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Chapter 1: Introduction

1.1 Motivation

Beginning with the first successful flight by the Wright brothers over a century
ago, wind gusts have been known to cause loss of stability and control in flight and
occasionally structural failure. Since then, developments in the aerospace industry
have mainly focused on producing large aircraft that are capable of undertaking
missions such as transport and surveillance. These large aircraft generally operate
in a high Reynolds number flow regime, as shown in Figure 1.1. The effects of wind
gusts on these vehicles have been investigated thoroughly in the literature to ensure
a safe flight [1-4].

The focus has now shifted towards smaller vehicles such as Unmanned Air
Vehicles (UAVs), Micro Air Vehicles (MAVs), and Nano Air Vehicles (NAVs) since
these vehicles showcase a wide range of applicability varying from military, which
includes local reconnaissance, detection of intruders, hostage rescues, and border
patrol, to commercial, which includes search and rescue, air sampling, field research,
drug delivery, and environmental monitoring [6,9,10]. Biological flyers have inspired
the production of these vehicles. Some of the MAVs and NAVs may be as small as
insects and would fit into the palm of one’s hand [9,11-13]. Various concepts have

1
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Figure 1.1: The mass and flight speed of natural flyers and human-made aircraft,
adapted from Ref. [5].
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Figure 1.2: The Black Widow fixed wing MAV, the MAVSTAR coaxial twin-rotor
rotary wing MAV, and the hummingbird flapping wing MAV| taken from Refs. [6-8].

Flapping wing

(b) Rotary wing

(a) Fixed wing

been proposed for the design of MAVs, which are a fixed wing, rotary wing, and
flapping wing [9, 10, 14-16] as can be seen in Figure 1.2. The MAVS’ wingspans
generally vary from 7.4 to 15cm and they operate at very low speeds between
10 and 15m/s (see Figure 1.1), which corresponds to Reynolds numbers between
20,000 and 50,000. Moreover, they are expected to operate in the range of several

kilometers [6,9,17].



Table 1.1: Cruising speed of several natural flyers and airspeed of various weather
conditions, taken from Ref. [18§]

Airspeed Wind Speed, (m/s) Cruising Speed of

Light air 0.5-1 Butterflies, damselflies
Light breeze 2-3 Gnats, flies, dragonflies
Gentle breeze 4-5 Human-powered airplanes
Moderate breeze 6-8 Bees, wasps, beetles
Fresh breeze 9-11 Sparrows, starlings, swallows
Strong breeze 11-13 Crows, gulls, falcons
Near gale 14-17 Plovers, knots, godwits
Gale 18-21 Swans, ducks, geese
Strong gale 21-22 Sailplanes

Storm 25-28 Home-built aircraft
Violent Storm 29-32 Diving hawks

Hurricane >32 Diving falcons

The small size and low speed of MAVs bring them numerous advantages.
They can operate covertly, resemble a natural flyer to the human eye, can avoid
radar detection systems, and are significantly cheaper to manufacture compared
to large aircraft [9]. Although the resemblance to natural flyers is an asset for
MAVs, achieving a steady flight in the unsteady environments that natural flyers
operate in presents significant challenges for these human-made vehicles [10,19-22].
One of these challenges is the aerodynamics of the vehicle [23]. Since MAVs
operate at low Reynolds numbers, the flow is dominated mainly by viscous effects,
which causes boundary layer separation, reduced lift-to-drag ratio, and reduced
propeller efficiency [9]. Therefore, in order for an MAV to sustain controlled flight,
an extensive research on leading-edge vortex formation, spanwise flow structures,
and force transients experienced in low Reynolds numbers regime is required [10].
Moreover, the environment that these vehicles operate in also brings profound

challenges. MAVs generally operate at very low altitudes, which is well within



the atmospheric boundary layer [24]. The atmospheric boundary layer is defined as
the region that is 5 kilometers above the ground level and mostly dominated by a
turbulent flow regime [13,20,24,25]. The turbulence intensities are higher closer to
the ground due to the friction the surface of the Earth presents [13,17]. The terrain
is another factor that dictates the operational environment of MAVs [13,17]. The
International Organization of Standardization (ISO) classified the effective terrain
roughness, and 8 classes were established based on the obstacle height and separation
of the landscape, which are sea, smooth, open, roughly open, rough, very rough
skimming, and chaotic. MAVs are generally expected to operate in the “roughness
zone”, which is defined as the region where the wake of the local obstacles are
significant. Landscapes in the “roughness zone”, such as high rise city centers,
contain large turbulence intensities as high as 50% induced by the vortex shedding
from the buildings [10, 13,17,20, 21, 24,26,27]. On the other hand, in a suburban
landscape, the turbulence intensities were found to be around 15% [28]. This
turbulence poses extreme danger to these vehicles’ stability and brings considerable
control problems [13]. Another environmental factor that affects the flight of MAVs
is the weather [29,30]. Table 1.1 provides the airspeed for various weather conditions
ranging from light air to hurricane and the cruising speed of various natural flyers
and human-made vehicles. The unsteadiness of the flow can be quantified by the
gust ratio parameter, which is the ratio of the wind speed to cruising speed. As
can be seen from Table 1.1, even the existence of a gentle breeze might give rise to
gust ratios around 1 for small human-made vehicles such as MAVs, whereas a gentle

breeze only causes a gust ratio around 0.14 for a home-built aircraft [18]. Thus, it is

4



evident that the insects, small birds, and MAVs are more prone to remain grounded
due to weather conditions. Large aircraft, on the other hand, can operate in more
severe weather conditions [17]. Moreover, MAVs might be carried along with local
currents and lose complete control due to their small size [13].

Deepening the fundamental understanding of the flow physics of gust
encounters will provide valuable information for developing aerodynamic models
that can quickly predict the unsteady forcing for an extensive range of disturbances.
Such a model can be incorporated into an on-board flight controller to enhance the
safety and broaden the operational envelope of these vehicles in gusty environments.
A better understanding of the flow physics of gust encounters will also allow for
developments in other areas such as naval applications, where an aircraft is required
to land in a ship with a large airwake [31-33], rotorcraft applications, where a blade
may interact with earlier shed tip vortices from an upstream blade [34-36], and wind
turbines, where the efficiency of the turbine is affected by the wakes of upstream

turbines [37, 38].

1.2 Problem Statement

The current work aims to improve the understanding of fundamental flow
physics behind gust encounters. To achieve this, a simplified configuration is chosen
for the current study, where a transverse gust and a test model will be used.
Figure 1.3 shows a simple sketch of this configuration. A jet system is used to

produce a sine-squared transverse gust, which represents a physical gust that a



vehicle would encounter during a real flight [39]. The gust generator system is
designed to allow for an investigation of gusts of various strengths. Moreover, a flat
plate wing is chosen as the test model not only to ensure consistency between the
current work and previous work on pitching, surging, and plunging wings [40-43] but
also to achieve a more direct comparison with linearized models such as Kiissner’s

model.

I )

Figure 1.3: Sketch of transverse gust encounters.

Using this configuration, the current dissertation aims to answer the following

questions, thereby addressing gaps in the literature:

1. What are the force transients experienced during gust encounters?

2. Which flow structures, both two and three-dimensional, are responsible for

these transients?

3. Which method(s) can be used to predict the response to the transverse gust

encounters accurately?



1.3 Background

In this section, the reader will find a literature review pertaining to the gust

flow and gust encounters.

1.3.1 Categorization of Wind Gusts

In an attempt to understand the turbulent wind and its effects on the response
of an aircraft to ensure a safe flight, modelling the gust loads has been an interest in
the aerospace industry since 1915 [44]. However, before modelling the gust loads, it is
essential to categorize them. There are two categories established in the literature,
which are continuous turbulence and discrete gusts [45]. Since the atmospheric
disturbances consist of both types [45], Etkin [46] argues that the wind models
should include both the discrete gusts and the continuous turbulence.

The continuous turbulence models assume the lifting surface to be a linear
system and use a statistical representation for the continuous gust velocity profiles.
Therefore, the continuous gusts can be defined as the gusts that are sufficiently
represented by Gaussian models. Loads of an aircraft are derived using the Power
spectral density (PSD) method, which represents the average variation of energy.
The Von Karméan spectrum and Dryden spectrum are the two forms of PSD and
the most commonly used models for the continuous gusts [45].

On the other hand, discrete gusts are defined as the rare extreme excursions
that occur in continuous turbulence. Unlike the continuous turbulence, discrete

gusts are not adequately represented by Gaussian models [46]. The discrete gust



phenomenon can also be described as the ordered structures embedded in a random
background, causing abrupt changes in the speed of air being encountered [47,48].
Arguing that the larger disturbances exist as discrete gusts, researchers took on
a mission to model discrete gusts to allow for the analysis of these extreme
fluctuations [49, 50]. The discrete gust models require the knowledge of gust
magnitude V', shape, width w, gradient distance H, the distance that the gust

profile reaches to a maximum, and the probability of occurrence [50].

A

(a) Sharp-edge profile (b) Linear-ramp profile (c) Sine-squared profile

Figure 1.4: Sketches of various canonical discrete gust profiles.

The discrete gust shape can vary. However, there are canonical gust shapes
that are established in the literature. The most prevalent shapes are the sharp-
edge, linear-ramp, and one-minus-cosine. Be that as it may, there are other shapes
discussed, such as sinusoidal and graded gusts [45,51]. Rhode and Lundquist defined
the first discrete gust model in 1931 as the sharp-edged [52] as shown in Figure 1.4(a).
This canonical shape is still in use, especially for the response analysis. However,
the sharp-edge gust models are not included in the Airworthiness Requirements.
In the late 1930s, the linear-ramp gust concept was introduced. As can be seen in
Figure 1.4(b), the gust amplitude increases linearly with the gradient distance [45].

Later on in 1953, one-minus-cosine (also known as versine or sine-squared) was



chosen to represent a more physical gust [39], see Figure 1.4(c). Even the current
requirements and regulations use this canonical gust shape [53].

Lastly, statistical discrete gust (SDG) models were developed to derive the
response of an aircraft in statistical terms [54]. SDG models include the non-
Gaussian characteristics of wind gusts. The SDG model uses the “worst-case”
approach to assess the response of an aircraft. In a pool that contains various
gust amplitudes and gradient distances, the one with the most dramatic effects on
the aircraft response is chosen to evaluate the response using this model [45].

Furthermore, even though one of the main causes of wind gusts is the
aforementioned atmospheric turbulence as described in section 1.1, it is not the
only one. The gust might be caused by an aircraft. A helicopter blade interacting
with earlier shed tip vortices from an upstream blade during forward flight, and
an aircraft flying through another aircraft’s wake, an aircraft landing on a ship
encountering the wake caused by the ship’s superstructure may all be considered

examples of wind gusts.

1.3.2 Canonical Discrete Gust Types

This section seeks to introduce the canonical discrete gust types in terms
of directionality. The gust experienced in an actual flight is inherently three-
dimensional and particularly complicated. To simplify the problem, most studies
have focused on two-dimensional gusts, which have been categorized into three

types: longitudinal, transverse, and vortex [55,56]. Longitudinal gusts cause
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Figure 1.5: Sketches of canonical discrete gust types.

streamwise perturbations in the flow, as illustrated in Figure 1.5(a). Transverse
gusts can be defined as fluctuations in the stream-normal direction and displayed
in Figure 1.5(b). Lastly, Figure 1.5(c) shows a sketch for the vortex gust, which
causes both streamwise and stream-normal fluctuations in the flow. Please note
here that lateral gust is another gust type, which causes perturbations in the
spanwise direction and is not discussed herein since the flow, in that case, is not
two-dimensional [45]. All gust types introduce changes in the dynamic pressure.
Before discussing the previous experimental and computational work that has been
done on these gust types (see section 1.3.5), an overview of pertaining steady and

unsteady impulse methods will be given.
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1.3.3 Thin Airfoil Theory

This section seeks to provide information on the steady and quasi-steady
thin airfoils theory to provide a baseline for the unsteady models discussed
in section 1.3.4. Both theories neglect contributions from the vorticity in the
wake, assuming that the starting vortex is sufficiently far from the wing and the
contribution from the wake is small compared to the bound vorticity of the airfoil.
In addition, the theories only focus on the circulatory force, arguing that the
contributions from the non-circulatory force are negligible. Moreover, the flow is

assumed to be attached.

1.3.3.1 Steady Thin Airfoil Theory

This section will initiate the discussion on the thin airfoil theory by introducing
the steady thin airfoil theory, which is derived by Max Munk, Birnbaum and Glauert
in the 1920s [57]. The flow is assumed to be steady, incompressible, and inviscid
and the body is assumed to be thin and has an infinite span (i.e., airfoil). In this
theory, the camber line of a thin airfoil is replaced by a vortex sheet whose strength
(see Figure 1.6(a)), v, is defined in terms of the tangential velocities immediately
above (u;) and below (us) the vortex sheet. Mathematically, vortex sheet strength is
defined as: v = u; —ug. There are two boundary conditions for this steady flow. One
of these is the “no flow through the camber line” boundary condition, also known
as the no-penetration condition. The second one is given by the Kutta condition,

which essentially requires the flow to leave the trailing edge smoothly independent
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of the trailing edge’s shape, which can be sharp or cusped. Mathematically, the

Kutta condition states that the vortex sheet strength at the trailing edge is zero

(v(TE) =0).
Z A Z A
Camber line, z=z(x) Camber line, z=z(x)
/w’ w'(s)
S
)/' X )/' /G & & Gl@ & X
a 0 C « 0 C
U Chord line Uso Chord line w(x)
(a) Vortex sheet on the camber line (b) Vortex sheet on the chord line

Figure 1.6: Vortex sheet placement, taken from [57].

The fundamental equation of the airfoil theory is based on the no-penetration
boundary condition, which makes the camber line a streamline of the flow.
Therefore, the total velocity through the camber line is zero. There are two
contributions to this boundary condition, one of them is from the freestream (Us ),
and the other one is from the vortex sheet induced velocities (w'(s)). Therefore, the

equation can be written as:

Usorn +w (5) = 0, (1.1)

The normal velocity contribution that comes from the vortex sheet w'(s) is
calculated from a vortex sheet that is placed on the chord line, arguing that the airfoil
is thin and the camber line and chord line are close to each other (w'(s) ~ w(z)), see
Figure 1.6(b). Even though the calculation is done for the vortex sheet placed on the

chord line, please note that the strength of the vortex sheet is calculated such that
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the camber line (not the chord line) is a streamline of the flow. After calculating
the above-mentioned normal velocity contributions, the vortex sheet strength can

be found using the Kutta condition and is given for symmetric airfoils as:

(x + c/2)?

Vie/2—a)

where « is a small angle of attack, ¢ is the chord length, and z is the distance from

Y(z) = —2aUs (1.2)

mid-chord such that z = —¢/2 is the leading edge and x = ¢/2 is the trailing edge.
Using this vortex sheet strength, the circulation can be calculated easily using the

definition of circulation:

c/2
= / v(z)dr = macUy. (1.3)

—c/2
By substituting this circulation into the Kutta-Joukowski theorem, the lift force per

unit span (L) can be found as:

L' = pUT = eraly,. (1.4)

Therefore, the lift coefficient becomes

C) = ———— = 2ma. (1.5)

As can be seen from equations 1.4 and 1.5, the lift force depends on both the
freestream velocity and the angle of attack, whereas the lift coefficient is only a

function of the angle of attack. This theory is applicable to thin airfoils at small

13



angles of attack since when the angle of attack is large, the flow separates, and the

attached flow assumption is not valid.

1.3.3.2 Quasi-steady Thin Airfoil Theory

Unlike the steady thin airfoil theory, in quasi-steady thin airfoil theory, the
body oscillations are accounted for. However, the time history of motion is assumed
to have no effect on the airloads. In other words, the present is assumed to be not
affected by the past or the future. Therefore, the forces are derived from the steady
thin airfoil theory assuming that the flow reaches to steady-state immediately after
the changes in the velocity or the angle of attack. The theory also assumes that the

wake effects and the non-circulatory forces (e.g., added mass) are negligible.
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(a) Plunging Airfoil
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(b) Pitching Airfoil

Figure 1.7: Pitching and plunging airfoils and the velocity perturbations caused by
the airfoil’s motion, taken from Ref. [58].

Leishman [58] divides the oscillation motion into two. The first motion is

the plunge, where the airfoil can be modelled as a flat plate with uniform velocity
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perturbations along the chord, as can be seen from Figure 1.7(a). Therefore, a
plunging motion of the thin airfoil induces a constant effective angle of attack.
Therefore, plunging is essentially the same as increasing the geometric angle of
attack. The second motion is pitching, where the airfoil can be modelled as a flat
plate with non-uniform velocity perturbations along the chord. The non-uniform
velocity perturbations cause the flat plate to experience different effective angles of
attack along its chord. Therefore, it creates a virtual camber. In other words, the
airloads caused by pitching motion are the same as an airfoil with a corresponding
camber, as can be seen from Figure 1.7(b). The lift coefficient that arises from both
motions can be found using:

C=2n , (1.6)

+h+b1_ a
U 2 ") UL

where « is the geometric angle of attack, & is the plunge velocity, a is the distance
of the pitching axis from the mid-chord in chords, and ¢ is pitch rate. Therefore, in
equation 1.6, the first term gives the steady-state lift coefficient, the second term is
the contribution from plunging, and lastly, the third term is the contribution from
the pitching.

The limitations of the quasi-steady thin airfoil theory are primarily rooted in
the assumptions of the steady thin airfoil theory. Therefore, the quasi-steady thin
airfoil theory assumes that all vorticity in the flow comes from the bound vorticity,
the time history of the flow does not affect the airloads, and the flow is attached.

Overall, this theory neglects two key contributions, which are the non-circulatory
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effects and the wake effects.

1.3.4 Unsteady Models

This section seeks to describe the unsteady models that are used to predict
the response of a thin airfoil. The unsteady models differ from the steady and
quasi-steady models by incorporating the wake and non-circulatory effects to their
analysis. An overview of the unsteady attached models used in the literature is

given below.

1. Theodorsen provides the unsteady aerodynamic solution in the frequency

domain for a harmonically oscillating thin airfoil [59].

2. Sears provides the unsteady aerodynamic solution in the frequency domain

for a thin airfoil encountering sinusoidal transverse gust [60].

3. Atassi provides the unsteady aerodynamic solution in the frequency domain

by expending Sears’s model to include longitudinal disturbances [61].

4. Greenberg provides the unsteady aerodynamic solution in the frequency

domain for an oscillating freestream or thin airfoil [62].

5. Wagner provides the unsteady aerodynamic solution in the time domain for

a step-change in the flow conditions [63].

6. Kiissner provides the unsteady aerodynamic solution in the time domain for
a thin airfoil encountering a sharp-edged transverse gust with an infinite gust
width [64].
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7. Miles provides the unsteady aerodynamic solution in the time domain for
a thin airfoil encountering a convecting (in-plane) transverse sharp-edged

gust [65].

All of the above-mentioned models assume that the flow is attached, two
dimensional, incompressible, inviscid, and the disturbances are small. As described
in section 1.2, this work focuses on the response of a flat plate wing encountering a
sine-squared transverse gust. Therefore, the effects of the physical gust used in this
study can be modeled the best using Kiissner’s model, which is described in more
detail in section 1.3.4.2. However, before that, Wagner’s model will be discussed in

section 1.3.4.1 to provide a base for the Kiissner’s model.

1.3.4.1 Wagner’s Model

Wagner’s model [63] is applicable to two typical problems. The first of which
is an airfoil at a small angle of attack accelerating. The second one is an airfoil
experiencing a step-change in the angle of attack. Therefore, it is the most plausible
to define Wagner’s model as a tool that can be used to find the unsteady force
production in the time domain for the step changes in either acceleration or angle
of attack. Wagner’s model uses the Kutta condition, as does the thin airfoil theory.
However, unlike the thin airfoil theory, the circulation is allowed to be shed from
the trailing edge in this unsteady model. The shedding occurs at such a rate that
the vortex sheet strength at the trailing edge is always zero, thereby satisfying

the boundary condition. As established by Kelvin’s circulation theorem, the total
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circulation is conserved [66]. Thus, the circulation shed into the wake alters the
bound circulation and causes a lift deficiency. Wagner’s model assumes the flow is
two dimensional, incompressible, and inviscid, and the angles are small. Moreover,
the trailing wake is assumed to not deflect from the horizontal axis. The lift

coefficient for this model is given by

e

2U

C, = S(t) + 2magp(t”), (1.7)
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Figure 1.8: Wagner’s function for a step change.
where the §(¢) is the Dirac delta function and represents the step change and ¢(t*)
is the Wagner function. The first term in equation 1.7 is the non-circulatory force

(i.e., added mass that occurs due to the step change), and the second term is the

circulatory force. Wagner’s function can be approximated as [67]:

P(t*) ~ 1 — 0.165¢ 701" — 0.335¢706" (1.8)
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where t* is the chords traveled by the airfoil. Figure 1.8 displays the Wagner’s
function. As can be seen from this figure, at t* = 0, where the step change occurs,
the value of Wagner’s function is 0.5. This jump from 0 to 0.5 is caused by the
acceleration (added mass). The value of the Wagner’s function asymptotes to 1 as
t* — oo, where the lift coefficient approximates to 2w« (i.e., the steady-state value).
Wagner’s model accounts for the vorticity shed into the wake, added mass, and
bound vorticity. However, it neglects the viscous forces that arise in low Reynolds

numbers, where the flow is prone to separation.

1.3.4.2 Kussner’s Model

Kiissner’s model [64] is a linear analytical model to predict the lift force for
a flat plate encountering a sharp-edged transverse gust with infinite gust width.
Kiissner’s model, just like any other linearized model, comes with quite strict
assumptions. The flow is assumed to be two dimensional, incompressible and
inviscid. Kiissner’s model uses the superposition principle to analyze this potential
flow. The lift coefficient consists of three parts, and is given in Ref. [60] as

C) = C[O + Cl1 + CZQ.

(a) Cy,, this term is calculated according to thin airfoil theory, and no wake effects

are included in these calculations. Therefore, this is a quasi-steady quantity.

(b) C},, this term is called “apparent mass” in Ref. [60] . However, Corkery proved
recently that there is no apparent mass in the physical flow since there is no

acceleration associated with the wing. This contribution was rather assigned
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to the existence of a gust shear layer [68].

(c) Cl,, this term is the one that depends strictly on the vorticity distribution in

the trailing wake.

The model calculates these lift contributions based on the gust encounter’s
analogy to a broken-line airfoil as shown in Figure 1.9. The broken-line airfoil is
based on the principle that the gust velocities cause an increase in the effective
angle of attack of a wing. Therefore, the bound vorticity distribution during the
gust encounter is calculated based on the gust-induced effective angle of attack. The

details of the derivation can be found in Refs. [60], [64].

Figure 1.9: Analogy between the transverse gust encounter and a broken-line airfoil,
adapted from Ref. [60].

The resulting lift coefficient is written in the following format

C = 27%@& (), (1.9)
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where t* is the number of chord-lengths the wing has travelled, V' is the gust velocity,

and 1 (t*) is the Kiissner function, which is generally replaced by the exponential

approximation given by [69]

Y(t*) = 1 — 057020 — (.56 (1.10)
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Figure 1.10: Kiissner’s function for an infinitely long sharp-edged gust.

which is displayed in Figure 1.10. Although the Kiissner model is for an infinitely
long sharp-edged gust, the Duhamel superposition integral can be used to find the

lift response to any arbitrary transverse gust profile [58], given by

6= o= (noew)+ [ 24 - 0)as). (111)

where ¢ is a dummy integration variable, (") is defined with equation 1.10 and V/

is the gust velocity profile. The limitations and accuracy of the Kiissner model will
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be assessed in chapter 5 for various velocity profiles using the convolution provided

above.

1.3.5 Studies on Canonical Discrete Gust Types

Two-dimensional gust types were described in section 1.3.2. This section
provides the studies that have been made for different gust types, namely

longitudinal, transverse, and vortex gusts.

1.3.5.1 Longitudinal Gust Encounters

Longitudinal gusts have been extensively investigated in the past [70-73]. This
type of gust can be created by oscillating the freestream or the test model [72].
While it is relatively easy to obtain the streamwise gust by adjusting the towing
speed/acceleration in a water tank [74,75], it can also be created in an unsteady
wind tunnel or a low-speed wind tunnel by oscillating the freestream [76]. Since
the perturbations occur in the same direction as the freestream for this gust type,
no change in the effective angle of attack is observed during the encounter. For
example, Granlund et al. [72] examined the response of an airfoil to a low-amplitude
longitudinal gust. In this study, both wind and water tunnels were used to create
a longitudinal gust over a wing. In the wind tunnel, an unsteady pressure gradient
was used to oscillate the freestream flow, whereas in the water tunnel, the wing was
driven in a sinusoidal modulation while submerged in a steady freestream flow. They

concluded that both the “oscillating model” and “oscillating freestream” approaches
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can be used to investigate gust response for low-amplitude longitudinal gusts over a
wide range of reduced frequencies. Furthermore, in an attempt to predict the gust
response, Greenberg’s theory [62] was used and the predictions were compared with
the experimental data obtained in both facilities. At attached flow conditions, the
forces showed good agreement with classical theory by undergoing weak amplitude
changes depending on the reduced frequency, whereas a high dependency on reduced
frequencies due to large leading edge vortex shedding was observed in the separated
flow region. Greenberg’s theory was found to be inadequate to predict the forces at
high reduced frequencies since the attached inviscid flow assumption is inapplicable
in this region. A similar result was found in a separate study by Kirk et al. [77], where
a sinusoidally surging flow was investigated for various amplitudes and frequencies,
the results showed good agreement with Greenberg’s theory for the attached flow

region.

