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ABSTRACT
Tiltrotor aircraft have the unique ability of vertical takeoff and fixed wing cruise. This
distinctive feature allows tiltrotors to operate at two different design points: hover and cruise. The
conflicting requirements of hover and cruise come with consequences. Tiltrotors are plagued with
an aeroelastic instability caused by structural and aerodynamic coupling of the wing and large
propeller called whirl flutter. Researchers at Penn State have shown that adding span extensions
and winglets to tiltrotors can improve the whirl flutter margin. These wingtip devices may
improve whirl flutter margin but alter the aircraft aerodynamics and mission performance. This
thesis presents a design investigation of improving tiltrotor cruise performance with the use of
span extensions and winglets.
The important constraint of maintaining baseline hover performance was imposed.
Cruise performance is improved by optimizing span extensions and winglets for range specific
transport efficiency. Range specific transport efficiency accounts for the aerodynamic and
structural impacts of the wingtip devices. The aerodynamic performance is calculated using a
multiple lifting line method for non-planar wing geometries. This performance tool conducts fast,
accurate calculations, that when coupled with a genetic algorithm optimizer, results in a
computationally inexpensive method for design optimization. The Large Civil Tiltrotor 2 and the
Military Heavy Tiltrotor, were case studies for the investigation performed here. Results for the
Large Civil Tiltrotor 2 show a 2.6-2.9% improvement in the lift-to-drag ratio and 2.3-5.4%
increase in range specific transport efficiency, while those for the Military Heavy Tiltrotor show a
improvement of 6.1-6.8% in the lift-to-drag ratio and a 7.2-8.0% increase in range specific
transport efficiency.
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Chapter 1
Introduction

1.1 Motivation
Tiltrotors are a unique class of vehicles designed for vertical takeoff and landing (VTOL)
and high-speed cruise. The tiltrotor is typically configured with a fuselage, empennage, wing, and
two large rotors. The rotors tilt respect to the aircraft to provide the necessary lift in vertical
flight, while in horizontal flight, the rotors produce thrust and the wing produces the lift. By
combining the vertical lift capability of helicopters but eliminating the limitations of retreating
blade stall in forward flight, tiltrotors gain the greater speed, range, endurance, and payload
advantages of fixed-wing aircraft, thereby achieving a great deal of mission flexibility and
capability.
The first tiltrotor, Transcendental 1-G, flew in 1953, but suffered a whirl-mode instability
when converting to airplane mode [1]. Since then, there has only been a few successful flying
tiltrotors such as the Bell XV-3, Bell XV-15, Bell-Boeing V22, and Augusta Westland 609.
Tiltrotors face distinctive design challenges not present in fixed-wing aircraft and helicopters.
The first challenge is the payload capacity. Tiltrotors can carry roughly 50% of their empty
weight, while a typical airliner and conventional helicopter can carry 120% and 80% of their
empty weights respectively [1]. Another design challenge for tiltrotors associated with payload
capacity is hover capability. The hover capability breaks down into rotor lift generation and wing
download. In hover, the wing download can account for up to 10% of the aircraft’s weight and
significantly increase the amount of lift required for hover. Finally, the tiltrotor is limited in its
cruise speed dictated by the whirl flutter boundary. Whirl flutter is an aeroelastic instability
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caused by the rotor forces acting on the pylon/wing arrangement and can drive the aircraft
structure to instabilities at high cruise speeds.
The only certified tiltrotor, Bell-Boeing V22, has overcome these design challenges to
some extent. The design of the Bell-Boeing V22 is a derivative of the Joint-service Vertical
takeoff/landing Experimental (JVX) aircraft program. This program was focused on designing a
tiltrotor for a multi-role multi-mission platform. A major requirement for the Bell-Boeing V22 is
shipboard compatibility, which resulted in folding/rotating mechanism for the wing and rotors
shown in Figure 1-1.

Figure 1-1. Bell-Boeing V22 wing stow [2].
The shipboard requirement severely limits the performance of the Bell-Boeing V22 by
limiting the wingspan and from the additional weight required for the complex structure. The
payload capacity for the Bell-Boeing V22 is 60% of the empty weight, which is still less than
rotary-wing and fixed-wing aircraft. Additionally, the Bell-Boeing V22 has a 23% wing thickness
ratio required to provide adequate whirl flutter margins [3]. This high wing thickness ratio causes
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aerodynamic and performance penalties at high speeds. Clearly as these design challenges limited
the overall performance of the Bell-Boeing V22, the question considered in this thesis is, how
does removing the requirement for shipboard operation open the design space for future tiltrotors.
In particular, what performance gains are possible by the incorporation of span extensions and
winglets.
Span extensions and winglets are wing tip devices traditionally designed to improve
aerodynamics of fixed-wing aircraft. A span extension is a planar extension of the wing. In the
case of the tiltrotor, the span extension is considered outboard of the nacelle as shown in Figure
1-2.

