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Increasing environmental concerns and fuel prices motivate the study of alternative, un-
conventional aircraft configurations. One such example is the blended-wing-body config-
uration, which has been shown to have several advantages over the conventional tube-
and-wing aircraft configuration. In this thesis, a blended-wing-body aircraft is studied
and optimized aerodynamically using a high-fidelity Euler-based flow solver, integrated
geometry parameterization and mesh movement, adjoint-based gradient evaluation, and
a sequential quadratic programming algorithm. Specifically, the aircraft is optimized at
transonic conditions to minimize the sum of induced and wave drag. These optimizations
are carried out with both fixed and varying airfoil sections. With varying airfoil sections
and increased freedom, up to 52% drag reduction relative to the baseline geometry was
achieved: at the target Cp, of 0.357, a Cp of 0.01313 and an inviscid lift-to-drag ratio of

27.2 were obtained.
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Chapter 1

Introduction

1.1 Motivation

1.1.1 The Need for Change

How could the desire for a modern way of life that threatens our future be
considered a way of life? Could it be we are connected to all things in the
universe?... That suburbs in Los Angeles affect the melting ice caps of
Antarctica? Deforestation in the Congo affects the typhoons of Japan? Now
we must face the insurmountable challenges for what they really are:
opportunities to reinvent and redesign.

- ¢? Series [49]

Climate change is clearly a global problem, with potentially dire effects. As of 2008,
the atmospheric concentration of greenhouse gases was approximately 430ppm COseq?,
and the minimum, inevitable global temperature rise was predicted to be 2.5°F [77].
But what if the temperature rise is higher? Assuming a greenhouse gas stabilization at
450ppm COseq, the temperature rise would likely be between 3.5 and 6.5°F with the most

probable rise being approximately 4.5°F. Some of the more threatening effects of such

lcarbon dioxide equivalent defined as the measure of the combined effects of all greenhouse gases
including carbon dioxide, methane, nitrogen oxide, and other trace greenhouse gases (e.g. chlorofluoro-
carbons) [77]
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rises include: increased heat waves, droughts, and fires in continental areas, increase in
intensity of hurricanes and rainfall causing potential flooding at warming of up to 3.5°F.
Adding to these effects, for warming in the 3.5 to 5.4°F range, 20 to 30% of all species
on Earth are at increasingly high risk of extinction. In addition to victims of an increase
to 3.5°F, up to 10 million more people are at risk of hunger and up to 3 million more at
risk of flooding. For a 5.4 to 7.2°F range, an eventual sea-level rise of forty feet due to
the increasing probability of almost complete melting of Greenland and West Antarctic
ice sheets and reduced global food production are just two of the many potential effects.
Higher greenhouse gas stabilization goals means higher ranges of temperature changes

and even worse effects [77].

Indeed, increasing environmental concerns are a global issue faced by many industries,
and the aerospace industry is no exception. While aviation is responsible for about
4.9% of global greenhouse emissions [27], growth in the industry is only expected to
increase. For instance, between 2009 and 2029, Boeing predicts an annual growth of
5.3% in total world traffic flow [68]. Aviation is a culprit for more than just the expected
growth [77]: first, planes are delivering nitrogen oxides at higher altitudes and therefore,
very efficiently contributing to the problem. Combined with the effects of cirrus clouds
from contrails, the direct effect of carbon dioxide is tripled [65, 77]! Secondly, since not
everyone is flying or can even afford to fly, an inequality in responsibility exists. Finally,
immediate alternatives to fossil fuels are not quite available: hydrogen could add to
cirrus clouds; biofuels are promising but unlikely to replace standard jet fuel for several
decades, leaving fuel efficiency improvement as one of the key options [77]. Improving
fuel efficiency is not only important from an environmental perspective, but also from
an economics perspective: with increasing fuel prices — up by almost 13% from about a
year ago [22] — airlines will need more fuel efficient options given the predicted growth

in the air traffic.

The work in this thesis brings two ideas together — the unconventional blended-wing-
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body aircraft configuration and high-fidelity aerodynamic shape optimization — in the
hopes of effectively contributing to the development of future solutions which are more

fuel-efficient and environmentally-friendly.

1.1.2 The Blended-Wing-Body

The blended-wing-body (BWB) aircraft configuration is an alternative configuration
which eliminates the tail on the conventional aircraft and blends the fuselage with the
wing. Essentially, it is a flying wing. As noted by Liebeck et al. [52], Kroo [25], Siouris
and Qin [63] and other researchers, while significant improvements in efficiency have been
achieved over the past few decades with the existing conventional aircraft configuration
— through aerodynamic performance, advanced composites, flight control system, and
engine fuel efficiency improvements — the overall configuration has changed very little.
These changes can be considered more evolutionary than revolutionary. Evolutionary
changes, for the most part, maintain the existing tube-and-wing aircraft configuration
while tweaking the shape and incorporating different technologies such as improved struc-
tural materials in order to increase the efficiency of the aircraft as a whole. The BWB con-
figuration, on the other hand, is a revolutionary change in aircraft configuration [26, 52].
Analogous examples include the joined wing and oblique flying wing aircraft configura-
tions. These unconventional aircraft present potential benefits over the tube-and-wing
configuration which might otherwise be impossible to achieve. Consequently, they may
ultimately help to more effectively target the environmental issues and fuel efficiency

concerns being faced by our industry.

Specifically, the BWB configuration is a promising alternative to the existing con-
figuration. Liebeck [29] showed that a BWB designed for approximately 800 passengers
and a range of 7000 nautical miles results in a 27% reduction in fuel consumption per
passenger-km compared to a conventional aircraft configuration. These and further stud-

ies, along with a discussion of the advantages and disadvantages of the BWB, will be
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outlined in Section 1.2.

1.1.3 High-Fidelity Simulation and Optimization Tools

As pointed out by Kroo [25], higher fidelity optimization used at a conceptual design
phase could lead to new and innovative shapes, which might not have been discovered
otherwise. Several aspects of work done by Hicken and Zingg [18, 21, 19, 20] have
the ultimate goal of answering the questions of if and how numerical optimization can
be employed in the discovery of novel aerodynamic components or configurations. For
instance, one such tool is an integrated geometry parameterization and mesh movement
which provides a flexible parameterization linked with a robust and rapid mesh movement
algorithm [20]. Details of this and other aspects of the tools used for this purpose, such
as the flow solver, gradient evaluation and optimizer, will be discussed in Chapter 4 of
this thesis. Results of work by Hicken [18] also demonstrate the potential for ‘discovering’
aerodynamically efficient features: through an Euler based optimization, an initially flat
plate was optimized to include winglets which resulted in an 8% induced drag reduction.
In similar manner, we might learn of new features or shapes specifically for a BWB-type

aircraft.

1.2 Background

1.2.1 Advantages of the Blended-Wing-Body

Several features of the BWB configuration contribute to its increase in fuel efficiency.
These features, along with additional advantages of the BWB configuration, are discussed
here. While some of these advantages might be specific to a given study, they are included

as an illustration of the potential for this advantage over a conventional configuration.
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Aerodynamics

A key aspect of the BWB is its lift-generating centerbody — a gain over the cylindrical
fuselage of a conventional aircraft — which improves the aerodynamic performance by
reducing the wing loading [46, 48, 63]|. In addition, the decrease in wetted area, via a
smaller outer wing, relative to a similar sized conventional aircraft translates into an
increased lift-to-drag ratio, since it is proportional to the wetted aspect ratio; this aspect
ratio increases due to its inverse proportionality to the wetted area [29, 31, 59, 53].
The lower wetted area to volume ratio for larger BWBs in comparison to conventional
aircraft also adds to the benefit. Interference drag is reduced due to the elimination
and reduction of junctions which exist between the wings and fuselage on conventional
aircraft [55, 53, 54, 63, 50, 46], resulting in a more streamlined shape for the BWB. The
absence of the horizontal tail also implies a reduction in the corresponding friction and
induced drag penalties, further increasing the lift-to-drag ratio [1].

The naturally area-ruled shape of the BWB means higher cruise Mach numbers are
more easily attainable without changes in the basic configuration geometry [60, 29]. In
fact, the BWB’s cross-sectional area variation resembles that of the body of minimum
wave drag due to volume, the Sears-Haack body, translating into wave drag reductions
at transonic speeds [60, 29].

With engines partially embedded in the BWB aft-body, an advantage unique to this
configuration arises: the potential for boundary layer ingestion from a portion of the
centerbody upstream of the engine inlet. Not only does this aft-location of the engines
effectively balance the airframe and offset the weight of the payload, furnishings, and
systems, but it also ensures that such Boundary Layer Ingestion (BLI) technology has
greatest effect since the boundary layer is fully developed towards the rear of the wing [8].
In addition, through the reduction of ram drag, this BLI technology can provide improved
propulsive efficiency [31, 29], as well as reductions in required thrust and fuel burn [8].

Finally, the potential for further drag reduction through passive and active laminar flow
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control via wing shaping and laminar flow technology on the engine nacelle and lifting
surfaces is present, as the BWB configuration is well-suited for such technologies. This

would imply potentially substantial reductions in skin friction drag [53].

Aero-structures

Since the lift-generating fuselage extends spanwise, the lift and payload are much more
in line with each other on the BWB than on a conventional aircraft [50]. Essentially, the
passenger cabin is used as a wing bending structure. Consequently, the cantilever span of
the thin outer wing is reduced, and the BWB weight is distributed more optimally along
the span [31]. This integration of the thick centerbody with the outer wing translates
into reduced bending moments and thus reduced structural weight [53, 50, 63]. For
the Boeing configuration presented by Liebeck [31], this effect resulted in peak bending
moment and shear on the BWB which were half that of a conventional configuration.
As mentioned above, this integration also reduces the total wetted area and allows for a
long wingspan [52, 31]. As a result, the optimal aspect ratio of the outer wing can be
slightly greater than that for conventional wings [1]. Thus, not only does the wing have

a higher lift-to-drag ratio, but it is also structurally efficient [52, 31, 1].

Noise Reduction

Even prior to the implementation of specific acoustic treatments, the BWB configura-
tion has a low acoustic signature [29]. For this reason, the BWB was selected for the
MIT /Cambridge Silent Aircraft Initiative project (SAI), which had the goal of designing
an aircraft with reduced noise [8]. The airframe has no tail, smooth lifting surfaces and
minimally exposed edges and cavities, contributing to its low-noise nature. The BWDB
is more of a noise-shielded configuration than current conventional aircraft on which the
engines hang below the wing [8]. In the case where engines are located on the aft-body

of the BWB [52, 8, 63], the inlets are hidden from below by the centerbody, which also
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serves as a shield for forward radiated fan noise. Furthermore, engine exhaust noise is
not reflected from the under surface of the wing, benefiting both the passengers and areas
surrounding airports [31, 29, 1]. Due to more specific features of the Boeing design, air-
frame noise is further reduced through the absence of slotted flaps — due to the low wing
loading — for the trailing edge high-lift system and all the mechanisms which support
them [31, 29].

Marketing And Manufacturing

In terms of passenger comfort levels in the BWB, this configuration’s vertical cabin walls
might present a more spacious environment than the current curved walls of conventional
aircraft [29]. Liebeck [29] compares this design and spacious environment to that in a
railroad car. Direct operating costs per seat/mile for the BWB are also estimated to
be 15% lower than current conventional designs [1]. Due to the simplicity of the BWB
configuration, such as the elimination of fillets and joints of highly loaded structures at
90 degrees to each other, a significant reduction in the number of parts — on the order
of 30% — has also been estimated [30, 29]. A two-fold sense of commonality is another
design constraint considered by the Boeing team [30] as a result of the BWB’s unique

capability to be stretched and re-configured:

Size: commonality between different sizes of the BWB in order to create a family of

aircraft
Application: commonality between military and commercial applications.

For the former, the aircraft can be stretched laterally, enabling the addition of span and
wing area while increasing the payload. This advantageous capability is not afforded by
conventional aircraft which are longitudinally stretched to increase payload [29]. Specif-
ically, commonality between 250-passenger and 450-passenger versions has been stud-

ied, with the outer wings and nose/cockpit section being common between members of
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this aircraft family. The necessary fuel volume in the outer wing is adequate for all
members of the family, and the modular centerbodies are aerodynamically smooth and
balanced. Furthermore, such commonality offers 23% reduction in non-recurring costs
and 12% reduction in recurring costs compared to the stand-alone cases for the 250-
and 450-passenger versions. Such cost reduction would likely increase with the inclusion
of additional sizes of BWB, such as a 350-passenger version [30, 29]. For the Boeing
cabin design, this commonality between families also extends to the interior with the
growth concept in place, since the cabin cross-sections would be the same between the
different aircraft. For airlines, these benefits mean fleet mix requirements can be easily
accommodated, manufacturing learning curve penalties are reduced, and maintenance
and life-cycle cost savings increased. All of this is achieved through a natural variation
of the span and wing area with weight in order to maintain aerodynamic efficiency — an
advantage that is possible with this configuration [29]. With respect to the commonality
of applications, aircraft applications have also been demonstrated for a variety of military
applications including freighter, stand-off bomber, troop transport, and tanker; details

of military BWBs can be found in [30].