1.3.5.2 Transverse Gust Encounters

Compared to longitudinal gusts, transverse gusts are harder to create. Even
though early researchers were able to achieve low to moderate gust ratios (i.e.,
the ratio of the gust velocity to the freestream, G'R) using closed-jet systems
in wind tunnels [78, 79], there was little or no research performed for high-
amplitude transverse gust encounters until recently. With growing interest in MAVSs,
high-amplitude transverse gusts became the focus of attention and have recently

been created experimentally using jet systems in water tanks by several research
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groups [40, 80, 81]. For example, Holmes [79] generated a transverse gust in a
wind tunnel using a closed jet system with time-varying sinusoidal tunnel walls and
achieved transverse gust ratios between 0.05 and 0.095. After an investigation of
pressure fluctuations on the trailing edge caused by viscous effects, Holmes concluded
that the limited separation region that formed due to the extremely small gust ratios
achieved allowed for a valid comparison with Kemp’s theory [82] which presents a
prediction for fluctuating lift due to non-convecting transverse gust presence. In a
separate study, Kuethe [78] also created a transverse gust in a wind tunnel by using
an open jet that consisted of a motor and a propeller by which he achieved a gust
ratio of 0.24. He also found that lift measurements compared well with analytical
theory, this time the two-dimensional theory of Von Karmén and Sears [83]. More
recently, Perrotta and Jones [40] constructed a system to produce high-amplitude
transverse gusts in a water-filled towing tank using a vertically oriented water jet.
In this setup, this gust generation system was able to create only one gust velocity
because of hardware limitations. The gust ratio was therefore adjusted by changing
the towing velocity of the wing. Using this setup, they were able to achieve gust
ratios greater than 1.0. The local increase in the dynamic pressure caused by the
gust resulted in large force transients due to the shedding of leading and trailing
edge vortices. A semi-empirical quasi-steady analysis was undertaken and results
showed agreement while the wing was in the gust, but failed to predict the gust
recovery phase. Finally, in another study, by Corkery et al. [81,84], a top-hat gust
was generated in a water tank by using a unique design of a cross-flow test rig. As
in the previous work, large force transients caused by the formation and shedding
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of vortices were observed in strong gusts (with a gust ratio of 1). They found
that Kiissner’s theory [64] showed satisfactory agreement during the wing entry
for the GR < 0.5 cases, whereas significant discrepancies between the theory and
measurement, were observed for larger gust ratios. For all gust ratios investigated
(0.2 < GR < 1), the theory failed to predict the lift response of the encounter when

the wing became fully immersed in the gust.
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Figure 1.11: Investigation of a flat plate at 0° angle of attack encountering sine-

squared transverse gust of various widths: a) velocity profiles, b) computational and

analytical lift coefficients, and ¢) maximum lift coefficients, taken from Ref. [85].
On the other hand, in recent computational studies, where the high-amplitude

gust encounters were examined. The gust was created by either introducing a source

term to the unsteady models such as the split velocity method and field velocity
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method [80, 86] or implementing jet boundary conditions [87,88]. The results of
both computational methods were compared with experimental data and found
to yield physical responses. Badrya et al. [85] modeled the physical sine-squared
transverse gust used in the current study. The lift response of a flat plate wing
was investigated for the gust widths shown in Figure 1.11(a) by applying the split
velocity method with a source term. Two angles of attack, namely 0° and 45°, were
used. For the cases where the angle of attack is 0°, the Kiissner’s model was found to
accurately predict the maximum lift up to the width-to-chord ratio of 4 as shown in
Figure 1.11(b). The maximum lift coefficient was found to asymptotically increase
with increasing gust width, which is displayed in Figure 1.11(c) for the a = 0°
case. In a separate computational study [87,88], the aforementioned top-hat gust
was simulated using a jet boundary condition method. The study showed that the
maximum lift coefficient increases as the gust ratio increases. Moreover, it showed
that the non-circulatory force experienced during gust encounters are independent
of the gust ratio.

The studies proved that the transverse gust encounters cause significant
transients in the lift force. However, the effect of the transverse gust encounter
on the drag force was often neglected. Moreover, a thorough parametric study was
not performed for this gust type. One of the main aims of the current work is to

address these gaps in the literature.
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1.3.5.3 Vortex Gust Encounters

Vortex gusts can be created experimentally either by pitching and/or heaving
an upstream plate, [89-91] or by an upstream bluff body such as rotating
cylinder [89,92,93]. For instance, Engin et al. [89] created a vortex gust by pitching
a flat plate wing upstream of a test model in a water channel. In this study,
they concluded that vortex gust encounters cause dramatic force transients. The
parametric study they performed on the angle of attack showed that the forces
exhibit self-similarity. The effects of gust ratio on the forcing were not investigated
in this study, arguing that the gust generation process is complicated using a pitching
gust generator plate. The same experimental setup and vortex generation system
was used in a separate study by Biler et al. [90]. Figure 1.12(a) displays the vortex
gust and the perturbations it causes in both longitudinal and transverse directions.
The best fit to the measured perturbations was found to be the Lamb-Oseen
vortex model [94]. In this study, the vertical offset, Ay, between the centerline
of the gust generator plate and the test model when both are at 0° was varied to
investigate the effects of the incoming vortex position (i.e., the path that vortex
follows). Figure 1.12(b) shows the vortex core positions during the encounters for
three different vertical offsets. The authors concluded that for a flat plate at 0°
angle of attack, changing the vertical positioning of the incoming gust causes minor
effects at almost every point in the lift response, which consists of a local maximum,
a global minimum, and a secondary maximum (see Figure 1.12(c)). Moreover, they

found that the transients in the lift force follow the same trends as the effective angle

27



of attack. In another experimental study by Hufstedler et al. [91], a novel vortex gust
generation method was introduced, where the gust generator plate heaves across a
water tunnel and swiftly changes its direction and resides at the edge of the tunnel.
This heaving vortex gust generation method was compared with a pitching vortex
gust generation method. The resulting flowfields and forces were also compared for
two methods, and the authors concluded that the heaving method is more efficient
in creating an isolated vortex since the wake of the gust generator plate does not
interact with the test model downstream and cause unintentional force transients.
On the other hand, they also noted that the pitching method results in a more
spatially compact vortex gust. Rockwood et al. [95] used a rotating cylinder, which
has a one-diameter long attached plate, to create the vortex gust in a water tunnel.
Using this setup, Von Karman vortex streets with various oscillation frequencies
(different than the natural frequency of the stationary cylinder) were achieved.
This setup was found to annihilate the shedding of any unintentional vortex from the
gust generator. Moreover, unlike the heaving and pitching gust generator plates, the
vortex strength was found to be altered easily by changing the actuation parameters.

Most of the computational studies performed on vortex gusts model the
isolated vortex using the Taylor vortex profile. Even though the computations
require experimental validation, the computational studies offer significant
advantages for this gust type since as explained before, it is very challenging to create
a free vortex gust experimentally without having the effect of an upstream body on
the response of the test model. Previous studies by the collaboration between the

Air Force Research Laboratory and Embry-Riddle Aeronautical University [96-98]
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Figure 1.12: Investigation of a flat plate at 0° angle of attack encountering vortex
gust of various incoming positions: a) velocity profile, b) path of the vortex gust ,
and c) experimental lift coefficients, taken from Ref. [90].

paved the way for an overall investigation of vortex gust encounters by Nyguen
et al. [99], where the effect of various parameters on the response of an SD7003
airfoil encountering a vortex gust was explored. The study was performed using
high-fidelity Navier-Stokes simulations, and the vortex gust was prescribed to have
a Taylor vortex velocity profile. The effects of the parameters such as rotation
direction of the vortex, incoming vortex path, vortex size, and vortex strength were
investigated. The results showed that the lift response includes multiple peaks and
is highly nonlinear. While the high-amplitude vortex gust encounters were found

to impact the global extrema, the low-amplitude vortex gust encounters were found
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to have a dramatic effect on the recovery portion. Increasing the vortex size was
found to increase the lift extrema. Moreover, the incoming path of the vortex was
found to have a minor effect on the lift transients. The counterclockwise rotating
vortex was found to have a more profound effect on the lift force compared to a
clockwise rotating vortex. In a separate study by Barnes et al., [100], implicit large
eddy simulations (ILES) was used to model the interaction between a Taylor vortex
gust and a NACAO0012 airfoil. In this study, three different initial vertical positions
of the gust were examined. The one whose core is aligned with the leading edge of

the wing was found to cause the largest transients in the lift.

1.3.6 Studies on Gust Mitigation

The end goal of this body of gust studies is to mitigate the effects of a wing-
gust encounter. To do so, researchers have also attempted to capture the effects
of the different types of gusts on a wing using a well-investigated motion profile,
e.g., pitching, plunging, surging, or a combination of these. Results have shown
that it is possible to replicate streamwise gusts by surging [72], but a close analogy
has not been found for transverse or vortex gusts [101-103]. Instead of recreating
the gust, well-known motion profiles have been used to mitigate the effect of the
gust [104-107]. For example, Andreu and Babinsky were able to achieve 95% gust
mitigation for large-amplitude top-hat gust encounters by using a hybrid model
that not only maintains zero mean effective angle of attack but also captures the

added mass and shed vorticity [104]. In a separate study, a Goman Khrabrov (GK)
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model based on effective angle of attack was used to mitigate the effects of a large-
amplitude sine-squared transverse gust. By designing a controller based on this
model, a reduction in lift coefficient up to 90.43% was achieved [107]. No mitigation
model has been shown to work on different types of gusts. To develop such a model,
a comparison of different gust velocity profiles and gust types should be thoroughly
explored. However, there have not been many comparisons of different gust types

and velocity profiles. The current study aims to address this gap in the literature.

1.4 Present Work

The current work aims to improve the understanding of gust encounters,
especially on the sine-squared transverse gust encounters. By doing so, it will
pave the way for novel controllers to be built, thereby expanding the operational
envelopes of MAVs. In this study, a new fluid gust system was designed, constructed,
and characterized. Forces, two dimensional and three-dimensional flowfields were
experimentally obtained for the sine-squared transverse gust encounters. The
results were compared to a convolution of Kiissner’s function. Along with the
research performed independently, collaborations were done with the University of
Cambridge (UC), where the top-hat transverse gust encounters are investigated,
and the Istanbul Technical University (ITU), where vortex gust encounters are
investigated, allowing for a comparison of different velocity profiles and gust types.

The objectives of the current work are

1. to expand the existing understanding behind sine-squared gust encounters

31



by exploring the force (both lift and drag) transients, wake features (both
two- and three-dimensional), and circulation production for a large range of

disturbances.

. to perform a parametric study on the sine-squared gust encounters. The
parameters investigated include gust ratio, angle of attack, effective angle
of attack, and aspect ratio. This thorough analysis will allow for novel

normalization methods to be developed.

. to introduce and assess the applicability of normalization methods to scale the
responses of various angles of attack, gust ratio, effective angles of attack, and

transverse velocity profiles.

. to evaluate the accuracy and limitations of Kiissner’s model and identify the
effect of transverse gust velocity profile by comparing the sine-squared (UMD)
and the top-hat (UC) gusts. This step will allow for a thorough investigation

of the model.

. to compare different gust types, the sine-squared transverse (UMD) and the
vortex (ITU) gusts, in terms of lift force, flowfields, and circulation production.
This comparison will improve the overall understanding of the flow physics

behind gust encounters, which has not been done before.

. to determine the relationship between the effective angle of attack and the lift
force and to propose a flowfield-based force prediction method for both the

sine-squared transverse (UMD) and the vortex (ITU) gusts.
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1.5 Dissertation Outline

The details of the design and characterization of the gust fluid system and the
experimental setup used to collect the force, flowfield, and circulation measurements
for the sine-squared transverse gust experiments are given in chapter 2. Chapter 3
provides the experimental and numerical methods utilized by collaborators for the
top-hat transverse gust experiments (UC), the vortex gust experiments (ITU), and
the sine-squared transverse gust simulations (UMD). Chapter 4 details the trends
on the forces, flowfields, and circulation production, elucidates the flow physics
behind the force transients, and provides a parametric study for the sine-squared
gust encounters. Chapter 5 evaluates the accuracy and limitations of Kiissner’s
model and explores the effect of transverse gust velocity profile by comparing the
sine-squared (UMD) and top-hat (UC) transverse gusts. In chapter 6, a comparison
between the sine-squared transverse gust (UMD) and the vortex gusts is given.
In addition, this chapter introduces a flowfield-based force prediction method and
investigates the relationship between the effective angle of attack and lift force.
Lastly, chapter 7 summarizes the current work, lists the original contributions, and

provides suggestions for future work.
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Chapter 2: Methodology

This dissertation aims to deepen the understanding of fundamental flow
physics behind unsteady force production during gust encounters. This chapter
will outline the experimental data acquisition equipment and techniques used to
investigate sine-squared transverse gust encounters, which produced the bulk of
the results presented in this dissertation. The reader will also find the design and
characterization of a new fluid gust system, and the errors associated with the
measurement techniques utilized. All in all, the methods described here will produce

a comprehensive database for the sine-squared gust encounters.

2.1 Facility

The University of Maryland free surface water towing tank, shown in
Figure 2.1, was used to perform the experiments presented in this dissertation. The
dimensions of the tank are 7m long, 1.5 m wide, and 1 m deep. The towing tank has
steel frames that hold glass walls, thereby allowing optical access for particle image
velocimetry (PIV).

A 4 degree-of-freedom (DOF) model motion control system, shown in

Figure 2.1(a), allows for streamwise, stream-normal, rotating, and pitching motions.

34



Control
Rods

Force/Torque
Transducer

“—L__Control
| Rods

.
.
.
p Maneuver

Mechanism

(a) Sketch of towing tank cross-section (b) Wing mount

Figure 2.1: Experimental setup and wing installation mechanism.

The motor assembly consists of 2 independent parallel vertical brushless linear
motors (H2W BLDC-04) that drive pitching and plunging motions. Actuating the
motors in phase produces a plunging motion and/or ensures that the test model
tows at the desired depth; actuating the rods out of phase produces a pitching
motion and/or ensures that the test model is at the desired angle of attack. These
motors are directly connected to the control rods visible in Figure 2.1(a). The
motion system also includes a brushless rotary stage that allows for continuous
rotation (not used for the tests presented in this dissertation), and two brushless
linear motors (H2W BLDC-08) that drive streamwise translation along the length
of the tank to generate the freestream velocity. A multi-axis Galil DMC 4153 is used
as the motion controller for the entire motion control system, along with magnetic
encoders to provide motor positions. The error in the motion, i.e. the difference
between the commanded and actual motor positions, was found to be less than

1 mm, which corresponds to a maximum of 0.08% error in the streamwise direction.
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Using water as the operating fluid instead of air offers considerable advantages.

For the same Reynolds number (Rey; = Rewaer) and test model, the model

velocities in water are 0.066 of the ones in air (Upgter = Fwater [] 4 where v s
the kinematic viscosity and U is the freestream). Since the experiments performed
in any Newtonian fluid at an equivalent Reynolds number would yield the same

force coefficient (Cp = where F' is the force, p is the density, ¢ is the

_F
0.5pU2ch?
chord length, and b is the span), a model in water experiences 3.6 times greater
forces than the one in air (Fyuer = % <%>2Fm). Furthermore, using
water advances the ability to investigate unsteady flows using PIV since the density
matching of the seeding particles and water is generally better [108]. Moreover, water
grants the most accessible and safest form of flow visualization technique, dye-flow
visualization [109]. Accelerating the test model using the towing tank also brings
numerous conveniences. Firstly, accelerating the fluid creates a pressure gradient
on the model, and therefore causes buoyancy-like forces, whereas accelerating the
test model does not. In addition, turbulence levels in the towing tank are extremely
low vis-a-vis wind and water tunnels. Please note that the turbulence levels of the

towing tank used for this dissertation will be discussed in section 2.4 along with the

settling time.

2.2 Test Models

The wing was mounted on the mechanism shown in Figure 2.1(b) and

connected to the linear motors mounted on the forcing carriage via control rods.
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This mounting configuration allowed for a clear separation between the wing and
the control rods.

Three different test models, all of which were simple flat plates, were used for
the force measurement experiments presented in this dissertation. This geometry
was chosen to reduce the geometric complexity, to be consistent with previous work
on pitching, surging, and plunging wings (e.g., [40-43]), and to provide a more direct
comparison with unsteady thin airfoil theory and Kiissner’s model. The first test
model (wing 1) was a brass flat plate of aspect ratio 4 (5cm chord, 20 cm span) and
a 0.03 thickness-to-chord ratio. Brass was selected because of its corrosion-resistant
nature. The second (wing 2), third (wing 3), and fourth (wing 4) test models
were 4.3% thick aluminum flat plates of aspect ratio 4 (3in chord, 12in span),
aspect ratio of 6 (3in chord, 18in span), and aspect ratio of 8 (3in chord, 24in
span), respectively. These wings were primed and coated to improve the corrosion
resistance of aluminum. For the time-resolved PIV experiments, a glass flat plate
of the same dimensions as wing 2 was used to avoid a laser shadow in the field of

view. The dimensions of the test models used are tabulated in Table 2.1.

Table 2.1: The test models used for sine-squared transverse gust encounters.

Test Model Dimensions Gust Manifold Width-to-chord
Name Coverage
Wing 1 c=5cm,b=20cm, R =4 4.6b 4
Wing 2 c=3in,b=12in, R =4 3b 2.6
Wing 3 c=3in,b=18in, A =06 20 2.6
Wing 4 c=3in,b=24in, A=28 1.5b 2.6
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2.3 Transverse Gust

The transverse gust was created physically in the water-filled towing tank,
described in section 2.1, using a vertically oriented jet system. The following
subsections describe the gust generation system, gust characterization, and the

unsteadiness in the gust.

2.3.1 Gust Generator System

Building on previous work [40], the fluid gust system was redesigned and
reconstructed. In order to improve the previous design and allow for a broader
range of gust ratio investigation, a variable speed pump was used. In this new
setup, gust ratio can be controlled via the gust velocity, so the towing speed can be
selected to obtain a better signal-to-noise ratio for the force measurements, thereby

allowing the gust ratio variations to be independent of Reynolds number.

Wing
Plumbing System J

|

Pump Inlet

Honeycomb Flow
Straightener

Figure 2.2: Gust generation system.

Figure 2.2 shows the gust generation system, which consisted of a swimming
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pool pump (Hayward TriStar SP3202VSP), plumbing system made of PVC pipe,
plenum, and a honeycomb flow straightener (36x0.5 inch) with an individual cell
width of 1/8 inch. The gust system manifold covers approximately 4.6, 3, 2, and 1.5
times the wing spans and leaves approximately 14, 8, 6, and 4 chords uncovered by
the wing in spanwise direction for wings 1, 2, 3, and 4, respectively. The values of the
gust system manifold coverage for different wings are also given in Table 2.1. The
water is drawn from an inlet located at the bottom of the tank to the pump, which
forces water through the plumbing system and flow straightener. As mentioned
before, the water pump can operate over a range of different speeds, which allowed
for a wide range of gust velocities. The honeycomb section was used not only
to reduce the streamwise waviness of the gust but also to break down any large
turbulent eddies in the flow. Please see section 2.3.5 for a more detailed analysis on

the flow unsteadiness.

2.3.2 Gust Characterization Procedure

The resulting gust flow was characterized for 13 pump speeds and 4 spanwise
locations using time-resolved PIV without the test model installed in the setup.
Gust characterization was performed twice at each spanwise location to investigate
the repeatability of the resulting flow which will be discussed in section 2.3.3.
Figure 2.3 shows these different spanwise locations along wing 1: 1 chord-length
off center towards the left (location 1), the spanwise center of the wing (location 2),

1 chord-length off center towards the right (location 3), and 2 chord-lengths off center
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Figure 2.3: Spanwise gust characterization locations shown on wing 1 (5cm chord,
20 cm span).

towards the right (location 4). In this PIV setup, a Nd:YLF laser (Litron LDY304,
30mJ/pulse, 10kHz max) was used as a light source. The flow was seeded with
class IV soda lime spheres of 37 um diameter. A Phantom v311 (1 MP) was used to
record the images. Post-processing was performed in the LaVision software DaVis
using multi-pass cross-correlation. The interrogation regions were 64x64 px for the
first pass and 32x32px for the second pass. Interrogation regions were overlapped
by 50%. A local median filter was then applied to replace vectors if the difference
to the averaged value was bigger than 2 standard deviations of its neighbors. 2,000
PIV images were acquired at 0.2kHz and mean velocity fields were obtained at a
distance 15 inches (approximately 8 chord lengths for wing 1 and 5 chord lengths
for wings 2, 3, and 4) above the bottom of the water tank to the center of the region
of interest (where the wing tows through). Maximum PIV uncertainty for the gust

characterization was found to be 0.2%

40



2.3.3 Streamwise Velocity Profile and Pump Operating Range
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Figure 2.4: Sine-squared gust characterization for the highest pump speed at the
centerline of the wing.

In order to characterize the mean streamwise velocity profile, time-
averaged flowfields were analyzed for various pump speeds and spanwise locations.
Figure 2.4(a) shows the time-averaged gust vorticity for the highest pump speed
at the centerline of the wing (location 2). As can be seen from this figure, the
shear layer covers the entire width of the gust, meaning the bulk of the gust flow is
rotational. Here, the x and y axes represent the horizontal (streamwise) and vertical
(stream-normal) positions, respectively. The red rectangle in this figure represents
the region of interest. The mean measured velocities in the direction normal to the
freestream (i.e., vertical) were extracted from this region and shown in Figure 2.4(b)
along with the best fit to experimental data, which is found to be a sine-squared
profile and given by: V(z) =V, sinz(”—lf) where V), represents the peak gust velocity,

x represents the streamwise position, and w represents the gust width as calculated
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based on the points where fluid velocity is zero.
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Figure 2.5: Linear fit to both peak gust velocity and gust width.

As mentioned earlier, gust characterization was performed for 13 pump speeds
and twice for each spanwise location by fitting a sine-squared velocity profile to
the time-averaged data. In an attempt to specify the pump operating range, two
defining parameters of the sine-squared profile, namely peak gust velocity and gust
width, were extracted from the time-averaged measurements for each case. The
peak gust velocity was found to have a linear dependency on pump speed, as shown
in Figure 2.5. The equation of this fit was found to be y = 1.1910~*z —0.014, where
x represents the pump speed, and y represents the peak gust velocity. Moreover,
the peak gust velocity was found to be repeatable for each spanwise location. The
current setup was found to allow for a wide range of peak gust velocities between
0.06 m/s and 0.4m/s. The gust width, on the other hand, does not fit any obvious
function. In order to simplify the parameter space, the mean of the gust width
was used, which was found to be 198 mm with a standard deviation of 22mm or

coefficient of variation 11%. Therefore, the ratio of the width of the gust to the
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chord (w/c) was approximated to be 4 for wing 1 and 2.6 for wings 2, 3 and 4,

which are tabulated in Table 2.1.

2.3.4 Spanwise Velocity Profile

The uniformity of spanwise velocity was qualitatively examined and confirmed
using dye-flow visualization. To quantify this conclusion, the mean streamwise
velocity profiles calculated based on the time-averaged flowfields of various spanwise
locations (shown in Figure 2.3) were compared for 3 different pump speeds. Since
the resulting gust flow is analogous to a jet, it oscillates with a longer period causing
it to wave side to side. Even though a honeycomb section was used to eliminate the
meandering effect, the gust is still somewhat wavy, which causes misalignments in
the start position of the velocity profiles. The maximum offset between the sine-
squared fits of different spanwise locations investigated here was found to be 20 mm,
which corresponds to 0.1 convective times (i.e., chord lengths traveled by the wing)
for wing 1, and 0.26 convective times for wings 2, 3 and 4. In Figure 2.6, the peaks of
the velocity profiles were aligned to eliminate this offset and, therefore, the waviness
effect for easier comparison of the shape and magnitude of the profile. Please note
that this alignment does not cause any misinterpretation of the spanwise distribution
of the gust since the experiments performed for different spanwise locations were not
simultaneous. As can be seen from Figure 2.6, the agreement of the profile between
different spanwise locations becomes better as the pump speed increases. The

standard deviations and coefficients of variation of spanwise locations for different
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pump speeds, tabulated in Table 2.2, confirms the aforementioned conclusion. The
coefficients of variation of both the peak gust velocity and the gust width decrease
with increasing pump speed, likely because more significant pressure in the gust
generator system results in a steadier spanwise planar gust. Note that the variations
in the gust width are more significant than the variations in the peak gust velocity.

Overall, the system produced an approximately spanwise planar gust.
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Figure 2.6: Characterized gust velocity profile for different pump speeds and
spanwise locations.

Table 2.2: Coeflicients of variation of the peak gust velocity and the gust width
from various spanwise locations.

Parameter Pump, (RPM) Mean + Stdev Coefficient of Variation (%)

600 0.061 & 0.005 7.9
V., (m/s) 2000 0.205 + 0.008 4.1
3450 0.402 + 0.002 0.6
600 202.7 + 295 14.6
w, (mm) 2000 185.8 & 20.5 11.1
3450 178.9 + 10.6 5.9
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2.3.5 Flow Unsteadiness

So far, time-averaged measurements have been considered. To further the
characterization of the transverse gust, the gust unsteadiness will be the primary
focus of this section. With this objective in mind, the average gust velocities and
gust widths were obtained from instantaneous flowfields by fitting a sine-squared
function at the centerline for 3 different pump speeds. The averaged profiles are
shown in Figure 2.7, where the errorbars in gust width and peak gust velocity
represent one standard deviation. The values of the peak gust velocity and the gust
width coefficients of variation are given in Table 2.3. The maximum coefficients of
variation found based on the instantaneous measurements were 30% and 24% in the

peak gust velocity and the gust width, respectively.
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Figure 2.7: Average gust velocity profiles and standard deviations (Stdev) of
instantaneous flowfields in both the peak gust velocity and the gust width for
different pump speeds at the centerline.

Since the resulting gust flow is a planar jet, it is expected to be fully developed

for y/D > 4, where y is the distance from the nozzle to the characterized height and
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Table 2.3: Coefficients of variation of the peak gust velocity and the gust width
from instantaneous measurements.

Parameter Pump, (RPM)

Mean + Stdev  Coefficient of Variation (%)

600 0.052 =+ 0.009 17.3
V,, (m/s) 2000 0.159 + 0.048 30.1
3450 0.414 + 0.066 15
600 178.97 + 32.74 183
w, (mm) 2000 174.53 + 41.86 23.9
3450 176.14 + 28.03 15.9

D is the nozzle width [110]. In the current experiments, the gust was characterized at

y/D = 15/0.5 = 30, and the flowfields obtained show the fully-developed canonical

sine-squared profile. Fluctuation intensity within the gust can be defined as: v/ v /v,

where v is velocity fluctuation and v is the mean velocity in the planar jet direction.

Fluctuation intensities of the characterized gust at y/D = 30 were found to be near

0.3, while previous work [111] has reported fluctuation intensities nearer to 0.23 at

y/D = 20.
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Figure 2.8: Fast Fourier Transform of instantaneous measured velocities for different

pump speeds at the centerline shown on a logarithmic scale.

In order to examine the frequency content of the resulting flow, the measured

velocities were extracted from the instantaneous flowfields for 3 different pump
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speeds at the centerline for a position (z = 214mm, y = 480 mm), where the gust
velocity is maximum. A Fast Fourier Transform was then applied to the “signal”
of extracted measured velocities. Figure 2.8 shows the amplitude versus frequency
of these cases on a logarithmic scale. The pump speeds examined were 600 rpm,
2000 rpm, and 3450 rpm, corresponding to 10 Hz, 33 Hz, and 57.5 Hz, respectively.
It can be seen that the dominant frequency content is relatively broadband at less

than 10 Hz, and there are no dominant frequencies associated with the pump speed.

2.4 Kinematics and Defining Parameters
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Figure 2.9: Towing velocity of wing 2 and a sample gust velocity profile of 0.13m/s
corresponding to a gust ratio of 0.5.

The working premise is simple; a model is mounted to the actuated carriage
that tows the length of the tank. The test model was fixed to a constant angle of
attack for each case before the motion began. Then, it was accelerated for some time,

traveled with a constant freestream speed, encountered the gust, and decelerated
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to a stop past the gust. Therefore, the towing velocity profile can be divided into
three regions: acceleration, constant velocity, and deceleration. In order to provide
a smooth transition between these regions, not to mention to avoid damaging the
motor system, the Hermite Spline function consists of linear segments with 8th
order polynomials used at the corners of the profile. For more details, please see
Ref. [112]. The lengths of the towing velocity regions are given in chords in Table 2.4.
Since the position of the gust generator is fixed in the setup, the test models with
different chord lengths require different parameters for the trapezoidal towing profile.
Sufficient travel distances were provided before and after the wing enters and exits
the gust to ensure that the flow around the wing reaches the steady-state. Figure 2.9
shows this trapezoidal towing velocity profile, as well as the velocity of the gust
encountered for a case where the gust ratio is 0.5. Here, the x axis represents the
convective time (i.e., the chord lengths traveled by the wing), and t* = 0 was defined
as the time at which the leading edge of the wing enters the gust. The gust shown

here has a streamwise sine-squared profile as characterized in the previous section.