Figure 1-2. Tiltrotor configuration with span extensions and winglets [3].
Increasing the wingspan has the benefit of reducing drag but comes with increased structural
weight. Using non-planar extensions, winglets; the reduction of drag can be accomplished with
less of a structural penalty. Winglets have been successfully incorporated on multiple fixed-wing
aircraft aimed at improving vehicle performance by lowering the induced drag [4-6]. The
traditional design of winglets use a cross over point methodology to tradeoff the increase of
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profile drag and the decrease of induced drag generated by the addition of winglet. Winglets show
their best aerodynamic benefits when operating on wings with at high lift coefficients, resulting in
a large amount of induced drag. Additionally, winglets can improve high lift performance and
provide improved stability and control characteristics [6]. On tiltrotor aircraft, in addition to
improving aerodynamic performance, wing tip devices also improve the whirl flutter margin
while not impact hover wing download.
Researchers [3,7,8,9] have shown that adding wing tip devices can improve whirl flutter
margins. The whirl flutter speed is defined when a particular mode such as beam, torsion, or
chord damping ratio goes to zero at the lowest speed. The wing tip devices provides aerodynamic
and inertia damping, which increases the whirl flutter speed. Figure 1-3 illustrates the effect of
span extensions and span extension/winglets on the wing mode damping ratio. As wingtip devices
increase the whirl flutter speed, there is the possibility that adding wing tip devices to tiltrotors
can lessen the required main wing structural constraints to maintain the same whirl flutter margin.
This could decrease the spar thickness of the main wing, thereby, improving tiltrotor
performance.
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Figure 1-3. Damping ratios versus airspeed for different wing instability modes [3].
Span extensions and winglets are located outboard of the nacelle. For this study, the
nacelle rotates with the rotor, the same as the Bell XV-15, Bell-Boeing V22, and Augusta
Westland 609. The nacelle and wing tip devices are then positioned parallel to free stream while
in hover as seen in Figure 1-4.
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Figure 1-4. Augusta Westland in hover [10].
The hover download generated by rotating the wingtip devices is minor compared to the main
wing. Therefore, the wing hover download is not significantly impacted by the addition of span
extensions and winglets, in fact, the rotating of the outboard span extensions and winglets can
lead to increased performance.
For example, by combining the aerodynamic, whirl flutter, and hover download benefits
of span extensions and winglet, the design space for tiltrotors opens up. By maintaining the same
cruise lift coefficient requires less wing area inboard of the nacelle due to increased wing area
from the wingtip devices, resulting in reduced area being required by the inboard wings. Thus, the
inboard wings suffer a decreased structural stiffness, but may still achieve acceptable whirl flutter
margins due to the additional damping provided by the span extensions and winglets.
Furthermore, the reduced inboard wings exhibit a smaller hover download penalty, resulting in
smaller disk area or less power being required for hover. By incorporating multiple aerospace
disciplines into tiltrotor configuration design, there is merit for potential gains in aircraft
performance across the flight envelope. The research presented here provides a preliminary
design investigation of performance gains for tiltrotor aircraft.
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1.2 Tiltrotors of Interest
In order to evaluate the performance benefits of span extensions and winglets, the wing
tip devices have been applied to two tiltrotor aircraft, the Large Civil Tiltrotor 2 (LCTR2) and the
Military Heavy Tiltrotor (MHTR). Both of these tiltrotors are conceptual aircraft designed by
National Aeronautics and Space Administration (NASA) [11, 12] to fulfill civilian and military
transportation missions. These tiltrotors were chosen to demonstrate the effectiveness of span
extensions and winglets for different tiltrotor missions. For this investigation, the span extensions
and winglets are explored for the baseline configuration of the LCTR2 and MHTR.
The LCTR2 is a tiltrotor designed for commercial air-transportation. The aircraft’s
mission is to carry 90 passengers, 1,000 nm at 28,000 ft, (International Standard AtmosphereISA), at a cruise speed of 300 knots. The purpose of the LCTR2 is to alleviate air traffic
congestion and provide alternatives to conventional airports with VTOL capability. Figure 1-5
illustrates the baseline design for the LCRT2. The LCTR2 does employ span extensions and ,
thereby provides a point of comparison with alternatively designed span extensions.
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Figure 1-5. LCTR2 Configuration [11].
The MHTR is a tiltrotor designed for heavy lift operations. MHTR’s mission is to
transport 40,000 lb 500 nm at 4,000 ft and 95F° with a desired cruise speed of 300 knots. The
MHTR is designed to fulfill transport missions currently completed by the Lockheed Martin C130 Hercules and the Boeing CH-47 Chinook. The MHTR does not employ use tip devices as
designed. Figure 1-6 illustrates the baseline design for the MHTR.
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Figure 1-6. MHTR Configuration [12].

Relevant baseline parameters for both the LCTR2 and MHTR are listed in Table 1-1. The LCTR
has design cruise speed of 300 knots, while the MHTR was designed for the best productivity
speed of 300 knots. The LCTR2 operates at a higher altitude and Mach number compared to the
MHTR, which operates at lower altitude. Due to the thick wing airfoils with cruise Mach
numbers of 0-45-0.55, both tiltrotors operate in the transonic flight regime. The wing loading for
both tiltrotors is approximately 100 lbs/ft2, while the disk loading is approximately 29 lbs/ft2.
These aircraft are similar in performance qualities except in terms of payload capability. The
MHTR has a higher fraction of payload percentage of empty weight, 51%, while the LCTR2 has
a payload percentage of empty weight, 37%. This difference can be attributed to the their
different desired missions.
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Table 1-1. Baseline Tiltrotors [11,12].
LCTR2
Gross weight, lb
Empty weight, lb
Wing weight, lb
Payload, lb
Rotor diameter
Number of blades
Wing area, ft2
Span, ft
Length, ft
Cruise altitude, ft /condition
Cruise speed, knots
Cruise Mach number
Cruise SFC, lb/hr/hp

82,975
53,433
7,358
19,800
61.4
4
792
103
109
28,000/ISA
300
0.51
0.3255

MHTR
131,000
78,600
11,616
40,000
75
4
1308
89
92.5
4,000/95F
300
0.45
0.3255

1.3 Research Objective
The goal of the presented research is to investigate the span extension and winglet design
space for tiltrotor aircraft. This design investigation incorporates applied aerodynamics and
aircraft design theory to explore tiltrotor wing geometry configurations. The research leverages
existing tools when possible, as well as creating comprehensive tools specifically for tiltrotors.
The tiltrotor design methodology is applied to two different aircraft in order to demonstrate the
process and evaluate its the effectiveness.
The objective is to improve cruise performance for tiltrotor while not degrading hover
performance by not increasing the gross weight and inboard wing area. First, the study is to
examine the potential aerodynamic benefits of adding span extensions and winglets to existing
tiltrotor designs. Therefore, to maintain the same whirl flutter margin, the inboard section remains
constant for this analysis. Next, the full wing geometry is studied and the inboard wing geometry
is allowed to change to fully exploit the benefits of the span extensions and winglets. Finally, the
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coupling the aerodynamics and aeroelasticity analysis is done to obtain a comprehensive tiltrotor
wing geometry sizing code.
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Chapter 2
Background Review

2.1 Tiltrotor Design
Numerous design studies have been completed for tiltrotor configurations and missions.
The tiltrotor design problem is unique, since it combines the principles of fixed and rotary wing
into one aircraft. The tiltrotor design revolves around the tradeoff of vertical flight and forward
flight performance. But with this unique design, advantages arise that are apart from traditional
parent aircraft, such as wing area not limited by a landing speed and the problem of retreating
blade stall in forward flight. The following work presents tiltrotor design methodologies and
research conducted in this field.
The NASA Heavy Lift Rotorcraft Systems Investigation is a research program examining
rotorcraft configurations for a large civil transport [13]. The mission it to carry 120 passengers
1,200 nautical miles at 30,000 ft. The study proposed three configurations to complete the civil
mission: Large Civil Tiltrotor (LCTR), Large Civil Tandem Compound (LCTC), and Large
Advancing Blade Concept (LABC). Trade studies were conducted for all these configurations,
comparing them multi-discipline vehicle performance. The tiltrotor, LCTR, was chosen as having
the best potential due to having the best cruise efficiency, the lowest weight, and the lowest cost.
The LCTR aircraft configuration, has distinctive features of a low wing, wing dihedral, no span
extensions, and no vertical stabilizer shown in Figure 2-1.
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Figure 2-1. LCTR configuration [13].

