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Birds whiffle to lose altitude, move laterally, and respond to gusts. Air-
flow through gaps between primary flight feathers likely causes aerodynamic
changes such as decreased lift. To whiffle, the bird flies inverted and the
resulting airflow twists the primary flight feathers open, creating gaps in the

trailing edge. . . . . . . . L 3
Visual comparison of (A) gaps due to feather rotation on a whiffling bird

wing and (B) whiffling-inspired gaps on a UAV wing. . . . ... ... ... 5
Fully assembled five-gap wing with end plates and mounting rod. . . . . . . 11

Wind tunnel setup. PT is the pressure transducer, L.C the load cell, T
the thermocouple, and P the pitot tube. The wing is a right semi-span.
Moments were taken about the yellow point O at the quarter-chord of the

wing root. Data were reported in the wind axes [59]. . . . ... ... ... 13
[sometric cross-section view of a gapped wing in two configurations, with
the gap covers shown in light blue. (A) Gaps open. (B) Gaps closed.. . . . 16

Geometry of Sun’s representative spoiler on a wing of chord ¢ (in m) [63]. Js0
is the spoiler angle when undeflected and flush against the airfoil (rad). d; is
the deflection angle of the spoiler (rad), with upwards deflection negative. c;
is the chord of the spoiler (as a fraction of wing chord). ., s is the location
of the spoiler’s center of gravity along its length, with respct to its hinge
line (m). . . . . . . 18
Gaps significantly decreased lift but generally did not impact drag. (A)
Lift coefficient. The dotted vertical lines indicate the stall angle of attack.
(B) Drag coefficient. Statistically significant data are marked with ® and
insignificant data are marked with - (Appendix C). The transparent ribbons
show the expanded uncertainty at an approximately 95% level of confidence. 24
Gaps do not decrease lift as much as a spoiler and negligibly impact drag.
(A) Incremental lift coefficient. (B) Incremental drag coefficient. Dotted
lines show the equivalent spoiler deflections [63]. Statistically significant data
are marked with ® and insignificant data are marked with - (Appendix C).
The transparent ribbons show the expanded uncertainty at approximately
95% level of confidence. . . . . . . . .. ... 26
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The gapped wings were not suitable for rapid descent. (A) The gapped
wings produced decreases in lift coefficient equivalent to very low spoiler
deflection angles. (B) The gapped wings also did not increase drag as much
as the equivalent spoilers. Finally, the gapped wings (C) required less force
but (D) required more work than the equivalent spoilers. . . . . . ... ..
Gaps produced comparable roll and less yaw than an aileron [2]. (A) Rolling
moment coefficient. (B) Yawing moment coefficient. Dotted lines are var-
ious aileron deflection angles [2]. Statistically significant data are marked
with ® and insignificant data are marked with - (Appendix C). The trans-
parent ribbons show expanded uncertainties at an approximately 95% level
of confidence. . . . . . . ..
Gaps were effective for roll control in some cases. (A) Maximum rolling
moment coefficient of each gapped wing and equivalent aileron (equal by
design). (B) Yawing moment coefficient. (C) Required actuation force (N).
(D) Required actuation work (mJ). The percent decreases in force and work
of the gapped wing compared to the aileron are below each pair. . . . . . .
Using STAR-CCM+-, we created unstructured polyhedral meshes with prism
layers. (A) Cross-section of the volume mesh for the SI-gapped wing. (B)
Detailed view of the volume mesh cross-section. (C) Surface mesh on the
wing. Data were reported in wind axes [19] with a positive rolling moment
as shown. (D) Detailed view of the surface mesh near the gaps. . . . . . . .
The gapped wing actuation work was based on a model with gap covers (dark
brown) that slid spanwise to open and close the gaps. (A) Gaps closed. (B)
Gaps open. (C) Cross-section of a gap. Force was measured on the full gap
face (light blue) in the spanwise direction. The gap cover face (dark brown)
was used to analytically estimate the work. . . . . . . . . . ... ... ...
We performed a mesh convergence study on the SI-gapped wing to determine
an appropriate mesh density for each wing configuration. We investigated
(A) rolling moment coefficient and (B) lift coefficient, both at 3° angle of
attack. . . .o
The Sl-gapped wing CFD results agreed well with previous experimental
data from Chapter II, considering the (A) lift, (B) rolling moment, and
(C) drag coefficient. The data point at 12° angle of attack was partially
converged, likely indicating stall. The grey transparent ribbon around the
experimental data represents the uncertainty at an approximately 95% con-
fidence level. . . . . . . ..
The JH-aileron wing CFD results agreed well with previous experimental
data [2], comparing the (A) rolling moment and (B) hinge moment coefficient
at 10° angle of attack. Negative deflection angles are upwards. . . . . . . .
The gaps affected the thickness and velocity of the local boundary layer at
10° angle of attack, indicating re-energization of the boundary layer. The SI-
gapped wing is shown without endplates for visual clarity. Velocities over a
baseline wing section are shown at the wing root. Velocities are also plotted
0.0254 mm inboard of the central gap’s root face. . . . . . . ... ... ..
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Each gap created a pair of strong vortices, similar to those produced by an
aileron. The gap vortex nearest the wing root extended farthest downstream.
(A) iso-surface of the SI-gapped wing with a Q-criterion of 1 s2. (B) SI-
gapped wing with a Q-criterion of 50 s2. (C) Sl-aileron wing with a Q-
criterion of 1 s2. (D) Sl-aileron wing with a Q-criterion of 50 s2. Both
wings are at 2° angle of attack and the aileron is deflected —15.3°. . . . . .
Streamwise flow through the gap recirculated then exited over the suction
side at the trailing edge. (A) Velocity field at 2° angle of attack. (B) Velocity
field at 10°. (C) Due to the consistent spanwise pressure distribution, data
from the central gap was used. Velocity data were from the blue plane with
its normal along the y-axis and positioned in the middle of the gap to avoid
boundary layers. . . . . . . . .. L
The flow within a gap was largely streamwise. (A) Velocity field at 2° angle of
attack. (B) Pressure contours at 2° angle of attack, and pressure coefficients
along the dotted white chord line. (C) Velocity field at 10° angle of attack.
(D) Pressure contours at 10° angle of attack. (E) We used data from the
central gap: pressure contours from the gap’s root face and velocity from
the blue plane with a z-axis normal and origin on the chord line. . . . . . .
The flow over the aileron featured large pressure spikes and positive hinge
moments that increased as deflection angle increased. (A) Velocity field
over the —4.7° deflected aileron at 2° angle of attack. (B) Corresponding
pressure coefficient plot. (C) Velocity field over the —15.3° deflected aileron
at 2° angle of attack. (D) Corresponding pressure coefficient plot. (E) Data
were taken at the midspan of the aileron. . . . . . . . ... ... ... ...
The Sl-gapped wing required less work than the Sl-aileron wing to produce
rolling moment coefficients above 0.0182, and produced a higher maximum
coefficient. The aileron was simulated at 2° angle of attack and deflection
angles from 0° to —30°, and the gapped wing was simulated across angles
of attack from 0° to 12°. Grey data points were stalled and “x” indicates
partial convergence. The SI-gapped wing values depended on the area ratio
R.
The three-dimensional mesh for the JH-gapped wing was created using
STAR-CCM’s built-in tools. (A) Surface mesh over the JH-gapped wing,
with a detail view of the gaps and wingtip. (B) Cross-section of the bullet-
shaped domain. The detail view shows prism layers over a gap. . . . . . . .

69

Sample residual convergence plot of the JH-gapped wing at 2° angle of attack. 70

The JH-gapped wing was modelled with gap covers (yellow) that slid along
the wing span to (A) open the gaps (B) and close them. (C) The force used
to estimate actuation work was calculated on the red gap face. (D) R was
calculated using the green gap cover area (Eqn. 3.1).. . . . . ... ... ..
CFD simulations of the two-aileron JH-wing agreed well with semi-empirical
estimates of the (A) rolling moment coefficient and (B) yawing moment
coefficient across aileron deflection magnitude, and (C) work versus rolling
moment coefficient at several angles of attack. In the legend, (JH) indicates
semi-empirical estimates based on single-aileron data [2]. . . . . . ... ..
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(A) The JH-gapped wing required more work than the two-aileron JH-wing
at low rolling moment coefficients. At its higher coefficients, the gapped
wing required comparable work to the ailerons at 10° angle of attack. (B)
Detail view. . . . . . . .
The JH-gapped wing provided some drag and yaw benefits over the two-
aileron JH wing. (A) The two aileron wing produced adverse yaw across all
rolling moment coefficients, while the JH-gapped wing produced favorable
yaw at low rolling moment coefficients. (B) The JH-gapped wing produced
less drag than the two-aileron wing at 10° angle of attack for low rolling
moment coefficients. . . . . . ... L L
A range of gap widths and gap lengths were simulated, resulting in various
gap aspect ratios. The initial gaps were % long and % wide (Chapters 11
and III). . . . . 0 0o o
Each gap dimension was tested on (A) a wing with nine gaps and (B) a
wing with five outboard gaps. (C) A two-gap wing with % x £ gaps was also
simulated. Parts (A) and (B) show wings with % x - gaps for illustrative
PUTPOSES. « o o o v v e e e e e
Rolling moment coefficient increased as gap length and gap width increased.
Five- and nine-gap wings with various gap lengths and widths were simulated
at 0°, 2°, 7°, and 10° angle of attack. . . . . . .. ... ... ... ...
Gap cover work increased as gap length and gap width increased. Each gap
configuration was simulated at 0°, 2°, 7°, and 10° angle of attack on five-
and nine-gap Wings. . . . . . . .. ..
Normalized roll increased as gap length and width increased. Wings were
simulated at 2°, 7°, and 10° angle of attack on five- and nine-gap wings.
Wings at 0° angle of attack produced negligible roll and were excluded.

(A) The linear model for the rolling moment of the five- and nine-gap wings
fit with higher residuals at higher angles of attack. (B) The linear model for
the actuation work of the five- and nine-gap wings fit very accurately.

The aircraft consisted of a wing, tail, and a stringer fuselage. The wing and
tail were mounted by their respective centers of gravity at incidence angles
iv"M9 and !, In trim, the aircraft glided at an angle -, below the local
horizon with velocity U,. The longitudinal axis of the fuselage was at an
angle of attack ag with respect to the velocity vector. The weight of the
aircraft mg acted down towards the center of the Earth. The body axes,
denoted by the subscript b,were respective to the aircraft longitudinal axis.
The stability axes, denoted with the subscript s, were taken with respect to
the velocity vector. . . . . . . . ..
Gaps generally decreased the wing’s pitching moment coefficient about the
aircraft’s center of gravity (C’X}Zggg ). The solid black line is the baseline wing,
the dashed blue line is the gapped wing with the smallest impact on gust
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Appendix K. . . . . . . o
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ABSTRACT

Some bird species fly inverted (“whiffle”) to lose altitude, move laterally, and respond to
gusts. Inverted flight twists the primary feathers, creating gaps along the trailing edge and
decreasing lift. Whiffling shares parallels to conventional spoilers and ailerons on uncrewed
aerial vehicles (UAVs). However, the maneuver had yet to inspire aircraft design. Here, I
investigate the capabilities of a novel UAV control surface — a wing with gaps in the trailing
edge — using the feather rotation mechanism as a new source of bio-inspiration. Wind tunnel
tests revealed that the gapped wings did not reduce lift as much as a spoiler. However, at
high angles of attack, a gapped wing produced a greater rolling moment coefficients than
a maximum-deflected single aileron. I then simulated a gapped wing with a commercial
computational fluid dynamics solver to estimate its work requirements. The gapped wing
required higher work than a single aileron at low rolling moment coefficients. However,
the gapped wing required less work at higher rolling moment coefficients and ultimately
produced a higher maximum rolling moment coefficient. The results also highlighted the fluid
dynamics mechanisms underlying the behavior the gapped wings. I additionally compared
the gapped wing to a realistic wing with two ailerons. Compared to the two-aileron wing, the
gapped wing produced smaller rolling moment coefficients, but favorable yaw at low rolling
moment coefficients. A parameter sweep of gap size and configuration further implied that
gap geometry could be tailored to maximize rolling moment coefficient per actuation work.
Finally, I analytically modelled the rigid body dynamics of aircraft with varying gapped
wings. The gaps generally improved the longitudinal modes. They also effectively damped
and reduced the amplitude of the gust response. Ultimately, despite several limitations, the

gapped wings could be a useful gust mitigation or roll control surface in certain situations.
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CHAPTER I

Introduction

1.1 Bioinspiration

Bioinspired engineering is the practice of studying and understanding natural phenomena,
then leveraging their useful aspects to improve technology. Birds and other natural flyers are
often taken as sources of bioinspiration for aerospace engineering. They provide a wealth of
behaviors, mechanisms, and flight techniques that could be adapted to aircraft and uncrewed
aerial vehicles (UAVs). However, due to evolutionary pressures, birds are not necessarily
optimized for any specific form of flight [3]. Thus, bioinspired innovations frequently come
with their own advantages and disadvantages [3]. While bioinspired engineering has its
benefits, it is important to fully explore new ideas and concepts before implementing them
on UAVs. Ultimately, avian bioinspiration provides a multidisplinary lens for approaching
aerospace problems. This knowledge exchange is bidirectional: bioinspired engineering can
also provide important context and data for the biological sciences.

Many avian mechanisms have been taken as bioinspiration for UAVs. Smooth camber
morphing [4]-[6], wing sweep [7], tail morphing 8|, alulas and wingtip slots |9], and others
are well-characterized examples of bioinspired UAV technologies. Despite the large body of
information that exists on avian bioinspiration, there is still much left to explore.

In this dissertation, I identified a little-understood avian behavior (whiffling) as a previ-

ously unused source of bioinspiration for a novel control surface. This concept took the form



of a rectangular wing with gaps along the trailing edge. I then investigated if the gapped
wings provided desirable control capabilities, possibly similar to the avian whiffling maneu-
ver. A combination of experimental, computational, and analytical studies were employed to
build confidence in the results and develop a variety of useful tools. In particular, I focused
on understanding the affects of the gaps on the aerodynamic performance of a wing, and
the underlying fluid mechanics. In the spirit of bioinspiration, this dissertation served as
an initial assessment of the advantages and disadvantages of the gapped wings. Since the
control surface concept and its bioinspiration were unique and novel, the work here provided
a foundation of knowledge for future engineers and biologists. Finally, note that this work
was founded on the principle of bioinspiration, rather than biomimicry. The goal was not to
replicate avian whiffling. Rather, I observed the behavior and used it as the motivation for

a novel control surface.

1.2 Avian whiflling

Some species of birds invert mid-flight while keeping their heads level, a maneuver known
as whiffling or dumping [10]-[12]. Various species of birds have been observed whiffling,
especially waterfowl like geese and ducks. It is hypothesized that birds whiffle to evade
predators, lose altitude for landing, descend rapidly, move laterally, and respond to gusts and
atmospheric disturbances, among other reasons [10]-[13|. It is currently unknown if whiffling
in response to a gust is active or passive [12]. Larger birds such as the black stork (Ciconia
nigra) have also been observed whiffling during courtship displays [14]. Whiffling has been
qualitatively described as “a swift zig-zagging, side-slipping erratic fall” [10], “aerobatic” [12],
side-slipping and tumbling [15], [16], and losing altitude “at a rapid rate” [12]. Amateur
videos of whiffling show similar qualities, with the whiffling birds descending at a steep near-
vertical angle [17]. Birds typically only whiffle for a moment, and either flap or glide while
inverted [12|. Previous publications on whiffling are largely qualitative and observational,

and the maneuver has not been rigorously studied in either the biological or engineering



Figure 1.1: Birds whiffle to lose altitude, move laterally, and respond to gusts. Airflow
through gaps between primary flight feathers likely causes aerodynamic changes
such as decreased lift. To whiffle, the bird flies inverted and the resulting airflow
twists the primary flight feathers open, creating gaps in the trailing edge.

domains. There are large gaps in the literature on the mechanisms and aerodynamics of

whiffling. Recent engineering studies did point to whiffling as an example of avian neck
control and head stabilization [18], [19]. However, the maneuver had yet to inspire aircraft
design.

During whiffling, airflow from the back (dorsal) to the belly (ventral) side of the bird
causes the primary flight feathers to twist open [20]. The resulting gaps between the feath-
ers likely allow air to pass through the wing, leading to changes in aerodynamic forces and
moments such as decreased lift (Fig. 1.1). While primary feathers are known to twist in
dorsal-to-ventral airflow [21]-[23], there are no quantified results of secondary feathers twist-
ing while whiffling. Note that the term “whiffling” refers to the behavior of flying upside
down, while feather rotation is a mechanism that occurs during the whiffling behavior (and
other situations characterized by dorsal-to-ventral airflow). It is possible that camber, or

wing curvature, also plays a role in whiffling. Bird wings typically have camber [24] which



likely inverts during whiffling, contributing to a decrease in lift. However, the extent to
which camber inversion and feather rotation interact to affect whiffling is unclear.

Due to its high maneuverability and rapid descent, whiffling could be an advantageous
new source of bio-inspiration for aircraft control surfaces. The effects of whiffling on a bird’s
flight path can be compared to two control surfaces found on UAVs: spoilers and ailerons.
Like spoilers, whiffling decreases the lift-to-drag ratio and leads to descent. Hypothetically
whiffling just one wing, while not known to be possible for birds, could lead to a rolling mo-
ment like an aileron due to the resulting asymmetric lift distribution across the full wingspan.

Both spoilers and ailerons can also be used to alleviate gusts, like whiffling.

1.3 The whiflling-inspired gapped wing

To effectively translate the whiffling manuever to UAVs, I first simplified and idealized
the mechanisms of a whiffling wing. Whifling is related to both camber inversion and
feather rotation. Inverted-camber wings and bioinspired camber morphing have already
been extensively studied and characterized [3], [4], [25], [26]. Conversely, feather rotation
has not been investigated or applied to aircraft design. It provides a novel solution to a
classic problem. I therefore focus on feather rotation instead of camber morphing.

Combining the feather rotation mechanism of whiffling with practical energy consider-
ations, I designed whiffling-inspiring rectangular wings with a series of gaps in the trailing
edge (Fig. 1.2). While conventional control surfaces—like spoilers, ailerons, flaps, and camber
morphing wings—deflect into the flow, the gapped wing would actuate in the same plane as
the wing. Thus, the gapped wing has no deflecting components. This planar actuation is
a new method of control for UAVs that differs from the traditional deflection-based control
surfaces. I anticipated that the planar nature of the gapped wings would hold both energetic
and aerodynamic benefits over deflecting control surfaces.

Whiffling-inspired gapped wings could be beneficial to UAVs in terms of energy costs.

Both birds and UAVs are energy-constrained [27]-[30]. Limited battery capacities restrict



(A) (B)

Figure 1.2: Visual comparison of (A) gaps due to feather rotation on a whiffling bird wing
and (B) whiffling-inspired gaps on a UAV wing.

important UAV mission parameters like flight duration, range, and payload weight [29],
[30]. Thus, while maneuvering costs may represent a small portion of a UAV’s total energy
budget, it is nevertheless important to consider and minimize the energy consumption of all
aspects of flight in order to make the most of battery capacity. Maneuvering costs would be
particularly relevant for missions involving loitering or extensive actuation. Evaluating and
reducing the energy cost of actuators for maneuvering is an active area of study [31], [32].
The passive nature of feather rotation and apparent ease of the whiffling maneuver suggest
that a whiffling-inspired control surface may require less work than conventional deflecting
control surfaces. In particular, I hypothesized that actuating the gaps in the plane of the
wing would require less work than deflecting a flap or aileron.

The gaps’ planar nature could hold aerodynamic benefits as well. Most ailerons only
deflect 20° to 30° to minimize the risk of flow separation [2], [33]. At high angles of attack,
the risk of aileron-induced flow separation and stall becomes even greater. Conversely, gaps
along the trailing edge may not be subjected to the same risk of premature stall at high

angles or rolling moment coefficients. While the gaps would likely produce vortices that



alter the flow and aerodynamics of the wing, they may not exacerbate flow separation as
much as a large aileron deflection.

Overall, the gapped wings could be very useful for small UAVs in a variety of scenarios.
The gapped wings could decrease the lift-to-drag ratio of an aircraft, similarly to a whiffling
bird. This would enable UAVs to land and maneuver with agility in crowded environments,
potentially at a lower energy cost compared to conventional control surfaces. In turn, the
lower energy costs would reserve precious battery capacity for extending mission duration or
carrying heavier payloads.

The gaps in the trailing edge were initially sized based on naturally occurring features in
bird wings. There is no quantitative data on the size of the gaps caused by feather rotation.
However, there is a large repository of information on molt gaps in bird wings. Molting is
the process by which birds replace worn feathers with new feathers [34|. Notably, molting
often leaves visible gaps in between flight feathers [35]-[40]. Molt gaps have been shown to
decrease flight performance during both gliding and flapping flight [5], [35]-[38], [41]-[45],
similarly to the decreased lift observed during whiffling. Due to this relationship, we initially
sized the gaps based on the dimensions of typical molt gaps in birds [35].

The proposed gapped wings are similar to other technologies such as serrated trailing
edges, split flaps, slotted spoilers, slotted airfoils, and porous wings. Serrated trailing edges
have been studied mainly for noise reduction [46], but few aerodynamic analyses have been
conducted. Furthermore, serrated trailing edges are physically distinct from the wing gaps
investigated in the current study [46]. Split flaps perforated with circular holes [47], [48] and
slots [47] have been studied as dive brakes, but their purposes were to limit dive speed, reduce
buffeting, and increase aileron control effectiveness during dives, rather than descending,
rolling, or mitigating gusts [47], [48|. Furthermore, dive brakes on powered aircraft were
intentionally designed to have minimal impact on lift production, which is unfavorable for
rapid descent [47]. Slotted spoilers have also been investigated, but as a method of increasing

aileron control effectiveness during a dive, rather than a method of descent [49]. Slotted



airfoils have also been used to increase lift and delay flow separation at high angles of attack
[50]-53]. However, such slots are typically cut along the span of the wing, perpendicular to
orientation of the gaps in this study. Finally, porous wings have been used to bleed airflow
through a wing and control global forces and moments [54], [55]. The concept of flow bleed
is similar to that of the whiffling-inspired gaps: air is allowed to flow from the pressure to the
suction side of the wing. However, previous bleed ports were concentrated near the trailing

edge, and did not extend as far along the chord as the whiffling-inspired gaps.

1.4 Novelty and significance of gapped wings

This dissertation intersected biology and aircraft design to provide contributions to basic
science, aerodynamics, and practical engineering knowledge. Firstly, I proposed the gapped
wing as a novel bioinspired UAV control surface. I then assessed the gapped wing’s capabili-
ties for rapid descent, roll control, and gust alleviation, three hypothesized uses of the avian
whiffling maneuver [12].

A gapped wing was found to provide comparable performance to a conventional aileron,
for a fraction of the actuation cost (Chapter II). Computational fluid dynamics helped build
an understanding of the flow over the novel wing geometry (Chapter III). I also estimated
the gapped wing actuation requirements based on aerodynamic loading. These results were
then expanded to compare the gapped wing to a wing with two ailerons (Chapter IV). I
further investigated the effects of gap configuration on roll performance and actuation cost,
providing a spring-board for future optimization studies (Chapter V). Finally, I showed that
gapped wings had beneficial impacts on the trim, natural modes, and gust response of an
aircraft (Chapter VI). Throughout this dissertation, I discussed relevant advantages and
disadvantages of the gapped wings to provide a holistic picture of their capabilities as a
control surface. The gapped wings were not well-suited for all situations, and were faced
with several limitations. Addressing these disadvantages provided useful data for aircraft

designers to implement the gapped wings. Ultimately, the findings suggested that the novel



gapped wings could be suitable for roll control and gust alleviation in some situations, such
as for small energy-constrained UAVs at high lift coefficients.

This work represented the first time that whiffling was leveraged as a starting point for
aerodynamic design. I also presented the first computational study of flow over a wing with
this streamwise gap geometry, and the first study of the impacts of gaps on aircraft rigid
body dynamics. Very little prior knowledge existed on either whiffling or streamwise gaps.
Thus, this dissertation provided a starting point for both biologists and engineers to study

the whiffling behavior and apply it to future bio-inspired work.



CHAPTER II

A Gapped Wing Created Roll at High Lift Coefficients

2.1 Overview

Here, we investigated if gaps in the trailing edge of a wing, similar to those caused by
feather rotation during whiffling, could provide an effective method for rapid descent and
banking of UAVs. To address this question, we performed a wind tunnel test of 3D printed
wings with a varying amount of trailing edge gaps. Then, we compared the lift and rolling
moment coefficients generated by the gapped wings to those of a traditional spoiler and
aileron. Next, we used an analytical analysis to estimate the force and work required to
actuate the gaps, spoiler, and aileron. Our results showed that gapped wings did not reduce
lift as much as a spoiler and required more work. However, we found that at high angles
of attack, the gapped wings produced rolling moment coefficients equivalent to an aileron
deflected as much as 32.7° upwards, while requiring substantially less actuation force and
work. Thus, while the gapped wings did not provide a noticeable benefit over spoilers for
rapid descent, they provided an effective alternative to an aileron at high lift coefficients.
These findings suggested a novel control method that may be advantageous for small fixed-

wing UAVs, particularly energy-constrained aircraft.



2.2 Motivation and background

Two hypothesized uses of whiffling are rapid descent and lateral movement [12]. These
functions are analogous to a UAV using spoilers or ailerons to control their flight paths. Thus,
it was speculated that the novel whiffling-inspired gapped wings could provide benefits in
these applications. The gapped wings have not been previously studied in the context of
aircraft design and control. Thus, the first step in assessing their capabilities as control
surfaces was measuring how they impacted the forces and moments of a UAV wing. This
data enabled us to determine if the gapped wings could provide effective alternatives to

spoilers and ailerons.

2.3 Methods

2.3.1 Experimental setup for gapped wings

Wings with zero, three, five and nine gaps (n = [0, 3, 5, 9]) spaced evenly along the trailing
edge (“gapped wings”) were tested in a wind tunnel. We 3D printed the wings with ABS
plastic on a Dimension Elite printer. Each wing had a rectangular planform with a 16 in.
semi-span (b = 16 in.) and a 9 in. chord (¢ = 9 in.), yielding an aspect ratio of 3.56. A
NACA 0012 airfoil was used for each wing, because of its symmetry and the wide availability
of previously published aerodynamic data. The airfoil ordinates were modelled according to

Appendix A. The size of the gaps was held constant, with a gap length equal to % the chord

(cg = 6 in.) and width equal to % of the semi-span (b, = % in.). For the nine-gap wing, this
gap size yielded an area 12.5% less than the area of the wing with no gaps. We used the
wing with no gaps as a “baseline wing” to provide a reference point for the gapped wings.
We installed circular end plates on either side of each wing to simulate two-dimensional
flow, to study the effects of the gaps independently from the effects of wingtip vortices (Fig.
2.1) [6]. Due to the use of end plates, the data did not capture three-dimensional wing

effects, also known as tip effects. Tip effects tend to reduce the lift coefficient and the lift
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Figure 2.1: Fully assembled five-gap wing with end plates and mounting rod.

curve slope. They also typically increase drag through the creation of induced drag [56]. Tt
has also been found that, for a wing with a retractable aileron (morphologically similar to a
spoiler deployed on the upper surface of one wing), increasing aspect ratio tends to increase
rolling moment coefficient [57]. Two-dimensional wings do not have tip effects, and can be
approximated as wings with an aspect ratio approaching infinity. Thus, this trend implies
that tip effects tended to decrease rolling moment. The same study found as aspect ratio
increased, the yawing moment became more favorable (in the same direction as roll) at low
angles of attack, but more adverse (in the opposite direction as roll) at higher angles [57].
However, since adverse yaw is a result of tip effects, we refrain from describing the gapped
wing yawing moment coefficients as “adverse” or “proverse.” The two-dimensional effects of
the endplates were verified through computational visualization techniques (Appendix B).
The wing assembly was mounted to a 6-axis ATT Delta Force/Torque Sensor load cell with

a rod at the quarter-chord. The load cell was affixed to a Parker Rotary Positioner 30012-S
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powered by a Vexta Stepper Motor PK266-03B. This rotary table was installed inverted on
top of the test section. The wings were considered as semi-span right wings, with the root
closest to the tunnel ceiling.

We conducted testing in a 2ft x2ft open-loop wind tunnel with a freestream turbulence
level of 0.7% along the centerline, and approximately 1.8% near the edges of the tunnel [58|.
The wings were mounted vertically from the test section ceiling with 3.25 in. of clearance
between the end plate and the ceiling of the tunnel, to ensure the wing was sufficiently outside
the wall boundary layer. We measured temperature data with a type T thermocouple, and
dynamic pressure with a pitot tube and Omega PX-2650 pressure transducer. Load cell data
were collected at each angle of attack for 5 seconds at a rate of 3600 Hz. We automated the
tests and data collection using MATLAB scripts. Figure 2.2 shows the test setup.

We performed three trials of each wing at a Reynolds number (Re) of 2.33 x 10°, corre-
sponding to a velocity (V') of 16.1 m/s. The Re was within a range comparable to birds and
UAVs [60]. Before each trial, we ran a tare sweep from —20° to 0° in 1° increments, with the
wind tunnel off. We found the tare to be consistent across angles based on its low standard
deviation across angle of attack. Therefore, for ease of calculations, we used the tare values
at 0° angle of attack in subsequent data analysis. The zero-degree angle of attack was found
by sweeping through a small range of near-zero angles, then interpolating to find the angle
at which the normal force on the wing vanished. Following from the airfoil’s symmetry, we
set this zero-lift angle of attack to be 0° angle of attack. During each trial, we swept the
wing from 0° to 10° (1° increments) and from 10° to 20° (0.5° increments), which provided
sufficient resolution in the stalled regions. The effective angle of attack range experienced
by the wings varied slightly from this commanded range due to data corrections. We found

that hysteresis effects within a single trial were negligible.
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4 P

Figure 2.2: Wind tunnel setup. PT is the pressure transducer, LC the load cell, T the
thermocouple, and P the pitot tube. The wing is a right semi-span. Moments
were taken about the yellow point O at the quarter-chord of the wing root. Data
were reported in the wind axes [59].
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2.3.2 Data analysis

We averaged the results of the three trials at each angle of attack to present cumulative
data, because each wing’s individual trials were highly repeatable. The data were corrected
for solid blockage, wake blockage, and jet boundaries following Barlow et al. [59]. These
corrections approximated freestream conditions and allowed for more direct comparison with
other previously published data. No other corrections were made because they were deemed
negligible. Given the thinness of the endplates, they were not included in the wing planform
area, when calculating the aerodynamic force and moment coefficients. We calculated the
experimental uncertainty of the data according to the Guide to the Expression of Uncertainty
in Measurements (GUM) and reported the expanded uncertainty of the data with a level of
confidence of approximately 95% [1]. To quantify if the differences between each gapped wing
and the baseline wing were statistically significant, we calculated the expanded uncertainty
of the difference of means at an approximately 95% confidence level. Appendix C further
details the uncertainty and statistical analyses.