Table 2.4: Motion profile parameters for the test models used in the experiments.

Acceleration Constant Velocity Deceleration Total
Region, Region, Region, travel,

(chords) (chords) (chords) (m)

Before Cust After
the Gust B the Gust
Wing 1
(chord= 5 cm) 6 44 4 22 6 4.1
Wings 2, 3, and 4 1 18 26 274 4 42

(chord= 3 in)

Reynolds number, therefore the freestream speed, was selected based on the
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hardware limitations and force measurement sensitivities. Various combinations of

gust ratio, GR = l‘%’ and angle of attack are investigated in this dissertation.
Table 2.5 shows the test matrix for the sine-squared gust encounter experiments.
Wing 1 was used to examine the effect of the encounter on the forces using a
large sweep of low-amplitude gusts and angles of attack. These force measurement
experiments were performed at a constant Reynolds number of Re = pUyc/pu =
40,000. Flowfields were obtained only for the GR = 0.08 & o = 10°, GR = 0.16
& a = 5% and GR = 0.26 & a = 0° cases via computations (whose methods
will be discussed in 3.1.1). On the other hand, wing 2 was used to investigate the
effects of large-amplitude gust encounters. These experiments were performed at a
lower Reynolds number of 20,000 to allow for higher gust ratios in the setup. Force
and PIV measurements were obtained for every case shown in the second row of
Table 2.5. Dye-flow visualization experiments, however, were carried out only for
gust ratios of 0.5 and 1, and angles of attack of @ = 0° and o = 20°. Wings 3 and 4
were used for force measurement experiments to explore the effects of aspect ratio.
Dye-flow visualization experiments were also performed using wing 4 to investigate
the three-dimensionality of gust encounters. All cases were repeated several times
based on the measurement technique’s sensitivity. Please note that the sensitivity
analyses will be discussed in the sections pertinent to the measurement technique.
A total of 299 measurements were taken for the work presented here.

In order to determine a suitable wait time between the runs, PIV
measurements were taken. 100 images were acquired at 0.2 kHz and post-processed

with the same parameters mentioned in section 2.3.2. Velocity obtained from mean
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velocity flowfields for the highest towing and pump speeds was found to be around
7.17 x 107* £ 4.34 x 10, which corresponds to the 0.27% of the lowest freestream
velocity used, after 5 minutes were allowed to pass. Therefore, 5 and 10 minutes
were allowed to pass between each run for low and large-amplitude gust encounters,
respectively, to ensure that the previous motion did not create any recirculation in

the tank.

Table 2.5: Test matrix for the sine-squared gust encounter experiments.

Test Reynolds Freestream, Width Gust Ratio Angle of Attack,
Model ~ Number (m/s) to chord (deg)
Gy 000 omm 4ot e e
(\Zgn:g j) 20,000 0.2635 2.6 0.5,0.75, 1, 1.5 0°, 10°, 20°
(\Z%ln:g g) 20,000 0.2635 2.6 0.5, 1 0°, 20°
(\Z{ln:g ;l) 20,000 0.2635 2.6 0.5, 1 0°, 20°

2.5 Force Measurements

A 6 degree-of-freedom force balance (submergible ATI Mini-40 with a range
of £ 40 N and a resolution of 0.01 N) was used to measure forces on the test
model. The force balance was mounted to the setup as shown in Figure 2.1(b). All
experiments were sampled at 1 kHz. Data was transferred from the force balance to
the computer via a wireless network. If more than five percent of the data packets
were lost during this transfer, the run was repeated. The manufacturer’s calibration
was used to convert the internal strain readings to the wing-fixed forces.

All of the cases were repeated 5 times, synchronized, filtered, and ensemble-
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Figure 2.10: Raw, ensemble averaged, and filtered lift coefficients for GR = 1, = 0°
case of wing 2 experiments.

averaged. The average forces were calculated when the wing was stationary and
subtracted from the measurements to remove the contributions from gravity and
buoyancy forces. The mean normal and axial forces were then converted to
lift and drag components and non-dimensionalized by the dynamic pressure and
the wing area. Since the data collection device and wing kinematics controller
operates at different internal clocks, the measurements and kinematics needed to be
synchronized. To achieve that, the side force measured was cross-correlated with
the expected side force based on the transducer’s depth, and the resulting correction
time was used to align the clocks. Please refer to Ref. [113] for more information.
Fast Fourier Transform was performed for all cases to reveal the frequency content
of the measurements, and the dominant frequencies were found to be 10, 20, and
120 Hz (for experiments performed with wing 1), 10, 35, and 110 Hz (for experiments

performed with wing 2), and lastly, 12, 38, and 110 Hz (for experiments performed
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with wing 3). The periods of the gust encounters (7}, = w/Us) for low-amplitude
and large-amplitude cases were found to be 0.2s (corresponding to a frequency of
4Hz) and 0.75s (corresponding to a frequency of 1.3 Hz), respectively. To remove
mechanical and electrical vibrations and measurement noise in the data, 10 Hz and
5 Hz low-pass Butterworth filters were applied to the experiments carried out with
wing 1, and wings 2, 3, and 4. Figure 2.10 shows the raw, ensemble-averaged, and
filtered lift coefficients for GR = 1, = 0° case. As can be seen from this figure,
the low-pass filter preferred reduces the vibrations and noise without truncating the
peak and distorting the response. Figure 2.11 shows filtered lift coefficients from 8
individual runs and their ensemble average for a case of GR = 0.5, = 0°. Even
though the characterized gust has fairly significant unsteadiness attached to it (as
discussed in section 2.3.5), the lift coefficients from different runs are quite similar.
Standard deviations of the lift force coefficients were 0.0886 and 0.1057 for 8 and
5 runs ensemble-averaged, respectively. These standard deviations correspond to
6.1% and 7.3% percentage uncertainty. Furthermore, peak lift coefficient obtained
from ensemble averaging 5 runs introduces only 0.56% error compared to ensemble
average of 8 runs. In order to make the work feasible, every case was repeated 5
times.

The uncertainty of force measurements on repeated experiments was calculated
for a region where the wing has not yet interacted with the gust (—10 < ¢t* < 0) and
travels at a constant speed. From this analysis, standard deviations of the normal
force coefficients were found to range from 0.014 to 0.023, which corresponds to

a percent uncertainty of 1.3% to 5.8% for the angles of attack between 5 and 45
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degrees for experiments with wing 1 while they were found to vary between 0.02
and 0.05 for experiments with wing 2, 0.03 and 0.07 for experiments with wing 3,
and lastly for the experiments with wing 4, standard deviations range between 0.04
and 0.07. Please note that since the Reynolds number for the experiments performed
using wing 1 (Re = 40, 000) is significantly higher than those performed using other
wings (Re = 20,000), the wing 1 experiments result in a better signal-to-noise ratio,

thereby lower standard deviations.
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Figure 2.11: Lift coefficients from filtered individual runs, and ensemble average for
GR = 0.5, = 0° case of wing 2 experiments.

2.6 Flowfield Measurements

Flowfields provide illuminating insight into the force transients. This section
discusses the methods used to obtain the flowfields, namely PIV and dye-flow
visualization, along with methods to calculate the circulation production when a

strong shear layer is present.
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2.6.1 Particle Image Velocimetry

Convex Lens

Concave Lens
— » Tow Direction

A

Figure 2.12: Sketch of the PIV setup used for sine-squared gust encounter
experiments.

Telescopic Lens

Time-resolved PIV experiments were performed for wing 2 encountering the
sine-squared gust. To acquire the images, a 4 MP (Phantom v641) camera was
used with an 85 mm Nikon lens. The water was seeded with class IV soda lime
glass spheres (diameter of 37 pum), and the flow was illuminated by an Nd:YLF
laser (Litron LDY 304, 30 mJ/pulse,10 kHz max). Figure 2.12 shows a sketch of this
setup.

During these experiments, both the laser sheet and the camera were towed
with the wing to allow for a wide investigation range. The camera was placed on an
L-shaped structure that is connected to the carriage. Thus, it easily accompanied
the wing. Towing the laser sheet, however, was not as effortless since it needed to be
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aligned perfectly through the whole tank. The laser was positioned underneath the
towing tank and directed towards the carriage by a set of stationary mirrors. Please
note that a telescopic lens was mounted on the laser head not only to counteract the
fact that the laser beam diverges as it travels but also to achieve an appropriate beam
thickness throughout the investigation region. As the beam reached a set of mirrors
placed on the carriage, it was redirected along the spanwise direction (from the edge
towards the center of the carriage). Then, it passed through convex (f = 150 mm)
and concave (f = 100mm) lenses, respectively. The distance between these lenses
was adjusted so that the focal point lies on the wing and allows for a very thin laser
sheet in the region of interest. Then, the beam was redirected towards a Powell lens.
Since the laser sheet needed to cover the whole region captured by the camera, the
fan angle of the Powell lens was selected to be 30°. To annihilate the distortion of
the laser sheet due to medium change (air to water), an acrylic block was installed in
and towed with the wing, carriage, mirrors, and lenses. The laser sheet illuminated
1 chord-length off mid-span where the images were captured to provide nominally
two dimensional flowfields for the aspect ratio 4 wing. Note that images could not
be acquired at the mid-span since the support structure does not allow for a such
configuration of the optics.

The PIV images were acquired at 0.7 kHz for convective times between -6 and
15. 4250 images were recorded for each case. DaVis v8.1 was used as the processing
software. Firstly, a sliding background was subtracted from the acquired images to
increase the signal-to-noise ratio of the measurements. Then, the images were cross-

correlated using a decreasing interrogation window size from 24x24 to 16x16 px.
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50% and 75% region overlaps were allowed for the first and second passes. The
resulting field of view was 24 x 16cm, and the wing was positioned in the image
such that approximately 1.1 and 1.2 chords were allowed upstream and downstream
of it, respectively. The spatial resolution was 0.1 mm per pixel (772 pixels per
chord-length), and the temporal resolution was 202 images per convective time.
Final vector spacing was 0.79 mm (96.46 vectors per chord-length). The maximum

uncertainty in the velocity measurements was found to be 0.2%.
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Figure 2.13: PIV sensitivity study based on the non-dimensional leading-edge vortex
strength for GR = 1, = 0° case.

A sensitivity study was performed to determine the number of runs to ensemble
average. 23 runs of GR = 1, = 0° case were acquired. Since the gust meanders as
discussed in section 2.3.4, the sensitivity study was carried out for the leading-edge
vortex strength rather than the circulation in the whole PIV flowfield. The procedure
followed to calculate the leading-edge vortex strength is detailed in section 2.6.2.

Figure 2.13 shows the non-dimensional circulation of the leading edge vortex for
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various number of runs ensemble-averaged at ¢t* = 1.8. As can be seen from this
figure, the circulation approaches to a constant value as the number of runs increases.
To make the work feasible, the cut-off value for number of runs ensemble-averaged

were selected to be 8 which corresponds to 8% error for GR = 1,a = 0° case

discussed here.

2.6.2 Circulation Measurements

The aim of this section is to introduce a method that can accurately compute
the circulation shed from the leading edge based on the experimental flowfields. This
is a particularly challenging task since the sine-squared transverse gust introduces

a continuous shear layer that consists of positive and negative vorticity regions as

described in section 2.3.3.

(a) Threshold method (b) Segmentation method

Figure 2.14: Vorticity contours at t* = 1.8 for GR = 1, &« = 0° case.

Two methods that are appropriate for this task directly derive from the
definition of vortex strength, in other words, its circulation (sum of the vorticity
enclosed in the vortex) and given by I' = [ 4wdA. The first method is the

threshold method, where a stationary rectangular box was drawn near the wing,
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shown in Figure 2.14(a), and the vorticity in it was calculated. A threshold was
then set to remove any vorticity that is greater than -30 to eliminate to avoid any
miscalculations due to the gust shear layer. The second method is the segmentation
method, where the leading-edge vortex was manually isolated from the gust shear
layer using an arbitrary polygon, as shown in Figure 2.14(b). Since the leading-edge
vortex contains negative vorticity and a part of the gust shear layer is positive, a
threshold was used to remove any positive vorticity to improve the calculations.
The vorticity was then integrated around the polygon area, and the strength
of the leading-edge vortex was found. The resulting circulation from both the
threshold and the segmentation methods were nondimensionalized by the freestream
velocity and chord. Figure 2.15 shows these nondimensional circulations for the
GR = 1,a = 0° case. As can be seen from this figure, these methods yield similar
results early on. However, as the wing moves towards the center of the gust, the
circulations calculated from these two methods start to differ. These differences are
attributed to the fact that the vortex diffuses and threshold method eliminates some
of the vorticity that was originally belonged to the leading-edge vortex. This issue
can be addressed by increasing the threshold value. However, the increased threshold
value causes the gust shear layer to reappear in the box and thus the method to
fail. To conclude, the best method was determined to be the segmentation method,
and it was used to calculate the leading-edge vortex strength for the sine-squared
gust encounters. Please note that the measurements were down-sampled to 70 Hz

to make the manual work feasible.
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Figure 2.15: Nondimensional circulation of GR = 1,a = 0° case calculated from
both the segmentation and the threshold methods.

2.6.3 Dye-flow Visualization

Syringe Pumps

— > Tow Direction

GoPro Camera _=

Figure 2.16: Nondimensional circulation of GR = 1,a = 0° case calculated from
both the segmentation and the threshold methods.
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Dye-flow visualization experiments were performed for aspect ratios of 4 and
8 wings to investigate the three-dimensional effects during large-amplitude sine-
squared gust encounters. The mixture used for these experiments consisted of green
dye, milk, ethyl alcohol, and water (from the tank). Milk is frequently used in
dye-flow visualization mixtures since its high reflective quality creates crisper flow
images. Moreover, the high fat content of milk allows for coherent filaments to form
in high shear flows by retarding diffusion. Although the soy variety has a longer
shelf life, soy milk was found to curdle faster once mixed with ethyl alcohol. Since
the curdled milk impairs the quality of the flow, whole milk was preferred for the
current study. The ethyl alcohol was then added to the mixture to attenuate the
density difference between the water and milk. A combination of 100 ml milk, 10 ml
dye, and 17ml ethyl alcohol was found to result in a neutrally buoyant mixture.
Please note that the exact amount of each element depends entirely on its density.
Since the purity of each element is expected to change between different brands,
the proportions provided here does not guarantee a neutrally buoyant mixture and
requires some trial and error for different setups. Lastly, the neutrally buoyant
mixture was diluted with 35 ml of water from the tank. By doing so, the temperature
differences between the mixture and the operating fluid were minimized.

The resulting mixture was filled into two MonoJect 60 ml syringes, and the air
bubbles were removed. Then, the syringes were placed into two identical syringe
pumps (NE-300 Just Infusion), which forced the mixture through the tubing (Tygon
R-3603) to the ports positioned at the bottom surface of the wing. The tubes were

selected to have a very small inner diameter, 0.76 mm, to minimize the disturbance
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Figure 2.17: Location of the ports placed on the bottom surface of the wings tested.

they might cause to the flow. The exit velocity of the mixture should be selected to
match the flow velocity nominally. This, however, was not always achievable since
the flow examined is unsteady. A GoPro Hero7 was used to acquire the images and
was positioned on the carriage to allow a top view of the test model. The syringe
pumps and camera were towed with the wing to allow for a broad investigation
range. Figure 2.16 shows a sketch of the setup for this configuration. The flow was
illuminated by stationary halogen lights, and the glass walls of the tank were covered
with black contact paper to avoid the issues that the light reflection might cause.
Figure 2.17 shows the location of the ports for two test models used for this study.
The tubes were oriented in the chordwise direction and located approximately 4 mm
behind the leading edge to reduce disturbance. Two equally spaced ports were used
for the /2 = 4 wing. Since the current hardware allows the use of only two ports
at a time, the experiments performed for /R = 8 wing were divided into two sets:
inboard and outboard, as shown in Figure 2.17. The images acquired from inboard

and outboard stations were later stitched together. Each case was repeated 5 times,
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and only the dominant features from all sets were discussed in section 4.5.

2.7 Chapter Summary

This chapter has described the methods used for the sine-squared gust
encounter experiments. The fluid gust system was redesigned and reconstructed
to achieve a wider range of gust ratios independent of Reynolds number. The
resulting flow was characterized to have a streamwise sine-squared and spanwise
planar velocity profile. Several flat plates were used as the test models for this
study. Force and PIV measurements were acquired for a wing passing through the
characterized gust at a constant speed. Various combinations of gust ratio and angle
of attack were investigated. The resulting flowfields were used not only to identify
the dominant flow structures that cause the force transients but also to calculate the
circulation shed from the leading edge. Moreover, dye-flow visualization experiments
were performed to provide insight into the three-dimensional nature of the flow. The
results obtained using the techniques described here are presented in the following

chapters.
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Chapter 3: Methodology of Collaborators

This chapter details the methods and equipment used by our collaborators to
investigate the unsteady response of wings in gust encounters. These collaborations
capitalized on the capabilities of each facility, producing different transverse
gust velocity profiles and gust types to establish a comprehensive knowledge of
the fundamental flow physics of gust encounters. Section 3.1.1 describes the
computational methods used by collaborators at the University of Maryland to
simulate the sine-squared gust encounter experiments detailed in chapter 2. These
simulations provide valuable information on skin friction coefficient, which is
hard to measure experimentally, whereas the experiments offer a unique data
set to validate these simulations. Overall, this collaboration helps to extend
the knowledge on the unsteady force production during sine-squared transverse
gust encounters. The experimental methods employed by collaborators at the
University of Cambridge to generate and study top-hat transverse gust velocity
profile are discussed in sections 3.1.2. Although the bulk of the results shown
in this dissertation are from the sine-squared transverse gust encounters, where
the effects of significant parameters, such as gust ratio and angle of attack, are

explored. Comparing the top-hat and sine-squared transverse gusts allows for an
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investigation of the effect of transverse gust velocity profiles and the limitations of
analytical models, which cannot be studied thoroughly using just one transverse gust
profile. Lastly, the experimental procedures followed by collaborators at the Istanbul
Technical University to investigate vortex gust are documented in section 3.2. This
collaboration enables the generalization of the conclusions for different gust types
and therefore paves the way for development of gust mitigation models that can work
on different gusts. Please note that since this dissertation includes results from
various experimental and numerical studies, providing the precise details of each
method is not possible. Therefore, this chapter only provides relevant information
pertaining to the methods of each work. The readers are referred to Refs. [80,90,114]

for the exact details of the methods described here.

3.1 Transverse Gust

The methods of both experimental and computational studies on transverse
gust encounters are discussed in this section. Section 3.1.1 details the computational
methods that were used to recreate the sine-squared gust experiments described
in chapter 2, whereas section 3.1.2 describes the experimental techniques used to

investigate a different transverse velocity profile, namely the top-hat gust.

3.1.1 Sine-squared Transverse Gust Computational Methodology

The previous chapter outlined the methods and equipment used to perform

sine-squared transverse gust encounters. Even though the force, PIV, and dye-flow
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visualization experiments provide a unique data set to improve the understanding
of sine-squared transverse gust encounters, the Computational Fluid Dynamics
(CFD) simulations allow the extraction of information that is difficult to measure
experimentally, such as skin friction coefficient. In this section, the computational
methods used to simulate the physical flow described in chapter 2 will be discussed.
The readers are encouraged to refer to Ref. [80] for the details of these dynamically
scaled numerical simulations performed by our collaborators at the University of

Maryland.

3.1.1.1 Flow Solver

A 3D unsteady Navier-Stokes (NS) solver, OVERTURNS, was selected to
examine the sine-squared gust encounters since it allows the study of highly
unsteady and viscous flows. This flow solver was developed at the University of
Maryland [115,116], and is a structured, overset, open-source code. The field velocity
method (FVM) with a gust source term was used to simulate the sine-squared gust
characterized in chapter 2. The FVM assigns the gust velocities to the relevant grid
points [2,117,118]. One drawback of this method is that it does not capture the
effect of the wing’s presence on the gust. To account for these wing-gust coupling
effects, a source term was derived and added to the FVM. The derivation of this
source term can be found in Refs. [80,119].

Inviscid terms of the Navier-Stokes equations were computed using a third-

order spatial scheme (MUSCL) with Roe-Turkel flux difference splitting, whilst
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viscous terms were computed using the second-order central scheme. To remove
the factorization and linearization errors and recover time accuracy for unsteady
computations, implicit dual time-stepping with ten sub-iterations per time step was
used. Low-Mach preconditioning was also incorporated into OVERTURNS to ensure
convergence and accuracy of the flow field at very low Mach numbers O(1072). The
computational parameters are given in Table 3.1. The simulations were performed to
match the Reynolds number, wing kinematics, and gust width of the low-amplitude
sine-squared gust encounter experiments on wing 1 described in section 2.4. The
computational test matrix consisted of three cases, which are GR=0.09, o = 10°,

GR=0.18, a = 5°, and GR=0.27, a = 0°.

Table 3.1: Computational parameters.

OVERTURNS Solver options

Number of grids 2

Total timesteps 10000

Flow viscous, Re=40,000
Mach number 0.034

Aspect ratio 4

Time-step size 0.25

Newton sub-iterations 10

Pseduo time step 0.1

Spatial scheme MUSCL 3rd order
Temporal scheme 2nd order backward

Processors (parallel execution) 14

3.1.1.2 Computational Domain

Figure 3.1 shows the overset grid system used for this study, which consists of

a body-fitted mesh and a cartesian background mesh. Using two separate meshes
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Figure 3.1: Computational domain: Cartesian background mesh and body-fitted
O-O mesh from Ref. [80].

with different grid spacing allowed a thorough examination of the flow. While a very
fine body-fitted O-O mesh surrounded the wing to resolve the boundary layer fully,
a coarser cartesian background mesh captured the far-field flow features. The grid
spacing of the body-fitted mesh was chosen such that it was clustered around the
leading and trailing edges to capture the vortex shedding. The dimensions of the
background mesh were selected to match the physical towing tank setup described
in section 2.1. 2.8 million mesh points (305 x 101 x 82) were used for the body
fitted O-O mesh, whilst 16.5 million mesh points were used for the background
mesh. Overall, a total of 19.3 million mesh points (156 x 603 x 175) were used for
this study. Please note that the flat plate wing remained stationary, and a far-field
boundary condition was implemented for the freestream flow in these simulations.
A grid sensitivity study was performed to assess the suitability of the selected mesh,

which can be seen in Ref. [80] along with validation of simulations.
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3.1.2 Top-hat Transverse Gust Experimental Methodology

In order to explore the effect of gust velocity profile, the author has
collaborated with researchers at the University of Cambridge through the NATO-
AVT-282 task group on the unsteady aerodynamic response of rigid wings in gust
encounters. In this section, the reader will find the techniques and equipment
used to generate the top-hat gust as well as the methods used for the force, PIV,
and circulation measurements. Please refer to previous work by the author and

collaborators [114] for more details on the experimental methods used for this study.

3.1.2.1 Facility and Test Model

L Carriage Force balance
Tow direction

% & K// o

Laser sheet
/ ==
Gust rig

Cameras

'

Figure 3.2: Setup of the top-hat gust from Ref. [114].

The facility used for top-hat gust encounter experiments was the 9m x 1m x
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1 m water-filled towing tank at the University of Cambridge. The cross-section of
the setup can be seen in Figure 3.2. Similar to the setup used for sine-squared and
trapezoidal gust experiments, described in section 2.1, the freestream (tow velocity)
was created by model motion. A linear quadrature encoder was used to measure
the carriage kinematics with 1 mm resolution. The error in the motion was found
to be in the order of 0.0lmm. A glass flat plate with a 12cm chord, a 48 cm
span, and a 0.04 thickness-to-chord ratio was used for these experiments. The test
model was mounted vertically on the mechanism, and an endplate was located at
the top of the wing. Therefore, the free surface acts as a symmetry plane and the
effective aspect ratio of the test model is 8. All experiments that will be shown
in this dissertation were performed at a Reynolds number of 30,000, corresponding
to a constant freestream speed of U, = 0.24m/s. The defining parameters of the
top-hat gust experiments are shown in Table 3.2. Please note that both the gust
ratio and angle of attack were selected to match with the parameters from the high-
amplitude sine-squared gust encounters, discussed in section 2.4. Please refer to

Ref. [114] for more details.

Table 3.2: Test matrix for the top-hat gust encounter experiments.

Gust Ratio  Angle of Attack, (deg)

0.50 0°, 10°, 20°
0.75 0°

1 0°

1.5 0°
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Figure 3.3: Measured gust velocities and fit for the top-hat gust from Ref. [81].

3.1.2.2 Gust System and Its Characterization

The gust rig, shown in Figure 3.2, was constructed to allow for a cross-flow in
the stream-normal (transverse) direction. A 2.2kW 3-phase variable speed pump
was used to generate the gust. Time-resolved PIV was used to characterize the
resulting flow, which was found to have a streamwise top-hat, spanwise planar
velocity profile. Figure 3.3 illustrates the measured velocities and the streamwise
best fit. The peak velocity was found to be linearly dependent on the pump speed.
The equation of this fit was found to be y = 4.6110~*z — 7.83 1073, where vy and x
represent the peak gust velocity of the fit and pump speed, respectively. The mean
gust width was found to be 24 cm, corresponding to a width-to-chord ratio of 2.
Unlike the shear layer of the sine-squared gust, the top-hat gust’s shear layer was
confined in a small region on the edges over a width of 0.3 chords. The details of

the gust characterization can be found from Refs. [81,84].
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3.1.2.3 Force Measurements

A 2 degree-of-freedom force balance (with a range of + 50N and a resolution
of 0.01N) was used to measure the streamwise and stream-normal forces on the
wing, which were sampled at 3kHz. All cases were ensemble-averaged over 5 runs.
The mean normal and axial forces were then converted to lift and drag components
and non-dimensionalized based on the towing speed, the dynamic pressure, and the
wing area. A low-pass filter was then applied to the measurements. The cut-off
frequency of this filter was selected to be 18 Hz to remove the large-amplitude noise

at 20 Hz. Refs. [84,114] contain a detailed analysis of the force measurements.

3.1.2.4 Flowfield Measurements

Time-resolved PIV was also used for top-hat gust encounter experiments to
provide additional insight into the forces. Two cameras (with a resolution of 1280 x
800 px) were used to capture the PIV flow images at the wing midspan as shown in
Figure 3.2. A high speed Nd:YLF 527 nm pulsed 2mm laser sheet at 0.4 kHz was
used to illuminate flow. The flow was seeded using titanium dioxide particles with a
diameter of 45 ym. A programmable PTU-X timing unit was used to synchronize the
acquired images from both cameras, which were then stitched together using DaVis.
All cases were repeated 5 times and ensemble-averaged. The final flowfield spatial
and temporal resolutions were 0.3 mm per pixel and 200 images per convective time,
respectively.

Since the shear layers in the top-hat gust are contained in a thin layer, as
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described in section 3.1.2.2, the vortex strength calculations were simple compared
to the sine-squared gust, and performed by integrating the vorticity in the whole
flowfield. The calculated vorticity was then split into positive and negative parts to
differentiate the leading and trailing edge vortices. A manual mask, in other words
the segmentation method, was only used when the wing was interacting with the

gust shear layers.