The LCTR continued to receive interest and in-depth design studies were conducted such as rotor
design, airfoil optimization, aerodynamic interference effects, and whirl flutter analysis [12,1415]. Additionally, the MHTR was introduced as concurrent study for military transport tiltrotor.
Both LCTR and MHTR have similar sizing and configuration layout with varying missions.
The LCTR2 is an updated design follow onto to the LCTR. The major differences
between these tiltrotors are the mission and configuration layout [16-19]. The LCTR2 shown in
Figure 1-5 drops it passenger capacity from 120 to 90 passengers resulting in a lighter, smaller
aircraft. Also the LCTR2 configuration uses a V-tail, high wing, and span extensions. A study
conducted by Acree [12] investigated the LCTR2 wing design by modifying the span extensions.
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Multiple case studies were conducted with and without span extensions. When no span extensions
are included, the fuel burn is 20% greater than the baseline aircraft. Span extensions were then
optimized to achieve the minimum fuel burn and showed improvement over the baseline. An
important assumption made in this analysis is that no aeroelastic benefit was attributed to the
addition of the span extensions. Acree points out that “a fully integrated aerodynamic and
aeroelastic optimization might reduce the wing weight,” which would further improve aircraft
mission performance.
Cole, Maughmer, and Bramesfield explored the potential benefits of a adding span
extension and winglet to the LCTR2 [20]. The study focused on analyzing the aerodynamic
impact of these wing tip devices, specifically the effect on span efficiency. The researchers
implemented a free-wake method to model the complex interaction between the wing and rotor
inferences. This interference was shown to have a beneficial effect on the span efficiency and
lower the induce drag; however, the total performance of the LCTR2 was not taken in account
due to changes structural and aeroelastic properties.
Karem Aircraft is currently developing tiltrotors for the future for military and civilian
markets. These tiltrotors are similar sizes compared to the MHTR and LCTR2. A key technology
feature of these tiltrotors is the use optimal speed tiltrotor to achieve high efficiency propulsion.
All these tiltrotors employ the use of span extensions that rotate with the nacelles shown in Figure
2-2.
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Figure 2-2. TR36 TD Tiltrotor [21].
Tiltrotors are still subject of research due to their complex nature. By investigating the
span extension and winglet design space for tiltrotors, gains can be made in performance not
currently accounted for in the design process.

2.2 Propeller/Wing Interaction
Compared to a typical propeller-driven aircraft, tiltrotors have a large relatively large
amount of the wing surface immersed in the propeller wash. For this reason, it is important to
understand the propeller/wing aerodynamic interaction. The complex helical wake impinging on
the wing for a tiltrotor in cruise is depicted in Figure 2-3.
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Figure 2-3. Propeller helical wake impinging onto wing [13].
It is observed that this complex flow field alters the local free stream by adding axial and
tangential velocity components due to the propeller downwash. In turn, this affects the local angle
of attack and local velocity. Additionally, the wing produces a downwash that induces velocities
onto the propeller. The classical theory of decomposing the system into an isolated propeller and
isolated wing does not capture these important interactional effects. Researchers [22-25] have
shown that including propeller/wing interactions can increase the propeller efficiency and reduce
induced drag. By analyzing the wing propeller as a system, gains in vehicle efficiency can be
attained by finding the optimal combination of the thrust, lift, and drag.

2.1.1 Theory
The local loading on the wing varies greatly over the propeller/wing location due to a
change in slipstream properties. The tangential and axial velocities being generated from the
propeller wake primarily cause the change in spanwise load distribution. Veldhuis [24] suggests
splitting the propeller and the wing into several regions of influence to describe the most
important interference effect, as illustrated in Figure 2-4.
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Figure 2-4. Change in spanwise loading due to propeller slipstream [24].
Wing regions, W-II and W-III, located in the vicinity of the propeller, see the greatest deviation
in sectional lift due to changes in angle of attack from the tangential velocities induced by the
propeller. The other wing regions, W-I and W-IV show small deviations from the non-propeller
case even though these regions are not directly operating in the propeller slipstream.
The propeller region is broken up into 4 azimuth angles 0° (P-I), 90° (P-II), 180°(P-III),
and 270°(P-IV), which can be characterized by the slipstream properties. Propeller regions P-II
and P-IV have induced tangential velocities that alter the local effective angle of attack. For an
inboard up propeller rotation, as shown in Figure 2-4, the effective angle of attack increases in
region P-II and decreases in region P-IV. Figure 2-5 and Figure 2-6 depicts the changes in angle
of attack due to propeller upwash and downwash.
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Figure 2-5. Changes in effective angle of attack due to propeller induced upwash [23].

Figure 2-6. Changes in effective angle of attack due to propeller induced downwash [23].
Propeller upwash causes a reduction in induced drag and an increase in the lift force while the
propeller downwash increases the induced drag and decreases the lift force. The upwash region
sees an increase in lift and rotates the force vector forward creating negative induced drag, and
thrust. The directional change of angle of attack between region P-II and P-IV creates an
asymmetrical loading on the wing, the propeller slipstream in regions P-I and P-III are shown to
contribute to the wing induced axial velocities.
The propeller creates thrust by accelerating air particles and creating a pressure
differential over the propeller area. In disk actuator theory, a propeller is treated with a 2-D
stream tube where air is accelerated only in the axial direction. This theory provides a simplified
understanding, but falls short since the air particles cannot be axially accelerated in a practical
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manner. Therefore, a propeller rotates around the center of the disk area to generate thrust. The
blade rotation in the flow field imparts tangential velocities into the wake creating a swirl. The
formation of the swirl in the wake requires additional energy, which in turns lowers the
propulsion efficiency of the propeller. Swirl recovery is an important phenomenon of the
propeller/wing interaction, as it allows the reduction of the swirl and increases the propeller
efficiency. Physically, the swirl recovery can be thought of as the wing acting as a stator, which
deflects the propeller tangential velocities into the axial direction. To quantify the gains in
propeller efficiency, Veldhuis [24, 25] implemented a swirl recovery factory (SRF). SRF is a
correction to potential methods, without which there would be an over estimation of the propeller
slipstream effects on the wing. According to Kroo [22], one of the more significant effects of
propeller geometry on the wing-propeller interaction is the propeller diameter with larger
diameter-to-span ratios permitting increased swirl recovery.
The direction of the propeller rotation, inboard up and outboard up, significantly impacts
the performance of the wing and determines the direction of propeller tangential velocities and
the propeller-induced angles of attack. This in turn effects the spanwise lift distribution over the
wing and alters the induced drag from that of an isolated wing. Figure 2-5 illustrates the
differences between inboard up and outboard up rotation. The outboard up rotation deviates more
from the minimum induced drag of the elliptical lift distribution. It has been verified by multiple
researchers [22-25] that inboard up rotation provides the most beneficial propeller/wing
interaction, but the actual benefit depends on the system configuration and operating conditions.
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Figure 2-7. Propeller rotation effect on spanwise lift distribution [22].
Unsteady aerodynamics can affect the propeller/wing interaction. The propeller
periodically sheds a downwash onto to the wing at frequency of blade number per revolution.
This changes the effective angle of attack and can be represented as a disturbance in the flow
field. Cole, Maughmer, and Bramesfield [20] investigated the unsteady aerodynamics for tilt
rotors by looking at the reduced frequency, k.
𝑘=

𝜔𝑐
2𝑈!
(2.1)

The reduced frequency for the Large Civil Tiltrotor 2 was found to be around 0.48, which
is significantly above the 0.05, usually accepted as the threshold at which unsteady aerodynamics
should be taken into account. Certainly unsteady aerodynamics affects the propeller/wing
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performance and is a factor that needs to be considered. This impact will be dependent on the
propeller/wing system configuration and operating conditions. For practical design purposes,
Veldhuis [24] suggests treating the flow as being steady. This allows the propeller/wing
interaction model to be simplified and results in an inexpensive analysis method. Researchers [20,
22-25] calculate the net effect on performance by assuming quais-steady computations and
averaging the results over one blade rotation.

