Thus,
the LEV remains attached to the wing for the duration of the encounter and only
detaches upon the wing’s exit of the gust due to the rapid reduction of the effective
angle of attack. The LEV flux model predicts that while the LEV is attached to the
feeding shear layer, its circulation growth is proportional to GR?+ 1 and area growth
is proportional to (GR? + 1)%5 (agc)™®® Re™%5. For the gust ratios and Reynolds
numbers examined in this chapter, fair agreement is seen between experiments and
the flux model’s predictions. The agreement deteriorates with increasing convective
time. This could be attributed to the simplified calculation of the shear layer velocity
made in the model, which only accounts for the gust vorticity. As the bound and
LEV circulations become significant, they inevitably affect the shear layer velocity.

Comparison of the circulation shed in the wake of Kiissner’s model with the cir-
culation shed in the wake during experiments leads to the following conclusion: Al-
though the real viscous flow is separated, the bound circulation in Kiissner’s inviscid
model captures the combined circulation of the bound vortex-LEV pair of the ex-
periments, conditioned on an increasing quasi-steady circulation. This result, along
with the fact that the vortex remains attached for the duration of the gust encounter,
indicates that Kiissner’s model captures the vertical impulse of the separated flow.
In other words, if the LEV is attached, its circulation can be incorporated as part of
the bound circulation of the inviscid model, resulting in an accurate model for the
lift during transverse gust encounters.

The performance of Kiissner’s model deteriorates once the quasi-steady circulation
starts to decrease. This is because the lift-producing mechanisms between theory and

experiment are fundamentally different, even though they produce similar values of
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lift while the quasi-steady circulation is increasing. In the attached flow theoretical
model, the positive circulation supplying the lift to the system is bound to the wing.
In the real separated flow, the positive circulation supplying the lift is already shed
and free to convect with the flow, while the bound circulation is in fact negative. Thus,
when the quasi-steady circulation decreases in the model, the circulation shed into the
wake from the trailing edge is positive and upwash inducing, while in the experiments
it is negative and downwash inducing. The absence of upwash-inducing wake vorticity
is the reason a much sharper lift drop-off is observed in experiments. In other words,
the lift drop-off in the model is governed by delayed response to a (negative) change in
its quasi-steady circulation, while in the experiments it is governed by the detachment
of the LEV and the persistent shedding of negative circulation into the wake.

The above discussion presents a fundamental limitation on lift modeling using
unsteady potential flow. While potential flows might be able to capture the general
circulatory characteristics of separated lifting flows, they can only do so while the
quasi-steady circulation is increasing. Once the quasi-steady circulation starts to
decrease, the wake distribution will be of the wrong sign and the overall flow topology
will be different. To improve lift prediction during the exit of the gust, the effect of the
LEV on the bound circulation must be modelled. This can be done using a numerical

vortex model that heuristically incorporates leading-edge separation.

7.1.2 Unsteady pressure distributions

The next part of the dissertation presented and analyzed simultaneous flowfield,
load, and pressure distribution measurements of gust encounter flows. A surface
pressure measurement wing model capable of simultaneous pressure and load mea-

surements is developed and is validated using steady and unsteady test cases. The
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validation study showed that sectional pressure integration can recover the overall
wing loads for both steady and unsteady flows, given that the flow is attached at
the leading edge and the spanwise load distributions are reasonably flat. For post-
stall angles of attack, the pressure-integrated loads track the overall loads during the
vortex formation stage of the dynamic stall process, i.e., while the lift is increasing,
and undershoot the overall lift during the vortex separation stage, i.e., while the lift
is decreasing. This phenomenon has direct implications for gust encounter pressure
sensing and is reflected in the measured gust loads. The vortex remains attached for
the duration of the gust encounters, and thus, the pressure integrated lift is able to
capture the overall wing lift while the leading edge is inside the gust. However, as
the wing exits the gust, the vortex detaches and sets in motion the aforementioned
lift undershoot behavior.