3.2 Vortex Gust Experimental Methodology

The previous section provided the methods used to investigate different
transverse gust velocity profiles. In this section, the reader will find the techniques
used for a different gust type, namely the vortex gust, which was experimentally

investigated by collaborators at the Istanbul Technical University.

3.2.1 Facility and Test Model

The free surface water channel located at the Istanbul Technical University
(ITU) was used for the vortex gust encounter experiments. A gust generator plate,
an aspect ratio 4 (10cm chord, 40cm span) Plexiglass flat plate, was mounted
vertically in a cantilevered structure inside the water channel and underwent a
clockwise half turn about its mid-chord to produce the vortex gust. Since the free
surface acts as a symmetry plane, the effective aspect ratio of the gust generator plate
corresponds to 8. The aforementioned motion of the gust generator plate continues

for exactly 4 convective times. Please note here that immediately after the motion
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Figure 3.4: Experimental setup for vortex gust encounter experiments from Ref. [90].

began, a positive vortex was shed from the trailing edge of the gust generator plate,
which has not been characterized as a part of the vortex gust. Since this positive
vortex is relatively weak and distant from the test model compared to the vortex
gust shed later in the motion cycle, it is highly unlikely for it to have any profound
effect on the results discussed here.

An aspect ratio 2 (10 cm chord, 20cm) 5% thick flat plate wing was placed
approximately 60 mm downstream of the gust generator plate, where 60 mm is the
distance between the leading edge of the wing and the trailing edge of the gust
generator. Therefore, the effective aspect ratio of the test model corresponds to 4.
The test model was also placed at some vertical offset, Ay, from the gust generator
plate, as shown in Figure 3.4(b). This vertical offset was adjusted by changing the
stream-normal position of the gust generator plate rather than the test model to
allow for the same field of view for flowfield measurements. The experiments were

performed at a Reynolds number of 10,000 and a freestream speed of 0.1 m/s. The
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test matrix for the vortex gust is given in Table 3.3.

Table 3.3: Test matrix for vortex gust encounters.

Vertical offset (Ay/c) Angle of Attack, (deg)

0.19 0, 5, 10, 15, 20, 30, 45
0.29 0, 5, 10, 15, 20, 30, 45
0.39 0, 5, 10, 15, 20, 30, 45

3.2.2 Gust System and Its Characterization
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Position in Image, y (mm) Position in Image, x (mm)

Lamb-Oseen Vortex ‘

’ e Measured gust velocities

Figure 3.5: Measured gust velocities and Lamb-Oseen Vortex fit from Ref. [90].

The vortex gust was shed 1.5 convective times after the motion of the gust
generator plate started. The characterization was performed when the vortex gust
reached the location where the test model would be installed. Figure 3.5 shows
the vortex gust at this instant (3 convective times after the motion of the gust

generator started). Please note that the colorbar has been flipped to make the
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visual comparison with the sine-squared transverse gust. The intersection of the
perpendicular lines shown on the vortex gust corresponds to the vortex core, and
the measured transverse and longitudinal velocities were extracted from these lines.

The best fit to the data was found to be the Lamb-Oseen vortex model [94] and is

given by V = ﬁ\/ml_egﬁ and U = 1_;1 Urcl_equ , where 7 = r /r. for the vertical
and horizontal disturbances, respectively. Thus, the defining parameters of the
vortex gust are amplitude (U, and V,.), core size/radius (r.), and the distance from
the vortex core (r). The freestream was subtracted from the measured longitudinal
velocities to obtain only the perturbations. Based on the Lamb-Oseen vortex model,
the vortex core size was found to be approximately 20 mm, and the gust width
was defined as the vortex core diameter (w = 2r. = D.), which corresponds to a
width-to-chord ratio of 0.4. The gust ratio was found to be U, /Usx ~ V,;/Usx =~ 1.
Please note here that the gust ratio variations were not possible for the vortex gust,
unlike the transverse gusts discussed in this dissertation. Therefore, all the cases
shown in Table 3.3 have a gust ratio of 1. It should, however, be kept in mind
that the characterized parameters change as the vortex convects downstream due
to the deformations it undergoes. The variations in the streamwise and transverse

velocities were found to be & = + 0.1m/s and © = £ 0.125m/s, respectively. Please

see Refs. [89,90] for more details.
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3.2.3 Force Measurements

A 6 degree-of-freedom submergible ATT Nano-17 IP68 was used to measure
the forces on the test model. The sensor was connected to the vertical cantilevered
mounting beam of the test model, as shown in Figure 3.4(a). A Kollmorgen/Danaher
Motion servo motor was used to achieve the pitch motion of the gust generator
plate, and connected to a computer via a ServoSTAR digital servo amplifier. A
Labview Virtual Instrument (VI) generated the signal for the motor motion profile.
Synchronization was achieved using a National Instruments PCI-6601 timer. Forces
were acquired at 1kHz. The estimated uncertainty in the force coefficients was
found to be less than 0.034 for the cases discussed here. An adjacent averaging
smoothing with 200 points was used to filter the measured instantaneous forces on

the wing [90].

3.2.4 Flowfield Measurements

Time-resolved PIV was used to obtain instantaneous flowfields around and in
the near wake of the test model. A dual cavity Nd:Yag laser (max 120 mJ/pulse)
was used to illuminate polyamide seeding particles (PSP) with a mean diameter of
50 um. The flow images were recorded using a 10-bit camera with 1600 x 1200 px
resolution. The setup used for these experiments can be seen from Figure 3.4(a). The
PIV acquisition rate was set to 8 Hz, and the acquired images were cross-correlated
using a 16 x 16 px interrogation window with 50% overlap in each direction. The

maximum PIV uncertainty was found to be 0.2%.
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Even though the vortex gust does not introduce a continuous shear layer,
the threshold method, described in section 2.6.2, miscalculates the strength of the
leading-edge vortex since it accounts for the positive vortex (the same sign as the
leading-edge vortex) shed by the gust generator. Instead, the segmentation method
was used to calculate the leading-edge vortex strength after removing any negative
vorticity in the identified region since the vortex gust contains negative vorticity,

while the leading-edge vortex is positive.

3.3 Chapter Summary

This chapter outlined the methods used to analyze transverse and vortex
gust encounters by collaborators. These collaborations allowed for a unique
opportunity to compare different transverse velocity profiles and types and help
generalize the conclusions to build profound knowledge of gust encounters. The
field velocity method with the source term was implemented in the three-dimensional
Navier—Stokes solver OVERTURNS to simulate the sine-squared gust encounters,
which allowed computation of the skin friction coefficients. The experimental
methods utilized for the trapezoidal and top-hat transverse gusts were also described
in this chapter. The results obtained using these methods enabled us to investigate
the effects of velocity gradients by comparing sine-squared, trapezoidal, and top-
hat transverse profiles, which will be discussed in chapter 5. The trapezoidal gust
was generated in the towing tank at the University of Maryland using a novel gust

generator design. Since the same experimental facility and test model were used
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for both sine-squared (described in the previous chapter) and trapezoidal transverse
gust experiments, many differences due to the setup were avoided. The top-hat
gust was generated in a different towing tank at the University of Cambridge using
a unique gust rig design. The vortex gust, on the other hand, was created in a water
channel at I'TU by clockwise half-rotation of an upstream gust generator plate and
characterized by the Lamb-Oseen fit. Force, PIV, and circulation measurements
were acquired for all cases discussed here. The parameters of each campaign were
selected to match those from the sine-squared gust encounter experiments to allow

for direct comparisons between different gusts.
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Chapter 4: The Unsteady Aerodynamics of Sine-squared Transverse

Gust Encounters

The reader is reminded that one of the main aims of this dissertation is
to improve the understanding of the flow physics behind sine-squared transverse
gust encounters. To achieve this, the trends of forces, flowfields, and circulation
production that arise from a flat plate at various angles of attack encountering
sine-squared transverse gust of different strengths are established. The effects of
the gust ratio and angle of attack on both the force transients and force peaks
are explored using a unique data set, which includes both low and high-amplitude
disturbances. Moreover, two novel normalization methods are introduced to scale
the forces resulting from various angles of attack and gust ratios. In an attempt
to narrow down the parameter space, the effective angle of attack and its relation
with the lift force are explored. Furthermore, the flow mechanisms that cause a
negative drag peak are examined. Lastly, trends in the three-dimensional flowfields
are detailed, and the effects of aspect ratio variations on the force and flowfield
transients are discussed. The results shown in this chapter will not only enhance
knowledge of the unsteady aerodynamics of sine-squared gust encounters, but also

provide a basis for the comparison of different transverse gust velocity profiles and
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gust types.

4.1 Variations in Angle of Attack

The current section seeks to explore the effects of angle of attack on both low-
amplitude and high-amplitude sine-squared gust encounters. To this end, firstly,
the trends of forces, flowfields, and circulation production will be established.
Then, a detailed analysis of the force transients will be presented. Lastly, a
novel normalization method will be introduced, which can be used to attenuate

the differences that arise due to the variations in the angle of attack.

4.1.1 Trends of Forces, Flowfields, and Circulation Production

In this section, the reader will find the trends of forces, flowfields, and
circulation production, the results of which will establish a baseline for the sine-
squared gust encounters of various angles of attack. Please note here that the
results shown in the following subsections are from experiments performed using

wing 2 (3in chord, 12in span).

4.1.1.1 Lift and Drag

Figure 4.1 shows the force histories of wing 2 for various angles of attack at a
gust ratio of 0.5. In both Figures 4.1(a) and 4.1(b), the z-axis shows the convective
Usol

time, ¢t* = Z=, i.e., the number of chord lengths traveled by the wing. ¢* = 0 was

defined as the time at which the leading edge of the wing enters the gust. The
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Figure 4.1: Lift and drag coefficients for various angles of attack at a gust ratio of
0.5, circles on this plot corresponds to flowfields in Figure 4.2.

trailing edge of the wing exits the gust ¢* = 3.6 when the test model is at 0° angle of
attack since the width-to-chord ratio (of wing 2) is 2.6 (see section 2.4). However,
at non-zero angles of attack, the trailing edge of the wing exits the gust at subtly
different times since the gust exposed area of the wing decreases with increasing
angle of attack. These exit times are 3.6 and 3.5 convective times for a = 10°,
20°, respectively. The wing/gust overlap for a = 0° is highlighted with a grey
box in Figures 4.1, 4.10, and 4.28-4.32, where the results from high-amplitude gust
encounters (experiments performed using wing 2) are discussed.

Figure 4.1(a) shows the lift coefficients for the above-mentioned cases. As can
be seen from this figure, before the wing encounters the gust (=5 < ¢* < 0), the lift
coefficients are at their steady-state values, which are approximately -0.06, 0.57, and
0.78 for angles of attack 0°, 10°, 20°, respectively. As the wing enters the gust, the
lift coefficient starts to increase from the steady-state value and reaches a maximum

(peak) when the mid-chord of the wing is approximately at the middle of the gust (at

81



t* = 1.8). Please note that this maximum value is experienced at slightly different
convective times for different cases. There are two predominant factors causing these
variations in time. Firstly, as the angle of attack changes, the time at which the
mid-chord is at the center of the gust also changes. Secondly, the gust meanders,
as discussed in section 2.3.4, and therefore introduces minor uncertainties in the
convective time calculations. For the tested range here (0° < o < 20°), increasing
the angle of attack was found to increase the value of the maximum lift. A wider
angle of attack range and their effects on the force coefficients will be discussed in
section 4.1.2. After the wing passes through the strongest part of the gust, the lift
coefficient starts to decrease. Immediately after the wing at 0° angle of attack fully
exits the gust (at t* = 3.6), the lift coefficient reverts to its steady-state value. On
the other hand, in the cases where o > 0°, the lift coefficient experiences a local
minimum around the same instant (at ¢* ~ 3.6). This local minimum is followed by
a secondary maximum in lift coefficient, which is experienced around t* = 6.5 and
t* = 10 for a = 10° and o = 20°, respectively. The increase in the lift coefficient
after the exit for a = 20° is steeper than the one for « = 10°. It can be concluded
that the recovery from the gust encounter persists for longer for cases where a > 0°.
All cases investigated here reverts to the steady-state values after 15 convective
times.

The drag coefficients are also at their steady-state values before the wing enters
the gust (=5 < t* < 0), as shown in Figure 4.1(b). These values are 0.05, 0.16, and
0.36 for angles of attack 0°, 10°, and 20°, respectively. Increasing the angle of attack
causes the steady-state drag coefficient to increase since the flow sees a larger cross-
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section in the streamwise direction at larger angles of attack. After the wing at
0° angle of attack enters the gust (t* > 0), the drag coefficient decreases from its
steady-state value and experiences a minimum when the wing is centered in the
gust (at t* = 1.8). On the other hand, for larger angles of attack (a > 0°), the drag
coefficient experiences a maximum, again when the wing is centered in the gust (at
t* = 1.8). The value of this maximum drag coefficient increases as the angle of attack
increases since the vortex formation and wake effects play a more prominent role in
form drag production at larger angles of attack. An in-depth discussion of the drag
coefficient and why it exhibits a negative peak at 0° angle of attack will be provided
in section 4.4. Similar to the lift response, the drag force reverts to steady state
right after the wing exits the gust at t* = 3.6 for a = 0°. For a = 10°, there are also
no dominant peaks visible during the recovery phase, unlike its lift response. On
the other hand, for a = 20°, the drag force experiences a local minimum at t* = 3.6
and a secondary maximum at ¢* = 6.5. The drag coefficients from all cases were also
found to reach the steady-state values around 15 convective times. The flowfields

provided in the following section will highlight the force transients presented here.

4.1.1.2 Flowfields

Figure 4.2 shows the flowfields at several convective times
(t* = —1,0.5,1.8,2.5,3.6,6.5,10) for angles of attack 0°, 10°, 20°, which corresponds
to the circles marked in Figure 4.1. The flowfields are color-coded to match the

forces.
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Figure 4.2: Flowfields for various angles of attack at a gust ratio of 0.5.

Figure 4.2(a) displays the PIV measurements at t* = —1, where the wing has
not yet interacted with the gust. At this instant, the flow is at a steady state. For
a = 0°, the positive and negative vorticity shown in red and blue colors, respectively,
are enclosed in the boundary layer. The vortex shedding is periodic, and the Von
Karman street is visible. For a = 10° and a = 20° cases, the flow is separated from
the sharp leading edge. Therefore, a large wake is formed immediately behind the
flat plate.

At t* = —0.5, when only half of the wing is immersed in the gust, the negative

vorticity separates from the leading edge and thickens on the upper surface of the
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wing as shown in Figure 4.2(b). Moreover, the flow rolls into a leading-edge vortex,
which is not yet quite strong. There is no distinguishable deflection in the trailing
wake for any case.

As mentioned before, the forces experience extrema at t* = 1.8, when the wing
is fully immersed and approximately centered in the gust. Figure 4.2(c) shows the
flowfield measurements at this instant. The leading-edge vortex builds up strength
between 0.5 < t* < 1.8. This strong leading-edge vortex causes a low-pressure region
and therefore creates a suction force normal to the wing surface, which explains why
the above-mentioned lift maxima occur. This normal suction force contributes to
the drag coefficient when angle of attack is larger than 0°. For more details on
the physical mechanism that causes the drag transients, please refer to section 4.4.
Moreover, as seen qualitatively in these flowfields, the strength of this leading-edge
vortex increases as the angle of attack increases in the same vein as the force peaks.
Please note that the circulation shed from the leading edge is quantified in the
following section. The vortex is larger and away from the surface of the wing for
higher angles of attack. Furthermore, the vortex core advects toward the trailing
edge as the angle of attack increases. These cores are approximately 0.2, 0.4, and
0.7 chords away from the leading edge for angles of attack 0°, 10°, 20°, respectively.
For all cases displayed here, a secondary flow forms on the upper surface of the wing
due to the separation of positive vorticity from the boundary layer. The strong
leading-edge vortices generate a reverse flow region on the wing. The trailing wake
stays planar for o = 0°, whereas it is slightly deflected when o > 0°.

The flowfields at ¢* = 2.5 are given in Figure 4.2(d). At this instant, the wing

86



has moved past the strongest portion of the gust but is still fully immersed, and the
forces have started to recover from their extrema. For a = 0° case, the leading-edge
vortex bursts since it was in close proximity to the wing surface. It seems the most
plausible that this is the origin of the force transients discussed earlier. Furthermore,
the flowfield looks quite turbulent, which indicates that the three-dimensional effects
dominate the flow at this time. The reader is encouraged to review section 4.5 for
more details on the three-dimensionality of the sine-squared gust encounters. The
trailing wake stays planar, notwithstanding the strong vertical gust velocities. For
a > (0° cases, the leading-edge vortex is larger vis-a-vis t* = 1.8. However, it is less
concentrated and further away from the wing surface. Moreover, the leading-edge
vortex seems to continue inducing a reverse flow region on the wing. The vortex
core is located at approximately 0.75c and trailing-edge for angles of attack a = 10°
and o = 20°, respectively. In addition, the deflection of the wake perpetuates, and
the secondary separation is still visible for both cases.

Figure 4.2(e) displays the flowfields at t* = 3.6, where the trailing edge of the
wing exits the gust and the recovery phase begins. There is no dominant structure
visible for a = 0°; instead, the flow on the upper surface of the wing looks turbulent.
For a > (° cases, the leading-edge vortex has shed and advected behind the wing.
Note that the shed leading-edge vortex for v = 20° is further away from the wing
than the one for a = 10°. Furthermore, this shed leading-edge vortex induces a
trailing edge vortex for both a = 10° and o = 20° cases, which is presumably the
reason why the forces experience a minimum at this instant. The strength of this

trailing edge vortex increases with increasing angle of attack as does the “dip” in
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the forces.

Figure 4.2(f) shows the flowfields at t* = 6.5, which corresponds to 2.9
convective times after the wing has exited the gust. The flowfield for the wing
at 0° angle of attack reverts to steady state condition, as do the forces. The earlier
shed trailing edge vortex induces a secondary leading-edge vortex for both a = 10°
and o = 20° cases. The secondary leading-edge vortex just starts to roll up for
a = 10° case at this instant and causes a subtle increase in the forces. On the
other hand, for 20° case, a well-defined secondary leading-edge vortex is visible on
the upper surface of the wing, which is weaker and closer to the surface than the
“primary” leading-edge vortex displayed in Figure 4.2(c). This secondary vortex is
thought to produce the steep secondary force maxima for a = 20° detailed in the
previous section. The wake seems quite planar at this instant.

Lastly, the flowfields at t* = 10, 6.4 convective times after the wing exits the
gust, are displayed in Figure 4.2(g). A weak secondary leading-edge vortex is present
on the upper surface of the wing, and a slight wake deflection is visible for a = 10°
case. The aforementioned secondary leading-edge vortex for a = 20° is now less
concentrated and more towards the trailing edge of the wing compared to t* = 6.5.
A weak trailing edge vortex is induced at this moment, which causes the forces to
decrease for the a = 20° case.

Figure 4.2(h) displays the flowfields at ¢* = 15. As can be seen from this plot,
all flowfields revert to steady state in the same vein as the forces. The wakes look

similar to those before the encounter at t* = —1 (see Figure 4.2(a)).
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4.1.1.3 Circulation Production
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Figure 4.3: Nondimensional circulation for various angles of attack at a gust ratio
of 0.5.

The leading-edge vortex strength was calculated using the segmentation
method explained in section 2.6.2 for all cases. Figure 4.3 shows the nondimensional
circulation shed during the gust encounter. In this plot, the z-axis shows the
convective time. Note that the calculations were only done for the convective times
between 0.5 and 2 since the leading-edge vortex is not sufficiently strong for t* < 0.5,
and cannot be distinguished from the gust shear layer for t* > 2. The leading-edge
vortex strength is invariant for all cases discussed here at t* =~ 0.5. As can be
seen from this figure, the circulation shed from the leading edge increases as the
wing moves toward the center of the gust, which can also be seen qualitatively from
Figure 4.2. The rate of the circulation shed is almost the same for all angles of
attack until ¢* ~ 1.5, after which point more considerable differences in circulation

production occur. Furthermore, the strength of the leading-edge vortex increases
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with increasing angle of attack in the same vein as the change in the forces.

To sum up, in this section, the angle of attack effects were evaluated using
three different cases. The force transients were explained using PIV flowfields and
circulation production calculations. Both lift and drag coefficients were found to
experience a peak value when the wing was in the middle of the gust. Note that
this peak is negative for drag coefficient of o = 0° case, and positive for other cases.
These force peaks were found to align with the existence of a leading-edge vortex on
the upper surface of the wing for all cases. Furthermore, the force peaks increased
with increasing angle of attack (within the tested angle of attack range) in the same
vein as the circulation shed from the leading edge. The gust recovery portion of
the response was found to differ for @« = 0° and o > 0° cases. For the a = 0°
case, the forces recovered from the gust upon the exit, and thereafter no dominant
flow structures were observed. However, for a > 0°, the trailing- and leading-edge
vortices caused a local minimum and a secondary maximum in the forces as the

wing exited and sometime after the exit, respectively.

4.1.2 A Detailed Investigation of Force Transients

The previous section discussed the trends of forces, flowfields, and circulation
production for high-amplitude gust encounters. By doing so, it highlighted the
fundamental flow physics for various angles of attack. In this section, the reader
will find a more detailed analysis of the force transients for wing 1 (5cm chord,

20 cm span) encountering relatively low-amplitude (0.08 < GR < 0.32) gusts. An
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extensive data set will be used to investigate the behavior of the aforementioned

force extrema.
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Figure 4.4: Lift and drag coefficients for various angles of attack at a gust ratio of
0.26.

Figure 4.4 shows the force histories for 7 different angles of attack at a gust
ratio of 0.26. The z-axis shows the convection time. The trailing edge of the wing
exits the gust at 5, 4.99, 4.98, 4.97, 4.93, 4.87, and 4.71 convective times for a = 0°,
a = 5°, 10°, 15°, 20°, 30°, and 45°, respectively. The wing/gust interaction region
is marked for the wing at 0° angle of attack with a grey box in Figures 4.4, 4.16.
Figures 4.4(a) and 4.4(b) display the lift and drag coefficients, respectively. Before
the wing encounters the gust (¢* < 0°), the forces are at their steady-state values,
which are given in Table 4.1. Similar to the cases discussed in the previous section,
the force transients display three extrema which are the maximum (except the drag
coefficient for a@ = 0° case, which experiences a minimum) when the wing is centered
in the gust, minimum as the trailing edge of the wing exits the gust, and secondary

maximum after the wing exits the gust. In addition to these force trends, the large
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data set on low-amplitude gust encounters used here allows for a couple of more
details to reveal. The value of the maximum lift coefficient increases up to a certain
limit around 15°, whereas the value of the maximum drag coefficient increases with
increasing angle of attack for all cases tested. The secondary lift and drag peaks
occur only when o > 10° and a > 15°, respectively. The o = 5° case does not
exhibit a dominant drag maximum. More detailed analysis on the behavior of drag
coefficient at low angles of attack will be detailed in section 4.4. The following

subsection will discuss the aforementioned force extrema.

Table 4.1: Steady-state lift and drag coefficients for various angles of attack.

Angle of attack, (deg) Cr.s Cpgg

0° 0.03 0.07
5° 0.32 0.09
10° 0.56 0.16
15° 0.69 0.25
20° 0.77 0.35
30° 0.75 0.51
45° 0.69 0.75

4.1.2.1 Behavior of Force Maximum

The maximum force values were extracted for each angle of attack and gust
ratio tested and plotted in Figure 4.5. The z-axis represents the angle of attack.
Figure 4.5(a) shows the peak lift coefficient for various gust ratios. As can be seen
from this figure, the behavior of the peak lift coefficient with angle of attack is
analogous to a stall of an airfoil. This “stall angle” around 15° angles of attack for
the cases shown here. As can be seen from this figure, the linearity breaks down

around 10°. The slope of the increase in maximum lift coefficient is approximately
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Figure 4.5: Maximum lift and drag coefficients versus angle of attack for various
gust ratios.

the same for different gust ratios tested here when a < 10°. The cases where
10° < a < 20°, the maximum lift coefficient experiences a nonlinear “transition”
region. On the other hand, for o > 20°, the maximum lift coefficient display a linear
decrease. Increasing the gust ratio increases the peak lift coefficient measured for a
given angle of attack value.

Figure 4.5(b) shows the maximum drag coefficient for various angles of attack
and gust ratios. Linear fits characterize these measured extracted maximum drag
coefficients. Note that only angles of attack larger than 5° were plotted here since
the drag force does not exhibit a dominant drag maximum when the angle of attack
is lower than 10°. As can be seen from this figure, the peak drag coefficient shows a
linear dependence on the angle of attack. The slope of the linear fit increases with
the increasing gust ratio. More detailed analysis on the force peak dependency on

the gust ratio will be provided in section 4.2.2.1.
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4.1.2.2 Behavior of Force Minimum
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Figure 4.6: Minimum lift and drag coefficients versus angle of attack for various
gust ratios.

The measured extracted lift minima are shown in Figure 4.6(a) for various
gust ratios. As discussed earlier, the lift minima are experienced only when the
angle of attack is larger than 0°. Similar to the lift maxima, the lift minima also
display a stall-like behavior with a “stall angle” is around o = 25°. One thing to
note here is that changing the gust ratio does not significantly affect the minimum
lift coefficient except for a very large angle of attack around 45°, where the lift force
displays a sharper dip.

Figure 4.6(b) shows the measured minimum drag coefficients and their linear
fit for various gust ratios versus angle of attack. Since the drag force exhibit a
minimum only when « > 10°, the z-axis displays 15° < a < 45°. As can be seen
from this plot, increasing the angle of attack causes a larger minimum, presumably

because of the higher impact of the existence of a stronger trailing edge vortex on
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a larger cross-section wing. As expected, higher gust ratios result in larger minima.

Please refer to section 4.2.2.2 for more details.

4.1.2.3 Behavior of Force Secondary Maximum

Secondary Maximum Lift Coefficient, C.
Secondary Maximum Drag Coefficient, Cp
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Figure 4.7: Secondary peak lift and drag coefficients versus angle of attack for
various gust ratios.

The secondary maximum forces were also extracted for each case. Figure 4.7(a)
illustrates the secondary peak lift coefficient for @ > 10° cases, where a secondary
leading-edge vortex forms on the upper surface. Just like the above-mentioned lift
coefficient extrema, the secondary maximum lift also displays a stall-like behavior,
whose “stall angle” is around 20° similar to the maximum lift coefficient. The value
of this secondary lift peak depends greatly on the gust ratio and increases with the
increasing gust ratio.

Figure 4.7(b) shows the secondary peak drag coefficient versus angles of attack
(15° < aw < 45°). As can be seen from this figure, the secondary peak drag coefficient

is linearly dependent on the angle of attack similar to other drag coefficient extrema.
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The secondary drag peaks increase with increasing gust ratio for a given value of
angle of attack. The behavior of the secondary force peaks are remarkably similar
to the behavior of above-mentioned force peaks since the transients in forces are
caused by a chain vortex shedding mechanism such that the latter force transients
are induced by the earlier shed vortices (detailed in section 4.1.1.2).