2.1.2 Analysis Methods
Empirical corrections allow the estimation of the propeller performance impact on the
wing. These methods lack accuracy but allow for limited wing/propeller effect to be considered in
the preliminary design phase. Velhduis [24] summarized empirical methods are based on
elementary momentum considerations, wind-tunnel data correlations, and/or other simple
empirical methods. Witkowski, Lee, and Sullivan [23] used a semi-empirical method to estimate
performance and gain physical understanding of propeller/wing interactions. The semi-empirical
method they used operates by superimposing propeller wake velocities onto a wing modeled by
vortex lattice method. The assumptions of this analysis are that the propeller wake is not altered
by presence of a wing, and that the propeller wake velocities are steady. The limitation of the
method is that the propeller efficiency is neglected; however, the method does capture the change
in wing-induced drag. The propeller wake model is based on the Purdue propeller model and
wake velocities are scaled using a modified momentum analysis. Sectional lift and drag
coefficient results are shown for the Purdue propeller/wing model in Figure 2-8 and 2-9. All in
all, this semi-empirical method is valid for understanding the flow physics around the wing, but
not for wing effect on the propeller.
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Figure 2-8. Purdue propeller/wing model sectional lift coefficient with changes in propeller
rotation direction [23].

Figure 2-9. Purdue propeller/wing model sectional drag coefficient with changes in propeller
rotation direction [23].
Vortex-lattice methods (VLMs) allow and provide reasonable estimations of the
modeling of the flow physics without a large computational cost. VLMs are based on potential
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flow and assume that the flow is inviscid and incompressible. Compressibility effects can be
accounted for using the Prandlt-Gluaret Mach number corrections. When applied to a wing for
example, the wing is discretized into elements, having a vortex filament placed at the quarterchord line and a control point at the three-quarter chord line. Enforcing flow tangency at the
control points determines circulation strength of the vortices. An important assumption of this
analysis is, that the wake is assumed to be planar and un-deformed.
The propeller effects can be incorporated into VLMs me by the way of two methods:
single-interaction and full-interaction. The single-interaction method states that the propeller
alters the wing and the wing does not alter the propeller, as described in references [22, 23]. Kroo
[22] used Munk’s stagger theorem to simplify the analysis into a single-interaction by that
asserting the net force in the streamwise direction is independent of the streamwise position of
surfaces with a given circulation distribution. Therefore, the wing circulation can be determined
with the propeller far upstream and the effects of the wing onto propeller are eliminated. This
approach allows for a simpler model to be implemented and solved using VLM.
The full-interaction method takes in account the fact thst when the propeller and wing
interact with each other. The propeller traditionally induces velocities onto the wing and the wing
induces velocities onto the propeller. This results in changes of induced velocities that are
modeled in the single-interaction model. The most important aspect of the full-interaction mode is
that it captures the changes in propeller efficiency. Veldhuis [24] showed that these changes to
the propulsion efficiency amount to 0.3-1.0% for a high-speed case and 0.7-2.5% for low-speed
case. Therefore, neglecting the full-interaction of the wing effect on the propeller can result in
differences in the overall vehicle efficiency.
Veldhuis [24] incorporates a swirl recovery factor of 0.5 into a VLM and concluded that
ignoring the swirl recovery results in an over estimation of the propeller slipstream effects on the
wing. The VLM with the full-interaction model is able to accurately predict the lift and drag
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coefficients. The lift and drag coefficients predict by VLM compare well to wind tunnel results.
VLM provides a sufficient model of the flow physics and allows reduced computation time to
allow analysis of multiple designs and design iterations. The disadvantage to using a VLM is
limited to the level of detail obtained from the calculation. Therefore, a more detailed analysis is
needed to resolve the wing/propeller interaction.
Veldhuis [24, 25] also explored propeller/wing interactions by solving Navier-Stokes
equations. The advantage of solving the Navier-Stokes equation is the ability to capture the
viscous effects and does not require a user set swirl recovery factor. Additionally, CFD captures
secondary flow phenomena such as boundary-layer thickening and flow separation. These
secondary phenomena’s are seen in wind tunnel experiments and affects the aerodynamic
performance.
In order to obtain accurate results from CFD, much effort is needed to define the problem
with discretization, boundary conditions, and initial conditions. Veldhuis [24, 25] modeled the
propeller as an actuator disk boundary with jump conditions, since the research focus was the
time-averaged effects of propeller/wing interaction. Dividing the domain into a number of grid
cells completed the discretization process. Areas of high gradients were subject to further
refinement in order to decrease numerical error such as areas close to the propeller plane.
Veldhuis [24, 25] used a commercial solver Fluent 6.1, to produce Navier-Stokes simulation of
the propeller wing interference model (PROWIM) at angle of attack of 0 degrees. CFD’s greatest
attribute is its ability to capture the flow physics without prescribed user corrections. The
weakness in this method is the large computation cost, which inhibits multiple design analyses.
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2.1.3 Results
Research conducted by Kroo [22] investigated the propeller/wing interaction with respect
to propfans to obtain the minimum induced loss. The interaction of the propeller and a thin wing
was modeled in an inviscid, incompressible, quasisteady flow. To obtain gains in the overall
efficiency, the wing’s lift distribution was modified from an elliptical loading. This analysis was
conducted for a variety of advance ratios, number of blades, configurations, and directional
rotation. From the research conducted, two fundamental results were concluded. First, the optimal
distribution of wing lift in the presence of a propeller differs significantly from the isolated wing
distribution, especially with highly loaded propellers. Second, with this distribution, the wing is
capable of restoring much of the loss associated with the slipstream swirl.
Witkowski, Lee, and Sullivan [23] explored the aerodynamic interaction between
propellers and wings using experimental and computational methods. The study’s main objective
was to determine the time-averaged performance of a propeller and wing in the tractor
configuration. The computational analyses consisted of two methods. The first method was a
semi-empirical method that consisted of superimposing propeller-wake velocities onto a wing
analyzed by a vortex lattice method. The second method was a vortex lattice method that allowed
for mutual propeller/wing interactions and was capable of calculating steady and quasi-steady
performance. For both computational methods, the drag polar showed good correlation at low
angles of attack and deviated at higher angles of attack. The wing lift augmentation was over
predicted by both computational methods.
The experimental study was conducted using the Purdue University Aerospace
Laboratory Low–Speed Subsonic Wind Tunnel. The aerodynamic model consisted of a
rectangular semi-span wing with an NACA 0012 airfoil and the Purdue 2-blade propeller model.
The wing chord Reynolds number was 470,000 and the propeller speeds varied from 48 to 100
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revolutions per second. The aerodynamic forces on the wing were measured through a sixcomponent, pyramidal electric strain-gauge balance and the thrust and torque of the propeller
were measured using a two-component strain gauge. The propeller aerodynamic performance was
only available for an isolated propeller due to a significant sensitivity to the interaction induced
side force on the propeller. By combing the wing and propeller performance, the effective
efficiency of the system was analyzed. The wind tunnel experiment showed that increasing the
advance ratio (decreasing power) resulting in shifting the wing drag polar (CD vs. CL) up and to
the left, illustrated in Figure 2-10.

