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ABSTRACT

High-Fidelity Aerostructural Design Optimization of Transport Aircraft with
Continuous Morphing Trailing Edge Technology

by
David A. Burdette Jr

Chair: Joaquim R. R. A. Martins

Adaptive morphing trailing edge technology offers the potential to decrease the fuel
burn of transonic commercial transport aircraft by allowing wings to dynamically
adjust to changing flight conditions. Current configurations allow flap and aileron
droop; however, this approach provides limited degrees of freedom and increased
drag produced by gaps in the wing’s surface. Leading members in the aeronautics
community including NASA, AFRL, Boeing, and a number of academic institutions
have extensively researched morphing technology for its potential to improve aircraft
efficiency.

With modern computational tools it is possible to accurately and efficiently model
aircraft configurations in order to quantify the efficiency improvements offered by mor-
phing technology. Coupled high-fidelity aerodynamic and structural solvers provide
the capability to model and thoroughly understand the nuanced trade-offs involved
in aircraft design. This capability is important for a detailed study of the capabilities
of morphing trailing edge technology. Gradient-based multidisciplinary design opti-

mization provides the ability to efficiently traverse design spaces and optimize the

XV



trade-offs associated with the design.

This thesis presents a number of optimization studies comparing optimized config-
urations with and without morphing trailing edge devices. The baseline configuration
used throughout this work is the NASA Common Research Model. The first opti-
mization comparison considers the optimal fuel burn predicted by the Breguet range
equation at a single cruise point. This initial singlepoint optimization comparison
demonstrated a limited fuel burn savings of less than 1%. Given the effectiveness of
the passive aeroelastic tailoring in the optimized non-morphing wing, the singlepoint
optimization offered limited potential for morphing technology to provide any bene-
fit. To provide a more appropriate comparison, a number of multipoint optimizations
were performed. With a 3-point stencil, the morphing wing burned 2.53% less fuel
than its optimized non-morphing counterpart. Expanding further to a 7-point stencil,
the morphing wing used 5.04% less fuel. Additional studies demonstrate that the size
of the morphing device can be reduced without sizable performance reductions, and
that as aircraft wings’ aspect ratios increase, the effectiveness of morphing trailing
edge devices increases. The final set of studies in this thesis consider mission analy-
sis, including climb, multi-altitude cruise, and descent. These mission analyses were
performed with a number of surrogate models, trained with O(100) optimizations.
These optimizations demonstrated fuel burn reductions as large as 5% at off-design
conditions. The fuel burn predicted by the mission analysis was up to 2.7% lower for

the morphing wing compared to the conventional configuration.

Xvi



CHAPTER 1

Introduction

1.1 Motivation

Worldwide demand for sustainable initiatives to combat climate change is influ-
encing the aerospace market. The aerospace industry is responding with a clear push
for aircraft transportation solutions with increased efficiency and reduced emissions.
Leaders in industry, academia, and government agencies around the world are invest-
ing in research pursuing more efficient aircraft technologies.

The airline industry is a substantial contributor to greenhouse gas emissions. Ac-
cording to the Air Transport Action Group (ATAG), aircraft emissions contributed
781 million metric tons of COs to the Earth’s atmosphere in 2015 [1]. That value
is more than 2% of the total 36 billion metric tons produced by humans that year.
CO4 emissions are the major driver in aviation’s long-term impact on Earth’s cli-
mate, while other emissions—of nitrogen oxides (NO, ) and particulates like soot and
sulfates—and the production of contrails and cirrus clouds contribute shorter-term
impacts. In 2005, aviation’s radiative forcing—a measure of the change in energy

2 or 4.9% of that year’s anthro-

in the atmosphere—was an estimated 78 mW m™
pogenic forcing [2]. Figure 1.1 demonstrates the dire circumstances surrounding the
atmospheric concentrations of CO, and NO,, and the dramatic shift these concen-

trations have made in the last 250 years. Changes need to be made in order to slow



these trends and to mitigate the heating of our planet. One such change is increasing
the energy efficiency and reducing the emission production of aircraft to help reduce

anthropogenic contributions to climate change.
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Figure 1.1: There has been a dramatic increase in atmospheric concentrations of COq
and NO, in the past 250 years compared with the global history over the last 10,000
years. Adapted from Figure SPM.1 of IPCC [3].

Aircraft researchers are pursuing a number of options to continue improving air-
craft fuel efficiency, including aerodynamic flow control [4], advanced materials and
composites [5, 6, 7], improved engine technology [8, 9], electric propulsion [10], lam-
inar flow design [11], morphing technology [12], and new (non tube-and-wing) air-
craft configurations, like the Truss Braced Wing (TBW) [13, 14], Blended Wing
Body (BWB) [15, 16, 17], and double bubble D8 [18, 19].

The studies in this thesis consider the effectiveness of morphing technology for
improving fuel efficiency of commercial transport. While morphing technology has
potential applications in military and unmanned applications, where performance re-
quirements may dictate flight at a wide variety of flight conditions, those cases are not
considered herein. Commercial aircraft contribute the majority of the fuel consump-
tion among aircraft [20], and the long range and transonic speeds of their missions
suggest they offer significant potential for reducing the overall fuel consumption of

aircraft.



To motivate this work, we consider a variety of previous work in the area. We
first consider general theory and historical perspectives of morphing technology. We
then reduce the scope of our consideration and focus on previous work considering
morphing trailing edge technology. In this work, I use Multidisciplinary Design Opti-
mization (MDO) [21, 22] to determine optimized morphing trailing edge shapes and
thus find the maximum potential of such devices. As such, we consider previous work
in the field of MDO, particularly with applications in aircraft design. Finally, we
consider specifically the state of the art with respect to MDO of morphing trailing
edge devices and what needs in the field are addressed in this work. That motivation

sets the table for the objectives and outline of the remainder of this thesis.

1.1.1 Morphing technology

Various researchers have different opinions about what qualifies as aircraft morph-
ing. The broadest view, like that used by Weisshaar [23] and adopted by Martins [24]
considers “a broad range of air vehicles and vehicle components that adapt to planned
and unplanned multipoint mission requirements” as morphing aircraft. This includes
changes like deployment and storage of landing gear, or use of high-lift devices. While
the semantics of what does and does not qualify as a morphing device may be a point
of debate among scholars in the field, the objective of morphing technology is clear.
Actively altering the defining characteristics of an aircraft in flight provides increased
aerodynamic performance at a wide range of flight conditions. An adaptive morph-
ing configuration can tailor its performance for a variety of flight conditions. In the
case of landing gear, the ability to retract landing gear provides a substantial drag
reduction for the majority of a flight, when a deployed landing gear is not required.
Similarly, high-lift devices enable low speed flight, which is required for safe takeoff
and landing, while maintaining efficient aerodynamic performance at cruise.

Within this general definition of morphing, deformations of any control surface,



like ailerons, elevators, or rudders, constitute morphing. This type of conventional
control surface approach—using a series of rigid actuated sub-surfaces on a wing
to produce adaptive flight performance—is one of two approaches used historically.
Alternatively, non-rigid, compliant structures can be used as control surfaces. These
compliant surfaces can be deformed through actuation involving applied loading.
This approach more closely mirrors that of flying animals. While the first approach
with rigid control surfaces seems more intuitive given the current state of aircraft,
the compliant morphing approach dates back to earlier days in manned aviation.
The Wright Flyer in 1903 achieved roll control using compliant morphing structures.
Specifically, the wing twist of the biplane was adjusted in flight using a series of

cables. This compliant wing control system is shown in Figure 1.2
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Figure 1.2: The compliant wing control approach used by the Wright brothers is
visible in images from their 1903 patent application [25].

A large subset of morphing technologies within the general definition defined above
involve wing morphing. Wing morphing can be divided into three classifications: plan-
form alteration, out-of-plane transformation, and airfoil adjustment [26]. Planform

alterations include changes to wing span, chord, and sweep. Out-of-plane transfor-



mations include changes to the wing’s twist, dihedral, or spanwise bending. The
third classification, airfoil adjustments, includes changes to the wing’s camber and
thickness. Weissharr [23] assembled a thorough review of morphing wing technology
including historical perspectives, and Barbarino [12] reviewed the history of morphing
technologies in aircraft, including considerations of morphing mechanisms.

Throughout history there have been a number of aircraft designs that utilized
planform alteration. Many aircraft have used variable sweep to reduce the required
speed and distance at both takeoff and landing while reducing wave drag at supersonic
speeds. One of the earliest aircraft to test variable sweep technology was the Bell X-
5. Other aircraft that utilized variable sweep include the F-111 Aardvark, the MIG-
23, the F-14 Tomcat, and the B-1 Lancer, among several others. There are fewer
examples of variable span aircraft, although some examples include the telescoping
French MAK-10 in the 1930’s and the German Akaflieg Stuttgart FS-29 glider in the
1970’s. Span changes are used to increase an aircraft’s range and endurance. At
cruise the span is increased, to increase the wing’s efficiency and reduce the induced
drag. At high-load cases, the span is decreased, reducing the root bending moment
and allowing for a lighter structure than what would be required without variable
span capabilities.

There have also been a number of aircraft that utilized out-of-plane morphing.
The Wright Flyer was an early example of a variable twist aircraft. The XB-70
Valkyrie utilized a hinged region of the wing, allowing for the outer region to bend
downward at supersonic speeds for improved performance. The Lockheed Martin
Defense Advanced Research Projects Agency (DARPA) Morphing Aircraft Structures
(MAS) aircraft dramatically bends its wing out of plane for both cruise and dash
performance [27]. More recently, the Boeing 777X has been designed to utilize folding
wingtips to meet gate size constraints at airports, while allowing higher aspect ratios

and better performance in flight.



While the Wright Flyer utilized compliant structures to achieve aircraft morphing,
the vast majority of morphing following it for the next 60-70 years utilized articulation
of rigid components, as evidenced in many of the examples above. As time passed and
aircraft performance requirements became more demanding, the use of heavier, less
compliant materials became necessary to support the aerodynamic and structural
loads on the aircraft. This trend limited the use of compliant morphing for many
decades, and led to the various hinged and actuated global morphing approaches pre-
viously discussed. With relatively recent materials science technology improvements,
it has again become possible to utilize local compliant morphing within structures
that are strong enough to support the required loads. As such, starting in the 1980’s
a number of programs were started that developed aircraft designed to study airfoil
adjustment morphing.

In the 1980’s, National Aeronautics and Space Administration (NASA) and the
United States Air Force started the AFTI project. Within the project, an F-111
was retrofitted with a MAW developed by Boeing [28]. This wing included variable
camber leading and trailing edge devices, with a continuous, compliant skin. As such,
this configuration largely removed the losses produced by the edges of control sur-
faces, while allowing the wing to morph for performance at subsonic, transonic, and
supersonic conditions. This configuration additionally included distributed pressure
sensors and a closed control loop prescribing the morphing shapes. The AFTI study
demonstrated the ability of variable camber technology to improve performance at
cruise and maneuver, and reduce wing loading [29]. The study additionally demon-
strated an effective variable camber control algorithm that was transparent to the
pilot. The AFTTI aircraft with adapted wing camber on the leading and trailing edges
is shown in Figure 1.3.

Later, in collaboration with DARPA, NASA funded the Aircraft Morphing Pro-

gram, building off the results from the AFTI. The program’s goal was “the devel-



Figure 1.3: The retrofit wings on the AFTI test aircraft included supercritical MAW
devices on the leading and trailing edges.

opment of smart devices using active component technologies to enable self-adaptive
flight for a revolutionary improvement in aircraft efficiency and affordability.” [30]
While previous studies had not led to integration of variable camber technology on
a number of aircraft, the project sought to advocate for the benefits of the tech-
nology by explicitly identifying applications of the technology that offered the best

cost-to-benefit ratio. The program focused on four areas:
e Improved health monitoring to reduce operations and maintenance costs by 10%
e Wing bending load alleviation of 30%
e Noise reduction of 3 dBA
e Flow separation control yielding a 15% lighter high-lift system

In the late 1990’s, the Smart Wing program, funded by DARPA, the Air Force
Research Lab (AFRL), and NASA, in partnership with Northrop Grumman Corpo-
ration, developed and demonstrated smart technologies for use on military aircraft.
The project was divided into two phases. In Phase 1, a smart structure consisting

of Smart Memory Alloy (SMA) torque tubes was designed and built on a 16% scale



model. That model was then tested in the NASA Langley Research Center (LaRC)
Transonic Dynamics Tunnel (TDT). The model demonstrated performance improve-
ments of 8-12% compared to the conventional configuration with rigid flaps [31]. In
Phase 2, they made a number of improvements. A full-span 30% scale model of a
Northrop Grumman Uninhabited Combat Air Vehicle (UCAV) with one conventional
wing and one smart wing with morphing leading and trailing edges was fabricated
and tested at representative flight conditions [32]. The second phase also tested rapid-
morphing “eccentuators” driven by ultrasonic piezo-electric motors. The morphing
mechanism demonstrated high deflection rates and limits, and produced improve-
ments of 15% in both the rolling and pitching moment coefficients [33].

This thesis focuses on airfoil adjustments, specifically, variable camber. Multiple
approaches exist for achieving variable camber, although the majority of current
research revolves around morphing devices at the leading and trailing edges. In this
thesis, I focus specifically on continuous morphing trailing edge technology. The next
section presents the current state of research beyond large-scale government programs

involving morphing trailing edge devices.

1.1.2 Morphing trailing edge background

A sizable amount of recent and current research is dedicated to developing and
studying morphing mechanisms. The design of such devices can be very challenging,
given the simultaneous and potentially conflicting design goals associated with a mor-
phing trailing edge device. On one hand, the device should require relatively small
actuation loads, to mitigate the losses associated with the weight and power require-
ments of the morphing actuators. Conversely, the skin over the morphing region needs
to support the aerodynamic loads encountered in flight without adversely affecting
the outer mold line of the wing. Additional challenges arise from the changes in the

wetted area of the wing resulting from camber morphing. A morphing trailing edge



mechanism design needs to address all of these challenges without adding substantial
weight to the aircraft. In essence, a morphing mechanism design needs to manage
the trade-offs between the weight of the mechanism, the ability of the mechanism to
support aerodynamic loads, and the device’s morphing capability.

Szodruch and Hilbig [34] published a comprehensive study including analytic and
experimental considerations of morphing devices for civil transport aircraft and mil-
itary applications. Reckzeh [35] described Airbus’ current approach to wing mov-
ables, and how variable camber at cruise can be used for load control. Molinari et
al. [36, 37] explored the benefits of continuous morphing trailing edge technology us-
ing low-fidelity aerodynamic models and has subsequently manufactured and tested
a piezoelectric adaptive wing. Pankonien [38] studied a variety of topics pertaining
to morphing trailing edge devices for unmanned aerial vehicles (UAVSs), including the
development of a modular smart material morphing aileron with embedded positional
sensing, an additively manufactured elastomeric skin, and a hybrid morphing aileron
consisting of multiple smart materials.

Some morphing designs have a high technology readiness level, and are rapidly
approaching commercial availability. One such design is the FlexSys FlexFoil. The
FlexFoil provides a smooth and continuous control surface with spanwise variabil-
ity [39, 40], like the morphing mechanisms designed throughout this thesis. Rather
than using smart materials like many others researching airfoil morphing technology,
FlexSys utilizes internal global compliant mechanisms. These mechanisms employ
compliant structural technology; however, the novelty comes in the global distribu-
tion of the compliance to avoid large localized strains. This design approach produces
strong, joint-less, scalable, lightweight, fatigue-resistant, monolithic morphing mech-
anisms that have thus far demonstrated promising results. As a demonstration of the
feasibility of this mechanism, in collaboration with NASA and the AFRL, FlexSys

retrofitted a FlexFoil on a Gulfstream GIII business jet and performed a series of



flight tests [41]. Figure 1.5 shows the retrofitted aircraft with the morphing device
that was used for those flight tests. Those tests were primarily intended to validate
the structural integrity of the morphing device, but a number of additional flight
tests are being planned and conducted, including higher speed flights, flights with
span twist, and installation and testing on a Boeing KC-135 Stratotanker [41]. While
these and other flight tests are still required for full validation of the device’s capabil-

ities, the morphing mechanism can be considered for next generation aircraft design

in the near future.

Figure 1.4: A demonstration of a FlexSys morphing trailing edge device undergoing
a £10° flap deflection with a 3° twist [42].

Given the wide variety of morphing mechanisms in literature, and the lack of
consensus among researchers working on morphing technology about what type of
mechanism is best suited for use on commercial transport aircraft, this thesis does not
include explicit modeling of a morphing mechanism. Instead, general shape changes
are prescribed, and we assume that the morphing mechanism can achieve the desired
shapes. By removing restrictions on the morphing capabilities, we can identify an
ideal limit of the potential efficiency improvements morphing technology offers. Even

with this general approach, the final morphing shapes designed in this work are
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Figure 1.5: The 19-foot ACTE device installed on the testbed aircraft used in flight
tests in 2014, deflected at 20° [43].

achievable by at least a subset of current morphing wing technology [44].

1.1.3 Multidisciplinary design optimization

The aircraft design process has evolved dramatically over the past 100 years. The
introduction of computational models and methods has had a particularly substantial
influence on the aircraft design process over the past 40 years. In the past, exten-
sive suites of expensive experimental tests were required to analyze aircraft designs.
Over the past few decades, verified and validated computational models have been
increasingly used in place of physical experiments. This shift has been enabled by im-
provements of both computational hardware and analysis software. The fidelity and
robustness of analysis tools including both Computational Fluid Dynamics (CFD)
and Computational Structural Mechanics (CSM) have improved dramatically. These
computational analysis methods can be particularly valuable for studying new con-
figurations or technologies, for which engineering intuition may be limited. Improved
robustness and fidelity of computational models additionally enables the use of com-

putational design and optimization tools. MDO is of particular interest in this thesis
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because of its ability to leverage these analysis tools to generate optimal aircraft
designs.

Optimization problems are formulated as a minimization of an objective function
with respect to design variables subject to a number of constraints. To give a few
concrete examples within the context of aircraft design optimization, potential objec-
tive functions include fuel burn, Take Off Gross Weight (TOGW), and drag. Design
variables could be the wing shape, the aircraft’s flight conditions, and the structural
layout. Constraints are used to limit the design space and produce physically feasi-
ble optimization results, and might include limits on: geometric shape changes, lift,
pitching moments, and structural stresses. Additional objective functions, design
variables, and constraints are used throughout this thesis.

There are two major approaches within design optimization: gradient-free meth-
ods and gradient-based methods. Gradient-free methods such as Genetic Algorithms
(GAs) [45] and Particle Swarm Optimizations (PSOs) [46] use populations to explore
design spaces. These methods are in general more likely to produce a result closer to
a global minimum, and are therefore valuable for multimodal design spaces. These
methods are additionally valuable for problems with discontinuous design spaces, dis-
crete design variables, and otherwise non-differentiable functions. One of the most
substantial issues with gradient-free methods is their computational cost. They may
perform relatively well for cheap objective and constraint functions with relatively
few design variables; however, a large number of design variables leads to exceedingly
slow gradient-free optimizations [47] that produce solutions that are not guaranteed
to be minima.

Gradient-based methods use not only objective function and constraint value in-
formation, but also information about the gradients of those functions. Including
gradients and intelligently using this information allows gradient-based methods to

produce local minima using a much smaller number of function evaluations than are
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required in gradient-free methods [47]. The computationally expensive functions of
interest and large number of design variables used in this thesis necessitate the use
of gradient-based methods.