In addition to these possibilities for commonality, the BWB’s previously-noted, natu-
rally area-ruled shape could also reduce manufacturing costs associated with conventional
aircraft, which must be manufactured with a varying cross-section, ‘coke-bottle’ fuselage
in order to achieve area-ruling [60]. This highlights the potential for the BWB to perform
at higher speeds at lower costs. Further cost savings are implied since the interior con-
figuration of a BWB is no longer a challenge. In contrast, a conventional aircraft with a
varying cross-section will also have varying seats abreast along the area-ruled portion of
the fuselage [30]. In the case of the SAT design, the increased aerodynamic and structural
efficiency are features which could help offset potentially higher operating costs of a silent

engine design [8].
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Safety

The rear location of engines on the BWB places shrapnel from a failed engine behind the
pressure vessel, most flight controls, systems and fuel tanks. The pressure vessel, due to
its unique structural requirements and the necessity to handle both wing bending and
pressure loads, must be robust and will likely have substantial crashworthiness [31, 29].
In addition, in certain configurations, the passenger compartment and fuel are separated

by broad cargo bays [31].

Stability And Flight Control

Liebeck noted that a complicated high-lift system is not required for the Boeing design
due to the low effective wing loading of the configuration. Redundance and reconfig-
urability of the trailing edge flight controls for this design are also discussed [31]. Fur-
thermore, a reduction in the secondary power required by the control system is also

demonstrated [30].

Other

Other potential benefits include increased loading and off-loading times due to the shorter
fuselage length on a medium-sized (200-passenger) BWB [48], as well as a shorter take-off
field length without the need for complicated high-lift devices [47].

1.2.2 Disadvantages of the Blended-Wing-Body

Despite the promise of the BWB, certain challenges exist.

Aerodynamics

For instance, atypical transonic airfoils of high thickness to chord ratio — up to about
17% in the Boeing designs [29] — are required inboard to accommodate passengers,

cargo and landing gear. Furthermore, adding to the difficulty of the design of such
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airfoils, this thickness to chord ratio must be maintained along a considerable portion of
the chordlength [52, 29]. This poses problems for maintaining low drag [76]. In addition,
due to deck angle limitations, the centerbody airfoils must be designed to generate the
necessary lift at angles of attack which are consistent with deck angle requirements [52,
59, 29].

Supersonic flow on the lower surface of the BWB is another challenge, which is not
typical on the conventional configuration [52]. Smooth transition from the thicker center-
body airfoils to the thinner outer wing airfoils can also be cause for difficulty, particularly
for medium-sized 200-passenger BWBs since the transition could be more abrupt for such
smaller aircraft [48]. Additionally, the benefit of the reduced wetted area may not hold in
all cases; for instance, Pambagjo et al. pointed out that achieving the wetted area reduc-
tion could be more challenging in the case of a medium-sized BWB aircraft, which was,
in fact, found to have a higher wetted area when compared to conventional aircraft [48].
Finally, while BLI techonologies and embedded engines sound promising, challenges with
the integration of the engine and airframe and incorporation of these technologies include
the design of low-loss inlet ducts, the control of the inlet flow distortion, and the tur-
bomachinery integration [8]. In the aerodynamic design of the aircraft, manufacturing
constraints must also be factored in: complex, three-dimensional shapes which might
be expensive and difficult to manufacture must be avoided with smooth, simply curved

surfaces being favoured [59, 29].

Propulsion

Additional difficulties of aft-mounted engines and propulsion and airframe integration
exist, since engine integration affects several disciplines more directly than is the case for
conventional aircraft [76, 31]. Indeed, interaction between the wing, control surfaces, and
engines increase the complexity of the design of this region [59]. Liebeck et al. explore

solutions for this issue in [31].
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Structures

A key challenge is posed by the BWB’s non-cylindrical pressure vessel, which must be
light-weight yet capable of handling both the wing bending loads as well as the cabin pres-
sure loads. As shown in [41], a box-type BWB fuselage could have stress about an order
of magnitude higher than the stress in a cylindrical pressurized fuselage. The increased
stresses in such a pressure vessel naturally lead to increased structural weight [31, 74].
Mukhopadhyay et al. [42, 41] and Velicki et al. [73] discuss detailed concepts considered
specifically for the BWB configuration. Mukhopadhyay et al. study different concepts in
order to determine the optimal fuselage configuration for the BWB including multibubble
fuselage models: two, three, four, and five bubble models [42, 41]. Through this study an
overall weight reduction of 20-30% compared to using all flat surfaces could be achieved
through the proper integration of partially cylindrical surfaces in pressurized fuselage de-
sign. In [41], a Y-braced 480-passenger aircraft fuselage which develops into a modified
fuselage in which the Y-brace is replaced by a vaulted shell is also discussed. Velicki
et al. present the technology likely incorporated in this Y-braced configuration: Pul-
truded Rod Stitched Efficient Unitized Structure (PRSEUS) — a technology specifically
designed, tailored and optimized for the BWB airframe [73]. Features of this technology
include continuous load paths in two directions, accommodating the unique spanwise and
streamwise load paths of the BWB fuselage, thin skins which operate in the post-buckled
design regime, and stitched interfaces to arrest damage propagation. The pressurized
shell elements (skin panels and frames) have also been found to be 28% lighter for the

PRSEUS concept than comparable sandwich panel designs.

Stability And Flight Control

The integrated nature of the BWB, along with the elimination of the tail, means that
interactions between inertial forces, aerodynamic loads, elastic deformations and the

flight control system responses may have great impact on the performance and stability
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of the aircraft [29, 74, 66]. Several issues arise: the aircraft must be balanced while
ensuring control deflections do not adversely affect the spanload and drag [76]. For larger
BWBs, such as those considered by NASA and Boeing, control surface hinge moments are
substantial [59]. Thus, if the aircraft is unstable and dependent on active flight controls,

secondary power requirements could be prohibitive [76, 59, 29].

Marketing And Manufacturing

While the BWB might present a more spacious environment, there are some potentially
negative aspects that make marketing of this configuration a challenge. First, with a
window only in each main cabin door and no other windows on the cabin walls, passen-
gers might be uncomfortable in a BWB. A proposed solution is to use flat display screens
connected to an array of digital video cameras to make every seat a window seat [29].
Secondly, given the lateral offset from the center of gravity, the ride quality could de-
teriorate in the outer portions of the BWB. Boeing has performed a series of tests in
which piloted flight simulator tests of the BWB-450 and B747-400 using the same pilots
and flight profile were carried out for different cases. The comparisons found the ride
quality only decreased slightly — about 4% using the NASA Jacobsen ride quality model
to determine passenger satisfaction with the ride — for both the best and worst seats on
both aircraft [30, 29]. Finally, a minor marketing issue with respect to commonality in
a family of BWB aircraft is extra weight on smaller members of the family compared to
stand-alone BWB models [30]; however, a relaxation in the requirement that the members
have common part numbers permits a skin gauge change, reducing the weight penalty

substantially [29].

Certification

Finally, certification of the BWB might be hindered due to concerns of efficient emergency

egress [29]. This could be more problematic for larger BWBs where the distance from the
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exits increases [1] and lack of clear views of the different exits on larger BWBs will create
challenges for cabin crew redirecting passengers [10]. However, both Bolsunovsky et al.
and Liebeck argue that procedures compliant with FAR-25 can be implemented [1, 29].
Liebeck argues that passengers have a direct view of one or more exits, without requiring
a 90 degree turn to reach the door from the aisle. This is accommodated by the fact
that the Boeing design has a main cabin door directly in front of each aisle and an exit
through the aft pressure bulkhead at the rear of each aisle. In addition, four spanwise
aisles intersect with these longitudinal aisles [29]. Both computer simulations and full-
scale evacuation trials carried out by Galea et al. for a 1000+ passenger BWB aircraft
showed that improved visual access and awareness of the aircraft layout are key to efficient
egress in emergency situations. Fire simulations found 12 fatalities deemed inevitable but

independent of the cabin architecture [10].

Other

Other issues include landing approach speed and attitude and buffet and stall character-
istics [59, 29]. In addition, other studies of BWB have shown engines arranged on pylons
under the wing [1], which would eliminate a lot of the benefits outlined with respect to

noise and drag reduction previously discussed.

1.2.3 Previous Studies and Key Findings

Flying wing configurations have been of interest for many decades now. In the 1940s,
the world’s first jet-powered flying wing, the Horten Ho 229, was one of the aircraft
designed by the Horten brothers for use by the Nazi party during World War II. Though
the prototype was captured by Allied forces, it is thought that the stealth and speed
advantage of this advanced aircraft design over the conventional aircraft of the time

could have significantly changed the outcome of the war [43].

Interest in blended-wing-bodies and flying wing configurations has continued to grow
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over the years. The BWB configuration is essentially a flying wing which must carry a
payload, produce lift with minimum drag penalty and provide the necessary stability and
control [48]. This makes for a highly integrated aircraft configuration which ultimately
requires advanced research and multi-disciplinary technology and design methods [25].
Both challenges and opportunities are present with this configuration; however, with
sufficient research and study, despite the challenges, these opportunities can provide
significant advantages over existing aircraft which might not otherwise be attainable.
Several research projects, some of which have already been mentioned, attempt to explore

these possibilities and study the challenges in greater depth. These are described next.

NASA Projects (USA)

In the hopes of setting in motion ‘a renaissance for the long-haul transport’, a study
of the BWB configuration [31] began with a focus on aerodynamics [52] and evolved to
more detailed, multi-disciplinary considerations over the years [30, 29, 31, 59]. A pre-
liminary comparison consisting of a streamlined disk versus a tube and progressing with
the addition of key aircraft components showed a potential total wetted area reduction
of about 33%, which translates into an increased lift-to-drag ratio and motivated further

study of this concept [29].

The initial development and feasibility study involved the set-up of a NASA-industry-
university team in 1994. This team conducted a 3-year study demonstrating the com-
mercial and technical feasibility of the BWB concept. Members of the team included Mec-
Donnell Douglas as program manager, NASA Langley Research Center, NASA John H.
Glenn Research Center at Lewis Field, Stanford University, University of Southern Cal-
ifornia, University of Florida, and Clark-Atlanta University. Several design constraints
were considered in the design of an 800-passenger BWB with a 7000 nautical mile range:
volume, cruise deck angle, landing approach speed and altitude, buffet and stall, trim,

power for control surface actuation, and manufacturing. For aerodynamics, Navier-Stokes
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computational fluid dynamics (CFD) methodology in both inverse design and direct so-
lution modes were employed to define the final BWB geometry. In addition, transonic
and low-speed wind tunnel tests were carried out at NASA Langley Research Center’s
National Transonic Facility, resulting in excellent agreement between experimental and
computational results. For structures, two concepts were studied: a thin, arched pressure
vessel above and below each cabin which takes the load in tension and is independent of
the wing skin, and a thick sandwich structure for both the upper and lower wing surfaces
which handles both cabin pressure loads and wing bending loads. For the former, a po-
tential pressure leak is a point of concern. In this case, Mukhopadhyay et al. state that
the outer ribbed shell provides adequate redundancy and is found to be strong enough
to withstand operational cabin pressure [42]. However, Liebeck argues that once sized
to carry this outer pressure load, the outer wing skin is sufficient, eliminating the need
for an inner pressure vessel; consequently, the thick sandwich concept was chosen for
the centerbody structure [29]. More recently, Velicki et al. have proposed the PRSEUS
concept described earlier [73]. Boundary layer ingestion studies were carried out at both
University of Southern California and Stanford University, with the latter performing
multidisciplinary optimization studies of the BWB engine inlet concept based on the
wind-tunnel simulations carried out by the former [29, 31]. Using a 6% scale flight con-
trol testbed built at Stanford University, low-speed flight mechanics were explored and
excellent handling qualities within the normal flight envelope were demonstrated. Over-
all, with significant weight reduction and one less 60,0001b class engine, the fuel burn per

seat mile was found to be 27% lower compared to a conventional aircraft.