Figure 2-10. Purdue wind-tunnel experiment effect on propeller advance ratio [23].
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The maximum improvement of effective efficiency of 5.5% occurred at J=1.6 and CL=0.8. The
studies showed that the wing/propeller interaction has benefits of drag reduction and lift
augmentation. Low advance ratios showed little influence of the propeller/wing interference
effect. The researchers concluded that the interference effects accounted for an increase of up to
3-5% on the effective propulsion efficiency.
Veldhuis [24,25] conducted an in-depth propeller/wing interaction study using a vortex
lattice method, computational fluid dynamics (CFD), and wind tunnel experiments with respect to
turbo-propeller aircraft. The wind-tunnel experiment at the Delft University of Technology was
conducted using the propeller wing interference model (PROWIM). The PROWIM consists of a
straight wing with an NACA 642-A015 airfoil. The propulsion system was modeled as a 4-bladed
metal propeller powered by a 5.5 kW electrical 3-phase induction motor. The wing was equipped
with pressure orifices. The propeller thrust could not be directly measured from the experiment.
Therefore, the effective thrust was calculated using drag/thrust book keeping, as well as
measuring the total pressure jump across the propeller disk. The wind-tunnel experiment revealed
complex flow patterns with high levels of vorticity and significant shear forces, and shed physical
insight of the propeller/wing interaction using flow visualization.
Two flight conditions were considered; a high-speed case (J = 1.63, Tc = 0.046) and a
low-speed case (J=1.00, Tc=0.251). Figure 2-11 compares the PROWIM wing lift distribution for
the vortex lattice method and wind-tunnel experiment.
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Figure 2-11. PROWIM Lift Distribution J=0.85, Tc =0.168, α=0° [24].
The vortex lattice method captures the general shape of the lift distribution, although
there is some variance in actual values. Veldhuis [24] investigated multiple design parameters
such as propeller rotation, propeller location (spanwise and vertical position), and propeller angle
of attack. From the investigation, the main conclusions drawn were: propeller inboard rotation is
most beneficial for lift-to-drag ratio, the spanwise location had negligible effect on performance,
zero vertical propeller location has the lowest drag, higher vertical position achieved higher lift
and drag, lower vertical position resulted in higher gains in propulsion efficiency, and finally,
negative inclination angle respect to the wing resulted in the beneficial interaction of increasing
the lift-to-drag ratio.
The proceedings results considered turbo-propeller aircraft that have highly loaded
propellers that span only effect a small portion of the wing. Tiltrotors have large propellers that
are less highly loaded, but completely submerse the wing in the propeller wake. Consequently,
the overall magnitude of propeller/wing interactions for tiltrotors is somewhat different than it is
for turbo-propeller aircraft.
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Acree [11] investigated the aerodynamic limits on the LCTR2 performance. In order to
obtain accurate performance model, the wing was modeled using the Athena Vortex Lattice code
(AVL). This tool accurately predicts the performance of the wing, but is incapable of capturing
propeller/wing interactions. Therefore, Acree used a change in Oswald efficiency factor to
account for propeller/wing interference as calculated by a comprehensive code CAMRAD II.
CAMRAD II uses a full vortex-lattice method to predict aerodynamic performance The delta for
the Oswald factor was then added to baseline span efficiency factor as determined by AVL. This
method of accounting for propeller/wing interactions is unsophisticated, but allows fast execution
and exploration of the design space. The tiltrotor designs that included the interference effects
had span efficiencies in the range of 1.05-1.09, which would affect the tiltrotor lift-to-drag ratio;
however there was little detail provided on how the propeller/wing interference affects propulsion
efficiency. Furthermore, a further investigation of propeller/wing interference is needed to justify
the effect on tiltrotors.
Yeo and Johnson [15] investigated the design and performance of a heavy lift tiltrotor
aircraft including interference effects. The performance was calculated using CAMRAD II. A
number of design studies were conducted with varying propeller rotation, propeller tip speed,
wingspan, propeller location, and propeller size, as described in Table 2-1, while the results from
this investigation are shown in Figure 2-12.
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Figure 2-12. Conventional tiltrotor lift-to-drag and propulsion efficiency results [15]
Table 2-1. Conventional tiltrotor design cases [15]

This research concluded that interference effects barely increased the aircraft lift-to-drag ratio and
insignificantly increased the propeller efficiency for the heavy lift tiltrotor. The most significant
change in the tiltrotor lift-to-drag ratio resulted from changing the rotation of the propeller from
inboard up to outboard up. Including the interference effect resulted in a 2.1% decrease in aircraft
lift-to-drag ratio and 0.73% increase in propeller efficiency. The degradation of aircraft lift-todrag ratio due to outboard up can be attributed to lift distribution deviating the most from the
elliptical loading. The design case of adding a 10% span extension is the most relevant to the
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research of the present study, which showed 0.62 % increase in lift-to-drag ratio and no gains in
propulsion efficiency. The results presented in showed that the propeller efficiency is essentially
unchanged by including the interference effects, and the aircraft lift-to-drag ratio is only slightly
altered.
Propeller/wing interactions impact the aircraft efficiency by lowering aircraft drag and
improving the propulsion efficiency. The overall impact of this interaction depends on the aircraft
configuration and operating conditions. Various design parameters such as propeller rotation,
advance ratio, and propeller location have been shown to have an influence on the gains in
aircraft performance. When selecting the appropriate analysis method, the selection criterion
depends on the level of fidelity required and the impact on the end result. In the case of tiltrotors,
researchers [15] have verified that the propeller/wing interference only have a small influence on
the vehicle performance. For the purpose of this research, propeller/wing interaction will be
disregarded since; the investigation is focused on the exploration of preliminary design. For
future work, it is suggested that a more detailed investigation of propeller/wing interaction for
tiltrotors be conducted using higher-level computations, such as CFD, to fully capture the flow
physics.
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Chapter 3
Analysis Methods

3.1 Polar Generation Software
The aerodynamic performance of the tiltrotors considered in this study was calculated by
the means of a vehicle drag polar. The drag polars were generated using an in-house tool called
Polar Generation Software (PGEN) [26]. PGEN calculates the total drag for fixed-wing aircraft
based on the aircraft geometry, center of gravity, gross weight, two-dimensional aerodynamic
airfoil data, and the operational flight conditions.