To avoid conflating the aerodynamic effects of the end plates with the effects of varying the
number of gaps, we reported the aerodynamic parameters as incremental values, that is, the
difference between the gapped wing and the baseline wing values. The results are therefore
intended to be taken in a comparative context between wings with different numbers of gaps.
For rapid descent, we also considered the gapped wings to be symmetrical (having the same
number of gaps on the left and right semi-spans), since spoilers are deployed symmetrically.
For example, the incremental lift coefficient AC}"™ was calculated as the difference between

the lift coefficient of the baseline wing and the gapped wing:

Ly _ Lo
0S. 05 (2.1)

ACY™ =

where ACTL"mg is the incremental lift coefficient, L, is the measured lift force of the gapped

semi-span wing (N), L, is the measured lift force of the baseline semi-span wing (N), and @ is
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the dynamic pressure (Pa). The area of the baseline semi-span wing S, (m?) was calculated
according to:

Sb = bc (2.2)

The area of the gapped semi-span wing S, (m?) was calculated by substracting the

planform area of the gaps from the planform area of the baseline wing, per:

Sy = bc —nbyc, (2.3)

Note that the lift coefficient of the gapped wings (used in Eqn. 2.1) was normalized by the
gapped wing planform area calculated by Eqn 2.3. By doing so, we interpreted changes in
lift coefficient as results of the gaps themselves, rather than the decreased wing area. We
calculated the incremental drag coefficient in the same manner.

For the moments, we adopted the sign convention in which the positive moment directions
are consistent with the positive conventions on the wind axes (Fig. 2.2) [59]. Thus, a positive
rolling moment is a roll towards the right wing [33|. To create a rolling moment, a UAV
would need to use an asymmetric wing configuration, be it with ailerons or different gapped
wings on each side. Pairing a right gapped semi-span with a left baseline semi-span would
initiate a positive roll towards the right gapped wing due to the difference in lift production.
Thus, a right gapped wing was comparable to an upwards deflected aileron on the right semi-
span. We presented the experimental moment results as a full wing with a right semi-span
gapped wing and a left semi-span baseline wing.

Moment coefficients were calculated about the point on the inner surface of the end
plate at the wing root, at the quarter-chord (yellow point O in Fig. 2.2). We calculated
the moment coefficients of the full asymmetric wing by subtracting the moment coefficients
of the baseline wing from those of the gapped wings [59]. The measured moments were

normalized by the full wing area and span [59]. For example, the rolling moment coefficient

15



&

Y

(A) (B)

Figure 2.3: Isometric cross-section view of a gapped wing in two configurations, with the
gap covers shown in light blue. (A) Gaps open. (B) Gaps closed.

O™ of the full asymmetric wing was calculated according to:

Czuing _ gg eb

= — 24
2QSfb  2QSyb (24)

and

Sta =Sy + Sp = (be) + (be — nbyey) (2.5)

where /, is the measured rolling moment of the semi-span gapped wing (N-m), ¢, is the mea-
sured rolling moment of the semi-span baseline wing (N-m), and Sy, is the full asymmetric
wing area. We calculated the yawing moment coefficient in the same manner. Note that it
is more desirable for the rolling moment to result in a yaw with the same sign, that is, in

the same direction as the roll.

2.3.3 Gapped wing actuation work estimates

To calculate the force and work required to actuate the gaps, we considered an actuation
scheme in which the gaps were nominally blocked by covers (the unactuated configuration).
To actuate, the covers slid spanwise into recesses in the wing, leaving the gaps exposed
(the actuated configuration). The recesses were thin walled, so the outer mold line of the
unactuated wing represented the baseline wing as closely as possible. A digital mock-up is

shown in Figure 2.3 with the gap covers in light blue.
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We estimated the force required to actuate the gap covers based on kinematics:

Fye =nFp = nuFn (2.6)

where Fj, is the force required to actuate all the gap covers (N), F}, is the friction force
acting on one gap cover (N), u is the coefficient of static friction, Fy is the normal force
acting on one gap cover (N), and n is the number of gaps. The lift force acting on the covers

was estimated in the normal force term:

b,c
Iy =mgeg — Lb% (2.7)

where my, is the mass of a single gap cover (kg) and g is the acceleration due to gravity (m/s?).
To make comparisons between the gapped wings and conventional control surfaces as direct
as possible, we used the baseline wing lift measured at the angle of attack corresponding to
the equivalent control surface deflection. The work required to actuate all of the gap covers
(J) was given by:

Wye = Fycby (2.8)

For the gapped wings, we used a static coefficient of friction of 0.28 and a density of 1.01
g/cm?3, which are typical values for a generic ABS plastic [61], [62]. The volume of a single

gap cover as modelled in CAD was 10.35 cm?.

2.3.4 Representative spoiler

For the rapid descent comparison, we considered a model of a representative spoiler
developed by Sun [63]. Spoilers reduce lift to cause descent, and increase drag to prevent
excessive buildup of speed. Sun’s model described a full-span spoiler with a chord that was
10% of the wing chord, positioned at 70% chord, with a maximum deflection of 60° (Fig.

2.4). The model was built with data from various spoilers with chords ranging from 5%
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@ center of gravity of spoiler © center of moments

Figure 2.4: Geometry of Sun’s representative spoiler on a wing of chord ¢ (in m) [63]. ds
is the spoiler angle when undeflected and flush against the airfoil (rad). d is
the deflection angle of the spoiler (rad), with upwards deflection negative. c¢; is
the chord of the spoiler (as a fraction of wing chord). z.4 s is the location of the
spoiler’s center of gravity along its length, with respct to its hinge line (m).

to 15% wing chord, locations from 65% to 73% wing chord, on a variety of airfoils, at an
Re from 2.8 x 10° to 71 x 10° [63]. The spoilers were mostly three-dimensional, with the
exception of several two-dimensional studies [63].

Since our gapped wing experimental data extended up to 20° angle of attack, we used

Sun’s model that accounted for large angles of attack, where the incremental lift coefficient

ACSP"" and incremental drag coefficient ACP"“" were given by [63]:

ACSPT — (0.32,,6, 4+ 0.51, sin (2.9)
ACT — _0.1ypd, (2.10)
1.0 for —10° < o < 10°
vo(a) = (2.11)
2.0 — & for 10° < a < 20°
vpla) = 1.0 — %o for —15° < a < 20° (2.12)

where « is the angle of attack (degrees) and 5 is the deflection of the spoiler (radians).
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Sun defined the incidence influence functions v, and yp to generalize the lift and drag
spoiler models (respectively) to larger angles of attack. Upwards spoiler deflections were
negative (Fig. 2.4), yielding negative lift coefficient increments and positive drag coefficient
increments.

To compare the spoiler model to the gapped wing data, we calculated equivalent spoiler
deflection angles for the representative spoiler on a wing with the same geometry and flow
conditions as the baseline wing. We first determined the greatest reduction of lift coefficient
of each gapped wing, and the angle of attack at which it occurred. Since the focus of the rapid
descent comparison was on lift reduction, this point represented the best-case performance
of each gapped wing. Then, using Sun’s model, we calculated the spoiler deflection that
created an equivalent lift coefficient reduction at the same angle of attack. After comparing
the aerodynamics of the spoiler and gapped wings, we considered actuation requirements.
Spoiler actuation requirements are typically specified as hinge moments [32|, [33]. However,
since the gapped wings operated in-plane and thus do not have hinge moments, we converted
the spoiler hinge moments to be in terms of force and work. We calculated the hinge moment

of the spoiler M at the equivalent deflection for each gapped wing by [64]:

1

1
M, = 5oV (5%,5 sin2<6s>) SeCs 4 (M59)Teq s 08 (| = 0| = 050 — @) (2.13)

where p is the air density (kg/m?®), V} is the air velocity at the spoiler location (m/s), Cp ,
is the drag coefficient of the deflected spoiler, S, is the area of the spoiler (m?), ¢, is the
chord of the spoiler, m; is the mass of the spoiler (kg), « is the angle of attack (in radians)
and g is the acceleration due to gravity (m/s?). The first term of Eqn. 2.13 approximated
the hinge moment due to aerodynamic forces, as proposed by Scholz [64]. We used Scholz’s
suggested values for Cp s of 1.8 and Vj of 1.14x V" [64]. The second term of Eqn. 2.13 was the
hinge moment due to the weight of the spoiler, assuming a flat plate and geometry shown

in Figure 2.4. From our CAD model of the representative spoiler on a wing with the same

19



geometry as the baseline wing, the volume was 7.37 cm?, Zegs Was 0.011 m, and d,¢ was
0.105 radians. We used a density of 1.01 g/cm? for a generic ABS plastic [35]. We estimated
the work according to [32]:

Wy = —M0, (2.14)

Recall that deflection angle of the spoiler was defined with negative upwards. Furthermore,
the negative sign in Eqn. 2.14 accounted for the fact that we sought the work required of the
spoiler actuation system. The product M,d, represented the work “done” by the airflow on
the spoiler surface. Thus, I took the negative of that product to determine the work required
to overcome the aerodynamic forces on the spoiler.

Calculating the spoiler actuation force F§ required us to make several assumptions about

the mechanics of the spoiler actuation system. Chakraborty proposed [32]:

G M,
F, =% (2.15)
Na

where G, is the gearing ratio of the control surface actuation system (rad/m) and 7, is the
efficiency of the actuation system. The gearing ratio G described the change in control

surface deflection Ad per linear extension Az of the actuator [32]:

Ad

= Aq

(2.16)

We stipulated that the spoiler was actuated by a servo motor with a control horn of ra-
dius 0.015m. We assumed a one-to-one ratio between servo deflection and control surface
deflection: a 60° servo rotation yielded a linear extension of 0.013m, a spoiler deflection of
60°, and a gearing ratio of 80.6 m~!. To make the comparison between gapped wings and
spoiler conservative, and because no efficiency factor was applied to the gapped wing control

surface, we used an efficiency of 100%.
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2.3.5 Representative aileron

For roll control, we compared the gapped wings to a three-dimensional wing with a
representative aileron [2]. The aileron had a chord of 25% of the full wing chord and a span
of 24.2% of the full span, positioned at the outboard tip of the right semi-span [2|. These
dimensions fell within the range of common aileron sizes [33], and there was published data
on this aileron configuration from Johnson and Hagerman [2]. Most ailerons typically have
a maximum deflection less than 25° to 30° [2], [33], as deflections past 20° to 25° could lead
to flow separation and loss of control authority [33].

While Johnson and Hagerman used a symmetric NACA 64A010 airfoil [2], the NACA
64A010 and NACA 0012 two-dimensional lift coefficient curves were nearly identical below
stall |65], and had comparable stall angles on wings with similar aspect ratios [2]. The NACA
64A010 had a higher two-dimensional drag coefficient [65], but the primary conclusions of this
paper are based on lift coefficient and rolling moment coefficient. Therefore, the difference
in airfoils did not preclude comparison of the gapped wings with Johnson and Hagerman’s
aileron data.

According to the sign convention, an upwards right aileron deflection was negative, and
yielded a positive rolling moment towards the right wing [33]. Thus, we compared the
moments of a wing with a right gapped semi-span and a left baseline semi-span, to those of
a wing with a single upwards-deflected aileron on the right semi-span.

We compared the representative aileron to each gapped wing using equivalent aileron
deflection angles, for the representative aileron on a wing with the same geometry and flow
conditions as the baseline wing. Since a higher rolling moment coefficient indicated better
roll control, we first determined the maximum rolling moment coefficient of each gapped
wing, and its corresponding angle of attack. Then, we linearly interpolated Johnson and
Hagerman’s data to find the aileron deflection that produced an equivalent rolling moment
coefficient at the same angle of attack [2]. These equivalent aileron deflection angles were

likely conservative: Johnson and Hagerman tested at a higher Re of 4.5 x 10°, meaning
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the ailerons likely produced larger lift coefficients and rolling moment coefficients than they
would at the Re of 2.33 x 105 used here [66]. At this lower Re, the aileron may create lower
lift coefficients and rolling moment coefficients, resulting in even higher equivalent aileron
deflection angles.

Similarly to the spoiler, we calculated the aileron force and work from its hinge mo-
ments. We first interpolated Johnson and Hagerman’s hinge moment coefficient data for the
equivalent aileron deflections of each gapped wing. Johnson and Hagerman normalized the
hinge moment by the first moment of area of the aileron [2], which was mathematically and
numerically equivalent to normalizing by the product of the aileron area and aileron chord,

as done here [2], [33]. We calculated the hinge moments M, of each by:

1
M, = ipvzch,asaca + (mag>‘r‘397a COS(|5“‘ B Oé) <217>

Where V is the freestream velocity (m/s), S, is the surface area of the aileron, ¢, is the chord
of the aileron, m, is the mass of the aileron (kg), C} , is the hinge moment coefficient of the
aileron, and x4, is the chordwise location of the center of gravity of the aileron with respect
to the hinge line (m). The first term of Eqn. 2.17 was the moment due to aerodynamic
loading, and the second term was the moment due to gravity acting on the aileron. We
used the density of ABS plastic, an aileron volume of 41.06 cm?, and an 2.y, of 0.0196 m.
The physical properties were found from our CAD model of the representative aileron on a
wing with the same geometry as the baseline wing. We then estimated the force and work
required to deflect the aileron using the same method as the spoiler (Eqn. 2.14, Eqn. 2.15,

1

and Eqn. 2.16) assuming a gearing ratio Gy of 80.6 m™ and efficiency 7, of 100%.

2.4 Results and discussion

The objective of the current research was to assess the gapped wings as alternatives to

spoilers and ailerons for rapid descent and roll control of energy-constrained UAVs. In the
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following subsections, we first present the aerodynamic results of the gapped wings, then
discuss effective control surface deflection angles and compare the aerodynamic results to
spoilers and ailerons. Finally, we compare the actuation requirements of the gapped wings

to the spoiler and aileron.

2.4.1 Gaps decreased lift with insignificant drag change

We found that increasing the number of gaps significantly decreased the lift coefficient
below stall and lowered the maximum lift coefficient of the wing (Fig. 2.5), even when
normalized by the smaller gapped wing area. As the number of gaps increased, the wings
stalled at a higher angle of attack. For example, the stall angle of attack increased by about
1° between the baseline and the nine-gap wing. The gapped wings also exhibited a sharper
stall, indicated by more pointed peaks. Notably, the gapped wings experienced a smaller
overall loss of lift due to stall than the baseline wing. A comparison of the baseline wing lift
coefficient with previously published NACA 0012 data can be found in Appendix D.

We found that trailing edge gaps generally had an insignificant impact on the drag
coefficient. Minimal drag is typically considered advantageous for straight and level flight,
climbs, and maneuvers, because lower drag requires less thrust and thus less energy to achieve
the same airspeed. However, in the case of rapid descent, a larger drag coefficient can be
beneficial in preventing excessive buildup of speed. At high angles of attack in the post-stall
regime, the gapped wings did increase drag significantly compared to the baseline wing. But,
the increase did not seem dependent on the number of gaps. For example, the nine-gap wing
did not appear to produce significantly more drag than the three-gap wing.

The lift and drag phenomena exhibited by the gapped wing could be explained by airflow
through the gaps from the pressure side of the wing to the suction side. This type of
venting has been seen on slotted wings to reenergize the flow over the trailing edge and delay
separation [50]. Wings with various slot configurations generally exhibit similar lift behaviors

to the gapped wings: decreased (or unaffected) lift at low angles of attack and increased lift
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Figure 2.5: Gaps significantly decreased lift but generally did not impact drag. (A) Lift
coefficient. The dotted vertical lines indicate the stall angle of attack. (B) Drag
coefficient. Statistically significant data are marked with ® and insignificant data
are marked with - (Appendix C). The transparent ribbons show the expanded
uncertainty at an approximately 95% level of confidence.

at higher angles, relative to a baseline wing [50]-[53|. Some slotted wings also delayed stall

[53], and others experienced a sharper stall [51], like the gapped wings. Furthermore, slotted

airfoils generally increase drag, although the effects are usually small [50]—[53], much like the

drag coefficient of the gapped wings. While the performance similarities between the gapped
wings and slotted wings may suggest they share similar flow mechanisms, further work is
required to confirm this hypothesis for the gapped wings.

The lift and drag performance of the gapped wings in the post-stall region (specifically,
above approximately 18.5°), has interesting implications for existing UAV rapid descent

maneuvers that are performed at high angles of attack, like deep-stall [67]. To perform a

deep-stall maneuver, a UAV increases angle of attack past stall, leading to flow separation

and rapid lift reduction, in order to make a controlled descent [67]. At high angles of attack,

24



increasing the number of gaps in the wing reduced the decay of lift, leading to a higher
lift coefficient than the baseline wing. Initially, it would therefore seem the gapped wings
may be less attractive for deep-stall. However, the gapped wings could provide a method
to regulate descent during deep-stall, without requiring full stall recovery. For example,
momentarily opening the gaps could recover a small amount of lift production, enabling a
temporary lessening of the rate of descent. Further, the increased drag of the gapped wings
at these high angles could enable a UAV to reduce its airspeed compared to the baseline
wing. This effect would be particularly useful just prior to touchdown, if using a deep-stall
maneuver to land, similar to birds [68|. Deep-stall is characterized by an extremely steep
and fast descent [67], which requires stronger (and thus heavier) airframe to prevent damage
upon touchdown. Opening gapped wings just prior to touchdown could soften the landing

and reduce the need for heavier structures.

2.4.2 Gapped wings were less effective than spoiler for descent

Figure 2.6 plots the incremental lift coefficient and incremental drag coefficient of the
gapped wings compared to Sun’s spoiler model at the equivalent deflection angles [63]. Fig-
ure 2.6 presents the same gapped wing data as Figure 2.5, but in incremental format for
comparison with the spoiler.

The greatest lift reduction of the gapped wings occurred with the nine-gap wing at 11.8°
angle of attack, for which we calculated an equivalent spoiler deflection of —15.0°. In the
most optimistic case, the gapped wings only captured the range of performance of a spoiler
deflected —15°. However, recall that the maximum spoiler deflection angle is —60°. At lower
angles of attack more commonly used for cruising and maneuvering flight, the gapped wings
were even less effective at decreasing the lift coefficient: at about 5° angle of attack the
nine-gap wing decreased the lift coefficient only as much as a —6.3° deflected spoiler.

As dictated by Sun’s model, the spoiler incremental lift coefficient was constant for low

angles of attack, then linearly increased above 10° angle of attack [63]. Conversely, the
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Figure 2.6: Gaps do not decrease lift as much as a spoiler and negligibly impact drag. (A)
Incremental lift coefficient. (B) Incremental drag coefficient. Dotted lines show
the equivalent spoiler deflections [63|. Statistically significant data are marked
with ® and insignificant data are marked with - (Appendix C). The transparent
ribbons show the expanded uncertainty at approximately 95% level of confidence.

incremental lift coefficient of the gapped wings was highly dependent on angle of attack.

The lift reduction of both the gapped wings and the representative spoiler degraded at

angles of attack above approximately 10° to 12°, making both control methods less effective

for rapid descent at higher angles. However, while the spoiler could produce its greatest lift
reduction across a range of angles of attack, the gapped wing could only achieve optimal
performance at a narrow range of higher angles of attack.

The incremental drag coefficients of the gapped wings were nearly constant below ap-
proximately 8° angle of attack. From 8° to 14°, the incremental drag coefficient decreased
gradually as the number of gaps increased. In the vicinity of stall, the incremental drag

coefficient of the gapped wings sharply became negative, before becoming positive again at

high angles of attack. Except for high angles of attack, the gapped wings produced a small
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Table 2.1: Actuation requirements of nine-gap wing
and —15.0° equivalent spoiler, at 11.8°
angle of attack. This scenario was the
best rapid descent performance of the
gapped wings.

—15.0° spoiler Nine-gap wing

Hinge moment  0.0033 N-m N/A
Actuation force 0.267 N 0.182 N
Actuation work 0.865 mJ 1.54 mJ

and insignificant incremental drag coefficient. This effect was not necessarily desirable for
rapid descent, because an increase in drag would help manage airspeed. Conversely, the
spoiler drag coefficient was positive below stall and generally produced greater drag than
the corresponding gapped wings. The spoiler drag coefficient gradually decreased as angle
of attack increased.

To summarize the aerodynamic comparison between the gapped wings and representa-
tive spoiler, we found the gapped wings produced a less favorable response for rapid descent
(Fig. 2.7). The spoiler model was characterized by a significant decrease in lift and increase
in drag, thus meeting our definition for rapid descent. However, the gapped wings resulted
in modest lift reduction and insignificant drag increase, so they did not meet all our require-
ments for rapid descent. Furthermore, the lift reduction of the gapped wings was highly
dependent on angle of attack, while the spoiler lift reduction was constant below stall. Thus,
the gapped wings appeared less aerodynamically desirable for rapid descent.

While the gapped wings did not perform as well as the representative spoiler, it was
possible that the gapped wings could require less actuation force or work due to their planar
operation, thus providing an advantage over the traditional spoiler. We calculated the force
and work of the best-case scenario of the gapped wings (the nine-gap wing at 11.8° angle
of attack), which corresponds to the spoiler model at the equivalent deflection angle —15.0°
(Table 2.1). Note that by design, the spoiler achieves rapid descent in this equivalent de-

flection case. The nine-gap wing required 31.7% less force but 78.3% more work than the
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Figure 2.7: The gapped wings were not suitable for rapid descent. (A) The gapped wings
produced decreases in lift coefficient equivalent to very low spoiler deflection an-
gles. (B) The gapped wings also did not increase drag as much as the equivalent
spoilers. Finally, the gapped wings (C) required less force but (D) required more
work than the equivalent spoilers.

equivalent spoiler (Fig. 2.7).

In all, our aerodynamic and actuation results showed that the gapped wings did not
provide a significant advantage for rapid descent over conventional spoilers (Fig. 2.7). The

gapped wings only captured the lift coefficient reduction of small spoiler deflections (up to

—15.0°) and required higher actuation work.
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Table 2.2: Equivalent aileron deflection angle and associated angle
of attack of each gapped wing.

Gapped wing Equivalent deflection angle At angle of attack

Three-gap —12.2° 10.5°
Five-gap —18.7° 12.0°
Nine-gap —32.7° 13.5°

2.4.3 Nine-gap wing outperformed aileron at high angles

We found that increasing the number of gaps significantly increased the rolling moment
coefficient (Fig. 2.8). The five-gap wing had an equivalent aileron deflection of —18.7° (at
12.0° angle of attack). This meant that the five-gap wing captured comparable performance
to nearly the full range of the representative aileron, since maximum aileron deflections
are typically 20° to 30° [2], [33]. Further, the nine-gap wing had an equivalent deflection
angle of —32.7° (at 13.5° angle of attack) and was thus capable of producing rolling moment
coefficients in excess of the maximum deflected aileron. Johnson and Hagerman only tested
up to £30° of aileron deflection, so we linearly extrapolated their data to determine the
equivalent deflection angle of —32.7° for the nine-gap wing [2]. The equivalent deflection
angles are summarized in Table 2.2, and Figure 2.9 shows the rolling moment coefficient and
angle of attack used to determine each gapped wing’s equivalent deflection. Note that the
equivalent aileron deflections were calculated at angles of attack below stall of the respective
gapped wing. Figure 2.8 displays the closest aileron deflections to the equivalent angles,
rather than interpolations and extrapolations of Johnson and Hagerman’s data [2].

Roll control effectiveness of an aileron can be estimated as the change in rolling moment
coefficient per change in deflection angle [33]. However, since the gapped wings do not deflect,
the equivalent aileron deflection angle served as a measure of their roll control effectiveness.
For example, at 13.5° angle of attack, a —32.7° aileron produced a rolling moment coefficient
of 0.0305, yielding an estimated roll control effectiveness of 0.0534 per radian (given no rolling

moment at the neutral aileron position [2]). The nine-gap wing produced the same rolling
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Figure 2.8: Gaps produced comparable roll and less yaw than an aileron [2]. (A) Rolling
moment coefficient. (B) Yawing moment coefficient. Dotted lines are various
aileron deflection angles [2]. Statistically significant data are marked with ®
and insignificant data are marked with - (Appendix C). The transparent ribbons
show expanded uncertainties at an approximately 95% level of confidence.

moment coefficient at this angle of attack, giving it an equivalent roll control effectiveness

of 0.0534 per radian. Therefore, “opening” nine gaps in the trailing edge had the same roll
control effectiveness as deflecting an aileron 32.7° upwards, at that angle of attack. Since
the rolling moment coefficient of the aileron remained fairly constant over angle of attack

(Fig. 2.8), its roll control effectiveness also stayed relatively constant. Conversely, the rolling

moment coefficient of the gapped wings varied strongly across angle of attack (Fig. 2.8):

as angle of attack changed, so did the equivalent aileron deflection, and relatedly the roll

control effectiveness. Thus, while the roll control effectiveness of the —32.7° aileron only
dropped slightly as angle of attack went to zero, the roll control effectiveness of the nine-

gap wing approached zero. In contrast, as angle of attack increased towards stall, the roll

control effectiveness of the nine-gap wing exceeded that of the representative aileron, since
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the rolling moment coefficient of the nine-gap wing was greater than that of a maximum-
deflected aileron.

Unlike the traditional aileron, which had relatively constant rolling moment coefficients
over angle of attack, the coefficients of the gapped wings were highly dependent on lift. di
Luca et al. found similar trends with a bio-inspired morphing wing that folded its wing
tips to change wing area [7]. Like di Luca’s findings, we observed the gapped wings to be
most effective at high lift coefficients, meaning low-speed flight. According to di Luca, this
low-speed regime is ideal for high maneuverability for small drones, and in these conditions,
gapped wing roll control was superior to aileron control. However, the gapped wings did not
create as large rolling moment coefficients as conventional ailerons at lower lift coefficients.
di Luca proposed a simple control work-around for the gapped wings’ dependence on angle
of attack: pairing the gapped wing actuation with a quick pitch-up movement would instan-
taneously increase lift coefficient to achieve the maximum rolling moment coefficient |7]. The
gapped wings could also be augmented with another control surface, such as a slotted flap
or aileron, to provide higher rolling moment coefficients at lower lift coefficients.

On a related note, gapped wings may also be more advantageous than ailerons at higher
angles of attack because they increased stall angle of attack, and exhibited larger rolling
moment coefficients at high angles of attack than the maximum deflected aileron. Aileron
deflection angles above 20° to 25° tend to decrease stall angle of attack [2], [33]. Thus, if
a UAV flying at a high angle creates a rolling moment with a large aileron deflection, it
is at risk of stalling. Conversely, the gapped wings delayed stall angle of attack. So, if a
UAV flying at a high angle creates a rolling moment by opening gaps, it is at a lower risk of
triggering stall. In addition, as seen in Figure 2.8, the gapped wings created a much higher
rolling moment coefficient than the maximum deflected aileron (30°) at high angles of attack.

These effects are especially poignant during flight at high angles of attack and low air-
speed, such as short-field takeoff and slow-flight. Consider a UAV in slow-flight, flying in

the vicinity of stall, that needs to perform a banking maneuver with ailerons. It can only
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make small aileron deflections or it risks stalling, and thus has a limited attainable rolling
moment coefficient. If the UAV makes too large aileron deflections to achieve a higher rolling
moment coefficient, it could stall prematurely. However, a UAV in slow flight with gapped
wings would be able to create a much larger rolling moment coefficient with a lower risk of
stall, because the gapped wings increase the stall angle of attack, and offer higher rolling mo-
ment coefficients than the maximum deflected aileron. Thus, the gapped wings may enable
UAVs to roll at higher angles of attack and expand the maneuvering envelope.

At high angles of attack above about 18°, the rolling moment coefficient of the gapped
wings became negative. This counter-intuitively indicated a roll away from the gapped wing,
and was due to the fact that the gapped wings produced a higher lift coefficient than the
baseline wing at these high angles (Fig. 2.5). The switch in rolling moment coefficient sign
and the dependence of the rolling moment coefficient on angle of attack may require a more
complex controller that is capable of handling nonlinear aircraft models [69].

Note that the gapped wing rolling moment coefficients were slightly negative at 0° angle
of attack. Since the gaps preserved the symmetry of the airfoil, and thus produced the same
zero-lift as the baseline wing at 0°, we expected the rolling moment coefficient to be zero
here. However, all the wings, including the baseline wing, produced a small (less than 0.01)
but measurable rolling moment coefficient (before taking the difference with the baseline
wing). Therefore, we attributed the non-zero rolling moment coefficient at 0° not to the
gaps, but to experimental sources of variance that we were not reasonably able to quantify
for the uncertainty analysis. These sources potentially included small manufacturing defects
or asymmetries in the wings [59], slight compliance in the mounting scheme, or the Type B
variance of the load cell (discussed in Appendix C).

The significant increase in rolling moment coefficient of the gapped wings was accom-
panied by a negligible rise in drag coefficient (Fig. 2.5). While the insignificant change in
drag coefficient was not necessarily desirable for rapid descent, it is more advantageous for

roll control since a larger drag would require more thrust to maintain airspeed and altitude
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while banking. Higher drag differentials could also be tied to larger yawing moments.

In general, the yawing moment coefficient was not significantly impacted by the gaps,
with the exception of some higher angles of attack (Fig. 2.8). The yawing moment coefficient
was relatively constant below stall, unlike the aileron, which steadily decreased as angle of
attack increased. At low angles of attack, the gapped wings’ yawing moment coefficient was
the same sign as the rolling moment coefficient (positive). The three-gap and five-gap wing
yawing moment coefficients became the opposite sign from roll around 10°, and the nine-gap
wing around 15° At higher angles of attack, the yawing moment coefficient of the three-gap
wing remained the same sign as roll, while the sign of the five- and nine-gap wing switched
again before ultimately returning to the same sign as the rolling moment coefficient. The
roll-yaw coupling, and the fact that it changed sign multiple times, may require a more
complex controller [70]. The coupling trend was also distinct from that of the ailerons: tip
effects caused the aileron yawing moment coefficient to become steadily more negative as
angle of attack increased, and the rolling moment coefficient stayed positive [2].