This study subsequently developed into the study of the BWB-450 — a 450-passenger
aircraft deemed more in line with market forecasts and a reasonable comparison to ex-
isting aircraft such as the A380, B747, and A340. Using Boeing’s proprietary code,
WingMOD, MDO was carried out with a vortex-lattice code and monocoque beam anal-

ysis coupled to give static aeroelastic loads. A new class of transonic airfoils was designed.
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These airfoils not only smoothened and flattened the goemetry for simplified manufacture,
but also accommodated the cross-sectional area requirements for payload. Structurally,
an 18% reduction in the BWB-450’s MTOW relative to an A380-700 was achieved. The
fuel burn per seat was 32% lower than the A380-700. Aspects of stability, propulsion,
environment and performance are discussed in more detail by Liebeck [29], as are unique
opportunities and challenges — as discussed in the previous section: manufacturing part
count, family and growth opportunities, speed opportunities, passenger acceptance, ride

quality and emergency egress [29].

In addition to these studies, as part of the NASA Revolutionary Aerospace Systems
Concepts Program, the Quiet Green Transport (QGT) study [17], aimed at developing
and evaluating commercial transport aircraft concepts that significantly reduce or elimi-
nate aircraft noise and emissions, as well as identifying technology advances essential to
the feasibility of the concepts, considered the BWB configuration with distributed hy-
drogen fuel cell propulsion. Assuming the availability of certain advanced technologies,
project benefits relative to today’s conventional aircraft include complete elimination of
all aircraft emissions except HyO, the possibility of eliminating the formation of persis-
tent contrails, 10% reduction in the area exposed to noise levels of 55dBA and greater
during takeoff and landing operations, and 8 to 22dB EPNL reduction in noise at FAA
noise certification points. Despite these advantages, several areas will need to advance
significantly to realize the full potential of the concept. For instance, even with 25-30
year projected improvements, conventional aircraft engines are still lighter than the fuel
cell based system which would rely on liquid hydrogen [17]. While the concept might be

difficult to achieve at this point, the versatility of the BWB is clearly demonstrated.
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Multidisciplinary Optimisation Of A Blended Wing Body (MOB) Project

(Europe)

The collaborative Multidisciplinary Optimisation of a Blended Wing Body (MOB) [40]
project between universities, research institutes and companies across the UK, Germany,
Netherlands, and Sweden has the primary goal of developing a variety of discipline-based
(aerodynamics, structural, aero-elastic and flight mechanics) commercial or proprietary
programs and tools to enable a range of studies from preliminary, rapid assessments of
initial configurations to high-quality, expensive computational simulations and assess-
ments by distributed design teams. Essentially, this distributed yet integrated system,
the Computational Design Engine (CDE), is a multi-level, multi-site, multidisciplinary
design tool. A secondary goal of the project is to apply the CDE to the BWB aircraft.

At Sheffield University, Qin et al.’s contributions to the MOB project include vari-
ous aerodynamics studies of the BWB [53]. Both high-fidelity RANS evaluation with a
Baldwin-Lomax algebraic turbulence model and Euler equations are used in the design
process, with key considerations being wave drag, spanwise load distribution, aerofoil
section design and 3D shaping for performance improvement. First, an inverse design
of the spanwise loading employed a panel method with three target loadings: elliptical
— reduces induced drag, triangular — reduces wave drag, and an average of the two —
a compromise, with the goal of alleviating high wave drag by shifting the load inboard.
Significant wave drag reduction on the outer wing was achieved for the new twist distribu-
tions with the averaged distribution having the minimum total drag and thus, the highest
aerodynamic efficiency. The loading on all three designs is moved inwards towards the
centerbody relative to the baseline loading, with the highest centerbody loading for the
triangular distribution and lowest for the elliptical. Structural and stability advantages
to the averaged distribution are highlighted in [53, 54].

Subsequently, starting from the twist inverse design results, airfoils were mapped

from 3D to 2D, optimized, and mapped back to 3D. The resulting geometry had a 20%
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increase in lift-to-drag ratio compared to the baseline; however, the high sweep and
3-dimensionality of the BWB shape implies 2D optimization cannot fully capture the
potential of shape optimization, leading to the final portion of the study: 3D Euler aero
surface optimization, incorporating a twist and camber optimization with pitching mo-
ment constraint and 3D surface optimization with trim constraint. The twist inverse
design previously obtained was used as the starting geometry. Minimizing pressure drag
was deemed crucial since it dominates the total drag due to the lower surface to volume
ratio. In addition, the optimal spanwise lift distribution for best aerodynamic perfor-
mance should be a fine balance of induced drag due to lift and wave drag due to shock
wave formation at transonic speeds, such as the average elliptical /triangular distribution
studied. As such, the elliptic distribution should no longer be the target for minimum
drag design, unless wave drag can be eliminated by the design optimization, in which

case an elliptic distribution may still be favourable for aerodynamics [63].

Further studies done by Qin et al. involve BWB configurations with forward swept
wings [63], varying the outer wing sweep angles, defined as the leading edge sweep of
the wing, from -40 degrees (forward sweep) to 55 degrees (backwards sweep), keeping
planform fixed and using a pitching moment constraint. The lift-to-drag ratio for forward
swept wings was low and relatively constant as forward sweep angles were increased. In
this case, the wing sweep cancels with the sweep of the body, creating intense shocks at
the junction between the two. Increased contributions to the wave drag result in the trend
observed. In contrast, for 0 to 55 degrees, the lift-to-drag ratio increased substantially
and peaked at 45 degrees. Other interesting studies include the control of shock waves

on the BWB via 3D shock control bumps [78].

Tohoku University (Japan)

Pambagjo et al.’s research [47, 48] aimed to design a regional BWB aircraft for about

224 passengers, a cruise Mach number of 0.8 and a range of 2000 nautical miles. Using a
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Navier-Stokes flow solver with a fully turbulent boundary layer (Baldwin-Lomax turbu-
lence model), an inverse design and target pressure specification technique were carried
out. The first step of this process was to design the target pressure distribution based on
the required aerodynamic performance. For the initial design [48], the specified target
pressure distribution was obtained with discrepancies at the leading and trailing edges.
The outboard wing was inversely designed with the goal of elliptical loading, while ensur-
ing sufficient fuel volume. The inboard section was designed as thin as possible without
sacrificing too much of the internal space and comfort. For the follow-up design [47],
shocks were eliminated on the upper and lower surfaces and agreement with the target
elliptical span loading was improved; however, the pitching moment was slightly higher

for this configuration than for the final configuration initally presented [48].

TsAGI (Russia)

This work — done in conjunction with Airbus and Boeing — placed emphasis on the
rationale behind the main design of flying wing configurations and developing and ana-
lyzing alternative configurations, while taking the aerodynamic and structural concepts
into consideration. The analysis process consisted of three stages: first, development of
a baseline configuration to define the project requirements; second, development of three
candidate concepts: an integrated wing body (IWB), a lifting-body configuration, and
a pure flying wing — all designed for the same requirements for a fair comparison; and
third, detailed computational and experimental studies for the most promising layout.
With a design mission for 750 passengers, 13,700 km range and cruise Mach number
of 0.85, comparisons of the alternatives to the conventional configuration on the basis
of aerodynamics, weight, fuel efficiency, etc., led to the selection of the IWB configura-
tion. This configuration maintains the high L/D advantage of a flying wing at about
24.5 for a Mach number of 0.85, maintains structural efficiency, and meets all the main

requirements of FAR-25 [1].
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MIT /Cambridge Silent Aircraft Initiative (SAI) (USA/UK)

Given its aerodynamic advantages, noise reduction, and characteristic cost savings, the
BWB configuration was an ideal option for SAI’s goal of designing an aircraft which is
inaudible outside the airport boundary in a typical urban area [69, 8, 9]. Diedrich et
al. combined WingMOD [75], an established MDO tool also utilized by Boeing, which
incorporates aerodynamics, loads, performance, weights, balance, stability and control
considerations with first principles and empirically-based design and acoustic prediction
methods, to explore an unconventional BWB aircraft configuration to achieve the stated
goal, while also ensuring competitive performance with next-generation aircraft such as
the B787 [8]. Based on a design mission of 215 passengers, a range of 5000 nautical
miles, a cruise Mach number of 0.80, and technology levels consistent with 2030 entry
to service, an optimized aircraft which achieves significant noise reduction compared to
similar, existing commercial aircraft was obtained; however the goal of being inaudible
outside of the airport perimeter was not achieved and further technology developments
were deemed necessary. The optimized aircraft fuel burn was competitive with B787-type
aircraft, as desired.

Other interesting outcomes of the project include research into the use of leading-
edge carving which enables the entire planform to generate lift (an ‘all-lifting’ design)
and produces a final aircraft which is both balanced and statically stable — without
the use of a reflexed airfoil, for instance [69, 62]. Additional research into landing gear
studies [56], Boundary Layer Ingestion studies [51], continuous descent [58] and surface
roughness [32] are examples of the types of projects that have and are developing out of

this project.

Israel Aircraft Industries (Israel)

With the goal of developing an aircraft configuration with minimum drag at cruise con-

ditions while satisfying defined constraints, Peigin and Epstein [50] employed the NES
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multiblock code, a Navier-Stokes flow solver, in single and multipoint optimizations with
a genetic algorithm. The baseline geometry was the same used by Qin et al. [53]. The
main design point in the multipoint optimization required a lift coefficient of 0.41 and
Mach number of 0.85, also consistent with Qin et al. The off-design points considered a
high Mach number case for drag divergence behaviour: Mach 0.87; and a take-off con-
dition: Mach 0.2. The objective function of the multipoint optimization problem is a
weighted combination of the drag coefficients, C%', at all design points, with weight fac-
tors based on the relative importance of the design points as determined from experience.
For the single-point optimization, the shock was eliminated and the initial drag count of
247 dropped to 194.5 counts. A second single-point optimization with a pitching moment
constraint resulted in a 1.9 drag count increase between the two single-point optimiza-
tion results. From the multi-point (three-point) optimization, the drag divergence Mach
number is increased from 0.855 (one and two-point optimizations) to 0.87. Furthermore,
the C7'** is also increased significantly relative to the baseline shape via the inclusion
of take-off conditions. Finally, a 20 and 29% reduction in drag for the main and higher
Mach number secondary design points was also achieved, along with the target maximum

lift coefficient at take-off conditions [50].

Universidad Politécnica de Madrid (Spain)

Martinez-Val et al. [34] showed a medium-sized C-wing flying wing for 300 passengers
was operationally efficient and preferable to conventional airplanes of similar capacity.
The horizontal stabilizers incorporated on the C-wing portion of the body are considered
useful for stability and control improvements. Compared to the A330-200 and B777-200,
the take-off and landing field lengths are shortened for the C-wing. Fuel burn is found
to be 19.8g/passenger-km — less than the 21.5 and 23.5g/passenger-km for the A330
and B777, respectively. Extending this work, a comparison of the C-wing with a U-wing

flying wing aircraft (a flying wing with vertical winglets) was carried out with a study of
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how relevant, emerging technologies such as laminar flow control (LFC), vectored thrust,
and active stability can provide additional improvements [34]. The U-wing configuration
along with the emerging technologies resulted in a fuel efficiency of 14.6g/passenger-
km — the lowest of all the options considered. Overall, both the C-wing and U-wing
configuration present significant advantages over the conventional layouts; however, it
is important to note that while the U-wing configuration is lighter, for this design, it

requires vectored-thrust which is currently unavailable for civil aviation [34].

Airbus Projects (Europe)

Airbus is involved in various projects with ONERA and DLR as major collaborators,
in addition to other companies and institutions. The Very Efficient Large Aircraft
(VELA) project has Airbus as the leading company with 17 European partners from
industry and research working together to extend their knowledge of BWB configura-
tions [67]. AVECA, a national project carried out in close collaboration between Airbus
and ONERA, focuses on lower capacity flying wing aircraft since this topic has not
been as extensively evaluated as the larger counterparts [38]. Finally, the New Aircraft

Concepts Research (NACRE) project is also led by Airbus with 36 partners [39, 38|.

As part of VELA, each configuration studied in [67] was defined by two leading edge
sweep angles on the inboard and outboard wing sections and a corresponding cabin ge-
ometry. Constraints included volume, deck cabin angle, and stability considerations. A
DLR finite volume flow solver, FLOWer, which solves the 3D compressible Euler equa-
tions in integral form, was employed in this two part process consisting of 2D multipoint
airfoil design optimization and a 3D twist and chord-length optimization. The 3D op-
timization employed GenOpt-software as the optimizer - specifically, the Nelder-Mead
Simplex algorithm. Eight design variables, such as the change of twist and chord length
with constant thickness to chord for the three outer wing sections, were used. Addi-

tional details can be found in [67]. The flow analysis was performed in Euler mode with
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stripwise boundary layer analysis, using the integral method for friction drag estimation.
Sixteen percent drag reduction with constant lift was achieved. The shock wave on the
outer wing was modified from a strong single shock close to the trailing edge to a weaker
double shock system; consequently, the drag reduction was dominated by wave drag re-
duction (63%). This wave drag reduction was achieved by increasing chord lengths in the
outer wing and adjusting twist angles [67]; however, since wave drag was still present,
the optimum lift distribution was not of elliptical form, which might be expected if total
minimum drag is achieved [39]. Additional research includes the determination of static
and dynamic derivatives for stability and handling characteristics, along with high-speed
testing, to create an experimental database for aerodynamic performance assessment and

Semi-Buried engines (SEBU), through which engine installation effects are studied [39].