Analysis of the transient flowfields and pressure distributions detailed the key
events and flow structures associated with separation at the leading edge during a
gust encounter. Initially, a suction peak develops, widens, and eventually splits into
two distinct peaks. The first peak is associated with the acceleration of the flow
around the leading edge and the second with the concentration of vorticity near the
surface. Subsequently, the concentrated vorticity lifts off the surface and a coherent
vortex forms. The timing of these events is found to be independent of gust ratio.
The initial location of the secondary peak is also found to be independent of gust ratio
and its strength is found to be proportional to the gusting flow dynamic pressure,
i.e., GR®+1. After its formation, the vortex convects in the chordwise direction at a
rate that is proportional to the gust ratio and the suction peak decays at a rate that
is also proportional to gust ratio.

Flow sensing techniques for gust encounters were also investigated. Specifically,

the behavior of the leading-edge suction coefficient and the leading-edge pressure
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gradient were analyzed. The onset of stall was found to take place when the leading-
edge suction reached an inflection point, i.e., when its growth rate began diminishing.
Peak leading-edge suction was found to occur when the vorticity roll-up lifts off the
surface. Subsequently, suction at the leading edge was found to decrease as the vortex
begins its chordwise convection. The pressure gradient computed at the leading edge
was found to contain useful signatures for each of the events during the gust encounter.
The initiation of stall causes the pressure gradient to decrease. The formation of the
secondary suction peak takes place when the pressure gradient crosses the x-axis, and
the detachment of the vortex causes an increase in leading-edge pressure gradient. In
contrast to the leading-edge suction, the variation of leading-edge pressure gradient
between different gust ratios was found to be only a small percentage of the overall
variation during a gust encounter. In other words, each case takes a similar pressure
gradient trajectory through the gust encounter. Thus, the leading-edge pressure

gradient can provide gust ratio invariant information to a gust alleviation controller.

7.1.3 Inviscid modeling applications

The last part of the dissertation focused on the application of inviscid model-
ing methods to study the physics of separation and to develop effective flow sensing
and control strategies. A numerical inviscid method that can compute unsteady sur-
face pressure distributions during gust encounters was developed and validated. The
method was based on connected doublet and vortex sheets and solves the thin-airfoil
problem on the wing camber line as well as the thick-airfoil problem on the wing’s
surface. The effects of two different gust models on the pressure distribution were
investigated. It was shown that modeling the gust using rigid shear layers creates

unrealistic surface gradients that induce erroneous pressure distributions, a charac-
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teristic that can be avoided by modeling the gust using non-rigid shear layers. The
model was used to study the effects of separation on the unsteady pressure distribu-
tion during a gust encounter. It was shown that accounting for leading-edge separation
and vortex formation affects both the suction side and pressure side pressures. In par-
ticular, the omission of separation resulted in consistent under-prediction of pressure
on the pressure side of the wing. The inclusion of leading-edge separation recovered
the pressures measured in experiment.

An analytical model for the growth of the LEV as a function of the leading-
edge pressure coefficient was developed and used to predict the growth of the LEV
during gust encounters. In the theory, the wing is represented as a bound vortex
sheet, which is connected to two free vortex sheets on either end to represent the
leading and trailing edge shed vorticity distributions. The singularity at the sharp
leading-edge of the bound vortex sheet is removed by asymptotically matching thin-
airfoil theory to the potential flow over a parabola representing the leading-edge.
This translates the critical leading-edge suction coefficient to a critical leading-edge
pressure coefficient. The theory predicts that excess pressure beyond this critical
coefficient is the result of the formation of a leading-edge vortex sheet. There is fair
agreement between the experimental and predicted values. Notable shortcomings of
the theory are its tendency to overestimate LEV circulation by ~ 15% while also
predicting LEV formation and growth earlier than what is observed in experiments.