To sum up, the lift maximum was found to occur for every angle of attack
tested (0° < a < 45°), whereas a dominant maximum in drag was observed only
when a > 10°. Please note that a negative peak was observed only for a = 0° case
whose value is small for the gust ratios investigated here. Both the lift and drag
coefficients were found to experience a local minimum when o > 5° and o > 15°,
respectively, as the wing exits the gust. The secondary maximum in the lift was
visible for cases where a > 10°, whilst the secondary maximum in drag was only
present for a > 15° cases. Overall, the lift coefficient extrema were found to exhibit
a stall-like behavior. The linearity of the transients was found to break down around
the angle of attack of 10°. On the other hand, the drag coefficient extrema displayed
a linear dependence on the angle of attack. A novel normalization method, which

uses the knowledge built thus far, will be introduced in the next chapter.

4.1.3 Exposed Projected Area Normalization

The gust-exposed projected area changes with angle of attack as shown in
Figure 4.8. As the angle of attack increases, the gust-exposed projected area (in

the transverse direction), ccos «, decreases while the freestream-exposed projected
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c cos(a)

Figure 4.8: Sketch that shows gust-exposed and freestream-projected area of the
wing.

area (in the longitudinal direction), csin«, increases. The measured lift and drag
coefficients will be non-dimensionalized based on the gust-exposed and freestream-
projected areas, respectively to minimize the aforementioned effects of the angle
of attack on the forces during the sine-squared gust encounters. The steady-state
values of the force coefficients given in Table 4.1 are calculated for a region where
the wing has not yet interacted with the gust (—10 < ¢* < 0) and subtracted from
each case to remove the effect of attached flow. Thus, this scaling method allows

for a direct comparison of the gust encounter effects, and is given by

/ 2L

C) = T ceosa ccosab — Cls (4.1)
/ 2D

OD - mb - CDSS (42)

Figure 4.9 shows the lift and drag coefficients normalized by the gust-exposed

and freestream-exposed projected areas, respectively, for the same cases shown in
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Figure 4.9: The gust-exposed and freestream-projected normalized lift and drag
coefficients for various angles of attack at a gust ratio of 0.26.

Figure 4.4. The normalized lift coefficients exhibit similar peak values for a@ < 15°,
as shown in Figure 4.9(a). However, this non-dimensionalization does not quite
cure the nonlinear effects that occur at larger angles of attack. Be that as it may, it
enhances the peak values of a > 15° cases to match better with the peak values of
a < 15° cases. In addition, the normalized secondary lift peak values from various
angles of attack yield similar results.

Figure 4.9(b) displays the normalized drag coefficients for 6 different angles of
attack. The drag coefficients for the o = 0° and a = 5° cases are not discussed here
since they do not exhibit a dominant drag maximum. Please keep in mind that this
normalization cannot be used for o = 0° even though the encounter yields a large
maximum since sin(0) = 0 and therefore O}, = co. This clearly is not realistic but
instead an artifact of non-dimensionalization. Overall, this normalization minimizes
the differences between the drag extrema, and the drag coefficients obtained at

different angles of attack somewhat exhibit similar peak values. Overall, it can
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be concluded that the exposed projected area is not the only factor that affects the
transients of various angles of attack. However, a comparison of Figures 4.9 with 4.4

demonstrates that exposed projected area plays a prominent role.

4.2 Variations in Gust Ratio

This section seeks to examine the effects of the gust ratio on the unsteady
transients of the sine-squared gust encounters. The discussion will start with the
trends of force and flow structure transients and continue with a more in-depth
analysis of the force extrema. Lastly, a normalization method will be introduced,

which can scale the forces that arise from gust encounters.

4.2.1 Trends of Forces, Flowfields, and Circulation Production

This section will initiate the discussion of the effects of gust ratio variations
by analyzing the trends of forces, flowfields, and circulation production of high-
amplitude sine-squared gust encounters. The results of which will provide a baseline
for gusts of various strengths ranging from 0.5 to 1.5. Please note that wing 2 (3in
chord, 12in span) was used as the test article to obtain the results discussed in the

following subsections.

4.2.1.1 Lift and Drag

Figure 4.10 shows the lift response during the sine-squared transverse gust

encounter of a 0° angle of attack flat plate for high-amplitude gust ratios of GR =
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Figure 4.10: Lift and drag coefficients for various gust ratios at 0° angle of attack,
circles on this plot corresponds to flowfields in Figures 4.11-4.14.

0.5,0.75,1,and1.5. The wing-gust interaction region is marked with a grey box
in this figure. The limits of this box are between t* = 0 and t* = 3.6 since the
experiments shown here were performed using wing 2, please see section 2.2 for
more details.

The lift histories of the above-mentioned cases are displayed in Figure 4.10(a).
The lift coefficients are at their steady-state values before the encounter (t* < 0),
which are -0.06, -0.02, 0.05, and 0.07 for gust ratios 0.5, 0.75, 1, and 1.5, respectively.
These steady-state values are approximately zero for all cases since the angle of
attack of interest is 0°. The differences in these values are attributed to the
measurement, uncertainties quantified in section 2.5. When the wing is centered
in the gust (at t* = 1.8), the lift force experiences a maximum. The values of which
increases with increasing gust ratio. After the wing passes through the strongest
part of the gust (¢* > 1.8), the lift coefficient starts to decrease and reverts to steady

state immediately after the exit (at t* = 3.6) since all cases investigated here are for
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a flat plate at 0°.

The transients in the drag coefficient are shown in Figure 4.10(b). Before the
wing encounters the gust the drag coefficients are also at their steady-state values
(t* < 0), which are -0.05 for the GR = 0.5 case, -0.05 for the GR = 0.75 case,
-0.05 for the GR = 1 case, and -0.04 for the GR = 1.5 case. The drag coefficient
exhibits a dominant negative peak at t* = 1.8. The value of the minimum drag
increases as the gust ratio increases. Section 4.4 will provide a detailed discussion
of the drag coefficient at low angles of attack. As the wing moves through the less
substantial portion of the gust, the drag coefficients increase until they reach their
steady-state values at t* = 3.6. Even though the values of the steady-state drag
coefficient before (t* < 0) and after t* > 3.6 the encounter seem different, please
note that the limits of the drag coefficient (y-axis) are very tight and the differences
in these values are within acceptable limits of the measurement uncertainties. In an
attempt to provide further insight into the force transients explained here, the PIV

flowfield measurements will be discussed in the next section.

4.2.1.2 Flowfields

Figures 4.11-4.14 display the ensemble-averaged flowfields at various
convective times (t* = 1,1.8,2.5,3.6) for the same cases shown in Figure 4.10, where
the corresponding convective times are marked with circles. Since the steady-state
flowfields do not get affected by the variations in gust ratio, they are not shown

in this section. The reader can find the flowfield for the GR = 0.5 & a = 0°
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case in Figure 4.2(a). Since the gust ratio is adjusted by varying the pump speed,
increasing the gust ratio results in a stronger gust shear layer, as can be seen in

Figures 4.11-4.14.

[
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Figure 4.11: Flowfields at ¢t* = 1 for gust ratios of 0.5 to 1.5.

Figure 4.11 shows the experimental flowfields at t* = 1, when the wing is fully
immersed in the gust. Please note here that the strength of the vorticity at the edges
of the velocity sine-squared profile is exceptionally small, causing the flowfields to
seem not fully immersed. The flow separates from the leading edge of the wing
and rolls into a leading-edge vortex for all cases investigated here. Qualitatively,
the strength of this leading-edge vortex for the GR = 0.5 and GR = 0.75 cases
looks quite similar. However, a further increase in gust ratio (GR > 0.75) results
in a stronger leading-edge vortex. The circulation shed from the leading edge
is calculated for every case shown here and will be discussed in section 4.2.1.3.
Increasing the gust ratio causes the leading-edge vortex to advect away from the
wing surface in the stream-normal direction, presumably due to the larger gust
velocities present in the flow. The wake looks planar for all cases at this instant.

When the mid-chord of the wing is approximately in the middle of the gust,
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Figure 4.12: Flowfields at t* = 1.8 for gust ratios of 0.5 to 1.5.

which corresponds to the time that the force coefficients peak (at t* = 1.8), a strong
leading-edge vortex exists on the upper surface of the wing as shown in Figure 4.12.
As can be seen qualitatively from this figure, the strength of the vortex increases
with increasing gust ratio in the same vein as the lift force. As the strength of the
leading-edge vortex increases, the drag coefficient decreases to a larger minimum.
The core of the leading-edge vortex moves further away from the wing surface as
the gust ratio increases. The secondary separation of positive vorticity is visible for
the high-amplitude gusts investigated here. Increasing the gust ratio also causes the
vortex to advect towards the trailing edge. The vortex core is located at 0.34¢, 0.37¢,
0.39¢, and 0.41c¢ for the GR = 0.5, GR = 0.75, GR = 1, and GR = 1.5, respectively.
There is no visible wake deflection for the GR = 0.5 case. However, for GR > 0.5
cases, the trailing wake deflects upwards. The larger gust ratios result in larger
wake deflections due to the higher levels of vorticity contained in the background
gust shear layer.

Figure 4.14 displays the experimental flowfields at ¢* = 2.5, where the wing has

passed the strongest portion of the gust. At this instant, the forces have decreased
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Figure 4.13: Flowfields at t* = 2.5 for gust ratios of 0.5 to 1.5.

from their peaks. The aforementioned leading-edge vortices have burst for all cases,
which is probably the reason why the forces start to recover to their steady-state

values. The nonlinearity in the wake persists for cases where the gust ratio is larger

than 0.5.

Figure 4.14: Flowfields at t* = 3.6 for gust ratios of 0.5 to 1.5.

The flowfields at t* = 3.6 are given in Figure 4.14. At this moment in time,
the wing trailing edge exits the gust and forces recover to their steady-state values.
There are no dominant structures visible at this instant, and the flowfields look very
turbulent. The level of turbulence seems to increase with the increasing gust ratio,
which indicates that the three-dimensional effects are stronger for larger gust ratios.
Please refer to section 4.5 for more details. Shortly after this instant the flowfields
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revert to steady state as shown for the GR = 0.5 & o = 0° case in section 4.1.1.2.

4.2.1.3 Circulation Production
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Figure 4.15: Nondimensional circulation for gust ratios at 0° angle of attack.

The leading-edge vortex strengths for a flat plate at 0° angle of attack
encountering various strengths of transverse gusts are plotted in Figure 4.15. In
this plot, the z-axis shows the convective time. As mentioned before, this analysis
was performed for the convective times between 0.5 and 2. The leading-edge vortex
strengths are observed to be similar until t* = 0.75. Only after this point in time,
where the wing moves toward a stronger part of the gust, does the circulation shed
from the leading edge starts to differ. As can be seen from this plot, the increase in
the gust ratio results in a larger circulation shed from the leading edge and correlates
with larger force extrema.

Overall, trends of forces, flowfields, and circulation production were examined

for a flat plate at 0° angle of attack encountering gusts of various strengths (0.5 <
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GR < 1.5) in this section. The results showed that increasing the gust ratio increases
the lift maxima and drag minima. However, the gust ratio was found to have minor
effects on the gust recovery phase since the angle of attack discussed here is 0°.
Please refer to section 4.1.1 for more information on the recovery of ao > 0° cases.
Moreover, the circulation shed from the leading edge was found to increase with

increasing gust ratio in the same vein as the values of the force peaks.

4.2.2 A Detailed Investigation of Force Transients

The previous section detailed the trends of forces, flowfields, and circulation
production for a flat plate (wing 2) encountering high-amplitude gusts of strengths of
0.08 to 0.32. This section will extend the discussion of the relationship between the
force transients and gust ratio. The analysis will be performed on the experimental
force measurements obtained using wing 1 (5cm chord, 20cm span) on low-

amplitude (0.08 < GR < 0.32) gust encounters.
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Figure 4.16: Lift and drag coefficients for low-amplitude (0.08 to 0.32) gust ratios
at 30° angle of attack.

106



Figure 4.16 shows the lift and drag coefficients for 6 different low-amplitude
gust ratios for a flat plate at 30° angle of attack. As the wing moves towards the
center of the gust, the forces increase from their steady-state values to their maxima.
These maximum values of both lift and drag coefficients increase with increasing gust
ratio, similar to the high-amplitude gust encounters discussed in section 4.2.1.1.

Since the angle of attack discussed here is larger than 15°, both force
coefficients experience a local minimum as the wing exits the gust and a secondary
maximum sometime after the exit. As explained in section 4.1.1.2, these latter
transients are caused by a chain vortex shedding mechanism (a leading-edge vortex
forms and sheds during the encounter, which induces a trailing vortex, which then
induces a secondary leading-edge vortex). Therefore, the amplitudes of these latter
transients are directly related to the amplitude of the former lift maximum. Since
higher gust ratios result in larger force maxima, the value of the local minimum
and secondary maximum increase with increasing gust ratio. Moreover, the time
required for the forces to revert to steady state also increases with the increasing
gust ratio. All cases investigated here was found to revert to steady-state after 20
convective times. The effect of the gust ratio on the force extrema will be discussed

in the following subsections.

4.2.2.1 Behavior of Force Maximum

The maximum force values of all cases tested for low-amplitude gusts were

extracted for each gust ratio in Figure 4.17. The z-axis represents the gust ratio.
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Figure 4.17: Maximum lift and drag coefficients versus gust ratio for angles of attack
of 0° to 45°.

Figure 4.17(a) shows the maximum lift coefficients for various angles of attack,
which are found to exhibit linear dependency on gust ratio and are characterized by
linear fits of various slopes. As can be seen from this plot, increasing the gust ratio
increases the maximum lift coefficient. One intriguing outcome of this analysis is
the fact that the slopes of the lines used to characterize the measured maxima are
approximately the same for 0° < o < 20°. However, for a > 20° cases, the slopes
of these lines decrease, meaning the gust ratio plays a less dominant role for larger
angles of attack.

The maximum drag coefficients and linear fits to the extracted values for
constant angles of attack (10° < a < 45°) are displayed in Figure 4.17(b). As
mentioned earlier, the low-amplitude gust encounters do not result in a predominant
peak for a < 10°. Therefore, they are not shown here. The peak drag coefficients
for 10° < a < 45° however, increase as the gust ratio increases for a given angle

of attack. Unlike the maximum lift coefficient, the maximum drag coefficient gets
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more affected by the variation in gust ratio for the cases where o > 20°.

4.2.2.2 Behavior of Force Minimum
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Figure 4.18: Minimum lift and drag coefficients versus gust ratio for angles of attack
of 0° to 45°.

The minimum force coefficients were extracted from the data acquired using
wing 1. Figure 4.18 displays these minimum lift and drag coefficients characterized
by linear fits versus gust ratio. The cases shown here are selected based on the fact
that the lift and drag coefficients do not experience a minimum when a < 5° and
a < 15°, respectively. As can be seen from this figure, the gust ratio does not play
a major role on the amplitude of the force minimum within the tested gust ratio
range except for the angle of attack of 45° case, where increasing gust ratio results

in a more predominant force minimum.

109



=
IS
max
[
(=2}

- - a

g ¢ o0 O ® =15
& ® o5 g a=20°
£ 12} =20 S 12 T om0
3 m =30 % * =45
b= =45 Q
g ) 8 L
S P P_—*—’-‘—_’_J_—*—’_—‘
£ 1t 5 os? 1
g E .
% g p—8—1™h bl
=
> 0.8 g 0.4 1

¢—o—o ————o0 0 —0
5 2)
8 ¢ E
06 ‘ ‘ (% 0 : :
0.08 0.16 0.24 032 0.8 0.16 024 032
Gust Ratio, G-R=V/UOC Gust Ratio, GR=V/UOO
(a) Secondary maximum lift coefficient (b) Secondary maximum drag coefficient

Figure 4.19: Secondary maximum lift and drag coefficients versus gust ratio for
angles of attack of 0° to 45°.

4.2.2.3 Behavior of Force Secondary Maximum

The extracted secondary maximum values versus gust ratio are plotted for
angles of attack of 0° to 45° in Figure 4.19. The secondary maximum lift values
and linear fits to those are given in Figure 4.19(a) for 10° < a < 45° since for the
cases, which the angle of attack is smaller than 10°, do not produce a secondary lift
peak. Even though all cases show a linear dependency on the gust ratio, 20° angle
of attack was found to be the one case that is the most affected by the changes in
gust ratio (the highest slope is observed for this angle of attack). One thing to note
here is that for o > 30° the secondary lift peak values depend more on the gust
ratio than the maximum values discussed earlier in section 4.2.2.1.

Figure 4.19(b) shows the extracted secondary maximum drag coefficients and
their linear fits for 10° < a < 45°. The remaining angles of attack were not included

since they do not exhibit a secondary drag peak. As can be seen from this figure,
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the secondary maximum drag coefficients are less affected by the gust ratio than the
secondary maximum lift coefficients. The changes in gust ratio substantially alter
the values only for the o = 45° case.

To sum up, the effects of the gust ratio on force transients and extrema were
discussed for low-amplitude gust encounters using an extensive data set. The
analysis showed that the force maximum, minimum, and secondary maximum
depends linearly on the gust ratio. Increasing the gust ratio was found to result
in a more significant force maximum. The impact of the gust ratio variations on
the maximum lift coefficient was found to lessen at very large angles of attack
(v > 30°). At the same time, it had a more predominant effect on the maximum
drag coefficient at larger angles of attack. On the other hand, within the tested
range (0.08 < GR < 0.32), altering the gust ratio exerted a minor effect on the
force minimum for the cases where, o < 45°. Similar to the force maxima, for very
large angles of attack (o > 30°), the variations in the gust ratio played a minor role
on the maximum secondary lift and a very crucial one on the secondary maximum

drag.

4.2.3 Gust Ratio Normalization

The previous sections examined the effects of gust ratio on forces, flowfields,
circulation production, and force extrema. This section attempts to normalize the
forces using the gust ratio parameter. The normalization discussed in this section

takes its starting point from Kiissner’s model, which expresses the lift coefficient as
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C, = 27 GR (t*), where ¥ (t*) is the Kiissner function and GR is the gust ratio.
As can be seen clearly from this expression, it suggests that the lift coefficient can
be normalized using the gust ratio. Even though this normalization is expected to
work only for lift coefficient that results from small disturbances, the current section
deepens the discussion of this normalization and explores its applicability for both
lift and drag coefficients that arise from a wide range of disturbances (0.08 < GR <
1.5 and 0° < a < 45°). For each case, the gust ratio normalization is performed
after subtracting the steady-state values (the values of which are given in section 4.1)
from the coefficients. This is done to isolate the effect of gust encounters from the

effect of attached flow. This normalization is given by

AC

- RL =, —Cp,., (4.3)
AC

- ; = Cp — Cpgg (4.4)
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Figure 4.20: Gust ratio normalized lift and drag coefficients for various gust ratios
at 0° angle of attack.
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Figure 4.20 shows the lift and drag coefficients normalized by gust ratio for a
flat plate at 0° angle of attack. Results from both the low-amplitude (experiments
performed using wing 1) and high-amplitude (experiments performed using wing 2)
gust encounters are displayed in this plot. The solid lines in this figure represent
the low-amplitude gust encounter coefficients, while the dashed lines represent the
high-amplitude gust encounter coefficients. Both wings 1 and 2 enter the gust at
t* = 0. However, they exit the gust at different times since the chord lengths of the
wings are different. The exit times are t* = 5 (marked with a solid grey line) and
t* = 3.6 (marked with a dashed grey line) for wings 1 and 2, respectively.

The history of normalized lift coefficients for gusts of various strengths are
given in Figure 4.20(a). As can be seen from this figure, the normalization does an
excellent job scaling the coefficients from a wide range of gust ratios, notwithstanding
the fact that the results were obtained using different wings. The slight differences
in the normalized lift coefficients are attributed to the differences in measurement
uncertainties of two data sets, the details of which are provided in section 2.5. After
the wing exits the gust, the normalized lift coefficients exhibit large fluctuations for
very small gust ratios, such as 0.08, 0.12, 0.16. Since AC', is approximately zero
at this instant, it is clear that these fluctuations occur because of an artifact in the
normalization for very small gust ratios.

Figure 4.20(b) shows the normalized drag coefficients for several gust ratios
at 0° angle of attack. As pointed out in the earlier sections, the drag coefficient
experiences a negative peak when o = 0°. The physical mechanisms that cause
these differences will be discussed in section 4.4. As can be seen from this figure,
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the normalization scales the low and high-amplitude gust encounter drag coefficients
very well. Similar to the lift coefficient, the drag coefficient, where ACp = 0, also

exhibits large fluctuations for small gust ratios (GR < 0.16).
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Figure 4.21: Maximum gust ratio normalized lift coefficient for various angles of
attack (top plot) and corresponding gust ratio normalized lift histories.

The maximum normalized lift coefficients were extracted for all cases tested
and plotted in Figure 4.21 (top plot). In this top plot, different symbols were used
to differentiate the data obtained using wings 1 and wing 2. The normalized lift

histories for various gust ratios at a constant angle of attack, which are pertinent to
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the normalized maximum lift coefficients in the top plot, are displayed in small color-
coded boxes in the bottom plots in Figure 4.21. The various gust ratios investigated
are highlighted with different colors, as seen from the legends of these normalized

o

lift histories. Similar to the above-mentioned o = 0° case, the high-amplitude
lift histories are shown with dashed lines, while solid lines were used to illustrate
the lift response of low-amplitude gust encounters. The coefficient of variations of
the maximum normalized lift coefficient are given for various angles of attack in
Table 4.2. As can be seen from this table, the maximum coefficient of variation is
9.6% and observed for o = 10°. Furthermore, unexpectedly, the most significant
variations in the maximum normalized lift coefficient are observed for relatively
smaller angles of attack. As can be seen from Figure 4.21, the largest discrepancies
in the maximum normalized lift coefficient occur for GR = 0.08, 0.12, and 0.16 cases
at a < 15°, where the maximum lift is larger compared to other angles of attack.
This is thought to be an artifact of the normalization since very small gust ratios
(GR < 0.16) over-amplify the already larger lift peaks. Furthermore, the gust ratio

normalization also nicely scales the lift minima and secondary maxima of different

cases.

Table 4.2: Coefficients of variation of the maximum gust ratio normalized lift
coefficient for various angles of attack.

Angle of Attack, (deg) Mean + Stdev Coefficient of Variation (%)

0° 2.98 £ 0.17 5.7
5° 3.36 + 0.22 6.7
10° 3.47 £ 0.33 9.6
15° 3.32 = 0.29 8.7
20° 2.80 = 0.08 2.9
30° 2.06 £ 0.11 5.5
45° 1.34 £ 0.06 4.2
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Figure 4.22: Maximum gust ratio normalized drag coefficient for various angles of
attack (top plot) and corresponding normalized drag histories.

Figure 4.22 is structured similar to Figure 4.21. The only differences between
the two figures are that the top plot in Figure 4.22 displays the maximum normalized
drag coefficients, which were extracted for all cases tested, and the color-coded
subplots show the normalized drag histories. Table 4.3 shows the coefficient of
variations of the maximum normalized drag coefficient for several angles of attack.
The maximum coefficient of variation is observed for o = 15°, which is 10.2%.

Please note that the values of the maximum normalized drag are very low vis-a-vis
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maximum normalized lift, which causes the coefficient of variations to be larger.
Overall, the gust ratio normalization scales the drag histories well despite the fact
that different data sets were used for this scaling. This normalization also does a
good job scaling the drag minima and secondary maxima. Repeatedly, the very
small gust ratios (GR < 0.16) cause considerable fluctuations in the normalized

coefficients.

Table 4.3: Coefficients of variation of the maximum normalized drag coefficient for
various angles of attack.

Angle of Attack, (deg) Mean + Stdev Coefficient of Variation (%)

10° 0.46 £ 0.04 8.6
15° 0.69 £+ 0.07 10.2
20° 0.84 + 0.06 7.1
30° 1.00 £ 0.07 7.1
45° 1.28 £ 0.04 3.6

To sum up, the gust ratio parameter was found to be very effective in
normalizing both lift and drag coefficients. The maxima, minima, and secondary
maxima were found to scale well using this normalization. The only discrepancies
were found to be caused by an artifact of the normalization at very small gust ratios
(GR < 0.16). The broad investigation range showed that the linear effects dominate

the sine-squared gust encounters even for very large gust ratios (GR = 1.5).

4.3 Maximum Effective Angle of Attack and Lift

Earlier, the effects of variations in the angle of attack and gust ratio on the
force transients were discussed. In an attempt to narrow down the parameter space

to only one parameter, this section discusses the effect of the effective angle of attack
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Figure 4.23: Sketch of a wing towing through a sine-squared gust, and three
instances that show the gust velocity distribution along the wing.

on the lift force. When the wing encounters the sine-squared transverse gust, the
vertical velocity introduced by the gust generates an induced angle of attack on the
wing and causes the effective angle of attack to increase. The velocity distribution,
therefore the effective angle of attack, is different for every location along the wing
chord for every time step as the wing enters and passes through the transverse gust,
as shown for three different instances in Figure 4.23. For a constant geometric angle
of attack a, a forward velocity of Uy, and a transverse gust velocity of V(¢*), the
effective angle of attack at is defined as aeg(t*) = a+tan™*(V(¢*)/Us). In order to
simplify the problem and avoid the complexity of manufacturing a model capable of
dynamic camber, a point effective angle-of-attack assumption was taken here. Since
the maximum lift force is experienced when the mid-chord of the wing is at the

middle of the gust, as discussed in the earlier sections. This point was selected to be
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mid-chord, where it sees the peak gust velocity of V,,, and experiences the maximum

effective angle of attack (aes,,,. = @+ tan™ (V,/Ux)).
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Figure 4.24: Maximum lift coefficients with similar maximum mid-chord effective
angle of attack for different wings.
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Figure 4.25: Maximum lift coefficients versus maximum mid-chord effective angle
of attack for cases where o < 10° and aeg,,,, < 40°. The colors shown in this plot
corresponds to the same cases displayed in Figure 4.24.

In order to investigate the relation between the maximum effective angle of
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attack and the maximum lift coefficient, 4 data sets, all of which yield the same
maximum effective angle of attack through different combinations of gust ratio and
geometric angle of attack, from 3 different wings for various gust ratios and angles
of attack are used and presented in Figure 4.24. In the top of this figure, the y-
axis represents the maximum lift coefficient and the z-axis shows the maximum
effective angle of attack achieved during the gust encounter. Different symbols are
used to represent different sets from the 3 different wings. In the bottom of the
same figure, the lift coefficient time histories of these cases are shown. As can be
seen from this plot, the maximum lift coefficients are similar for similar maximum
effective angles of attack if the geometric angle of attack of the wing is less than
or equal to 10°, which is expected since the linearity of the transients was found
to break down around the angle of attack 10°, see section 4.1.2.3. Interestingly,
this relation works well for effective angles of attack as high as 40°. To further the
investigation of this relation, all cases that satisfy o < 10° and a.g,,, < 40° are
shown in Figure 4.25. As can be seen from this figure, the maximum lift coefficient
is linearly dependent on the maximum effective angle of attack for the sine-squared
gust encounters. The equation of this line is given by Cf, .. = 0.06cg,,, — 0.03.
Therefore, it can be concluded that by just having the prior information on the sine-
square transverse gust (i.e., the geometric incidence of the wing and the maximum
transverse velocity in the gust flow), it is possible to predict the maximum lift

coefficient with a reasonable accuracy if o < 10° and aeg,,,, < 40°.
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4.4 Drag Coeflicients at Low Angles of Attack

This section introduces and discusses the physical mechanism that causes the
transients in the drag force using both experimental and computational data. The
details of the computational methodology can be seen in section 3.1.1. Before
focusing on the drag transients caused by the sine-squared gust encounters, let
us recall the drag coefficient on a body in an incompressible flow, consists of two
components: skin friction drag and form (pressure) drag. For a flat plate wing at
a low angle of attack (a =~ 0°), the skin friction drag contributes to the total drag
more than the form drag since the flow around this slender body is streamlined,
and the pressure differences between the upstream and downstream of the body
are extremely low. On the other hand, for larger angles of attack, the flow sees a
larger cross-section in the streamwise direction, and the pressure differences across
the body are higher; therefore, the form drag dominates the total drag coefficient.