Figure 2.9 summarizes the rolling and yawing moment coefficients of the gapped wings
and equivalent aileron deflections and illustrates several key trends. Firstly, as intended,
the rolling moment coefficient of each gapped wing was equal to its equivalent aileron and
increased as the gaps increased. Secondly, the gapped wing yawing moment coefficients grew
steadily less negative as the number of gaps increased, such that the nine-gap wing yawing
moment coefficient was positive (the same sign as the rolling moment coefficient). However,
the yawing moment coefficients of the equivalent aileron deflections were all negative, and
the opposite sign of the rolling moment coefficients.

While the gapped wings produced rolling moment coefficients equivalent to, and occa-
sionally higher than, traditional ailerons, it was also important to compare actuation re-
quirements. We found the gapped wings decreased actuation force by at least 88.4% and
decreased actuation work by at least 80.4% compared to the equivalent aileron deflections

(Fig. 2.9). The results of the aileron comparison indicated that the gapped wings may be
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Figure 2.9: Gaps were effective for roll control in some cases. (A) Maximum rolling moment
coefficient of each gapped wing and equivalent aileron (equal by design). (B)
Yawing moment coefficient. (C) Required actuation force (N). (D) Required
actuation work (mJ). The percent decreases in force and work of the gapped
wing compared to the aileron are below each pair.

a useful alternative to ailerons for roll control. The gapped wings fully captured the range

of rolling moment coefficients produced by a representative aileron. While there was not

a clear benefit in yawing moment coefficients, the gapped wings required a fraction of the

actuation work and force of the ailerons. The comparable roll control and lowered actuation

costs make the gapped wings a potentially beneficial alternative to traditional ailerons for

banking control of energy-constrained UAVs, particularly at lower flight speeds.
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2.5 Limitations

The current chapter focused on the aerodynamic effects of trailing edge gaps on a sym-
metric airfoil. We neglected the potential role of bird wings’ camber in our whiffling-inspired
design. It is possible that replicating this work with a cambered wing would better approxi-
mate whiffling and produce greater changes in the lift coefficient, rolling moment coefficient,
and other parameters.

Since the spoiler model and representative aileron were three-dimensional wings, and the
gapped wings approximated two-dimensional flow, it is important to consider the potential
impact of tip effects on the comparisons. It was shown that the gapped wings do not decrease
lift comparably to a spoiler. The lack of tip effects may have artificially increased the lift
of the gapped wings [56], meaning this conclusion was conservative and three-dimensional
gapped wings may have performed even less desirably than a spoiler. Conversely, because
tip effects tend to increase drag [56], three-dimensional gapped wings may have a higher
drag coefficient closer to that of the spoiler. In terms of roll control, decreasing aspect ratio
tends to decrease the rolling moment coefficient [57]. This tip effect makes the comparison of
the two-dimensional gapped wings to the representative aileron less conservative, since the
three-dimensional gapped wing rolling moment coefficient may be lower than we measured.
Decreasing aspect ratio makes the yawing moment more favorable at high angles of attack
[57], but since the gapped wings were two-dimensional and thus could not produce adverse
yaw, it is difficult to comment on how tip effects may impact the sign of the yawing moment
coefficients relative to the rolling moment coefficients of the gapped wings.

The gapped wings have several limitations. Firstly, the gapped wings do not appear to
be beneficial for rapid descent applications. While the gapped wings showed promise for roll
control actuation, the moment coefficients of the gapped wings were highly dependent on
the lift coefficient, which could require more complex controllers. Further, the gapped wings
did not create as much rolling moment coefficient at lower lift coefficients as conventional

ailerons. The gaps may also be mechanically complex to implement.
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Finally, note that these comparisons were performed for a single gap dimension (% X
4—1’8). Thus, the results cannot be generalized to all gapped wing configurations. Chapter V
addresses how varying gap size, number of gaps, and other parameters alters the performance
of the gapped wing. Tailoring the gap parameters could thus also improve the performance

of the gapped wing relative to the aileron and spoiler.

2.6 Chapter summary

Here we investigated if whiffling-inspired gapped wings could provide advantageous alter-
natives to spoilers for rapid descent or ailerons for banking. To do this, we tested wings with
various numbers of gaps along the trailing edge at a low Re in a wind tunnel and extracted
the lift, drag, rolling moment and yawing moment coefficients. Next, we calculated equiva-
lent spoiler and aileron deflection angles based on previously published aerodynamic data,
and compared the results to the gapped wings. Finally, we estimated the actuation force
and work required to operate a gapped wing concept and compared to previously published
actuation data on the representative spoiler and aileron. To the best of our knowledge, this
is the first time that avian whiffling served as inspiration for a UAV control surface.

We found that, except for high angles of attack, increasing the number of gaps in the
wing decreased the lift coefficient, delayed stall, had negligible impact on the drag coefficient,
increased the rolling moment coefficient, and resulted in yaw in the same direction as roll both
at low and very high angles of attack. The gapped wings did not decrease the lift coefficient
as much as a fully deflected spoiler, did not significantly increase the drag coefficient, and
required greater work to operate. Thus, they may not be a suitable alternative to spoilers
for rapid descent.

The gapped wings did provide comparable aerodynamic performance to conventional
ailerons: the nine-gap wing was able to produce an equivalent rolling moment coefficient
to a representative aileron deflected 32.7° upwards at 13.5° angle of attack. Additionally,

the nine-gap wing required 88.4% less force and 86.1% less work to achieve the same rolling
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moment coefficient as the equivalent deflected aileron, making the gapped wings an attractive
alternative to conventional ailerons for roll control of energy-constrained UAVs. Furthermore,
these benefits occurred at a high lift coefficient, suggesting that the gapped wing would be
most suitable for a UAV flying at low airspeeds, and that it would be ideal to perform a
pitch-up maneuver prior to banking to capture the maximum performance of the gapped
wings. Their performance at high lift coefficients also indicates that the gapped wings could
extend the envelope over which UAVs perform roll maneuvers. In all, morphing trailing
edge gaps inspired by whiffling could provide a novel actuation method for roll control in

energy-constrained UAVs.

2.7 Data availability

All raw data and MATLAB codes used for post-processing and analysis are available

publicly at DOI: 10.6084/m9.figshare.c.5735009.
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CHAPTER III

Gaps Re-Energized the Boundary Layer and Required
Less Work Than Single Aileron for Large Rolling

Moments

3.1 Overview

It is speculated that feather rotation-inspired gaps could be used as roll control surfaces
on UAVs. However, the understanding of the fluid mechanics and required actuation work of
this novel gapped wing were rudimentary. Here, we used a commercial computational fluid
dynamics solver to model the flow over a whiffling-inspired gapped wing and compare its
analytically estimated work requirements to an aileron. The simulation results agreed well
with previous experimental data. While the gaps thickened the local boundary layer over the
wing, they re-energized the flow over the suction side of the trailing edge. Further, each gap
produced a pair of strong vortices, with the gap nearest to the wing root producing the largest
vortex. The flow within a gap recirculated, and moved largely in the streamwise direction.
These flow mechanics caused the gapped wing to require higher actuation work than the
aileron at low rolling moment coefficients. However, above rolling moment coefficients of
0.0182, the gapped wing required less work and ultimately produced a higher maximum
rolling moment coefficient. Despite the variable control effectiveness, the data suggested

that the gapped wings could be a useful roll control surface for energy-constrained UAVs at
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high lift coefficients, when compared to a single aileron.

3.2 Motivation and background

The previous experimental work investigated novel wings with different numbers of gaps
in the trailing edge (Chapter II). The gapped wings were not a suitable alternative to spoilers,
since they did not decrease lift as much as a spoiler and required greater work to actuate.
Conversely the results implied that the gapped wings could be beneficial for roll control
compared to a wing with a single deflected aileron. The gapped wings produced a greater
maximum rolling moment coefficient than the aileron for less work, showing promise for roll
control at high lift coefficients for energy-constrained UAVs.

However, the aerodynamic effects of the gaps on the airflow over the wing remained
unknown. Furthermore, the previous work estimates were rudimentary, and based more
on classical mechanics as opposed to aerodynamic loading. Here we used Siemens STAR-
CCM+, a commercial computational fluid dynamics (CFD) software, to simulate the gapped
wing and representative aileron. The CFD simulations built insight into the aerodynamic
effects of the gaps on the overall flow field, as well as flow phenomena present within a
gap. Further, they informed more accurate actuation work estimates based on aerodynamic
loading. Ultimately, the simulations provided additional evidence that gapped wings may
require less work than an aileron at high rolling moment coefficients, and may produce
a higher maximum rolling moment coefficient. To the best of our knowledge, this work
represented the first computational study of flow through gaps along the chord of a wing,
and an important step in assessing the capabilities of novel whiffling-inspired wings as control

surfaces.
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3.3 Methods

Our use of CFD appropriately complemented the previous experimental study. The ex-
perimental work identified the general performance and behaviors of the gapped wings. The
simulations then provided a deeper understanding of underlying flow mechanisms without the
need for complex experimental setups. The CFD simulations also directly calculated aero-
dynamic forces on all surfaces of the wing, allowing us to estimate actuation work without
costly prototypes, equipment, and instruments. Furthermore, simulating the gapped wing
enabled future cost-effective and timely parameter sweeps, optimization studies, and design
iterations. Finally, experimentally validating the computational simulations demonstrated
the reliability of both datasets.

Before conducting our CFD study, we defined the wing configurations to be simulated
(Table 3.1). The first configuration (SI-gapped wing) is the same wing geometry and flow pa-
rameters as Sigrest and Inman’s previously conducted gapped wing experiments (Chapter II).
We also simulated a baseline SI wing without gaps (SI-baseline wing), which is discussed fur-
ther in Appendix E. The second configuration (JH-aileron wing) is the same wing geometry
and flow parameters as Johnson and Hagerman’s previously conducted aileron experiments
[2]. These two configurations were used to experimentally validate the CFD simulations, and
a mesh convergence study was conducted on the SI-gapped wing. However, the JH-aileron
wing and Sl-gapped wing had different geometries and flow parameters. To reconcile these
differences, we simulated an aileron of the same relative dimensions as the JH-aileron, but
with the wing geometry and flow conditions of the gapped wing (SI-aileron wing). Simulating
the Sl-aileron wing allowed us to directly compare rolling moment coefficients and actuation
work of the gaps and aileron [2]. We also simulated gaps on a wing with the geometry and
flow conditions of the JH-configuration (JH-gapped wing). We found that the JH-gapped
wing behaved very similarly to the SI-gapped wing. Therefore, we focused here on just the
Sl-gapped wing results. We address the JH-gapped wing more closely in Chapter IV and

Appendix B. While the previous experimental study compared the gapped wings to a spoiler
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Table 3.1: Three wing configurations were simulated using CFD, to allow for experimental
validation and direct comparison of the aileron and gapped wings.

SI-Gapped Wing  SI-Aileron Wing JH-Aileron Wing
’ o
N : <
Data sources Experiment, CFD CFD Experiment, CFD
Airfoil NACA 0012 NACA 0012 NACA 64A010
Velocity (m/s) 16 16 86.2629
Re 2.33 x 10° 2.33 x 10° 4.5 x 10°
Simulated angles of attack 0° to 12° 0° to 10° 10°
Density (kg/m?) 1.1565 1.1565 1.225
Kinematic Viscosity (Pa-s) 1.58 x 107° 1.58 x 107° 1.4607 x 10~°
Ref. Area (m?) 0.1742 0.1858 1.8
Ref. Length (m) 0.8128 0.8128 2.3622
Hinge Moment Ref. Area (m?) - 0.0056 0.0544
Hinge Moment Ref. Length (m) - 0.0572 0.1905

and aileron (Chapter II), we focused solely on the aileron comparison because the gapped
wings were not found to be beneficial for rapid descent. We also only simulated the wing with
nine gaps, since it produced the greatest rolling moment coefficients in the previous study.
All airfoil ordinates were obtained as described in Appendix A. Note that Table 3.1 presents
the relevant dimensions with units, because these are the values that were directly used to
model the wings and run the CFD simulations. The dimensional values also highlight the
importance of modeling the Sl-aileron wing as a direct comparison to the SI-gapped wing.
We used Siemens STAR-CCM+ to perform steady-state three-dimensional Reynolds-
averaged Navier-Stokes (RANS)-based CFD simulations. Compared to higher-fidelity CFD
approaches such as scale-resolving simulations, RANS provided us with an appropriate bal-
ance between simulation accuracy and computational cost. Since we sought to measure
average force and moment values and capture the general effects of the gaps on the flow
field, RANS was suitable for our needs. We were primarily interested in high-lift configura-
tions and chose the k — w SST turbulence model for its ability to capture flow separation,

particularly in the low-Re flow regime [71], [72]. We used the uncoupled solver for the
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JH-aileron wing and Sl-aileron wing, and the coupled solver for the Sl-gapped wing since
it presented more of a challenge to converge. We monitored the unscaled residuals and
terminated the simulation after z-momentum, y-momentum, z-momentum, continuity, and
turbulent kinetic energy (TKE) were all below 1 x 1074, and after specific dissipation rate
(SDR) was reduced by at least four orders of magnitude. In two cases, SDR only relatively
fell below 7.5 x 107%. This typically took about 500 iterations for the SI-gapped wing, be-
tween 200 and 850 iterations for the Sl-aileron wing, and between 700 and 875 iterations for
the JH-aileron wing.

The three-dimensional volume mesh was generated using STAR-CCM-+’s built-in tools
(Fig. 3.1). We used an unstructured polyhedral mesh with extruded prism layers near the
wing surface to capture the boundary layer. The prism layer parameters were chosen such
that the wall y+ value remained below one for the majority of the wing surface and the
growth ratio was less than 1.3. The prism layers were also applied to the vertical gap faces.
Wake refinement was applied about two chord lengths behind the wing and endplates.

We normalized the force and moment coefficients by the planform area of the full wing,
minus the planform area of the endplates and gaps where applicable. The rolling and yawing
moment coefficients were also normalized by the full wingspan, and the pitching moment
coefficient was further normalized by wing chord, as is standard [73]. The reference areas
and lengths are shown in Table 3.1. Moment coefficients were measured and reported about
the quarter-chord at the wing root. The previously conducted experiments tested half-
span models in a wind tunnel using the reflection plane methodology, then corrected the
data to a full asymmetric wingspan with the control surface on only the right semi-span [2]
(Chapter IT). Conversely, we simulated the full asymmetric span in a bullet-shaped domain to
avoid reflection plane corrections in post-processing. The CFD domain boundaries were 12.3
times the wingspan of the SI-gapped wing and Sl-aileron wing and 10 times the wingspan
of the JH-aileron wing. All data were reported in the wind axes [59]. According to sign

conventions, a negative aileron deflection angle was upwards and a positive aileron hinge
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Figure 3.1: Using STAR-CCM+, we created unstructured polyhedral meshes with prism lay-
ers. (A) Cross-section of the volume mesh for the SI-gapped wing. (B) Detailed
view of the volume mesh cross-section. (C) Surface mesh on the wing. Data
were reported in wind axes [19] with a positive rolling moment as shown. (D)
Detailed view of the surface mesh near the gaps.

moment was downwards towards the neutral position [33|, [59]. Positive rolling moments

were produced by an upwards aileron deflection and open gaps.

3.3.1 SlI-gapped wing experimental validation

To experimentally validate the SI-gapped wing—the nine gap wing tested by Sigrest and
Inman (Chapter IT)—we replicated the experimental geometry and flow conditions in CFD
(Table 3.1). Each gap had a length % of the wing chord and a width ﬁ of the half-span.
Additionally, we simulated the Sl-baseline wing without gaps, presented in Appendix E.
The previous experimental work also provides an in-depth comparison of the behavior of
the gapped wing and baseline wing (Chapter II). In the previous experiment, two circular
endplates were used to reduce tip effects and approximate two-dimensional flow over the wing.

We included the endplates in the simulations to ensure that the model was appropriately
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validated. The effects of the endplates on the flow are detailed in Appendix B. We simulated
the SI-gapped wing at angles of attack from 0° to 12°.

The previous experiment and current CFD simulations used two different approaches to
estimate the actuation work of the gapped wing. Both methods considered a model with
“gap covers” that slid along the span of the wing to cover the gaps (Fig. 3.2 (A)) or open
them (Fig. 3.2 (B)). In the previous experiment, the work to open the gaps was estimated
as a friction force acting on the gap covers over the width of the gap, with the normal force
estimated as the lift on the gap covers minus their weight (Chapter II, Eqn. 2.8). In the
current study, we sought a more accurate estimate based on aerodynamic loading as opposed
to classical mechanics. We calculated the actuation work directly from aerodynamic forces
on the gaps, combining the CFD results with an analytical approach. We assumed that only
aerodynamic forces acted on the gap covers, and excluded gravity, friction, and other forces.
From the CFD data, we measured the force acting on all nine vertical gap faces (light blue
in Figure 3.2 (C)) in the spanwise direction. Then, we multiplied the force by the width of a
gap. This quantity represented the work required to open the gaps by retracting the entire
gap face into the wing, assuming a constant force over the actuation distance. We assumed
a constant force because the models are static and rigid, thus the gaps remain a constant
width. However, this work was calculated on a larger face than is realistic. The work should
only be calculated on the area corresponding to the gap cover (dark brown in Figure 3.2 (C)),
since only this gap cover would move during actuation. Therefore, we analytically estimated

the work to actuate the gap covers by scaling by the ratio of the two areas R, according to:

W,e = RE,b, (3.1)
Age
R=7 (3.2)

9
This equation represented the work required to slide just the gap covers to open the

gaps. We analytically scaled the work because of the limitations of modelling small features
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(C) Full gap face:

Gap cover face

Figure 3.2: The gapped wing actuation work was based on a model with gap covers (dark
brown) that slid spanwise to open and close the gaps. (A) Gaps closed. (B)
Gaps open. (C) Cross-section of a gap. Force was measured on the full gap face
(light blue) in the spanwise direction. The gap cover face (dark brown) was used
to analytically estimate the work.

in CFD. However, using Eqn. 3.1 made the work estimate dependent on the geometry of the

gapped wing model, specifically the area ratio R. Thus, the results were dependent on the

assumed geometry of the gap covers. The unscaled work values (for R = 1) are included in

Figure B.1 for completeness. Here, we assumed an area ratio R of 0.0964 based on a CAD

model with 0.794mm (g5 in.) thick gap covers.

3.3.2 JH-aileron wing experimental validation

We also experimentally validated the JH-aileron wing using the geometry and flow con-

ditions from Johnson and Hagerman [2| (Table 3.1). Experimental values for air density and
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viscosity were not provided, so we assumed standard atmospheric conditions. We simulated
a single aileron on the right semi-span, with a chord of 25% of wing chord and a span 24.2%
of the semi-span starting at 72.6% of the half span |2] because this is the same configuration
used in Chapter II and these dimensions are within the typical range for an aileron [33].
We calculated the aileron hinge moment about the hinge axis at 75% of wing chord and
normalized it by aileron area and aileron chord. Since the rolling moment coefficient of the
aileron was largely constant across angle of attack [2|, we simulated the wing at a constant
10° angle of attack, varying aileron deflection angle from 0° to —30°. We estimated the work
to deflect the aileron against aerodynamic loads by directly measuring the hinge moment

from the CFD results, then multiplying it by deflection angle:

W, = —M,d, (3.3)

Similarly to the gapped wing, this work estimate assumed that only aerodynamic forces
are acting on the aileron, and that the hinge moment was constant across deflection. The

constant hinge moment assumption was due to the static and rigid nature of the model.

3.3.3 Sl-aileron wing for direct comparison

There were several differences in the wing geometry and flow parameters of the JH-aileron
wing and the SI-gapped wing (Table 3.1). Thus, in order to directly compare the aileron with
the gaps, we simulated an aileron on the right semi-span of a wing with the same geometry
and flow conditions as Sigrest and Inman’s wing (Table 3.1). This Sl-aileron wing had a
0.2286m chord, 0.4064m semi-span, and circular endplates as per Chapter II. The aileron
retained the same relative dimensions as the JH-aileron wing: a width 24.2% of the semi-
span and a length 25% of the chord with the hinge axis at 75% wing chord. We simulated
this wing at angles of attack from 0° to 10° and with aileron deflections between 0° to —30°.

We estimated the actuation work according to Eqn. 3.3, assuming a constant hinge moment.
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3.3.4 General comments on work estimates

To keep our comparison between gapped wing and aileron wing actuation one-to-one, our
estimates (Eqn. 3.1 and Eqn. 3.3) did not include the work required to pitch either wing to
the simulated angle of attack. We considered the gapped wing to already be positioned at the
angle of attack when actuated. Thus, it was not necessary to include the pitch work in our
estimates. Since the rolling moment coefficient of the aileron is insensitive to angle of attack
[2], we assumes it was already angled when actuated and exclude the pitch work. In addition,
angle of attack is typically controlled by an elevator, flaps, or other symmetrically deployed
control surfaces. Estimating the work to change angle of attack would require modelling a full
hypothetical UAV. Making these assumptions to estimate pitch work would not necessarily
improve the fidelity of the actuation work estimates, because such assumptions can greatly
alter aircraft performance. Thus we simulated just the wings with the single relevant roll
control surface, and neglected the work required to change the wing’s angle of attack.

The work estimates for the Sl-aileron wing and SI-gapped wing were likely over-predictions
because we assumed constant force over gap cover displacement, and constant hinge moment
over aileron deflection. In reality, hinge moment increases with deflection [2] and the force on

the gaps likely changes as they open. This topic is addressed in Chapter V and Appendix F.

3.4 Mesh convergence study

We conducted a mesh refinement study on the SI-gapped wing, for the lift coefficient and
rolling moment coefficient at 3° angle of attack (Fig. 3.3). Five meshes were generated with
approximately 1.0 million, 2.5 million, 3.5 million, 6.1 million, and 9.0 million cells. The
meshes were locally refined around areas of fine geometry, such as the gaps and endplate
edges. We computed the grid factor of each mesh according to [74]:

G=N_/? (3.4)

cells
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Figure 3.3: We performed a mesh convergence study on the Sl-gapped wing to determine
an appropriate mesh density for each wing configuration. We investigated (A)
rolling moment coefficient and (B) lift coefficient, both at 3° angle of attack.

Neither the lift coefficient nor the rolling moment coefficient behaved linearly as the mesh
is refined, but this was expected due to uneven refinement of the polyhedral mesh and the
complex flow field (Fig. 3.3). In particular, the rolling moment coefficient results were in
line with typical moment predictions in CFD. For example, the pitching moment coefficients
computed as part of the ATAA CFD Drag Prediction Workshop showed not only considerable

spread between entries, but also differing trends [75]. Some solvers converged from below and
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others from above, and a substantial number of entries did not obtain a linear convergence
region during refinement [75]. Based on the mesh refinement study, we used the 3.5 million
cell mesh for the Sl-gapped wing, 2.6 to 3 million cells for the Sl-aileron wing, and 2.2 to
2.8 million cells for the JH-aileron wing. The exact number of cells depended on aileron
deflection and angle of attack. This refinement study ensured that we used an appropriate
level of mesh density for each case. For the mesh density chosen, we found good agreement

between the CFD simulations and previous experimental data.

3.5 Experimental validation

The Sl-gapped wing CFD results generally agreed well with the previous experimental
results from Chapter IT (Fig. 3.4). We simulated the wing at several angles of attack ranging
from 0° to 12°. The lift coefficient predictions were within experimental uncertainty except
for the data point at 10° angle of attack, which differed from the experiment by 0.013, and the
data point at 12° angle of attack, which was partially converged likely indicating separated
flow and stall. Excluding the stalled data point, the drag coefficient fell within experimental
uncertainty. The rolling moment coefficient was generally within experimental uncertainty
and differed by at most 0.0038. The 12° stall angle of attack predicted by CFD was lower
than the stall angle of 14.7° angle of attack found experimentally. It is common for RANS
to under-predict stall angle [76]. The experimental validation of the Sl-baseline wing also
matched well (Appendix E).

The CFD results of the JH-aileron wing also agreed well with the experimental data
(Fig. 3.5) [2]. We compared simulated and experimental data across a range of upwards
aileron deflections from 0° to —30°, at a constant 10° angle of attack. The rolling moment
coefficient differed from the experimental data by less than 0.0012, and the hinge moment

coefficient differed by less than 0.022.
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Figure 3.5: The JH-aileron wing CFD results agreed well with previous experimental data
[2], comparing the (A) rolling moment and (B) hinge moment coefficient at 10°
angle of attack. Negative deflection angles are upwards.
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3.6 Results and discussion

3.6.1 Gaps affected the flow field over the wing

First, we investigated the aerodynamic effects of the gaps on the broader flow field over
the wing. While there have been studies on the airflow over geometries related to the
gapped wing—including wings with serrated trailing edges [77], |78], steps |79], [80], and
slotted airfoils [51], [52]—this is the first instance of modelling flow over a wing with this gap
geometry to the best of the authors’” knowledge. Thus, the flow information presented here
could provide context and insight into flows over other similar geometries.

Compared to a baseline wing section, the presence of a gap affected the velocity and
thickness of the local boundary layer, as measured at 10° angle of attack (Fig. 3.6). The flow
over the baseline wing section was nominal for a NACA 0012 airfoil. Conversely, the gap
noticeably changed the local boundary layer. The flow through the gap was more vertical,
and appeared to double the thickness of the boundary layer in the vicinity of the gap.
The boundary layer near the gap also began growing at a chord-wise position closer to the
leading edge. However, a much thinner portion of the boundary layer experienced very low
velocities near the wing surface, compared to the boundary layer over the baseline section.
This increased velocity within the boundary layer indicated that the flow through the gap
re-energized the boundary layer over the suction side of the trailing edge [52]. This effect
could have been one cause of the gapped wing’s delayed stall, which was previously observed
experimentally (Chapter II). Note that the flow outside of the boundary layer remained
largely unaffected by the presence of the gap (Fig. 3.6).

Each gap also produced a pair of vortices, due to the gaps’ sharp corners and resulting
discontinuities in the wing surface (Fig. 3.7). While there were regions of vorticity along
the gap length, the coherent vortex structures formed at the trailing edge. We qualified
the strength of the vortices in terms of the Q-criterion, an established method of vortex

detection based on the vorticity and strain rate tensors [81|-[83], as well as the magnitude

52



Baseline section

Central gap
root face

Velocity Magnitude (m/s)

0.002 15 30

Figure 3.6: The gaps affected the thickness and velocity of the local boundary layer at 10°
angle of attack, indicating re-energization of the boundary layer. The SI-gapped
wing is shown without endplates for visual clarity. Velocities over a baseline
wing section are shown at the wing root. Velocities are also plotted 0.0254 mm
inboard of the central gap’s root face.

of the vorticity. Higher Q-criterion and higher vorticity magnitude both indicate a stronger

vortex, and vice versa. The vortices were strongest at the trailing edge and weakened as

they travelled downstream (Fig. 3.7). Vortex strength appeared generally constant across
the gaps, with several exceptions. The gap vortex nearest the wingtip appeared to interact
and merge with the vortex from the endplate. This effect was likely due to the physical
proximity of this outboard gap to the endplate. The gap vortex nearest the wing root was
generally the same vorticity as the other gap vortices. However, this vortex grew to a larger
diameter and extended farther downstream of the wing. The central gap vortices were much

smaller and dissipated faster, likely because they were bound by the larger vortices from the

endplate and most inboard gap. Additionally, the mutual interactions between the central
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gap vortices may have impacted their size and dissipation. The most inboard gap vortex was
free to grow because it was far from the endplate vortices and other large flow structures.
Generally, the vortices on the wing root side of the gaps also extended farther downstream
than the vortices on the wingtip sides. Note that the vortex produced by the endplate was
characterized by much lower vorticity and Q-criterion. This indicated that the vortices shed
by the gaps were stronger than those created by the endplates.

We also investigated the vortices present on the Sl-aileron wing deflected —15.3° at 2°
angle of attack, as a comparison to the Sl-gapped wing. As expected, each edge of the
aileron produced a strong vortex structure, similar in vorticity magnitude and Q-criterion
to the vortices produced by the gapped wing. Like the gap vortices, the aileron vortices
were strongest near the trailing edge and weakened downstream. The aileron vortices were
also larger in diameter, like the most inboard gap vortex. Both the Sl-gapped wing and
Sl-aileron wing had comparable levels of vorticity over the leading edge of the wing surface
and endplates. This behavior was similar to that over the baseline semi-span. This result
implied that neither the gaps nor the aileron drastically increased the upstream vorticity

compared to a baseline wing.

3.6.2 Flow within a gap informed actuation requirements

With an understanding of how the gaps affected the broader flow field over a wing,
we investigated the behavior of the flow through the gap itself (Fig. 3.8). We examined
the flow through the central gap in the Sl-gapped wing at 2° and 10° angle of attack.
While we simulated the SI-gapped wing at a broader range of angles, we studied these
two cases more closely to understand the representative behavior at low and high angles
of attack. We also examined the velocity field on two orthogonal planes, to enable us to
characterize the streamwise and spanwise components of the flow individually. Since the
pressure distribution over the Sl-gapped wing did not appear to be greatly affected by the

endplates or span location (Appendix B), we measured the velocity and pressure in the
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Figure 3.7: Each gap created a pair of strong vortices, similar to those produced by an
aileron. The gap vortex nearest the wing root extended farthest downstream.
(A) iso-surface of the SI-gapped wing with a Q-criterion of 1 s2. (B) SI-gapped
wing with a Q-criterion of 50 s2. (C) Sl-aileron wing with a Q-criterion of 1 s72.
(D) Sl-aileron wing with a Q-criterion of 50 s2. Both wings are at 2° angle of
attack and the aileron is deflected —15.3°.

central gap as a representative set.

In general, the gapped wing decreased lift compared to the baseline wing by allowing
airflow through the gaps from the pressure to the suction side. For completeness, Appendix E
experimentally validates the SI-baseline wing simulations, and briefly compares the pressure
coefficients over the baseline wing to the gapped wing. The previous experimental work also
thoroughly compares the gapped wing and baseline wing in terms of aerodynamic force and
moment coefficients, descent, and roll (Chapter II).