3.1.1 Induced Drag
The induced drag of the wing is calculated using Horstmann’s multiple lifting-line
method for non-planar wings [27]. This method allows the modeling of complex geometrical
discontinuities such as nacelles and winglets. The method is a higher order than most lifting-line
or vortex–lattice methods in that the spanwise circulation distributions are piecewise parabolic,
rather than piecewise linear, as shown in Figure 3-1.
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Figure 3-1. Multiple lifting-line method [28].
The first and second boundary condition is that circulation magnitude and slope are continuous
between neighboring elements. The third boundary condition for determining the exact parabolic
distribution is flow tangency at the control points. The result is a second order bound circulation
distribution. Subsequently, the shed vorticity in to the wake is a first order continuous spanwise
vorticity distribution. The model uses a fixed wake, which does not capture the effects of wake
roll up. It allows for accurate and fast calculation of lift, pitching moment coefficients as well as
induced drag.

3.1.2 Profile Drag
The profile drag for the wing and empennage is computed from two-dimensional airfoil
tables based on the sectional lift coefficient and Reynolds number. The airfoil aerodynamic
properties affect the aircraft sizing and performance. The wing airfoils used in this analysis are

34
the SM205 for the inboard wing and the SM206 for the span extension and winglet. The SM205
and SM206 are specifically designed for high efficiency tiltrotors by taking advantage of laminar
flow [29]. Three criteria were implemented in the design of the SM205 and SM206. First, the
zero-lift pitching moment coefficient was to be no more negative than -0.20 at a Mach number of
0.55 over the range of operational Reynolds numbers. Second, the SM205 airfoil was to have a
minimum thickness of 21%, although no thickness constraint was placed on the SM206 airfoil.
Third, the laminar flow on the upper surface was to not extend beyond the trailing edge of the
element due to an aileron and Fowler flap (i.e. 80% chord for the SM205 and 60% for the
SM206). The resulting airfoil thickness ratios for the SM205 and SM206 are 21.00% and 17.14%
. Both airfoils have large minimum drag buckets that extend to relatively high lift coefficients as
shown in Figure 3-2 and 3-3. This allows the tiltrotor to operate at high lift coefficients with
relativity low drag at cruise due to there being no landing speed requirement on the wing/airfoil.
The aerodynamic characteristics for the SM205 and SM206 airfoils at cruise conditions are
presented in Figure 3-2 and 3-3, respectively.

Figure 3-2. SM205 airfoil characteristics, M = 0.55, R = 23.6 x106 [29].
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Figure 3-3. SM206 airfoil characteristics, M = 0.55, R = 6.6 x106 [29].
The limited airfoil data provided in Refs. [29] for the SM205 and SM206 airfoils was not
sufficient for the wide range of Reynolds and Mach numbers required for the LCTR2 and MHTR
design optimizations. Because the airfoil geometry is proprietary, computational predictions were
unavailable for the desired Reynolds and Mach number range. Therefore, the airfoil
characteristics for both airfoils were used as a baseline to generate the desired airfoil operating
conditions using empirical methods. First, the Prandlt-Gluaert corrections, Eqn. (3.1-3.3), were
used to scale airfoil characteristics to an incompressible data set.
𝑐! =

𝑐!,!   
!
1 − 𝑀!

(3.1)
𝑐! =

𝑐!,!
!
1 − 𝑀!

(3.2)
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The Prandlt-Gluaert corrections are based on linearized potential flow theory and do not capture
non-linear effects, although these effects are not significant in the regions of interest below stall.
The shifted incompressible data compared well to each other for the different Mach numbers. The
drag polar for the SM205 shifted data is shown in Figure 3-4. In the twenty million Reynolds
number range, the different Reynolds numbers are within a few drag counts in the operational
range of the airfoil. The Reynolds number 14.6 million has higher drag in the operational lift
coefficient range, which is expected due to an increase skin friction. The SM206 exhibit similar
behavior. The chosen baseline airfoil characteristics for the SM205 is a Reynolds number of 21.4
million and for the SM206 is 6.0 million
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Figure 3-4. SM205 incompressible drag polar.
In order to account for the effect of Reynolds numbers on drag coefficient, a scaling
equation (3.4) from Torenbeek [30] is implemented to adjust the drag coefficient for Reynolds
number.
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A comparison of this Reynolds number scaling is shown in Figure 3-5 for the SM205 scaled to
the 21.4 million Reynolds number baseline condition. The differences in drag coefficient are
within 5 drag counts for the operational lift coefficient range of the airfoil.
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Figure 3-5. SM205 scaled to a Reynolds number 21.4 million.
The airfoil characteristics were then scaled for the operating Reynolds number. Then the
Prandlt-Gluaert corrections were applied to account the cruise Mach number. For the LCTR2, the
inboard wing (SM205) Reynolds number range is 5.5-14.4 million and the outboard wing
(SM206) Reynolds number range is 2.7-14.0 million at a Mach number of 0.51. For the MHTR,
the inboard wing (SM205) Reynolds number range is 16.9-49.5 million at a Mach number of
0.51. Using the empirical correlations is not the most accurate method, but allows the use of these
specifically design airfoils and captures Reynolds number and Mach number effects.
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The empennage airfoil is a symmetrical NACA0012 airfoil. The nacelles were modeled
as symmetrical NACA 0027 airfoil for the LCTR2 and an NACA 0033 for the MHTR to model
the drag increase and change in lift distributions. The airfoil data was tabulated for the NACA 4digit airfoils using XFOIL for the appropriate Mach number and Reynolds number. Fuselage drag
is modeled as flat plate area to account for the profile drag. PGEN accounts for trim drag by
determining the required lift from the horizontal stabilizer for static stability and the associated
profile drag. PGEN has no ability to model for propeller/wing interactions and these were not
taken in consideration in the drag build-up.
The required input files for PGEN are the airfoil data, wing geometry (wingeom.dat), and
aircraft parameters (acgeom.dat). PGEN used the units of meters, degrees, and kilograms to
measure length, angles, and weight. The airfoil characteristics are represented by the operational
lift coefficient range and the corresponding drag and moment coefficients. Each airfoil data file
contains the airfoil characteristics for multiple Reynolds number in order to allow an accurate
interpolation of the aerodynamic properties based on Reynolds number.