The AVECA project [38] studied lower capacity BWB configurations, aiming to design
viable flying wing geometries considering aerodynamic cruise performance, longitudinal
trimming constraints and geometric constraints such as cabin and landing gear volumes.
Specific details of the design mission were excluded. Navier-Stokes, multiblock, struc-
tured flow solves for Mach 0.85, Re/c of 172.2 million per meter (Note: the units of Re/c
are not specified in the paper and are inferred from geometry images) were carried out
using the ONERA elsA code. Some of the goals included increasing the lift-to-drag ratio
at the design point and avoiding strong shocks on both sides of the wing while meeting
the various geometric constraints. A manual, iterative strategy with a total of 60 con-
figurations was used to design the inboard section and ultimately suppress the shock.
For the outboard section, optimization driven by the gradient algorithm, CONMIN, was
used to define the twist distribution of the configuration. The total drag, considering
constraints on lift and on the location of the center of pressure, made up the objective
function. Two design points were considered: Mach 0.85, Re/c of 172.2 million per meter
and Mach 0.87, Re/c of 176.3 million per meter. For the first point, a 9.5% and 39.1%

decrease in viscous and wave drag was achieved, respectively; while for the second point,
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these reductions were 18.9% and 37%, respectively [38].

Additional research under the NACRE project includes projects such as winglet design
for large capacity flying wing configurations [38]. The winglet, equipped with control
surfaces, is expected to provide substantial drag reduction and additional lateral stability.
This concept with plain flap control surfaces is studied on a VELA2 configuration to

demonstrate the efficiency of a winglet and to model its effects on control derivatives.

1.3 Problem Definition and Objective

The goal of this thesis is to bring together two key concepts — high-fidelity simulation
and optimization tools and the blended-wing-body aircraft configuration — to see how
optimization might be used to explore the design space and discover new and unconven-
tional designs or aspects on the BWB shape. In particular, in this thesis, the following

single-point, Euler-based optimizations are performed and discussed:
e Transonic optimizations with fixed airfoil sections
e Transonic optimizations with variable airfoil sections.

For these optimizations, the objective function — the sum of induced and wave drag
— is minimized. The control points of the B-spline geometry parameterization used to
represent the aerodynamic surface are used as the design variables. In addition to a lift
constraint for a specific design mission, geometric constraints which, for instance, ensure
that the main body section of the BWB provides sufficient volume for passengers and
cargo are also included. Other constraints are also enforced to limit the freedom and aid
the convergence of the optimization.

While the BWB concept is highly integrated in nature [52], the focus here is on
aerodynamics only. A brief discussion of potential for and interest in aerostructural

considerations is provided in Appendix A.
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Multi-point optimizations which take into consideration multiple operating points,
resulting in a design which is a compromise between various design requirements, are
also of future interest. Details of the implementation and verification of multi-point

optimization are provided in Appendix B.



Chapter 2

Baseline Geometry Definition

For a given design mission, minimum internal space requirements can be defined. An
external, acrodynamic BWB shell is then created to envelop this internal volume. During
the process of the creation of this outer shell, an appropriate lift coefficient target value

for the optimization process can also be defined.

For these key aspects, a simple tool was developed to determine the minimum internal
space requirements. In order to define the outer, baseline geometry of the BWB used
in the optimizations, a B-spline based geometry parameterization is employed. Finally,
a rough weight estimation process and the methodology used to obtain the target lift

coefficient are also described.

Note that specific details of the design mission are excluded in order to keep the

following description as general as possible.

2.1 Internal Volume Constraints

Sufficient space for crew, passengers, luggage, lavatories, and galleys is determined using
a sizing tool developed with reference to [2] and [70]. For user-specified parameters, such
as number of passengers, seat pitch, and height of the cabin, a polyhedron representing

the minimum external bounds of the interior layout is generated. Based on the results,

26
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minimum chord length constraint values and spanwise positions of these constraints can
then be determined for the optimization process, along with target thickness and volume
constraints.

Given the importance of the pressure vessel for the BWB configuration, it is important
that there be sufficient space included as part of this polyhedron for this structure. As
discussed in Section 1.2, two primary options considered by NASA and Boeing for the

pressure vessel include:

e A separate outer skin with inner cylindrical shells for internal pressure (i.e. multi-

bubbles)
e An integrated skin and shell

While NASA studies suggest the multi-bubble idea is optimal [42], Liebeck argues
that the outer skin would have to be designed to handle internal pressures in case of a
leak, making for an unnecessary redundancy, and thus leaving the second option as the
more logical of the two. Bradley [2] deems a height of 8.25ft sufficient for the integrated

skin and shell, passenger standing height, and furnishings.

2.2 Geometry Parameterization

B-spline-based surface patches — specifically, employing cubic B-splines — are used to
parameterize the smooth aerodynamic geometries studied in this project. The control
points of these cubic B-splines can then be used as design variables, enabling modification
of the aerodynamic surface [20].

In principle, it is possible to consider almost arbitrary geometries within the feasible
design space defined by the constraints. In practice, however, it is initially preferable
to consider various baseline shapes with more limited flexibility. Using a B-spline-based
geometry parameterization, various baseline BWB geometries can be generated. For this

purpose, an existing parameterization was modified to include two more sections with
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Figure 2.1: Blended-wing-body geometry representation.

increased capabilities such as the inclusion of twist, dihedral and sweep, along with the

option to approximate different airfoils at each defined section of the BWB geometry.

Various BWB geometries can be generated with this B-spline-based geometry pa-
rameterization. As part of the parameterization, the aircraft is defined by five different
sections, shown in Figure 2.1. For each of these sections, different airfoils may be specified
and are fit with B-spline curves. The control point coordinates from this fitting are then
used to define the z- and z-coordinates of the control points defining the B-spline surface
patch for the baseline BWB, where the x-coordinates are in the chordwise direction. The
y-coordinates, which are in the spanwise direction, are specified at equal intervals over

the user-specified semi-span of the aircraft.

For sections 1 to 3 in Figure 2.1, the sweep, chord-lengths and span can be modified,
defining the main body of the BWB. In addition to these parameters, twist and dihedral
can also be added to sections 4 and 5, which make up the outer wing. Based on these
parameters, the control point coordinate values in each direction are modified to generate

the desired baseline shape.

Three sections are included for the main body of the BWB in order to increase flexi-

bility in the geometry definition. This is particularly important with the long-term goal
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of studying BWBs of various sizes and accommodating the internal volume requirements
which might result. Two sections on the outer wing were deemed sufficient to define just
a wing or a wing with a winglet. Keeping in mind the limitations of the parameters
which can be applied to each section, it is important to note that these sections are by
no means dedicated to either the main body or the outer wing. Rather this is just the
definition employed for the baseline presented in this thesis. For instance, for a C-wing
type BWB, the third section of the main body can be easily incorporated into the outer

wing instead.

The parameters: sweep, span, chord-length, twist, and dihedral are considered from
both a sizing and comfort perspective and an aerodynamics perspective. From a sizing
perspective, enabling variation of the first three of these parameters allows for the ac-
commodation of BWBs of various sizes. Keeping passenger comfort in mind, twist and
dihedral are excluded on the first three sections. From an aerodynamics perspective,
enabling variation of these parameters, along with the airfoils at each section enables a
more thorough definition of the baseline geometry, using the method described below for

example.

For the baseline geometries included and studied in this thesis, supercritical airfoils —
specifically variations of SC20414 [72] — are generally employed given their favourable
characteristics under transonic conditions; however, an option which might result in
an improved baseline geometry would be to follow a procedure similar to that in [53]:
optimize 2D airfoils, using a tool such as Optima2D [3, 44] for instance, and then project
them back to the 3D shape of the BWB. As noted by Qin et al., this neglects the 3D
effects of the BWB shape, but will still result in an improved baseline geometry and a

more interesting starting point for the optimizer.

Figure 2.2 shows some sample baseline shapes generated using this parameterization,
which can be used as a basis for optimization. For the optimization process, the initial

baseline geometry is divided into a main body section and an outer wing section with
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Figure 2.2: Examples of different baseline shapes which can be generated using the
geometry parameterization.

fixed spans. Based on this definition, the shapes in Figure 2.2 differ from each other in
that they lie in different design spaces. For instance, additional sections would be added
for non-planar elements such as those in the second geometry in Figure 2.2. As such, it
is beneficial to have a flexible geometry parameterization tool such as the one described

here.

Ultimately, this reliance on the initial geometry will be eliminated. In this case, rather
than using a fixed polyhedron as defined in the previous section, an internal geometry
definition which evolves with the shape and serves as an internal volume constraint would
be preferable, in order to ensure that the passenger seating, cargo, lavatory, galley, aisle

space, etc. requirements are always satisfied by the shape.

2.3 Weight Estimation and Planform Area Sizing

Sizing the baseline geometry is not limited to ensuring that the outer BWB shell en-
velops the polyhedron representing minimum external bounds. Two additional factors

are considered: weight estimation and planform area sizing, in order to ensure a rea-
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sonable wing loading relative to an existing, comparable tube-and-wing aircraft. As a
rough rule of thumb, based on data provided by Liebeck [29], a target wing loading of
approximately 70% of that for a selected tube-and-wing aircraft was set. In addition, the
target C'p value would need to fall within a reasonably expected range of values.

In order to obtain a rough weight estimate for the approximate target lift coefficient, a
combination of equations were employed. The blended-wing-body was considered in three
parts: the cabin, aft-body and wing, where the aft-body [2] refers to the non-pressurized
region which presumably supports the engines and is located behind the rear bulkhead
and passenger cabin. The weight values of the cabin and aft-body were calculated using
equations from [2], while the weight of the wing was calculated based on an equation
in [70]. For the former, the derived equations are based on regression analysis using data
for larger BWB aircraft than that considered in this thesis; however, given the general
lack of relevant BWB weight data or equations, this was deemed the best option for the
time being. For the latter, the equation is a simplified approximation for civil airplanes
with aluminum alloy cantilever wings. Furthermore, this equation is not applicable in

the case of wing-mounted engines, making its application in this case appropriate.

The following summarizes the procedure followed to obtain the weight estimate: first,

TOGW = Wempty + quel + Wpayload (21)

where TOGW = take-off gross weight (Ib), Wempty = empty weight, Wi, = fuel weight,
and Wyayloada = payload weight.

The aircraft empty weight can be further broken down:

Wempty = Wcabin + Waftfbody + Wwing + Wﬁxed (22)

where Weapin = weight of the cabin section of the BWB, W _10ay = weight of the aft-

body, Wying = weight of the outer wing, Wsyea = weight of various components such as
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furnishings, etc.

Based on these breakdowns, the various values for the weights are calculated.

Payload The payload weight consists of constant passenger and crew weight values plus

their luggage weight based on data in [70].

Fuel A fuel weight value is assumed based on existing values for the reference aircraft
of choice. This is obviously not the best method since fuel weight depends on
aerodynamic properties, weight and design range; however, this is a preliminary
estimate. Though based on conventional aircraft, an alternative method might be
to follow the preliminary steps outlined by Raymer in [57] for a simplified mission

profile.

Fixed weight Aircraft component weight values for furnishings, electrical components,
air conditioning, etc. are based on averaged values for existing tube-and-wing air-
craft of comparable size [26, 61] to the aircraft under consideration, assuming that
these values would be roughly consistent between the two types of configurations.

As with the payload and fuel weight, these values are fixed.

Cabin The following equation [2] is used for the weight of the pressurized cabin portion

of the BWB:

Weabin = (5.698865)(0.316422)(TOGW )0-166552( g, ) 1061158 (2.3)

where Seapin i the cabin planform area (ft?).

Aft-body For this portion, the following equation also from [2] was used.

Watt—body = (1 + 0.05Neng)(0.53Sa5 TOGW?) (Nagt, + 0.5) (2.4)

where Ng,, = number of engines on the centerbody, S, = planform area of the
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aft centerbody (ft?), and A, = taper ratio. Note that this aft-body portion was

excluded for the design mission presented in the next section.

Wing From [70], the following equation is used for the weight of the outer wing:

bref 0.55 bs/tr 030
1 i .
+ bs ] Thalt WG/S (2 5)

Wwing
G

— k’wbo'75

where for transport category aircraft ky, = 1.7x1073 = factor of proportionality for
the weight of a group of items, W (1b) = MZFW = TOGW —Wy,e = gross weight,
bs = b/ cos(Ay/2) = structural span (where b = wing span (ft), A;;; = sweepback
angle at 50% chord (rad)), bt = 6.25ft = reference span, ny; = ultimate load
factor, t, = (absolute) maximum thickness of root chord (ft), and S = (projected)

area of a surface (ft?).