The streamwise velocity field within the gap itself showed slow-moving recirculating flow

at the start of the gap (Fig. 3.8). Such recirculation regions are also a general flow charac-

teristic of flows over backwards-facing steps [79], [80]. As angle of attack increases from 2°
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Figure 3.8: Streamwise flow through the gap recirculated then exited over the suction side
at the trailing edge. (A) Velocity field at 2° angle of attack. (B) Velocity field
at 10°. (C) Due to the consistent spanwise pressure distribution, data from the
central gap was used. Velocity data were from the blue plane with its normal
along the y-axis and positioned in the middle of the gap to avoid boundary layers.

to 10°, the flow through the gap became more vertical and the recirculation region appeared

to shorten in the freestream direction. This behavior was expected given that increasing
the angle of attack increased the vertical component of the freestream. Shortly downstream,

the flow passed through the gap with an upward vertical component. As seen in Figure 3.6,

this re-energized flow on the suction side of the trailing edge similarly to flow through a slot

along the wing span [51], [52] and may have helped delay stall (Fig. 2.5).

The flow within the gap itself was largely in the streamwise direction, with noticeable

spanwise components only at the recirculation region and trailing edge of the wing where the

gap vortices formed (Fig. 3.9). The spanwise flow components may have been small because
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Figure 3.9: The flow within a gap was largely streamwise. (A) Velocity field at 2° angle
of attack. (B) Pressure contours at 2° angle of attack, and pressure coefficients
along the dotted white chord line. (C) Velocity field at 10° angle of attack. (D)
Pressure contours at 10° angle of attack. (E) We used data from the central gap:
pressure contours from the gap’s root face and velocity from the blue plane with

a z-axis normal and origin on the chord line.
of the narrow width of the gap; it is possible that spanwise flow structures did not have time
to fully develop in the confined gap space. Future studies will help validate this hypothesis.
The pressure contours on the gap face closest to the wing root also agreed with the be-
havior of the velocity field (Fig. 3.9 (B) and (D)). The pressure was relatively constant over
the height of the gap in the z-axis direction, even at 10° angle of attack despite the strong

vertical low component. This consistency occurred because airflow from the upper and lower
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wing surfaces were free to mix and equalize pressures in the gap. Thus we highlighted the
general pattern by plotting pressure coefficients along the chord line of the gap face—that
is, at the intersection of the mid-plane across the gap and the root face of the gap, shown
as a dotted white line in Figure 3.9 (E). At the start of the gap, there was a slight favorable
pressure gradient that reached a minimum negative value towards the end of the recircula-
tion region. Moving further downstream, the pressure gradient remained generally adverse,
reaching first a local maximum at about 50% to 60% chord at the end of the recirculation
region, and then a global maximum pressure coefficient at the trailing edge. Overall, this
pressure distribution shared a similar trend to that of a laminar separation bubble on an
airfoil [84]. The majority of the gap face experienced negative pressure coefficients, implying
a suction force over a large portion of the gap face that pulled the gap cover in towards the
center of the gap. Thus, work was required to hold the gap covers open. The pressure coef-
ficient curve shifted more negative as angle of attack increased, corresponding to an increase
in actuation work as rolling moment coefficient increased.

Figure 3.10 shows representative velocity fields and pressure coefficients measured over
the Sl-aileron wing deflected 4.7° and 15.3° upwards, at 2° angle of attack. While we simu-
lated the Sl-aileron wing at a larger range of deflections, these two cases demonstrated the
representative behavior at small and large aileron deflections. In both deflection cases, the
pressure coefficients were generally negative on the lower surface and positive on the upper
surface of the aileron, indicating a positive hinge moment that pushed the aileron down to-
wards the neutral position. There were noticeable pressure spikes near the hinge axis at 75%
chord, which is typical for ailerons due to the abrupt change in flow direction [85]. Greater
aileron deflections led to larger pressure spikes and higher hinge moments. Similar pressure

distributions over ailerons have been observed in other studies [85]-[87].
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Figure 3.10: The flow over the aileron featured large pressure spikes and positive hinge mo-
ments that increased as deflection angle increased. (A) Velocity field over the
—4.7° deflected aileron at 2° angle of attack. (B) Corresponding pressure co-
efficient plot. (C) Velocity field over the —15.3° deflected aileron at 2° angle
of attack. (D) Corresponding pressure coefficient plot. (E) Data were taken at
the midspan of the aileron.

3.6.3 Gaps required less work than single aileron at high roll

With an understanding of the flows over the gapped wing and aileron, we plotted the
work requirements against rolling moment coefficient (Fig. 3.11). We used rolling moment
coefficient as our independent parameter because it was an indicator of control performance.
Furthermore, since the behavior of the Sl-aileron wing was more dependent on deflection
angle and the Sl-gapped wing was more dependent on angle of attack, the rolling moment

coefficient served as a useful common factor between the two wings. To vary rolling moment
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coefficient, we simulated the gapped wing across angle of attacks from 0° to 12° and the
aileron deflected from —0° to —30° at a constant 2° angle of attack.

Counter to what we expected, the gapped wing actuation work was higher than that
of the aileron for low rolling moment coefficients (Fig. 3.11). Both wings had a nonlinear
relationship between work and rolling moment coefficient. However, at zero rolling moment
coefficient, the aileron required zero work while the gapped wing required a nonzero baseline
work. This was because it always took work to actuate the gaps regardless of whether they
produced roll. The NACA 0012 is a symmetric airfoil, meaning that at 0° angle of attack,
zero lift was produced by either semi-span and thus zero rolling moment was produced. At
any other angle of attack, exerting work to actuate the gapped wing resulted in a rolling
moment. In fact, the gapped wing work curve was shallower than the aileron work curve.
The curves intersected at a rolling moment coefficient of 0.0182, indicating that the gapped
wing required less work than the aileron wing for rolling moment coefficients above this
point.

Note that the CFD simulations of the SI-gapped wing may have predicted higher actu-
ation work than expected for both methodological and fluid dynamics reasons. Firstly, it is
challenging to resolve flows in RANS simulations in the vicinity of small geometric features
such as the gaps. As a result, there may have been large errors associated with the gap
force predicted by CFD simulations. RANS provided an appropriate compromise between
accuracy and cost for this study, and yielded good agreement between simulated and ex-
perimental results. However, future work could employ higher fidelity simulation tools to
confirm the work estimates and resolve finer details in the flow. The choice of turbulence
model could have further affected the work predictions [76]. The higher work of the gapped
wing at lower rolling moment coefficients could also have been due to the fluid mechanics
in the gaps. The flow through the gaps created a stronger force than the airflow over the
aileron at lower rolling moment coefficients. However, at higher rolling moment coefficients,

the greater magnitudes of the pressure coefficients over the aileron led to a larger hinge mo-
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Figure 3.11:

Rolling Moment Coefficient

The Sl-gapped wing required less work than the Sl-aileron wing to produce
rolling moment coefficients above 0.0182, and produced a higher maximum co-
efficient. The aileron was simulated at 2° angle of attack and deflection angles
from 0° to —30°, and the gapped wing was simulated across angles of attack
from 0° to 12°. Grey data points were stalled and “x” indicates partial conver-
gence. The Sl-gapped wing values depended on the area ratio R.
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ment on the aileron than the suction force on the gaps. As the rolling moment coefficient
increased, the work required to actuate the gaps did not increase as quickly as the work
required to actuate the aileron, leading to the flatter gapped wing work curve.

The gapped wing and aileron wing also had different roll control behaviors post-stall
(Fig. 3.11). The aileron work curve exhibited a nearly vertical jump at a rolling moment
coefficient of 0.0237, indicating that the aileron was likely partially stalled above this rolling
moment coefficient: any increase in deflection angle led to a slight increase in rolling moment
coefficient but a large penalty in work requirements. This result may have been because the
aileron work curve was taken at 2° angle of attack. Thus, the semi-span with the aileron
stalled because of the high deflection angles, while the clean semi-span did not stall due to
the low angle of attack. In this situation the wing continued to produce a positive rolling
moment because the clean semi-span still produced more lift than the semi-span with the
stalled aileron. Conversely, the gapped wing reached a higher maximum rolling moment
coefficient of 0.0246 before stalling. At this point, the rolling moment coefficient dropped
drastically while actuation work remained constant. Here, both semi-spans of the gapped
wing were at a high angle of attack of 12°, so the flow over the whole wing was likely separated.
The gaps were completely enveloped by this separated flow, meaning their presence had little
bearing on the forces and moments produced by the wing. That is, the stalled gapped wing
behaved like a wing without gaps and produced very small rolling moments. Recall that
the SI-gapped wing data point at 12° angle of attack was partially converged (indicated by
the grey ‘x’ in Figure 3.11). This point was included in Figure 3.11 to demonstrate the
qualitative post-stall behavior of the SI-gapped wing.

The gapped wing reached a greater maximum rolling moment coefficient than the aileron
before stalling (Fig. 3.11). The simulations under-predicted the maximum rolling moment
coefficient of the SI-gapped wing (Fig. 3.4). It was likely that the simulations under-predicted
the maximum rolling moment coefficient of the Sl-aileron wing as well. Despite these con-

servative predictions, Figure 3.11 showed that the gapped wing still achieved a higher rolling
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moment coefficient than the aileron wing before stall. The SI-gapped wing produced a max-
imum rolling moment coefficient of 0.0246 at 10° angle of attack (Fig. 3.11). This value was
equivalent to the aileron deflected more than 18.3°, at which point the aileron had already
partially stalled. Further, recall that the aileron was plotted at a low angle of attack of 2°
in Figure 3.11. It is possible that the aileron may stall at lower deflections when at a higher
angle of attack like the gapped wing [2], [33]. In these scenarios, the aileron wing would
produce an even lower maximum rolling moment coefficient, because aileron performance is
generally proportional to deflection angle but constant across angle of attack [2|. Therefore,
the Sl-gapped wing could likely produce greater maximum rolling moment coefficients for
less work compared to the Sl-aileron wing. In an experimental setting, we expect the aileron
and gapped wing work curves would continue on similar pre-stall trends to even higher rolling
moment coefficients than found using CFD. Given this advantage, it is important to note
that the gapped wing lost control effectiveness after stall, while the aileron wing retained
some effectiveness at the simulated 2° angle of attack due to its partial stall.

The dependence of the gapped wing’s control effectiveness on angle of attack could make
implementing the gaps more complex. Since the gapped wings were less effective at lower lift
coefficients, they may need to be augmented with an additional control surface at those flight
conditions. For example, at low angles of attack, roll could be primarily controlled by an
aileron with the gaps assuming control at higher angles to lower work costs and delay stall.
Alternatively, a hybrid control surface could take the form of an aileron with gaps along its
surface. The gaps could open at higher aileron deflections to delay stall and remain closed
at lower deflections to take advantage of lower aileron work costs. Further investigation is
needed to determine the validity of this concept. The gapped wings also could require a
complex controller that is able to manage the changing control surface effectiveness across
angle of attack. Similarly, the gapped wing could be paired with an instantaneous pitch-
up maneuver before actuation, to capture maximum rolling performance at the high lift

coefficient [7]. This approach would assume that the gapped wing is necessarily changing
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angle of attack before rolling, so including the work to perform the pitch-up maneuver could

provide a more complete picture of the design space.

3.7 Chapter summary

Here, we performed the first CFD simulations of flow over a novel whiffling-inspired
gapped wing. We experimentally validated the simulations, estimated the actuation work
requirements of a gapped wing, and compared the results to those of a conventional aileron.
The CFD data agreed well with previous experimental data of both a gapped wing and
conventional aileron [2|. Examining the flow over the entire wing revealed that despite
thickening the boundary layer, the gaps re-energized flow over the suction side of the trailing
edge. Additionally, each gap produced a pair of vortices. The gap vortices were generally
stronger than the vortices shed by the endplates. Furthermore, the gap vortex nearest
to the wing root was much larger than the central gap vortices. The simulations further
showed that flow within a gap itself was characterized by a recirculation region then re-
energization of the flow. In addition, the flow through a gap was largely in the streamwise
direction, with spanwise components only in the recirculation region and at the trailing edge.
These general flow characteristics are similar to those of flow over a backwards-facing step
[79], [80] and flow through a slotted airfoil [51], [52], and could provide useful intuition for
other related flows. The actuation work requirements for both control surfaces were based
directly on aerodynamic loading. Compared to the aileron, the gapped wing required less
work for rolling moment coefficients above 0.0182 and produced a greater maximum rolling
moment coefficient. However, the gapped wing lost control effectiveness post-stall. Since
the gapped wing effectiveness varied across angle of attack, it may require a more complex
controller or augmentation by another control surface at low rolling moments. Overall, the
CFD simulations indicated that the gapped wings could be an alternative method of roll
control for energy-constrained aircraft when higher rolling moment coefficients are required,

compared to a single aileron.
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3.8 Data availability

The data and scripts that support the findings of this study are openly available on
figshare. Supplementary materials for the SI-configuration are located at DOI: 10.6084/
m9.figshare.c.6284877.v3. Supplementary materials for the JH-configuration are located
at DOI: 10.6084/m9.figshare.c.6284874.v1. Scripts were written and run in MATLAB

R2022a.
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CHAPTER IV

A Gapped Wing was Less Effective for Roll Than Two

Ailerons

4.1 Overview

Previously, gapped wings and wings with a single aileron were simulated in a commer-
cial CFD solver. The results implied that the gapped wings held some advantages for roll
control of UAVs. In particular, the gapped wings produced higher maximum rolling moment
coefficients than the single aileron, and required less work at high roll coefficients. However,
ailerons are typically implemented as asymmetrically-deflected pairs—with one upwards and
one downwards aileron—as opposed to a single flap on one semi-span. Here, I simulated a
JH-wing with two ailerons, and compared its rolling moment coefficient and actuation work
to a gapped wing in the JH configuration (“JH-gapped wing”). The gapped wing required
more work than the aileron at low rolling moment coefficients. Furthermore, the gapped
wing produced a lower maximum rolling moment coefficient compared to the two-aileron
wing. In the upper range of gapped wing rolling moment coefficients, it required similar
work to the ailerons at 10° angle of attack. Despite the relatively lower roll performance, the
gapped wings provided some benefits by decreasing adverse yaw and drag in certain cases.
Overall, the two-aileron comparison provided a more complete picture of how the gapped

wings perform relative to conventional control surfaces. This work demonstrated both the
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more practical shortcomings of the gapped wings, as well as their advantages. This holistic

knowledge of the gapped wings will provide useful context for future aircraft designers.

4.2 Motivation and background

In Chapters IT and III, the gapped wings were compared to a wing with a single aileron on
one semi-span. This kept the comparisons as direct as possible within the existing literature,
and provided initial data on the gapped wing’s aerodynamic performance. However, ailerons
are usually implemented in pairs that deflect in opposition to one another. Thus, it is most
realistic to compare the gapped wing to a wing with two ailerons. Here, I expanded the CFD
simulations from Chapter III to compare a gapped wing to a wing with two ailerons. This
work was necessary to provide a more complete picture of the gapped wings’ performance

relative to conventional control surfaces.

4.3 Methods

4.3.1 Simulation setup

Here, I simulated two new wing configurations (Table 4.1). Firstly, I simulated a JH-
aileron wing with two ailerons as opposed to one (“two-aileron JH-wing”). While it is possible
for aileron pairs to deflect to slightly different angles in the real world [33], I assumed that
the ailerons deflected equal and opposite amounts. The aileron on the right semi-span was

deflected upwards, and the left aileron was deflected downwards. I also simulated the “JH-

b
48

gapped wing,” which featured nine gaps of dimension % X —= on the right semi-span of a wing
with the baseline dimensions and flow conditions as the JH-aileron wing (Table 3.1). Both
the two-aileron JH-wing and the JH-gapped wing were simulated as full asymmetric spans in
a bullet-shaped domain, to avoid reflection plane corrections in post-processing. The wings
were rectangular with a 0.762m chord, 1.1811m semi-span, and rounded wingtips with no

endplates [2]|. Since Johnson and Hagerman did not specify flow conditions beyond Reynolds
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Table 4.1: The JH-gapped wing and two-aileron JH-wing were simulated using
CFD, to allow for experimental validation and direct comparison of
the aileron and gapped wings in the JH-configuration.

JH-Gapped Wing  Two-Aileron JH-Wing
Data sources CFD CFD, Semi-empirical
Airfoil NACA 64A010 NACA 64A010
Velocity (m/s) 86.2629 86.2629
Re 4.5 x 106 4.5 x 10°
Simulated angles of attack 0° to 12° 2°,10°
Density (kg/m?) 1.225 1.225
Kinematic Viscosity (Pa-s) 1.4607 x 10~° 1.4607 x 107°
Ref. Area (m?) 1.69 1.8
Ref. Length (m) 2.3622 2.3622
Hinge Moment Ref. Area — 0.0544
(per aileron, m?)
Hinge Moment Ref. Length — 0.1905
(per aileron, m)

number, we assumed standard atmospheric conditions [2|. Just as the SI-aileron wing enabled
us to directly compare gaps and ailerons in the SI-configuration, the JH-gapped wing allowed
us to directly compare gaps and ailerons in the JH-configuration. It was necessary to simulate
the JH-gapped wing due to differences in the Johnson and Hagerman setup and the Sigrest
and Inman setup. Johnson and Hagerman tested at a higher Reynolds number, without a
wingtip endplate, on a larger wing with a rounded wingtip and a different airfoil [2]. The
work curve of the JH-gapped wing is discussed in detail in Appendix B.

As done in Chapter III, the meshes for the JH-gapped wing and two-aileron JH-wing
were built using tools within STAR-CCM+-. The meshes were three-dimensional and prism
layers were applied to all wing surfaces. The prism layers were constructed such that the
wall y+ value remained below one for the majority of the wing surface, and the growth ratio

was about 1.3. Wake refinement was applied about two chord-lengths behind the wings. The

68



e

§

1

O e
:'btz&@bf\,%f/ : 5%* st
ImesiNSSEN Sesiee

1 .

~

Figure 4.1: The three-dimensional mesh for the JH-gapped wing was created using STAR-
CCM’s built-in tools. (A) Surface mesh over the JH-gapped wing, with a detail
view of the gaps and wingtip. (B) Cross-section of the bullet-shaped domain.
The detail view shows prism layers over a gap.

boundaries of the bullet-shaped domain were ten times the JH wingspan. Based on the mesh

refinement study (Section 3.4), the JH-gapped wing was simulated with 3.8 to 4.3 million

cells depending on angle of attack. The two-aileron JH-wing was simulated with 2.1 to 3.1

million cells depending on deflection angle.

Steady-state three-dimensional RANS simulations were performed in the commercial
CFD solver Siemens STAR-CCM+. T used the uncoupled solver for the two-aileron JH-wing
at 0° and 10° deflection, and the coupled solver for 20° and 30° deflection. For the JH-gapped
wing, the coupled solver was used at small angles of attack, and the uncoupled solver was
used for higher angles of attack for ease of convergence. Simulations were terminated after
the unscaled residuals of x-momentum, y-momentum, z-momentum, continuity, and TKE
were below 1 x 1074, and after SDR was reduced by at least four orders of magnitude. In
two cases of the two-aileron JH-wing, SDR only fell below 1.6 x 1073. In two instances of

the JH-gapped wing, x-momentum, y-momentum, z-momentum, continuity, and TKE only
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Figure 4.2: Sample residual convergence plot of the JH-gapped wing at 2° angle of attack.

reached 5.3 x 107%. Convergence was typically achieved within 300 to 3400 iterations for the
two-aileron JH-wing and 200 to 1200 iterations for the JH-gapped wing.

I additionally simulated the Sl-aileron wing with two ailerons. The SI and JH configura-
tion behaved similarly, as they did for the one-aileron comparison (Appendix B). Therefore,
I focused on the JH configuration here because it was closest to a real-world UAV given its
slightly higher aspect ratio and lack of endplates. Furthermore, using the JH configuration

allowed us to semi-empirically validate the two-aileron CFD data.

4.3.2 CFD-based work estimate of JH-gapped wing

Like the SI-gapped wing, the JH-gapped wing was considered to have gap covers that
slid along the span of the wing to open or close the gaps (Fig. 4.3). The gap covers were

assumed to be 1/8 in. thick, yielding an area ratio R of 0.1257 for the JH-gapped wing
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to actuate the gaps.
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Figure 4.3: The JH-gapped wing was modelled with gap covers (yellow) that slid along the
wing span to (A) open the gaps (B) and close them. (C) The force used to
estimate actuation work was calculated on the red gap face. (D) R was calculated
using the green gap cover area (Eqn. 3.1).

(Eqn. 3.2). The work to actuate the gap covers of the JH-gapped wing was thus estimated
from the CFD data according to Eqn. 3.1.

4.3.3 Semi-empirical two-aileron JH-wing

Johnson and Hagerman’s single aileron experimental data were used to analytically esti-
mate the performance of a wing with two ailerons [2]. The semi-empirical results were then
used to validate the two-aileron JH-wing simulations. The two ailerons were assumed to de-
flect equal and opposite amounts. I calculated the rolling and yawing moment coefficients of
the two-aileron wing as the difference in moments caused by up- and down-deflected ailerons
[59]. For example, the rolling moment coefficient of the two-aileron JH-wing was analytically
estimated as:

clf =ctv —otP (4.1)
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where C’éw U'is the measured rolling moment coefficient of the upwards aileron and C’éw Dig
the measured rolling moment coefficient of the downwards aileron. The measured rolling and
yawing moment coefficients were calculated by factoring out a correction factor, K [2|. For
example, the measured rolling moment coefficient from an upwards aileron deflection was

calculated by [2]:

MU _ CzaU
t K

(4.2)

where CZC U is the corrected rolling moment coefficient that was reported by Johnson and
Hagerman. Unlike the rolling and yawing moment coefficients, the measured hinge moment
coefficients were not corrected by K [2|. Therefore, I directly used the reported hinge moment
coefficient data. Thus, the work to actuate the two-aileron JH wing was semi-empirically
estimated according to:

wh=wV+wP (4.3)

where WV is the work to deflect the aileron up, and W2 is the work to deflect the aileron

down. Each of these values was found according to:
WPV = —M,(£6,) (4.4)

and

1
M, = §pVQSacaC'h,a (4.5)

Per Eqn. 2.14, the negative sign in Eqn. 4.4 accounted for the fact that I sought the work
done by the hypothetical actuation system, rather than the work of the airflow on the aileron.
4.4 Validating the two-aileron JH-wing simulations

The CFD simulations of the two-aileron JH-wing agreed well with the semi-empirical esti-
mates of rolling moment coefficient, yawing moment coefficient, and acuation work (Fig. 4.4).

As expected from theory, the two-aileron JH-wing produced slightly less than twice the rolling
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Figure 4.4: CFD simulations of the two-aileron JH-wing agreed well with semi-empirical es-
timates of the (A) rolling moment coefficient and (B) yawing moment coefficient
across aileron deflection magnitude, and (C) work versus rolling moment coef-
ficient at several angles of attack. In the legend, (JH) indicates semi-empirical
estimates based on single-aileron data [2].
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moment coefficient of the single JH-aileron wing (Fig. 3.5) [59]. In general, the CFD results
under-predicted rolling moment coefficient and over-predicted the hinge moment coefficients
when the aileron was at higher deflection angles. These effects led to the CFD over-predicting
work as a function of rolling moment coefficient. These discrepancies were expected, given
the likelihood of flow separation at high deflection angles and the difficulty of capturing
separated flow in RANS. Note that Figure 4.4 includes semi-empirical estimates at several
angles of attack from 0° to 15.7° [2] and the CFD results at 2° and 10° angle of attack, to

capture variation of the yawing and hinge moment coefficients across angle of attack [2].

4.5 Two ailerons produced more roll than gapped wing

Previous chapters found that a nine-gap SI-gapped wing at a high angle of attack pro-
duced an equivalent rolling moment coefficient to a single 32.7° upwards aileron (Chapter II).
Chapter IIT showed that the SI-gapped wing required more work than the aileron at low
rolling moment coefficients. However, the gapped wing produced a larger maximum rolling
moment coefficient, and required less work in this highly maneuverable regime.

Here, the addition of a second oppositely deflected aileron changed the relationship be-
tween the gapped wing and aileron wing work curves. Deflecting two ailerons to a given angle
required approximately twice as much work as deflecting a single aileron to the same an-
gle. However, the two ailerons correspondingly produced a rolling moment coefficient about
twice as high as the single aileron. Thus, the two-aileron work curve did not steepen with
the addition of the second aileron. Rather, the curve extended to higher rolling moment
coefficients along a similar trend. In other words, the two ailerons each needed to deflect
approximately half as much as a single aileron to produce the same rolling moment coeffi-
cient. Since aileron hinge moment is generally proportional to deflection angle [2], this effect
roughly halved the hinge moment of each aileron, and the total work remained similar to
that for a single aileron producing the same rolling moment coefficient. Ultimately, the two-

aileron JH-wing produced much higher rolling moment coefficients for negligible increases in
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work compared to both the single JH-aileron wing and the JH-gapped wing.

The JH-gapped wing produced a much lower maximum rolling moment coefficient than
the two-aileron JH-wing (Fig. 4.5). The maximum rolling moment coefficient produced by
the JH-gapped wing was only equivalent to the two-aileron JH-wing deflected £7° (based
on a linear interpolation of the two-aileron JH-wing CFD data at 10° angle of attack).
Furthermore, the JH-gapped wing did not provide a clear benefit in terms of work. The
JH-gapped wing required more work than the two-aileron JH-wing to produce low rolling
moment coefficients. The gapped wing and aileron wing work curves intersected at a rolling
moment coefficient of 0.0115, indicating that the gapped wing required less work above
this point. In this regime, the JH-gapped wing did not provide significant work reduction.
Rather, the JH-gapped wing required comparable work to the two-aileron JH-wing at 10°
angle of attack. Thus, the main disadvantage of the JH-gapped wing was that it did not
produce as high rolling moment coefficients as the two-aileron JH-wing.

Recall that the work of the JH-gapped wing was highly dependent on the specific assumed
geometry of the gap, the R area ratio in particular (Eqn. 3.1). Refining the wing geometry to
lower the value of R would decrease the magnitude of the JH-gapped wing work curve. The
gap geometry could also be optimized to lower work costs, as discussed next in Chapter V.
Finally, the JH-gapped wing had a non-zero work intercept due to the nature of opening the
gaps in a symmetric airfoil (Chapter I1I). Using an asymmetric airfoil with a non-zero zero-
lift angle could possibly shift the JH-gapped wing work curve to the left along the rolling
moment coefficient axis, effectively reducing the work per rolling moment coefficient of the

JH-gapped wing.

4.6 Gapped wing offered some drag and yaw benefits

The JH configuration did not have endplates, and thus was three-dimensional and had
tip effects. This meant I could describe the JH wings as having adverse or favorable yaw.

Adverse yaw is yaw in the opposite direction (the opposite sign, in the chosen convention)
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Figure 4.5: (A) The JH-gapped wing required more work than the two-aileron JH-wing at low
rolling moment coefficients. At its higher coefficients, the gapped wing required
comparable work to the ailerons at 10° angle of attack. (B) Detail view.
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rolling moment coefficients. (B) The JH-gapped wing produced less drag than
the two-aileron wing at 10° angle of attack for low rolling moment coefficients.
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from roll, and is generally detrimental to coordinated and efficient flight. Favorable yaw is
in the same direction (sign) as the roll, and is typically helpful in establishing a coordinated
bank or turn.

The JH-gapped wing provided some benefits over the two-aileron JH-wing in terms of
yawing moment coefficient. The two-aileron JH wing only produced adverse yaw at non-zero
rolling moment coefficients (Fig. 4.6 (A)). Conversely, the gapped wing produced favorable
yaw at low rolling moment coefficients. Above a rolling moment coefficient of 8 x 1073,
the yaw of the JH-gapped wing became adverse. But, the magnitude of the adverse yaw
was comparable to that produced by the two-aileron JH-wing at 5°, and far less than that
produced by the two-aileron JH-wing at 10° angle of attack. The JH-gapped wing was also
beneficial in some cases with respect to the drag coefficient (Fig. 4.6 (B)). At low rolling
moment coefficients, the JH-gapped wing produced a smaller drag coefficient than the two-
aileron wing at 10° angle of attack. However, at the gapped wing’s upper range of rolling
moment coefficients, specifically above 0.0126, it did produce a higher drag coefficient than
the two-aileron wing.

The comparison of the JH-gapped wing to the two-aileron JH-wing highlighted several
conclusions. Firstly, the gapped wing was not as ideal for roll control compared to a more
realistic two-aileron configuration, because it produced lower rolling moment coefficients.
This was counter to what the results indicated for the single aileron comparison in Chapters II
and III. The gapped wing still required more work than the two-aileron JH-wing for low
rolling moment coefficients. However, in the upper range of gapped wing rolling moment
coefficient, it required comparable work to the ailerons at 10° angle of attack. Furthermore,
the JH-gapped wing produced favorable yaw at low rolling moment coefficients, and less
adverse yaw than the ailerons at higher coefficients, and 10° angle of attack. Similarly, the

JH-gapped wing produced less drag than the ailerons at 10° angle of attack and low rolling

2

moment coefficients. As with Chapter II, these conclusions are specific to the 5 x % gaps.

Chapter V discussed how varying the gap size, number of gaps, and other parameters, could
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improve the performance of the JH-gapped wing compared to the two-aileron JH-wing.
Finally, this chapter provided important information on the advantages and disadvantages
of using the gapped wings in varying flight conditions. For instance, the gapped wings could
still be useful for UAVs flying at a high angle of attack, as the gaps allowed moderate roll in
this regime while increasing the stall angle of attack. However, the aircraft designer should
be cognizant that the gapped wings were not capable of producing as much rolling moment
coefficient as a two-aileron wing. In other words, the gapped wings offered an increased
stall angle of attack at the cost of rolling moment coefficient magnitude. Alternatively, the
gapped wings could be useful for a UAV at moderate angles of attack, where lower rolling
moment coefficients are required. In this situation, the gapped wing required comparable
work to the two ailerons and offered much lower yawing moments. This in turn may decrease

the need for a larger rudder or yaw control surface.