Effective use of gradient-based methods requires efficient and accurate gradient
calculation. While finite-difference methods for approximating derivatives are quite
simple to implement, they suffer from accuracy and efficiency problems. The complex-
step method [48] removes the subtractive error that largely limits the accuracy of
finite-difference derivatives, but they still require one function evaluation per deriva-
tive value, making them prohibitively expensive for a large number of design variables.
The solution which allows for efficient gradient calculation is the adjoint method, in
which the cost of a gradient calculation is nearly independent of the number of de-
sign variables. Martins and Hwang [49] reviewed derivative computation methods
and provided a unifying theory from which each calculation method can be derived.
The synergistic use of the adjoint method and gradient-based optimization methods
yields efficient optimization algorithms capable of handling the large design spaces
required for high-fidelity aircraft shape and size optimization. The adjoint implemen-
tation used in this work additionally leverages the Automatic Differentiation (AD)
approach to efficiently calculate partial derivatives within the coupled system [50].

Adjoint-supported gradient-based optimization has been used extensively in aero-
dynamic shape optimization. Jameson [51] first demonstrated adjoint-based shape
optimization using the Euler equations. That work was expanded to full aircraft
configurations and multipoint problem definition [52, 53]. Additional developments
enabled optimization of non-planar wings [54] and additional design variation by pro-
viding more robust mesh movement [55].

Modern design of transonic aircraft requires the use of the RANS equations with
a turbulence model [56]. As the Euler equations do not include a model of viscous

effects, the influence of the boundary layer on shock development cannot be accurately
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captured. This means that wave drag at transonic conditions cannot be accurately
captured. This requirement of RANS analysis for transonic wing design is explicitly
demonstrated in Chapter 3.

Again, Jameson [57] first demonstrated adjoint-based optimization using the RANS
equations in 1998. Nielsen [58] demonstrated a 3-D implementation of a discrete ad-
joint of the RANS equations, and subsequently used them for aerodynamic shape
optimization. Lyu and Martins [59] performed a wide variety of gradient-based aero-
dynamic shape optimizations using the RANS equations.

These optimization techniques allow for the detailed shape optimizations required
for aerodynamic transonic wing design; however, they do not include the structural
deflections experienced by the wing. To capture these effects, the aerodynamic CFD
solver must be coupled with a CSM solver. Haftka [60] produced some of the earliest
coupled aerostructural optimization results, using a low-fidelity aerodynamic panel
method coupled with a finite element structural model. Martins [61] first proposed
and used a coupled adjoint method for aerostructural optimization. This approach
allowed for the efficient adjoint-based gradient calculations nearly independent of the
number of design variables discussed previously for aerodynamic-only optimization,
including coupled derivatives. In that work, an Euler-based CFD solver was coupled
with linear finite element analysis. This method was used to optimized the aero-
dynamic shape and structural sizing of a supersonic business jet [62]. Kenway and
Martins [63, 64] later demonstrated multipoint coupled aerostructural optimization
of the NASA Common Research Model (CRM) with RANS CFD coupled to a lin-
ear finite element model. Similar methods have been used in the design of wind

turbines [65] and hydrofoils [66].

14



1.1.4 Optimization of morphing trailing edge aircraft

Given the state of morphing trailing edge technology in the aircraft industry and
the substantial capabilities demonstrated by MDO techniques shown in the previ-
ous subsection, there is a natural fit for application of MDO techniques to morphing
trailing edge design. MDO of morphing devices can maximize the performance ben-
efits provided by the technology, increasing the incentive to include the technology
in future aircraft designs or retrofit aircraft upgrades. Given this natural pairing, a
number of researchers have already used MDO in morphing device design.

Henry [67] performed optimization of a morphing configuration using piezoelectric
Macro Fiber Composite (MFC) patches for improved roll control. Gamboa [68] per-
formed aerodynamic optimization and sequential aerostructural analysis of a morph-
ing trailing edge wing for a Unmanned Aerial Vehicle (UAV). Using the gradient-free
Covariance Matrix Adaptation Evolution Strategies (CMA-ES) optimization algo-
rithm [69] and low-fidelity models, Molinari [36] optimized the aerodynamic shape and
structural sizing of a morphing wing using dielectric elastomers. This work demon-
strated the need for coupled aerostructural optimization as opposed to a sequential
approach. The use of such low-fidelity models has been shown to be insufficient for
capturing the small shape changes which can have dramatic influence on transonic
wing design [15]. Lyu and Martins [70] used high-fidelity aerodynamic analysis and
optimization to investigate the benefits associated with continuous morphing trailing
edge technology for the NASA CRM, and found aerodynamic drag improvements of
between 1 and 5% depending on how far the flight condition was from the design
point. Nguyen et al. [T1, 72, 73] have done extensive aerodynamic work studying the
NASA Generic Transport Model (GTM) with Variable Camber Continuous Trailing
Edge Flap (VCCTEF) devices, which consist of a series of small flaps joined with
an elastic material on the wing’s trailing edge. Stanford [74] also studied the VC-

CTEF, applying the technology to the undeflected Common Research Model (uCRM)
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configuration. His study used a detailed structural wing box model with torsional
springs and point loads modelling morphing actuators. The aerodynamic loading in
that analysis was computed using panel methods. The study considered morphing
technology’s effect on flutter and maneuver alleviation, and included open loop load
cases where morphing devices were not used. The open loop load cases proved to
be critical in measuring the potential benefits of morphing trailing edge technology.
Wakayama [75] used low-fidelity vortex lattice aerodynamic and monocoque beam
structural models to perform aerostructural optimization of a morphing trailing edge
device on three commercial transport—sized aircraft: a hybrid wing body (224 seats),
a wide-body transport (222 seats), and a narrow-body transport (154 seats). That
study additionally included weight penalties for the weight of morphing mechanisms,
actuators, and hydraulics. These weight penalties were based on theoretical estimates
of aerodynamic hinge moments and estimates of the force required to overcome the
compliant structural stiffness. Comparing optimized designs with and without mor-
phing, this study found fuel burn savings of 0.7%, 0.9%, and 3.0% for the hybrid
wing body, narrow-body transport, and wide-body transport, respectively. The large
fuel burn reduction for the wide-body transport (relative to the other configurations)
was attributed to that configuration’s control surface arrangement and its large wing
weight relative to its overall weight.

While there have been a number of studies using MDO for morphing device design,
the state of the art in this field has a number of shortcomings. The vast majority of the
work involving optimization of morphing trailing edge devices falls victim to at least
one of three common shortcomings: they use low-fidelity analysis like panel-method
based aerodynamics, they consider only single discipline analysis (typically aerody-
namic or structural), and they use a small number of non-general design variables.
Even with these shortcomings, such analyses can approximate the savings provided

by morphing technology; however, low-fidelity models often lack the fidelity required
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to accurately design transonic aircraft. Given that the fuel burn savings provided by
morphing technology are on the order of 1%, modeling or numerical errors on that
same order make quantification of fuel burn savings inaccurate. Additionally, in most
of the morphing trailing edge optimization literature, only a few flight conditions
are typically considered. Rather than modeling the performance throughout a full
mission, performance measurements are typically limited to a few cruise conditions.
This approach is effectively a low-fidelity approximation of the mission discipline.
Given the benefits of morphing technology in providing performance robustness
at a wide variety of conditions, analysis that does not appropriately represent the
entirety of a mission likely does not accurately quantify the performance benefit
provided by morphing devices. Many of these shortcomings in the literature are
a result of approximations made to limit the computational costs of analyses and
optimizations. While addressing many of these shortcomings can be computationally

expensive, the work in this thesis seeks to efficiently address these needs in the field.

1.2 Thesis objectives

The primary goal of this thesis is to quantify the fuel burn savings potential
of morphing trailing edge technology for commercial transport sized aircraft using
high-fidelity gradient-based aerostructural design optimization. More specifically, to

address the needs mentioned above I set the following objectives for this thesis:

1. Demonstrate the need for high-fidelity simulations in transonic aircraft design

2. Compare aircraft optimized with and without morphing at a single and at mul-

tiple design points

3. Repeat the comparison of morphing vs. conventional optimized wings for a

next-generation high aspect ratio configuration
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4. Find the aerodynamic benefit of morphing trailing edge technology for a full

mission including climb and descent

5. Repeat the above mission analysis, adding the inclusion of structural deflections,

both with and without an initial optimization for cruise performance

1.3 Thesis outline

To achieve the stated objectives, I utilize high-fidelity aerostructural design opti-
mization to quantify the fuel burn savings provided by morphing trailing edge tech-
nology for commercial transport aircraft. The optimization framework and baseline
geometries used throughout this thesis are described in Chapter 2. Before consider-
ing the implications of morphing, I first consider the importance of the fidelity of the
computational models used herein. To address objective 1, in Chapter 3, I demon-
strate the need for high-fidelity aerodynamic models for transonic wing design, and
validate the use of such models, and their corresponding computational costs, in this
thesis. Chapter 3 also describes the baseline geometry used throughout this work.

The remaining chapters of this thesis describe optimization results comparing
wings with and without morphing trailing edges. In Chapter 4, I first consider the
simplest optimization: a singlepoint aerostructural optimization with one maneuver
condition. Building on those results, Chapter 5 describes a comparison of wings
with and without morphing using multipoint optimization. The difference between
singlepoint and multipoint optimization lies in the number of “cruise” conditions at
which the configuration is analyzed for the calculation of fuel burn. In the multi-
point optimizations of Chapter 5, there are stencils with three and seven such cruise
conditions, respectively. These Chapters together address objective 2. The last sub-
section in the results of Chapter 5 completes objective 3, as I repeat the comparison

between conventional and morphing wings for a higher aspect ratio configuration.
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Such higher aspect ratios will become more reasonable with the development of next
generation structures and composites. I pursued the higher aspect ratio configuration
under the hypothesis that the increased wing flexibility associated with the higher
aspect ratio would increase the benefits offered by morphing technology. Chapter 6
compares wings with and without morphing using a full mission analysis, supported
by aerodynamic performance surrogates trained with O(100) optimizations. This
Chapter includes aerodynamic-only and coupled aerostructural analyses, and there-
fore addresses objectives 4 and 5. Finally, in Chapter 7, I summarize the findings and

contributions of this thesis, and suggest additional future work.
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CHAPTER 2

Aerostructural design optimization framework

In this chapter, we present the optimization framework, and various computational
tools within it, that were used in this work. Collectively, the tools are known as the
MDO of Aircraft Configurations with High-fidelity (MACH) framework [63, 76]. The
tools outlined herein have been used on a wide variety of aerodynamic [59, 77, 78]
and aerostructural aircraft design optimization problems [79, 80, 81, 82] as well as

optimizations of wind turbine blades [65] and hydrofoils [66].

2.1 Geometric parameterization

A wide variety of approaches have been followed for parameterizing aircraft ge-
ometry for optimization, as surveyed by Samareh [83]. The approach followed in our
framework is the Free Form Deformation (FFD) parameterization. This technique
originates in computer graphics [84], but has many features that make it particularly
well suited for use in aircraft design optimization. The basic idea of the approach
is to insert the geometry of interest into a bounding volume, which we refer to as
the FFD, and then to create deformations of the volume (and anything contained
therein) using a number of control points distributed over the FFD’s surface. The
FFD is defined as a tri-variate B-spline volume, so the transformation resulting from

the control point deformations can be explicitly applied to the embedded geometry.
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The FFD approach to geometric parameterization is effective for aircraft design
optimization for a number of reasons. Unlike a number of other parameterization
techniques, FFDs do not parameterize the surface itself, but rather the changes to
the surface. As a result, the outer mold line (OML) of the geometry does not need to
be approximated by any surface fitting operations, and therefore can exactly match a
specified initial shape. This is a substantial benefit, as aerostructural optimization of-
ten starts with a specified initial configuration, and this approach can precisely match
that design. This approach additionally avoids concerns about preserving a water-
tight geometric model, which is important for aerodynamic analysis. This parameter-
ization of the geometric changes rather than the geometry itself also allows for design
variables to be reused with slight variations to the geometry. An example demon-
strating this situation is discussed in more detail in Section 3.2.4. Another benefit of
this approach is its versatility in terms of design variable definition. Local geometric
shape changes are enabled through movement of individual control points. Global
geometric design variables (like span, sweep, dihedral, and twist) can also be defined,
using simultaneous manipulations of multiple control points. In aerostructural opti-
mization, the FFD approach also offers the benefit of simultaneously parameterizing
both the aerodynamic and structural geometries, with no additional matching re-
quired. Finally, the use of the tri-variate B-spline interpolation functions to create
surface deformations from control point changes allows for an analytic definition of
the gradients of this transformation. This feature is extremely useful for application
within an adjoint implementation which is required for gradient-based optimization
of computationally demanding functions (like coupled CFD and CSM).

The FFD approach is versatile, as it allows for a wide variety of geometric design
spaces. Much of the work throughout this thesis leverages FFDs with uneven spacing
to define specific regions with high and low curvature. This enables the definition

the locations of continuous morphing transition regions. Alternatively, as shown
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by Lyu [85], nested sub-FFDs can be used to define nested regions of geometric
deformation. Given this versatility and the many benefits noted above, the FFD
approach lends itself well to use within the MACH framework. A number of different
FFD configurations were used throughout this work, and an example of a relatively

simple FF'D is shown in Figure 2.1.

Figure 2.1: An example FFD with a total of 72 control points surrounding a wing.

The use of FFD parameterization in the morphing region is not typical in litera-
ture. Most morphing studies start with an assumed mechanism, and simulate associ-
ated simple morphing shapes, like a number of rigid rotations or a number of spanwise
polynomial deformation profiles. The morphing deformations produced using FFDs
in this work are more general. This relatively unrestrictive parameterization permits
a wide variety of morphing shapes, which when coupled with gradient-based optimiza-
tion allows the exploration of the potential of morphing technology, rather than the
potential of a specific morphing mechanism. By avoiding preliminary design space re-
ductions associated with specific devices, optimization results in this thesis represent
mechanism-independent optimal shapes. While this approach is useful for quantify-
ing the potential of general morphing technology, it additionally informs the design of

morphing mechanisms. Mechanisms able to produce the shapes found in these studies

22



can produce the full savings possible with morphing technology, while more restric-
tive mechanisms yield reduced returns. This approach additionally demonstrates the
types of deformations that are not needed for optimal returns. As such, these results
demonstrate that weight penalties in morphing device design that enable a series
of shapes that were not produced herein are likely not valuable (although a more
complete analysis of all critical sizing conditions is required to definitively eliminate
potential shapes). Given the diversity of morphing devices and their capabilities, op-
timization using this more general approach is preferable to analogous optimizations

with specific morphing devices.

2.2 Mesh deformation

As described in the previous section, an FFD is used to generate the transforma-
tion from design variables to surface deformations. Once surface deformations are
defined over the OML, those deflections need to be propagated to the remainder of
nodes in the volume mesh. This transformation is referred to as mesh deformation,
and is implemented in two different methods within the MACH framework. Both
methods were used, although the second method described herein, pyWarpUStruct,

proved to be more robust for many of the morphing cases.

2.2.1 pyWarp: Hybrid analytic and linear elastic warping algorithm

The first mesh warping implementation in the MACH framework is pyWarp, which
uses a hybrid analytic, linear elastic algorithm. The method was developed by Ken-
way [86]. The linear elastic aspect of the algorithm is based largely on linear elastic
structural deformation theory, which is a generally robust mesh deformation method,
although it can be computationally expensive. In order to improve the computational
efficiency of the method, a linear elastic deformation is applied to a coarsened version

of the mesh, capturing the low frequency shape changes, and an analytic deforma-
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tion is applied to represent the more localized, higher frequency shape changes. This
hybridization produces an effective compromise between the robustness and compu-

tational cost of the warping algorithm.

2.2.2 pyWarpUStruct: Inverse distance weighting warping algorithm

The second mesh warping scheme in the MACH framework is pyWarpUStruct,
which was used for the majority of the results in this thesis. pyWarpUStruct uses an
explicit inverse distance weighted algorithm to propagate the surface deformations
and rotations to the rest of the mesh, in a fashion similar to that outlined by Luke
et al. [87]. The inclusion of the surface rotations in the mesh deformation helps to
preserve surface perpendicularity in the deformed mesh. This feature of the warping
algorithm is beneficial for the accuracy of the RANS simulations. This preservation
of the mesh quality near the surface also proved to be particularly beneficial for
optimization of morphing trailing edge configurations, which often produce surface
deformations with substantial rotations localized near the trailing edge that were too
large to be handled by other warping methods. A KD-tree produced with an efficient
spatial search algorithm is used to improve the computational performance of the
warping. Figure 2.2 shows a demonstration of the mesh warping algorithm applied
on a high aspect ratio wing with a morphing trailing edge, with two spanwise slices

of the mesh shown in red and blue for each configuration.

2.3 CFD solver

The aerodynamic flow solver used in the MACH framework is ADflow [88]. In
this work, the primary set of governing flow equations solved by ADflow are the
RANS equations, although the Euler equations (removing viscous terms) are used for

comparison in Chapter 3. As a reference, the instantaneous compressible continuity
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Figure 2.2: A comparison of an initial and warped mesh using pyWarpUStruct for an

example morphing trailing edge deformation.

equations (mass, momentum, and energy) can be written in index notation as:

ap 0
" 8—%(/)%‘) =0
0 0
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0 0
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J
where
Tij = Z,MSZ*J
Sij = 2 (Ga:j + 8:151-) 3(935166”

(2.4)

(2.5)

These equations are the basis upon which both the RANS and Euler equations used

by ADflow are derived. For the RANS calculations, the set of equations is closed us-

ing a Spalart—Allmaras (SA) turbulence model. In this work ADflow is used as a cell

centered multiblock solver of the steady governing equations, although additional ca-

pabilities include unsteady and time-spectral modes, and overset mesh solutions [89].
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A coupled Newton—Krylov (NK) scheme is used to simultaneously solve the mean
flow and turbulence equations. Gradients are computed in ADflow using a discrete

adjoint approach [56].

2.4 Structural solver

The CSM solver in the MACH framework is the Toolkit for Analysis of Composite
Structures (TACS) [90]. TACS is a parallel finite element solver that is designed for
use on aircraft structures, particularly the thin shell components typical of wing box
members, which often lead to poorly conditioned matrices in the governing equations.

Those equations written as residuals are:

S(d)=Kd—F=0 (2.6)

TACS additionally computes structural gradients using the adjoint method, often em-
ploying Kreisselmeier—Steinhauser function aggregation to limit the number of func-

tions of interest.

2.5 Coupled aerostructural solver

The code that couples ADflow and TACS within MACH is pyAeroStruct. Be-
fore considering the coupled aerostructural equations, we first write the aerodynamic

equations (2.1) — (2.3) as residuals:

where

w = P pur pPuz pus pPEy (28)
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Then adding the structural residuals from 2.6, we have the coupled residual equation:

A(w, d)
R = =0 (2.9)
S(w,d)

A rigid link approach [91, 61] is used to couple the aerodynamic and structural so-
lutions. The surface nodes of the aerodynamic mesh are rigidly linked to structural
nodes, allowing structural deformations to be extrapolated to the aerodynamic sur-
face. Inversely, the method of virtual work is used to calculate a consistent force
vector from the integrated aerodynamic loads, which is then applied to the structural

model. The coupled equations are solved using a Gauss—Seidel solver. The derivatives

are calculated using a coupled adjoint approach [49], summarized as:

T
0A 0A oI
o 0s Ll I e (2.10)
a8 oS U oL
ow  Os ) Jds
I 9l ;. 0A . 8S
= —_— 2.11
dxdv axdv N wA axdv - wS axdv ( )

2.6 Mission analysis

The mission analysis in this work is done using pyMission [92]. This tool uses
a direct transcription approach with enforcement of the governing equations at col-
location points. B-splines are used to interpolate the velocity and altitude between
a series of control points. pyMission offers optimization capabilities; however, that
functionality is not used in this work. Rather, altitude and Mach number profiles are
prescribed, and pyMission is used for analysis of the aircraft performance through
an integration of an aircraft’s fuel burn. A surrogate model for aircraft performance

with respect to flight condition is used within pyMission to avoid too large a number
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of high-fidelity function calls during the mission analysis.