In previous sections, the behavior of drag transients during sine-squared gust
encounters was established. The drag coefficient was found to experience a negative
peak, a small peak, and a positive peak when a = 0°, @ = 5°, and a > 10°,
respectively. In order to investigate the roots of these differences in the drag force
responses of various angles of attack, the skin friction coefficient will be explored in

this section, which is defined as

Tw

O, =
T 0.5pU2,

(4.5)
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Figure 4.26: Experimental (solid lines) and computational (dashed lines) tangential
coefficients of a flat plate at angles of attack of 0°, 5°, and 10°, and gust ratios of 0.26,
0.16, 0.08, respectively. Computational skin friction contours on the upper surface
at t* = 2.5, computational vorticity contours at midspan, and the computational
chordwise skin friction coefficients (at midspan).

where

on
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In the above equations, 7, is the shear stress on the surface of the flat plate, u
is the dynamic viscosity, and g—z is the change in the flow velocity in the outward
normal direction. Since the shear stress is harder to measure experimentally, the skin
friction coefficients were computationally obtained by collaborators at the UMD.
Figure 4.26(a) shows the tangential coefficients from both experiments (solid lines)
and computations (dashed lines) for « = 0°;GR = 0.26, « = 5°;GR = 0.16, and
a =10° GR = 0.08 cases. Note here that the differences between the experimental
and computational tangential coefficients are in the order of 0.04, which is well within
the experimental measurement uncertainties detailed in section 2.5. Please refer to
Refs. [80,86] for the validation of the simulations shown here. The tangential forces
are at their steady state before the encounter (the wing/gust overlap is shown with
a grey box in Figure 4.26(a)). After the wing enters the gust, the tangential force
starts to decrease to a minimum. This minimum occurs approximately when the
wing is centered in the gust (t* = 2.5) for all cases. The tangential coefficient then
returns to its steady value after the trailing edge of the wing exits the gust. Keeping
in mind that the tangential force arises from skin friction, contours of skin friction on
the upper surface of the wing at t* = 2.5 are plotted along with the vorticity contours
at this instant for each case in Figure 4.26(b). Both the skin friction and vorticity
contours plotted in this figure are at the midspan. The blue color indicates negative
skin friction, and the red color indicates positive skin friction, while the blue color
represents the negative vorticity and the red color represents the positive vorticity.
In the last row of Figure 4.26(b), the pertinent skin friction coefficients are given
for each case, where the z-axis shows the nondimensional chordwise location (z/c)
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along the wing such that x/c¢ = 0 corresponds to the leading edge, and z/c = 1
corresponds to the trailing edge of the wing. As can be seen from this figure,
the negative region of the skin friction coefficient is aligned with the leading-edge
vortex since it produces a reverse flow along the wing surface. The location of the
minimum skin friction is found to be near the center of the leading-edge vortex.
The nondimensional location of this minimum skin friction coefficient is 0.35, 0.52,
and 0.62 for « = 0°,GR = 0.26, « = 5°,GR = 0.16, and a = 10°,GR = 0.08
cases, respectively. Even though the drag responses of these three angles of attack
were found to be very different, they exhibit very similar tangential coefficients. For
every angle of attack investigated here, the leading-edge vortex induces a reverse
flow region, which contributes to the skin friction drag. However, as the reader
might recall from the earlier sections, the leading-edge vortex also creates a low-
pressure region and, therefore, a suction force normal to the surface of the wing.
This normal suction force contributes to the form (pressure) drag coefficient for
a > 0°. Therefore, it can be concluded that the drag coefficient for a flat plate at
0°, where the skin friction drag dominates, experiences a negative peak due to the
reverse flow induced by a leading-edge vortex. Moreover, the normal suction force
induced by a leading-edge vortex contributes to the form drag, which dominates the
total drag coefficient, therefore, causes a positive peak for a > 5°.

Figure 4.27 shows the experimental drag coefficients for low and high-
amplitude gusts (0.08 < a < 1.5) when the angle of attack of the test model is 0°.
The low and high-amplitude gust encounter experiments were performed using wing
1 and wing 2, respectively. The drag coefficients for low-amplitude gust encounters
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Figure 4.27: Experimental drag coefficients for a flat plate at 0° angle of attack
encountering the sine-squared gust of various strengths. Experiments performed
using wings 1 and 2 are represented with solid and dashed lines, respectively.

are shown with solid lines, whereas the drag coefficients for high-amplitude gust
encounters are displayed with dashed lines in this figure. Since the angle of attack
investigated here is 0°, the drag coefficients coincide with the tangential coefficient.
As can be seen from this figure, the negative drag peak increases as the gust ratio
increases, which is thought to be caused by the fact that the leading-edge vortex
strength increases with increasing gust ratio (see sections 4.2.1.2; 4.2.1.3) as does

the reverse flow region.

4.5 Three-dimensional Effects

The current section seeks to explore the three-dimensional effects during the
sine-squared transverse gust encounters. Firstly, trends in experimental three-
dimensional flowfields will be discussed. Then, the effects of aspect ratio on the

force transients and three-dimensional flowfields will be examined.
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4.5.1 Trends in Three-dimensional Flowfields

In this section, the reader will find trends in experimental three-dimensional
flowfields, which will establish a baseline for the sine-squared transverse gust
encounter three-dimensionality. To this end, three cases, which are GR =
0.5, = 0°, GR = 1,0 = 0°, and GR = 0.5;a = 20°, were selected and
experimental flowfields (top view) were obtained using wing 2 (3in chord, 12in
span). The details of the dye-flow visualization setup can be found in section 2.6.3.
Figures 4.28(a), 4.29(a), and 4.30(a) show the lift histories for the GR = 0.5; v = 0°,
GR = 1l;a = 0°, and GR = 0.5;a = 20° cases, respectively. The circles in
these lift plots correspond to the convective times of 1, 1.4, 1.8, 2.2, 2.5, and 3.6.
The snapshots of the flow at these instances are shown in Figures 4.28(b), 4.29(b),
and 4.30(b). Note that the flowfields given in this section are for a half wing (from
the midspan to the wing tip, which are marked in the pertinent figures).

Figure 4.28 displays the lift force and three-dimensional flowfields for a 0.5
gust ratio and 0° angle of attack case. At t* = 1, when the entire wing is immersed
in the gust, and the lift force experiences an increase from its steady-state value, the
leading-edge vortices are visible at both stations. No deflections in these vortices
are visible, which indicates the flow is quasi two-dimensional at this instant. At
t* = 1.4, the leading-edge vortices become stronger, and are nearly uniform across
the span. However, when the wing reaches the strongest portion of the gust and
the lift force peaks (at t* = 1.8), the leading-edge vortices tilt to the sides, which is

presumably caused by a tip vortex. Therefore, it seems the most plausible to state
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Figure 4.28: (a) Lift coefficient (circles on which corresponds to flowfields shown in
(b)), and (b) the three-dimensional experimental flowfields (top view) for a 0.5 gust
ratio and 0° angle of attack case of wing 2 (aspect ratio of 4).

that the two-dimensionality of the flow breaks down, and the three-dimensional
effects start to dominate the flow at this instant. At t* = 2.2, after the wing moves
past the strongest portion of the gust and the lift force starts to decrease, the

leading-edge vortices burst and are shed. At t* = 2.5, these burst vortices advect
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towards the trailing edge. Moreover, they are deflected in the spanwise direction,
which is another indicator of a tip vortex. When the wing exits the gust, and the lift
force reverts to steady state (at t* = 3.6), no dominant flow structure is visible in

the flow since the leading-edge vortices have already moved past the trailing edge.
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Figure 4.29: (a) Lift coefficient (circles on which corresponds to flowfields shown in
(b)), and (b) the three-dimensional experimental flowfields (top view) for a 1 gust
ratio and 0° angle of attack case of wing 2 (aspect ratio of 4).
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The lift force and three dimensional flowfields for GR = 1; @ = 0° are shown
in Figure 4.29. The effects of gust ratio on the flowfields will be investigated here
by comparing the current set to the one shown in Figure 4.28. After the wing enters
the gust, at t* = 1, the approximately same size leading-edge vortices form on the
wing upper surface, which do not deflect in the spanwise direction. Thus, the flow is
quasi two-dimensional at this instant. However, at t* = 1.4, a slight deflection in the
leading-edge vortices in the spanwise direction is visible. At an instant where the lift
force peaks (at t* = 1.8), the leading-edge vortices tilt and deflect in the spanwise
direction. Compared to the flowfields provided in Figure 4.28 for the GR = 0.5; a0 =
0° case, the deflections in the leading-edge vortices for GR = 1;a = (0° case are
much clearer, which indicates a stronger tip vortex. The burst leading-edge vortices
are visible at both t* = 2.2 and t* = 2.5. At t* = 3.6, when the wing exists the
gust, no dominant flow structure can be seen in the flowfields. Furthermore, the
remaining dye mixture is drawn through the wing tip presumptively because of the
strong suction that the tip vortex creates.

Figure 4.30 shows the lift coefficient and three-dimensional flowfields for a gust
ratio of 0.5 and 20° angle of attack case. At t* = 1, the leading-edge vortices form on
the wing, which are at approximately uniform size. The flow at this instant is quasi
two-dimensional. The spanwise deflections in these vortices become more dominant
as the wing moves toward the strongest portion of the gust (see the flowfields at
t* = 1.4 and t* = 1.8) indicating the formation of a tip vortex similar to the above-
mentioned cases. The instabilities caused by this tip vortex persists as the wing

moves past the strongest portion of the gust, see the flowfields at t* = 2.2 and
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Figure 4.30: (a) Lift coefficient (circles on which corresponds to flowfields shown in

(b)), and (b) the three-dimensional experimental flowfields (top view) for a 0.5 gust
ratio and 20° angle of attack case of wing 2 (aspect ratio of 4).

t* = 2.5. At t* = 3.6, the wake moves towards the wing tip, which is thought to

be caused by the low-pressure region created by the tip vortex. Comparing the

flowfields for the GR = 0.5;a = 0° and GR = 0.5;a = 20° cases shows that the

deflections and instabilities are higher at larger angles of attack.
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To sum up, the three-dimensionality of the sine-squared gust encounters was
evaluated. The results showed that the flow stays nominally quasi two-dimensional
until the wing reaches the strongest portion of the gust at t* = 1.8. The deflections
observed in the leading-edge vortices suggest the formation and shedding of a tip
vortex. Furthermore, increasing both the angle of attack and gust ratio was found

to cause larger three-dimensional effects.

4.5.2 Variations in Aspect Ratio

In this section, the reader will find the effects of aspect ratio on the sine-
squared transverse gust encounters. Firstly, the force transients of three different
wings with aspect ratios of 4 (3in chord, 12in span), 6 (3in chord, 18in span), and
8 (3in chord, 24in span) will be examined. Then, the three-dimensional flowfields
of aspect ratio 8 wing will be discussed and compared to the ones of aspect ratio 4

wing detailed in the previous section.

4.5.2.1 Lift and Drag

In this section, the effect of aspect ratio on the forces for two angles of attack
(v = 0° and o = 20°) at a gust ratio of 0.5 will be evaluated. The wing gust/overlap
is marked with a grey box in Figures 4.31 and 4.32. Since all of the wings used in
this analysis has the same chord length, the wing/gust interaction times of different
aspect ratio wings are also the same. Please note here that the aspect ratio 4

wing results shown in this section are already discussed in detail in sections 4.1.1.1
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and 4.2.1.1.
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Figure 4.31: Lift and drag coefficients of aspect ratio 4, 6, and 8 wings for a 0.5
gust ratio and 0° angle of attack case, circles on this plot corresponds to flowfields
shown in Figure 4.33.

Figure 4.31 displays the force histories obtained using 3 different aspect ratio
wings (AR = 4,6, and 8) for a 0.5 gust ratio and 0° angle of attack case. As expected,
the variations in aspect ratio do not affect the trends of the force transients, which
are already discussed in the earlier sections. As can be seen from this figure, the
aspect ratio 6 and 8 wings result in a larger lift maximum and drag minimum than
the aspect ratio 4 wing, though, these differences are minor. Please note that more
significant fluctuations are visible for larger wings since they are more vulnerable to
mechanical and electrical vibrations.

The force coefficients of 4, 6, and 8 aspect ratio wings for a 0.5 gust ratio
and 20° angle of attack case are given in Figure 4.32. Both lift and drag forces
experience a maximum during the gust encounter. After the wing exits the gust,
a force minimum and a secondary maximum occur. Increasing the aspect ratio
causes larger force extrema (e.g., larger maximum, smaller minimum, and a larger
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Figure 4.32: Lift and drag coefficients of aspect ratio 4, 6, and 8 wings for a 0.5
gust ratio and 20° angle of attack case, circles on this plot corresponds to flowfields
shown in Figure 4.34.

secondary maximum). Please note that these differences are minor for the lift
maximum and drag coefficient in general, whereas they are more predominant for
the lift minima and secondary maxima. The three-dimensional flowfields provided

in the following section will provide additional insight into the forces discussed here.

4.5.2.2 Three-dimensional Flowfields

The three-dimensionality of the flow for the aspect ratio 4 wing was discussed
in section 4.5.1. In this section, the three-dimensional effects for aspect ratio 8 wing
will be analyzed for two angles of attack, which are 0° and 20°. The circles on
Figures 4.31 and 4.32 correspond to the convective times of 1, 1.4, 1.8, 2.2, 2.5,
and 3.6, and the pertinent three-dimensional experimental flowfields are given in
Figures 4.33, 4.34, respectively. Note that the flowfields are given for a half wing,
where 4 dye ports were used, refer to section 2.6.3 for more details on the setup.
Please note here that the flowfields were not obtained for aspect ratio 6 wing since
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no significant differences occurred in the force responses of aspect ratio 6 and 8

wings.

Midspan Wing tip Midspan Wing tip

Midspan Wing tip Midspan Wing tip

t'=1.8

Midspan Wing tip Midspan Wing tip

Figure 4.33: Three-dimensional experimental flowfields (top view) for a 0.5 gust
ratio and 0° angle of attack case for wing 4 (aspect ratio of 8).

Figure 4.33 shows the experimental three-dimensional flowfields of aspect ratio
8 wing for a 0.5 gust ratio and 0° angle of attack case. During the period where the
lift increment occurs (t* < 1.8), the snapshots show the similar sized leading-edge
vortices on the upper surface of the wing. No significant spanwise deflections in
these leading-edge vortices are observed during this period. However, at t* = 1.8,
the leading-edge vortices at the outboard stations (2 stations from the wing tip)

deflect, presumably because of a tip vortex whose effects do not reach the inboard
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stations (2 stations that are closer to the midspan). As the wing moves past this
strongest portion of the gust, the deflections of the outboard vortices persist. The
leading-edge vortices are shed and advected towards the trailing edge of the wing,
see t* = 2.2 and t* = 2.5 snapshots. At t* = 3.6, when the wing exits the gust,
the outboard burst vortices slightly move towards the midspan. Overall, the tip
vortex affects the outboard stations more than the inboard stations. The flow at
the inboard stations stays approximately quasi two-dimensional throughout the gust
encounter. On the other hand, recall that the flow over the whole /R = 4 wing was
three-dimensional.

Noting that the force coefficients discussed herein are integrated quantities
(over the whole wing), it is the most plausible to conclude that a larger force
maximum was observed for the /2 = 8 wing since the three-dimensionality was
contained only at the outboard stations.

Three-dimensional flowfields of the /R = 8 wing for a 0.5 gust ratio and 20°
angle of attack case is displayed in Figure 4.34. At t* = 1 and t* = 1.4, the flow
is quasi two dimensional along the whole wing, and the leading-edge vortices start
to form at each station. As can be seen from the snapshot at t* = 1.8, the vortices
at the outboard stations deflect towards the midspan, whereas the vortices at the
inboard stations do not similar to the GR = 0.5;a« = 0° case. After this point in
time, the deflections at the outboard stations become more crucial (see snapshots
at t* = 2.2 and t* = 2.5). As the wing exits the gust at t* = 3.6, the vortices
at the outboard locations are sucked towards the wing tip, likely because of the

low-pressure region created by the tip vortex. Similar to the v = 0° case, the flow
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Figure 4.34: Three-dimensional experimental flowfields (top view) for a 0.5 gust
ratio and 20° angle of attack case for wing 4 (aspect ratio of 8).

at the inboard stations remains nominally quasi two-dimensional, which is thought
to be the reason why force extrema of aspect ratio 8 wing are larger than the ones
of the aspect ratio 4 wing.

To sum up, the force transients and three-dimensional flowfields were analyzed
for several aspect ratios. Increasing the aspect ratio was found to cause a slight
increment in the force extrema. Unlike the aspect ratio 4 wing, where the three-
dimensional effects dominated the whole wing, the three-dimensional effects were

contained at the outboard stations for the aspect ratio 8 wing.
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4.6 Chapter Summary

The purpose of this chapter was to explore the unsteady aerodynamics of
sine-squared transverse gust encounters. To this end, the force transients and
flowfields were investigated for a wide range of disturbances (0.08 < GR < 1.5
and 0° < «a < 45°). The effects of variations in two parameters, namely the
angle of attack and gust ratio, on the transients and force extrema were thoroughly
investigated. Moreover, the relationship between the maximum effective angle of
attack and lift were explored. The behavior of drag coefficient at low angles of
attack was elucidated. Lastly, the three-dimensionality of the sine-squared gust
encounters was discussed, and the effects of variations in aspect ratio on forces and
three-dimensional flowfields were determined. The main findings of this chapter are
summarized in the paragraphs below.

Lift and drag peaks were observed when the wing is approximately centered
in the gust for all angles of attack. This peak was found to be positive for all cases
except for the drag coefficient of @ = 0° case. The flowfields displayed the existence
of a leading-edge vortex on the wing upper surface at this instant. Therefore, it
can be concluded that the low-pressure region that the leading-edge vortex created
caused the aforementioned force peaks. The value of these force peaks was found
to increase with increasing angle of attack in the same vein as the circulation shed
from the leading edge up to a limit around 15°. The gust recovery portion was
found to differ for the @ = 0° and o > 0° cases. For the a = 0° case, the forces and

flowfields were found to revert to the steady-state values almost immediately after
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the exit, whereas the gust recovery took longer for the cases, where o« > 0°. In this
gust recovery portion of the a > 0° cases, a consecutive shedding from the trailing
and leading edges of the wing was generally observed, which caused the forces to
experience a local minimum as the wing exited the gust and a secondary maximum
thereafter, respectively. Overall, the lift coefficient extrema were found to exhibit
a stall-like behavior versus the angle of attack. The linearity of this behavior was
found to break down around 10° angle of attack. The drag coefficient extrema, on
the other hand, showed a linear dependency on the angle of attack. The exposed
projected area normalization was found to minimize the differences between the
transients of various angle of attack cases.

Furthermore, increasing the gust ratio was found to increase the force extrema
in the same vein as the circulation shed from the leading edge. All of the force
extrema were found to be linearly dependent on the gust ratio. For very large
angles of attack (o > 30°), the gust ratio was found to play a relatively minor
role in the global (observed during the encounter) and local (observed during the
recovery portion) lift maxima, whilst more considerable changes in global and local
drag maxima were observed due to the inevitable increase in form drag. In addition,
the gust ratio had almost no impact for the o < 45° cases. The gust ratio was found
to be very effective in scaling both the lift and drag forces even for very large gust
ratios (GR = 1.5).

The cases in which gust ratio and geometric angle of attack were selected to
produce a given value of effective angle of attack were found to produce similar lift

peak coefficients if the o < 10° and awg,,,, < 40°. Furthermore, the maximum lift
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coefficient was found to have a linear dependency on the effective angle of attack
for cases where o < 10° and g, < 40°.

The reverse flow induced by the leading-edge vortex was found to cause the skin
friction coefficient to experience a negative peak. Since the skin friction coefficient
dominates the total drag coefficient at low angles of attack, a negative drag peak
was observed during the gust encounter for the 0° angle of attack case. The value
of this negative drag peak was found to increase with increasing gust ratio, which
was caused by stronger leading-edge vortices creating more significant reverse flow
regions.

The flow that developed during the sine-squared gust encounters was found to
stay nominally quasi two dimensional until the wing reached the strongest portion of
the gust, where the force peaks occurred. Only thereafter, the spanwise variations in
the flow were observed, indicating that the flow is three-dimensional. The leading-
edge vortices were found to be drawn through the wing tip, which is thought to be
caused by the low-pressure region created by the tip vortex. Larger angles of attack
and gust ratios were found to cause more complex flows. The aspect ratio variations
were found to only subtly impact the force transients such that increasing aspect
ratio increased the force extrema. This is thought to be caused by the fact that the
three-dimensional effects were contained at the outboard stations for the /2 = 8

wing while they dominated the whole /R = 4 wing.
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Chapter 5: Comparison of Transverse Gust Velocity Profiles and

Evaluation of Kiissner’s Model

In the previous chapter, the reader found a detailed investigation of the
sine-squared transverse gust encounters, where the effects of 4 crucial parameters,
namely angle of attack, gust ratio, and effective angle of attack, and aspect ratio
were explored. This chapter seeks to expand the discussion of the transverse gust
encounters by examining a new parameter, gust velocity profile. To this end,
section 5.1 compares and studies two transverse velocity profiles, the sine-squared
and top-hat (data for the latter was provided by collaborators), in terms of lift
response, flow structures, and circulation production. Using this comparison as a
base, section 5.2 evaluates the accuracy and limitations of Kiissner’s model for both
gusts. Lastly, in an attempt to scale the lift responses of different transverse velocity
profiles, a momentum flux-based normalization method is introduced. Overall, the
results shown in this section will not only enhance knowledge of the transverse gust
encounters but also provide valuable tools to predict and scale the lift responses of

different transverse gust velocity profiles.
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5.1 Comparison of Sine-squared and Top-hat Transverse Gusts

This section seeks to investigate the effect of transverse gust velocity profile by
comparing the sine-squared and top-hat gusts in terms of lift force, flowfields, and
circulation production. The comparison is only given for a flat plate at 0° angle of
attack to establish a baseline for the investigation of Kiissner’s model’s limitations.
The reader is referred to Ref. [114] for the comparison of the responses of the two
velocity profiles at larger angles of attack.

The experimental setups used to create the sine-squared and top-hat gusts
are remarkably similar. Both setups use water towing tanks to facilitate the
experiments. The working principles of the gust generator systems used are quite
similar and based on recirculating the water that is in the tank. While the sine-
squared gust was generated using a jet-like system, the top-hat gust was created
using a gust-rig design that also includes a suction manifold. The details of the
sine-squared and top-hat gust experimental setups can be found in chapters 2 and 3,
respectively. Therefore, it seems plausible to state that the differences in the results
shown in the following sections are not artifacts of the experimental setups; instead,
they arise due to the difference in the transverse velocity profiles.

Figures 5.1(a) and 5.1(b) display the time-averaged vorticity contours for the
sine-squared and top-hat gusts, respectively. As can be seen from these figures,
the sine-squared gust has a continuous gust shear layer, whilst the top-hat gust
shear layers are concentrated at the edges of the profile. The time-averaged gust

profiles for both were extracted from a region where the wing tows and is given in
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Figure 5.1: Gust characterization flowfields and gust velocity profiles for both the
sine-squared and top-hat gusts.

Figure 5.1(c) for a gust ratio of 1. The sine-squared gust velocity profile displays
smooth gradients due to the aforementioned continuous shear layers, whereas the
top-hat gust contains sharp gradients on the edges of the profile because of the
concentrated shear layers. The width-to-chord ratio is 2.6 and 2.32 for the sine-
squared and top-hat gusts, respectively. Although the nondimensional gust width is
larger for the sine-squared gust, the top-hat gust contains more momentum due to
its velocity profile. An in-depth discussion of the momentum and momentum flux

associated with each gust velocity profile is given in section 5.3.

142



5.1.1 Force Comparison
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Figure 5.2: Lift and gust ratio normalized lift coefficients for gust ratios ranging
from 0.5 to 1.5 at 0° angle of attack for both the sine-squared (solid lines) and top-
hat (dashed lines) gusts, circles on this plot corresponds to flowfields in Figures 5.3
and 5.4.

Figure 5.2 shows the lift and gust ratio normalized lift responses of a flat plate
at 0° angle of attack encountering gusts of various strengths (0.5 < GR < 1.5) for
both gust velocity profiles. In this figure, the solid and dashed lines represent the
results from the sine-squared and top-hat gusts, respectively. For both gusts, the
wing’s leading edge enters the gust at t* = 0. However, the wing’s trailing edge exits
the sine-squared gust at t* = 3.6 (marked with a solid grey line) and the top-hat
gust at t* = 2.32 (marked with a dashed grey line).

The lift transients caused by the sine-squared gust encounters were examined
in detail in chapter 4. Similar to the sine-squared gust response, the lift force
experiences a maximum during the top-hat gust encounters. The value of this

maximum increases with increasing gust ratio, as can be seen in Figure 5.2(a). One
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intriguing trend that is not visible in the sine-squared gust case is that the lift force
experiences a “dip” as the wing exits the top-hat gust for the cases where GR > 1.
The flowfields provided in the following section will highlight this phenomenon.
Overall, the top-hat gust encounters result in a significantly larger maximum than
the sine-squared gust encounters for the same gust ratio, proving that the transverse
gust velocity profile is an important parameter to explore.

In section 4.2.3, the gust ratio normalization was discussed for the sine-squared
gust encounters. The results showed that this normalization does a good job scaling
the lift force of various gust ratio cases that range from 0.08 to 1.5. Thus, it was
concluded that the forces that arise from the sine-squared gust encounters can be
normalized using gust ratio, notwithstanding very large gust ratios. Figure 5.2(b)
displays the gust ratio normalized lift coefficients for both gusts. Unlike the sine-
squared gust case, the lift force experienced during the top-hat gust encounters does
not scale well using this normalization. The following section will discuss the PIV

flowfields and highlight the lift transients detailed here.

5.1.2 Flowfield Comparison

The flowfields for the GR = 0.5 and GR = 1 cases are selected to identify the
flow structures that cause the aforementioned transients during both gust encounters
and are displayed in Figures 5.3 and 5.4, respectively. Please note that the camera
and laser were towed with the wing for the sine-squared gust experiments at UMD

while they were stationary for the top-hat gust experiments at CU. Therefore, the
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flowfields shown in this section are different in terms of their field of view.
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Figure 5.3: Flowfields for both the sine-squared (solid box) and top-hat (dashed
box) gusts at a gust ratio of 0.5.