3.1.3 PGEN Software Layout
The wing geometry file contains the inboard and outboard chord, distributions by
referencing the quarter chord line to an XYZ location in the aircraft coordinate system, along with
the airfoil twist incidence angles about the quarter chord. This information is required for each
wing panel and non-dimensionalized using the half span of the wing. Therefore, as the wing
increases span, the input file values change completely. To facilitate easily creating and
modifying the PGEN input file, winggeom.dat, an input wrapper, Winggeom Creator was written
in MATLAB. The required inputs are the number of panels, number of sections per panel,
inboard/outboard chord, inboard/outboard incidence angles, span of wing section (y max of
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panel), sweep angle, and dihedral angle. Additionally, the Winggeom Creator allows the addition
of a winglet made up of three panels defined by a blending region, an inboard root region, and a
outboard region region. For the winglet, the trailing edge sweep angle is a constant. The
Winggeom Creator allows for easy creation and modification of the winggeom.dat input file via a
Winggeom Creator input file, which were previously done by hand. A sample input file for
Winggeom Creator is presented in the Appendix.
The aircraft geometry file, acgeom.dat, contains more detailed information about the
aircraft properties such as wing airfoil locations, wing span, flap deployment, aircraft weight,
center of gravity location, empennage size, distance between wing root leading edge and
horizontal tail quarter chord point, fuselage equivalent flat-plate area drag and the fuselage
pitching-moment characteristics. A sample aircraft geometry file is located in Appendix.
The PGEN software was originally written in Compaq Visual Fortran and compiled as a
Windows execution file. The code requires user interface to execute the code asking for initial
conditions and a name for the saved file. This proved problematic when trying to run multiple
cases through MATLAB scripting, so the source code was then edited to accept an input file
rather than inputs from the user. The input file contains the operating conditions for PGEN such
as minimum and maximum airspeed, execution mode for PGEN, turning data, full data, and saved
filename. Also, included as a new input parameter are the air density and kinematic viscosity,
which was originally set standard mean sea level. This allows the code to analyze the effect of
altitude on aircraft performance. Additionally, the software had an issue with not closing after
executing, which was addressed. A sample PGEN conditions input file is located in also
Appendix.
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3.1.4 PGEN Drag Build-Up
The baseline drag build-up results for the LCTR2 and MHTR2 are given by the lift-todrag ratio vs. airspeed in Figure. 3-6. Both tiltrotors have a design cruise speed of 300 knots but
operate at different altitudes. The difference in altitude effects the cruise lift coefficients, Mach
numbers, and Reynolds numbers, which influence the vehicles aerodynamic performance. The
LCTR2 operates at a lift coefficient of 0.91, while the MHTR operates at 0.41. The LCTR2’s
higher lift coefficient results in greater induced drag, while the MHTR’s performance is primarily
dominated by profile drag. Because of this, adding span extensions and winglets to these tiltrotors
will impact the design space in different ways.

Figure 3-6. LCTR2 and MHTR lift-to-drag curves.
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3.2 Covariance Matrix Adaptation Evolutionary Strategy
To efficiently explore the span extension and winglet design space, the Covariance
Matrix Adaptation Evolution Strategy (CMA_ES) was used to optimize the vehicle
configurations. CMA-ES is an evolutionary algorithm for non-linear, non-convex, black box
optimization problems in a continuous domain [31]. The process by which CMA-ES operates is
summarized in Figure 3-7.

Figure 3-7. CMA-ES genetic algorithm process [31].
The algorithm works by initializing distribution parameters and generating population
members. These population members are then evaluated and sampled against a fitness function.
The best population members are then used to create a new search for a new generation. CMA-ES
uses step size control for fast convergence. This tool has been successfully implemented for a
similar aerospace application, that of optimizing winglet designs for a sailplane [32]. In the case
of the sailplane winglet design, a multi-objective optimization was employed to evaluate the
winglet effectiveness using root-bending moment, cruise drag, and climb drag as objective
functions to minimize. For the study of designing tiltrotor span extensions and winglet, a single
objective function is used. Optimization schemes have the tendency of exploiting the objective
function’s weakness, resulting in impractical solutions, the determination of the appropriate
objective function is critical to achieving a successful outcome.
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3.2.1 Design Variable Parameterization
Before conducting the opmization, the design varaibles of the span extenion and winglet
had to be established. The span extension was modeled by a single panel defined by five
variables: span, root chord, taper ratio, twist, and sweep, illustrated in Figure 3-8.

Figure 3-8. Span extension geometrical definition.
The incidence angles are measured with respect to the zero-lift line of the airfoil and are positive
nose up. For this analysis, the root incidence angle was set zero. The span extension dihedral was
not considered due to the extension being planar. By allowing the tip incidence angle and chord
length to change, the design is allowed more freedom to obtain the optimal sectional loading and
maintain a smooth wing lift distribution. The limits on the twist angle were set relativity low to
avoid angles that would result in stall at lower speeds. The upper and lower limits for the span
extension design variables are listed in Table 3-1. These values were determined to allow for a
wide search space while still maintaining realistic values.
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Table 3-1. Span extension design variable bounds.
Design variables
Root chord, ft
Taper ratio
Twist, deg
Sweep, deg
Span, ft

Lower limit
.5
0.15
-5
-15
0.40

Upper limit
15
1
5
60
40

For this study the winglet was modeled as single panel to determine the basic shape of the
winglet and to the keep the number design variables low. The winglet was defined by seven
variables: winglet length, root chord, taper ratio, toe, twist, sweep, and cant. The winglet height
and chord distribution affect the tradeoffs of the spanwise loading, induce drag, and profile drag.
While the twist, toe, cant, and sweep angles are additional design variables that allow fine tuning
of winglet performance. Figure 3-9 shows the geometric properties that define a winglet.

Figure 3-9. Winglet geometry definition [4].
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For the winglet a optimization, the winglet was analyzed with the optimized span
extension, although the span was allowed to vary, which allows the winglet to carry some of the
load previously carried by the span extension. To decrease the number of design variables, the
winglet root chord is taken to be the same as the tip chord of the span extension. The upper and
lower limits for the winglet design variables are listed in Table 3-2. These values were
determined to allow a wide search space while maintaining realistic values.
Table 3-2. Winglet Design Variable Bounds.
Design variables
Span of span extension, ft
Winglet height, ft
Taper ratio
Tow angle, deg
Twist, deg
Sweep, deg
Cant angle, deg

Lower limit
0.1
0.1
0.15
3
-5
0
15

Upper limit
20
16.4
1
3
5
60
89

3.2.2 Objective Function
To evaluate the span extension effectiveness, an appropriate metric must to be chosen.
The metric is needed to account for wing tip devices potential gains in aerodynamic efficiency
along with its impact on wing structural weight. Both the LCTR2 and MHTR transport a predetermined payload weight for a specific distance at a given speed and operating condition.
Lieshman [33] suggests that the Range Specific Transport Efficiency (RSTE) should be used as a
metric to evaluate tiltrotors performance. The RSTE is the ratio of the payload weight transported
to the fuel consumed for a specific transport range.
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𝑅𝑆𝑇𝐸 =