As can be noted from the equations above, the weight estimation is also dependent
on the planform area. Once this is specified, along with the rest of the variables, the
three weights — Weabin, Watt—body, and Wyine — are all dependent on TOGW, which can
then be solved for. Given this relationship, the assumed rough rule of the thumb for wing
loading, and the target C', considerations, the planform area was manually modified and

iteratively sized around the internal volume polyhedron.

2.4 Baseline Geometry

Following the procedure outlined above, the baseline external BWB shape is manually
determined, taking the weight estimation and planform sizing into account. The relevant
geometric and performance parameters are outlined in Table 2.1. Figure 2.4 shows differ-
ent views of the baseline geometry, which, as previously mentioned, employs variations

of the supercritical SC20414 airfoil [72].
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Figure 2.3: Half of the baseline BWB geometry with internal volume constraints.

Geometric Parameter
Aspect Ratio 3.17

Performance Parameters
Cr 0.357
Cruise Mach Number 0.85

Table 2.1: Key geometric and performance parameters for baseline BWB geometry.

——
——

Figure 2.4: Baseline geometry planform, frontal and side views.
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Chapter 3

Flow Analysis

The flow analysis in this thesis is performed using a parallel Newton-Krylov-Schur flow
solver for the Euler equations governing inviscid, compressible flow on multiblock, struc-

tured meshes [18, 19].

3.1 Governing Equations

The three-dimensional Euler equations are given by

0Q+90,E;, =0 (3.1)
where
P PU;
puL puLl; + poi;
Q = | pus | > Ei= PUl; + p(SQZ‘ )
pus pusU; + pos;
e (e + p)u;

(21,22, 23) = (2,9, 2), ;; is the Kronecker delta, and the perfect gas law is assumed.
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These equations are mapped to computational space to obtain the following:

HQ+0.E =0 (3.2)
P pU;
puL purU; + p0.&;
Q:% puz | EZ:% puaU; + poy&; |
pus puzlU; + pd.&;
e (e +p)U;

where (£1,&2,8&3) = (§,1,(), J is the Jacobian of the mapping, and U; = u;0,,¢; are the

contravariant velocity components.

Using second-order accurate summation-by-parts (SBP) operators and scalar nu-
merical dissipation, the Euler equations are discretized on each block. Simultaneous-
approximation terms (SATSs) are used to impose boundary conditions and couple block
interfaces. Advantages to using SATs with SBPs include time-stability, minimum re-
quirement of C° mesh continuity at block interfaces, accommodation of arbitrary block

topologies, and low interblock communication overhead.

A parallel Newton-Krylov-Schur solution strategy is used to solve the discrete Euler
equations. In particular, Newton’s method is applied to the discrete Euler equations
in two phases: an approximate-Newton phase which ensures a suitable initial iterate is
found for the second phase, an inexact-Newton phase. In order to solve the systems
that arise in both these phases, a Krylov solver is employed. Specifically, FGMRES —
Flexible Generalized Minimum RESidual method — is employed along with the parallel
additive-Schur preconditioner. For additional details behind the flow solver, the reader

is referred to [18].
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Figure 3.1: Grid convergence plot.

3.2 Grid Convergence Study

Given that the meshes employed in this thesis are relatively coarse, a grid convergence
study was carried out to gain a better understanding of the relative amount of error in
the results. Starting with a fine mesh of 79,396,992 nodes and 1,152 blocks, a family
of meshes was generated by coarsening this fine mesh of the baseline geometry. Each
mesh was run at a Mach number of 0.85 and angle of attack of 1 degree. Figure 3.1
shows the lift-to-drag ratio plotted against (%)%, where N is the number of nodes in the
mesh. Based on this plot, the use of a coarse mesh appears to result in over-predictions
of the ratio. This should be kept in mind for both the baseline and optimized geometries

presented.

3.3 Baseline Geometry Analysis

The baseline geometry used for this flow analysis and the subsequent optimization studies
is that shown in Figure 2.4. A clean geometry without control surfaces or propulsion

components is studied. Furthermore, it is assumed that the aircraft is cruising at a Mach
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Figure 3.2: Drag polar for baseline BWB geometry.

number of 0.85. The present results were obtained using an 18-block mesh with 580,800
nodes and off-wall, leading edge, and trailing edge spacings of 0.005 root-chord units.
Figure 3.2 shows the drag polar of the baseline geometry, which will be compared to that
for the optimized geometry. The target C} of the baseline geometry, 0.357, is obtained
at an angle of attack of 2.97 degrees, resulting in a Cp of 0.02720. Given this C value
and our aspect ratio, the drag value in the case of minimum induced drag and zero wave
drag would be 0.01280, indicating potential for improvement on this baseline shape.

Figure 3.3 shows the pressure coefficient plots at the specified spanwise locations and
indicates the presence of a strong shock on the top surface, including the main body
surface. The airfoil sections for this baseline geometry are also shown. From Figure 3.4,
with a maximum Mach number of almost 1.89, it is evident that this shock is quite
strong. These results indicate wave drag is likely a major component of the total drag,
indicating further potential for improvement.

From Figure 3.5, the presence of induced drag in addition to this wave drag is ev-
ident, given the discrepancy between the actual and optimal, elliptical spanwise load

distributions.
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Figure 3.3: Pressure coefficient distribution over the top surface of the baseline BWB
geometry and at indicated spanwise locations.
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Figure 3.4: Mach number distribution over the top and bottom (inset) surfaces of the
baseline BWB geometry.
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Chapter 4

Optimization Tools

In order to carry out the optimization process, the following key components are nec-
essary in addition to the flow solver described in the previous chapter. Details of these

components can be found in [18].

4.1 Integrated Geometry Parameterization and Mesh

Movement

For fast, robust, and flexible mesh movement for the design of unconventional aircraft
such as the blended-wing-body, an integrated geometry parameterization and mesh move-
ment algorithm is used [18, 20]. B-spline volume control points are used to parameterize
the mesh. The geometry is parameterized as a B-spline surface, and the B-spline control
points are used as design variables. For the movement of the B-spline volume control
points, a linear-elasticity-based mesh movement is used. The mesh is then regenerated

algebraically.

4.2 Adjoint-Based Gradient Evaluation

Consider the following generalized form of the optimization problem, based on notation

in [18]:
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min T (q,b™) v)

w.r.t q, b v

st MO DY =0 e {12, .m)
F(g,b™) = 0.

That is, we wish to minimize 7, the objective function, which depends on ¢, the flow
variables, b™ the B-spline control points for the final mesh movement increment, de-
noted by m, of a series of increments, v, the design variables, which consist of the angle(s)
of attack and geometric design variables. These geometric design variables are effectively
a subset of the B-spline control points, b including just those control points on the
surface of the aerodynamic geometry being optimized. The optimization is subject to
the constraints that M@ the grid movement residual vectors for the 7th mesh movement
increment and F, the residual for the flow solver, are reduced to user-specified tolerances.
For the optimization, the value of the objective function gradient is required. In order to

obtain this gradient, an adjoint approach [21, 71] is employed and briefly described here.

For this optimization problem, the Lagrangian function, £ is defined as follows:

L=T+> ATMD 44T F, (4.1)

i=1
where A®) and v, the Lagrange multipliers, are the mesh and flow adjoint variables,
respectively, and each 7 is a step in the mesh-movement process. Additional details

regarding the flow adjoint equation and mesh adjoint equations are available in [18].

Setting the partial derivatives of the Lagrangian with respect to the variables to zero,
the following first-order optimality conditions, also known as the Karush-Kuhn-Tucker

(KKT) conditions are obtained:

oL .
0 —0=M9 iec{l1,2,..,m} (4.2)
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% _0-TF (4.3)
g_s C0- 8@5 wT%_J: (4.4)
;bﬁ) 0 )\(i)T%/\;_(:) )\(z'+1)T8/;lb_((i;1)7 ic{m—-1,m-2,..,1} (4.6)

These KKT conditions are driven to zero using a sequential approach, which is deemed
more appropriate than a one-shot approach for multipoint optimizations, such as those
carried out in this project. The following are the steps involved in this sequential ap-

proach:

1. Given the design variables, v, the control mesh is determined via Equation 4.2 and

then the mesh is generated.

2. Using these results, Equation 4.3, the flow equations, are solved to obtain the flow

variables, q.

3. Equations 4.4 to 4.6 are then solved in the order given to obtain A and 1, the

mesh and flow adjoint variables, respectively.

4. Since all entries of the gradient of the Lagrangian except g—f are set to zero (i.e. the
KKT conditions are satisfied for Equations 4.2 to 4.6), this remaining component

is used by the optimizer to find a local minimum.

The cost of this adjoint-based gradient evaluation is nearly independent of the num-
ber of design variables. In addition, this discrete-adjoint approach ensures an exact
gradient of the discrete objective function, further ensuring compatibility with nonlinear

optimization algorithms such that the optimization process can converge fully [14].
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4.3 Sequential Quadratic Programming Algorithm

This optimization algorithm essentially obtains the next iterate in the process by mod-
elling the optimization problem at the current iterate by a quadratic programming sub-
problem [35, 45]. For the optimizations presented in this thesis, SNOPT [15] is used
to carry out the optimization and tie the above components together. Both linear and

nonlinear constraints, described in Section 4.4.1, are used with this optimizer.

4.4 Optimization Study Overview

For the single-point optimizations of the BWB configuration carried out as part of this
thesis, various constraint definitions and additional features have been implemented, as
detailed below. A multi-point optimization functionality has also been implemented for

use in conjunction with SNOPT. Details of this are summarized in Appendix B.

4.4.1 Constraints

As part of the optimization process, both linear and nonlinear constraints are included
to meet the basic design requirements (e.g. internal volume) and to constrain the design
variables and, in some cases, couple them in specific manners (e.g. control points on
a specific patch edge might be coupled for a linear sweep constraint). Two types of
optimizations, planform optimization and varying section optimization, were carried out,
as detailed in the subsequent chapter. The following groups and summarizes the various
constraints that were utilized or implemented for each of these optimizations. In this
summary, the x-coordinate is in the streamwise direction, y-coordinate in the spanwise

direction and the z-coordinate follows from the right-hand rule.

Common Constraints

The following are common constraints between the two types of optimizations.
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Patch 2

Figure 4.1: Top surface BWB patch definition.

General Restriction Of Control Points In general, all control points can be speci-
fied to have varying degrees of freedom. The aerodynamic surface can be decom-
posed into multiple patches and stitches. Patches define B-spline tensor product
surfaces based on the control points and are essentially a specified side of a block
which defines the aerodynamic surface of the geometry. Stitches define how these
patches are joined and connected at their edges. For instance, Figure 4.1 shows
the top surface of the BWB configuration consisting of two patches. The bottom
surface is defined similarly. An example of a stitch between the two patches is
highlighted in red. All the outer edges of each patch are also considered stitches.
Based on this, varying degrees of freedom can be specified for specific stitches and
patches, thus enabling a general definition of the degrees of freedom of a set of
control points. For instance, this definition can be used to constrain the leading or
trailing edges to specific degrees of freedom. Note that the span is fixed for these

optimizations through this type of restriction.

Lift Constraint For this nonlinear constraint, the target lift coefficient is actually de-
fined as C'S*, where C7, is the lift coefficient and S* is the non-dimensionalized

area. Details of how to determine this value are provided in Appendix C.
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Planform Area In order to constrain the lift coefficient, the planform area (or another
consistent reference area) must be constrained in addition to the lift. In the cases
presented in this thesis, the initial value of the planform area is used as the target

value for this nonlinear equality constraint.

Symmetry Edge This constraint forces control points at the symmetry plane and those
just off the symmetry plane to have the same z- and z- values, effectively ensuring
that this portion of the surface is perpendicular to the symmetry plane. This linear,

equality constraint is enforced everywhere along the root-chord of the BWB.

Linear Sweep Linear sweep constraints couple the z- and y-coordinates of the leading
edge or trailing edge control points. Though not necessary, they are used on the

varying section optimization primarily to limit the freedom.

Linear Dihedral In a similar manner, linear dihedral constraints couple the y- and z-
coordinates of the leading edge or trailing edge control points. Again, for increased
freedom and a more interesting problem, these constraints can be excluded with

varying sections.