2.7 Optimization algorithm

The optimization algorithm used throughout this work is SNOPT (Sparse Non-
linear OPTimizer) [93]. SNOPT is based on the sequential quadratic programming
(SQP) optimization technique, with a quasi-Newton approximation of the Hessian of
the Lagrangian. It is capable of handling the large number of design variables used in
the optimization problems in this thesis and requires a comparatively small number of
iterations, which is important given the computational requirements of high-fidelity
coupled aerostructural analysis. The solvers and other computational tools are linked
to SNOPT using pyOpt [94], a Python interface which provides access to a num-
ber of optimization algorithms, including IPOPT [95], SLSQP [96], CONMIN [97],
NOMAD [98, 99], GCMMA [100], ALPSO [101], and NSGA2 [102].
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CHAPTER 3

The need for high-fidelity simulation in

aircraft design

One of the notable aspects of this work is the high-fidelity of the aerodynamic
and structural models used within the optimizations. Implicit in the use of these
high-fidelity models is the assumption that the improved model accuracy is worth the
increased computational time required for analysis. A substantial amount of aircraft
optimization research has been conducted using lower fidelity models [52, 53, 103, 104],
which can often effectively identify first order effects. High-fidelity models are required
to accurately predict the effectiveness of technologies like morphing trailing edges,
particularly in the transonic regime. In order to show this need for high-fidelity,
we consider a wing aerodynamically optimized using both Euler and RANS CFD
aerodynamic models. Before considering the results of those optimizations, the next
section first defines and discusses the baseline geometries used throughout this work,

which are all based on the NASA Common Research Model (CRM) [105].

3.1 Common Research Model

The baseline geometry used for the aecrodynamic analyses and optimizations through-

out this work is the CRM. The configuration was designed as a benchmark for valida-
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tion and CFD verification. It has since been adapted by many researchers, including
those in the Aerodynamic Design Optimization Discussion Group (ADODG). Vari-
ous configurations with just the wing, the wing and body, and the wing-body-tail are
used for different studies. The configuration approximates a Boeing 777-200ER, and
provides a thoroughly studied baseline from which to start our work. The wing-body-
tail CRM configuration is shown in Figure 3.1. The nominal flight condition for the
CRM is at M = 0.85 and C, = 0.5.

=

—

Figure 3.1: The CRM configuration is used as a starting point for our aerodynamic
studies.

The grids used for the aerodynamic analyses and optimization throughout this
work have been previously tested and verified [106, 107]. For completeness, grid
refinement information from those studies is included in Tables 3.1 and 3.2. Note the
grid size conventions introduced here and used throughout this work. Within a grid
family, the various refinements are labeled as various grid levels. As the grid level
increases (for example from 0 to 1, or from 1 to 2), the mesh undergoes a uniform

coarsening. As such, the mesh size is reduced by a factor of 8.
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Mesh level Mesh size Cp Cr, Cy  « [deg]
h=0 oo 0.01990

LOO 230 686 720 0.01992 0.50000 -0.17760 2.2199

LO 28835840 0.01997 0.50000 -0.17900 2.2100

L1 3 604 480 0.02017 0.50000 -0.01810 2.1837

L2 450 560 0.02111 0.50000 -0.01822 2.1944

Table 3.1: CRM wing only convergence study completed by Lyu [106]

Mesh level Mesh size Cp yT C C,
h=0 oo 0.026581

LO 47751168 0.027353 0.996 0.50000 -0.0386

L1 5968 896 0.029068 2.711 0.50000 -0.0411

L2 746 112 0.035227 5.244 0.50000 -0.0508

Table 3.2: CRM wing-body-tail convergence study completed by Chen et al. [107]

3.1.1 Undeflected Common Research Model

The CRM was developed for use in aerodynamic benchmark problems. As such,
it is designed to represent the deflected aerodynamic shape at the nominal flight
condition, and does not include any internal structural members. To perform coupled
aerostructural analysis and optimization, a model of the undeflected jig shape of
the wing is required. This model is defined by the undeflected Common Research
Model (uCRM) [108]. The wingbox of the uCRM was developed based on that of a
Boeing 777. The jig shape was determined using an iterative inverse design procedure
minimizing the L? norm of the geometric differences between the CRM and the uCRM
at the nominal flight condition. The difference in drag between the CRM and uCRM
at the nominal flight condition is less than one count. The uCRM is used as the
starting point for the aerostructural optimizations throughout this work. Additional
details about the u~CRM configuration can be found in Table 3.3 and the configuration,

including the rib and spar locations, is shown in Figure 3.2.
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Parameter Value Units

Span 58.8 m
Aspect ratio 9.0 -
Reference wing area 383.7 m?
Reference chord 7.006 m
Moment reference (x) 33.68 m
Moment reference (z) 452 m
Leading edge sweep 37.4  deg
Maximum takeoff weight (MTOW) 297 500 kg
Maximum landing weight (MLW) 213 180 kg
Maximum zero fuel weight (MZFW) 195 040 kg
Operational Empty Weight 138 100 kg
Range 7725 nm
Payload 34 000 kg
Reserve fuel 15 000 kg
Wing weight 30 286 kg
Fixed weight 107 814 kg

Thrust specific fuel consumption (TSFC) 0.53 1b/(Ibf- h)

Table 3.3: Summary of baseline uCRM parameters based on the uCRM develop-
ment [108] and publicly available Boeing 777-200ER data [109].

3.1.2 High aspect ratio undeflected Common Research Model

The last study in Chapter 5 considers a high-aspect ratio variation of the uCRM,
the uCRM-13.5. As materials science and composite design continue to improve,
higher aspect ratios will become possible. This configuration was designed to begin
studies on such configurations. To generate this variant, the planform of the original
uCRM was stretched, while maintaining a constant wing area, until the aspect ratio
was increased to 13.5. This stretched wing performed very poorly, so an initial multi-
point optimization was performed to improve the design. This optimization included
buffet constraints, and closely resembles that described by Kenway et al. [110]. The

uCRM-13.5 configuration is shown in Figure 3.3.
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Figure 3.2: The uCRM configuration is used as a starting point for our aerostructural
studies.

3.2 Comparison of Euler and RANS aerodynamic analysis

In order to demonstrate the need for high-fidelity analysis in aerodynamic and
aerostructural aircraft wing design, we consider two aerodynamic optimizations of
the CRM, using different fidelity aerodynamic models. The wings optimized using

the RANS and Euler governing equations are then compared.

3.2.1 Problem definition

The baseline geometry for these optimizations is the wing of the CRM configura-
tion, as shown in Figure 3.1. A second geometry was produced with a slight alteration
at the trailing edge. The baseline CRM geometry has a dull trailing edge representa-
tive of what is realistically manufacturable; however, a sharp trailing edge is required
for convergence with the Euler analysis. The Free Form Deformation (FFD) used in

the optimizations has 15 spanwise control points and 24 chordwise control points, as
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Figure 3.3: The uCRM-13.5 configuration is used as a starting point for the aerostruc-
tural studies of high aspect ratio configurations in Chapter 5.

shown in Figure 3.4.

The optimizations are formulated as lift constrained drag minimizations. Except
for the aerodynamic governing equations, the two optimizations are identical. The
optimization problem formulation is summarized in Table 3.4. Each of the control
points is free to move in the z-direction, which preserves the planform, but allows
for local shape changes. The angle of attack (AoA) is also a design variable. While
previous results have shown that including twist as a design variable is generally a best
practice, that is not done here, as this problem was based largely on a benchmark case
put forward by the Aerodynamic Design Optimization Discussion Group (ADODG).
Instead of a pure rotational twist, this problem formulation generates a shear twist,
as evidenced by the set of leading and trailing edge constraints. At the trailing
edge, control points above and below the wing have to move in equal and opposite

directions, thus preserving the location of the trailing edge. This is not the case on the
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Figure 3.4: The FFD used for the Euler and RANS optimizations has a total of 720
(24 x 15 x 2) control points, shown in red.

leading edge. At the root, the same type of constraint is applied, but the rest of the
leading edge is free to move vertically, thus allowing shearing twist. Other geometric
constraints prevent the overall volume of the wing from decreasing, to assure sufficient
space for fuel, and prevent any local thicknesses from reducing beyond 25% of their
initial value. Additional constraints include a lift constraint (C, = 0.5) and a pitching

moment constraint (Cyy, > —0.17).

3.2.2 Euler optimized wing

Optimizing the problem defined in the previous section using Fuler analysis pro-
duced the wing shown on the right side of Figure 3.5 . On the left side of the figure

is the baseline CRM wing, solved for a lift coefficient of 0.5. This format, and a num-
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Function/variable Description Quantity
minimize Cp

w.It. T, Cruise AoA 1
Tshape Wing shape (FFD) 720
Total DVs 721
subject to Cp = Cp* Lift coefficient 1
Cy, > —0.17 Pitching moment 1
Vi > 1 Fuel volume 1
YulLe > 0.25 thickness 750
Azip, = —Azg, Fixed leading edge root 1
Azrg, = —Azrg, Fixed trailing edge 15
Total constraints 769

Table 3.4: Overview of the aerodynamic shape optimization performed with both
Euler and RANS analysis.

ber of variations thereof, are used throughout this thesis to visualize and compare
aerodynamic and aerostructural optimization results. As this is the first of these com-
parisons, we now briefly consider each component of the figure. In the upper left are
two contour plots of the pressure coefficient superimposed over the wings’ planforms.
The wing on the left is the baseline CRM, while the wing on the right shows the
results after the optimization, as shown in the green and blue labels. The labels also
show a few key metrics for the two wings being compared (Cp, Cp, and C); in this
case). Note also that the blue and green coloration refers to the appropriate wing in
the other components of the figure as well.

Under the planform view is a front view of the wing. This view shows a visu-
alization of the shock surface, shown in orange here. For aerostructural results this
view can additionally compare structural deformations at various conditions. Below
the front view are a number of plots showing various spanwise distributions. In this
figure are (from top to bottom) the normalized lift distribution, the twist distribu-
tion, and the thickness distribution, normalized by the chord. Note that the spanwise

coordinate of these plots matches that of the front view above them. On the right
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Baseline CRM
Euler Analysis
C, = 0.010292
C, = 0.5000

C,, =-0.2484

Optimized wing
Euler Analysis

C, =0.009707

C_=0.5000

. Shock surface

e ——— =

Figure 3.5: Using Euler analysis, an aerodynamic optimization of the CRM wing
produces a reduction of 5.85 drag counts.

side of the figure are six plots showing pressure distributions and airfoil profiles at
various spanwise locations. The spanwise locations of these slices are labeled with a
white line and a letter (A-E) on the left side of the plot. The selection of the slice
locations in this case was based on specifications in a similar ADODG benchmark
optimization problem.

While at this point we have not discussed in detail the optimization methods
used to generate the optimized shape, the results of the optimization alone are suffi-
cient for motivating the use of high-fidelity models. More details on the solvers and
optimization methods are given in Chapter 2. Looking at the results of the Euler
optimization of the CRM, we can see that the optimized wing shows a drag reduction
of 5.85 counts. While the baseline CRM had a shock across nearly the entire span of
the wing, the shape optimization removed most of the shock. This can be seen in the
pressure contours and in the front view of the wing. The results additionally show

a more elliptical lift distribution, which produces a lower induced drag. This design
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optimized for performance with an Euler model will be used as a reference for the

comparisons made later in this chapter.

3.2.3 RANS optimized wing

We repeated the aerodynamic optimization detailed in Table 3.4, this time with

RANS rather than Euler analysis. The results of this optimization are shown in

Figure 3.6.
G [
1.0 -0.5 0.0 05
Baseline CRM B RANS Optimized
RANS Analysis N RANS Analysis
C,=0.019793 \ C,=0.019575

C,=0.5000
C, =-0.1838

C, = 0.5000
Cyy =-0.1700

Twist 5 deg

02N,

B S

tlc

T e =

Figure 3.6: Using RANS analysis, an aerodynamic optimization of the CRM wing
produces a reduction of 2.18 drag counts.

Starting from the baseline CRM, the RANS optimization produced a wing with
a drag value 2.18 counts lower. That reduction represents a 1.11% reduction in drag
for the CRM wing. While this drag reduction is less substantial than that seen in
the Euler case, many similar traits are seen in this optimization. Again, the wing
started with a shock spanning most of the wing, which the optimizer was largely
able to remove. The spanwise lift distribution is also again shifted closer to elliptical.

Something new in this optimization result is the inboard shift of the wing thickness for
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improved viscous drag. At first glance, this is the most visible difference between the
two optimized designs. To get a meaningful comparison of the two designs however,
they need to be compared closely and from a common perspective. As such, we now
consider the performance of the optimized wings in both the inviscid Euler model

and the viscous RANS model.

3.2.4 Comparison of the optimized wings

With optimized shapes of the wings based on each of the analysis techniques,
analyses are conducted to determine how the wings perform when analyzed with
the alternative method. That is, the RANS equations are used to analyze the wing
optimized with the Euler equations, and vice versa. This yields a measure of the
effectiveness of the lower fidelity Euler analysis method for optimization. If the lower
fidelity Euler-based optimization produces a wing that performs relatively well when
analyzed with the RANS equations, there may not be a need to perform the more
costly higher-fidelity analysis within optimizations. If the wing produced with the
low-fidelity optimization does not perform well under higher fidelity analysis, the
optimization requires at least some consideration of the high-fidelity model in its
analysis loop.

Before considering the wing analysis, note that this example demonstrates one
of the important benefits of using the FFD approach for geometry parameterization,
as outlined in Section 2.1. Again, the FFD parameterized the changes in the shape,
rather than the shape itself, which enables this comparison. As the geometry at the
trailing edge needs to be different for the two types of analysis, using an approach that
parameterizes the geometry itself would prove difficult. Using FFDs, the appropriate
initial geometry (with a blunt or sharp trailing edge) is simply implanted and then
the control point deformations from each optimization are applied.

Next, consider the optimized wings analyzed using the Euler equations, as shown
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Figure 3.7: Euler analysis of the wing optimized using RANS based analysis shows
very poor performance, including a substantial shock spanning the majority of the
wing.

in Figure 3.7. The results for the wing optimized with Euler analysis are exactly the
same as those results at the end of the optimization. The wing optimized with RANS
was run with a variable angle of attack until the lift coefficient matched the 0.5 value
constrained in the original optimization formulation. This equal lift coefficient value
allows for meaningful comparison of the two results. Looking at the drag coefficients
of the two wings, the wing optimized with RANS has about 15.9% more drag. The
pitching moment produced by the two wings is quite different, and that the RANS
optimized wing now violates the pitching moment constraint. From these high level
wing metrics alone, it is apparent that the two optimization approaches designed
drastically different wings. These results seem to suggest that there are substantial
differences in the optimization problems; however, it is not enough for the low-fidelity
wing to outperform the high-fidelity wing when analyzed with low-fidelity. The more

meaningful test is a comparison of the two wings when analyzed with the high-fidelity
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Figure 3.8: RANS analysis of the wing optimized with the Euler equations shows
a large shock and poor performance, demonstrating the importance of RANS based
analysis in the optimization loop.

RANS equations. As such, the next comparison shows the differences in the two wing
designs in more detail within that context.

Consider the RANS analysis of the optimized wing shapes, shown in Figure 3.8.
As was the case with the FEuler analysis, we can see a substantial discrepancy in
the drag and moment coefficients of the two wings. The wing optimized with RANS
produces a lift distribution much closer to elliptical and shows much less washout near
the tip of the wing. The RANS-optimized wing shifted a large amount of the wing
volume inboard to reduce viscous drag, while the Euler-optimized wing maintained
a nearly constant thickness to chord ratio. The Euler optimized wing also produces
a number of shocks across a large portion of the wing, seen in the front view of the
wing and in the pressure contours. These shocks contribute a substantial amount of
wave drag. Lyu et al. [56] conducted a similar comparison with an ONERA M6 wing;

however, the wings were compared at a lower Mach number (M = 0.8395) and lift
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coefficient (C, = 0.271). In his comparison he observed differences in the optimized
shape similar to those seen herein, but the difference in performance was much less
substantial. This difference can be directly attributed to the flight conditions at
which the designs were optimized and compared. This result suggests that as the lift
coefficient and Mach number are increased, the drag becomes increasingly dependent

on small shape changes. This result will be observed again in Chapter 6.

3.3 Summary

The performance of the Euler-optimized and RANS-optimized wings when ana-
lyzed with the RANS equations demonstrate that low-fidelity Fuler analysis alone
in the optimization loop is insufficient for transonic wing design. Performing such
low-fidelity optimizations produces designs substantially different than analogous op-
timizations with higher fidelity models. The inclusion of viscous forces has a drastic
influence on the design of the wing, and ignoring those forces produces a wing with
markedly worse performance, particularly in the transonic regime where small, local-
ized shape changes have large impacts on a wing’s wave drag. This result demon-
strates the importance of using high-fidelity models for transonic wing design, and
validates the use of those more expensive, higher fidelity models in the remainder
of this work. As an additional note, this result does not suggest that lower fidelity
models are not useful for optimization, but rather that lower fidelity models alone
are not sufficient for transonic wing optimization. Multi-fidelity approaches have the
potential to provide the accurate optimized shape produced with the high-fidelity
optimizations here, at a reduced computational cost; however, those approaches are

still under development and were not used in this work.
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CHAPTER 4

Singlepoint aerostructural optimization

This chapter presents my initial aerostructural optimization comparison between a
wing with and without a morphing trailing edge: a singlepoint optimization with one
maneuver condition used to size the structure. The qualifier singlepoint is used here
to specify that there is one cruise condition at which the aerodynamic performance is
measured and used for fuel burn calculations. Multipoint, on the other hand, indicates
that multiple conditions are considered in the calculation of the cruise fuel burn.
Multipoint optimizations are presented in later chapters. While these optimizations
are called singlepoint in reference to the single cruise point, they also include analysis
at a maneuver condition. This maneuver condition is required to appropriately size
the structure of the wing. As such, singlepoint optimizations still utilized morphing
trailing edge capabilities. The optimizations in this section serve as the initial high-
fidelity comparisons of aircraft performance with and without a morphing trailing

edge.

4.1 Problem formulation

In this chapter, there are three optimization problems. The first problem is a
baseline aerostructrual optimization. This baseline optimization does not include

any morphing variables and represents the baseline from which the results with mor-
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phing are measured. It is important that the reference for comparison be an optimized
configuration rather than the initial geometry. If the initial geometry was used as
a reference, any improvements resulting from correcting the non-optimized features
of the initial geometry would be indistinguishable from the improvements resulting
from the morphing. By performing an initial baseline optimization, we are able to
generate a reference from which improvements produced by morphing can be iso-
lated. The baseline optimization problem is summarized in Table 4.1, and a more
detailed description of the objective function, design variables, and constraints of the
optimization problem follow.