4.7 Chapter summary

Here, I sought to provide practical context and a more holistic picture of the gapped
wings for future aircraft designers. Using STAR-CCM-+, I simulated a JH wing with two
ailerons (“two-aileron JH-wing”) and compared its roll performance and work requirements
to a JH wing with nine gaps on one semi-span (“JH-gapped wing”). I validated the two-
aileron JH-wing simulations against semi-empirical estimates from single aileron data [2].
The CFD results of the two-aileron JH-wing agreed well with the semi-empirical data, with
respect to rolling and yawing moment coefficient versus deflection angle, as well as work
versus rolling moment coefficient. The two-aileron wing was capable of producing much
larger rolling moment coefficients with negligible increases in work requirements compared
to the single aileron wing. This highlighted both disadvantages and advantages of the JH-
gapped wing, relative to the two-aileron JH-wing. Firstly, the JH-gapped wing did not
produce as high of rolling moment coefficients as the two-aileron JH-wing. However, the

gapped wing required comparable actuation work to the 10°—deflected two-aileron wing for
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rolling moment coefficients above 0.0115. The gapped wings also provided some benefits over
the two-aileron wing at lower rolling moment coefficients by reducing drag and producing
favorable yaw. As with any control surface, this work demonstrated that the gapped wings
were faced with both advantages and disadvantages. Understanding each of these, and
their associated costs and benefits, will provide important context and knowledge for futher

investigating, designing, and implementing the gapped wings as control surfaces.

4.8 Data availability

The data and scripts that support the findings of this study are openly available on

figshare at DOI: 10.6084/m9.figshare.c.6489496.v1.

80


10.6084/m9.figshare.c.6489496.v1

CHAPTER V

Refining Gap Dimensions Could Maximize Roll per Work

5.1 Overview

A wing with nine gaps measuring % long and % wide was previously found to provide
effective roll control at high lift coefficients. However, it was difficult to generalize the
behavior of this wing to all gap configurations because of the dependence of aerodynamics
on wing geometry. Motivated by this lack of generality, I performed a parameter sweep
of the gapped wings using a commercial computational fluid dynamics solver. I simulated
wings with varying gap length, gap width, and number of gaps, and measured the forces
and moments of each configuration at several angles of attack. Using the resulting data I
built linear models of the rolling moment coefficient, gap cover actuation work, and rolling
moment coefficient normalized by work, all as functions of relevant parameters. Gap width
and aspect ratio had large impacts on roll and work. Both rolling moment coefficient and
work increased as gap width increased and gap aspect ratio decreased, leading to competing
effects. Furthermore, gap length was less impactful than gap width on wing performance, and
angle of attack was a larger driver for roll production than work. Examining the normalized
roll also confirmed previous conclusions that the gapped wings maximized roll per work at
high angles of attack. Finally, varying the gap width showed that the gaps could be gradually
opened for smooth roll control, similarly to an aileron. Overall, this work demonstrated

that altering gap parameters changed rolling moment coefficient and actuation work of the
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gapped wing. The results also corroborated that, for a given gap dimension, the gaps were
most effective for roll control at high angles of attack. Ultimately, the parameter sweep
implied that gap configuration could be designed to maximize rolling moment coefficient per

actuation work. Gap geometry could thus be tailored for specific mission objectives.

5.2 Motivation and background

Chapters IT and III investigated gapped wings that all shared the same gap dimensions:
2—3‘3 long by % wide (subsequently written as gap length X gap width). While these results
provided an informative starting point for evaluating the gapped wing control surface, the
findings could not be generalized to all gapped wing geometries. Even small differences
in wing geometry, such as blunted versus sharp trailing edges, can cause large differences
in flow behavior and wing performance. I speculated that changing the geometry of the
gaps—including gap length, gap width, and the number of gaps—could therefore impact the
behavior of the gapped wing control surface. Motivated by this hypothesis, I performed
a parameter sweep of gap configuration. In particular, I examined how gap geometry and
angle of attack impacted rolling moment coefficient, gap cover actuation work, and rolling
moment coefficient per work of the gapped wings. The results provided important context
for future aircraft design, and could be a foundation for optimization studies. Furthermore,
the parameter sweep demonstrated that the gaps could be gradually opened or closed to
allow for smooth roll control, like in a real-world setting.

Note that this parameter sweep was not a true optimization study, because only a limited
number of discrete gap configurations were simulated. In reality, an infinite number of
gap configurations are possible. Thus, this chapter was still specific to the selected gap
configurations. Based on this limited data set, conclusions could not be explicitly drawn
on an overall optimal gap configuration. Instead, the discussion was confined solely to the

domain of included gap configurations.
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5.3 Methods

5.3.1 Conducting the parameter sweep

I performed the parameter sweep using the commercial CFD solver Siemens STAR-
CCM+. The validated simulations of the Sl-gapped wing from Chapter III served as a
starting point, enabling rapid and cost-effective iterations of gap configuration. I investi-

gated all possible combinations of various gap lengths and widths, including gap lengths of

[%, %, ﬂ x ¢ and gap widths of [%2, %, 6—14, 4—18, 3—12, lig, %6} x b. The initial gaps used in Chap-
ters II and III were %‘3 X %, so I included both larger and smaller dimensions than these.

Varying both gap width and gap length also meant that a wide range of gap aspect ratios
were captured (Fig. 5.1). Gap aspect ratio was calculated by dividing gap width by gap
length:

AR, = — (5.1)

Note that in this chapter, the phrase “gap dimensions” refers to the combination of gap width
and gap length.

Each gap dimension was simulated on a wing with nine evenly spaced gaps, as well
as a wing with five gaps (Fig. 5.2). The five-gap wing used the same gap spacing as the
nine-gap wing, but only the five most outboard gaps were cut out of the wing. I chose this
configuration because ailerons are known to be most effective for roll control when positioned
closer to the wingtips [2]. As an extreme edge case, I also simulated a wing with two % X %
gaps evenly spaced across the semi-span (Fig. 5.2). Here, the results focused on the five-
and nine-gap configurations, since the two-gap wing constituted very different geometry and
only featured one data point. The results of the two-gap wing are discussed in Appendix G.

Each gapped wing was simulated at 0°, 2°, 7°, and 10° angle of attack to provide repre-
sentative data at high and low angles. I used the SI wing configuration (Table 3.1), because
it was able to be experimentally validated (Section 3.3.1). The wings were simulated as

asymmetric full spans (Fig. 5.2) to avoid reflection plane corrections in post-processing.
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Figure 5.1: A range of gap widths and gap lengths were simulated, resulting in various gap
aspect ratios. The initial gaps were % long and 4—% wide (Chapters IT and III).

From each simulation I collected six-axis force and moment data. The rolling moment
coefficient was measured about the quarter-chord at the wing root (Chapter III). I also mea-
sured the spanwise force acting on the vertical gap faces (teal shaded in Fig. 3.2 (C)) and
calculated the gap cover actuation work of each wing according to Eqn. 3.1. Then, I calcu-
lated the rolling moment coefficient normalized by gap cover actuation work (“normalized

roll”) according to:
B Cguzng

Cnorm
l
We

(5.2)

All of the parameter sweep simulations used a coupled solver, and the domain boundaries
were 12.3 times the wingspan. The simulations were terminated after the unscaled residu-

als of x-momentum, y-momentum, z-momentum, continuity, and turbulent kinetic energy
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Figure 5.2: Each gap dimension was tested on (A) a wing with nine gaps and (B) a wing with

five outboard gaps. (C) A two-gap wing with %C X % gaps was also simulated.

Parts (A) and (B) show wings with 2¢ x X gaps for illustrative purposes.
(TKE) were all below 1 x 107*, and specific dissipation rate (SDR) was reduced by at least
four orders of magnitude. In seven cases, SDR only relatively fell below 4.1 x 10~*. Reaching
convergence typically took 100 to 200 iterations. Further details on the simulation method,
meshing, and experimental validation can be found in Chapter III in the sections regarding

the SI-gapped wing configuration.

5.3.2 Building the linear models

To better quantify the relationship between the gap configuration and wing performance,
I fit the parameter sweep CFD data to linear models. I calculated separate models of rolling
moment coefficient and gap cover actuation work using multiple linear regressions at a 95%
confidence level in MATLAB. The predictor variables were gap width, gap length, gap aspect
ratio, the number of gaps, angle of attack, a constant intercept term, and several interaction
terms. The number of gaps was treated as a categorical, rather than continuous, variable.
The number of gaps must be a whole number. Furthermore, only observations from five-
and nine-gap wings were included in the model fit. These assumptions indicated that a
categorical variable was appropriate.

Gap aspect ratio was included as an predictor variable. Based on the fluid mechanics
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within a gap (Chapter III), I suspected that the interaction between gap length and gap width
would be important to the gapped wing’s performance. Thus, I modelled the gap width and
gap length with units of meters, rather than dimensionless quantities normalized by wing
semi-span and wing chord (respectively). This approach enabled me to more accurately
capture gap aspect ratio effects in the linear models. To avoid redundant, linearly dependent,
or higher order predictor terms, I did not include interaction terms between gap length, gap
width, and gap aspect ratio. The gap aspect ratio predictor variable served as the interaction
term between gap length and gap width. I also did not include interaction terms between
aspect ratio and gap number, and between aspect ratio and angle of attack. Both of these
interaction terms were encompassed in the interactions between gap width, gap length, gap
number, and angle of attack.

All of the parameter sweep CFD data from the five- and nine-gap wings were used as
observations to fit the models. I did not include the two-gap wing in the linear fit because
only one data point on the two-gap wing was available. Furthermore, the gaps on the two-
gap wing were centered around the middle of the semi-span instead of concentrated at the
wingtip. The models did not account for varying the position of the gaps in this manner.
Note that the parameter sweep only simulated angles of attack up to 10°, below the point
where CFD predicted stall (Chapter III). This was acceptable because linear models would
not be appropriate for capturing nonlinear stall behavior.

Given the above assumptions, the linear models were initially formulated as follows:

C}™" =(Ag + A7) + (As + A5)by + (A3 + A)ey + (A5 + A AR,

(5.3)
+ (A5 + A)a + Aza® + Agbya + Agcya + (Ayg + A3 AR,

and

Wgc :(BO + Bf) + (BQ + B;)bg + (Bg + BZ)CQ + (B5 + Bg)ARg ( )
5.4
+ (Bs + Bg)a + Bra? + Bgbya + Bycya + (Big + By ) AR«
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The superscript * indicated that the corresponding coefficient was only included for the
model of the nine gap wing, and set to zero for the five gap model. This is typically how
categorical variables are handled by MATLAB.

I first ran the regressions with all of the predictor variables in Eqn. 5.3 and Eqn. 5.4. These
initial models identified terms with a deficit rank, indicating a coefficient value of zero. To
determine statistically insignificant predictors, I then re-ran the regressions a second time,
excluding the deficit-rank terms. Predictors with a p-value greater than the significance
level of 0.05 were deemed statistically insignificant. I performed the regressions a final time
excluding both the deficit-rank and insignificant terms, resulting in the final linear models
of rolling moment coefficient and gap cover actuation work.

It was difficult to directly interpret the model coefficients, because of the prevalence
of the interaction terms and their physical significance. Nevertheless, the magnitudes and
signs of the coefficients were used to qualitatively assess the relative impact of the predictor

variables.

5.4 Effects on rolling moment coefficient

As the gaps became larger in either dimension, both the five- and nine-gap wings pro-
duced greater rolling moment coefficients (Fig. 5.3). At 2°, 7°, and 10° angle of attack, the
maximum rolling moment coefficient was produced by the largest gap of dimensions % X %.
These gap dimensions were the maximum values, on the boundary of the domain. Interest-
ingly, the resulting aspect ratio was an intermediate value—neither the smallest nor largest
aspect ratio (Fig. 5.2). I expected that the selected range of gap dimensions would capture a
clear peak in rolling moment coefficient. However, the maximization at the domain bound-
aries suggested that greater rolling moment coefficients may exist outside of the simulated
gap dimensions. In other words, the highest rolling moment coefficient produced within this
domain is not necessarily the maximum rolling moment coefficient across all infinite possible

gap configurations.
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Figure 5.3: Rolling moment coefficient increased as gap length and gap width increased.
Five- and nine-gap wings with various gap lengths and widths were simulated at
0°, 2°, 7°, and 10° angle of attack.
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Furthermore, it appeared that gap width had a stronger influence on rolling moment
coefficient than gap length (Fig. 5.3). There also was a noticeable interaction between gap
width and gap length: varying the length of a wider gap produced greater changes in rolling
moment coefficient than for a narrower gap.

As expected from Chapter II, increasing the angle of attack typically increased rolling
moment coefficient for a given gap configuration (Fig. 5.3). Additionally, increasing angle
of attack typically affected wings with larger gaps more than wings with smaller gaps. This
result implied interaction effects between angle of attack and gap dimensions. However, gap
dimensions appeared to have a larger impact on roll than angle of attack alone. In some
cases, varying the gap dimensions caused changes in rolling moment coefficient that were
an order of magnitude larger than the changes due to angle of attack. For example, the
nine-gap wing with %‘3 X 1—% gaps produced a rolling moment coefficient of 0.043 at 7° angle
of attack, and a rolling moment coefficient of 0.0594 at 10° angle of attack—an increase of
38% due to changing the angle of attack. However, holding angle of attack constant at 10°
and widening the gap from ng to % increased the rolling moment coefficient from 0.00623
to 0.0594, or 853% due to widening the gaps.

For a given angle of attack and gap dimensions, increasing the number of gaps from five
to nine did not drastically change the rolling moment coefficient of the wing (Fig. 5.3). The
nine-gap wing only produced slightly higher rolling moment coefficients than the five-gap
wing. This trend implied that the gaps at the wingtip were more effective at producing
roll than gaps closer to the wing root. In other words, removing the inboard gaps did
not substantially decrease the rolling moment coefficient. This further suggested that the
position of the gaps along the span could be designed to maximize rolling moment coefficient.

The 0° angle of attack case did not follow the above trends (Fig. 5.3). Airfoil symmetry
caused the rolling moment coefficient to be negligibly small regardless of gap configuration.

These results were still included in the figure for completeness.

89



From the data in Figure 5.3, the rolling moment coefficient linear model was found to be:

O} =0.0141 + 1.19b, — 0.0923¢, — 0.175AR, — (0.00219 — 0.000496")ax 55)
5.5

+ 0.153b,c + 0.0233c,c0 — 9.648 x 10~°a?

where the superscript * indicated that the corresponding term should only be included for
the model of the nine gap wing, and neglected for the five gap model. For example, the
term 0.000496*« described the interactions between angle of attack and including nine gaps
in the wing, relative to the five-gap wing. The model had an adjusted R? value of 0.959 and
all stated terms were significant based on their p-values.

The rolling moment coefficient linear model (Eqn. 5.5) generally agreed with the conclu-
sions from Figure 5.3. Based on coefficient magnitude, gap width had the strongest impact
on the rolling moment coefficient, followed by gap aspect ratio and the interaction between
gap width and angle of attack. Figure 5.3 implied that the interactions between angle of
attack and gap length (c,a) may have also had a large impact on roll production. However,
the magnitude of this coefficient was not as large as that of gap length alone (¢;). This
suggested that the gap length-angle of attack interaction may not have been as important to
roll production. Based on the signs of the coefficients, gap width was positively correlated

with rolling moment coefficient, while gap aspect ratio was negatively correlated.

5.5 Effects on actuation work

The gap cover actuation work decreased as gap length, gap width, angle of attack, and

number of gaps decreased (Fig 5.4). The smallest § x & gaps required the least work of all the
simulated configurations. Similarly to the rolling moment coefficient, the fact that actuation
work was minimized on the domain boundary suggested that lower-work configurations may
exist outside of the simulated gap dimensions.

In general, gap width and the number of gaps appeared to have the strongest impact
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Figure 5.4: Gap cover work increased as gap length and gap width increased. FEach gap
configuration was simulated at 0°, 2°, 7°, and 10° angle of attack on five- and
nine-gap wings.
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on actuation work (Fig. 5.4). The magnitude of the work generally increased proportionally
with the number of gaps. This trend was expected based on the formula for gapped wing
actuation work (Eqn. 3.1). There was also a visible interaction between gap length and
width: lengthening the wider gaps increased work more than lengthening the narrower gaps.
Angle of attack appeared to play a small role in actuation requirements. While rolling
moment coefficient was more dependent on angle of attack, the work requirements stayed
fairly constant as angle of attack varied.

From the data in Figure 5.4, the linear model of gap cover actuation work was:

Wye =0.411 — 0.750% 4 (114 + 21.6")b, — (2.45 — 5.05")c, — 13.0AR, + 0.00170> 56
5.6
— (0.0741 — 0.0152*)a + 0.864bya + 0.436¢,0 — 0.0918* AR a

Again, the superscript * indicated that the corresponding term should only be included for
the model of the nine gap wing, and neglected for the five gap model. For example, the
term —0.750" described the effects of using a nine-gap wing relative to the five-gap wing.
The term 21.6%b, quantified the interactions between nine gaps and gap width, relative to
the five-gap wing. The model had an adjusted R? value of 0.973 and all stated terms were
significant based on their p-values.

The gap cover work model (Eqn. 5.6) generally confirmed the effects of the predictor
variables on gapped wing performance (Fig. 5.4). Based on the relative magnitudes of the
coefficients, gap width, gap length, and gap aspect ratio had a greater impact on work
compared to angle of attack. Gap width was generally positive correlated with work while
gap aspect ratio was negatively correlated, according to the signs of the coefficients. This
result implied that the most effective method of reducing gap actuation work could be
narrowing the gaps, or simultaneously narrowing and lengthening the gaps.

The work model also identified several trends that were not readily apparent in Figure 5.4.
The interaction between number of gaps and gap width (21.6*b,;) and number of gaps and

gap length (5.05%c,) were the strongest factors in terms of comparing the five- to the nine-
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gap wing. Finally, the interaction between gap width and angle of attack was an important
driver of actuation work. According to the magnitude of the coefficients, this interaction
term was slightly more prevalent than the number of gaps alone.

The effects of gap dimensions on roll and work could be related to the fluid mechanics
within a gap. For example, shortening the gaps and starting them further aft along the
chord reduced the actuation work (Fig. 5.4). Previously, we found that the flow in a gap
recirculated, then vented to the suction side of the trailing edge (Chapter III). Due to this
flow behavior, the majority of the vertical gap face experienced negative pressure coefficients.
It required work to overcome this aerodynamic loading and actuate the gaps. Shortening
the gaps could effectively decrease the area exposed to the suction pressures in the gap.
The more aftward position could also reduce the overall suction force on the gaps, since the
pressure coefficient increased towards the trailing edge (Fig. 3.9). While shortening the gaps
also lowered the rolling moment coefficient (Fig. 5.3), the normalized roll overall increased
(Fig. 5.5). Thus, the length of the gap could be selected to balance actuation costs with the
desired maximum rolling moment coefficient.

I also used these work results to refine the previous work estimates of the gap covers
and aileron (Appendix F). Previous methods assumed that the gap force and aileron hinge
moment were constant across displacement (Eqn. 3.1 and 2.14), likely leading to conservative
overestimates of the actuation work. Here, I applied the data from the parameter sweep to
estimate the actuation work using integral approximations. As expected, the refined work
estimates were lower than the previous constant force/hinge moment estimates. Furthermore,
the intersection of the refined work curves shifted to a higher rolling moment coefficient
compared to Figure 3.11. However, the relative work curves ultimately confirmed that the
constant force/hinge moment assumption made in Chapter III was appropriate. Due to
practical limitations of the integral approximations, the constant force/hinge-moment work
estimates were used in this dissertation. The integral approximation methods and results

are discussed in in Appendix F.
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5.6 Gap configuration could be designed to maximize normalized

roll

Finally, T investigated the effects of the gap parameters on rolling moment coefficient
per actuation work (“normalized roll”). Both roll and work individually tended to increase
with gap dimensions, number of gaps, and angle of attack. Thus, increasing the value of
these parameters had opposing effects: the rolling moment coefficient increased at the cost of
higher work requirements. This led to a classic optimization problem. The gap configuration
could be designed to balance rolling moment coefficient with actuation work for a given
mission. Ideally, the gaps would maximize normalized roll, or produce the greatest rolling
moment coefficient for the least actuation work. Given the novel nature of the gapped wing,
the goal of the parameter sweep was not to find this optimal geometry, but rather build
intuition of the gapped wing design space. As there were infinite possible combinations of
gap dimensions, number, and position, this parameter sweep merely scratched the surface.
A true optimization study would be required to find the ideal gap configuration for any given
UAV mission.

Normalized roll generally increased as angle of attack increased (Fig. 5.5). This rela-
tionship confirmed that the gapped wings were best suited for roll control at high angles
of attack, irrespective of gap dimensions. That is, the gapped wings produced the highest
normalized roll at high angles of attack (which corresponded to high lift coefficients for the
gapped wings, per Figure 2.5). The previous experimental (Chapter II) and computational
(Chapter IIT) work demonstrated this same trend for the initial gap dimensions.

In addition to the magnitude, the general shape of the normalized roll surface also varied
with angle of attack (Fig. 5.5). This phenomena differed from that of the work and rolling
moment coefficient surfaces, whose shapes remained fairly constant across angle of attack
(Fig. 5.3 and 5.4). The varying effects also implied that the interactions between angle of

attack and the gap dimensions were significant. The maximum normalized roll was produced
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Figure 5.5: Normalized roll increased as gap length and width increased. Wings were simu-
lated at 2°, 7°, and 10° angle of attack on five- and nine-gap wings. Wings at 0°
angle of attack produced negligible roll and were excluded.
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by different gap dimensions at each angle of attack. For instance, both the five- and nine-gap

b

797 8aps at 2° angle of attack.

wings maximized the normalized roll with the smallest £ X

However, the five-gap wing maximized the normalized roll with ¢ x % gaps at 7° and § X 35

gaps at 10° angle of attack. The nine-gap wing also maximized normalized roll with £ x &=

N
©
=]

gaps at 7°, but with £ X 4—% gaps at 10° angle of attack. Note that the maximum normal-
ized roll was produced by intermediate gap widths at 7° and 10°. Conversely, the rolling
moment coefficient and actuation work were both maximized on the domain boundaries of
gap dimensions. Overall, these trends implied that the gaps could be designed to maximize
the normalized roll.

The normalized roll was also higher for the five-gap wing compared to the nine-gap wing
(Fig. 5.5). This result was expected given that the nine-gap wing only slightly increased
rolling moment coefficient, but nearly doubled actuation work compared to the five-gap
wing. Relatedly, this also confirmed that the gaps could be more efficient (produce more roll
per unit of work) when positioned on the outboard portion of a wing.

From the limited gap configurations and angles of attack that were simulated here, the

b
32

maximum normalized roll was produced by a five-gap wing with $ X 35 gaps at 10° angle of
attack (Fig. 5.5). This result was specific to the discrete parameter values used. However, this
work demonstrated an important general conclusion: varying gap width, gap length, number
of gaps, and angle of attack effectively changed the rolling moment coefficient, actuation
work, and normalized roll of the gapped wing. In short, the gap parameters could be
tailored for specific performance requirements or mission objectives. Optimization studies

are required to confirm this conclusion, and find a true optimal gap geometry and layout for

a given set of criteria.

5.7 Linear model validation

To validate the linear models of roll and work, I compared them to a subset of the

CFD parameter sweep data consisting of the five- and nine-gap wings with the initial gap
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dimensions %" X % (Fig. 5.6). The work model fit the data well. However, the rolling
moment coefficient model had noticeable residuals. At 10° angle of attack, the absolute
error in rolling moment coefficient was 0.0022 for the nine-gap wing (9.1% relative error),
and 0.0021 (10.9% relative error) for the five-gap wing. Investigating various combinations of
additional predictor variables (such as lift coefficient, total planform wing area, and others)
did not improve the fit of the rolling moment coefficient model. However, I successfully fit
a linear rolling moment coefficient model based solely on the data of the five- and nine-gap
wings with the initial gap dimensions (Appendix H). This exercise demonstrated that the
model-building process was reliable, and that the errors between the model and CFD data
were likely from another source.

The model error highlighted the difficulty in predicting the rolling moment coefficient of
the gapped wings, especially at higher angles of attack. Given the complexity of the flow
field and inherent challenges of RANS (Chapter III), the residuals between the linear model
and CFD data could have been due to errors from the CFD simulations themselves. Since
it is difficult to model the gap flow in RANS, it is likely that there were errors between the
simulations of different gap configurations. This could have led to errors between the linear
model and the validation data that could not be explained by the model. Since the error of
the rolling moment coefficient model was relatively low, I included it for completeness and

to build a qualitative understanding of the effects of gap dimensions. In the future, higher

fidelity CFD simulations may improve the fit of the rolling moment coefficient model.

5.8 Gaps could be gradually actuated for smooth roll control

Conventional control surfaces like ailerons and spoilers are able to deflect in a graduated
fashion. They can be deflected all at once, or little by little, providing smooth control
forces. This allows the aircraft to adjust its performance and initiate maneuvers of varying
specifications. For example, deflecting the ailerons by a smaller angle leads to a lower roll

rate than larger deflections.
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Figure 5.6: (A) The linear model for the rolling moment of the five- and nine-gap wings fit
with higher residuals at higher angles of attack. (B) The linear model for the
actuation work of the five- and nine-gap wings fit very accurately.

The parameter sweep illustrated that gapped wings could be gradually actuated in a

2¢

3 bty b

similar manner. For example, given a gap length of widening the gaps from 155 %6
produced smooth increases in both rolling moment coefficient (Fig. 5.3) and actuation work

(Fig. 5.4). Widening the gaps could be likened to opening them—as the gap covers retract into
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the wing, the a wider gap span becomes exposed to the airflow. Conversely, narrowing the
gaps is akin to closing them. Thus, like conventional deflecting control surfaces, the results
suggested that gaps were capable of providing smooth changes in aerodynamic moments
and actuation requirements. This effect is advantageous because it reduces the potential
complexity of a flight controller. The controller would not necessarily need to account for

sharp jumps or discontinuities in aerodynamic forces and moments as the gaps are opened.

5.9 Chapter summary

Here, I performed a parameter sweep in CFD to explore the effects of gapped wing
parameters on control surface performance. I simulated various gap widths, gap lengths, and
number of outboard gaps on asymmetric gapped wings, and collected forces and moments
at several angles of attack. Then, I fit linear models of the gapped wing rolling moment
coefficient and gap cover actuation work. The linear models were limited as predictive tools,
but were useful in characterizing the relative effects of gap parameters on control surface
performance. Widening the gaps and decreasing gap aspect ratio typically increased both
rolling moment coefficient and actuation work. This opposing effect led to an opportunity
for optimization in future studies. Gap width had a greater impact on performance than
gap length. Angle of attack was more prevalent in roll production than work requirements.
The five-gap wing data also implied that outboard gaps were more effective at producing
roll than inboard gaps, similarly to an aileron. The results further supported that the
gapped wings were most effective for roll control at high angles of attack. While this chapter
constituted a parameter sweep as opposed to a true optimization study, it suggested that the
gap configuration could be designed to maximize normalized roll (rolling moment coefficient
per actuation work). Finally, the parameter sweep implied that the gaps could be gradually

actuated, leading to smooth variations in rolling moment and work requirements.
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5.10 Data availability

The data and codes used to perform the parameter sweep are openly available on figshare

at DOI: 10.6084/m9.figshare.c.6487942.v2.

100


10.6084/m9.figshare.c.6487942.v2

CHAPTER VI

Gapped Wings Altered Trim and Alleviated Gusts

6.1 Overview

The novel gapped wings have now been studied in terms of rapid descent and roll control.
However, their potential as gust alleviation devices and overall impact on aircraft dynamics
remain unknown. Here, we analytically determined the trim state, free response, and gust
response of aircraft with varying gapped wings. The gaps shifted the aerodynamic center
of the wing forward but in general beneficially decreased the wing’s overall contribution
to the aircraft pitching moment. This effect resulted in a steeper glide angle and higher
velocity at trim. The gaps also reduced the phugoid mode by decreasing its natural frequency
and increasing damping. However, all of the aircraft could require a controller for the
short period mode due to a higher natural frequency. Finally, we showed that the gapped
wings improved the aircrafts’ response to transverse and streamwise gusts by increasing
damping and reducing the maximum amplitude of oscillations. Despite some practical design
challenges associated with the gapped wings, they ultimately benefited the aircraft’s dynamic
response and effectively mitigated gusts. Thus, the gapped wings could be a suitable control
surface for gust alleviation. This result implied that the gapped wings could be advantageous
by providing multifunctionality as a control surface for adjusting trim, providing roll control,

and mitigating gusts.
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6.2 Motivation and background

The gapped wings have now been investigated for rapid descent and lateral movement,
and showed promise for roll control in certain situations (Chapter II). Furthermore, we built
a solid understanding of the effect of the gaps on the flow over the wing, and the flow
mechanics within a gap (Chapter III). The roll performance and actuation requirements
of a gapped wing were additionally modelled as functions of gap geometry (Chapter V).
Here, we evaluated the whiffling-inspired gapped wings with respect to a third hypothesized
whiffling function [12]: gust alleviation. This work presented the first application of gapped
wings as a gust alleviation device, and the first investigation into how gaps along the length
of the chord may affect the rigid body dynamics of an aircraft. Ultimately, we built a
qualitative understanding of how whiffling-inspired gaps affect the dynamics of a simple

idealized aircraft.

6.3 Methods

To assess the effects of the gapped wings on aircraft dynamics, we employed a combi-
nation of computational, analytical, and semi-empirical methods. Computational work was
performed in Seimen’s STAR-CCM+ software, and we created custom MATLAB scripts in

version r2022a for the analytical modelling.

6.3.1 Modelling the equations of motion

We analytically modelled the rigid body equations of motion for an aircraft following
common aerodynamic texts |73], [88]. We employed small disturbance theory and linearized
the equations about an equilibrium, or trim, condition. Further, we assumed that the trim
condition was symmetric: side slip angle, sideways velocity, roll rate, pitch rate, yaw rate,
yaw angle, and roll angle were zero. This approach enabled us to investigate the longitudinal

behavior of the aircraft decoupled from the lateral behavior. To avoid making limiting
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assumptions on the powerplant of a hypothetical aircraft, we assumed the plane was in a
gliding scenario. At the initial time ¢ = 0, we redefined the body axes to align with the
stability axes, such that all incoming velocity was along the x-axis and the initial heave
velocity wy was zero (Fig. 6.1) [73], [88], [89]. Since the flight condition was symmetric, we
further assumed that the wind axes and stability axes coincided. We treated the aircraft as
“stick fixed,” such that there was no input control vector. This problem definition led to the

following equations of motion, written in the state space representation [73], [88], [89]:

x =Ax+ C¢ (6.1)

The aircraft state vector (x) was defined as:

where Aw is the change in forward velocity (m/s), Aw is the change in heave velocity (m/s),
Aq is the change in pitch rate (rad/s), and Af is the change in pitch angle (rad). The gust

velocities along each stability axis were defined by the gust disturbance vector:

where vy, is the gust velocity along the z-axis, vy, is the gust velocity along the z-axis, and
Ug4q is the rotational gust velocity about the y-axis (all in m/s). Solving Eqn. 6.1 yielded the
change in each state variable over time, after the aircraft was perturbed by a gust. Setting

the gust disturbance vector ( to zero and solving the homogeneous system X = Ax resulted
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in the free response of the aircraft (Section 6.3.3).