Planform Optimization Constraints

Fixed Airfoil Section The x- and z-coordinates of the control points along an airfoil
section are constrained such that their z- and z-positions relative to the leading
edge control point are maintained at constant ratios to the chord, effectively fixing

the airfoil section during the optimization process.

y-position Constraints With the use of fixed airfoil sections, the control points on
the main body are maintained at specific spanwise locations using this constraint
in order to ensure specific thickness-to-chord ratios at these points. This, in turn,
maintains the required space for internal volumes and removes the need for a volume

constraint.
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Chord-length Constraints Minimum chord-length constraints maintain an approxi-
mate chord-length on the specific sections where applied. This helps ensure suf-
ficient internal volume by maintaining a minimum thickness-to-chord ratio when
coupled with the fixed airfoil section constraint. Note that these constraints are
implemented using the control points; stricter constraints would instead use the

aerodynamic surface grid nodes directly, providing an exact evaluation of the chord-

length(s).

Varying Section Optimization Constraints

Volume The volume of the entire blended-wing-body may also be constrained. For
optimizations with fixed airfoil sections, this nonlinear, inequality constraint was
not enforced or necessary; however, to ensure sufficient volume for fuel, passengers,
and structural components and to prevent the optimizer from reducing the shape
to a flat plate, volume constraints are employed for optimizations involving varying

sections.

Specific Volume This constraint is an alternative option to that above. In this case,
the aircraft is treated as if it consists of two separate volumes — specifically, the
main body and the outer wing, enabling control over the volume specific to each
section, as defined by the patch definition. This constraint is also an inequality

constraint.

x-coordinate Ratio This linear equality constraint maintains the z-coordinates relative

to the leading edge at constant ratios to the chord-length.

Colinearity In order to enforce continuity between patches, this constraint was imple-
mented. In Figure 4.2, the leading edge of a portion of the wing is considered along
with three of the control points at a given spanwise station. Points A, B, and C are

forced to be colinear by maintaining the vector defined by B and C parallel to the
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®A

Figure 4.2: Along the leading edge, the three control points are forced to be colinear to
enforce continuity.

vector defined by A and C. The constraint is not only applied at the leading edge
but also on stitches between patches, such as that highlighted in red in Figure 4.1.
An additional constraint for the z-coordinates of the points along the leading edge
is included in conjunction with this constraint to maintain the two vectors at right
angles with the x-axis. This helps ensure the mesh along the leading edge does not

warp, causing the mesh movement to fail.

y-coordinate Ratio This linear equality constraint maintains the the y-coordinates rel-
ative to the root at constant ratios to the total span. Though the span is fixed for
the optimizations in this thesis, this constraint would accommodate a situation in

which span variations are allowed.

Main Body Thickness These nonlinear inequality thickness constraints are defined
using the aerodynamic surface grid nodes. Based on the polyhedron location in the

baseline geometry, target thickness values can be specified at specific z,y-positions.

Main Body Height This constraint is similar to that above, but enables the user to
specify a target height above and/or below the zy-plane at specific z,y-positions,
ensuring that the fuselage portion of the main body does not warp significantly and
thus easily accommodates the polyhedron. Note that the thickness constraints are

unnecessary if height constraints both above and below the xy-plane are enforced.
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Crossover Prevention Constraints This constraint requires that the difference be-
tween control points on the upper and lower surfaces is always greater than zero,
preventing crossover of the surfaces. The volume constraints will not prevent
crossover, making this constraint — or some variation of it — an important one.
This constraint also allows far more freedom than the two subsequent constraints

described below.

Thickness (Control Point) This constraint is intended to limit the freedom of the
control points by allowing the thickness to vary within a user-specified percentage
of the original thickness [4] It also effectively helps prevent cross-over of surfaces;
as such, if it is used, the above constraint would not be necessary. Note that this
is different from the main body thickness constraint above since it is based on the
control points directly, whereas the main body thickness constraints are based on

the surface grid nodes.

Height (Control Point) Similar to the above constraint, this also limits the freedom
of the control points by allowing the height of a given control point above the

chordline to vary within a user-specified percentage of the original height [4].

Leading and Trailing Edge z-bound This constraint places a bound on the z-coordinates
of the main body leading and trailing edges, limiting the freedom and preventing

warping, especially at the fuselage portion of the main body.

Linear Tip This linear equality constraint maintains a linear tip on the outer wing to
prevent warping on this portion of the geometry. Note that this constraint works in
conjunction with the z-coordinate ratio constraint above. Otherwise, a nonlinear

version of the constraint would be necessary to account for additional dependencies.

Tip Chord-length In order to prevent the tip chord-length from decreasing drasti-

cally, to the point where the mesh quality deteriorates considerably, a minimum
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chordlength constraint is implemented.

4.4.2 Additional Features

The following capabilities were also added as part of this thesis for analysis purposes and

to help ensure convergence, if necessary.

Drag Divergence Plot

Drag divergence plots are useful in better understanding the degree to which an opti-
mization has improved a given shape. In general, one would expect the drag divergence
Mach number to increase after an optimization. To quickly obtain drag divergence plots,
single-point optimizations over a user-specified range of Mach numbers with a single

design variable (angle of attack) and constraint (lift target) are carried out.

Remesh Capability

In the case where the quality of the mesh for a given geometry deteriorates over the
course of an optimization to the point where it actually hinders the optimization process,
a remesh of the most current geometry may be necessary. As such, an optional feature
allowing the user to output files at each iteration of the optimization process was added.
These files contain the relevant information about the B-spline definition of the geometry.
Using code external to the flow-solve/optimization package, a new geometry file can be

generated to be used in the remeshing process.
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Results

Two types of single-point optimizations are carried out: planform optimizations with

fixed airfoil sections and optimizations with varying airfoil sections.

5.1 Planform Optimization

5.1.1 Optimization Problem Description

For the optimization, the geometry is parameterized such that it consists of two sections:
the main body and the outer wing. Extending this to include more sections for more
complex BWB geometries (to investigate winglets, C-wing geometries, etc. for instance)
would be straightforward. The design variables consist of the B-spline control point
coordinates in the x- and z-directions and the angle of attack, depending on the case;
however, the constraints outlined below couple the control points, effectively limiting
their freedom and reducing the actual number of design variables.

The airfoil sections are maintained on the entire shape through constraints which
scale the airfoils as the chord length varies. These airfoil sections are two personally
modified versions of a supercritical airfoil, sc20414 [72]: on both, the blunt tip at the
trailing edge, which is typical of supercritical airfoils, has been removed, and the camber

is also slightly modified to ease both the geometry generation and the meshing process.
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Geometry Ch Drag Reduction
Baseline 0.02720 -
Elliptical induced drag | 0.01280 -
A 0.01837 32.5%
B 0.01783 34.4%
C 0.01667 38.7%

Table 5.1: Drag coefficients and percent drag reductions for baseline and planform opti-
mized geometries.

Both airfoils are shown in Figure 3.3. On the main body, only the trailing edge is free
to move. On the outer wing, linear sweep and twist constraints are in place, with the
possibility to allow for dihedral as well. Minimum chord length constraints are applied in
order to satisfy the internal volume constraints, as are spanwise width constraints. The
overall span is fixed, along with the planform area. The lift coefficient is constrained
at 0.357, and the objective function is the drag coefficient. Three cases are presented
here and other than the following variations, the problem definitions for the three are

identical:

Case A Fixed angle of attack of 3 degrees — since aircraft typically fly at angles of

attack of 2 to 3 degrees to maintain a reasonable floor angle for passenger comfort.

Case B Fixed angle of attack of 3 degrees with optional dihedral on the outer wing

active. This is the only case in which dihedral was active.

Case C Free angle of attack with no upper or lower bounds.

5.1.2 Optimization Results

The resulting geometries are shown in Figures 5.1, 5.2, and 5.3. Case B geometry varies
from both Cases A and C with its lower taper ratio and positive dihedral. The effect of
the addition of positive dihedral might be considered similar to the effect of non-planar
surfaces such as winglets. The key differences between the two geometries of Case A and

Case C include higher sweep and twist (washout) on the Case C geometry.
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Figure 5.1: Various views of the optimized BWB geometry for Case A.

Table 5.1 compares the Cp values for the baseline geometry and the three optimized
geometries. From this table, we can see that the Case C geometry results in the lowest
drag by a reduction of almost 39% relative to the baseline geometry. However, this
additional reduction in drag comes with an increased angle of attack of 4.43 degrees
relative to the 3 degrees for both Case A and B. Comparing these drag values to that for
the elliptical induced drag, determined using the target Cf, value and the aspect ratio of

3.17 (Chapter 2), the room for improvement is evident.

The four sub-figures in Figure 5.4 show the spanwise lift distributions on the base-
line and optimized geometries, compared to elliptical lift distributions. The baseline
distribution is far from the elliptical lift distribution. Apart from the main body, the
Case A distribution is closer to the elliptical distribution. However, the Case B distri-
bution over the same outer wing portion is moving away from this elliptical distribution.
Case C moves further away from it and appears to be tending towards a more triangu-
lar/elliptical lift distribution. The fact that this distribution on the Case C geometry
leads to the lowest drag is in agreement with results found by Qin et al. [53]: in the case

where shocks cannot be eliminated completely, an elliptical lift distribution can no longer
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Figure 5.2: Various views of the optimized BWB geometry for Case B.
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Figure 5.3: Various views of the optimized BWB geometry for Case C.
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Figure 5.4: Spanwise load distributions

be the goal for minimum drag design, as a compromise between wave drag due to shock

wave formation at transonic speeds and induced drag due to lift is required.

Figures 5.5, 5.7, and 5.9 show pressure coefficient plots for the optimized geometries
for Cases A, B, and C at the target lift coefficient of 0.357 and the same spanwise
locations as on the baseline geometry (Figure 3.3). For Cases A and B, multiple shocks
of significant strength are present on the geometry at the spanwise locations shown.
However, for Case C, a sharp shock is still present on the top surface, though not as
strong as that on the baseline geometry. In addition, the shock is primarily present
along the outer wing leading edge. Despite the drag reduction, the maximum local Mach

number on the top surface of this optimized geometry is quite high - approximately 2.44

(Figure 5.10).

From the pressure coefficient plots, the main body portions of the Case A and Case

B geometries also appear to be generating negative lift over small portions, which would
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Figure 5.5: Pressure coefficient distribution over the top surface of the optimized BWB
geometry (Case A) and at indicated spanwise locations.

be undesirable; however, this does not appear to be an issue for the Case C geometry.

Taking a closer look at the drag polars of the baseline geometry and the three op-
timized geometries (Figure 5.11), we see that all three have improved performance over
the range of lift coefficients shown, not just at the design point. Though Case C has
the lowest drag in the vicinity of the target lift coefficient, it has the highest drag of the
optimized geometries for lower lift coefficients. It is also important to remember that the
target lift and higher lift values are obtained at much higher angles of attack for Case C
than for Cases A and B.

Figures 5.12, 5.13, and 5.14 show the convergence histories for the three cases con-
sidered. Here feasibility refers to the nonlinear constraint violation. The user-specified
tolerances for both feasibility and optimality are 107%. Each function evaluation repre-

sents a successful iteration in the optimization process.
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Figure 5.6: Mach number distribution over the top and bottom (inset) surfaces of the
optimized BWB geometry (Case A).
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Figure 5.7: Pressure coefficient distribution over the top surface of the optimized BWB
geometry (Case B) and at indicated spanwise locations.
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Figure 5.8: Mach number distribution over the top and bottom (inset) surfaces of the
optimized BWB geometry (Case B).
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Figure 5.9: Pressure coefficient distribution over the top surface of the optimized BWB
geometry (Case C) and at indicated spanwise locations.
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Figure 5.10: Mach number distribution over the top and bottom (inset) surfaces of the
optimized BWB geometry (Case C).
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Figure 5.11: Comparison of the drag polars of the baseline and optimized BWB geome-
tries.
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Figure 5.14: Convergence history for Case C.

5.2 Varying Sections

For the varying section optimizations, two different cases were carried out with a different
set of constraints: Cases D and E. Similarities between these optimizations and the plan-
form optimizations include the baseline geometry and the geometry parameterization,
which consists of two sections — the main body and the outer wing. In addition, the
planform area and span are fixed. The same C, constraint is specified, and the objective
function is the drag coefficient. The angle of attack is included as a design variable.
Between the two cases, the following are the common constraints: The main body
and outer wing sections of the BWB each have a specific volume constraint. Colinearity

constraints help ensure C! continuity at the leading edge and between the two sections.

5.2.1 Case D: Optimization Problem Description

For Case D, the z-coordinates are maintained at the same chordwise location relative to
the leading edge. Similarly, the y coordinates are maintained at their spanwise locations
relative to the symmetry plane. Since the span of the BWB is fixed, the y-coordinates
are effectively also fixed. The z-coordinates are controlled using the thickness and height

constraints described earlier for control points. The points are allowed to move within
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+50% of their original thickness and height values using these constraints. In order to
ensure sufficient internal volume, height constraints are included for the upper and lower
surfaces. The z-coordinates of leading and trailing edge points are also limited by the
leading and trailing edge bound constraints. Finally, both edges have linear sweep and

dihedral constraints in place.