The second and third optimization problems define two morphing cases. The first
morphing case is a wing retrofit with a morphing trailing edge device. The second
morphing case is a complete clean sheet redesign of the wing, including morphing
technology from the start. In Section 4.2, these morphing optimization problems will

be described in terms of their differences from the baseline optimization problem.

4.1.1 Objective function

The objective function for the aerostructural optimizations outlined below is a
weighted average of the fuel burn and the takeoff gross weight (TOGW). These two
objectives correlate closely with the aircraft’s operating costs and acquisition costs,
respectively. Different airlines prefer various compromises between these two costs,
and writing the objective as this weighted sum allows the development of Pareto fronts
representing the compromise between the two objectives [81]. The general objective
function is written as:

f(z) = BFB+ (1 — B) TOGW (4.1)

where FB is the fuel burn, and § € [0, 1] is the trade-off variable, defining how
the two objectives are weighted.

In these optimizations, a trade-off value of 1 was used, making fuel burn the
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Function/variable Description Quantity
minimize Fuel burn
w.I.t. T, Cruise AoA 1
Ty, Maneuver AoA 1
Tshape Wing shape (FFD) 192
Tiwist Wing twist 8
Tstruct Structural sizing 84
Total DVs 1086

subject to L =n;W Lift 2
Vi >1 Fuel volume 1
Ylg > 1 Leading edge thickness 20
Yl > 1 Trailing edge thickness 50
Yt |spar > 1 Aft spar thickness 20
Azip, = Az, Fixed leading edge 8
Azrg, = —Azrg, Fixed trailing edge 8
Lpanel — Tpanet = 0 Panel consistency 302
K Sgtress < 1 Maneuver stress 3
K Spuckiing < 1 Maneuver buckling 3
|Tstr, — Tstrrs, | < 0.0005  Adjacency 696

Total constraints 1113

Table 4.1: Overview of the baseline uCRM aerostructural optimization problem.
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objective function. The fuel burn for taxi, takeoff, climb, and descent are ignored for
simplicity. This allows us to estimate the fuel consumption over the cruise portion
of the mission—the portion which uses the majority of the fuel for a long range

mission—by applying the Breguet range equation to the design range:

V5

where LGW is the landing gross weight, R is the design range, TSFC is the thrust
specific fuel consumption, V is the cruise speed, and % is the lift-to-drag ratio. The
lift-to-drag ratio is computed using the trim-corrected lift and drag coefficients, with
an additional 50 counts of drag added to account for the unmodeled losses, like those

from the vertical stabilizer, nacelles, and pylons.

4.1.2 Design variables

The entire list of design variables is given in Table 4.1. These design variables
can be split into three sets: aerodynamic, geometric, and structural variables. The
only aerodynamic design variables are the angles of attack at each flight condition,
which are added to assure that a lift constraint can be added without making the
problem ill-posed. Eight twist variables and the movements of 192 control points in
the z-direction prescribe geometric shape changes. The control points are not given
freedom in the x and y directions, meaning that the planform of the wing is held fixed.
To achieve configuration-specific morphing, a subset of the control points is added a
second time as design variables. These 80 control points, all of which are on the aft
40% of the wing, behind the wing box, are associated only with a specific configuration
and are not applied to the FFD during the analysis of alternate configurations. The
subset of control points associated with the morphing trailing edge are shown in blue

in Figure 4.1.
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Figure 4.1: Each sphere represents one of the 192 FFD control points. The blue
spheres are the subset of control points associated with the morphing trailing edge.

Structural design variables are used to parametrize the geometry of the wingbox.
Note that in these analyses, the full wingbox, including the center section spanning
the fuselage, is considered. This means that the structural deflection at the wing-
fuselage interface is not necessarily zero. Large interface deflections result in mesh
tears, but the optimization permits small deformations. A smeared stiffness panel
approach is used in the analysis of the structural deformations [111]. The geometry
of the stiffened panels is shown in Figure 4.2. To simplify the model and reduce
the number of design variables, we take w, = h, and t, = t,. This yields four
design variables for the skins and spars in each bay of the wingbox: panel thickness,
panel length, stiffener thickness, and stiffener height. The panel length is included
as a structural design variable to simplify buckling calculations, and is constrained
to be consistent with the geometric design variables through a series of constraints.
Four additional design variables are used to define the pitch of the stiffeners on the
skins and spars. Note that the stiffener pitch is taken as constant on each of these
components. All together, this yields 884 structural design variables.

In summary, there are 884 structural variables, an angle of attack, 8 twist variables,
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Figure 4.2: The structural design variables parametrize the geometry as has been
done in past work [108].
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192 shape variables spanning the entire wing, and 80 morphing shape variables on
the aft 40% of the wing. To assure the problem is well-posed, given that there
are lift, stress, and buckling constraints as discussed in Section 4.1.3, the structural
and aerodynamic design variables are included in each of the optimizations. The
selection of design variables defines the different optimizations discussed below. For
the retrofitted wing, the only geometric design variables available to the optimizer
are those representing the morphing trailing edge. Note that this adds 80 design
variables for each of the flight configurations, allowing the wing to have alternate
morphed shapes for cruise and maneuver. As such, there are 160 geometric design
variables used in the retrofitted optimization. In the clean sheet design, 280 geometric
variables are used. The 8 twist and 192 full wing shape variables are applied at each
flight condition, and at the off design maneuver condition, one set of 80 morphing

variables is used in conjunction with the full wing shape variables.

4.1.3 Constraints

To ensure that the optimization results represent a physically feasible system, a
number of constraints are added to the problem. The optimizations below consider
flight at two conditions: cruise and maneuver. The first constraints ensure steady
flight at these two conditions, as the lift is set equal to the weight times the load
factor. A 2.5 g load factor is used at maneuver. More detailed data on the two flight

conditions is listed in Table 4.2

48



Parameter Cruise Maneuver

Load factor 1.0 2.5
Mach number 0.85 0.64
Altitude (ft.) 37 000 0
Weight %(TOGW + LGW) TOGW

Table 4.2: Overview of the cruise and maneuver flight conditions.

The first geometric constraint prevents the wing volume from decreasing, assur-
ing that there is sufficient space in the wing for fuel. Geometric constraints prevent
airfoil thickness reductions in a number of locations. The leading edge thickness is
constrained to prevent the optimizer from designing sharp leading edges, which per-
form poorly at low speeds. The trailing edge thickness is constrained to maintain a
manufacturable trailing edge. Finally, the thickness at the aft spar of the wingbox
is constrained not to decrease, to assure there is sufficient space for control surface
actuators. Constraints are added to the leading and trailing edges at cruise to prevent
shearing twist. These constraints require that the control points along the front and
back faces of the FFD move in equal and opposite directions, such that the center of
the FFD faces won’t be moved by shape changes. The structural constraints are used
to prevent failure, maintain consistency, and again prevent unrealistic designs. Ad-
jacency constraints prevent unreasonable changes in the skins and stiffeners between
neighboring panels. Nonlinear consistency constraints are used to constrain panel
lengths to match the length prescribed by the FFD, as discussed in Section 4.1.2.
Finally, to ensure that the structure does not fail, buckling and stress constraints are
enforced for the 2.5 g maneuver case. These constraints are aggregated into 6 KS

constraints.

4.1.4 Trim Correction

In these analyses, we consider the wing and fuselage configuration without a tail.

As such, a correction needs to be applied to account for the changes in the lift and
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drag as a result of trimming the aircraft. A surrogate model was used to approximate
the effects of the tail, as proposed and validated by Chen et al. [107]. To build this
surrogate, Chen performed a lift coefficient constrained sweep of the tail twist angle
variable on the baseline full configuration CRM. Specifically, a series of tail twist
angles were prescribed, and the angle of attack was adjusted to set the lift coefficient
to 0.5. The components of the lift, drag, and pitching moment were then decom-
posed, so that the effect of the tail in each condition could be isolated and used to
construct a model for trim drag. It should be noted that this surrogate was produced
using the aerodynamic-only CRM model, meaning that structural deflections were
not considered.

The model consists of 1-D B-spline interpolations for the lift and drag coefficients,

both with respect to the pitching moment required from the tail. Then,

= Cwa + OL” (43)

and

Cp =Cp,, +Cp,. (4.4)

where C'p and Cp are the approximate trimmed full configuration cruise lift and drag
coefficients, Cr,, and Cp,, are the computed lift and drag coefficients on the wing-
body configuration, and Cp, and Cp, are the lift and drag coefficient contributions
produced by the horizontal tail. In this way, we account for the negative lift and
positive drag produced by the trimming tail. The surrogate functions for Cp,(Chy,)
and Cp,(C)y,) are shown in Figure 4.3.

While this trim penalty model does not predict the lift and drag produced by the
tail exactly, there is a close agreement between results produced with this method
and results found with a full wing-body-tail optimization [107]. The correction was

applied only at cruise, as the maneuver drag is not as important.
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Figure 4.3: The trimming surrogate used in these optimizations defines the lift and
drag coefficient contribution produced by the tail at a specified trimming moment.

4.2 Results

In this section, we quantify the fuel burn benefit resulting from a morphing trailing
edge. We do so by comparing an optimized wing without a morphing trailing edge
to a wing retrofitted with a morphing TE and a wing that was completely redesigned

with a morphing TE.

4.2.1 Optimization of the retrofit trailing edge

In our first study, we consider the benefits associated with retrofitting a morphing
trailing edge device onto an existing wing. To do this, we compare the aerostructural
performance of the optimized uCRM to that of the uCRM enhanced with design
variables in the morphing section of the wing. This optimization varies from the

baseline optimization in the following ways:

e The 192 full wing FFD control points are not used
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Figure 4.4: A comparison of a baseline aerostructural optimization of the uCRM
to an optimization of the baseline uCRM retrofitted with a morphing trailing edge.
The morphing TE produced an airfoil with reversed camber at the outboard sections
during maneuver, helping to shift the loads inboard.
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e 80 control points are added to control the morphing section, both at cruise and
maneuver (adding 160 design variables total). These morphing control points

are shown as blue spheres in Figure 4.1.
e The 8 twist design variables are not included

e The fixed trailing edge constraint is removed

A comparison of the resulting wing shapes is shown in Figure 4.4. When comparing
the two cases, we see that the objective fuel burn values are nearly equal, varying by
only 0.032%. Interestingly, the baseline uCRM produces a fuel burn of 112,491 kg,
which means that both optimizations were able to reduce the fuel burn by approxi-
mately 5.8%. Looking at the pressure coefficient contours of the two wings at cruise,
we see that the baseline optimization produces nearly parallel pressure contours, while
the retrofit can produce such parallel contours only on the aft section of the wing.
This feature of the pressure contours matches expectations, as the retrofit wing does
not have shape control of the front portion of the wing. Interestingly, the retrofit
wing is still able to achieve the same level of fuel burn reduction, due largely to its
wing mass reduction. The reduction in the wing mass is achieved through load allevi-
ation at the maneuver condition, which allows the structural member thicknesses to
be decreased. The lift distributions of the two cases show a more substantial inboard
shift of loading achieved in the retrofit case. Correspondingly, from the front view,
it is clear that the wing deflection at maneuver is reduced through the use of the
morphing TE.

Further insights about the outboard load alleviation achieved by the morphing
can be found by considering the slice information on the right of Figure 4.4. At
sections C and D, we see that the morphing has reversed the airfoil’s camber near
the TE for the maneuver case. Correspondingly, the chordwise pressure distributions

show a region of negative lift is produced towards the trailing edge tip. Interest-
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ingly, this effect also contributes to a change in the twist distribution between the
two cases at maneuver. In the baseline case, passive load alleviation results from
structural washout, as evidenced by the twist distribution. The twist distribution
for the retrofit wing at maneuver is much closer to that at cruise. This result illus-
trates the difference in the two methods of load alleviation: passive load alleviation
via aeroelastic tailoring to produce washout at maneuver, and active load alleviation
via airfoil morphing, producing negative camber regions near the tip of the wing. As
a final interesting note, the thickness distributions for the two cases is very similar.
The retrofit wing is slightly thicker near the root and thinner near the tip, but this
difference is much smaller than the other differences between the two configurations,
suggesting the addition of the morphing trailing edge has little effect on the ideal

thickness distribution.

4.2.2 Clean sheet design

We now consider the benefits of the morphing trailing edge on a clean sheet design,
and again compare to an optimized wing without morphing. The only difference
between the baseline optimization and the optimization of the clean sheet design is
the addition of 80 morphing design variables at the maneuver case. The comparison
between the two results is shown in Figure 4.5.

The fuel burn for the clean sheet design is 0.36% lower than that of the baseline,
non-morphing optimized design. This improvement is slightly more than that of the
retrofit wing. The cruise pressure coefficient contours show the advantage of having
control of shape design variables which encompass the entire wing. The contours
of the baseline and clean sheet wings at cruise are nearly identical, and both match
what is expected for an optimized wing at its design condition. The lift distribution at
cruise shows that the clean sheet design is able to match an elliptical distribution more

closely than the baseline case. Given that the only difference between the two cases
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Figure 4.5: A comparison of a baseline aerostructural optimization of the uCRM
to an analogous optimization of a clean sheet wing design with a morphing trailing
edge. The morphing trailing edge is able to reduce the lift produced on the outboard
section, shifting loads inboard at maneuver to alleviate stresses on the wingbox.
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is the inclusion of morphing variables at maneuver, it follows that this improvement
in the cruise performance is a result of the decrease in coupling between the cruise
and maneuver configurations. The inclusion of morphing at maneuver removes the
need to trade off between cruise performance and maneuver feasibility, but in the
baseline optimization, consideration of performance at maneuver can compromise
cruise performance, giving lift distributions slightly different than the elliptic ideal.
The twist and thickness distributions show similar trends to those from the retrofit
design, although the clean sheet maneuver twist does not follow the cruise twist as
closely as in the retrofit case.

The structural thickness distribution shows the thicknesses of the structural mem-
bers to be much closer than they were in the comparison of the baseline to the retrofit
wing. This result is consistent with the wing mass comparison as well. Looking at
the lift distribution of the clean sheet design at maneuver, we again see that it has
achieved more load alleviation than the baseline optimization; however, there is not
as much load alleviation as was present in the retrofit wing. The airfoil and pressure
coefficient slices suggest a similar conclusion, as the clean sheet design also reversed
the camber of the outboard airfoils, but did so to a much lower extent than the
retrofit wing. The region of negative lift is confined to a smaller area near the trailing
edge tip. This is interesting, given that the clean sheet design used the same set of
morphing control points as the retrofit case. To better understand what is happening
in these optimizations, we consider what physical means the optimizer uses to reduce
fuel burn in each case.

From these results, we conclude that the morphing trailing edge optimization
comes up with two ways to reduce the fuel burn. First, improved load alleviation
at maneuver shifts the critical loads further inboard, resulting in a lower structural
weight. The second method involves the weakening of the coupling between perfor-

mance at various flight conditions. The coupling is not completely removed, but the
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adaptability of the morphing trailing edge at off-design conditions allows the design
at each condition to focus more on its own objectives, with less influence from the
other flight conditions. This means that there are fewer compromises and trade-offs
needed at each flight condition, which yields better performance. In the retrofit de-
sign, the aerodynamic improvements available at the cruise conditions were limited,
as the twist distribution and much of the airfoil shape could not be changed, so the
optimizer focused on improving the fuel burn through the first method. This is ap-
parent as the wing mass is significantly decreased in the retrofit case. Both methods
are used in the clean sheet design, as the cruise lift distribution more closely follows
the ideal distribution, and the maneuver distribution is shifted further inboard than
that of the non-morphing wing. The clean sheet wing mass is less than that of the
baseline optimized wing, but is greater than that from the retrofit design. The rela-
tive wing masses in the clean sheet and retrofit designs demonstrate the difference in

the balance between the two fuel burn reduction methods for the two optimizations.

4.3 Summary

In this chapter, we performed the design optimization of a standard non-morphing
wing, a wing retrofitted with a morphing trailing edge, and a clean sheet wing designed

with the morphing trailing edge. A summary of the optimization results is given in

Table 4.3.
Optimization Fuel burn [kg] A Fuel burn [%] Wing mass [kg]
Baseline 105,993 —d.776 33,839
Retrofit 105,959 —5.807 31,957
Clean Sheet 105,613 —6.114 33,131

Table 4.3: Comparison of the fuel burn and wing mass of the three singlepoint opti-
mized wing designs. Percentage fuel burn reductions are measured from the 112,491
kg produced by the unoptimized uCRM configuration.

Compared to the starting point of the optimizations, the baseline optimized wing
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reduced the fuel burn by 5.78%. Nearly the same level of fuel burn reduction was
achieved in the retrofit optimization, where the optimizer had no control over the
twist distribution or the shape variables on the front 60% of the wing. This result
very clearly demonstrates the value of active load alleviation via a morphing trailing
edge. Starting from a wing that had the potential for at least a 5.78% efficiency
improvement, a retrofit design of an active morphing trailing edge device provided as
much benefit as a complete redesign of the wing without morphing.

The clean sheet optimized wing reduced the fuel burn by 6.11% compared to the
uCRM starting configuration. The morphing trailing edge achieved fuel burn reduc-
tions via two mechanisms. The first was based on the ability to improve maneuver
load alleviation, allowing for lighter wing structures. The second was a reduction of
the coupling between the cruise and maneuver cases, which allows the cruise config-
uration to improve without causing adverse effects on maneuver performance. The
clean sheet design used both of these mechanisms, while the retrofit design focused on
reducing the weight of the wing, as the increases it could make at cruise were limited
by its design space.

These results show that a morphing trailing edge has the potential to decrease
the fuel burn, but the improvements with respect to an aerostructurally optimized
standard wing are rather marginal. This is due largely to the problem formulation.
Given the geometric constraints and the set of two flight conditions, only one of which
was concerned with the aerodynamic performance (in terms of L/D), the potential
savings from using a morphing trailing edge were limited. One of the motivating
attributes of morphing technology is its ability to increase a wing’s robustness by
improving the aircraft’s performance at a wide variety of flight conditions. Performing
singlepoint optimization restricts the potential gains from this advantage. Without
morphing, aeroelastic tailoring alone is effective in designing a wing for singlepoint

performance. To capture the benefits of morphing technology more effectively, we
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consider multipoint optimization in the next chapter.

29



CHAPTER 5

Multipoint aerostructural optimization

The work in the previous chapter compared an optimized wing without morph-
ing to a wing retrofit with a morphing device and a wing completely redesigned
with a morphing trailing edge. These comparisons were completed using singlepoint
aerostructural design optimization. The benefits produced by the morphing technol-
ogy in these optimizations were limited by the problem formulation. To take advan-
tage of the added versatility and robustness that the morphing trailing edge device

offers, the work in this chapter considers a number of multipoint optimizations.

5.1 Problem formulation

The initial configuration for the baseline optimizations is the uCRM. As was done
in the singlepoint case, the initial wing is first optimized without any morphing capa-
bilities, to provide a fair reference from which to measure the improvements provided
in subsequent optimizations. Those subsequent optimizations include morphing ca-
pabilities. Comparing the fuel burn of the optimized aircraft with and without the
morphing design variables, we isolate and quantify the effects of the morphing trailing
edge.