The last part of this dissertation experimentally determined optimal gust mitiga-
tion kinematic maneuvers. These maneuvers were able to mitigate more than 95%
of the lift transient during gust encounters. The Simplified Iterative Maneuver Opti-
mization (SIMO) was employed to calculate these pitch and plunge maneuvers. The
procedure uses Theodorsen’s model to track a reference lift coefficient, which is it-

eratively updated to account for bias and unmodeled dynamics. The procedure was
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shown to correctly account for error in Theodorsen’s model in various parts of the
gust encounter. An important observation is that for the first 0.5 convective times
of the gust encounter for both plunge and pitch maneuvers, most of the gust lift
transient is canceled by added mass lift. Added mass lift responds to the commanded
kinematics instantaneously. Thus, the SIMO procedure has demonstrated that the

added mass effect is key to effective gust mitigation early on in the gust.

7.2 Original contributions

1. This work provides an improved understanding of the role of bound and shed
vorticity distributions in the rise of fall of lift during transverse gust encounters.
The lift and circulation production of wings encountering gusts were studied

across different Reynolds numbers and gust ratios.

2. The success of Kiissner’s inviscid gust model in capturing the early lift transients
of separated gust flows is explained on the basis of overall circulation production.
A decomposition of lift into circulatory and non-circulatory components shows
that the bound circulation in Kiissner’s model is approximately equal the sum
of bound and LEV circulations in separated gust encounter flows. Kiissner’s
over-prediction of lift during gust exit is shown to be due to the shedding of

upwash-inducing wake vorticity — a characteristic not observed in experiments.

3. Novel surface pressure distribution measurements are presented for a variety of
unsteady flows. The evolution of surface pressure on the leading edge provides
insight into the key events leading to flow separation and vortex formation dur-
ing a gust encounter. Specifically, the criticality of the suction and pressure

gradient coefficients on the leading edge are investigated and shown to provide
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key information into separation timing and evolution. Integration of surface
pressure leads to an understanding of the effects of separation on loads estima-

tion using pressure.

4. A low-order inviscid model that predicts unsteady surface pressure in LEV flows
is developed and validated. This leads to an improved understanding of the
effects of separation on unsteady surface pressure distributions. Notably, it is
shown that proper separation modeling is required to recover the experimentally

observed pressure side pressures.

5. Inviscid models are used to develop tools for flow sensing and gust mitiga-
tion control. A connected vortex sheet model is used to relate the pressure
coefficient at the leading edge to the growth of the leading-edge vortex sheet,
demonstrating that a single sensor can be used to recover first order estimates
of the leading-edge vortex strength. Theodorsen’s model is incorporated in iter-
ative optimization procedure to compute the optimal gust mitigating kinematic

maneuvers.

7.3 Suggestions for future work

The experiments conducted as well as the models developed as part of this disser-

tation have several limitations which can be addressed in future research.

1. This dissertation mainly develops and uses inviscid tools to achieve its objec-
tives. In many cases, this provides inaccurate estimates of flow characteristics.
For example, the surface pressure associated with secondary vorticity forma-
tion is poorly predicted in chapter [ Further, the inviscid theory presented

in section [6.2.3] overestimates the strength and formation time of the leading-
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edge vortex. It would be an important contribution to include viscous-inviscid

coupling in these estimates, which would likely improve the results.

. The relation of surface pressure to leading-edge vortex strength was purely
based on fluid mechanical considerations. An alternate route to vortex es-
timation is the theory of state estimation, developed by the control theory
community. This method requires the derivation of an analytical observation
equation which relates the vorticity field to the surface pressure distribution.
This equation can then be inverted using principles from estimation theory.
Unfortunately, Bernoulli’s equation is not a satisfactory observation equation.
This is because in unsteady flows, the strength of the bound vortex varies with
time, and time varying vortices are not physically admissible in potential flows
(see Helmholtz’s theorems). This does not pose any difficulties in velocity and
force computations, but it does for pressure as it requires the evaluation of the

unsteady potential.

. The SIMO procedure was shown to be successful in computing optimal gust
mitigating maneuvers. These maneuvers were experimentally computed and
implemented as open-loop controllers. A logical next step is to combine these
results with the work of Sedky et al. [98], who developed and tested closed-loop
mitigation controllers. One way to achieve this is to design and tune a controller
which produces maneuvers similar to the optimal ones computed [6.3.2] These
controllers should be designed with the knowledge obtained from studying the

optimal maneuvers.
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