5.2.2 Case E: Optimization Problem Description

For this problem, z- and z-coordinates of the control points are now design variables.
Again, the optimizer can modify the spanwise section shapes. The span is effectively
constrained because the y-coordinates are held fixed. Crossover prevention constraints
ensure the surfaces do not intersect and cross over each other. Finally, minimum thickness
constraints — rather than the height constraints employed in Case D — are included to
ensure the outer shell envelops the internal volume polyhedron. Overall, this case has

the most freedom of all the cases presented.

5.2.3 Optimization Results

Case D converged successfully. Case E was feasible in the sense that all the constraints
were satisfied; however, the target optimality tolerance was not achieved, i.e. the op-
timization did not converge fully. The resulting geometries are shown in Figures 5.15
and 5.16. The twist distribution is evident from the front and rear views of the opti-
mized geometries. At this Mach number, one would expect a shock-free flow. This is
achieved for Case D but not Case E. As can be seen in Case D, this can be achieved
by adding some sweep, but the lack of convergence of the optimizer appears to have
prevented this on Case E.

Table 5.2 compares the Cp values for baseline geometry, the three planform optimiza-
tion geometries and the two section-optimized geometries. Case E, despite the presence
of a shock, has the most significant drag reduction, with Case D close behind. At one

degree, the angle of attack for the Case E geometry is also the lowest of all shapes
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Figure 5.15: Various views of the Case D section-optimized BWB geometry.

Figure 5.16: Various views of the Case E section-optimized BWB geometry.
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Geometry Ch Drag Reduction
Baseline 0.02720 -
Elliptical induced drag | 0.01280 -
A 0.01837 32.5%
Planform Optimization B 0.01783 34.4%
C 0.01667 38.7%
Section Optimization ]]3 8812?; ???ZZ

Table 5.2: Drag coefficients and percent drag reductions for baseline and all optimized
geometries.
considered, including the baseline geometry.

Figure 5.17 and 5.18 show pressure coefficient plots for the two section-optimized
geometries at the target lift coefficient of 0.357 and the same spanwise locations as on
the baseline geometry (Figure 3.3). Profiles of the optimized airfoils at these spanwise
locations are also included. Despite the significant drag reduction and varying sections of
this optimization, a very weak shock still exists towards the rear portion of the wing on
the Case E geometry as can be seen in Figure 5.20. However, for Case D (Figure 5.19),
this shock has been eliminated.

Figure 5.21 shows the spanwise lift distributions on the optimized geometries and the
baseline geometry, compared to elliptical lift distributions. The distribution of the Case
E geometry is the closest to the elliptical distribution of all the shapes presented. For
Case D, this indicates that although the wave drag was eliminated through elimination
of the shock, the induced drag is still greater than it appears to be for Case E. That
said, the wave drag has been largely eliminated for Case E as well, given the additional
fact that the Cp for Case E is fairly close to the elliptical induced drag and zero wave
drag Cp. It is not clear, however, how the sections of this geometry would perform in a
turbulent flow analysis.

Convergence histories for the two cases are shown in Figures 5.22 and 5.23. Again,
feasibility refers to the nonlinear constraint violation, and each function evaluation rep-

resents a successful iteration in the optimization process.
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Figure 5.17: Pressure coefficient distribution over the top surface of the section-optimized
BWB geometry (Case D) and at indicated spanwise locations.
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Figure 5.18: Pressure coefficient distribution over the top surface of the section-optimized
BWB geometry (Case E) and at indicated spanwise locations.
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Figure 5.19: Mach number distribution over the top and bottom (inset) surfaces of the
section-optimized BWB geometry (Case D).



CHAPTER 5. RESULTS 68

Mach Number: 0.85 0.9 095 1 1.05 1.1 1.15 1.2 1.25 1.3

Figure 5.20: Mach number distribution over the top and bottom (inset) surfaces of the
section-optimized BWB geometry (Case E).
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Figure 5.21: Spanwise load distributions
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Figure 5.22: Convergence history for Case D.
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Chapter 6

Conclusions and Recommendations

The blended-wing-body configuration is an alternative aircraft configuration that has
potential to be a viable and advantageous option in comparison with current conventional
aircraft. The results of the inviscid optimization of this configuration in this thesis
have shown significant drag reduction between the baseline geometry and final optimized
geometry. A single-point, transonic optimization with limited freedom and fixed sections
resulted in up to 38.7% induced and wave drag reduction relative to the baseline: for
the target C, of 0.357, a C'p of 0.01667 is achieved, resulting in an inviscid lift-to-drag
ratio of 21.4. With increased flexibility and varying sections, drag reduction of 51.7%
was achieved: the Cp is reduced to 0.01313 and the inviscid lift-to-drag ratio increased
to 27.2. Of course, a comparison with conventional aircraft is necessary in order to gain

an understanding of the true value of these BWB designs.

There are several aspects of the project that would be of interest for future work.
The first and most obvious direction is to incorporate viscous effects with the Reynolds-

Averaged Navier Stokes equations.

Optimizations with higher Mach numbers could also be carried out; however, a lin-
earization of the pressure switch in the flow solver would be necessary to avoid the error

introduced through the use of second-difference dissipation.
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Multi-point optimizations (Appendix B) and specific studies focused on wave drag
control mechanisms such as the 3-dimensional control bumps studied by Qin et al. [78]

and passive laminar flow control via wing shaping might also be of interest.

The BWB is also a highly integrated configuration and as pointed out by Kroo [76],
is an ‘arena rich in opportunities for MDO’. As such, incorporating structural effects
(Appendix A) and ultimately doing MDO on this configuration is preferable, with the
potential to use the optimized shapes presented in this thesis as initial geometries. As
part of this study, given the suitability of the BWB configuration for larger aircraft, the
Large Aircraft for Short Ranges (LASR) concept studied by Kenwayet al. [24] could also
be applied to the BWB to determine how much more of an advantage it might give over

existing conventional aircraft and a conventional LASR-type aircraft.

With respect to the tools being used, a parallelization of the mesh movement algo-
rithm presented by Truong et al. [71] might prove to be faster and more robust than the
current integrated approach. Incorporation of a measure of mesh quality into a constraint
or objective function — in order to ensure a certain level of quality is always maintained
during an optimization — might also help reduce the number of mesh movement and flow
solve failures during the optimization process; however, this would also likely reduce the
freedom of the optimization process and would require a study of the most appropriate
measure of mesh quality. Finally, by eliminating the learning curve required of users
of current mesh generation software, an alternative, automated mesh generation process

might better help address this issue.

With respect to the baseline geometry, in the case where the dependence on initial
geometry has not been eliminated, C-wing BWB geometries or BWB geometries with
winglets will be of interest. This would require the inclusion of more than the two sections
utilized for this thesis. Constraints developed as part of this work would also have to be
extended to accommodate these additions. In order to obtain an improved baseline, as

opposed to the relatively arbitrary geometry adopted in this work, 2-dimensional opti-
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mizations on the airfoils can be carried out and then projected back to the 3-dimensional
shape; however, as Qin et al. [53] point out in their work, this clearly does not account for
the 3-dimensional effects. Finally, a more generalized geometry parameterization which
enables the generation of a range of conventional and unconventional geometries could
be developed. Ultimately, however any dependence on the initial geometry should ideally
be eliminated.

As part of the optimization problem definition, rather than employing fixed inter-
nal volume constraints (via height or thickness constraints), incorporating a more fluid
volume constraint would increase the flexibility of the optimization. That is, for each
iteration in the optimization process, a constraint can be used to ensure sufficient space
for the given payload, while allowing for new and unique seating configurations as the
outer aerodynamic geometry evolves. In addition, while keeping the overall span fixed,
allowing limited freedom of the control points between the symmetry section and wing
tip in the spanwise direction would also increase flexibility, while better enabling the
optimizer to take advantage of the 3-dimensional effects inherent on a BWB.

A simple yet interesting study might also involve a BWB optimization with a fixed vol-
ume constraint for higher transonic speeds. The optimized geometry’s cross-sectional area

distribution should be similar to that for the Sears-Haack body, as found by Liebeck [29].
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Appendix A

Aerostructural Considerations

A.1 Motivation

Incorporating a structural model with aerodynamics is a useful study since these two
disciplines are of primary importance in aircraft design. Furthermore, performing a
coupled aero-structural optimization is preferable to a sequential optimization, since this
not only aids in finding the true optimum, but also allows for larger modifications when
including structures in a high-fidelity wing optimization [36].

As pointed out in [64], structural weight and deformations affect aerodynamic design
of an aircraft and vice versa. For the structural deformations, a jig-shape approach can
be employed so that the structure is constructed such that the structural deformations
result in the desired shape. By assuming constant deformations over the majority of
the flight mission, the structural deformation impact on the aerodynamic performance
is effectively eliminated by the jig shape. This implies that the aerodynamic design is
affected only by the structural weight, whereas the aerodynamic design affects all aspects
of the structural design. Based on this, an asymmetry exists. With this asymmetry,
aerodynamics is treated as the higher level of a two-level optimization problem and an
emphasis on improved aerodynamic models arises. Given this, the incorporation of a

simple, low-fidelity structural model with a high-fidelity aerodynamic optimization, such
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as that considered here, is justified and becomes a topic of great interest from a multi-
disciplinary optimization (MDO) perspective. Examples of simple structural models are
discussed below.

Taking into consideration the highly integrated nature of the various disciplines —
aerodynamics, structures, and controls — in the BWB [52] and the great potential for
MDO studies with the BWB [76], this project is an ideal starting point for such a coupled

aero-structural optimization.

A.2 Structural Models

Structural models of varying fidelity can be incorporated in an aero-structural optimiza-
tion. These range from root-bending moment considerations, statistical weight equa-
tions, equivalent beam or plate models, to detailed, high-fidelity Finite-Element Models
of the structures in an aircraft. A summary of the methodologies for interfacing between
Euler/Navier-Stokes equations and structural models of varying fidelity, along with the
advantages and disadvantages of these various methodologies can be found in [16].

Two feasible options for a low-fidelity model for incorporation with the BWB aero-

dynamic shape optimization were found during the course of this thesis work:
e Weight equations based on BWB studies [2]
e Equivalent beam and plate models [11, 12, 13, 23]

For the first option, Bradley [2] uses regression analysis to develop weight equations for
the fuselage and aft-body, which supports the engines and is located behind the fuselage.
This analysis was performed using weight data obtained from equivalent plate models
for various BWB models ranging from 250 to 450 passenger aircraft. These equations
are mentioned in Section 2.3 and were used as a means of obtaining a rough weight
estimate. As such, the equation used for the wing weight estimation can also be used

here. Using these equations at each step in the aerodynamic optimization process, the
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structural weight of the BWB can be calculated and used in the Breguet range equation:

I .
Range = VE splll (%) (A.1)

where V' is the velocity, % the lift-to-drag ratio, I, the specific impulse, W; the initial
weight and Wy the final weight. The equation can be used as the objective function to

maximize range or minimize weight of fuel.

However, points of concern with this method exist. First, the large size of the BWBs
considered in [2] limits their application. Furthermore, in order to employ these equations,
one must find a consistent way to estimate certain parameters of measure necessary for
the calculation, such as the taper ratio of the aft-body. This may not always be trivial
if the BWB shape diverges significantly from a ‘typical’ BWB shape, as was found to be
the case in the optimizations presented in this thesis. In addition, as pointed out in [64],
in the case where multiple design conditions are considered, weight equations are not
always suitable. This is certainly a point of concern with extensions of this thesis work

since multipoint optimization is of interest.

For the second option, the work in [23] incorporates an equivalent beam model with
panel methods to optimize non-planar surfaces. Equivalent beam and plate models essen-
tially model the otherwise complicated structural elements of an actual aircraft structure
using either beam or plate elements, respectively, maintaining consistent inertial prop-
erties between the models. The Python beam model developed in [23] was selected as a
starting point for a structural model and was reproduced in FORTRAN, using a frame-
work developed by Mader [33]. This FORTRAN beam model is verified in the subsequent

section.

Another viable option explored during this thesis work is the equivalent plate model
developed by Giles [11, 12, 13]. This model is suitable for the modelling of aircraft

structures with a general planform such as cranked wing boxes — ideal for the BWB



APPENDIX A. AEROSTRUCTURAL CONSIDERATIONS 77

1000 |bft
4.._\. +
| L

— At — g 0.25ft

A
A B
A

1000 |b

8 1{:_0\.0 |bft
b
1000 b
A ! B
C

Figure A.1: Basic loading test cases [23].

configuration. The BWB configuration, in addition to a C-wing aircraft, is presented as

an example application of this method in [13].

A.2.1 Beam Model Validation

For the theory behind the beam model formulation, the reader is referred to [23]. The
following is a validation of the FORTRAN version, forBeam, of pyBeam [23] using the
same test cases presented in [23]. Additional test cases and modification of the code to
accommodate beams of varying cross-sections is recommended for future applications in
order to more closely approximate a wing box with the beam element.