Following Nelson’s derivation for the equations of motion resulted in [88]:

All A12 A13 A14
AQI A22 A23 A24

- _ (6.4)
X, X 0 —(g COs Yo

Ly, L Uy + Z, —gsinyy
M, + Mz, M,+ MyZ, M,+ MU, 0

0 0 1 0

Aq4 and Ay can be defined as —g and zero, respectively, by assuming straight and level
flight [88]. However, to account for the nonzero trim pitch angle of our gliding configuration,
we calculate these terms with respect to the glide angle [73], [89]. The terms Z, in Ay
and M, in Agy, Az, and Asz are also sometimes neglected [88] but we included them for
completeness.

Similarly per Nelson [88], the C matrix was:

104



and the aircraft stability derivatives were:

QoSys
X, =—(C 2C
(Cp, +2Cpo) mUy
QoSts
X, = —(Cp, — C
(Cb, o) mUs
QoSyts
Ly = — 2
u (Cr, +2CL) mUs
QoSys
/A
w (CLa + C’DO) mUo
Zo = ZwUy
; ¢ QoS (6.6)
? Za 2Uo m
QoSysc
M,=C
e
QOstC
M,, = Cyy, 2220C
MU,
¢ QoSysc
M. — _c
@ = Cat o I,
¢ QoSysc
My, = Clygy o 20215
Moy Usl,

where @ is the dynamic pressure (N/m?) evaluated at the trim velocity Uy ( m/s), m is the
mass of the total aircraft (kg), Sy is the planform area of the wing (m?), ¢ is the wing chord
(m), and [, is the mass moment of inertia of the aircraft about the y-axis at its center of
gravity (kg-m?). The relevant aircraft aerodynamic properties are Cp, the change in drag
coefficient with forward speed, Cpy the drag coefficient at trim, Cp,_ the slope of the drag
curve, Cpg the lift coefficient at trim, C,, the change in lift coefficient with forward velocity,
(1, the slope of the lift curve, Cz, the change in the Z-force coefficient due to pitch rate,

Cu

u

the change in pitching moment coefficient with forward speed, C},, the slope of the
pitching moment curve, C'y, the change of the pitching moment coefficient with pitch rate,
and C)y, the change of the pitching moment coefficient with the time rate of change of angle
of attack. The coefficients were evaluated for each aircraft at its trim state (Section 6.3.5.3).

We neglected the control derivatives because the aircraft were static and rigid.
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6.3.2 Defining the trim state

From small disturbance theory, the aircraft equations of motion were evaluated about an

equilibrium state, also known as trim [73], [88]. Trim was defined according to [89]:

1
F,o= —épUgstC’Do —mgsinyy =0

1 (6.7)
F.o= —§pU§stC'L0 +mgcosvyy =0
and
My =0 (6.8)

where vy is the trim glide angle (rad).

To satisfy Eqn. 6.8, we first found the angle of attack at which the aircraft pitching
moment coefficient C'y; equalled zero, yielding the trim angle of attack ay. Given our no-
thrust gliding configuration, we only considered positive angles of attack to ensure positive
lift. Furthermore, we limited our analysis to trim states achieved at small angles of attack,
a <= 2.5°. This assumption kept our calculations within the linear range of the lift and
pitching moment coefficient curves [73], [88], [90]. Furthermore, we only compared stable
aircraft, stipulating a negative pitching moment slope about the aircraft’s center of gravity
[73], [88].

We then solved the system represented by Eqn. 6.7 for the trim forward velocity U, and
the trim glide angle vy. Solving Eqn. 6.7 generally yielded several pairs of velocities and glide
angles. To give our results practical meaning, we selected the trim conditions with positive
real velocities. We also required aircraft to trim at shallow glide angles (0° <= 9 <= —45°)
to model realistic gliding flight [89]. Per convention, we defined -y, as positive upwards, such

that vy < 0 for gliding flight [73], [89].
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6.3.3 Characterizing the free response

The longitudinal free response of an aircraft is typically comprised of two modes: a higher-
frequency highly damped motion called the short period mode, and a lower-frequency less
damped motion called the phugoid mode [73], [88], [89]. We found the modes by solving the
eigenvalue problem corresponding to Eqn. 6.1, in other words, by solving the homogeneous
system x = Ax. We calculated the eigenvalues of each aircraft’s A matrix using MATLAB.
While there are mathematical approximations for the phugoid and short period modes |73,
[88], we solved the whole fourth-order system for increased accuracy [89].

The eigenvalues for a dynamically stable system are typically complex conjugate pairs
[73], [88]:

A= —-R+73 (6.9)

where R is the real part of the eigenvalue and & is the imaginary part of the eigenvalue.
For each mode, we calculated the natural frequency (rad/s), damping ratio, and the time to

halve the initial amplitude (s) according to:

Wy = VR? + 32 (6.10)
R
0.69
= TR (6.12)

6.3.4 Defining the gust profile

After characterizing the free responses, we found the response of each trimmed aircraft
to a streamwise and a transverse gust disturbance. The streamwise gust acted solely along
the z-axis in the stability frame, and the transverse gust acted only along the z-axis in
the stability frame (Fig. 6.1). Per specification MIL-F-8785C, we used a 1—cos profile for

both gusts, with the gust ultimately reaching a maximum value of w, [89], [91]. While the
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specification defined the gust in terms of distance travelled, we modelled it in terms of time
elapsed [89]. We applied a maximum gust velocity w, of 1.53 m/s, which was 2% of the
highest gapped aircraft trim velocity and a reasonable value for UAVs [89], [92]|. This value
also complied with the low-magnitude assumption inherent to small disturbance theory. We
further defined that the gust reached this maximum velocity at ¢,, = 5 seconds [89]. The

gust velocity at any time t was calculated as:

0 fort <=0
Uy(t) = < = (1 — cos (%)) for 0 <t <ty (6.13)
Wy fort >=1t,,

\

where w, is the maximum gust velocity magnitude (m/s) and ¢,, is the gust time constant
(s). To find the gust responses of the aircraft, we solved the forced equations of motion

Eqn. 6.1, with a gust disturbance vector of:

Uy (1)
Estreamwise = | 0 (6.14)
0
for the streamwise gust, and:
0
Seransverse = | Uy (1) (6.15)
0

for the transverse gust.

We solved Eqn. 6.1 numerically using MATLAB’s ode45 Runge-Kutta solver. The solu-
tion was calculated from 0 seconds to 60 seconds with a timestep of 0.005 seconds. It was
important to ensure that the solver accurately captured the continuity of the gust profile

(Eqn. 6.13), especially at its transition from transient to steady state. Therefore, we stopped
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the solver at t = t,,, then restarted the solver with the final timestep of the previous run as
the initial conditions. For both the streamwise and transverse gusts, all of the changes in

state variables were initialized as zero per [89]:

Xinit — (616)

6.3.5 Modelling the aircraft

We modelled a series of aircraft, each featuring a different gapped wing with unique
gap dimensions. Following Harvey and Inman, we treated each aircraft as rigid, static, and
independent of the other aircraft configurations [89]. This approach simplified the dynamic
analysis by neglecting the action of changing the gap configuration (i.e. actuating the gaps
mid-flight like a control surface). In compliance with our dynamic modelling assumptions,
the aircraft were symmetric about the vertical plane [73], [88], [89]. To achieve trim, the
aircraft were modelled with a wing, tail, and point-mass fuselage (Fig. 6.1). Furthermore, we
varied the tail and fuselage to find a single configuration for which all of the aircraft achieved
trim. Since this was a comparative study between gapped wings, we held this successful tail
and fuselage configuration constant and varied only the gapped wing across the aircraft.
This approach allowed us to directly compare the effects of different gapped wings on an
aircraft’s dynamics. The properties of the wings and tails were determined separately, then

combined to estimate the inertial and aerodynamic properties of the full aircraft.

6.3.5.1 Wing-alone properties

We first used computational and analytical methods to determine the inertial and aerody-
namic properties of the various SI-gapped wings. In accordance with previous experimental

and computational work, each wing was rectangular with a 9 in. chord and 32 in. span
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Figure 6.1: The aircraft consisted of a wing, tail, and a stringer fuselage. The wing and
tail were mounted by their respective centers of gravity at incidence angles %9
and ', In trim, the aircraft glided at an angle v, below the local horizon with
velocity Uy. The longitudinal axis of the fuselage was at an angle of attack ag
with respect to the velocity vector. The weight of the aircraft mg acted down
towards the center of the Earth. The body axes, denoted by the subscript b,were
respective to the aircraft longitudinal axis. The stability axes, denoted with the
subscript s, were taken with respect to the velocity vector.

(Chapters II, III, and V). The wings were unswept, untapered, and capped with circular
endplates. We considered 43 distinct SI-gapped wings by varying gap width, gap length,

and number of gaps. We simulated every combination of gap widths:

1 11 1 1 1 1
= — =, =y Ty = 1
by = b [192’96’64’48’32’19’16] (6.17)
and gap lengths:
123
Cg=CX |:§,§,Z:| (618)

Each unique gap size was then simulated on a wing with nine gaps equally spaced across a
semi-span, as well as on a wing only the five most outboard gaps present (Fig. 5.2 (A) and

(B)). We also included a baseline wing without gaps as a comparison point. Note that these
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gap configurations are the same as those simulated for the parameter sweep (Chapter V).
However, here we considered symmetric wings with the same gap configuration on both semi-
spans, to preserve the symmetric aircraft assumption. The planform area of each symmetric

wing, neglecting the endplates, was calculated according to:

Sts = 2(bc — nbyey) (6.19)

The lift, drag, and pitching moment curves of each wing were determined from the CFD
data collected during the parameter sweep of Chapter V. We conducted three-dimensional
RANS simulations in Siemens STAR-CCM+, a commercial CFD code. We simulated each
wing at 0°, 2°, 7°, and 10° angle of attack. We used the £ — w SST turbulence model for
its ability to capture flow separation, especially at low Reynolds numbers [71], [72]. We also
used the coupled solver. The simulation was terminated after the unscaled residuals of the
r-momentum, y-momentum, z-momentum, continuity, and TKE were all below 1 x 10*, and
after SDR was reduced by at least four orders of magnitude. In nine instances, SDR only
relatively fell below 7.5 x 10~*. Convergence was typically reached between 200 and 500
iterations. The domain boundaries were 12.3 times the wingspan, and the mesh consisted
of approximately 3.5 million cells. In accordance with previous experimental work, the
simulations were run with an air density of 1.1565 kg/m?, a dynamic viscosity of 1.58 x 1075
Pa-s, and a velocity of 16 m/s based on the experiments of Chapter II. For further details
on the simulation setup and meshing, refer to Chapters III and V.

The gapped wings were simulated as asymmetric, with gaps on the right semi-span and
a baseline wing without gaps on the left semi-span (Chapter V). The baseline wing was
simulated symmetrically, with no gaps on either semi-span. Thus, for the current dynamic
analysis, the gapped wing aerodynamic data needed to be corrected to a symmetric gapped
wing—the same gap configuration on both semi-spans. First, we measured the force and

moment coefficients of each asymmetric wing at the quarter-chord of the wing root. We
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normalized the coefficients by their respective asymmetric gapped wing area (Eqn. 2.5).
Note that the asymmetric planform area Eqn. 2.5 was only used for the calculation of the
coefficients with the superscript meas in Eq. 6.20 below. Eqn. 6.19 was used for all other
instances of the wing planform area. The pitching moment coefficient was further normalized
by the wing chord [88]. We then corrected the measured lift, drag, and pitching moment

coefficient curves to symmetric wingspans according to [59]:

Oz}ing — ZCZLeaS . 2ase
ng‘ng — QC«gLeas _ %zse (6.20)

Cwing — 9(meas base

where the superscript meas indicates measured values from the full asymmetric wingspan,
and the superscript base indicates values measured from the full symmetric baseline wing.
The results of these asymmetric-to-symmetric corrections were validated against a gapped
wing configuration that was directly simulated symmetrically (Appendix I).

Once corrected to the symmetric span, we also transferred the wings’ pitching moment
coefficient from the quarter-chord to the aerodynamic center (AC). While the theoretical AC
of a two-dimensional NACA 0012 is at the quarter-chord [56], [73], [93], we anticipated that
the finite aspect ratio, endplates, and gaps would shift the location of the wing AC. For each

wing, we calculated the location of the AC relative to the leading edge as [56], [73]:

win Cll\U/[iZgC
giing — [ - ZMQC% 4 95 ) ¢ (6.21)

wing
C’La

where C’}\“jgoa is the slope of the wing’s moment curve about the quarter-chord (per rad),
C'z”ing is the slope of the wing’s lift curve (per rad), and ¢ is the wing chord (in m). The

pitching moment coefficient was then transferred from the quarter-chord to the AC by [56]:

) wing ) )
cing — (‘”Lf - 0.25) Cyna g Cine (6.22)

c Mac
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where " is the wing’s lift coefficient, and C']ﬁ“jgg is the wing’s pitching moment coefficient
about its quarter-chord (determined by the CFD simulations).

The wings’ lift curves remained linear up to 10° angle of attack. However, the gapped
wings’ pitching moment curves (about the quarter-chord) were not all linear. Pitching mo-
ment is usually assumed linear with angle of attack, and the definition of the aerodynamic
center requires a constant pitching moment slope [56], [73], [88]. To overcome this challenge,
we capped the wings’ linear regime at 3.5° angle of attack. Furthermore, we estimated the
slopes of the lift and pitching moment curves as finite differences of the data points at 0°
and 2° angle of attack. These calculations are discussed in Appendix J.

The CFD data showed that all of the gapped wings had a positive pitching moment
coefficient slope. Thus, a wing-alone plane would not be statically stable [73|, [88]. This
result is typical, as most conventional wings have a de-stabilizing effect. Since we were only
interested in exploring stable aircraft configurations, we added a tail and fuselage to our
general aircraft layout.

We measured the inertial properties of each wing directly from Solidworks models of the
symmetric wings, including the mass, center of gravity location, and mass moment of inertia.

The density of the wings was taken to be 1010 kg-m™ as in Chapter IT [62].

6.3.5.2 Tail-alone properties

We added a tail to each aircraft in order to achieve statically stable trim. The tail
properties were calculated using semi-empirical methods from the U.S. Air Force Data Com-
pendium (DATCOM) [90], and analytical methods. We modeled the tail with a NACA 0012
airfoil and no endplates. The airfoil ordinates were obtained from an online database [65].
The trailing edge was blunted by connecting the two data points at the edge with a vertical
line segment. The lift and drag curves for the NACA 0012 airfoil were taken from previous
empirical data [93]. We assumed that the aerodynamic center of each airfoil section was

at its quarter-chord, in accordance with lifting line theory and empirical results [56], |73],
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[93]. To ensure that the aircraft’s lift curve remained linear even with the tail present, we

2
3

assumed the tail span was £ of the wing span [90]. We further assumed an elliptical tail
with a corresponding elliptical lift distribution, such that the tail’s planform efficiency factor
equaled unity (e = 1) [56], [73].

We created a custom script in MATLAB to discretize the tail and analytically estimate
its inertial properties, including CG location, mass moment of inertia, planform area, and
mass. As with the wings, we assumed the tail had a density of 1010 kg/m3. Further details
on this process can be found in Appendix J.

The aerodynamic properties of the tail were estimated using lifting line theory [73], [88].

The lift curve slope (per rad) was:

tail __ ao

Le ™1 4 ag/(meAR,)

(6.23)

where ag is the two-dimensional NACA 0012 lift curve slope (per rad), e is the planform
efficiency factor, and AR; is the aspect ratio of the tail. Then, the lift coefficient of the tail

was:

Ot = Ol (6.24)

where « is angle of attack (in rad). The drag coefficient of the tail was [56]:

Cp' = Cpi' +ca (6.25)
tail) 2
tal (CL )
= 6.26
D1 7T€AR,5 ( )

where Ol is the induced drag of the tail and ¢, is the two-dimensional NACA 0012 profile
drag. We estimated ay and ¢4 as discussed in Appendix J. Note that the tail aerodynamic

variables were first calculated for arbitrary angles of attack in the linear regime, from about

—3° to about 6° [93].
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6.3.5.3 Complete aircraft properties

With the aerodynamic and inertial properties of the wing and tail defined, we determined
the properties of each complete aircraft. Since we sought to compare the effects of different
gapped wings, we wanted all of the aircraft parameters to remain constant, except for the
wings themselves. Thus, we needed a single tail and fuselage configuration for which all of
the gapped wings achieved trim. We began by varying the tail aspect ratio and tail incidence

angle of each aircraft. We modelled all combinations of tail aspect ratios:

AR, =[6,7,8,9,10] (6.27)

and tail incidence angles:

it = [-2,-1,0,1,2]° (6.28)

Per lifting line theory, varying the tail aspect ratio allowed us to alter the lift curve slope
of the tail [73], [88]. In turn, both the tail lift curve slope and tail incidence angle had a
large bearing on aircraft stability and trim. All other tail properties were held constant. The
volume fraction of each tail was:

Gtail g tail

Vg = —2 6.29
" stc ( )

tail

where S% is the planform area of the tail (in m?), 2%

is the distance from the aerodynamic
center of the tail to the CG of the full aircraft (in m), Sy is the planform area of the wing
(in m?), and c is the wing chord (in m).

We found multiple tail configurations that successfully enabled all the gapped wings to
trim. However, some of these tail configurations led to three free response modes for the
aircraft, instead of the canonical short period and phugoid modes. This can happen for some
aircraft when the characteristic roots of the system fall on the real axis, instead of in the

complex plane [73|, [88]. However, we were interested in studying the effects of the gaps on

the two classic longitudinal aircraft modes. Per Nelson, moving the CG forward to reduce
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the static margin can move the roots off the real axis [88]. We added a “fuselage” point
mass as a means of adjusting the static margin without drastically changing the rest of the
aircraft configuration. Practically, the the forward-most location of the CG is often limited
by the elevator’s control effectiveness [73]. Moving the CG too far forward could exceed
the elevator’s ability to pitch the aircraft. Here, the center of gravity remained aft of the
aerodynamic center for all of the gapped wings. Further, the addition of the fuselage mass
enabled all the aircraft to achieve statically stable trim with the typical short period and
phugoid modes.

In line with the point mass assumption, we modelled the fuselage as a thin stringer
connecting the wing and tail. The fuselage mass was concentrated at 3/8 of a chord length
from the tip of the stringer (the “nose”) (Fig. 6.1). For each gapped wing and tail combination,

we varied the fuselage mass as fractions of the baseline wing mass according to:

mIse = mbase % 10,0.15,0.25, 0.5] (6.30)

where mbese

is the mass of the baseline wing (in kg). We accounted for the inertial properties
of the fuselage in the full aircraft, including the CG location, total mass, and mass moment
of inertia. However, we neglected the aerodynamic contributions of the fuselage due to its
negligible body width. Specifically, we assumed that the fuselage did not contribute to the
lift, drag, pitching moment, and pitching moment slope of the aircraft [88], [90]. Additionally,
the thin stringer assumption meant that the exposed wing and tail areas were equal to the
full wing and tail planform areas, respectively (S, = Sy,) [73], [90].

The wing was mounted by its CG (Fig. 6.1). We also assumed a wing incidence angle of
i%"9 = 1°, due to the symmetric airfoil and need to produce lift at small angles of attack.
The tail was also mounted at its CG, six chord lengths aft of the wing’s center of gravity

(Fig. 6.1). Mounting the tail far aft increased its influence on aircraft stability without

requiring an excessively large surface area [73], [88]. From a practical perspective, increasing
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the tail size or distance also increases the weight and drag of the aircraft, thus decreasing
its performance [88]. This could be overcome by using a tail airfoil with a higher lift curve
slope, among other solutions.

We then analytically determined the inertial properties of each aircraft. The total aircraft
mass was:

m = mwing + mtail + mfuse (631)

where m™ is the mass of the wing, m'® is the mass of the tail, and m/"*¢ is the fuselage

mass (all in kg). The location of the aircraft’s center of gravity (in m from the nose) was:

TEG M+ wgmit + wig m
o — - (6.32)

where xgigg is the distance from the nose to the wing’s center of gravity (in m), 2% is the
distance from the nose to the tail’s center of gravity (in m), and xé“ée is the distance from
the nose to the fuselage’s center of gravity (in m). We employed the parallel axis theorem
to calculate the y-axis mass moments of inertia of the wing, tail, and fuselage about the

aircraft’s CG. Then we summed them to find the aircraft’s mass moment of inertia about

the y-axis acting at its CG:
_ qwing tail fuse ( pfuse 2
Iyca = Lyed + g +mlvse (¢70) (6.33)
where [ ;“ gg is the mass moment of inertia of the wing about the y-axis at the aircraft’s CG
(in kg-m?), I} is the mass moment of inertia of the tail about the y-axis at the aircraft’s
CG (in kg-m?), and £74*¢ is the distance from the fuselage point mass to the aircraft CG (in
The aerodynamic properties and stability derivatives of each aircraft configuration were

determined through semi-empirical methods, following common procedures outlined in aero-

dynamic texts and DATCOM |[73], [88], [90]. All of the derivatives and coefficients were
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calculated per radian. To assist with finding trim, we calculated the aerodynamic properties
of each plane at angles of attack o from 0° to 10°, in 1° increments.

The downwash from the wing at the horizontal tail was 73], [90]:

€= —a"™m (6.34)

where the variation of the downwash with angle of attack (per rad) was estimated according

to:
de L 1.19
o= 444 <KAKAKH cosa(A)> (6.35)
0]
and
1 1
Ka = _
47 AR, 1+ (AR,)'T
10 — 3
Ky =———, (6.36)

1
B hi\ (1) 7
o= (1-5) (5)

where A is the sweep angle of the wing (zero for all wings in this work), AR,, is the wing’s
aspect ratio, A is the taper ratio of the wing (unity for all wings), hy is the height between
the tail’s aerodynamic center and the wing’s chord line (in m), and I, is the distance between
the wing and the tail’s aerodynamic centers parallel to the wing’s chord line (in m). We
assumed that the wake from the wing did not affect the dynamic pressure at the tail, since
the tail was far aft of the wing. Thus, the tail efficiency factor n =1 [73], [88].

The lift, drag, and pitching moment coefficients of the wing and tail were combined to
find those of the full aircraft |73], [88]. We first interpolated the wing and tail acrodynamic
coefficients to the appropriate angles of attack to account for incidence angles and downwash.

The tail aerodynamic coefficients were interpolated to the following angles of attack:

atazl — qwing _ jwing _ o 4 Z-tazl (637)
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and the wing aerodynamic coefficients were interpolated to the following angles of attack:

a9 = o 4 M (6.38)

where o™ is the wing angle of attack and « is the angle of attack of the aircraft with
respect to the longitudinal axis of the fuselage (both in rad). The lift and pitching moment
coefficients were interpolated linearly. The drag coefficient was interpolated with the spline
method to account for its quadratic nature. Then, the aircraft lift coefficient, drag coefficient,

and pitching moment coefficient (about the aircraft CG) were calculated as [88]:

tail

CL — Czumg + 77VH Czail

S,
ail
C — Cwing V St tail (639)
D p TN n5—Cp
fs

__ ,wing tail
CM - CMCG + CMCG

where

wing

wing __ ywing wing v AC
CMCG o CMAC + CL c

(6.40)
Clail — VymCiet

and where C}\”jgcg is the pitching moment coefficient of the wing about the aircraft’s center
of gravity, C{j! is the tail’s pitching moment coefficient about the aircraft’s CG, and gume
is the distance from the wing’s aerodynamic center to the aircraft’s center of gravity (in m).

The slopes of the aircraft coefficient curves were then calculated according to:

 Cpla=25%) = Cpla = 0°)

Cr, = —
2.5°7%5
Cp(a+Aa)—Cp(a) for o = 0° (6.41)
Aa
Cp,(a) =

CD(O‘J“ACQ;SD(Q_AO‘) for a = 2°,7°,10°
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given that: [73], [88]
wing gwmg tail de
OMa = CLQ - - C o d 77VH (642)

where C’z”i"g is the slope of the wing’s lift curve (per rad), Ci*" is the lift curve slope of
the tail (per rad), « is the aircraft angle of attack (in rad), and A« is an arbitrary angle of
attack increment (taken to be 1° = 0.0175 rad). As shown in Eqn. 6.41 the lift curve slope
was estimated as the finite difference between 0° and 2.5° angle of attack, to keep the wings
within the linear regime of their pitching moment coefficient curves. The drag curve slope
was similarly estimated as finite differences at several angles of attack, since the drag curve
was not linear (Eqn. 6.41). Note that the lift curve, drag curve, and drag curve slope needed
to be interpolated to specific angles of attack in several instances, notably for calculating
the finite differences above as well as for finding the trim state. In these instances, we
interpolated the lift linearly, and the drag and drag slope with a spline interpolation.

The aircraft stability coefficients were [88]:

tazl
Cu, :1.1( 2071 Vi L >
Cc

tazl
Cun, = 1.1( acteityy, ;k) (6.43)
¢ da

Cyz, = 1.1(—2C1" V)

q

As recommended by Nelson, we calculated Cyy,, Cyr,, and Cz, for the tail, then increased
those value by 10% to account for the contribution from the wing as shown in Eqn. 6.43
[88]. The wing CFD simulations were run at low speeds and the calculated trim velocities

were within the subsonic regime, so we assumed that the changes in lift, drag, and pitching
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moment coefficient with forward speed were zero [88], [89]:

Cp, =0
Cp, =0 (6.44)
Cu, =0

u

6.4 Results and discussion

The gapped wings produced drastic changes in the location of the wing’s aerodynamic
center, as well as the aircraft’s trim state, free response, and gust response. Despite several
practical aircraft design challenges, the data indicated that the gapped wings could be a
beneficial control surface for gust alleviation.

Firstly, we varied the tail incidence angle, tail aspect ratio, and fuselage mass to find a
configuration for which all of the gapped wings trimmed. We found two configurations for

which all the gapped wings met our trim criteria:
1. Z-tail _ 00, mfuse — 0‘5mbase’ and ARt =9
2 ,l’tail — 00, mfuse — O.mease’ and ARt =10

The second configuration produced aperiodic longitudinal modes rather than the typical
short period and phugoid modes [88]. Therefore, we used the first configuration with a tail
aspect ratio of nine. The results of this study are specific to this aircraft configuration,
and further investigation is needed to determine if these results can be generalized to other
aircraft configurations.

Note that we also investigated aircraft configuration for which the wing and tail were
mounted to the fuselage at their respective aerodynamic centers. We found that these results
were largely similar to the results presented here. The AC-mounted aircraft is discussed

further in Appendix L.
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6.4.1 Gaps shifted the aerodynamic center forward

The gaps shifted the aerodynamic center (AC) of the wing forward. According to lifting
line theory, the aerodynamic center of a NACA 0012 airfoil occurs at the quarter-chord [56],

[73]. The CFD data showed that the AC of the baseline wing was close to this theoretical

3c

value, at 23.6% chord. However, the AC of gapped wings varied: the ¢ x % nine-gap wing

shifted the aerodynamic center the furthest forward to 7.57% chord. The § x 1—82 five-gap
wing had the smallest impact on AC location, with the aerodynamic center at 21.3% chord.
Overall, the AC location largely depended on the wing’s planform area (Eqn. 6.19), which
was directly related to the size and number of gaps.

Overall, the gaps had positive implications on the stability of the full aircraft. Typically,
a forward-shift of the aerodynamic center indicates less stability. For wing-alone stability, the
aerodynamic center must lie aft of the center of gravity [88]. The CG of the wings remained
largely constant irrespective of the gap configuration, at 37% to 43% wing chord. Thus, the
aerodynamic center of the baseline wing (at 23.6% chord) was already positioned far forward
of its CG. The gaps increased this distance by shifting the AC further forward. However,
the gapped wings also produced both a lower pitching moment about their respective aero-
dynamic centers and a lower lift coefficient than the baseline wing. While Ejigg increased,
C}\Uj;:‘g and C}""™ decreased, generally leading to a net decrease in C’fjgg of the gapped wings

compared to the baseline (Eqn. 6.40). Thus, the destabilizing effects of the gapped wings

were typically not as great as that of the baseline wing (Fig. 6.2).

6.4.2 Gapped wings steepened glide, increased velocity at trim

The gaps generally decreased the pitching moment coefficient of the wing about the
aircraft’s center of gravity (Fig. 6.2). This resulted in a net decrease of the aircraft’s pitching
moment at any given angle of attack, per Eqn. 6.39. Thus, the aircraft achieved equilibrium
at a lower angle of attack (Fig. 6.3).

Relatedly, the aircraft with gapped wings trimmed at a much steeper glide angle than the
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Figure 6.2: Gaps generally decreased the wing’s pitching moment coefficient about the air-
craft’s center of gravity (C}\”jggg ). The solid black line is the baseline wing, the
dashed blue line is the gapped wing with the smallest impact on gust response,
and the dotted yellow line is the gapped wing with the largest impact on gust
response. The C’ﬁ:g curves of all the aircraft are plotted in Appendix K.

baseline aircraft (Fig. 6.3). A lower trim angle of attack typically results in a lower lift-to-drag
ratio. This trend is especially true for the gapped wings, which were found in Chapter II
to decrease lift with negligible changes in drag. Glide angle is inversely proportional to
the lift-to-drag ratio, as can be derived from the trim equations Eqn. 6.7 [73]. Thus, the
lower lift-to-drag ratios of the gapped-wing aircraft resulted in steeper glide angles than the
baseline aircraft.

The gapped-wing aircraft also trimmed at higher velocities than the baseline aircraft
(Fig. 6.3). In combination with the steeper trim glide angle, this implies that the gapped
wings could be useful for a rapid descent situation. Previously, it was determined that the
gapped wings were not as effective as a spoiler at decreasing the lift-to-drag ratio of a wing
(Chapter II). The present results provide a more complete picture for assessing the gaps as
rapid descent control surfaces, compared to a baseline wing with no control surface.

The trim state was highly dependent on the size and number of gaps (Fig. 6.3). Larger
gaps had a stronger impact on the trim state. For example, gaps of length 5 did not decrease

the angle of attack, steepen the glide angle, or increase velocity at trim as dramatically as
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gaps of length 3{. Changing the gap length also had a greater effect on trim for wider gaps

compared to narrower gaps. For example, lengthening the gaps from § to % at a constant

gap width of 1—1’6 resulted in a much greater change in trim velocity than lengthening the gaps

b

at a constant gap width of {5.