In the optimizations of the morphing wing, morphing design variables are in-

cluded at all of the non-nominal flight conditions. The “baseline” or non-morphed
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wing shape is defined using design variables over the entire FFD at the nominal flight
condition. Since that set of design variables defines the baseline shape of the wing,
adding redundant variables in the morphing region is both unnecessary and inadvis-
able. Adding redundant morphing variables at the nominal cruise conditions produces
an ill-posed optimization problem. Redundant design variables are, in general, un-
favorable in optimization problems, as they produce an infinite number of optimal
solutions produced with linear combinations of redundant variables.

We consider two multipoint stencils: a 3-point stencil with varying lift coeffi-
cient and a 7-point stencil with varying lift coefficient, Mach number, and altitude.
A variety of previous work [82, 112, 113] has investigated the importance of multi-
point stencil selection. In general, there is a substantial difference between optimized
singlepoint and multipoint results, even for a small multipoint stencil. Adding more
points to the multipoint stencil typically produces diminishing returns in terms of the
additional improvement in the optimized result for a standard non-morphing wing.
Given the active adaptability of a morphing wing, the performance dependence on
the stencil selection is less clear. Performing the 7-point optimization will help to
better understand this relationship.

The multipoint stencils are detailed in Tables 5.1 and 5.2 below. The Mach number
and C7, ranges used in the stencil have been used in previous work, and span a large
portion of the typical flight regime. The altitude variations in the 7-point stencil are
selected to correspond to full and empty aircraft weights. The stencils are selected to
produce a wide variety of flight conditions so that they can effectively demonstrate
the benefits of the morphing trailing edge capability.

The nominal flight condition for the uCRM is at a Mach number of 0.85 and a lift
coefficient (Cp) of 0.5. The multipoint stencils are centered around this nominal flight
condition. The Breguet range equation is again used to approximate the fuel burn

of each configuration in the multipoint stencil. The average of the fuel burn at each
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Flight condition Mach C; Altitude (ft)

Nominal 0.85 0.50 34,000
Low C7, 0.85 0.45 34,000
High C}, 0.85 0.55 34,000

Table 5.1: Overview of the 3-point stencil of cruise flight conditions. These three
conditions are aligned vertically in Figure 5.2.

of the conditions is the objective function of the optimization. Maneuver conditions
at 2.5 and —1.0g are considered to appropriately size the members of the wingbox.
Note that when compared to the cases in the previous chapter, this optimization
problem considers two more cruise conditions and one more maneuver condition.
This additional maneuver condition helps size the lower skin more appropriately,
and increase the benefit produced by the morphing trailing edge device. Stress and

buckling constraints are added for both maneuver conditions [76].

Figure 5.1: The FFD used for the multipoint optimizations. Note that while the blue
control points represent the region where morphing is constrained, the two forward
most points at each spanwise slice are not free to move as morphing variables.

The objective of each of the optimizations is to minimize the average fuel burn
over each of the flight conditions in the multipoint stencil. To do this, the optimizer

adjusts several design variables. These design variables can be found in Table 5.3 and
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Figure 5.2: The 3-point stencil is a subset of the 7-point stencil shown here.

we will again consider aerodynamic variables first, followed by geometric variables,
and ending with structural variables. The angle of attack can change at each flight
condition (cruise and maneuver), so that each lift constraint is satisfied. The tail
rotation angle is adjusted to trim the aircraft. The shape of the wing is controlled
through adjustments of the FFD control points. There are 192 shape design variables,
which define the non-morphed, nominal optimized wing shape. These variables are
available in each of the four optimizations. They adjust the z-location of control points
only, preserving the planform of the aircraft. The FFD used for these optimizations
is shown in Figure 5.1.

A subset of 64 shape variables defines the morphing device. As such, 64 variables
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Flight condition Mach C; Altitude (ft)

Nominal 0.85 0.50 34,000
Low C7, 0.85 0.45 34,000
High C}, 0.85 0.55 34,000
Low M 0.82 0.50 34,000
High M 0.88 0.50 34,000
Low alt. 0.85 0.50 30,000
High alt. 0.85 0.50 40,000

Table 5.2: Overview of the 7-point stencil of cruise flight conditions. This stencil is
shown in Mach—Altitude-C'y, space in Figure 5.2.

are added for each non-nominal flight condition. For the 3-point stencil, this results
in 256 additional shape variables: 64 for each of the two additional cruise conditions
and the two maneuver conditions. Note that in Figure 5.1, there are 48 visible blue
morphing control points, suggesting a total of 96 including the corresponding control
points on the bottom of the wing. In this problem, not all of the blue control points are
assigned morphing design variables. Instead, the blue control points define the region
within which the morphing deformations are contained. Given that the FFD control
points have a region of influence spanning two control points in each (7,7,k) direction in
the FFD, to limit the deformations within the convex hull formed by the blue control
points, the 2 forward most control points at each spanwise location are not given
freedom during morphing deformations. This shows how the 64 morphing control
points are arranged for these optimizations, as (4 x 8 x 2). Wing twist variables are
also defined (as aggregate movements of control points) at eight spanwise locations,
to give the optimizer more direct control of the twist distribution.

Shape changes are limited by a number of geometric constraints, which can be
found in Table 5.3. The volume of the wing is constrained not to decrease, ensuring
sufficient space for fuel. At 20 spanwise locations, the leading edge and trailing
edge thicknesses are constrained not to decrease, to provide low speed performance

and manufacturability, respectively. Additional thickness constraints provide room
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Function/variable Description 3C 3M 7C ™
minimize Fuel burn

w.rt. X, Cruise AoA 3 3 7 7

T, Maneuver AoA 2 2 2 2

Tehape Wing shape (FFD) 192 192 192 192

Tmorph Morphing shape (FFD) 0 256 0 512

Tiwist Wing twist 8 8 8 8

Tiail Tail rotation angle 5 5 9 9

Tstruct Structural sizing 854 854 854 854

Total DVs 1064 1320 1072 1584

subject to L =n;W Lift 5 5 9 9

M =0 Pitching moment ) ) 9 9

V/Viie > 1 Fuel volume 1 1 1 1

tinie|LE > 1 Leading edge thickness 20 20 20 20

i | TE > 1 Trailing edge thickness 20 20 20 20

tinit|spar > 1 Morphing thickness 20 220 20 220

Azrp, = —Azg, Fixed leading edge 8 8 8 8

Azrg, = —Azrg, Fixed trailing edge 8 0 8 0

Lpanel — Tpanet = 0 Panel consistency 272 272 272 272

KSgtress <1 Maneuver stress 3 3 3 3

KSpuckiing < 1 Maneuver buckling 6 6 6 6

|Ts, — 5,,,| < 5mm  Adjacency constraints 696 696 696 696

Total constraints 1064 1256 1072 1264

Table 5.3: Overview of the 3-point conventional (3C), 3-point morphing (3M), 7-point conventional (7C), and 7-point morphing

(7TM) optimization problems.



for mounting actuation mechanisms to the aft spar, and limit shape changes in the
morphing region. Shear twist is avoided by constraining the movements of the leading
and trailing edge control points. Finally, 854 structural variables allow the optimizer
to adjust thicknesses of spars, skins, ribs, and stiffeners. Length variables are also
provided to the structural model, but they are constrained to be consistent with
the geometric lengths through a series of nonlinear consistency constraints. The
structure is constrained not to buckle at either maneuver condition, and is constrained
not to fail at the 2.5g pull up condition. These constraints are aggregated using
KS functions, to limit the number of required adjoint solutions. Finally, 696 linear
adjacency constraints ensure that thicknesses do not change by more than 5 mm
between adjacent components of the structure. A summary of the four optimization

problems is shown in Table 5.3.

5.2 Results

Having outlined the various optimization problems, we now describe the results
of these optimizations. We start by considering the results for the conventional and
morphing 3 point optimizations. After that we consider the analogous results from

the 7 point optimization.

5.2.1 Three point optimization

Figure 5.3 shows a comparison of the optimized conventional wing and the op-
timized wing with morphing for the 3-point stencil. The addition of morphing had
a clear positive effect on the performance of the wing, as the average fuel burn was
reduced by 2.53%. This reduction is largely due to a substantial 22.4% reduction
in structural weight. Looking at the pressure contours on the top of the wing for
each of the cruise flight conditions, we see that in both optimizations there are few

shocks and the pressure distribution is consistent with optimal transonic results with
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a smooth pressure recovery [70].

On the front view of the aircraft, we see displaced wing shapes at the nominal
cruise case as well as both maneuver conditions. We see that the addition of mor-
phing at the maneuver conditions reduced the wing deflection at maneuver, which is
consistent with the structural weight reduction we mentioned before. To see how this
is achieved, we refer to the lift distribution below the front view of the aircraft. The
distributions at the nominal cruise case and the 2.5 g maneuver overlay an elliptical
lift distribution (in gray). The wing with morphing is able to shift more of the ma-
neuver load inboard, reducing the root bending moment on the wing, which results
in a much lighter structure.

Lower on Figure 5.3 we see the twist distributions, which show that the conven-
tional wing washes out the tip using aeroelastic coupling at maneuver, while the wing
with morphing produces a twist distribution more closely matching that at cruise.
This is because adjustable camber handles the inboard shift of the load for the wing
with morphing.

The thickness distribution of the structural members shows that the structure
is thinner almost everywhere (where it is not limited by minimum gauge thickness)
with the addition of morphing. The structural failure contours show that adding
morphing allows the optimizer to push more structural members closer to their failure
point, spreading the relatively localized stress and buckling concentrations seen in the
conventional case.

Finally, considering the slices labeled A-D, we see further confirmation of the
results discussed before, along with the mechanism by which the morphing achieves
these results. Again, there are results for the nominal case and the 2.5 g maneuver
case. Considering the pressure distributions on the slices, we see typical results for
most cases, except the maneuver condition with morphing. For this case, the pressure

distributions on the outboard section of the wing have inverted over the morphed
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region. To see the cause of this, we consider the geometric slices. In the upper
right corner of each plot is a zoomed-in view of the aft 20% of the airfoil. Here, we
distinctly see the result of the morphing. At the maneuver condition, the morphing
adds reverse camber on the outboard sections of the wing, producing the pressure
distribution inversion and the inboard shift of the load distribution. This is the
mechanism through which the wing with morphing reduces its structural weight,

rather than relying solely on aeroelastic coupling like the conventional wing.

5.2.2 Seven point optimization

The results in this section consist of the same optimization applied to a 7-point
stencil. Those optimization results are shown in Figure 5.4. Looking at the results,
we see many of the same trends as for the 3-point optimization. Again, the addition
of morphing led to a substantial fuel burn reduction, this time of over 5%, largely
through the reduction of structural weight. As in the 3-point case, this reduction
was enabled by the inboard shift of the maneuver load distribution resulting from the
negative camber added to the outboard sections of the wing by the morphing. This
mechanism for improving the aircraft’s performance seems to be the same in the two
morphing cases. However, we can gather a few more insights by examining the results
in more detail.

Looking at the structural weights of the two wings optimized with morphing,
we see that the optimal 7-point wing has a lighter structure. This is somewhat
unexpected because the maneuver conditions and structural constraints used in both
cases were the same. That is, both structures were sized so that the wing would
not buckle or fail in either the 2.5g pull up or the —1.0g push over maneuvers.
This discrepancy suggests that in the 7-point case, there is an increased incentive to
reduce the structural weight. To understand why this is the case, we consider the

objective function: the average fuel burn of the cruise conditions as estimated by
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the Breguet range equation (4.2). According to that equation, there are effectively
two methods for reducing fuel burn: improving the aerodynamic performance at the
cruise conditions (as given by the lift-to-drag ratio), and reducing the structural
weight of the aircraft. These are the two mechanisms a morphing trailing edge can
use to improve the aircraft’s fuel burn, and thus improve the objective function of
the optimizations. It is important to note that these two methods do not function
independently. Instead, they are coupled, as reductions in structural weight often
lead to reductions in cruise performance, which makes this trade-off difficult to handle
without an effective optimizer.

We have already discussed the process by which morphing can reduce the struc-
tural weight. Morphing can also improve fuel burn through improvements to the
aerodynamic performance at cruise. Without morphing, the wing shape is forced
to compromise to achieve good performance at all of the flight conditions; however,
the inclusion of morphing reduces the coupling between aerodynamic performance at
various flight conditions. This was seen clearly in the previous chapter. This can
also be seen in the solid-lined pressure contours at the nominal condition in Figure
5.4. For the conventional wing, the pressure contours show the waviness typical of
multipoint aerodynamic or aerostructural optimization, highlighting the compromise
made for optimal multipoint performance. After morphing is added, the contours
become much smoother. While they are not as smooth as the analogous contours
from the singlepoint cases of the previous chapter, they are much smoother than the
conventional wing contours. This illustrates the weakening of the coupling between
flight conditions that is enabled by morphing technology.

The optimization of a wing with morphing for minimum fuel burn is a balance be-
tween improving aerodynamic performance at cruise and reducing structural weight.
While morphing helps to reduce the coupling between flight conditions, that coupling

is not completely removed. The portion of the wing forward of the morphing is the
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same for all flight conditions, and the thicknesses of the wingbox members cannot
change in flight. Within this context, the lower structural weight for the 7-point re-
sult provides an interesting insight. With the addition of cruise flight conditions, the
balance between improving aerodynamic performance and reducing structural weight
shifted towards reducing the structural weight. Since there were no changes made
to the constraints on the structure, this implies that the aerodynamic improvements
available in the 7-point case are smaller than those available in the 3-point case.
This conclusion makes sense, given the coupling between aerodynamic performance
caused by the non-morphing section of the wing. Extrapolating this trend to consider
aerodynamic performance for an aircraft’s full set of flight conditions, the weight re-
ductions available due to morphing become increasingly important. While morphing
provides aerodynamic improvements through adaptability at a wide range of cruise
conditions, its ability to substantially reduce structural weight through adaptive ma-
neuver load alleviation yields a lighter structure, which reduces fuel burn at all flight
conditions. This relationship is elaborated on in Chapter 6, where aerodynamic and

aerostructural analysis are combined with full mission analysis.

5.2.3 30% morphing region

In this subsection, we discuss two additional optimizations, which resulted from
reducing the size of the morphing device from the aft 40% of the chord to the aft
30%. The problem definition and setup for the 30% optimizations was similar to the
previously discussed morphing optimization, except that the number of control points
with morphing freedom was reduced by half, thus limiting the size of the morphing
device. These optimizations were done to gain some insight into the significance
the size of the morphing region has on the effectiveness of the morphing device.
Figures 5.5 and 5.6 show comparisons between the uCRM wing optimized with a 30%

and 40% morphing trailing edge for the 3-point and 7-point stencils, respectively. The
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results for the 40% morphing device are the same as were shown in Figures 5.3 and 5.4.
Looking at the results, the reduction of the morphing region produced small increases
in both the wing mass and the fuel burn. As would be expected, with a smaller
morphing device, the maneuver load alleviation was slightly less effective, resulting
in the 2.78% heavier structure and 0.22% larger fuel burn. The general trends of the
result match those for the 40% morphing device, again showing a lower structural
weight for the 7-point case due to the previously detailed balance between reducing
structural weight and improving cruise performance. While there is a reduction in
savings for a smaller morphing device, the savings as compared to the wing without
morphing are still sizable, showing that even if a morphing device is unable to extend
all the way to the aft edge of the wingbox, it can still be an effective fuel burn

reduction mechanism.

5.2.4 Morphing optimization of the uCRM-13.5

Given the results of the morphing optimizations of the uCRM discussed above,
it follows that the fuel burn savings provided by morphing trailing edge technology
should increase as the flexibility of the wing increases. As materials science and struc-
tural composite design continue to progress, the development of lighter and stronger
next generation aircraft structures will enable the use of higher aspect ratio wings.
In aerostructural optimization, there is a trade-off between the aerodynamic induced
drag benefit and the structural penalty from increasing a wing’s aspect ratio [79].
Decreasing the weight and/or increasing the strength of structural components shifts
the balance in this trade-off, increasing the optimal aspect ratio. As such, we expect
the current trend to continue, and for future aircraft wings to be more flexible and
have higher aspect ratios. Given this likely trait of next generation aircraft wings,
determining definitively the relationship between a wing’s flexibility and the effec-

tiveness of morphing technology is an important task. That is the objective of this
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Figure 5.5: For the 3-point stencil when the morphing region was reduced from 40% to 30% of the chord, the fuel burn increased
by 0.22% and the wing mass increased by 2.78%.
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section.

This section includes two optimizations. First, a conventional wing is optimized to
set a baseline for reference. That same optimization is repeated with the addition of
morphing design variables. The baseline configuration for these optimizations is the
uCRM-13.5, as described in Chapter 3. The morphing region for this optimization
again spans the aft 40% of the wing. the FFD used for these optimizations is shown

in Figure 5.7.

Figure 5.7: The FFD used for the uCRM-13.5 optimizations included morphing vari-
ables (in blue) on the aft 40% of the wing.

To explore the hypothesis that increasing the aspect ratio of a wing increases the
effectiveness of morphing technology, we consider a 3-point optimization much like
that outlined in Table 5.3. The results of that optimization are shown in Figure 5.8.

The optimization results confirm the assumption that morphing trailing edge de-
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Figure 5.8: Adding a morphing trailing edge device to the high aspect ratio uCRM enabled a 22.2% reduction in
weight, and produced a fuel burn savings of 3.79%.
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vices are more effective for higher aspect ratio wings. Comparing the results in Figure
5.8 to those from previous optimizations, we again see many of the same trends. The
morphing device produced substantial fuel burn reductions due largely to an inboard
shift of the maneuver load distribution. Comparing the results in Figure 5.8 to those
in Figure 5.3, we see the percentage reduction in structural weight is nearly identical
(22.2% vs 22.4% for the high and low aspect ratio wings, respectively). However,
the fuel burn reduction is more significant for the high aspect ratio case (3.79% vs.
2.53%). It follows that in the high aspect ratio optimization, the morphing device
is able to provide more substantial aerodynamic improvements. As the aspect ra-
tio increases, the robustness of conventional wings becomes limited, providing more
opportunity for morphing devices to improve performance. It is clear that through
maneuver load alleviation and increased aerodynamic robustness, morphing trailing

edge technology can help enable higher aspect ratio wing design in future aircraft.

5.3 Summary

In this chapter are a number of multipoint optimizations that clearly demon-
strate the value of morphing technology. While the singlepoint results in Section 4.2
produced limited benefits from morphing technology, the multipoint results in this

section show much larger gains. These multipoint optimizations are summarized in

Table 5.4.
Stencil Morphing Fuel Burn [kg] Wing Mass [kg]
3 point No 04,421 20,573
Yes 92,034 22,938
7 point No 98,627 30,060
Yes 93,656 92,300

Table 5.4: As the multipoint stencil size is increased from 3 to 7 points, the fuel burn
savings increases from 2.53% to 5.04%, respectively.

In the singlepoint optimizations in Section 4.2, the clean sheet morphing design
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burned 0.358% less fuel than its counterpart without morphing. The 3-point opti-
mization in this chapter yielded much better results, as the addition of morphing
reduced fuel burn by 2.53%. This comparison of the benefits of morphing technology
on 1-point and 3-point (and 2 maneuver) optimizations clearly demonstrates that
singlepoint optimizations are insufficient to quantify the benefits enabled by morph-
ing technology. While aeroelastic tailoring effectively designs an aircraft for a single
cruise and a single maneuver condition, its ability to design a wing for additional
conditions is limited. Bend-twist coupling can effectively tailor a wing’s singlepoint
performance, but given the passive nature of this tailoring, the benefits become lim-
ited as additional flight conditions are considered. The addition of morphing adds the
active versatility the wing needs to perform more efficiently for a range of conditions.
When optimized for the 7-point stencil, the addition of morphing technology produced
an even larger 5.04% fuel burn reduction. Further, a comparison of the results from
the 3- and 7- point stencils highlighted the trade-off between a lighter structure and
improved aerodynamic performance, resulting from more consistent deformed shapes
with a heavier structure.