The first set of test cases are shown in Figure A.1. The results from forBeam are
compared to theoretical results in Table A.1. The second test case is shown in Figure A.2.
The original results of this test case were produced using ANSYS [23]. Table A.2 shows
the results of forBeam compared to those from pyBeam and ANSYS. The results from
forBeam and pyBeam are in agreement, with a consistent discrepancy between these

results and those from ANSYS.
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Theoretical Results forBeam Results
Test Case Slope[rad] | Deflection]|ft] | Slope[rad] | Deflection]ft]
1 (at node B) | 0.01054852 | 0.01582278 | 0.01054852 | 0.01582278
2 (at node B) | -0.01582278 | -0.03164557 | -0.01582278 | -0.03164557
3 (at node B) | -0.01392946 - -0.01392946 -
4 (at node C) 0 0.01582278 0 0.01582278

Table A.1: Comparison of theoretical and FORTRAN beam model (forBeam) results for

Figure A.1 test cases.

1000 |bi

Figure A.2: Spatial frame test case [23].

ANSYS pyBeam | forBeam
Deflections/Slopes
uy [ft] 9.9729e-08 | 9.9729e-08 | 9.9729e-08
uy [ft] 9.9729e-08 | 9.9729e-08 | 9.9729e-08
ug [ft] -4.8668e-05 | -4.8668e-05 | -4.8668e-05
uy [rad] -1.1138e-05 | -1.1138e-05 | -1.1138e-05
us [rad] 1.1138e-05 | 1.1138e-05 | 1.1138e-05
ug [rad] 0.0 5.0825¢-24 0.0
von Mises Stress [psft]
Element 1 4700.3 47147 4714.7
Element 2 4700.3 47147 4714.7
Element 3 29543.0 29543.0 29543.0

Table A.2: Comparison of ANSYS, pyBeam and forBeam results for Node 2 [Figure A.2]

deflections and element stress values.
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Figure A.3: Asymmetric suboptimization architecture.

A.3 Asymmetric Suboptimization Method Overview

In order to couple the aerodynamics and structural model, a subspace optimization
method studied by Chittick and Martins [5, 6, 7] was considered. The following sum-
marizes the idea behind this method, provides a brief description of the method in the
context of its application to this project, and discusses the advantages and disadvantages.

Other options are obviously available.

A.3.1 General Problem Definition

This section defines the optimization problem of incorporating structures with BWB

aerodynamics with respect to this new method.
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The idea behind the asymmetric suboptimization architecture is to solve a subspace
optimization as part of an aerostructural analysis module. In a general system of N
disciplines, each discipline can be classified as one of two types: analysis-only (NN,) or
optimization-performing (N,). In this case, there are two disciplines: aerodynamics
(analysis-only) and structures (optimization-performing). In other words, each aero-
structural iteration consists of an aerodynamic analysis and a structural sub-optimization.
Overall, there are two optimizations: system-level optimization (coupled) and subopti-
mization (discipline specific). Figure A.3 illustrates these definitions. In this figure, note
that the exchange of displacements between the two disciplines may be eliminated in the
case where solely a weight value based on given aerodynamic forces is required, simpli-

fying the optimization process slightly.

Notation: The three types of variables, x, y, and z, are defined below. The vari-

ables x and y exist for each discipline of concern.

x local design variables only affect one discipline
Y coupling variables exchanged between disciplines
z global or shared design variables affect more than one discipline

The coupling variables for the ith discipline can be written as follows:
vi = Yi(xi,y;, 2). Using similar notation for our case: Yaero = Yaero(Tacros Ystructs 2)-
The system-level optimization problem follows, where z,_; and ¢,_; are the local design

variables and constraints of the i** analysis-only discipline.:

minimize F(z,z,y)
w.r.t. 2, Ta—aero
S‘t' ca—aeT‘O(Z7 xa—G/eTO’ yaero) Z 0

The aerodynamics discipline must, of course, satisfy its governing equations, requiring

the following to hold:
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given
solve
to get

2, Lg—aeroy Ystruct
Raero(za La—aeros ystruct) =0

yCLST’O

The subspace optimization serves two purposes: solve the discipline’s governing equa-

tions and perform an optimization using local design variables; here, x,_; and ¢,_; are

the local design variables and constraints of the it optimization discipline:

given
minimize
w.r.t.

s.t.

with
to get

27 yaero
F(z,z,y)

L o—struct
Co—struct<za Lo—struct ystruct) 2 0

Rstruct(zv Lo—struct) yaero) - 0

Lo—structs Ystruct

A.3.2 Sensitivity Analysis: Coupled Post-Optimality Sensitiv-

ities

Considering the theory behind coupled-adjoint equations [37] and treating aerodynam-

ics and the structural suboptimization as the two disciplines under consideration, the

coupled-adjoint equations for this case are as follows.

0A
ow

20
ow

T
QA Wb el
oy _ ow
0 orT
200 ¢ o

where A is the aerodynamic residual, O is the structural suboptimization residual (de-

fined below), w are the aerodynamic state variables, y are the structural suboptimization

state variables, 1 is the flow adjoint vector, ¢ is the structural suboptimization adjoint

vector, and F is the system-level objective function.

The total sensitivity with respect to the system-level design variables, x, is written as
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follows:
dF 8F

= ¢—C—

Structural Sub-optimization Sensitivities

To define the structural suboptimization residuals, the suboptimization problem is first

defined and can be summarized as follows:

minimize W tuel
w.r.t. r
s.t. o < O yield
r Z T min

where Wy, is the weight of the fuel, as based on the Breguet range equation, 7 and 7,
are vectors of radii and minimum radii values, respectively, of the beam elements, and o
and o4 are the corresponding stress and yield stress values, respectively.

The structural residuals are given by:
Ku—f=0

where K is the stiffness matrix, u the displacement vector, and f the force vector.
Combining this and the KKT conditions for the above suboptimization problem,

the structural suboptimization residuals are obtained. The Lagrange multipliers for the

stress and radius constraints are denoted by AT = [AL AT], the slack variables by
s” = [sI s!], and the state variables of the suboptimization by y” = [u” =7 s7 AT].

Ku—f=0 = Os
Tt Nl _XT=0 = O,
O =1 0yicta—0 —5,2=0 = O,
r — Toin — Sp2 =0 = O,
SeA; =0, s.A. =0 = QO;a

Partial derivative with respect to flow variables are :
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Partial derivatives with respect to the suboptimization state variables are:
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The above partial derivatives can be calculated using finite-differences or the complex-

step approximation. For the higher-order derivatives, options discussed by Chittick [5] in-

clude a combination of finite-difference and complex-step evaluations, running two finite-

difference routines, and the double application of automatic differentiation.
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Aerodynamic Sensitivities

The flow Jacobian calculation (22) is already in place [18]. The partial derivative with

respect to the suboptimization state variables (%‘) and the partial derivative with respect

to the system-level design variables (%) can be calculated using finite-differences.

Additional Considerations

Applicability and Advantages
Compared to a normal aerostructural optimization, this new architecture is found to be

a more efficient approach under two conditions:

1. The number of MDA evaluations is adequately reduced by the simplified system-

level optimization problem.

2. There exists a large enough discrepancy between the solution times of the disciplines

under consideration.

Specifically, the new architecture is most effective when used for “an optimization that
considers many constraint-critical design variables, and that involves a large aerodynamic-

to-structural time ratio”. As such, it is applicable in this case.

Disadvantages
The following are the key disadvantages of the new Coupled Post-Optimality Sensitivities

(CPOS) method used for the sensitivity analysis of this new architecture:

e second-order sensitivity terms that appear in the structural suboptimization sensi-

tivity equations;

e the adjoint CPOS equations cannot be solved if there is a singularity in the assem-
bled matrix of partial derivatives of all the residuals with respect to all of the state

variables;
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e the Lagrange multipliers and slack variables of the optimized subproblems are re-

quired but may not be available, depending on the optimizer.



Appendix B

Multi-Point Optimization

Multi-point optimizations are of future interest not only for the BWB configuration
but also for other aircraft configurations. Buckley and Zingg [3] as well as Zingg and
Billing [79] have studied 2-dimensional single- and multi-point airfoil optimizations, in-
cluding 18-point optimizations with dive and low-speed off-design points for a given
aircraft. Three-dimensional multi-point optimizations have been studied using an un-
constrained quasi-Newton optimizer [28]. The multi-point optimization functionality has
also been implemented for use in conjunction with SNOPT as part of this thesis.

The goal of a multi-point optimization is to take into consideration multiple operating
conditions more typically experienced by aircraft. A single-point optimization optimizes
an aircraft for one specific operating condition, which does not guarantee acceptable
performance at other design points of an aircraft. In contrast, a multi-point optimization
is much more of a compromise between the various design points, resulting in an aircraft
that performs well under a greater variety of conditions. These design points, as defined

in [3], can be categorized into one of two types:

e On-design points: points at which we want to optimize and improve the aircraft

performance (e.g. cruise conditions)

e Off-design points: points at which certain design constraints must be satisfied;

86
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these are also effectively constraints on the on-design points since in order to meet
them, the on-design point performance may be impacted (e.g. low-speed, high-C7,

conditions).

In order to take these various conditions into consideration, the objective function for
a multi-point optimization is a weighted function of each of the objective functions at

each operating point considered:
N
T => wi (B.1)
i=1

where J is the multipoint objective function, N is the total number of operating points,

w; is the weight for the ¢th operating point, and J; is the ith objective function.

B.1 Verification and Implementation

In order to verify the implementation of the multi-point optimization, the inverse design
test case presented in [18] was modified to a multi-point inverse design. This optimization
test case is based on the surface pressure. For the given wing, this surface pressure is
determined for an initial wing at each of the specified operating conditions to be used
as part of the multi-point optimization. Control points on the initial wing are then
perturbed. This perturbed wing serves as the starting point for the optimization. Given

the objective function definition in [18], the modified multi-point variation is as follows:

N Nsurf
1
j: E W; 5 E (pj _pj,targ)2 AAJ ) (BZ)
=1 7=1

where w; is the weight for operating point ¢, N is the total number of operating points,
Ngyr s is the total number of surface nodes, AA; is the surface area element at node j, p;
is the pressure at node j and p;4rg, the target pressure at the same node. The surface

area element is defined as the magnitude of the metric in the direction normal to the
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Figure B.1: Single-point inverse design with single perturbation.

surface at node 7, multiplied by A¢ and An. Figure B.1 shows the results of a single-point
case with a single perturbation, which converges as expected and came out identical to
the results of code for which multi-point optimization was not implemented. Figure B.2
shows the results for a two-point inverse design with 6 perturbations. Specifically, all
three degrees of freedom for 2 control points were perturbed. A different initial angle of
attack was also specified for the second of the two points; the correct angle of attack was
recovered. Mach numbers of 0.45 and 0.5 were used. Figure B.3 shows the results of a

three-point inverse design for Mach 0.40, 0.45, 0.50 with 6 perturbations.
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Figure B.2: Two-point inverse design with six perturbations and different initial angle of
attack.
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Figure B.3: Three-point inverse design with six perturbations.



Appendix C

Lift Constraint Definition

The lift coefficient is traditionally defined as follows:

L L
Cr=—=———, C.1
T gs T Lpv2s (©1)
where (', is the lift coefficient, L is the lift (at cruise, equal to the weight of the air-
craft) (N), ¢ is the dynamic pressure (Pa), p is the freestream density (kg/m?), V' is the

freestream velocity (m/s), and S is the selected reference area (m?) — planform area, in

this case.

As mentioned in Chapter 4, the target lift coefficient for the lift constraint is actually

defined as C'1,S*, where S* is the non-dimensionalized area.

To determine this value for a given design mission, we first rearrange Equation C.1
as follows,

@S:%. (C.2)

Both sides now have dimensions of meters squared. Assuming the mesh geometry is
non-dimensionalized by the reference root-chord length, this value needs to be non-
dimensionalized. That is, the root-chord length on the mesh is of unit length, having

been non-dimensionalized by the reference root-chord length.
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The following relationship holds between the actual and non-dimensional areas:
S = 5%, (C.3)

where c¢ is the reference root-chord length (m).

Substituting Equation C.3 into Equation C.2, we obtain the following:
L
CLS*C2 = (C4>
q
which gives the non-dimensionalized form of the lift coefficient:

L
18" =5 (C.5)

In the case where the mesh geometry definition is based on the actual aircraft geom-
etry values, C'1S as defined in Equation C.2 should be used for the target lift coefficient.
That is, rather than being of unit length, the root-chord length on the mesh would be
equal to the reference root-chord length.

Note that lift coefficients quoted throughout the thesis are C'r,, not C1S5*.
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