Figure 5.3(a) shows the flowfields for the GR = 0.5 case for both gusts at
t* = 1, when the wing is fully immersed in the gust. A leading-edge vortex is
visible on the wing’s upper surface for both gust velocity profiles. The low-pressure
region that this vortex creates causes the aforementioned lift peaks. Qualitatively,
the leading-edge vortex is stronger for the top-hat gust, presumably due to the
larger momentum that the wing sees during the encounter. Please see section 5.1.3,
which quantifies the circulation shed from the leading edge, for more details. At
this instant, the vortex core is located at 0.17¢ for the sine-squared gust and 0.3c

for the top-hat gust. The entry top-hat gust shear layer significantly deforms due
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to the presence of the wing. The deflection in the sine-squared gust shear layer, on
the other hand, is not as clear as the top-hat gust since the sine-squared gust shear
layer is continuous. A slight trailing wake deflection is visible for the top-hat gust
case, whereas a planar trailing wake is present for the sine-squared gust case at this
instant.

Figure 5.3(b) displays the experimental flowfields for the GR = 0.5 case at
t* = 2. At this instant, the leading edge of the wing reaches the latter top-hat
gust shear layer, and the wing is about to exit the top-hat gust. This instant also
corresponds to 0.5 convective times after the lift force peaks for the top-hat case.
For the sine-squared gust case, on the other hand, at this instant, the wing has
already moved past the strongest portion of the profile. Furthermore, this moment
in time also corresponds to 0.2 convective times after the lift force peaks. As can be
seen from this figure, the leading-edge vortex builds up its strength vis-a-vis t* = 1
for both gusts. Moreover, compared to t* = 1, the leading-edge vortex advects
downstream. The locations of the vortex cores are 0.5¢ and 0.67c¢ for the sine-
squared and top-hat gusts, respectively. A stronger leading-edge vortex is visible
for the top-hat gust case. The leading-edge vortex is also further away from the
wing surface for the top-hat gust case, which is thought to be caused by the larger
velocities present in the flow. A secondary separation of positive vorticity from
the boundary layer is visible for both cases. The shear layers in the top-hat gust
significantly deform due to the wing’s presence. The trailing wake is planar for the
sine-squared gust case, while a 14° deflection is visible for the top-hat gust case
presumably because of the larger momentum that the top-hat carries.

146



/,
f
1

’
&
Z
!

1
i
X NN

N Y

\\\\\\\\\
N
\
?

ORISR

fyg
/ / LT e
| .t 77, o7 20 B
e 7, S A
SEE S / S A
e A

EIIIZZZ2007

T3

~

paay
s

PRSI o A = P
PSSRy A S e S 2
S SRS AP S S BB ¥ A = = S
| e e e e A I T T T e i, |
SIS S B P st 2 B
| e e, M DnNeR RO, s ] 7

e 7S 7 b 2 R NS R R N R R
| o e e o XM M A, s 4 >

S A

(b) Flowfields at t* = 2 for the sine-squared and top-hat gusts

Figure 5.4: Flowfields for both the sine-squared (solid box) and top-hat (dashed
box) gusts at a gust ratio of 1.

The experimental flowfields at t* = 1 for the GR = 1 case are shown for both
gusts in Figure 5.4(a). Similar to the GR = 0.5 case, the leading-edge vortex for the
top-hat gust case is significantly stronger and further away from the wing’s surface
than the one for the sine-squared gust case. The vortex core is located at 0.17c
and 0.3c¢ for the sine-squared and top-hat gust cases, respectively. Even though the
flowfields discussed here are early in the encounter, a secondary separation is visible
for both gusts. A significant deformation in the entry top-hat gust shear layer is
present. Moreover, the top-hat gust trailing wake is nonplanar, which shows a 13°
deflection, contrary to the GR = 0.5 case. On the other hand, a planar wake is

visible for the sine-squared gust case.

147



The flowfields at t* = 2 for the GR = 1 case are displayed in Figure 5.4(b)
for both gust velocity profiles. At this moment in time, the strength of the leading-
edge vortex is increased compared to t* = 1. The vortex core is located at 0.45¢
and 1c for the sine-squared and top-hat gusts, respectively. A 10° wake deflection
is present for the sine-squared gust, whereas a larger deflection, 14°, is visible for
the top-hat gust. Moreover, a trailing edge vortex forms for the top-hat gust case,
which is thought to be the reason why the lift force experiences a dip at this instant.
Qualitatively, larger levels of shed vorticity are present in the flow compared to the

GR = 0.5 case for both gusts.

5.1.3 Circulation Comparison
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Figure 5.5: Nondimensional circulation for both the sine-squared (shown with a
circle symbol) and top-hat (shown with a star symbol) gusts.

Figure 5.5 displays the circulation shed from the leading edge for the gust

ratios 0.5 and 1 during both the sine-squared and top-hat gust encounters. The
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circulation measurements were obtained for convective times between 0.5 and 2.
When only half of a wing is immersed in the gust, at t* = 0.5, a strong leading-edge
vortex is visible for the top-hat gust case, presumably due to the sharp increase in
the gust velocity profile, whereas a weak vortex is visible for the sine-squared gust
case. For both gusts, a higher level of circulation is shed from the leading edge for
the larger gust ratio of 1. On the other hand, for a given gust ratio, the top-hat
gust encounters result in a stronger leading-edge vortex than the sine-squared gust
encounters. This is thought to be the cause of the larger lift maxima observed in
the top-hat gust case.

To sum up, the top-hat gust encounters were found to result in a larger lift
maximum and a stronger leading-edge vortex than the sine-squared gust encounters.
The gust ratio parameter was found to scale the lift response of the sine-squared
gust, whilst it failed to do so for the top-hat gust despite the same gust ratios
investigated. The lift force was found to experience a minimum presumably due to
the formation of a trailing-edge vortex as the wing exits the top-hat gust for the
cases where GR > 1. Flowfields showed that the leading-edge vortex remains closer
to the wing’s surface in the case of the sine-squared gust. In addition, the trailing

wake was found to be significantly deflected during the top-hat gust encounters.

5.2 Accuracy and Limitations of Kiissner’s Model

This section seeks to evaluate the applicability, accuracy, and limitations of the

Kiissner’s model [64] for high-amplitude transverse gust encounters. As described

149



in chapter 1.3.4.2, Kiissner’s model is a linear analytical model to predict the lift
force for a flat plate encountering a sharp-edged transverse gust with infinite gust

width and it comes with quite strict assumptions, which are listed below.

1. The flow is two dimensional.

2. No viscous forces are present in the flow.

3. The flow is incompressible.

4. The disturbances are small.

5. The gust shear layer is rigid.

6. Vortex shedding is only allowed from the trailing edge of the wing.

7. The trailing wake is planar.

Although the Kiissner’s Model is developed for an infinitely long gust, an
analytical convolution can be found for an arbitrary transverse gust profile using the
Duhamel superposition integral detailed in chapter 1.3.4.2. This section specifically
focuses on the response of the sine-squared and top-hat velocity profiles. The sine-

squared velocity profile is given as follows

t*
Vgss(t*) =Vp sin’ (7T ) ) (5.1)

w/c
where Vp is the peak gust velocity and w/c is the width-to-chord ratio, the value
of which is 2.6 based on the characterized profile. The top-hat velocity distribution
based on the characterized gust width is given as
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Vi *
Ve, 0<t <03

Vore = Vp, 0.3 <,t* <2.02 - (5.2)

0.3

\—(‘)/%;t* + 232V 902 < t* < 2.32

A sharp-edged gust with a finite gust width will also be examined to provide a
comparison to the top-hat gust since it was used in the earlier study to predict the
lift response of the top-hat profile [114]. Therefore, the width-to-chord ratio of the
sharp-edged gust is selected to match with the one of the top-hat gust,w = 2.32c¢.

The sharp-edged gust velocity profile is given as

Ve, 0<t* <232

VQSE = (5.3)
0, t*>2.32
5 -
x = = = = Sharp-edged
<, et — — Topha
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Figure 5.6: Gust ratio normalized lift coefficient from the Kiissner’s convolution for
the sine-squared, top-hat, and sharp-edged gusts.

Figure 5.6 shows the gust ratio normalized lift coefficients from the Kiissner’s

convolutions for the sine-squared, top-hat, and sharp-edged gusts. As can be
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seen from this figure, all profiles experience similar lift trends. The lift coefficient
increases to a maximum and then reverts to the steady state. The recovery from the
gust takes a long time. The top-hat profile displays a lower maximum at an earlier
time compared to the sharp-edged profile. On the other hand, the convolution of
the sine-squared gust results in a significantly lower lift maximum than the other
two profiles. Based on Kiissner’s predictions, the maximum lift coefficient strongly

depends on the transverse gust velocity profile.
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Figure 5.7: Gust ratio normalized measured lift coefficients and Kiissner’s
convolution for the sine-squared and top-hat gusts.

To investigate the accuracy of the Kiissner’s predictions, it is essential to
compare them to the measured quantities. Figure 5.7(a) displays the gust ratio
normalized lift coefficients from the convolution and experimental measurements for
the various strength sine-squared gust encounters. As can be seen from this figure,
Kiissner’s model does a good job predicting the lift maximum and the transients
up to that maximum despite the very large gust ratios investigated, where the

small-amplitude disturbances assumption is violated. However, the model predicts
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a slower recovery than the measurements. This is thought to be caused by the
fact that the flow becomes three-dimensional after the time that the lift peaks, as
discussed in section 4.5. Therefore, it is most plausible to state that the validity of
the Kiissner’s model heavily depends on assumption 1, the flow is two dimensional.
The flowfields discussed earlier showed that the flow separates from the leading edge,
an obvious violation of the inviscid flow and the shedding is only allowed from the
leading edge assumptions. Furthermore, as shown in section 4.2.1.2, for all gust
ratios the trailing wake remains planar until the time where the maximum lift is
observed (assumption 7) and the deflection in the continuous gust shear layer is
minor (assumption 5). Therefore, assumptions 1, 3, 5, and 7 are valid at least for
the region where the Kiissner’s model is able to predict the lift coefficients that arise
from the sine-squared gust encounters. On the other hand, the results clearly violate
assumptions 2, 4, and 6.

Figure 5.7(b) shows the gust ratio normalized measured and predicted lift
coefficients for the top-hat gust. As already established in the previous section,
unlike the sine-squared gust, the measured lift coefficients do not scale well using
the gust ratio. Kiissner’s model does a fair job predicting the shape of the lift
response. However, the measured maximum lift is only predicted reliably for the
lowest gust ratio tested, 0.5. Even at this gust ratio, the model slightly under-
predicts the lift peak. Although the violation of small amplitude disturbances does
not cause any issues for the sine-squared gust case, it is evident that this assumption
is particularly crucial for the top-hat gust case, a profile that contains sharper

velocity gradients. Similar to the sine-squared gust case, Kiissner’s model fails to
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capture the recovery portion of the response, possibly due to the violation of two
dimensional flow assumption. Furthermore, assumptions 2, 5, and 6 are violated,
as discussed in the previous section, since a strong leading-edge vortex forms and
advects away from the wing’s surface, and the gust shear layers significantly deform.
Please note that the trailing wake only remains nominally planar until the lift peaks
for the GR = 0.5 case, the only top-hat gust case that the Kiissner’s model is able
to predict the response of.

Overall, it can be concluded based on the above-mentioned findings that
Kiissner’s model can predict the maximum lift response if the following assumptions

are valid.

1. The flow is two dimensional (at least until the time that the lift peaks).

2. The flow is incompressible.

3. The velocity gradients are small.

4. The leading-edge vortex is nominally close to the wing’s surface (at least until

the time that the lift peaks).

5. The trailing wake is planar (at least until the time that the lift peaks).

5.3 Momentum Flux-based Normalization

Gust ratio normalization was found to scale the sine-squared velocity profile
lift responses. However, it did not alleviate the discrepancies between different
velocity profiles as seen in Figures 5.2(b) and 5.6. This section secks a parameter
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that can scale the lift responses of different velocity profiles. To this end, it uses both
Kiissner’s model and the experimental results. As briefly mentioned in section 5.1,
the different velocity profiles contain different momentum. The momentum flux
(velocity times mass flow rate) can be defined as pV (t)?w, where p is the density,
V(t) is the gust velocity, and w is the gust width. In nondimensional form, the
momentum flux of the gust flow is GR(t*)?>w/c. Based on this nondimensional
quantity, the scaling factor can be defined as the gust ratio of a sharp-edged profile,

which contains the same momentum flux of an arbitrary profile and is given as

1 w/e .
K= \/w—/c/o GR(t*)2dt, (5.4)

2
GRg
max

v
0 w/c 0 w/c

Figure 5.8: Momentum associated with the sine-squared gust (the purple area) and
the corresponding sharp-edged gust.

Figure 5.8 shows the momentum flux of the sine-squared profile (the purple
area under the curve) and the corresponding momentum flux of a sharp-edged profile
with the same gust width. Since the sine-squared gust contains less momentum than
the sharp-edged gust with the same maximum gust ratio, the scaling factor, K, is
smaller than 1. The scaling factor is calculated using equation 5.4 and found to be

0.61 and 0.93 for the sine-squared and top-hat gusts, respectively.
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Figure 5.9: Gust momentum normalized Kiissner’s convolutions for the sine-squared
(K = 0.61), top-hat (K = 0.91), and sharp-edged (K = 1) gusts.

Figure 5.9 displays the momentum flux normalized Kiissner’s convolutions
for the sine-squared, top-hat, and sharp-edged gusts. Compared to Figure 5.6,
where the lift coefficients are normalized with the gust ratio, the momentum flux-
based normalization does a better job at scaling the responses of the top-hat and
sharp-edged gusts whose maxima were not that different from each other, to begin
with. Moreover, this normalization significantly increases the maximum of the sine-
squared gust such that it exceeds the top-hat and sharp-edged gust’s maxima. This
is thought to be caused by the fact that the gust widths of the sine-squared and
top-hat gusts are not the same. As detailed earlier, the sine-squared gust has
a width-to-chord ratio of 2.6, whereas the top-hat and sharp-edged gusts have a
width-to-chord ratio of 2.32. As shown in an earlier study by Badrya et al. [86] for
the sine-squared gust, increasing gust width causes the lift maximum to increase.

Furthermore, it was also concluded in the same study that Kiissner’s model is able
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to accurately predict the lift maximum of the sine-squared gust up to gust widths
of 4 chords. Therefore, the Kiissner’s model can be used to obtain the gust width'’s
effect on the lift maximum, thereby allowing for a direct comparison of velocity
profiles. Figure 5.10 shows the maximum lift coefficient extracted from Kiissner’s
convolution for the sine-squared gust for various gust widths. As can be seen from
this figure, the lift maximum has an exponential dependency on the gust width.
Using this information, a new scaling factor can be introduced to the analysis for
the sine-squared gust to alleviate the effect of gust width. Figure 5.11(a) displays
the convolutions for all three velocity profiles with a correction on the sine-squared
gust width. With this additional correction, all of the velocity profiles result in the
same lift maximum. Therefore, it can be concluded that the differences in the gust
momentum flux is the reason why different gust velocity profiles yield different lift

maxima.

° Calculated
Fit

max

Maximum Lift Coefficient, CL

0.5 1 1.5 2 25 3 35 4
Width-to-chord, w/c

Figure 5.10: The maximum lift coefficient versus the width-to-chord ratio based on
the Kiissner’s model.

Based on this gust width scaling factor and the momentum flux, the
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Figure 5.11: Gust momentum normalized Kiissner’s convolution (for the sine-
squared, top-hat, and sharp-edged gusts) and measured lift coefficients (for the
sine-squared and top-hat gusts) with a gust width correction.

experimental measurements for both the top-hat and sine-squared gusts are
normalized and given in Figure 5.11(b). Compared to the gust ratio normalization
shown in Figure 5.2(b), the momentum flux-based normalization considerably
improves the results. The remaining discrepancies between the responses of sine-
squared and top-hat gusts are attributed to the fact that the Kiissner’s model does

not do a good job predicting the response of high-amplitude top-hat gust encounters.

5.4 Chapter Summary

This chapter explored the effect of the transverse gust velocity profile on the
lift transients. To this end, the sine-squared and top-hat (data was provided by
collaborators at CU) gusts were compared. Kiissner’s model was used to predict the
lift responses for both profiles. Moreover, a momentum flux-based normalization

method was discussed. The main findings of this chapter are summarized in the
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following paragraphs.

The comparison of the sine-squared and top-hat gusts showed that the top-
hat gust encounters result in a larger lift maximum than the sine-squared gust
encounters, which is thought to be caused by the fact that a higher level of circulation
is shed from the leading edge for the top-hat gust encounters. The flowfields showed
that the leading-edge vortex that forms during the top-hat gust encounters moves
further away from the wing’s surface and advects more towards the downstream
than the sine-squared gust case. A trailing edge vortex was found to form as the
wing exits the gust when GR > 1 for the top-hat gusts, causing a minimum in the
lift response. Moreover, for the top-hat gust, the trailing wake was found to show
significant deflections, especially for gust ratios larger than 0.5, whereas the wake
was found to remain nominally planar for the sine-squared gust case.

Kiissner’s model was found to accurately predict the maximum lift coefficient
during the sine-squared gust encounters despite the large gust ratios investigated
around 1.5. On the other hand, it failed to predict the maximum lift for the top-hat
gust at relatively lower gust ratios around 0.75. In addition, it displayed minor
discrepancies for the GR = 0.5 case. The limitations of Kiissner’s model were
found to be different for different transverse velocity profiles despite the same gust
ratios being investigated. Therefore, it is evident that the gust ratio is not the only
parameter that should be considered while evaluating the model’s accuracy. The
transverse gust velocity profile and the velocity gradients attached to it were found
to be an important parameter to consider. The smooth velocity gradients in the sine-

squared gust allow for an accurate prediction even at high-amplitude disturbances,
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while the sharp velocity gradients in the top-hat gust do not. On another note, the
Kiissner’s model failed to predict the gust recovery portion of the lift response for
both gusts since three-dimensional effects dominate the flow at those instants.
Lastly, a novel momentum flux-based normalization method was introduced.
The results of this normalization were applied both to the Kiissner’s model and
the measurements. The normalization method was found to do an excellent job
scaling the responses of different transverse velocity profiles if the gust widths of
the profiles are the same (or corrected using Kiissner’s model), and Kiissner’s model

provide accurate predictions at the given amplitude and gust shape.
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Chapter 6: Comparison of Gust Types and Flowfield-based Force

Prediction Method

Thus far, transverse gust encounters and their effects on the force transients
have been explored. Intending to deepen the understanding of gust encounters
beyond the transverse gust, this chapter seeks to investigate the influence of different
gust types, namely sine-squared transverse gust and vortex gust (data provided
by collaborators), on the response of a flat plate wing. Section 6.1 discusses
and establishes the lift transients experienced during vortex gust encounters and
highlights the fundamental flow physics that cause these transients using flowfield
and circulation measurements. Using the knowledge built in chapter 4 on the sine-
squared transverse gust and section 6.1 on the vortex gust as a base, section 6.2
compares the trends of lift force, flowfields, and circulation production that arise
from encountering both gust types. Lastly, section 6.3 introduces a flowfield-based
force prediction method and furthers the discussion of the relationship between the
gust-induced angle of attack and lift for both gusts. Overall, the results shown in this
chapter will substantially contribute to the body of knowledge in gust encounters.
Therefore, these results will pave the way for gust rejection systems for various gust

types, which is especially important since air vehicles do not typically have any prior
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knowledge on the gust type to be encountered during a real flight.

6.1 Vortex Gust

Chapter 4 explored the effect of sine-squared transverse gust encounters on
forces and flowfields in detail. Before comparing the two gust types, namely the
sine-squared transverse and vortex gusts, it seems most fit to introduce the force
transients experienced during vortex gust encounters. As previously described in
section 3.2, the vortex gust experiments were conducted at the Istanbul Technical
University’s free surface water channel by collaborators. The vortex gust was
generated by clockwise half-rotation of the upstream gust generator flat plate and
shed from its leading edge. Even though various gust ratios were easily investigated
for the sine-squared transverse gust by altering the towing speed and/or the pump
speed, it is much harder to vary the gust ratio for the vortex gust experiments.
Instead, the vertical offset, Ay/c, of the gust generator plate from the test model
were altered, see Figure 3.4(b). The effects of varying the vertical offsets were
explored in Ref. [90] and will not be discussed in this dissertation. Only the
Ay/c = 0.39 case will be discussed here for the vortex gust encounters. This
specific vertical offset was selected since the vortex gust initial shedding location
is in line with the leading edge of the test model for this offset. Be that as it may, if
other vertical offsets were used, the analysis and the comparison shown here would
not change. The reader is referred to Ref. [90] for more details on the vortex gust

encounters and the effect of vertical offset. Since the vortex gust is not continuous
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in the stream-normal direction, unlike the sine-squared transverse gust, the path
that the vortex gust follows becomes a parameter to be acknowledged. Figure 6.1
shows the vortex core positions for convective times between 1.5 and 3.625 for the
Ay/c = 0.39,ac = 0° case. The z and y axes represent the horizontal and vertical
positions in chords, respectively. The vortex core is aligned with the leading edge
of the test model after being shed from the gust generator plate at t* = 1.5, and
it remains approximately at this vertical position for 1.25 convective times. Only

thereafter, it starts to convect downwards in the vertical direction.

2t A Vortex Core | ]

y/c

05

0 0.5 1 1.5 2 25
x/c

Figure 6.1: Path that vortex gust follows when the test model is at 0° angle of
attack.

Figure 6.2 displays the lift coefficient and experimental flowfields for a flat
plate at 0° angle of attack encountering a vortex gust. The z-axis of Figure 6.2(a)
represents the convective time. Since the vortex gust is coupled with the wing
and moves along the aforementioned path, the encounter does not occur in a
fashion where the entry and exit times, and therefore the interaction time, can
be determined. Therefore, instead of this interaction time, the convective times at
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Figure 6.2: Lift coefficient and experimental flowfields during vortex gust encounters
for a flat plate at 0° angle of attack, circles on Figure 6.2(a) corresponds to flowfields
in Figure 6.2(b).
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which the gust generator plate moves (0 < ¢* < 4) are marked with a grey box.
Moreover, in this figure, the y-axis represents the lift coefficient. The lift transients
observed during the vortex gust encounter will be highlighted using the experimental
flowfields given in Figure 6.2(b) for convective times 1, 2, 2.6, and 4. Please note that
the color bar has been flipped for an easier visual comparison with the transverse
gust. Before the gust generator plate starts its motion (¢* < 0), the lift coefficient
is at its steady-state value, zero, which proves that the vertical offset is sufficiently
large to avoid interaction between the wake of the upstream gust generator and
the test model that is at 0° angle of attack. Well after the motion of the gust
generator starts, at t* = 1, a local maximum is observed in the lift coefficient. As
described earlier in section 3.2, the gust generator plate sheds a positive vortex
from its trailing edge right after its motion starts. The flowfield shown at ¢t* =1 in
Figure 6.2(b) displays this positive vortex, which is thought to be the cause of the
local maximum in the lift response at this instant. After the vortex gust is shed from
the leading edge of the gust generator plate, the lift force starts to decrease from its
local maximum. The flowfield given at ¢* = 2 shows this negative vortex gust on the
edge of the snapshot and the positive leading-edge vortex that forms on the pressure
side of the test model. At t* = 2.6, the lift force reaches a global minimum. At this
instant, the vortex gust is closer to the test model and induces a strong positive
leading-edge vortex, which creates a low-pressure region on the pressure side of the
test model, causing the lift force to experience negative values. As the motion of the
gust generator ends, at t* = 4, the lift force experiences a secondary local maximum.

The snapshot given at this instant shows a very chaotic flow. The vortex gust has
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deflected downwards in the vertical direction, burst, and left the frame; the positive
leading-edge vortex has shed and induced a strong negative trailing-edge vortex on
the suction side. This trailing-edge vortex is presumably the reason why the lift
force reaches a secondary maximum. After this instant, the lift force recovers from

the encounter, and it reverts to its steady-state value around t* = 6.

2.5

1.5 2 2.5 3 35
Convective Time, t*=U e

Figure 6.3: Nondimensional circulation shed from the leading edge for a flat plate
at 0° angle of attack.

To provide further insight into the vortex gust encounter, the circulation shed
from the leading edge of the test model was quantified using the segmentation
method described in section 3.2.4. Figure 6.3 displays this nondimensional
circulation for convective times between 1.5 and 3.5. This range was selected
since the leading-edge vortex does not form until t* = 1.5 and fully deforms and
convects downwards in the vertical direction after t* = 3.5. As can be seen from this
figure, the strength of the leading-edge vortex increases as more time passes in the

encounter. The value of the circulation shed reaches a maximum around t* = 2.6,
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which corresponds to the time the negative peak is observed in the lift coefficient.
Only thereafter, the leading-edge vortex starts to lose its strength and eventually is
shed from the test model.

To sum up, a wing at 0° encountering vortex gust was found to experience large
transients in the lift force. A local maximum, a global minimum, and a secondary
maximum were observed during the encounter. The flowfields provided highlighted
the physical phenomena that cause these transients. The positive vortex initially
shed from the gust generator was found to create the local lift maximum. On the
other hand, the positive leading-edge vortex that forms on the pressure side of the
test model was found to cause the global lift minimum. Lastly, the negative trailing
edge vortex that forms on the suction side of the test model was found to give rise

to the secondary lift maximum.

6.2 Comparison of Sine-squared Transverse and Vortex Gust

Encounters

This section seeks to compare the two gust types, the transverse gust with
a sine-squared profile and the vortex gust. The comparison will be made in terms
of force, flowfield, and circulation production. Before initiating the discussion of
the responses of these gusts, it is crucial to establish the differences between the
gusts, some of which are artifacts of the experimental setup such that if one were
to simulate the same gust type, these differences would diminish (e.g., an upstream

gust generator plate). In contrast, others are inherent to the flow itself. Therefore,
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these differences are categorized into two groups: effects of the experimental setup
and effects of the gust type, which are tabulated in Table 6.1. As discussed earlier
in Chapter 1, the transverse gust only contains transverse perturbations, whilst
the vortex gust contains both longitudinal and transverse perturbations. The
characterized horizontal and vertical velocity profiles are displayed in Figures 6.4(a)
and 6.4(b), respectively for both the sine-squared transverse and vortex gusts.
For more details on these velocity profiles and their characterization procedures,
please refer to sections 3.2.2 and 2.3. In these figures, the z-axes represent the
streamwise and stream-normal positions for the transverse and longitudinal profiles,
respectively. Note here that the gust width definitions are different for the sine-
squared transverse and vortex gusts. The width of the sine-squared transverse gust
is defined based on the points where the fluid velocity reaches zero, whereas the
width of the vortex gust is defined based on the core diameter of the vortex since the
gradient of the decay of the vortex is exceptionally gentle. Therefore, the gust widths
of the sine-squared transverse and vortex gusts are 2.6 and 0.4 chords, respectively.
As mentioned in the previous section, the gust ratio can be altered quite easily for the
transverse gust. However, it is much harder to achieve gust ratio variations for the
vortex gust. Moreover, since the vortex gust is created by the motion of an upstream
plate and a single vortex cannot be produced in isolation, an “unintentional vortex”
sheds from the trailing edge of the gust generator plate immediately after the motion
starts. This “unintentional vortex” was not characterized as a part of the vortex gust
since its strength is relatively weak and remains sufficiently far away from the test
model. On the other hand, the sine-squared transverse gust consists of continuous
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shear layers along the width of the gust, all of which were characterized as part of
the gust flow. There is, of course, an upstream model, the gust generator plate,
present in the flow for the vortex gust. Conversely, the only body in the flow for the
transverse gust was the test model. Since the transverse gust is a jet-like flow, the
gust is continuous in the stream-normal direction. However, this is not the case for
the vortex gust; instead, the vortex gust follows the aforementioned path. Thus, an
encounter time or a well-defined “entry” and “exit” cannot be determined for the
vortex gust. Further differences arise due to model motion. The test model moves
towards the transverse gust, whilst the vortex gust moves towards the test model,
thereby causing the gust to deform as it convects. The transverse gust shear layers
deflect as the wing moves through the gust. However, the deflection does not have

any significant influence on force production Ref. [80].