The comparison also demonstrated the effect that morphing technology has on this
trade-off in wing weight. Without morphing, adding more points to the multipoint
stencil produces a heavier stiffer optimized wing, which helps maintain consistency
in structural deformations at the various cruise conditions, improving aerodynamic
performance, and thus fuel burn. This trend reverses with the addition of morphing.
As more points are added to the multipoint stencil of a wing with morphing, the
optimal structural weight is reduced. Because the morphing reduces the coupling be-
tween performance at various flight conditions, the benefit associated with increasing
the consistency of the structural deformations is reduced. This can alternatively be
considered as follows: Given that the morphing technology largely makes up for the

aerodynamic cost of compromising for a multipoint stencil, the aerodynamic bene-
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fit associated with increasing the structural weight, and thus the consistency of the
deformed wing shapes, is reduced. This in turn shifts the balance in the trade-off
between a lighter and heavier wing structure, increasing the incentive to reduce the
wing weight to save fuel burn.

Extrapolating this result further, since an aircraft does not need to perform well
at a discrete set of flight conditions, but rather over the typical flight envelope, mor-
phing technology clearly incentivizes a reduction in structural wing weight. At first
glance, many understand that morphing technology increases the aerodynamic versa-
tility of an aircraft, and thus improves aerodynamic performance at a variety of flight
conditions. These results demonstrate a more subtle conclusion: while there is an
aerodynamic benefit resulting from the versatility of morphing technology, there is
also a shift in the trade-off between weight and drag, incentivizing structural weight
reductions. Given the maneuver load alleviation capabilities of morphing technology,
this structural weight reduction becomes the major factor in the efficiency improve-
ment provided by morphing for aircraft of this size.

Given the potential for restrictions on the size of the morphing region, particularly
in relation to the aft spar of the wing box, this thesis includes analogous morphing
optimizations with a smaller morphing region. This smaller region spanned the aft
30% of the chord, leaving 10% of the chord between the morphing region and wing
box for actuator mechanisms, high lift devices, etc. While the smaller morphing
mechanism was less effective, the increase in fuel burn with respect to the wing with
the larger morphing mechanism was limited. For both the 3- and 7-point cases, the
increase in fuel burn associated with the decrease in morphing region was less than
1%, suggesting that the sensitivity of the performance of the morphing device with
respect to the size of the morphing region is small.

In the final multipoint optimization in this chapter, we sought to identify whether

increasing the aspect ratio and flexibility of a wing would increase morphing tech-
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nology’s effectiveness. A comparison of the fuel burn savings produced by adding a
similar morphing trailing edge on a current generation wing to those produced on a
higher aspect ratio next generation wing shows that morphing technology is clearly
more effective for higher aspect ratio wings. This result is very important given the
trend in aircraft design to move towards higher aspect ratio wings. There will be a
synergistic effect developed by the use of next generation structural materials and

morphing trailing edge technology.
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CHAPTER 6

Benefits of morphing considering full mission

The studies up to this point in this thesis have used a series of single- and multi-
point aerostructural design optimizations to compare the performance of aircraft with
and without a morphing trailing edge device. These have been meaningful compar-
isons; however, they are also limited. First was a comparison of singlepoint optimiza-
tions in Chapter 4. This comparison did not appropriately capture the benefits of
morphing trailing edge technology, as it was limited in the diversity of flight condi-
tions it considered. Next, the optimizations were expanded to consider a multipoint
stencil in Chapter 5. The multipoint optimizations did a much better job capturing
the benefits offered by morphing technology, but this approach is still limited. The
objective function of the multipoint optimizations is an average cruise fuel burn, as
calculated with the Breguet range equation, Equation 4.2. Inherent in this optimiza-
tion is the assumption that the fuel burn at cruise drives the total fuel burn for a
mission, as contributions from taxi, takeoff, climb, descent, and landing are ignored.
This assumption generally introduces an acceptable amount of error, particularly for
long distance flights, and still allows the designer to produce a configuration with
improved fuel burn.

As this thesis is considering the effects of morphing trailing edge devices, there is

potential for dramatic improvement at off-design conditions, so consideration of non-
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cruise portions of a mission may be important. This chapter expands on the previous
results and comparisons by comparing performance of a conventional aircraft to that
of an aircraft with a morphing trailing edge over the course of a mission, including
climb, cruise, and descent. A second major change for the studies in this chapter with
respect to those from previous chapters is the size of the morphing region used herein.
For this study, the morphing region spans the aft 10% of the wing, representing a small
morphing region, which can offer easier integration with current wing configurations

and high lift devices.

6.1 Aerodynamic optimization of the CRM

This section considers aerodynamic-only optimization of the CRM with a small
morphing device. The studies in previous chapters have demonstrated that structural
considerations are critical for a full evaluation of the ability of morphing trailing edge
technology to reduce fuel burn. A comparison including those structural changes
is included in later sections; however, this study seeks to isolate the effect of the

improved aerodynamic robustness without considering active load alleviation.

6.1.1 Mission profile

The mission used to quantify the fuel burn savings resulting from the inclusion of
the morphing trailing edge has a range of 7,730 nautical miles, based on the maximum
range of a Boeing 777-200ER. The mission includes two step climbs during its cruise.
The step climbs are larger than what is seen in a typical flight, but the three altitudes
correspond to nominal flight conditions at full fuel weight, half fuel weight, and empty
fuel weight, and the inclusion of such drastic changes in flight conditions should
effectively demonstrate the value of a morphing trailing edge. These cruise altitudes
were selected the same way as those from the 7-point cruise stencil in Figure 5.2. The

mission profile is shown in Figure 6.1.
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Figure 6.1: The representative mission used in the morphing trailing edge aerody-
namic optimization includes climb, cruise (with two step climbs), and descent.

The mission starts its climb at an altitude of 1,500 ft. An accelerating climb con-
tinues to 10,000 ft where the the indicated air speed is 250 kts. The aircraft continues
climbing and increasing speed until it reaches 13,000 ft, where the velocity increase
stops. At 28,000 ft, the aircraft reaches the Mach limit crossover, and becomes limited
by the Mach number, which is set to 0.85. The Mach number remains at 0.85 for the
remainder of the climb to the first cruise altitude of 31,000 ft, corresponding roughly
to a lift coefficient of 0.5 at MTOW. The 34,000 ft altitude corresponds to a lift co-
efficient of 0.5 for half-fuel weight, and the final altitude of 41,000 ft gives the same
lift coefficient for LGW. A slowing descent at 2° returns the aircraft to an altitude
of 1,500ft. Takeoff and landing are not included in these analyses because of the

high lift requirements at those conditions. Our framework constrains our geometry
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to a constant topology, which prevents the inclusion of analysis of high lift devices.
As such, including the flight conditions at takeoff and landing would lead to those
conditions having a disproportionately large influence on the design of the aircraft.
In Figure 6.1, the black points represent B-spline control points, which define the
shape of the profile. That combination of control points results in the mission profile
shown by the green line. The green points embedded within the green mission profile
line represent the collocation points, where the governing equations are enforced by
pyMission. To simplify the fuel burn calculation, approximate fuel weights are pre-
defined at each of the collocation points. These fuel weights were calculated with a
lower fidelity aerodynamic panel-based surrogate. This approximation neglects second
order implicit effects coming from a lower drag requiring less fuel, yielding a lower
required lift at points earlier in the mission. However, the first order effects resulting

from a decreased drag yielding a lower fuel burn are captured.

6.1.2 Aerodynamic surrogate model

During the mission analysis, an aerodynamic surrogate is required to prevent the
mission analysis from becoming unreasonably slow. The computational cost of a high
fidelity RANS solution is too large for use at every flight condition encountered by
the mission analysis tool during its convergence. As such, we provide aerodynamic
performance through a surrogate model that can be evaluated quickly. The data
for these analyses is a series of trimmed lift-to-drag ratios computed at 240 flight
conditions, as shown in Figure 6.2.

The novel surrogate model parameterization assumes optimal morphing shape
scheduling throughout the mission. Rather than basing the surrogate on a series of
active morphing actuator positions, these variables are pre-optimized based on the
other active flight parameters (like Mach number, lift coefficient, and altitude) and

removed from the mission analysis. This approach can be generalized to any variables
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which are actively changed in-flight and which have optimal values based on the flight
condition.

There are a few key points to notice about the selection of the flight conditions
used to train the surrogate model. First, the flight conditions are bunched at higher
Mach numbers. This is intentionally done as this region of the flight envelope has
larger gradients, and thus requires finer data resolution to accurately capture the
trends. At lower Mach numbers, performance contours are much more smooth, and
therefore require fewer data points to resolve. Another aspect of the data point
distribution to consider is the shape of the convex hull created by the points. The
data is contained within the boundaries shown in black in Figure 6.2 for two reasons.
Some boundaries were put in place as they define explicit boundaries beyond which
we know no data will be required. For example, due to the problem formulation,
we know that no data will be required for Mach numbers beyond 0.85. As such, in
our data set we include enough data to provide an accurate cubic fit at that Mach
number. In other words, we provide data two points beyond a Mach number of 0.85.
As seen in Figure 6.2, the data set is bounded at a Mach number of 0.87. The other
reason for boundaries on the data set is the robustness of the aerodynamic solver.
At conditions with too much separation or at slow speeds, the solver can encounter
errors. Such errors typically require manual intervention to address, and are thus
undesirable within an automated optimization of 240 morphed wing shapes. While
the solver is robust within the domain of the training points, that does not guarantee
solver accuracy at those conditions. While it is not considered here, additional work
could explore the accuracy of the aerodynamic solutions at extreme flight conditions,
and the implications of that accuracy on predictions of morphing benefits.

Once the L/D values are computed at each of the specified flight conditions, the
surrogate is constructed with a cubic interpolation function, along with a nearest

point approximation for points that fall outside the convex hull of the training data.
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Because we are considering only aerodynamic effects in this case, a two dimensional
flight condition space is sufficient, assuming that the Reynolds number changes are
small and that the aircraft is trimmed everywhere. This will not be the case in the
later aerostructural study, where structural deflections are a function of the additional

flight condition dimension.
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Figure 6.2: A 240-point stencil was used to create surrogates of the aerodynamic
performance.
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6.1.3 Optimization problem formulation

The objective of this study is to develop an adaptive morphing trailing edge wing
that outperforms a conventional wing in terms of fuel burn over the provided mission.
Starting from the baseline CRM configuration, a series of 240 aerodynamic shape
optimizations at the various flight conditions shown in Figure 6.2 are performed.
The purpose of these optimizations is to find the shape of the morphing section
that provides the best performance for the wing at the given flight conditions. By
aggregating the performance improvements resulting from wing morphing at each of
the flight conditions, we can quantify the fuel burn reduction provided by adaptive
wing technology.

The problem definition for each of the 240 aerodynamic shape optimizations, as
shown in Table 6.1, is identical, except for the variance in flight conditions. Thirty-two
morphing design variables were used in each optimization. Tail rotation and angle of
attack are also variables, which allow the aircraft to trim and meet its lift requirement.
A wing volume constraint is used to ensure that sufficient volume is available for fuel in
the wing. Additionally, to ensure that the optimized morphing shapes are physically
reasonable, 200 linear thickness constraints are distributed throughout the morphing
section of the wing. These constraints prevent the morphing design variable from
dramatically changing the thickness within the morphing region of the wing. The
thickness constraints use a 2% thickness tolerance. Without this small freedom, the
problem becomes too strictly constrained, and the optimizer is unable to consistently
find feasible solutions at the various flight conditions being analyzed. A more detailed
explanation of the optimization problems used to define optimal trailing edge shapes

with respect to flight conditions is given in Table 6.1.
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Function/variable Description Quantity

minimize Cp Drag coefficient
w.r.t. « Angle of attack 1
Tshape Morphing shape (FFD) 32
n Tail rotation angle 1
Total design variables 34
subject to Cp =C] Lift coefficient constraint 1
Cy, =0 Moment coefficient 1
Vi > 1 Fuel volume 1
0.98 > t/t,, > 1.02 Thickness constraints 200
Total constraints 203

Table 6.1: Overview of a morphing trailing edge optimization problem.

6.1.4 Aerodynamic shape optimization results

The aerodynamic shape optimizations were completed with a 363,000 cell (L2)
mesh. A 3 million cell (L1) mesh was then used for an aerodynamic analysis of the
baseline wing at each of the stencil points. Next, the drag reduction between the L1
and L2 meshes for the baseline wing at each flight condition was computed. This drag
reduction was then applied to the results from the morphing shape optimizations, to
give an appropriate estimate of the drag on the morphed designs throughout the
stencil. This approach prevents the need for any optimization to take place on the

finer mesh, saving computational time [59]. The approach is summarized as follows:

D1y, = D1y — Doy + Doy, (6.1)

where Dy, is the drag coefficient on the morphing trailing edge wing with the L1
mesh, Dy, is the drag coefficient on the baseline wing with the L1 mesh, D,,, is the
drag coefficient on the morphing trailing edge wing with the L2 mesh, and Dy, is the
drag coefficient on the baseline wing with the L2 mesh.

The purpose of these optimizations is to create an aerodynamic surrogate for

mission analysis, so we consider the results of the optimizations within that context.
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To visualize the impact of the adaptive trailing edge on the aircraft’s performance, we
consider the difference in drag predicted throughout the stencil by the two surrogates,

as shown in Figure 6.3.
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Figure 6.3: The percentage drag reduction throughout the stencil between the baseline
CRM and the same wing retrofitted with an adaptive morphing trailing edge.

By analyzing the drag reduction plotted in Figure 6.3, we see that through a large
region of the stencil, the drag reduction is less than 1%. However, near the boundaries
of the stencil we see drag reductions as large as 5%. This result makes sense, because
in the region where there is little savings, the Mach number and lift coefficient are

both relatively low. This means that the wave drag and induced drag are low, and the
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adaptive trailing edge cannot reduce them much more. In the regions with larger Mach
number or lift coefficient, the drag was reduced more, as those off-design conditions
produce more extraneous drag that can be removed. While the baseline configuration
shows strong performance robustness, the addition of the morphing trailing edge is

able to provide additional performance improvements at off-design conditions.

Baseline CRM TE Shape Optimized
C, =0.557 C, =0.557
Mach = 0.860 Mach = 0.860
C, = 298.973 C, - 285.046

Figure 6.4: A summary of the morphing trailing edge aerodynamic shape optimization
at M = 0.86 and C}, = 0.557.

For an example of how these savings are actually achieved, we consider in more
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detail one of the morphing trailing edge shape optimization results, as shown in Figure
6.4. This optimization was run at M = 0.86 and C;, = 0.557, near the region with
the highest drag reduction in the flight condition stencil. At this point, the drag
coefficient is reduced by 4.62%. We can see this is a result of reduced wave drag and
induced drag, as the shock (shown in red) has become smaller and the lift distribution
is closer to elliptical after the morphing. On the right side of Figure 6.4, we also see
airfoil and pressure distribution slices taken from four spanwise locations labeled A-D
in the planform view. These slices also have an enlarged view of the morphing region,
and the shapes that are designed with the FFD parameterization and mesh density

used in this optimization.

6.1.5 Mission performance of the CRM retrofit with an adaptive wing

While the drag improvements are insightful, the true objective of this study is to
reduce fuel burn over the course of the example mission, so we now consider what
effects the trailing edge has in that regard. A summary of the fuel burn for the

optimized wing and the original CRM is given in Table 6.2.

Wing Fuel Weight [lbs] Percent Reduction
Nominal CRM 105,737 -
Morphing trailing edge 104,639 1.04

Table 6.2: The adaptive trailing edge reduces the fuel burn by more than 1% as
compared to the baseline wing.

As we can see from Table 6.2, the drag reductions achieved by the adaptive trailing
edge successfully reduced the fuel burn by more than 1%. This is a relatively modest
fuel burn improvement, but it is important to keep in mind what has been considered
in this analysis, and conversely, what has not. This performance improvement is a
result of an analysis in which the effects from increased aerodynamic robustness pro-
vided by the morphing trailing edge have been isolated. This improvement is strictly

a result of improved aerodynamic performance during the climb, cruise, and descent
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portions of a typical range mission for an aircraft of this size. This result illustrates a
rigid wing’s weakness in performing at a range of flight conditions experienced during
a typical mission, as well as the ability of a small morphing trailing edge device on the
aft 10% of the wing to effectively manage that weakness and improve the aircraft’s

robustness.

6.1.6 Summary

This section considered the aerodynamic performance benefit over the course of
a full mission of retrofitting the CRM with a small morphing trailing edge device.
Aerodynamic performance surrogates for the baseline CRM and the CRM retrofitted
with the morphing device were generated using 240 aerodynamic morphing shape opti-
mizations spanning the flight envelope. The individual morphing shape optimizations
yielded drag reductions up to 5%. High lift and high Mach number flight conditions
produced the largest benefit from the morphing device. The aerodynamic perfor-
mance surrogates were used in an analysis of a 7,730 nautical mile mission including
climb, cruise, and descent. Over the course of the mission, the morphing trailing edge
device reduced the fuel consumption by a modest 1.04%. The selected mission spent
a large portion of its flight in conditions where the morphing trailing edge provided
limited benefits. Given that the initial design of the wing used herein is somewhat
arbitrary, the next section considers a similar analysis, including an initial clean sheet

redesign of the morphing CRM, using a multipoint aerodynamic optimization.

6.2 Aerodynamic optimization of the CRM including an ini-

tial multipoint redesign

The previous section found a 1% fuel burn reduction produced by aerodynamic

shape optimization of a retrofit morphing trailing edge device on the CRM. In this
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section the same mission analysis comparison is studied, using a baseline geometry
determined using an initial multipoint optimization. This initial multipoint optimiza-
tion is used to shape the front 90% of the wing, which was unchanged in the retrofit
case in the previous section. The analysis in this section will use the same mission
profile as the previous section, shown in Figure 6.1. The aerodynamic surrogate gen-
eration will also follow the same procedure outlined in the previous section, using
the flight condition stencil shown in Figure 6.2 and the morphing shape optimization

problem definition given in Table 6.1.

6.2.1 Initial aerodynamic multipoint optimization

The first step in this analysis is the definition of the new clean sheet design.
The new design was generated with a 5-point aerodynamic optimization. The stencil
used for this aerodynamic optimization is shown in Table 6.3. This 5-point stencil
is a subset of the 7-point stencil in Figure 5.2, with the variation in altitude. The
stencil is selected to be representative of a typical stencil used in aerodynamic shape
design of a transonic wing design. Again, because this analysis is aerodynamic-only,
Reynolds number effects are ignored and the flight condition space is reduced to two

dimensions.

Flight Condition Mach (] Description
0.85 0.50 Nominal cruise
0.82 0.50 Low Mach
0.88 0.50 High Mach
0.85 0.45 Low (C}

0.85 0.55 High C},

U~ W N+~

Table 6.3: The 5-point stencil for the multipoint design optimization that designs the
baseline wing shape before the installation of the morphing trailing edge.