This implied that trim state was greatly affected by the
aspect ratio of the gaps. In addition, for a given gap dimension, the nine-gap wing had a
larger impact on the trim state than the corresponding five-gap wing (Fig. 6.3).

Finally, there was a point of diminishing returns for gap widths greater than 3—5’2, after
which widening the gaps did not drastically change the trim state. Interestingly, this gap
width corresponds to the results from Chapter V. In Chapter V, I showed that gap widths
of % or 4_bs maximized the rolling moment coefficient per unit work in several scenarios. At
a high angle of attack of 10°, the maximum rolling moment coefficient per unit work was

produced by § X 3% gaps on the five-gap wing, and § x % gaps on the nine-gap wing.

6.4.3 Natural modes were generally benefited by gaps

The gapped wings decreased the natural frequency of the aircraft’s phugoid mode and
increased its damping ratio (Fig. 6.4). This resulted in a much shorter time to halve the
amplitude of the phugoid mode, compared to the baseline aircraft. Conversely, the gapped
wings typically increased the natural frequency of the aircraft’s short period mode and
decreased the damping ratio (Fig. 6.4). This dramatically increased the time to halve the
amplitude of the short period mode.

As seen with the trim state, the size and number of the gaps had a large bearing on
the free response characteristics of the aircraft (Fig. 6.4). Overall, the natural frequencies,
damping ratios, and time to halve the short period amplitude varied largely depending on
gap dimensions and number. The time to halve the phugoid amplitude was strongly affected
simply by the presence of gaps in the wing. The half-time decreased slightly as the number
of gaps increased and lengthened, but the width of the gaps did not substantially impact this

parameter. Larger gaps did result in greater changes to the natural frequency and damping
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ratio of the two modes. But, widening the gaps past 3—172 did not result in substantial changes
in these parameters. Longer gaps caused greater changes to the natural modes than shorter
gaps. The gap aspect ratio also played a strong role in determining the natural modes, as
seen with the trim state. Finally, the nine-gap wings had a greater impact on the natural
modes compared to their five-gap counterparts. However, this difference was much smaller
for the time to halve the phugoid amplitude.

These results had positive implications on aircraft control. Typically, for the purposes
of control and safety, it is desirable to have an aircraft with a high natural frequency and
heavily-damped short period [88]. Here, the gapped wings beneficially increased the short
period mode natural frequency, but decreased its damping, which could make it difficult to
control the aircraft. The gapped wings also increased the damping of the phugoid mode,
which was beneficial from a controls perspective.

The Cooper-Harper scale presents standard recommendations for the damping ratios of
the short period and phugoid modes [73|, [88]. The scale specifies the flying qualities of
aircraft in terms of three levels. The highest level, Level I, indicates that the aircraft’s flight
qualities are clearly adequate for aircraft control and mission completion. Level III is the
poorest level, and indicates that the flight can be completed safely but with excessive pilot
workload and/or inadequate mission effectiveness. The flight phases are broken down into
three categories. Category A refers to nonterminal flight phases with rapid maneuvering
and precision flight-path control. Category B corresponds to nonterminal flight phases with
gradual maneuvering and lower-precision flight path control. Category C includes terminal
flight phases like take-off and landing. For Level I control, phugoid damping ratios must be
greater than 0.04. Short period damping ratios for Level I must fall between 0.35 and 1.30
(Category A and C phases of flight) or between 0.3 and 2.0 (Category B phases of flight).
MIL-F-8785C further defines limits for the natural frequency of the short period mode |73,

[91]. Each flight category has a different minimum value, but the maximum values are
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defined as:

(

3.6 Level 1

2
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( N ) =1910.0 Level II (6.45)
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\

where

1
N - QOSfSCL&W (646)

and Q) is the dynamic pressure at trim (in N/m?), and W is the aircraft weight (in N).
All of the gapped-wing aircraft, as well as the baseline aircraft, satisfied the Cooper-
Harper Level I criteria for the phugoid damping ratio. Additionally, all of the aircraft met
the Cooper-Harper Level I requirement for short period damping. Even though the gaps
decreased the aircraft’s short period damping, the aircraft remained well within the range
for adequate control. Conversely, all of the aircraft fell within the Level III criteria for the
short period natural frequency. Typically, the high frequency of the short period mode is
beneficial because it helps the aircraft respond rapidly to control inputs [88]. However, in-
creasing the frequency of the short period beyond a certain point exceeds the pilot’s response
time, impeding effective aircraft control. The baseline aircraft value of w? ¢p/N was 15.7
(rad/s)?, and the gapped aircraft values ranged from 18.1 (rad/s)? to 39.8 (rad/s)®. The
high value of the baseline aircraft suggested that the noncompliance with Level I was not
necessarily a result of the gapped wings; the aircraft configuration itself (tail and fuselage)
likely contributed to the poorer aircraft control. In the future, the fuselage and tail could
be carefully designed to bring all the aircraft in compliance with Level I for the short period
natural frequency. However, care would still need to be taken for the gapped wings, given
the large increase in w?% sp/N of the gapped-wing aircraft compared to the baseline aircraft.
Importantly, note that the Cooper-Harper scale provides recommendations for piloted
aircraft, based on feedback and input from human pilots 73], [88]. Thus, the guidelines

are based on the human response bandwidth of approximately 4 rad/s [73]. A stability
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augmentation system could be implemented to improve the controllability of all the aircraft
if human-piloted. Alternatively, an autopilot could effectively mitigate the lower short period
damping. Thus, while the short period natural frequencies of the aircraft were not desireable,
they did not hold large bearing on the controllability of a UAV. Ultimately, the gaps did
not negatively impact the controllability of the aircraft, and even provided some beneficial

impacts to the natural modes.

6.4.4 Gapped wings improved aircrafts’ gust responses

Gap configuration played a large role in the aircraft’s gust response, for both streamwise
and transverse disturbances (Fig. 6.5). Increasing the number of gaps increased the damping
and decreased the amplitude of the response. The aircraft with nine-gapped wings were more
heavily damped than the baseline aircraft and aircraft with five-gapped wings. In most cases,
the changes in state variables of the nine-gapped aircraft oscillated between smaller peak
amplitudes compared to the five-gapped and baseline aircraft. Gap dimension was also an
important factor (Fig. 6.5). Gaps of length % dampened the gust response more strongly
than gaps of length $. Furthermore, wider gaps had greater damping than narrower gaps.

c b

Overall, the aircraft with a § X 155 five-gapped wing made the smallest difference in gust

response compared to the baseline wing (blue dashed line in Fig. 6.5). The aircraft with a
3{ X 1—b6 nine-gapped wing exhibited the largest change compared to the baseline, and the
most heavily damped gust response (yellow dotted line Fig. 6.5). We refer to this aircraft
as the “optimal gapped aircraft,” since it provided the best gust mitigation in terms of both
damping and amplitude.

The exception to these trends was the change in heave velocity (Aw) after a transverse
gust. All of the aircraft experienced similar changes in heave velocity after the transverse
disturbance (Fig. 6.5). This effect was likely because of our dynamics modelling. We assumed

that each aircraft started from a nonzero forward velocity (the trim velocity) and zero heave

velocity before encountering the gust. When the streamwise gust perturbed the aircraft,
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Figure 6.5: Gapped wings improved the aircraft’s gust response by reducing the amplitude
and increasing the damping of oscillations. The changes in (A),(E) forward
velocity; (B),(F) heave velocity; (C),(G) pitch rate; and (D),(H) pitch angle are
plotted against time in response to streamwise and tranverse 1—cos gusts. The
solid black line is the baseline aircraft, the dashed blue line is the gapped wing
with the smallest impact on response, and the dotted yellow line is the gapped
wing with the largest impact. All aircraft responses are in Appendix K.

the sudden increase in forward velocity altered the lift and drag, causing the aircraft to

experience an oscillatory change in heave velocity. In the case of a transverse gust, the

change in heave velocity was roughly equal to the velocity profile of the gust, since that was
the driving cause of heave.

After subjection to the streamwise gust, the changes in state variables of the baseline air-

craft oscillated then damped back to equilibrium (Fig. 6.5). The changes in state variables of
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the optimal gapped aircraft oscillated slightly, but at a much lower amplitude. Furthermore,
this aircraft reached steady state much faster than the baseline. This result makes sense,
because the optimal gapped aircraft’s phugoid damping ratio was close to critically damped
at 0.7, and was nearly four times greater than the baseline phugoid damping ratio.

Each aircraft’s response to the transverse gust was similar (Fig. 6.5). The changes in
state variables of the baseline aircraft oscillated before damping back to equilibrium. The
change in heave velocity closely followed the velocity profile of the gust. The changes in
state variables of the optimal gapped aircraft oscillated at a much lower amplitude than the
other aircraft, and reached steady state faster due to the higher damping ratio.

It is currently unknown if avian whiffling is a passive or active gust response [12|. There
are ways in which the gapped wings could be used to either passively or actively alleviate
gusts. Firstly, the gaps could be actively opened or closed in response to gusts, similarly
to how ailerons and flaps are used as gust mitigation solutions. Alternatively, the gaps
could be covered with a material that is sensitive to velocity, pressure, or other atmospheric
conditions. The material would be calibrated for some threshold gust velocity, pressure
change, or another trigger. Like a check valve, this material would become porous or give
way to expose the gaps when experiencing a gust that exceeds the threshold [54], [55].

In all, gapped wings improved aircrafts’ response to streamwise and transverse 1—cos
gusts. In almost every case, the changes in state variables of the gapped-wing aircraft
experienced higher damping and lower-amplitude oscillations than the baseline aircraft. The
exception was the change in heave velocity in response to a transverse gust, which the
gapped wings negligibly impacted compared to the baseline. These responses were open-
loop, without a controller or autopilot. This implied that aircraft with static gapped wings
were naturally less susceptible to gust disturbances than a baseline aircraft. Alternatively,

a UAV controller could use the gapped wings for effective gust mitigation.
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6.5 Chapter summary

Here, we assessed whiffling-inspired gapped wings as a gust alleviation control surface.
To accomplish this, we analytically estimated the open-loop response of various aircraft to
transverse and streamwise gusts. The aircraft properties were calculated using a combination
of computational, analytical, and semi-empirical methods. Each aircraft had the same tail
and fuselage configuration, but a unique gapped wing with varying gap dimensions and
numbers of gaps. First, we found the trim state of each aircraft. Then, we assessed the
impact of the gapped wings on the short period and phugoid modes. Finally, we calculated
the time history of each aircraft’s response to transverse and streamwise 1—cos gusts. We
found that the gapped wings had a further forward aerodynamic center, but generally were
less destabilizing than the baseline wing. The lower pitching moment contribution from
the gapped wings resulted in steeper glide angles and increased velocities at trim. The
gapped-wing aircraft had a more heavily damped and lower frequency phugoid mode, well
within Level I flying quality limits by the Cooper-Harper scale. However, all of the aircraft
(including the baseline) fell within Level III flying quality for the short period mode, and
could require an autopilot to handle the lightly damped short period mode. Finally, the
gapped wings improve the aircraft response to gust disturbances by reducing the amplitude
and increasing the damping of oscillations of the changes in state variables. This result
signified that the gapped wings could be an effective control surface for gust alleviation.

Overall, the aircraft experienced some design challenges, such as the high frequency of
the short period mode. However, there were reasonable and practical solutions to these
problems. Furthermore, these problems arose even for the baseline aircraft configuration,

and not as a result of the gaps themselves.
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6.6 Data availability

The data and scripts that support the findings of this study are openly available on

figshare at DOI: 10.6084/m9.figshare.c.6487966.v1.
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CHAPTER VII

Conclusion

This dissertation provided an initial assessment of a novel whifHling-inspired gapped wing
control surface. The gapped wing was specifically based on feather rotation, which had
not been previously applied to aircraft design. In the avian realm, birds whiffle to lose
altitude, move laterally, and respond to gusts [12]. I speculated that gapped wings could
be an alternative UAV control surface for those same purposes. I employed experimental,
computational, and analytical approaches to build confidence in the results and develop a
variety of analysis tools. The work focused on understanding the impact of gaps on the
forces and moments produced by a wing, and the underlying fluid mechanics. Furthermore,
I identified key advantages and disadvantages of the gapped wings. Both the inspiration and
control surface design were novel, so these results provided important context and knowledge
for future biologists and engineers. Overall, I found evidence that the gapped wings could be
beneficial for gust alleviation, and roll control in certain situations. The gapped wings could
be useful for energy-constrained UAVs flying at high angle of attack, due to the delayed stall
of the gapped wings. Alternatively, the gapped wings could provide yaw benefits for a UAV
that requires moderate roll at lower angles of attack. They would also be beneficial to UAVs

operating in very gusty environments.
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7.1 Summary of results and impact

7.1.1 A gapped wing created roll at high lift coefficients

We first conducted wind tunnel experiments of static gapped wing models, and measured
the forces and moments they produced (Chapter II). The work to actuate a model of the
gapped wings was also analytically estimated based on friction forces. Two speculated uses
of avian whiffling are descent and lateral movement [12]. Thus, we used the work estimates
and experimental data to compare the gapped wings to a conventional spoiler and aileron.
The gapped wings were unsuitable for rapid descent, because they required more work than a
spoiler and did not drastically reduce the lift of the wing. Conversely, the gapped wings were
promising for roll control at high lift coefficients. At a high angle of attack, the nine-gapped
wing was capable of producing a greater rolling moment coefficient than the maximum
deflection of a single aileron. Furthermore, the gapped wing required less work than the
aileron to produce this rolling moment coefficient.

This work was important for characterizing the performance of the gapped wing control
surface with respect to conventional alternatives. We presented our findings at the 2020
ATAA SciTech Conference [94], in a poster at the 2020 GRC Smart Materials and Structures

Conference [95], and in a Bioinspiration & Biomimetics journal article [96].

7.1.2 Gaps reenergized flow and produced high rolling moment coefficients

In Chapter III, we performed CFD simulations of various gapped wings and aileron
wings. We used previous experimental data to validate the simulations, and found good
agreement. Then, we leveraged the simulations to study the effects of the gaps on the flow
over a wing, as well as the flow behavior within a gap itself. The gaps re-energized the flow
over the suction side of the trailing edge, and each gap produced a pair of vortices. Within
a gap, the flow recirculated then vented to the suction side of the wing. Based on the

CFD data, we estimated the work required to overcome aerodynamic loading on gaps and a
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single aileron. The gapped wing required higher actuation work than the single aileron for
low rolling moment coefficients. However, the gapped wing did require less work at higher
rolling moment coefficients, and produced a greater maximum coefficient.

In this work, we performed the first simulations of flow over this wing geometry. A subset
of the results were presented at the 2022 ASME SMASIS conference [97]. Some of this work
was also featured in a poster at the 2022 GRC Smart Materials and Structures Conference

[98]. A manuscript is currently under review for journal publication [99].

7.1.3 A gapped wing produced less roll than two ailerons, but favorable yaw in

some cases

The previous chapters focused on comparing the gapped wing to a wing with a single
aileron. However, it is more realistic for ailerons to be implemented in oppositely deflecting
pairs. Chapter IV expanded the CFD simulations to a JH-gapped wing and two-aileron JH-
wing. The results showed that the two-aileron JH-wing produced much higher rolling moment
coefficients than the JH-gapped wing. This represented one of the largest disadvantages
of the gapped wing as a control surface. However, in its upper range of rolling moment
coefficients, the JH-gapped wing required comparable work to the two-aileron JH-wing at 10°
angle of attack. Furthermore, the JH-gapped wing beneficially decreased the drag coefficient
compared to the two-aileron JH-wing at low rolling moment coefficients. The JH-gapped
wing also produced favorable yaw at low rolling moment coefficients, while the two-aileron

JH-wing produced only adverse yaw at non-zero rolling moment coefficients.

7.1.4 Gap dimensions could be optimized for roll per work

Using the validated CFD models, I performed a parameter sweep across several gap
dimensions in Chapter V. The previous work had focused on a single gap dimension, and
thus the results could not be generalized to other geometries. Thus, this parameter sweep was

important for understanding the affects of gap geometry on the rolling moment coefficient
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and actuation work of the gapped wing. From the parameter sweep data, I fit linear models
of the rolling moment coefficient and actuation work. I also examined the rolling moment
coefficient normalized by actuation work (“normalized roll”) of each gap configuration. Larger
gaps increased both the rolling moment coefficient and work. In addition, the results implied
that the gap configuration could be designed to maximize normalized roll. Comparing five-
and nine-gapped wings confirmed that the gaps may be most effective when positioned closer
to the wing tip. Furthermore, the results corroborated that the gapped wings were most

effective at producing normalized roll at high angles of attack.

7.1.5 Gapped wings effectively altered trim and mitigated gusts

Finally, we analytically modelled the rigid body dynamics of a series of aircraft with
the gapped wings from the parameter sweep. We used the models to study the effects of
the gaps on the aircraft’s trim state, natural longitudinal modes, and response to 1—cos
streamwise and transverse gusts. All of the aircraft with gapped wings were capable of
achieving dynamically stable trim. While the gaps shifted the aerodynamic center of the
wing forward, they overall decreased the pitching moment contribution from the wing. Thus,
the gapped wings were less destabilizing than a baseline wing without gaps. In general, wings
with larger and more gaps had a greater impact on aircraft dynamics than wings with smaller
and fewer gaps. The gapped wings generally decreased trim angle of attack and increased
trim velocity. Furthermore, they tended to increase the damping and decrease the frequency
of the phugoid mode, while decreasing the damping and increasing the natural frequency
of the short period mode. The gapped wings tended to improve these longitudinal modes.
However, all of the aircraft—including the baseline aircraft—exhibited poor flying qualities for
the short period mode. Finally, the gapped wings were effective at mitigating the aircraft’s
response to gusts, especially the nine-gap wing with % X % gaps.

While the previous chapters focused on wing-alone configurations, this analytical study

quantified the impacts of the gapped wings on overall aircraft dynamics. This work was
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presented at the 2023 SPIE Smart Structures & NDE Conference [100].

7.2 Limitations of the gapped wings

As with any control surface, the gapped wings were faced by several real-world chal-
lenges. Firstly, the gapped wings exhibited varying control effectiveness across angle of
attack (Chapter II). This drawback would require creative solutions to minimize burdens on
the flight controller, while taking advantage of the gaps’ region of higher performance. Re-
latedly, the gaps performed best at higher lift coefficients, outside of the typical cruise angles
of attack. However, this could be interpreted as evidence that the gapped wings expanded
the control envelope of UAVs. Finally, a gapped wing produced much lower rolling moment
coefficients compared to a wing with two ailerons (Chapter IV). The gapped wing also did
not provide substantial work benefits in this case. However, the parameter sweep implied

that the gap geometry could be altered to minimize these effects (Chapter V).

7.3 Future work

There is a need for further research and development on the gapped wings before they can
be effectively incorporated on a UAV. Firstly, an appropriate actuation method needs to be
designed and prototyped. The proposed sliding covers may be more mechanically complex to
implement than an equivalent aileron. Therefore, prototyping would require studies into the
most efficient actuation systems and manufacturing techniques. Further, the sliding covers
are not physically similar to the rotating feather mechanism, and thus research into a more
feather-inspired actuation method may be required. Additionally, the actuators employed
in the prototype must be lightweight and small enough to be housed within the aircraft.
These constraints indicate smart materials as an appropriate solution, including macrofiber
composites, shape memory alloys, flexible skins, or 3D-printed metamaterials. The gaps

could also be manufactured with intelligent or smart materials, with integrated sensors to
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provide control feedback. Building a prototype would also enable more accurate estimates
of the actuation work, through experimental measurement and validation. In addition,
developing strategies to augment the gapped wing’s performance at low angles of attack
would be useful for future aircraft designers. This work could include research into complex
controllers, new flight manuevers, or special control surfaces as discussed in Chapter II.

The developed CFD models could be leveraged to more thoroughly explore the gapped
wing design space, enabling more rapid prototype iterations. More advanced computational
tools like Large Eddy Simulation (LES) could better predict forces in the post-stall region.
LES could also resolve smaller and more complete flow structures within the gaps themselves.
In addition, higher fidelity simulations could inform more accurate work estimates for the
gapped wings. These CFD models could also be the basis for future optimization studies.
True optimization studies should be run on the gapped wings to determine the best geometry
for a given flight mission. For example, the parameter sweep results indicated that the gap
dimensions would need to balance desired roll capabilities with work requirements.

Gapped wing dynamics could also be further studied. Finding an aircraft configuration
that meets the Level I Cooper-Harper requirements for the short period mode would be
desirable. Relatedly, it would be beneficial to develop strategies for mitigating the higher
short period natural frequency of the gapped wings. Given that the gaps could make the
wing structure more compliant, it would also be important to characterize their aeroelastic
behavior. The actuation of the gapped wings could also be modelled to investigate transient
behavior as the gaps are opened or closed.

Further research in the biological domain is equally important. The results of this work
could not be directly applied to birds, because the bio-inspired gapped wings were simplified,
static, and not necessarily representative of bird wings. However, the code, analysis, and
experiments developed here may help avian biologists understand whiffling. Furthermore,
the tools we developed could help explore the relationship between planar and deflecting

morphing in biological fliers. Birds can morph their wings and tails both in- and out-of-plane
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to control their flight path and stability [8], [101]. Further studies could identify if there are
aerodynamic or energetic advantages to this ability to morph both in- and out-of-plane. It
would also be useful to understand the relationship between camber inversion and feather
rotation, the affects of feather dynamics, the energy costs of whiffling, and underlying passive
or active mechanisms. Whiffling is a unique and complex avian maneuver, and biological
studies will provide ornithologists deeper insight into avian flight, and engineers further

opportunities to leverage the behavior for bio-inspired work.
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APPENDIX A

Airfoil ordinates

For both the experimental work (Chapter IT) and computational work (Chapters I1T and
V), we used the follow equation for the NACA 0012 airfoil ordinates for the SI-gapped wing

and Sl-aileron wing [102]:

2
y = 0.594689181 - ¢ (0.298222773 L 0.127125232 (%) — 0.357907906 (%)

Cc

40.291984971 (%)3 — 0.105174606 (%)4> (A.1)

Using this modified NACA 0012 formula ensured that airfoil closed with a sharp trailing
edge at £ =1 [102].
The ordinates of the NACA 64A010 (used by the JH-aileron wing and JH-gapped wing)
were obtained from Selig’s database [103]. The 64A010 also closed with a sharp trailing edge.
The tail plane used for the gust alleviation work (Chapter VI) used a blunted NACA

0012 airfoil as described in Appendix J.
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APPENDIX B

Aerodynamic Effects of Endplates, and Comparison of

SI- and JH-Wings

In this appendix, we used the CFD results to show that the endplates present on the
SI-wings successfully reduced the tip effects of the Sl-gapped wing and encouraged two-
dimensional flow. We also found that the behaviors of the SI-gapped wing and JH-gapped
wing were very similar, despite the tip effects present on the JH-gapped wing. This result
implied that the endplates ultimately did not have a large effect on the aerodynamics of
the gaps. Furthermore, the gaps had similar aerodynamic effects (relative to their corre-
sponding aileron wing) for two different Reynolds numbers and baseline wing geometries.
Ultimately, examining the JH-configuration and the SI-configuration side by side helped us
study the effects of endplates on the experimental data (Chapter II) and computational
results (Chapters III, IV, and V).

Work curve of the JH-gapped wing

As with the SI-gapped wing, the roll performance and work requirements of the JH-
gapped wing were highly dependent and nonlinear with angle of attack (Fig. B.1 (A)).

Recall that the JH-aileron wing was simulated at a 10° angle of attack as a representative
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Figure B.1: The gapped wings and aileron wings exhibited similar work curves in both the
ST and JH configurations, despite differences in geometry and flow. (A) Work
versus rolling moment coefficient of the JH wings. (B) Work curves of the SI
wings. The work to actuate the full gap face (before scaling by R) is included
as dashed lines. We varied deflection angle for the aileron wings and angle of
attack for the gapped wings.

set (Section 3.3). Additionally, the JH-gapped wing gap cover work (dark blue solid line) was

higher than the JH-aileron wing work (light blue solid line) for rolling moment coefficients

below 0.0139 (Fig. B.1 (A)). The JH-gapped wing work curve did not extend far past this
point because we limited its simulations to 12° angle of attack. In our simulations, neither
the JH-gapped wing nor the aileron wing stalled below 12° angle of attack. We did not exceed
this angle of attack because RANS generally suffers from poor convergence and inaccurate
results in the post-stall region [76]. Furthermore, the simulations were known to under-
predict the stall angle of SI-gapped wing (Section 3.5). In an experimental environment, we
expected that the JH-gapped wing could follow similar pre-stall trends to a higher rolling

moment coefficient than shown in Figure B.1 (A).

As discussed in Section 3.6.3, the gap cover work estimates could have large error bars
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due to the the choice of RANS-based simulations and turbulence model |76]. The work values
in Figure B.1 were also likely overestimates because we assumed that the force on the gaps
and the hinge moment coefficient were constant across gap position and aileron deflection,
respectively. Finally, per Eqn. 3.1, the gap cover work was dependent on the area ratio R
and the assumed geometry of the gap covers and wing. Therefore, the gap face work of the
JH-gapped wing was also shown (dark blue dashed line) before scaling by the area ratio R,
for completeness (Fig. B.1 (A)).

Comparison of the JH- and SI- configurations

Figure B.1 shows the work curves of the SI-gapped wing and the JH-gapped wing com-
pared to their respective aileron configurations. While the magnitude of the work varied
due to geometric and flow differences, the curves’ patterns were very similar across both
configurations. The JH-gapped wing and SI-gapped wing were both highly dependent on
angle of attack, required more work at lower rolling moment coefficients, and stall later than
the ailerons. One difference between the configurations was that the Sl-gapped wing pro-
duces a greater maximum rolling moment coefficient than the JH-gapped wing. This was
likely due to the endplates on the SI-wing approximating an infinite wing: decreasing aspect
ratio tends to decrease rolling moment coefficient [57]. Ultimately, the tip effects on the
JH-gapped wing did not affect the wing’s general behavior or its ability to produce rolling
moment. Additionally, the effects of the gaps on the wing were very similar even at two

different Reynolds numbers and for two different baseline wing geometries.

Effects of endplates

In the SI-gapped wing experiment, endplates were used to approximate two-dimensional
flow and avoid conflating the aerodynamic effects of the gaps with tip effects (Chapter II).

We found that the pressure distribution along the chord was consistent at various spanwise
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Figure B.2: The pressure distribution along the chord of the SI-gapped wing was not signif-
icantly affected by spanwise location, but varied more greatly along the span of
the JH-gapped wing. Data were taken at 2° and 10° angles of attack, at three
spanwise locations near the root, midspan, and wingtip of each wing as indicated
with dashed lines in Figure B.3.

locations on the Sl-gapped wing, but more varied over the span of the JH-gapped wing

(Fig. B.2). Thus, the endplates on the Sl-gapped wing successfully approximated two-

dimensional flow and reduced tip effects. Note that the pressure coefficient data from the

wingtip of the JH-gapped wing at 10° angle of attack exhibited very different behavior from
the baseline airfoil at the wing root; this was likely due to the presence of tip vortices.
Figure B.3 illustrated pressure contours on the upper surfaces of the SI-gapped wing and

JH-gapped wing at 2° and 10° angles of attack. At both angles of attack, the SI-gapped

wing experienced more negative pressure coefficients near the third-chord of the gapped

semi-span compared to the baseline semi-span. The leading edge pressure distribution was
more consistent across the span of the JH-gapped wing at both angles. Thus, while endplates

reduced tip effects, they had a greater bearing on the pressure distribution over the baseline

semi-span. The endplates did not severely impact the pressure distribution over the upper
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Figure B.3: Tip effects did not substantially impact the pressure distribution over the upper
surface of the gapped semi-spans. (A) Sl-gapped wing at 2° angle of attack.
(B) SI-gapped wing at 10° angle of attack. (C) JH-gapped wing at 2° angle of
attack. (D) JH-gapped wing at 10° angle of attack. The black dotted lines in
(A) and (C) show the sampling locations used for Figure B.2.

surface of the gapped semi-span.
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APPENDIX C

Experimental Uncertainty Analysis

The standard combined uncertainty of the data (“uncertainty”) was calculated according
to the Guide to the Expression of Uncertainty in Measurements (GUM) [1]. We then de-
termined and reported the expanded uncertainty of the data using a coverage factor of two,
yielding an interval with a level of confidence of approximately 95%.

We included both Type A and Type B sources of variance in our uncertainty calculations,
excluding the Type B variance of the load cell. The Type B variance of the load cell was
specified by the manufacturer on the calibration certificate: the maximum measurement
uncertainty was 1.00% of full-scale load at the 95% confidence level for all channels except
moment about the z-axis, for which the maximum measurement uncertainty was 1.50%. The
Type B variance of the load cell represented one of the largest sources of relative uncertainty
for the data. However, this uncertainty was mitigated by running multiple trials per wing
and presenting the data in a cumulative averaged format. The Type B variance of the load
cell was therefore excluded from the plotted uncertainty.

The Type A variation (standard error, or standard deviation of the mean) of the force,
pressure, and temperature data were calculated using Zigba’s time series analysis method
[104]. This method generally yielded more conservative (larger) uncertainty values due to

autocorrelation of the data.
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We accounted for correlations between the channels of the load cell in the error propaga-
tion, but correlations between the dynamic pressure and load cell readings were determined

to be negligible and thus were excluded from calculations.