Table 6.1: Comparison between the sine-squared transverse gust and the vortex
gust.

Transverse Gust Vortex Gust

Transverse perturbations
Longitudinal perturbations

Effects of the gust type Continuous in stream-normal direction
Gust is free to move with the flow
Well-defined gust “entry” and “exit”

Gust ratio variation is achievable
Unintentional vorticity in the flow
Upstream body present

Fixed test model

Effects of the experimental setups

R SN ENES RSN
AN N N N NN

6.2.1 Force and Flowfield Comparison

This section focuses on the comparison of the two gust types in terms of lift
force and flowfields. Figure 6.5 displays the lift response for both the sine-squared

transverse and vortex gust encounters. The same parameters were used for the
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Figure 6.4: Longitudinal and transverse velocity profiles for both the sine-squared
transverse and vortex gusts.
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Figure 6.5: Lift histories during sine-squared transverse and vortex gust encounters
for the GR =1, = 0° case.

analysis, where the gust ratio is 1, and the angle of attack is a = 0°. In this plot,
the z-axis represents the convective time. The wing enters the transverse gust at
t* = 0, whilst it fully exits the gust at t* = 3.6, marked with a red dashed line in this
figure. On the other hand, the vortex gust’s entry and exit times are ambiguous due

to the gust’s deflection. Instead, the convective times at which the gust generator
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plate moves were used as a reference. The gust generator’s motion starts at t* =0
and ends at t* = 4, which is marked with a blue dashed line in this figure. As
established in the previous section, the vortex gust encounter results in a negative
lift peak. In order to make the visual comparison easier, the measured lift coefficient
for the vortex gust was flipped about the z-axis. Even though one might expect the
lift responses of these two gust types to be distinctly different given the many above-
mentioned differences, the transverse and vortex gust encounters result in similar
trends in the lift force. Both encounters cause large transients in the lift. As can
be seen from this figure, the response time, the time that passes between the steady
state and the lift extreme value, of the two gust encounters are different. These
differences are attributed to the fact that the wing begins immersing in the transverse
gust at t* = 0, while at this instant, vortex gust has not yet been shed from the
gust generator. Moreover, the vortex gust contains an extremely gentle gust decay
gradient as seen in Figure 6.4. Thus, the response time of the transverse gust is much
shorter than the vortex gust. On another note, the reverse response time, which can
be defined as the time that passes between the value of the lift extrema and the later
steady state, is much larger for the sine-squared transverse gust. This is thought
to be caused by the fact that the vortex gust contains relatively sharp gradients
from one velocity extreme to another. Conversely, the sine-squared transverse gust
velocity profile is symmetric (see Figure 6.4). The transverse gust encounter causes
a significantly larger lift peak than the vortex gust despite the same gust ratio of 1.
This is thought to be caused by two reasons. First of all, the vortex gust deflects

downwards in the vertical direction due to the presence of the wing, whereas the

171



wing sees a stream-normal continuous gust in the sine-squared transverse gust case.
Secondly, the gust width of the transverse gust is remarkably larger than the vortex
gust’s. Increasing gust width and vortex core diameter was previously found to
cause a significant increase in the lift peaks for both gust types [86,99]. In terms of
the flow structures, the sine-squared transverse gust results in a leading-edge vortex,
which causes a maximum in the lift. In contrast, the vortex gust encounters induce
a positive leading-edge vortex on the pressure side of the test model and cause a
minimum in the lift. Moreover, for the vortex gust, a trailing edge vortex forms
on the suction side of the test model, causing a local lift peak right after the gust
generator stops. On the other hand, the transverse gust encounter for a wing at
0° angle of attack does not yield any flow structures other than the aforementioned
leading-edge vortex, presumably because of the large updraft a that transverse gust

has.

6.2.2 Circulation Comparison

To provide further insight into the differences in the lift transients of both gust
types, the circulation shed from the leading edge during the sine-squared transverse
and vortex gust encounters was calculated and is displayed in Figure 6.6. Please
recall that the convective time zero is defined differently for transverse and vortex
gusts (see section 6.2). Since the wing gets fully immersed in the gust quicker,
a leading-edge vortex forms at an earlier time in the case of the transverse gust.

Moreover, it shows a steeper increase in the shed circulation than the vortex gust
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Figure 6.6: Nondimensional circulation shed from the leading edge during transverse
and vortex gust encounters for the GR = 1, = 0° case.

case presumably because of the fact that the whole wing experiences the updraft
caused by the transverse gust and the vortex gust has a more gentle rise in velocity
gradients. Overall, the circulation shed from the leading edge reaches significantly
larger values at a steeper rate, as does the lift force, in the case of the transverse
gust encounter despite the same gust ratio investigated.

To sum up, both the sine-squared transverse and vortex gust encounters were
found to result in similar trends in the lift force, notwithstanding the differences
inherent to them. Despite the same gust ratio of 1, the lift force was found to reach
significantly higher values, presumably due to the higher levels of circulation shed
into the leading-edge vortex for the sine-squared transverse gust case. Furthermore,
the increase in the lift force and the circulation shed into the leading-edge vortex

was steeper for the transverse gust case.
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6.3 Flowfield-based Force Prediction

Motivated by a desire to sense and predict the lift transients experienced during
gust encounters, this section seeks to introduce a flowfield-based force prediction
method and further the investigation of the gust-induced angle of attack. This
method is used for both the sine-squared transverse gust and the vortex gust in an
attempt to discover its applicability to different gust types. Figures 6.7(a) and 6.7(b)
display sample vorticity contours from the sine-squared transverse and vortex gust
encounters, respectively. In these figures, the z and y axes show the normalized
streamwise and stream-normal positions. A line is displayed upstream of the wing
in these figures. The distance between the leading edge and the line is defined as
d. The length of this line is defined as [. This line is used to depict the region
over which the vertical and horizontal velocities are averaged. This averaging is
performed on the time-resolved PIV vector fields, thereby allowing the calculations
of the average velocities in time. The time-varying gust-induced angle of attack is

computed from these average velocities using the following equation

Qina(£%) = tan™! (V(m) , (6.1)

where t* is the convective time, V(t*) and U(t*) are the computed time-varying
vertical and horizontal velocities, and ay,q is the time-varying gust-induced angle
of attack. Then, this computed gust-induced angle of attack is shifted in time

considering the convection with the freestream (ts,;51 = —d/c) to the leading edge.
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These calculations were performed for various cases, including different vertical
offsets for the vortex gust and gust ratios for the transverse gust for both gust
types. Primarily based on the boundaries of the flowfields, different ranges of d
were selected for different gust types investigated here. The parameter space was
constrained to 0.1 < d/c < 1.2 and 0.1 < d/c < 0.5 for the transverse and vortex
gusts, respectively. Please note here that the maximum value of d/c was set to 0.5
for the vortex gust due to the presence of the gust generator plate upstream. In an
attempt to find the optimum position and length of the averaging line, a correlation
between the trends in the change of the lift coefficient (ACL(t*) = Cp(t*)—CL44) and
the trends in the calculated gust-induced angle of attack were searched for a total
of 10 different d and 10 different [ parameter combinations for each gust type. As
established in chapters 2 and 3, the flowfield and force measurements were sampled
at different rates for both gust types. To allow the correlation between the force and
the flowfield measurements, data were reduced to the greatest common factor, which
corresponds to 100 Hz and 8 Hz for the transverse and vortex gusts, respectively.
The obtained correlation values were explored for both gust types. Although the
computed gust-induced angle of attack results yielded high correlations for various
combinations of parameters d and [, a selection was made amongst them to ensure
a high correlation for different gust ratios, vertical offsets, and different gust types.
The latter is specifically important since in a real flight there is no prior knowledge
on the gust (type, amplitude, and location) that the vehicle would encounter. The
d/c =~ 0.5¢;1/c =~ 1 line was found to exhibit approximately 95% correlation for

various transverse and vortex gust cases, and was therefore selected.
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(b) Vortex gust case (GR=1,a =0°)

Figure 6.7: The lines upstream of the leading-edge that are used to compute the
average velocities, which are displayed on the vorticity contours for both the sine-

squared transverse and vortex gusts.
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(a) Measured lift coefficients (solid lines) and
calculated gust-induced angles of attack (dashed
lines) for a flat plate at 0° angle of attack
encountering sine-squared transverse gusts of
various strengths
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(b) Measured lift coefficient (solid line) and
calculated gust-induced angle of attack (dashed
line) for a flat plate at 0° angle of attack
encountering gust ratio of 1 vortex gust

Figure 6.8: Lift coefficient from force measurements (solid lines) and gust-induced
angle of attack (dashed lines) for both gust types.

The calculated gust-induced angles of attack with dashed lines (y-axis on the

right) and measured lift coefficients with solid lines (y-axis on the left) for transverse

and vortex gust encounters are displayed in Figures 6.8(a) and 6.8(b), respectively.

Figure 6.8(a) shows the results of a flat plate at 0° angle of incidence encountering

transverse gusts of various strengths. As can be seen, the trend in the measured
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lift coefficient is accurately predicted by the calculated gust-induced angle of attack
variations. The maximum calculated gust-induced angles of attack were 26°, 42°,
51°, and 63° for gust ratios of 0.5, 0.75, 1, and 1.5, respectively. Therefore, it is
evident that the calculations are able to capture the trend the lift coefficient showed
with increasing gust ratio. Moreover, there is almost no phase shift between the
measured and calculated quantities, and the magnitude of C7 is not universally
proportional to a;,q. Figure 6.8(b) displays the results of a flat plate at 0° angle of
incidence encountering a vortex gust of gust ratio of 1. As established in section 6.1,
the vortex gust displays three distinct regions in the lift response, which are the local
maximum at t* = 1, global minimum at ¢* = 2.6, and secondary maximum at ¢t* = 4.
The calculated gust-induced angle of attack is able to capture the trends in all of
these regions. The minimum gust-induced angle of attack was calculated to be —60°.
Just like the transverse gust case, there is no phase shift between the calculated and
measured quantities.

To further the investigation of the effects of the gust-induced angle of attack,

the lift force can be calculated. To achieve this, the Helmbold equation [120, 121],

CL = 2M0ing , was used to predict the lift responses based on the calculated
V1+(2/AR)2+2/AR

gust-induced angles of attack for both gust types. The measured and predicted lift

coefficients of a flat plate at 0° angle of attack encountering transverse gust with

various strengths are shown in Figure 6.9(a). As can be seen from this figure, the

flowfield-based method does a good job predicting the maximum lift for the cases

where GR < 1, which corresponds to the cases, where the calculated gust-induced

angle of attack is less than 51°. The method fails when the gust ratio and the
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Figure 6.9: Lift coefficients from force measurements (solid lines) and predictions
(dashed lines) for both gust types.

gust-induced angle of attack are larger than 1.5 and 51°, respectively. Please note
here that one advantage this method offers over the Kiissner’s model discussed in
the previous chapter is that it is able to predict the gust recovery portion of the lift
response accurately. The lift coefficients obtained from both force measurements
and predictions of a flat plate at 0° angle of attack encountering vortex gust are
displayed in Figure 6.9(b). The flowfield-based method overpredicts the minimum
and maximum lift coefficients, presumably due to the very high gust-induced angles
of attack calculated (aj,q = —60°).

To sum up, the flowfield-based force prediction method, which provided some
valuable information regarding the lift response, was introduced. The gust-induced
angle of attack was found to follow the same trends as the lift response for both
gust types. The Helmbold equation was used to predict the gust-induced angle

of attack based lift coefficients. The predictions were found to agree well with the
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measurements when the gust-induced angle of attack is sufficiently low. This method
paved the way for MAV controller design since there is no prior information of the
gust that the vehicle might encounter during an actual flight. If one is willing to
place a sensor upstream of the wing and calculate the variations in the gust-induced
angle of attack, the trends in the lift force can be predicted for different types of gusts
despite the very high-amplitude disturbances. However, the accurate prediction of
the amplitude of the lift response is limited to relatively lower gust-induced angles

of attack.

6.4 Chapter Summary

This chapter explored the effects of gust type on lift transients. To this
end, firstly, the transients in the lift force, flow structures, and circulation were
established for the vortex gust encounters. Then, a comparison between the sine-
squared transverse gust and the vortex gust (ITU) was provided. Lastly, a flowfield-
based force prediction method was introduced. The main findings of this chapter
are summarized in the following paragraphs.

The vortex gust was created by clockwise half-rotation of the upstream gust
generator plate. Unlike the transverse gust, the vortex gust is not continuous in
the stream-normal direction. Therefore, the wing-gust coupling effects are more
profound in the case of the vortex gust encounters. Furthermore, the vortex gust
was found to deflect downwards in the vertical direction due to the presence of

the test model. Three distinct lift transients were observed during the vortex
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gust encounters, which are a local maximum, a global minimum, and a secondary
maximum. One convective time after the gust generator started its motion, the
flowfields showed the presence of a positive vortex that is shed from the gust
generator’s trailing edge, causing the local maximum in lift. As the vortex gust
advected towards the test model, a positive leading-edge vortex was found to form on
the test model’s pressure side, causing the minimum in lift. Moreover, the circulation
shed from the leading edge was found to be maximum at this instant. After the
gust generator stopped, the secondary maximum was observed in the lift force due
to the formation of a trailing edge vortex on the suction side of the test model. The
lift force was found to fully recover to its steady-state value 6 convective times after
the start of the gust generator’s motion.

The sine-squared transverse and vortex gusts were found to be distinctly
different from each other. Some of these differences were demonstrated to be
artifacts of the experimental campaigns, such as the presence of the upstream gust
generator plate for the vortex gust case, whilst the others were found to be inherited
to the gust type, such as the existence of longitudinal disturbances for the vortex
gust case. Notwithstanding these differences, both gust encounters were found to
cause large transients in the lift force. While the vortex gust encounters resulted in
a lift minimum due to the low-pressure region created by the positive leading-edge
vortex on the pressure side of the test model, the transverse gust encounters resulted
in a lift maximum because of the suction force that the negative leading-edge vortex
created. The increase in the lift force and circulation shed from the leading edge for

the sine-squared transverse gust case was found to be steeper than the ones of the
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vortex gust case. Moreover, a larger lift peak and higher levels of circulation shed
were observed for the sine-squared transverse gust case.

The calculated average vertical and horizontal velocities along an upstream line
were used to find the gust-induced angles of attack. A 95% correlation between the
measured lift coefficients and calculated gust-induced angles of attack was observed
for both gust types. The predicted gust-induced angles of attack were found to follow
the same trends as the measured lift coefficients, even including the recovery portion
of the response, which Kiissner’s model failed to do. The Helmbold equation was
used to compute the gust-induced angle of attack based lift coefficient for both gust
types. The predicted coefficients were found to agree well with the measurements

only when the gust-induced angle of attack is lower than 51°.
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Chapter 7:  Conclusions

This dissertation focuses on a joint experimental and theoretical study
performed on sine-squared transverse gust encounters in order to deepen the
understanding of fundamental flow physics behind the unsteady force production
during transverse gust encounters. Moreover, in an attempt to provide a
comprehensive picture, the current work compares the results obtained for the
sine-squared transverse gust encounters with experimental and numerical data
provided by collaborators at the University of Cambridge (CU), Istanbul Technical
University (ITU), and the University of Maryland (UMD) on the top-hat transverse
(experimental), vortex (experimental), and sine-squared transverse (numerical) gust
encounters, respectively. Hence, it significantly contributes to the body of knowledge
required to achieve the ultimate goal of this research, which is to expand the
operational envelopes of MAVs. The following sections include summary of research,

the original contributions, and the suggestions for future work.

7.1 Summary and Conclusions

The first portion of the dissertation, where the bulk of the results are presented,

focuses on understanding the fundamental flow physics behind the sine-squared
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gust encounters by a series of experiments exclusively carried out at the free
surface water towing tank located at the University of Maryland. Firstly, a gust
generation system, which allows for variations in the gust velocity, was designed
and constructed. The resulting gust flow was characterized using PIV and found
to have a streamwise vertical sine-squared transverse and spanwise linear velocity
profile. The characterization results showed that the peak gust velocity is repeatable
and can be varied between 0.06 m/s and 0.4 m/s using this setup. The gust width
was obtained to be 198 mm with a 11% coefficient of variation. Flat plates of several
aspect ratios were used. Force, PIV, and dye-flow visualization experiments were
performed for a flat plate at a constant angle of attack towing with a constant speed
(Re = 20,000 or Re = 40,000) encountering a gust of determined strength. The
time-resolved leading-edge vortex strengths were calculated from the PIV flowfields
and contributed to understanding of gust encounters by providing a quantitative
analysis on the force transients. The effects of various parameters, including angle
of attack, gust ratio, effective angle of attack, and aspect ratio, were explored.
These experiments allowed for a thorough investigation of the force transients using
the insight that the two and three-dimensional flowfields provided. Moreover, the
simulations performed by collaborators at the UMD highlighted the skin friction
experienced at low angles of attack.

The effects of angle of attack on the transients were investigated for a wide
range of angles (0° < o < 45°). The results showed that both the lift and drag forces
experience significant transients accompanied by vortex shedding from the wing’s
leading and trailing edges. For all angles of attack investigated, the encounter
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resulted in a peak in both the lift and the drag when the wing is centered in the
gust. The force peaks were found to correspond to maxima except for the a = 0°
case, where a minimum in the drag coefficient was observed. The flowfields revealed
that the physics behind these force peaks. The flow was separated from the leading
edge and rolled into a leading-edge vortex, which created a low-pressure region on
the upper surface. The behavior of lift and drag was found to differ in terms of
their dependency on the angle of attack. A detailed analysis of the forces showed
that the extrema in the lift coefficient exhibit a stall-like behavior (“stall angle”
around 15°) with an increasing angle of attack, whilst the drag coefficient displays a
linear behavior. The leading-edge vortex strength calculations confirmed the trends
observed in the forces. The trends in the forces after the aforementioned extrema
(i.e., the gust recovery portion) was found to differ for & = 0° and o > 0° cases.
While the forces and flowfields were found to revert to the steady state as the wing
at a 0° of incidence exits the gust, the recovery response lasted longer for a > 0°
cases, where the forces experienced a consecutive minimum and maximum due to
the shedding of trailing and leading-edge vortices. The exposed project area based
normalization, which incorporates the gust-exposed and freestream-projected areas
of the wing into the calculations, was found to minimize the differences in the
responses of various angles of attack.

The effects of the gust ratio and effective angle of attack were more
straightforward to analyze. An extensive range of gust ratios was investigated
(0.08 < GR < 1.5). Both the lift and drag extrema increased with increasing
angle of attack in the same vein as the circulation shed from the leading edge. The
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effect of the gust ratio was found to be very subtle for the cases where a > 30°.
The gust ratio normalization was found to scale both the lift and drag responses of
various gust ratios even when nonlinear effects dominate the flow. The maximum
lift force was found to be linearly dependent on the maximum effective angle of

attack for the cases where o < 10° and aeg

max

< 40°. Thus, the cases in which
gust ratio and geometric angle of attack were selected to produce a given value of
effective angle of attack produced similar lift maxima if the cases investigated are
within the above-mentioned limitations.

Drag force was found to exhibit a negative peak for a = 0° cases during the
encounter. The skin friction coefficients provided by the collaborator (C.Badrya)
provided significant insight into this behavior. The numerical results showed that
the skin friction contains a negative region aligned with the leading-edge vortex
that produces reverse flow along the wing surface. Since the skin friction coefficient
dominates the total drag coefficient for low angles of attack, a negative drag peak is
observed. The larger gust ratios were found to lead to stronger leading-edge vortices
and cause larger reverse flow regions, therefore a more dramatic negative drag peak.

The effects of three-dimensionality and aspect ratio on the response of a flat
plate encountering a sine-squared transverse gust was then examined. The three-
dimensional flowfields obtained experimentally using dye-flow visualization showed
that the flow stays nominally two-dimensional until the wing is centered in the
gust. However, after that, significant spanwise variations occur in the flow. The
suction of the leading-edge vortices towards the wing tips highlighted the existence

of a tip vortex. Qualitatively, the flow was found to become more chaotic as the
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gust ratio and/or angle of attack increased. The lift transients of three different
aspect ratio flat plates (/R = 4, 6,8) were investigated. The variations in the aspect
ratio were found to alter the lift response slightly, where larger aspect ratios caused
subtly larger lift extrema. This is found to be caused by the fact that the spanwise
variations occur only towards the wing tips for the larger aspect ratio wing (/R = 8),
whereas the whole wing is dominated by the three-dimensional effects for a smaller
aspect ratio wing (AR = 4).

The second portion of the dissertation focuses on the accuracy and limitations
of Kiissner’s model and the effect of the transverse gust velocity profile not only
to explore a possible force prediction method but also to expand the knowledge on
transverse gust encounters in general. The responses of a flat plate at 0° angle of
attack encountering a sine-squared transverse gust and a top-hat gust (latter data
provided by collaborators, I. Andreu and H. Babinsky) were compared in terms of
lift transients and flow structures.

The results showed that the top-hat gust yields a larger lift maximum for a
given gust ratio than the sine-squared gust, presumably because of a higher level
of circulation shed from the leading edge. In addition, unlike the sine-squared gust
encounters, a significant trailing wake deflection was observed for the top-hat gust
case. Therefore, it can be concluded that more substantial nonlinearities arise in
the case of the top-hat gust.

Kiissner’s model was found to accurately predict the lift maximum of the
sine-squared gust case even for very large gust ratios around 1.5, where almost all

assumptions of the model are invalid. On the other hand, the model failed to predict
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the lift maximum of the top-hat gust case for GR > 0.5. Therefore, it was found
that the gust velocity gradients significantly affect the accuracy of Kiissner’s model.
While smoother gradients allow the model to predict the response even at very
large disturbances, sharper gradients cause the model to fail. Overall, it is the most
plausible to state that the Kiissner’s model provides a first-order estimates for large-
amplitude transverse gusts, which contains smooth gradients. For both velocity
profiles, Kiissner’s model failed to accurately predict the gust recovery portion of
the response, where three-dimensional effects dominate the flow. A normalization
method based on the momentum flux was introduced and found to scale the lift
responses of different transverse velocity profiles as long as the responses can be
predicted using Kiissner’s model.

The last portion of the dissertation explores the similarities and differences
between the responses of the sine-squared transverse and vortex gust encounters to
pave the way for possible gust mitigation methods by enhancing the understanding
behind gust encounters. The forces and flowfields for the vortex were obtained
experimentally by collaborators at ITU (M. Saritas and O. Cetiner). The
comparison was provided for an angle of attack of 0° and a gust ratio of 1. A
flowfield-based force prediction method was discussed.

The results showed that both gust encounters result in large transients in the
lift despite many differences in the nature of the gusts. The increase in the lift force
and the circulation shed from the leading edge for the transverse gust case was found
to be steeper than the vortex gust case, presumably because of the stream-normal

continuous nature of the transverse gust. A line upstream of the leading edge was
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used to compute the average horizontal and vertical velocity variations in time from
experimental flowfields. The trends in the measured lift force for both gusts were
confirmed to follow the same trends as the trends in the computed effective angle of
attack, meaning that possible effective angle of attack-based gust mitigation models
would work on both gusts. The effective angle of attack based lift coefficients were
predicted using Helmbold’s equation for both gusts. This force prediction method
was found to do a good job only for low-to-moderate values of effective angles of

attack around 51°.

7.2 Original Contributions

The current study provides significant contributions to the research performed
on gust encounters, especially the sine-squared transverse gust encounters. These

original contributions are summarized as follows:

1. Fundamental understanding of the flow physics of sine-squared transverse
gust encounters was significantly improved by exploring not only the force
transients and two-dimensional flowfields but also the circulation production

mechanism, three-dimensional flowfields, and skin friction coefficients.

2. An extensive investigation of sine-squared transverse gust encounters was
conducted using force, flowfield, and circulation measurements for various
parameters, including the angle of attack, gust ratio, effective angle of attack,

and aspect ratio.

3. The acquired forces, flowfields, and circulation for the sine-squared transverse
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gust encounters established a unique and comprehensive database for the

validation of computational studies.

4. Various normalization methods that can be used to scale the responses of
different gust ratios, angles of attack, and transverse velocity profiles were

proposed. Their applicability was ascertained using the experimental results.

5. The accuracy and limitations of Kiissner’s model were evaluated for the sine-
squared and top-hat (CU) transverse gusts using the experimental data. Tt
was found that the effects of the amplitude of the gust are intertwined with
the effects of the gradients in the velocity profile such that smoother gradients
allow the model to accurately predict the response of very high-amplitude
encounters. Based on the findings of this analysis, the assumptions of the

Kissner’s model were reevaluated.

6. Fundamental understanding of gust encounters was enhanced by comparing
different gust types, namely the sine-squared transverse and vortex gusts (ITU)
and establishing the response relationship with the effective angle of attack.
In addition, a flowfield-based force prediction method was proposed and found

to be effective for the low-to-moderate effective angles of attack.

7.3 Suggestions for Future Work

This dissertation provided valuable information on the fundamental flow

physics of gust encounters by exploring the effects of various parameters, evaluating

189



the accuracy of Kiissner’s model, comparing different transverse gust velocity profiles
and gust types, and proposing novel normalization methods. This section seeks to
offer several suggestions for future work, which would help the research to reach the

ultimate goal, expanding the operational envelopes of MAVs.

1. The experimental results discussed in chapter 4 was limited to only one wing
geometry, which is the flat plate. Since changing the geometry would alter the
response, exploring the effects of airfoil shape would allow finding an optimum
geometry that minimizes the transients experienced during gust encounters.
The results would provide valuable information for MAV, wind turbine, and

rotorcraft design.

2. The effect of transverse gust velocity profile was explored in chapter 5 by
comparing the sine-squared transverse and top-hat (CU) transverse gusts. The
results showed that the gradients in the transverse velocity profile significantly
affect the response. However, in this analysis, the effects of velocity profile and
velocity gradients were coupled. Isolating the effect of the velocity gradients

would enhance the knowledge of gust encounters.

3. The Kiissner’s model discussed in chapter 5 was found to provide accurate
maximum lift predictions even when the flow is highly nonlinear. Be that as
it may, the model was also found to fail to predict the recovery region of the
response, where three-dimensional effects dominate the flow. Modifying the
model to account for the spanwise variations that occur at the recovery region
would significantly enhance the model’s applicability.
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4. The results have shown herein improved the understanding of flow physics
behind transverse gust encounters. Incorporating this fundamental knowledge
into a low-order model would allow for quick predictions of unsteady loads in

a wide range of gust encounters.

5. The effect of gust type on the response of a wing was discussed in chapter 6.
The analysis showed that the time-varying effective angle of attack significantly
influences the response of both the transverse and vortex (ITU) gust
encounters. Inclusion of this knowledge to an open-loop controller would help

mitigate the detrimental effects of the gust encounters.
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