The multipoint aerodynamic optimization problem is shown in Figure 6.4. The

objective function of the optimization is the minimization of the average of the
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drag coefficients at the 5 cruise conditions. The design variables are the vertical
z—displacements of 192 control points distributed around the FFD. As with previous
optimizations in this thesis, the planform of the wing is kept constant. Eight twist
variables are distributed along the span. Angle-of-attack and tail rotation variables at
each condition provide means for meeting lift and moment constraints, respectively.
Note that this multipoint optimization does not include any maneuver conditions.
As this optimization is aerodynamic-only, and there are no structural considerations,
there is no need for load-critical maneuver case consideration.

The multipoint aerodynamic optimization uses many constraints seen in previous
optimizations herein. The wing volume is constrained not to decrease to ensure that
there is enough space for the fuel. Linear constraints are added to both the leading
and trailing edge to prevent shearing twist. A grid of 25 x 30 thickness constraints
are distributed throughout the wing planform. These thickness constraints ensure a
reasonably thick leading edge for low speed performance, a sufficiently thick trailing
edge for manufacturability, and sufficient space for an efficient structure throughout
the wing. The optimization problem is detailed in Table 6.4.

By optimizing the average drag at the five points in the multipoint stencil, we
design a new baseline wing shape from which to add morphing. Note that this
approach is not quite the same as that used in the previous clean sheet optimizations
in this thesis. In those optimizations, the optimization generating the baseline shape
of the wing considered morphing capabilities at non-nominal cases. Here, the baseline
shape is determined with a typical aerodynamic multipoint optimization, and the
morphing shape optimizations are subsequently run starting from that initial design.
This approach will demonstrate the effects of multipoint optimization on full mission
performance for transonic commercial transport-sized aircraft.

The results of the initial aerodynamic multipoint optimization are shown in Fig-

ure 6.5. The average drag at the five cruise conditions is more than 10 counts lower
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Function /variable Description Quantity

minimize 3.~ 7;Cp. Average drag coefficient
w. .ot Angle of attack 5
Tshape Full wing FFD 192
Tiwist Wing twist 8
;i Tail rotation angle 5
Total DVs 210
subject to Cp =C} Lift coefficient constraint 5
Cyv, =0 Moment coefficient 5
Vi > 1 Fuel volume 1
Az g upper = —AZLEower  Leading edge 8
AzrE upper = —AZTElower  1railing edge 8
Ytiie > 1 Thickness constraints 750
Total constraints 7T

Table 6.4: Overview of the baseline multipoint optimization problem.

than that of the baseline CRM. This drag reduction demonstrates the effectiveness of
the gradient-based multipoint optimization routine. Again justified by the findings of
Lyu et al. [59], the multipoint optimization is completed using the 363,000 cell coarse
CRM mesh that was used in the previous morphing shape optimizations. While the
drag reductions found with this coarse grid are valid, the drag values themselves are
around 40 counts higher than their physical values.

In support of the 10 count reduction in the average drag count, we see in Fig-
ure 6.5 that the nominal lift distribution has become more elliptical, and that the
size of the shock has substantially decreased. These results demonstrate reductions
in the induced and wave drag, respectively. The figure also shows airfoil and pressure
coefficient slices at four spanwise locations labelled A—D. The results before and after
the optimization are shown in green and blue, respectively. The pressure contours
additionally show non-nominal distributions in grey. This multipoint optimization
has created a better transonic wing design that serves as the new baseline for the

next set of morphing shape optimizations.

96



Initial CRM

Multipoint Optimized

Nominal C,_ = 0.500 i -
ol G 00
Average C, = 294.5 AverageC, = 283.8

Case 2
Low Mach

Case 3
High Mach

Case 1
Nominal ¢
>

Figure 6.5: A summary of the initial multipoint optimization results. The optimiza-
tion reduced the average drag at the 5 flight conditions by more than 10 counts.

6.2.2 Mission performance comparisons

After the multipoint optimization, the aerodynamic surrogate generation and mis-
sion analysis follow the same approach as was taken in Sections 6.1.4 and 6.1.5. The
only difference between the optimizations here and those completed in the previous

study is the initial geometry. Instead of using the baseline CRM geometry, these op-
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timizations start from the mulitpoint optimization result from the previous section.
Given that the only shape variables available in these morphing shape optimizations
are those that control the morphing section, the forward 90% of the wing in these
results is exactly equal to that from the multipoint optimization.

After the morphing shape optimizations were completed and the aerodynamic sur-
rogates were developed, the next step was to run mission analysis on the multipoint
and the multipoint-with-morphing configurations. The fuel burned by each configu-
ration is given in Table 6.5, along with the values from the analysis without the initial

multipoint optimization.

Wing Fuel Weight [lbs] Percent Reduction
Nominal CRM 105,737 -

CRM with morphing 104,640 -1.04
Multipoint optimized 106,495 0.717
Multipoint with morphing 104,649 -1.03

Table 6.5: The multipoint optimized wing has a higher fuel burn than the baseline
CRM, and both morphing configurations have nearly identical fuel consumptions.

The fuel burn of the multipoint optimized wing is higher than that of the baseline
CRM. This is a somewhat surprising result, as the common assumption that optimiz-
ing for cruise performance produces a more efficient design suggests that the multi-
point optimized wing should outperform its baseline geometry. This result demon-
strates that the baseline CRM geometry is a well-designed, robust wing. To better
understand the relationship between the CRM and the multipoint optimized wing, we
consider the percentage difference in drag between the two designs. This difference
is shown across the stencil of flight conditions, in Figure 6.6.

Comparing the performance of the CRM and the multipoint optimized wing over
the entire aerodynamic surrogate, we see that the baseline CRM outperforms the
multipoint optimized wing at the majority of flight conditions (where the contour is
blue). The multipoint optimization dramatically reduced the drag near the multipoint

stencil; however, those improvements came at the cost of performance at most of the
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Figure 6.6: This contour shows the percentage change in drag coefficient between the
baseline CRM and the multipoint optimized wing. Red sections show regions where
the CRM has better performance, while blue regions show where the multipoint
optimized wing performs better.

other flight conditions. Figure 6.6 also shows the path (in Mach-C}, space) the CRM
took to complete the mission. Following this path, we see that it primarily lies in
the region of the stencil where the CRM outperforms the multipoint optimized wing.
The test mission doesn’t reach ' values near the nominal value used in the multi-
point stencil, and thus does not take advantage of the improvements provided by the
multipoint optimization. This example demonstrates the importance of multipoint

stencil selection.
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The next result of note in Table 6.5 is that the CRM with a morphing trailing edge
and the multipoint optimized wing with a morphing trailing edge have nearly identical
fuel burn values. The addition of the morphing trailing edge for the multipoint
optimized wing dramatically improved the wing’s performance robustness, and largely
negated the performance losses away from the multipoint stencil that were added
during the initial optimization. This relationship can be seen in the comparison of the

CRM to the multipoint optimized wing with a morphing trailing edge, in Figure 6.7.
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Figure 6.7: This contour shows the percentage change in drag coefficient between
the baseline CRM and the multipoint optimized wing with a morphing trailing edge.
Again, red sections show regions where the CRM has better performance.
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While the majority of the stencil in Figure 6.6 shows better performance for the
CRM compared to the multipoint optimized wing, the addition of a morphing trail-
ing edge increases the efficiency of the multipoint optimized wing, which has better
performance for most conditions in Figure 6.7. The morphing trailing edge made
up for the losses from the multipoint optimization at many flight conditions, and
improved the performance in the regions of the stencil where the multipoint design
was already performing well. In the upper-right corner of the stencil, the multipoint
design reduces the drag by about 10% compared to the CRM, but with the addition
of morphing, that savings becomes 14.5%.

While the proximity of the fuel burn values for the two morphing configurations
is largely a coincidental product of the selected mission profile, the result clearly
demonstrates that a small morphing device can substantially improve a wing’s per-
formance at a variety of flight conditions. Starting from two initial geometries—one
with relatively robust performance throughout the stencil, and another with very
good performance in small regions and less efficient performance in large portions of
the stencil—the morphing trailing edge device was able to produce designs with very

similar overall performance.

6.2.3 Summary

In this section we repeated the aerodynamic morphing shape optimizations and
mission analysis considered previously for the CRM, with the addition of an initial
multipoint optimization. The multipoint optimization substantially improved the
aerodynamic performance of the wing near the stencil, but reduced the wing’s per-
formance at other flight conditions. Adding a morphing trailing edge made up for
many of the losses incurred during the multipoint optimization, and produced a wing
with fuel burn requirements nearly identical to those of the CRM wing with a mor-

phing device. Morphing trailing edge devices are able to improve the performance
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robustness of a wide variety of initial conditions, again suggesting that retrofitting
existing designs with morphing devices could be a feasible option. Having considered
two cases with aerodynamic-only analysis, we now continue our study and consider

the effects of structural deformations during the mission.

6.3 Aerostructural optimization of the uCRM retrofit with

an adaptive trailing edge

The previous studies in this Chapter have considered aerodynamic-only analysis
of morphing trailing edge devices. The results in Chapter 5 clearly demonstrated the
importance of structural effects when quantifying the potential benefits of morphing
trailing edge devices. As such, in this section we consider structural effects, although
not in the same way as in the previous aerostructural optimizations in this thesis.
This study considers a fixed wing box structure, and aerodynamic morphing shape
optimization of a coupled aerostructural model. The baseline configuration used

throughout these optimizations is the uCRM.

6.3.1 Mission profile

In this aerostructural analysis, we use essentially the same mission profile as was
used in the aerodynamic analysis, but a few details of the mission become more impor-
tant with the inclusion of structural considerations. First, because we are including
structural deformations, the constant Reynolds number approximation is no longer
valid. To compensate, we prescribe the altitude at each flight condition as well as the
Mach number and lift coefficient. This gives us the three-dimensional flight condition
space, which is discussed in more detail in the next section. The increased dimen-
sionality of the flight condition space did affect the selection of the mission profile.

By selecting a mission in which the Mach number is a function of altitude, we reduce
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the dimensionality of the space the surrogate model needs to represent, allowing the
use of fewer training data points. As such, the Mach number profile during descent
does not exactly match that seen during a typical mission, but the effects of this
difference are small with respect to the mission performance. Note also that this
assumption was used during the aerodynamic-only study, to make the two studies
as similar as possible and comparable. The mission profile and the altitude-Mach

number relationship used to generate it can be seen in Figure 6.8.

6.3.2 Coupled aerostructural surrogate model

This mission profile was tested using pyMission and a low-fidelity performance
surrogate developed with MACH’s panel method code, Tripan [81]. An approximate
lift coefficient profile required to fly the mission with the CRM was developed. This
distribution served as the starting point from which the higher fidelity surrogate
model’s training points were selected. Given that the altitude-Mach number rela-
tion is prescribed throughout the mission, it can also be prescribed for the training
data; however, variations are required in the other two dimensions. The relation-
ship between the low-fidelity data and the location of the training points can be seen
in Figure 6.8. The low-fidelity mission data is shown in black, while the selected
training data points are shown in red. Note that like in the aerodynamic-only case,
training points are more clustered near the transonic cruise region, where performance
gradients are much larger than those in subsonic and lower lift regions.

The surrogate model for aerodynamic performance is based on the Regularized
Minimal-energy Tensor-product Spline (RMTS) interpolant [114]. This method uses
cubic tensor-product splines to generate a minimum energy interpolant from unstruc-
tured data. These features allow the method to work well for banded data in 2-4
dimensional space, which is the type of data being modelled herein. While the rela-

tionship between Mach number and altitude would have allowed the surrogate model
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to be reduced to two dimensions, that simplification is not made. The additional
computational time required to converge the RMTS interpolant with a third dimen-
sion as compared to just two dimensions was negligible, so the simplification was not

necessary.
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Figure 6.8: A set of 65 training points (in red) were used in the aerostructural perfor-
mance surrogate. The training point locations were selected based on a low-fidelity
mission analysis model, shown in black.
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6.3.3 Optimization problem formulation

Starting from the baseline uCRM, we perform 65 optimizations of the morphing
trailing edge shape. The optimization formulation is essentially identical to that from
the aerodynamic-only study (outlined in Table 6.1), however structural deflections at
each flight condition are included. In typical aerodynamic shape optimizations there
are no considerations of structural effects, while typical aerostructural optimizations
typically include control over both the structural sizing and the OML shape. This op-
timization does not fall strictly into either of those typical categories, as here there are
no structural design variables. We are performing aerodynamic shape optimization

with coupled structural analysis.

6.3.4 Coupled aerostructural optimization of the trailing edge shape

As we did for the aerodynamic results, we first consider the drag reduction result-
ing from the addition of the morphing trailing edge. The percentage drag reduction
is shown in Figure 6.9. Note that this is not the exact interpolant used for the mis-
sion analysis, but rather a simplified two dimensional surrogate that takes advantage
of the relationship between altitude and Mach number. Because this is the simpli-
fied interpolant, it is important to note that altitude changes also include changes
in Mach number, as defined in Figure 6.8. The white points superimposed over the
contour show the locations of the training data. While the interpolant solves for min-
imal energy throughout the entire region shown, values outside the convex hull of the
training data should not be considered accurate. The energy-minimizing approach of
this interpolant yields poor results in regions extrapolating from the provided data;
however, since the data we need lies within the training data, this is not a problem.

Within the region of interest, the contour shows similar results to those seen in
Figure 6.3 for the aerodynamic case. First, we see that as the altitude and Mach

number are increased, the savings from the addition of the morphing trailing edge are
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also increased. We also see increased savings at the larger lift coefficients, although
this trend is not as strong as it was in the aerodynamic case. With the inclusion of
altitude variation, the flight conditions with high lift coefficients are all at low altitude,
which has reduced the savings from the morphing trailing edge. While the reductions
at the low altitude conditions are smaller than they were for the aerodynamic case,
they are larger almost everywhere else in the mission. This suggests that the benefits
of a morphing trailing edge are more substantial with the inclusion of structural

deflections.
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Figure 6.9: The percentage drag reduction for a 2-D interpolation of the aerostructural
morphing trailing edge data.
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6.3.5 Mission performance of an adaptive wing including structural de-

flections

Again, the true objective of these studies is to find the fuel burn improvements
provided by the adaptive morphing trailing edge. With performance surrogates for
both the baseline u~CRM and the uCRM retrofitted with a morphing trailing edge on
the aft 10% of the wing, we computed the fuel burn for each configuration over the

prescribed mission. The fuel burn results are shown in Table 6.6.

Wing Fuel Weight [lbs] Percent Reduction
Nominal uCRM 100,568 -
Morphing Trailing Edge 98,834 1.72

Table 6.6: The adaptive trailing edge reduces the fuel burn by 1.72% compared to
the baseline uCRM.

From the results in Table 6.6, we can see that with the addition of structural
deformations, use of a morphing trailing edge reduced the fuel burn by 1.72%. This
is a substantial increase compared to the 1.04% seen for the aerodynamic-only case. It
is again important to consider what is responsible for that savings. The additional fuel
burn reduction is strictly a result of the addition of structural deflections throughout
the mission. The consideration of structural deflections applies a wider range of
conditions to the wing throughout the mission, resulting in a larger potential for

savings from increased robustness.

6.3.6 Summary

In this study, we considered the effects of structural deformations on the per-
formance benefits provided by morphing trailing edge devices. Aerodynamic perfor-
mance surrogates were developed using 65 high-fidelity aerodynamic morphing shape
optimizations of the uCRM using coupled aerostructural analysis. When considering

full mission analysis, the addition of morphing trailing edge devices produced a fuel
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burn reduction of 1.72%. This value is directly comparable to the 1.04% reduction
found in the aerodynamic-only studies in the previous sections. The additional fuel
burn savings in this case are directly attributed to the improvements in performance
robustness provided by morphing trailing edge devices. Without the robustness added
by the active morphing, the baseline non-morphing uCRM wing encounters aerody-
namic performance penalties resulting from structural deformations. Without con-
sidering maneuver load alleviation (which we have shown to provide the majority of
the performance improvements for multipoint clean sheet wing design) the improved
robustness provided by active morphing devices can yield a 1.72% reduction in fuel

burn.

6.4 Aerostructural optimization of a uCRM morphing

trailing edge including an initial clean sheet redesign

All of the previous studies in this chapter considering the benefits of morphing
devices for full mission performance have not included structural weight reductions
enabled by active load alleviation. As such, the savings found in those studies are di-
rectly attributed to the improved aerodynamic performance and robustness provided
by morphing devices. In this section, we add the savings provided by maneuver load
alleviation to the mission analysis. To accomplish this, we first redesign the wing us-
ing a multipoint aerostructural optimization that includes morphing at non-nominal
conditions. That multipoint optimization provides the clean sheet new baseline de-
sign for the wing, including a lighter structure enabled by active load alleviation at
maneuver conditions. Starting from that multipoint result, we again construct a per-
formance surrogate like that in the last section. That surrogate is used to perform
mission analysis of the same mission as outlined in Figure 6.8. Comparing the fuel

burn of this configuration with that of the baseline CRM provides a full measurement
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of the potential savings enabled by a small morphing device, including aerodynamic,

structural, and mission analyses.

6.4.1 Initial aerostructural multipoint optimization

The first step in this study is the definition of the new baseline, non-morphed
design of the wing. A 3-point aerostructural optimization defines this clean sheet
design. While the full mission performance of the aerodynamic-only multipoint opti-
mized wing in Section 6.2.2 shows that an initial aerodynamic optimization is not the
best way to increase performance at all relevant flight conditions, that study did not
include active load alleviation. Adding structural sizing optimization to the initial
clean sheet optimization allows the morphing device to reduce the structural weight
of the wing, which improves the fuel efficiency everywhere in the mission.

In the previous multipoint clean sheet design, the multipoint stencil was defined
in terms of Mach number and C. The combination of the selected test mission and
the location of the multipoint stencil led the multipoint optimization to produce a
design which reduced the mission performance of the wing. To help address this issue,
the stencil used in this multipoint optimization is defined in terms of lift, rather than
Cpr. As the structural weight of the aircraft is reduced, this change results in a stencil
at lower lift, more accurately representing the conditions seen in the test mission.

The cruise and maneuver conditions used in the multipoint optimization are shown

in Table 6.7.
Flight Condition Mach Load Factor Description
Cruise 1 0.85 1.00 Nominal cruise
Cruise 2 0.85 0.90 Low lift
Cruise 3 0.85 1.10 High lift
Maneuver 1 0.64 2.50 Pull up
Maneuver 2 0.64 -1.00 Push over

Table 6.7: The 3-point stencil for the multipoint aerostructural design optimization
including active load alleviation.
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The multipoint optimization problem is similar to those used in previous opti-
mizations. A detailed description of the optimization problem is given in Table 6.8.
The objective function is the aircraft’s average fuel burn at cruise. Angle of attack
and tail rotation design variables are included for each flight condition. The baseline
shape of the wing at the nominal flight condition is defined with 192 shape variables
and 8 twist variables. 854 structural variables including panel thicknesses, panel
lengths, stiffener heights, stiffener thicknesses, and stiffener pitches control the wing
box definition. 32 morphing variables are added for each non-nominal flight condition
to control the shape of the trailing 10% of the wing.

The lift and pitching moment are constrained at each flight condition. The ge-
ometric volume of the wing cannot be decreased, to provide space for fuel in the
wing. A consistency constraint ensures the fuel weight design variable (included in
the structural sizing variables in Table 6.8) matches the fuel weight state variable.
Geometric thickness constraints provide low speed performance, manufacturability,
and sufficient space for actuators at the leading edge, trailing edge, and aft spar,
respectively. Linear shape constraints prevent shearing twist and maintain constant
thickness in the morphing region. Nonlinear structural constraints ensure the struc-
tural lengths match those defined by the FFD. Linear adjacency constraints prevent
drastic variable differences in adjacent structural components. The failure of all struc-
tural members at the pull up condition are aggregated into 4 KS constraints. The
buckling of all non-rib structural members is constrained at the pull up and push
over conditions, with 3 KS constraints at each. In total, the optimization problem
includes 1046 constraints.