Statistical significance of experimental data

The results of the experimental gapped wing study were founded on relative data; that
is, the differences between mean values of each gapped wing and the baseline wing mean
values. In order to draw conclusions about these incremental data, we determined the
statistical significance of each incremental data point. To do so, we calculated the expanded
uncertainty of each difference of means, at an approximately 95% confidence level, following
the methodology outlined in the GUM [1]. Note that this is similar to, but distinct from,
a 95% confidence interval of the difference of means [1]. We first calculated the standard
combined uncertainty of each gapped wing (mean) value and each baseline wing (mean)
value. Then, we took the difference of the gapped wing mean and baseline wing mean, and
calculated the corresponding standard combined uncertainty of that difference. Finally, we
multiplied the standard combined uncertainty (of the difference of means) by a coverage
factor (k) of two, per the GUM [1]. This final product was the expanded uncertainty of the
difference of means, at an approximately 95% confidence level. We set the null hypothesis
to be zero. If the expanded uncertainty included the null hypothesis, we accepted the null,
indicating that the difference in means was not statistically significant. In other words,
there was no statistical evidence that the mean gapped wing value was different from the
baseline wing value. If the expanded uncertainty did not encompass the null hypothesis,
then we had evidence that the difference of means was statistically significant. That is,
even accounting for the experimental uncertainty, there was statistical evidence that the
gapped wing mean values were different from the baseline wing mean values. Determining
the statistical significance of the incremental data provided a measure of certainty in our

comparative results and conclusions. In summary, determining the statistical significance
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of the data provided a measure of reliability, and allowed us to compare the measurement
results and accurately draw conclusions. In Chapter II, the statistically significant points
are demarcated in the figures by a circled dot (®), and the insignificant points are marked

with a dot (-).
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APPENDIX D

Validation of Experimental Setup

We validated our experimental setup used in Chapter II by comparing the coefficient of
lift curve of the baseline wing to previously published data.

The coefficient of lift curve often depends on parameters such as aspect ratio, Reynolds
number, and wind tunnel data corrections [56], [59]. There was no single previously pub-
lished experiment that matched all of our wing geometry and flow conditions. Therefore, we
compared the baseline wing data with other previously published results that shared similar
parameters to our experimental setup: Jacobs and Sherman tested at an Re of 3.3 x 10° and
corrected their data to an infinite wing [93]. Pankonien et al. used an Re of 2.1 x 10° and a
low aspect ratio wing with endplates, corrected for blockage [6]. Goett and Bullivant tested
a wing of aspect ratio six at a Reynolds number of 3.3 x 10°, and corrected for blockage
and jet boundaries [105]. Each previously published lift curve shared a similar parameter
with the current work, or in the case of the thin airfoil curve, provided an upper bound
for the expected lift coefficient results. Including these curves highlighted that the baseline
wing coefficient of lift fell within a reasonable range to the previously published data, despite

geometric and flow differences.
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Figure D.1: Validation of the experimental SI-baseline wing lift curve, compared to previ-
ously published NACA 0012 data [6], [93], [105]. The experimental data agreed
well with the previously published data
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APPENDIX E

Comparison of SI-Gapped Wing and SI-Baseline Wing

Both the previous experimental study (Chapter IT) and the current work investigated a
baseline SI wing without gaps (SI-baseline wing) as a comparison to the gapped wing. Here,
we experimentally validated CFD results of the Sl-baseline wing. We also compared the
pressure coefficients at a gap section with pressure coefficients at a baseline wing section.
Note that differences in aerodynamic forces and moments between the Sl-baseline wing
and Sl-gapped wing were thoroughly discussed in the previous experimental work, and are
not repeated here (Chapter II). The CFD results of the SI-baseline wing agreed well with
the previous experimental data from Chapter II (Fig. E.1). This matching was expected,
given the good agreement between CFD and experimental data for both the SI-gapped wing
(Fig. 3.4) and JH-aileron wing (Fig. 3.5). The baseline wing was simulated as a Sl-aileron
wing with a 0° aileron deflection, at angles of attack ranging from 0° to 10°.

Figure E.2 compared the pressure coefficients along the gap with the pressure coefficients
over a baseline wing section. The baseline pressure distribution appeared nominal for a
NACA 0012 section. Comparatively, the pressure coefficients along the chord in the central
gap fluctuated to local maxima and minima before returning to a near-nominal value at the
trailing edge. The baseline wing reached a slightly higher pressure coefficient at the trailing

edge than the gapped wing. The pressure coefficients along the gap (yellow line) were the
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Figure E.1: The Sl-baseline wing CFD data agreed well with the previous experimental
results, comparing (A) lift coefficient and (B) drag coefficient. The baseline
wing was simulated as the Sl-aileron wing with a 0° deflection at angles of
attack from 0° to 10°.
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Figure E.2: Compared to the pressure coefficients over the Sl-baseline wing (brown), the
pressure coefficients over the SI-gapped wing (yellow) oscillated to local minima
and maxima. The Sl-baseline wing also experienced a slightly higher pressure
coefficient at the trailing edge than the Sl-gapped wing.

same as those plotted in Figure 3.9 (B), measured along the chord line of the root face of

the central gap. The pressure coefficients of the baseline section (dark brown line) were

measured from the Sl-gapped wing at the wing root, away from the gaps.
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APPENDIX F

Refined Work Estimates Based on Integral

Approximations

Previously, the work of the gapped wings and aileron were estimated assuming that the
force on the gap covers and the hinge moment of the aileron were constant across displace-
ment and deflection. However, ailerons experience higher hinge moments at larger deflection
angles [2]. I speculated that the force on the gap covers would similarly change across their
displacement. Thus, the previous work calculations were likely conservative over-estimates.
Here, I used the parameter sweep data (Chapter V) to refine the work estimates of the gap
covers and aileron as integral approximations. The refined work estimates were lower than
the constant force/hinge moment estimates as anticipated. The intersection of the refined
work curves also increased from previous estimates—that is, the gapped wing required less
work than the aileron at a higher rolling moment coefficient than before. Despite this discrep-
ancy, the relative work curves confirmed that the constant force/hinge moment assumption
(Chapter I1T) was appropriate. Due to practical considerations, the approximations were not

used in this dissertation; the constant force/hinge-moment estimates were used.
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Methods

[ previously assumed a constant force across the displacement of the gap cover (Eqn. 3.1).
To keep the work estimates of the gaps and aileron directly comparable, I also assumed
that the aileron hinge moment coefficient was constant across deflection angle (Eqn. 3.3).
However, hinge moments are known to increase with deflection angle [2]. T expected that
the force on the gap faces would also change with gap width (actuation position).

Thus, I refined the work estimates for both the SI-gapped wing and SI-aileron wing, using
Riemann sum integral approximations based on the parameter sweep data (Chapter V). The
Riemann sum method allowed me to vary the force on the vertical gap faces at each simulated
gap width. I only included gap widths narrower or equal to % in the integral approximation,
because this was the maximum gap width tested experimentally (Chapter II) and simulated
in the previous computational work (Chapter I1I). Thus, basing the refined work estimate
on this range of gap widths enabled me to directly compare it to the constant-force work
estimate. At each angle of attack, I calculated the work (in mJ) to actuate the gap covers

using MATLAB’s trapz function, which was equivalent to:

b/48
F, (b, E,(b;
Wiy = > o “); o >(bi+1—bi)-R-1000 (F.1)
b;=b/192

Similarly, I applied the Riemann sum estimate to the Sl-aileron wing. I summed the
products of hinge moment and deflection angle to calculate the work to deflect the aileron

to a given angle. Using MATLAB’s trapz function:

4,
= Ma 51 + Ma 51 s
W, = 3 Ml “)2 ( ><—<5i+1—5i>>@-1000 (F.2)
§;=0°

The negative sign in Eqn. F.2 was required to model the work done by the hypothetical
actuator. The product M,d, represented the work “done” by the airflow on the aileron

surface. Thus, the negative of that product represented the work required to overcome this
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aerodynamic loading.

The hinge moment coefficient is also known to vary across angle of attack [2]. Therefore,
I estimated the aileron work at several angles of attack v = [2°,8°,10°]. Each angle of attack
was held constant while the aileron deflection angle was varied. Not all of the same aileron
deflections were simulated for each angle of attack. For the angles of attack, the following

aileron deflection angles (J,) were simulated:
o a=2% 0, =10°—2° —4.7°,—7°,—10°, —15.3°, —18.3°, —30°]
o =8 0, = [-4.7°,—15.3°, ~17.5°, —19.5°, —30°]

o a =10 6, =[0° —15.3°, —17.5°, —18.3°, —19.5°]

Work estimates were refined using integral approximations

I applied the parameter sweep data to refine the SI-gapped wing work estimates, using
Riemann sum integral approximations (Fig. F.1). The force on the vertical gap faces in-
creased as the gaps became narrower. Recall that gap width was limited to those narrower
than or equal to % (solid lines in Fig. F.1 (B)). The work to open the gap covers from fully
closed to the % position ultimately decreased (solid black line) compared to the constant-
force work estimate (dashed black line). The difference between the Riemann sum work
estimate and the constant-force work estimate was approximately constant across angle of
attack.

I also applied the Riemann sum integral approximation to the Sl-aileron work estimates
(Fig. F.2). At all angles of attack, the Riemann sum estimate was lower than the constant
hinge moment estimate. Furthermore, both the hinge moment and work varied more with
deflection angle than angle of attack.

Both the SI-gapped wing and Sl-aileron wing required less actuation work based on
the Riemann sum estimates compared to the constant force/hinge moment estimates, as

expected (Fig. F.3). However, the Riemann-estimated work curves intersected at a higher
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Figure F.1: (A) The Riemann sum work estimate was lower than the constant force estimate
for the Sl-gapped wing with %C X % gaps. (B) The force on the vertical gap
faces decreased as the gaps widened. The gap widths used for the Riemann sum
estimates are shown with solid lines, and unused gap widths are shown as dotted

lines. The force is plotted at each simulated angle of attack: a = [0°,2°,7°,10°]
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Figure F.2: (A) The Riemann sum work estimates were lower than the constant hinge mo-
ment estimates. (B) Hinge moment coefficient decreased as aileron deflection
magnitude decreased. Hinge moment and work are plotted against aileron de-
flection angle at several representative angles of attack.
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rolling moment coefficient compared to the constant force/hinge moment work curves. When
using the integral approximation, the SI-gapped wing required less work than the Sl-aileron
wing for rolling moment coefficients above 0.0236 (compared to 0.0182 from Figure 3.11).
This new intersection point did not occur until after the SI-aileron wing had partially stalled,
indicated by the vertical jump in the aileron work curve. Under the constant force/hinge
moment assumption, the gapped wing broke even with the aileron work before the aileron
stalled (Fig. 3.11). For ease of comparison with Figure 3.11, note that only the aileron work
curve at 2° angle of attack was plotted in Figure F.3.

While the values of the work curves changed with the Riemann sum estimates, their gen-
eral shapes and values relative to one another remained fairly constant (Fig. F.3, Fig. 3.11).
This consistency implied that the constant force/hinge moment assumption was appropri-
ate in the comparative context of Chapter I1I. However, it would be important to increase
the fidelity of the integral approximation when designing and drawing specifications for an
aircraft or actuation system. The accuracy of the Riemann sum work estimates were depen-
dent on simulated gap cover positions and aileron deflection angles, as well as the resolution
between these points. As with any discrete approximation, the accuracy of the estimates
could be improved by including additional intermediate gap positions and aileron deflections.
Ultimately, the most accurate method would be to measure the work required to move the
gap covers and aileron directly over time, either through dynamic simulations or wind tunnel
testing. This topic will be the subject of future investigations. Additionally, the Riemann
estimates for the gapped wing in particular may have had large errors, due to the challenges
of resolving flow near small geometry with RANS simulations. These errors could have been
especially high for the narrower gap widths. To minimize the impact of these potential er-
rors, the CFD-based work estimates outside of this section all employed the constant gap

force and constant hinge moment coefficient assumption from Chapter III.
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Figure F.3: Comparing the Riemann sum work estimates of the Sl-gapped wing and SI-
aileron wing, the intersection increased to a rolling moment coefficient of 0.0236
(compared to 0.0182 in Figure 3.11). Grey points indicate partial aileron stall.

Data availability

The data and codes used to perform the parameter sweep and refine the work estimates

are openly available on figshare at DOI: 10.6084/m9.figshare.c.6487942.v2.

162


10.6084/m9.figshare.c.6487942.v2

APPENDIX G

Parameter Sweep With the Two-Gap Wing

The two-gap edge-case wing was not included in the main results of Chapter V. The gaps
of this wing were centered along the semi-span rather than being concentrated at the wingtip,
and the models did not account for the relative position of the gaps. Here, we discuss the
results of the two-gap wing, alongside the five- and nine-gap wings, all with a gap length
of % Conclusions were drawn carefully, to avoid conflating effects from the position of the
gaps (centered versus outboard) with the number of gaps (two, five, or nine).

The gapped wings appeared to produce greater rolling moment coefficients as the gaps
widened, however, this value levelled off to some value (dependent on angle of attack, gap
length, and number of gaps) as the gaps became wider (Fig. G.1). As noted from Figure 5.3,
the rolling moment coefficient produced by the nine-gap wing was only slightly higher than
that of the five-gap wing, implying that the outboard gaps were more effective at producing
roll. Visually, the rolling moment coefficient produced by the two-gap wing appeared to
follow a similar asymptotic pattern. However, further simulations would be needed to confirm
this hypothesis. The high degree of variation in rolling moment coefficient at 0° angle of
attack was due to the symmetry of the wing and subsequently negligible roll production.

Figure G.2 confirmed the work requirement trends of the five- and nine-gap wings with

2C . . . . .
5 —long gaps. Specifically, the actuation work of the nine-gap wing was roughly twice that

163



x107° (A) 0° angle of attack

20
X
¢ / \>< O
10r \&——x O Two-gap wing
—>—— Five-gap wing
0L Nine-gap wing
\]/ 11 1 1 1 1 1
x1073 (B) 2° angle of attack
10
&= O
()
o
[} 5k
+
8 N 1 1 1 1
:
C) le of attack
S 0.04. (C) 7° angle of attac
0
=
= O
Q 0.02f
o
Vs
0 T I | 1 1 1 1
(D) 10° angle of attack
0.05r
O
VA
Ea
O i
192 18 32 19 16 5

by /b

Figure G.1: The rolling moment coefficient versus gap width for the five- and nine- gap
wings, as well as the two-gap wing, all with a gap length of % Data are plotted
at (A) 0°, (B) 2°, (C) 7°, and (D) 10° angle of attack.
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of the five-gap wing, because it had nearly twice as many gaps (Eqn. 3.1). Similarly to
roll, the actuation work appeared to reach an asymptote as the gaps widened. The two-gap
data may follow a similar trend. In particular, Figure G.2 suggested that the actuation cost
continued to increase as the gaps widened towards g Further simulations would be needed
to confirm this hypothesis.

Finally, I examined the impact of the two-gap wing on the normalized roll (Eqn. 5.2.
Figure G.3 highlighted that the maximum normalized roll existed on the domain boundaries
for some cases, but not others. For example, both the five- and nine-gap wings locally max-
imized the normalized roll with the narrowest gap in the 2° case. However, they maximized
normalized roll with intermediate gap widths (% and ) for 7° and 10° angle of attack.
There was also a visible interaction effect between the number of gaps and angle of attack.
For example, the normalized roll increased more from the five- to the nine-gap wing at high
angles of attack (7° and 10°) than at a low 2° angle of attack. From the limited available

data, the two-gap wing also appeared to follow similar asymptotic trends for normalized roll.
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Figure G.2: The actuation work versus gap width for the five- and nine- gap wings, as well
as the two-gap wing, all with %—long gaps. Data are plotted at (A) 0°, (B) 2°,
(C) 7°, and (D) 10° angle of attack.
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as the two-gap wing, all with a gap length of % Data are plotted at (A) 2°,
(B) 7°, and (C) 10° angle of attack.
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APPENDIX H

Simplified Linear Models of Roll and Work, for

Validation

The multi-variate linear models for the rolling moment coefficient and actuation work of
the five- and nine- SI-gapped wings were initially based on all of the CFD parameter sweep

data (excluding the two-gap wing data). I validated the models using just the CFD data

2¢
3

from the five- and nine-gap wings with the initial gap dimensions % x %. The work model
fit the data well. However, there were errors between the roll model and validation data.
To investigate, I fit simplified versions of the linear models solely using the CFD validation
data (the five- and nine-gapped wings with the initial gap dimensions).

Both the simplified rolling moment coefficient model and simplified actuation work model
agreed well with the validation data (Fig. H.1). This result built confidence in the approach
used to built the full models in Chapter V. However, it also highlighted the difficulty in
modelling the effects of gap dimensions on the rolling moment coefficient in particular.

The errors seen in the full rolling moment coefficient model (Chapter V| using all of the
parameter sweep data as observations) could be due to the challenges of resolving complex

flow around the gaps in RANS CFD simulations. Since it is difficult to model the gap flow in

RANS,; it is likely that there are errors or residuals between the CFD simulations of different
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Figure H.1:

Angle of attack (°)

The linear models for (A) rolling moment coefficient and (B) actuation work
of the Sl-gapped wing agreed well with the validation data (five- and nine-gap
wings with % X % gaps), when the models were built only using those same
validation data points.
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gap dimensions. This could lead to the larger errors (between the full model in Section 5.7

and the validation data) that cannot be explained by the linear model.
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APPENDIX I

Validation of Symmetric Wing Data Corrections

Chapter VI used asymmetric gapped wing data from the parameter sweep (Chapter V)
corrected to a symmetric gapped wing, following Barlow et al. (Eqn. 6.20) [59]. To validate
this method, I simulated one symmetric gapped wing directly in STAR-CCM+ at 7° and
10° angle of attack. I validated the nine gap wing with ?jf X % gaps, since it had the largest
change in planform area due to the gaps and could thus be the most susceptible to errors in
the correction method. I followed the simulation and meshing procedures for the SI-gapped
wing from Chapter III and Chapter V. Force and moment coefficients of the validation wing
were normalized by symmetric planform area (Eqn. 6.19), and pitching moment coefficient
was also normalized by wing chord. The symmetric wing was simulated with 3.6 million
cells. The simulations reached convergence after 130 to 140 iterations.

The symmetric validation data agreed well with the corrected estimates (Fig. I.1). The
lift and pitching moment coefficients agreed well. There were larger errors in drag coeffi-
cient, but this was expected: the large size of the gaps likely led to more turbulent and
vortical flow, which added to the difficulty of predicting drag with RANS simulations [76].
In all, the asymmetric-to-symmetric correction method (Eqn. 6.20) was appropriate for use

in Chapter VL.
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APPENDIX J

Modeling Aircraft Wing and Tail for Rigid Body

Dynamics

Wing aerodynamic properties

We leveraged simple analytical methods to estimate the aerodynamic properties of each
wing from the CFD results. We calculated the slopes of the lift and pitching moment curves
of each wing as finite differences. Due to the non-linearity of the gapped wings’ pitching
moment curves, we used the CFD data from 0° and 2° angle of attack as the bounds of the
finite difference. Constraining our calculations to these very low angles of attack ensured that
we remained within the linear regime of each wing’s pitching moment curve. For example,
we estimated the slope of the linear regime of the lift curve using:

wing _ ClLumg(O‘ =2°) — ClLumg(Of =0°)

feY QOL

180

C (J.1)

where « is angle of attack (in radians) and Cp, is the coefficient of lift of the wing. We

calculated the slope of the pitching moment coefficient (about the quarter-chord) in the
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180

Airfoil lift and drag curves for tail

To model the tail, we used a symmetric NACA 0012 airfoil. The two-dimensional lift (¢;)
and two-dimensional drag (c;) curves of this airfoil were determined with experimental data
from Jacobs and Sherman [93|. We analytically estimated the slope of the linear regime of

the lift curve from their data as:

ala=6°) —qgla=-3°

o_m_
9° 150

ag =

(1.3)

We visually determined that the linear range of the lift curve extended from approximately
—3° to 6° angle of attack. We used this range of angles of attack for calculating the aerody-
namic properties of the tail-alone. Then, we interpolated the tail’s aerodynamic properties

to the appropriate o' to calculate the properties of the full aircraft (Section 6.3.5.3).

Tail inertial properties

Given the uncoupled dynamics model, we assumed the tail was symmetric about the
vertical plane. We modeled the planform such that the aerodynamic center of each airfoil
section fell along the spanwise axis of the tail, parallel to the y-axis (Fig. J.1).

We modelled the tail planform as two ellipses with the same major axis D and different
minor axes (dpg and drg), halved then concatenated at the major axis. One half-ellipse
represented the leading edge portion of the tail, and the other represented the trailing edge
portion. Per our assumption on the tail span, the major axis D was 2/3 of the wing semi-
span. By definition, the sum of the minor axes at the tail root equalled the tail root chord:

ctail — drg +drg (J.4)

root —
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Airfoil
aerodynamic centers

Figure J.1: The tail planform was elliptical, with different minor axes d;r and drg for the
leading edge and trailing edge portions, respectively. Both ellipses had a major
axis D. The aerodynamic centers of the airfoil sections fell along the same
spanwise axis of the tail.

where dpg is the minor axis of the leading edge ellipse and drg is the minor axis of the

trailing edge ellipse (both in m). We aligned the AC’s of the airfoil sections, yielding:

Ctazl

dup = 222 (3.5)

We combined these relations with the desired tail aspect ratio and the tail planform area to

calculate the root chord of the tail as:

Ctail _ 8D
root T A Rt

(J.6)
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Then, the planform area of the tail was calculated analytically using the formula for the area

of two ellipses:
mD(dpg + drg)
2

gt = (J.7)

To calculate the inertial properties of the tail, we discretized the tail along the y-axis into
100 airfoil slices of equal span. For each slice, we calculated the chord of the airfoil at that
spanwise location based on the corresponding dimensions of the planform. Then, we used
MATLAB’s built-in polyshape function to estimate the area and centroid of the slice. We
estimated the volume of the slice by multiplying the airfoil area by the slice’s thickness, and
calculated the slice mass assuming a density of 1010 kg/m3. We summed the volumes and
masses of all of the slices to estimate the total volume and mass of the tail. The location of

the tail’s center of gravity along its chord was then estimated according to:

100
£0 Zz‘:l ToG,imiyg
> i1 g

where z¢¢; is the location of the ith slice’s center of gravity along its chord (in m), m; is the
mass of the i*" slice (in kg), and g is the acceleration due to gravity (in m/s?). We assumed
that the tail’s center of gravity was centered along its y- and z-axes due to symmetry, and
fell along the z-axis.

We estimated the mass moment of inertia of the tail about its y-axis at its CG, using
the formula for the moment of inertia of a three-dimensional ellipsoid about its origin and
the parallel axis theorem. First, we found the moment of inertia of each half-ellipse about
its origin (center) as:

“ 1Im
= §T(d2 + h?) (J.9)

where m!® is the mass of the tail (in kg), d is the respective minor axis (in m), and A is the

assumed height of the ellipsoid (in m) taken as the maximum thickness of the tail. Given
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that the NACA 0012 is a 12% thick airfoil, we defined:

h = 0.12¢1 (J.10)

root

where %, is the root chord of the tail (in m). For simplicity, we assumed that the tail mass
was equally split across the two ellipsoids. We then summed the moments of inertia of the
two ellipsoids to find the tail moment of inertia at the intersection of the major and minor

axes (equivalent to the quarter-chord/AC point):
L e (J.11)

where IyLE is the mass moment of inertia of the leading-edge ellipsoid about the y-axis at its
origin and Ig E is the mass moment of inertia of the trailing-edge ellipsoid about the y-axis
at its origin (both in kg-m?3). Then, we applied parallel axis theorem to find the tail moment
of inertia about its center of gravity:

where ];‘”l is the moment of inertia of the tail at the quarter-chord (in kg-m?), m' is the
mass of the tail (in kg), and ¢gc—c is the distance from the tail’s quarter-chord to its center

of gravity (in m).
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APPENDIX K

Gust Responses of all Aircraft

For visual clarity and to highlight the key conclusions of this work, we only presented
a subset of the modelled aircraft in Fig. 6.2 and Fig. 6.5. All of the aircraft results for the
pitching moment coefficient of the wing and the gust responses are included in Fig. K.1 for

completeness.
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Figure K.1: (A) Gaps decreased the wing’s pitching moment coefficient about the aircraft’s
center of gravity. (B) - (I) Gapped wings improved the aircraft gust response
by reducing amplitude and increasing damping of the changes in state variables.
We plot the changes in forward velocity, heave velocity, pitch rate, and pitch
angle in response to streamwise and tranverse 1—cos gusts. The solid black line
is the baseline aircraft, and each color dashed or dotted line is a different gapped

wing aircraft.
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APPENDIX L

Dynamics of Aircraft With AC-Mounted Wing and Tail

For the gust alleviation analysis (Chapter VI), we modelled the aircraft with the wings
and tails mounted by their respective centers of gravity (“CG-mounted aircraft”), as described
in Section 6.3. However, common aerodynamic texts model aircraft with their wing and tail
mounted by their aerodynamic centers 73], [88]. For completeness, we considered that
configuration here (“AC-mounted aircraft”) (Fig. L.1). For the AC-mounted aircraft, we
defined the distances from the nose to the aerodynamic center of the wing and tail, rather
than the distance from the nose to the center of gravity (Fig. L.1).

The AC-mounted aircraft was easier to trim, because there were more aircraft configura-
tions for which all wings trimmed (compared to the CG-mounted aircraft). The CG-mounted
aircraft achieved trim for two configurations, while there were seven AC-mounted aircraft

configurations that successfully trimmed:
1. gtail — Qo gpfuse — 0 15mbese, ARl — 10
9. tail — 0, mfuse — 0 25mbese ARl — g
3. jtoil — (0 mmfuse — (.25mbase. ARt — 1()

4. ,l’tail — 007 mfuse — 0.5,’nbase7 ARtail =7
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Figure L.1: The AC-mounted aircraft was defined with the wing and tail mounted by their
respective acrodynamic centers, per common aerodynamic texts [73], [88].

5. Z'tail — 00, mfuse — 0‘5mbase’ ARtail =8
6. Z'tail — 007 mfuse — 0.5mbase’ ARtail =9
7. Z’tail — 007 mfuse — 0.5,’nbase7 ARtail =10

Only configurations 1. and 3. resulted in aperiodic longitudinal modes. All of the other
configurations resulted in the desired short period and phugoid modes. For comparison with
the CG-mounted aircraft, we plotted the results of the AC-mounted aircraft described by
configuration 6. Due to our definitions of the wing and tail mounting locations for the AC-
and CG- mounted aircraft (Fig. L.1 and Figure 6.1), this configuration was similar—but not
identical—to the configuration used for the CG-mounted aircraft. Thus, we could not directly
compare this AC-aircraft configuration to the CG-aircraft configuration from Chapter VI.
However, we made general statements, and addressed the relative effects of the gapped wings
on the AC- and CG-mounted aircraft.

In general, the responses of the AC- and CG-mounted aircraft (Chapter VI) differed,

but only modestly (Fig. 1.2, L.3, L.4, and L.5). For example, the baseline CG-mounted
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aircraft trimmed at ag = 2.5°, 79 = —9.6°, and Uy = 44.5 m/s (Section 6.4 and Figure 6.3).
The baseline AC-mounted aircraft trimmed at oy = 1.9°, 79 = —11.2°, and Uy = 48.6 m/s
(Fig. L.2). Similarly small differences between the baseline AC- and CG-mounted aircraft
dynamics were also observed for the natural modes (Fig. L.3) and responses to streamwise
and transverse gusts (Fig. L.4). These differences were likely due to the previously-mentioned
differences in the baseline AC- and CG-mounted aircraft configurations, stemming from
the geometrical differences of mounting the wing and tail by their aerodynamic centers as
opposed to their centers of gravity. Furthermore, the dynamic effects of AC-mounting were
typically much smaller than the impact of the gapped wings on aircraft dynamics.

The selected configuration of the AC-mounted aircraft (Fig. L.2) trimmed at lower angles
of attack, higher forward velocities, and comparable glide angles to the CG-mounted aircraft
from Chapter VI (Fig. 6.3). This configuration of the AC-mounted aircraft also decreased the
natural frequency and the time to halve the amplitude of the phugoid mode, and typically
increased the natural frequency and time to halve the amplitude of the short period mode
(Fig. L.3 6.4). The AC-aircraft configuration generally had similar phugoid damping ratios
and decreased short period damping ratios with respect to the CG-mounted aircraft (Fig. L..3
and 6.4). The differences between the AC- and CG-mounted aircraft gust responses are very
subtle (Fig. L.4 and 6.5).

Importantly, the gapped wings had the same pattern of effects on the AC-mounted aircraft
as they did on the CG-mounted aircraft: larger and more gaps had a greater impact on trim
state, natural modes, and gust alleviation (Fig. L.2, L.3, and L.4). Additionally, the trim
state and natural modes did not appear to be greatly affected when widening the gaps past
% (Fig. L.2 and L.3). Similarly to the CG-mounted aircraft, the wing with the least and
smallest gaps (five § x EZ’Q gap) had the smallest impact on trim. The wing with the most
and largest gaps (nine %‘3 X 1—% gaps) had the largest impact on trim. We plot just the gust
responses of those AC-mounted aircraft compared to the baseline AC-mounted aircraft, for

visual clarity (Fig. L.4). All aircraft responses are plotted in Figure L.5 for completeness.
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In summary, mounting the wings and tails by their aerodynamic centers did not have a
large bearing on the aircraft dynamics for the selected configuration. The gaps had similar
effects on the AC-mounted aircraft as they did on the CG-mounted aircraft. Furthermore,
gap configuration generally had a larger impact on the aircraft dynamics compared to the
mounting location of the wings and tail. However, all of the AC-mounted aircraft were
able to achieve trim for more tail and fuselage configurations than the CG-mounted aircraft.
Thus, mounting the wings and tails by their aerodynamic centers could help overcome some

of the practical design challenges discussed in Chapter VI.
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Figure L.2: This configuration of the AC-mounted aircraft trimmed at generally lower angles
of attack, similar glide angles, and higher forward velocities compared to the CG-
mounted aircraft from Chapter VI. The gapped wings exhibited the same effects
on trim state as they did for the CG-mounted aircraft.
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Figure L..3: AC-mounting the wings and tail had modest effects on the natural modes of the
aircraft. Notably, the gapped wings exhibited the same pattern of effects on the
natural modes as they did for the CG-mounted aircraft.
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(A) Streamwise gust (E) Transverse gust
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Figure L.4: The gust responses of the AC-mounted aircraft were very similar to those of the
CG-mounted aircraft (Chapter VI), and the gapped wings had the same impacts
on responses of the AC-mounted aircraft.
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Figure L.5: Gapped wings had similar effects on the gust responses of the AC-mounted air-
craft as they did on the CG-mounted aircraft (Chapter VI). (A) Gaps decreased
the wing’s pitching moment coefficient about the aircraft’s center of gravity. (B)
- (I) Gapped wings improved the aircraft gust response by reducing amplitude
and increasing damping of the changes in state variables. We plot the changes
in forward velocity, heave velocity, pitch rate, and pitch angle in response to
streamwise and tranverse 1—cos gusts. The solid black line is the baseline air-
craft, and each color dashed or dotted line is a different gapped wing aircraft.
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