The results of the initial multipoint optimization are shown in Figure 6.10. Note
that this multipoint optimization was run twice, once with morphing and a second
time without morphing, for reference. The non-morphing optimized wing is shown

on the left of Figure 6.10, while the morphing result is to the right. We see similar
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Function /variable Description Quantity
minimize Fuel burn
w.r.t. x4 AoA 5
Ttail Tail rotation angle 5
Tshape Wing shape (FFD) 192
Tiwist Wing twist 8
Tetruct Structural sizing 854
Zmorph Morphing shape (32 x 4) 128
Total DVs 1192

subject to L =nW Lift )
M =0 Pitching moment )
Vi >1 Fuel volume 1
ZTfuel — Yruel = 0 Fuel mass consistency 1
tilpg > 1 Leading edge thickness 20
ti|te > 1 Trailing edge thickness 20
tti|spar > 1 Aft spar thickness 20
Azig, = —Azig, Fixed leading edge 8
1y + cxr; =0 Linear shape change constraints 8
Lyanel — Tpanel = 0 Panel consistency 272
K Seress < 1 Pull up maneuver stress 4
K Shuckiing < 1 Maneuver buckling 6
|Zstr; — Tstrry | < 0.0005  Adjacency 696

Total constraints 1046

Table 6.8: This aerostructural multipoint optimization problem includes active load
alleviation and is used to define the initial condition for subsequent morphing shape
optimizations.
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Figure 6.10: A comparison of the aerostructural multipoint optimization results with and without a morphing trailing edge on
the aft 10% of the wing. The maneuver load alleviation enabled by the morphing trailing edge leads to a 12.4% reduction in
the wing mass and a 2.05% reduction in the average fuel burn.



results here to those in Figure 5.3, although, the morphing here is limited to the
aft 10% of the wing rather than the aft 40% as was the case in that comparison.
As the morphing section is smaller, the benefits of morphing are correspondingly
slightly smaller; although, as we saw previously with the 30% vs 40% comparison in
Section 5.2.3, the size of the morphing region is not strongly related to the benefit
of the morphing device. Small changes in the size of the device will only make small
changes to the effectiveness of the device. While a 40% morphing region yielded about
2.5% fuel burn reduction, this 10% morphing region does nearly as well, providing
a 2% fuel burn reduction. The mechanisms by which the morphing improves the
aircraft performance are similar to those seen in the previous results.

With the addition of a morphing trailing edge, the lift distribution in Figure 6.10
at maneuver is shifted inboard. The airfoil slices show reflex regions at maneuver,
particularly in the outboard regions, which reduce lift there. The effects of these
reflex regions are also seen in the pressure distributions at the pull up maneuver.
The pressure distributions at slices C and D show regions of negative lift near the
trailing edge. This load alleviation enables the structural weight reductions seen in

the thickness distributions.

6.4.2 Mission performance of an adaptive wing including active load al-

leviation

The nominal shape of the multipoint optimized wing from the previous section
is used as the baseline configuration for the morphing shape optimizations. The
morphing shape optimizations are formulated exactly like those from the previous
studies. The relevant problem formulation is shown in Table 6.1. Like in the last
study, the morphing shape optimizations include structural deformations; however,
the structure in this study is the lighter, more flexible structure that was designed

by the initial multipoint optimization. Again 65 morphing shape optimizations are
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performed at the flight conditions outlined in Figure 6.8. The results of the opti-
mizations are aggregated into a performance surrogate using the same 3-dimensional
RMTS interpolation method used in the previous section. Along with the changes
to the performance surrogate, the aircraft weight is adjusted in the mission analysis
to reflect the weight reductions achieved by the active load alleviation. Compared to
the baseline CRM, the optimized morphing aircraft with maneuver load alleviation

has a 3.08% lower total aircraft weight.

Wing Fuel Weight [lbs] Percent Reduction
Nominal uCRM 100,568 -

Retrofit morphing wing 98,834 1.72

Clean sheet morphing wing 97,828 2.72
Theoretical uUCRM 98,856 1.70

Table 6.9: The clean sheet adaptive trailing edge design requires 2.72% less fuel than
the baseline uCRM.

Over the course of the test mission, the clean sheet morphing trailing edge design
burned a total of 97,828 pounds of fuel. This total, along with the other related re-
sults are shown in Table 6.9. While the addition of a morphing trailing edge without
the inclusion of structural weight reductions (retrofit design) produced a fuel burn
savings of 1.72%, the clean sheet design saved 2.72% fuel compared to the baseline
uCRM. Listed in Table 6.9 is an additional “theoretical uCRM” result. This aircraft
represents the uCRM if it had the same aeroelastic performance, but had a 3.08%
weight reduction, like that which was enabled by the maneuver load alleviation. This
theoretical aircraft saves 1.7% on fuel compared to the actual uCRM. When con-
sidered together with the other results in Table 6.9, this result demonstrates the
trade-off between structural weight reductions and aerodynamic performance. For
the test mission, structural weight reductions (in the theoretical uCRM) and im-
proved aerodynamic performance (in the retrofit morphing wing) both independently
save around 1.7% fuel burn compared with the baseline uCRM wing. If these two

effects were independent of each other, we would expect to be able to apply them
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sequentially to get a 3.4% fuel burn savings on the clean sheet design. Instead, the
two effects conflict with each other, as lighter structures produce larger deflections

and limit aerodynamic performance.

6.4.3 Summary

In this section, we studied the performance of a clean sheet redesign of the uCRM
with a morphing trailing edge on the aft 10% of the wing. The clean sheet design was
analyzed over a full mission, and compared with previous designs in this chapter. The
clean sheet design was developed with an initial aerostructural multipoint optimiza-
tion that included active maneuver load alleviation. That initial optimization reduced
the structural weight of the uCRM wing by 15.73%. Compared with a clean sheet
design without a morphing trailing edge, the weight of the wing is 12.4% lower. The
multipoint optimized morphing wing was used as the baseline for 65 aerostructural
morphing shape optimizations. The optimized performance of the morphing wing at
a variety of flight conditions was aggregated into a performance surrogate that was
used for mission analysis. Over the course of a full mission, the clean sheet morphing
design required 2.72% less fuel than the baseline uCRM. Combined with the results
in previous sections of this chapter, this result clearly demonstrates the trade-off be-
tween aerodynamic performance and structural weight reductions for morphing wing

design.

6.5 Summary

In this chapter, we considered a number of morphing wing optimization studies
involving full mission analysis. Mission analysis is included to get a more representa-
tive measure of the benefit of morphing technology over the course of a mission than
is provided by the use of the Breguet range equation in a multipoint optimization.

Given the adaptability of morphing technology, full mission analysis can expose fuel
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burn savings during non-cruise portions of a flight that would be missed with less
accurate models of mission analysis.

We started with aerodynamic-only optimization of the CRM with a morphing
trailing edge. The CRM was retrofit with a small morphing trailing edge device on
the aft 10% of the wing. The shape of the morphing device was optimized at 240
flight conditions. In large portions of the flight regime, the morphing device provided
nearly no benefit, although at high Mach number and high lift conditions, the drag
was reduced by as much as 5%. The performance of the baseline CRM and the
CRM retrofit with the morphing device were aggregated into aerodynamic surrogates.
These surrogates were used in mission analysis of a 7,730 nautical mile mission with
three cruise altitudes. Over the course of the mission, the small morphing device
reduced the fuel consumption of the CRM by 1.04%. This modest savings is partially
attributed to the selected mission, but is fairly representative of the potential savings
during a standard flight.

The next study considered the aerodynamic clean sheet design of the same CRM
wing. To generate a clean sheet design, the CRM was first optimized using a mul-
tipoint stencil centered at the nominal flight condition. This initial optimization
produced an average drag reduction of 10 counts at the flight conditions in the sten-
cil. That multipoint design was used as the baseline for the subsequent 240 morphing
shape optimizations spanning the flight regime. Surrogate models for the aerody-
namic performance of both the multipoint optimized wing and the multipoint opti-
mized wing with a morphing trailing edge were constructed. Those surrogates were
again used in mission analysis on the same test mission. Interestingly, the multipoint
optimized wing increased the fuel consumption over the course of the mission. While
the multipoint optimization reduced drag near the multipoint stencil, it did so at the
expense of performance at off-design conditions. Those conditions were experienced

during the full mission, and limited the effectiveness of the multipoint optimized
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wing. After the morphing trailing edge was added to the multipoint optimized wing,
its integrated fuel burn performance nearly matched that of the original CRM with
a morphing device. The proximity of these integrated values is largely a coincidence
based on the selected test mission, but it demonstrates the effectiveness of morphing
devices in improving the efficiency of a number of initial designs.

The next study in this chapter built on the previous studies by adding coupled
aeroelastic analysis. The uCRM was retrofit with a morphing trailing edge device
on the aft 10% of the wing. The morphing shape of this wing was optimized us-
ing aerostructural analysis. These aerostructural morphing shape optimizations were
completed at 65 flight conditions spanning a band of typical conditions within Mach
number-C'r-altitude space. The performance of the baseline uCRM and the retrofit
morphing wing were assembled into performance surrogates built with an RMTS in-
terpolant. Compared with the baseline uCRM, the retrofit configuration used 1.72%
less fuel. In this study, no active load alleviation-enabled weight reductions were in-
cluded. The structure in both wings was the baseline structure of the uCRM. The
increased fuel burn savings from about 1% in the aerodynamic-only cases to about
1.75% in this case demonstrates the effect structural deflections can have on aerody-
namic efficiency. Without morphing, structural deflections reduce the aerodynamic
performance of the uCRM wing; however, the small morphing trailing edge device
can largely negate those losses, improving the performance robustness of the wing.

The final study in this chapter considered a clean sheet redesign of the uCRM
with a small morphing trailing edge device. The clean sheet configuration was de-
signed with an aerostructural multipoint optimization. This optimization included
morphing capabilities and structural sizing design variables, and thus took advan-
tage of the active load alleviation enabled by the morphing trailing edge. The wing
structural weight was reduced by 15.73%. That multipoint optimized configuration

was used as a baseline for another 65 aerostructural morphing shape optimizations.
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The performance of the clean sheet morphing wing was aggregated into a surrogate
model the same way as the configurations in the previous study. Compared with the
baseline uCRM, the clean sheet morphing configuration used 2.72% less fuel over the
course of the mission. An additional theoretical wing was considered, which had the
aeroelastic performance of the baseline uCRM and the mass of the clean sheet design.
This theoretical wing yielded a 1.70% fuel burn reduction compared with the CRM.
Considering the four aerostructural models discussed in this chapter, the trade-off
between reducing structural mass and improving aerodynamic performance is clear.
In the optimizations in this study, the mission discipline was considered in sequence
to the coupled aerostructural optimizations. To completely address the trade-off in
structural weight and aerodynamic performance at the appropriate flight conditions,

a fully coupled mission-aero-structural optimization with morphing is required.
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CHAPTER 7

Conclusions

7.1 Final Remarks

This chapter gives an overview of the final conclusions of this thesis, the main
contributions of this work, and a few potential directions for future work building on

the research herein.

7.2 Conclusions

Given the environmental dangers of maintaining current levels of pollution and
carbon emissions, and the time and work still required before more efficient aircraft
configurations are available to the market, the aircraft industry is pursuing a number
of technologies that offer efficiency improvements for current- and next- generation
aircraft. One such technology is morphing trailing edge devices. The work in this
thesis leverages state of the art computational methods to evaluate the potential ef-
ficiency improvements offered by morphing trailing edge technology. Specifically, I
use high-fidelity MDO to compare optimal performance of aircraft with and with-
out morphing capabilities. These comparisons yield a number of insights about the
effectiveness of morphing trailing edge devices and their influence on the trade-offs

involved in aircraft design.
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In Chapter 3, we demonstrated the impact of aerodynamic solver accuracy on
transonic shape optimization. The CRM wing was optimized with both Euler and
RANS solvers, and the resulting optimized shapes were compared. The wing shape
found using optimization with Euler analysis produced nearly 10% more drag than
the wing optimized with RANS analysis. This result demonstrated the need for high-
fidelity RANS analysis for transonic wing design. Exclusively using lower fidelity
models like the Euler equations or panel methods does not provide the accuracy
needed to appropriately shape transonic wings.

In Chapter 4, the uCRM was aerostructurally optimized for cruise performance,
both with and without a morphing device. The morphing device considered in this
study spanned the aft 40% of the wing. The single point optimizations in this study
minimized cruise fuel burn while preventing failure at maneuver. To establish a
baseline, the uCRM was first optimized without any morphing variables, producing a
design with 5.8% lower fuel burn. That optimized, non-morphing configuration was
then compared to a wing retrofit with a morphing device and a clean sheet design
that included morphing.

The CRM retrofit with a morphing device reduced the fuel burn as much as the
complete optimization without morphing capabilities. This result demonstrated the
potential morphing devices can have for retrofit application to existing aircraft. The
clean sheet optimized wing with morphing produced a fuel burn 0.36% lower than
that of the optimized non-morphing wing. Both the retrofit and clean sheet designs
used active load alleviation at the maneuver condition, although the retrofit design
shifted more of the load inboard to reduce the structural weight more, as it did not
have shape control of the leading 60% of the wing.

These optimizations demonstrated that singlepoint aerostructural optimization
with consideration of one cruise and one maneuver condition is insufficient for evalu-

ating the benefits offered by morphing technology. Although singlepoint optimization
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navigates a trade-off between cruise and maneuver performance, passive aeroelastic
tailoring does a good job managing the compromise needed between the opposing ob-
jectives. As such, there is little additional savings available to active load alleviation
in singlepoint optimization. To get a better measure of the potential of morphing
trailing edge technology, we next considered multipoint optimizations.

Chapter 5 compared a number of multipoint aerostructural optimizations with
and without a morphing trailing edge device. First, the uCRM optimized with and
without morphing for a 3-point stencil were compared. In this case, the morphing
trailing edge device reduced the fuel burn by 2.53% and the structural weight by
22.4% compared with the wing optimized without morphing.

The same aerostructural optimization comparison was repeated on a 7-point sten-
cil, which produced larger differences in performance. The wing with morphing saved
5.05% on fuel burn, and reduced the weight of the wing by 25.8%, again compared
with the same wing optimized without morphing. Comparing in more detail the
mechanisms by which the morphing device improved performance in the various op-
timizations, we found that structural weight reductions enabled by active load alle-
viation are the primary factor in the efficiency improvement provided by morphing
technology for commercial transport-sized aircraft.

In an additional investigation, we considered the implications of reducing the size
of the morphing device. Specifically, we repeated the 3- and 7-point optimizations
with a morphing region spanning the aft 30% of the wing, to compare with the
previous optimized wings with a morphing region over the aft 40% of the wing.
Reducing the morphing region size by 25% resulted in just a 0.22% increase in fuel
burn, and a 2.78% increase in wing weight for the 3-point optimization. Similarly, for
the 7-point optimization, reducing the size of the morphing region to just the aft 30%
of the wing yielded a 0.81% increase in fuel burn and a 3.41% increase in wing weight.

From these results we concluded that the benefits provided by morphing trailing edge
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devices are not strongly dependent on the size of the morphing region.

We next considered the influence a wing’s aspect ratio has on the benefits provided
by morphing trailing edge devices. The 3-point optimization comparison using a 40%
morphing region was repeated with the uCRM-13.5. Compared with the 2.53% fuel
burn savings found for the aspect ratio 9 CRM, morphing reduced the fuel burn
of the uCRM-13.5 by 3.79%. Interestingly, the structural weight reductions in the
two comparisons were similar, at 22.4% and 22.2% for the uCRM and uCRM-13.5,
respectively. This demonstrated the positive relationship between wing flexibility and
the benefits of morphing. We concluded that morphing technology offers additional
benefits for higher aspect ratio wings.

In Chapter 6, we considered the implications of a small morphing device on the
aft 10% of a wing over a 7,730 nautical mile mission, including climb, cruise, and
descent. We developed aerodynamic and aerostructural surrogate models of baseline
and optimized configurations for use in mission analysis. Using aerodynamic analysis
and optimization, the nominal CRM was compared with the CRM retrofit with a mor-
phing trailing edge device, a multipoint optimized configuration without morphing,
and the multipoint optimized wing with morphing. Over the course of the mission,
the multipoint optimized wing had the worst performance, burning 0.717% more fuel
than the baseline wing. This result demonstrated the importance of multipoint sten-
cil selection, and more generally optimization problem objective function selection.
Interestingly, both configurations with morphing reduced the fuel burn compared to
the baseline CRM by about 1%. This result further demonstrates the potential for
use of morphing trailing edge devices retrofit on a variety of existing aircraft.

The final results in this thesis consider mission analysis paired with aerostructural
optimization of morphing and non-morphing wings. Again performance surrogates
were developed, including coupled aeroelastic effects. Compared with the nominal

uCRM, a uCRM retrofit with a morphing trailing edge device was found to increase
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fuel efficiency by 1.72%. Expanding further to a clean sheet redesign of the uCRM
with morphing, we found a 2.72% reduction of fuel burn compared with the nominal
uCRM. From this result, we concluded that even a small morphing device on the
aft 10% of a wing provides enough active versatility and performance robustness to

noticeably improve an aircraft’s efficiency.

7.3 Contributions

Given the high-fidelity and coupled nature of the work herein, this thesis represents
the state of the art for aircraft design optimization, particularly for morphing trailing

edge aircraft. The main contributions of this thesis are as follows:
1. Demonstrated the need for high-fidelity RANS analysis in transonic wing design.

2. Performed high-fidelity single- and multi- point aerostructural optimization of

a commercial transport-sized aircraft with a morphing trailing edge.

3. Developed a novel morphing-wing surrogate parameterization scheme that lever-
ages optimization to assume ideal morphing scheduling, removing the need for

morphing variable consideration in mission analysis

4. Performed the first mission analyses using performance surrogates trained with
O(100) high-fidelity aerodynamic and coupled aerostructural optimizations of

morphing trailing edge aircraft.

7.4 Recommendations for future work

Throughout this thesis, a number of potential directions for future work have been
encountered that can continue to advance the state of the art of high-fidelity coupled
aircraft design optimization for use in novel technologies like morphing trailing edge

devices.
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1. The analysis and optimization in this work did not consider the control systems
required for morphing actuation. This application offers potential for high-

fidelity coupled aeroservoelastic optimization.

2. This thesis clearly demonstrated that morphing trailing edge devices are more
effective for higher aspect ratio next generation wings. A comparison of optimal
planform shapes with and without morphing capabilities can more clearly de-
tail the influence morphing technology has on the trade-offs between structural

weight and aerodynamic performance.

3. The full mission studies in this thesis sequentially paired high-fidelity cou-
pled aerostructural design with mission analysis. While a fully coupled sys-
tem presents a number of challenges due to the number of function evaluations
required for mission analysis and the cost of high-fidelity aerostructural opti-
mization, tighter coupling between these disciplines could provide meaningful
insights about the trade-offs between mission, structural, and aerodynamic per-

formance.

4. The full mission studies used a series of mission analyses, without optimization.
Adding mission and potentially allocation optimization for morphing aircraft

can identify and explain further implications of morphing trailing edge devices.
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