𝑊!
𝑊!
(3.5)

The RSTE can be thought as the payload-fuel efficiency of an aircraft. The benefit of using the
RSTE as the cost function is that it captures both the structural and aerodynamic impacts of
wingtip devices by examining the overall aircraft efficiency at completing a transportation
mission. Therefore, maximizing the RSTE was chosen as the objective function for the
optimization process.
To evaluate the RSTE, it is assumed that the gross weight remains constant for
the hover, and that the payload weight is dependent on the amount of fuel used to complete the
mission, and the empty weight of the aircraft. Thus the weight of the payload is given by,

𝑊! = 𝑊! − 𝑊! − 𝑊!
(3.6)

By altering the wing geometry, the empty weight of the aircraft will change due to a variation in
the new wing weight. To account for the increase in wing weight due to a span extension and
winglet, the new wing weight is calculated using empirical correlations for civilian aircraft. Three
different empirical correlations were investigated to determine their accuracy. The empirical wing
weight correlation given by Kroo [34] is,

𝑊! = 4.22𝑆 + 1.642𝑥10

!!

𝑛!"# 𝑏 ! 1 + 2𝜆 𝑊! 𝑊!"
  
𝑡
cos ! Λ 𝑆 1 + 𝜆
𝑐
(3.7)
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while that of Torenbeek [30] is,
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(3.8)
and finally that of Kundu [35],
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All three of these empirical correlations account for changes in span, wing area, airfoil thickness,
sweep, fuel weight, and gross weight. The empirical correlations are compared to the baseline
wing weight values provided by the technical report [11].
Table 3-3. Tiltrotor wing weight (lbs) comparison.
Baseline
Kroo
Torenbeek
Kundu

LCTR2
MHTR
7,358
*
12,601
15,577
6,760
7,591
7,557
7,759
*Not provided in the NASA Technical Report

The Kundu wing weight correlation, Equation 3.9, correlates the best with the baseline tiltrotor
data and was chosen as the appropriate wing weight correlation. In addition, the Kundu
correlation has a coefficient to take into account the weight contribution due to winglets.
The Breguet range equation [36] for propeller driven aircraft allows for fuel weight to be
solved for a given range, lift-to-drag ratio and empty weight. It is given by,
𝑅=

1000  𝜂
𝑊!
ln 1 +
𝑆𝐹𝐶  𝜖
𝑊!
(3.10)

The specific fuel consumption and propeller efficiency values are taken from [11,12]. The RSTE
is an effective objective function for evaluating a tiltrotor performance. The addition of the span
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extensions and winglets increase the wing structural weight while improving overall lift-to-drag
ratio. The balance of the aircraft’s lift-to-drag ratio and structural weight determines the overall
benefit of adding span extensions and winglets.

3.2.3 Optimization Layout
The process of the RSTE optimization is illustrated in Figure 3-10. The design variables
for the span extension and winglet are initialized for a population. From the design variables, the
PGEN input files containing the aircraft and wing properties are created. Next, PGEN is executed
and the lift-to-drag ratio is extracted at a specific airspeed. Based on the wing geometry, there is
a difference in the aircraft empty weight due to a change in the wing structural weight. The fuel
weight is computed from the Breguet range equation and the payload weight is subsequently the
difference in the useful load, as given by Eqn (3.6). The RSTE is then determined for that specific
design variable. CMA-ES evaluates the RSTE and design variables for convergence. The
scripting of this method was implemented in MATLAB utilizing the CMA-ES MATLAB
version. For the span extension and winglet, the method takes approximately 3,000-8,000
iterations to converge and approximate 3-4 hours running on a desktop computer.

Initialize design
variables

Create input file for
PGEN

Calculate new wing
weight

Execute PGEN

CMA-ES evaluates
the design variables
with respect to
objective function

Determine the
RSTE

Compute fuel
weight and payload
weight

Extract lift-to-drag
ratio from PGEN
results

Figure 3-10. Span extension and winglet optimization layout.
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3.3 Aeroelasticity /Aerodynamic Performance Coupling
The following describes the work done on coupling the aerodynamics perfromance and
aeroelasticity to obtain a comprehensive tiltrotor wing geometry sizing code. The goal of the code
is to analyze the impact of span extensions and winglets on tiltrotor performance and whirl flutter
stability. The layout of comprehensive code is shown below in Figure 3-11.

Figure 3-11. Aeroelasticity /aerodynamic performance coupling layout.
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The design variables for this analysis are the wing structural layout and span
extension/winglet geometry. The constraints in the analysis are maintaining a defined flutter
speed and not exceeding the stress of the material. The aeroelasticity calculations are broken into
two parts. The first part is the wing design code, which calculates the wing structural properties
based on the wing structural layout and strength constraints. In addition, the wing weight is
computed from a physical model based on the required wing structural loads. The wing structural
properties are then used to calculate the flutter speed of that configuration. The whirl flutter speed
calculation is based on a finite element model of the wing with rotor coupling. Once the model of
the system is developed, the frequency and damping characteristics are calculated based on the
eigenvalues of the system. Additionally, the sectional three-dimensional lift curve for the wing is
needed to calculate whirl flutter speed.
The three-dimensional lift curve distribution is calculated using Horstmann’s multiplelifting line method, the same as contained in PGEN. This method is implemented in a standalone
execution file named, KKH. The code computes the non-dimensional lift and induced drag for a
given angle of attack and sideslip angle. In order to calculate the lift curve slope, a MATLAB
script was created to execute the code for a range of angles of attack. The aerodynamic
coefficients are then processed and saved for each run. Additionally, the script calculates the
profile drag and pitching moment coefficient distributions by interpolating from two-dimensional
airfoil data. This tool was validated against a wind tunnel test of a 6% scale model of the LCTR2
wing geometry with no propellers [37]. The test was conducted for three wing configurations of a
wing cap, nacelle, and nacelle/extension. The comparison in lift per dynamic pressure between
the experimental and Horstmann results is shown in Figure 3-12. Horstmann compares well for
the nacelle/extension and nacelle at low angles of attack. The experiment results show a change in
slope for L/q at higher angles of attack due stall effects. The predictions from Horstmann are
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adequate for the whirl flutter analysis due since the wing operates at low angle of attack with
small perturbations in angle of attack.

Figure 3-12. Horstmann lift/q comparison wind-tunnel test to the LCTR2 6% scale model.
The performance evaluation of the tiltrotor is completed using PGEN for aerodynamic
performance and then calculating the RSTE for the tiltrotor described in previous sections.
Currently, the XV15 tiltrotor is of interest for this method, as the aeroelastic model was
developed and validated using this tiltrotor. The final goal is to use a genetic algorithm explore
tiltrotor wing geometries that minimize the wing weight, maximize the RSTE and maintain the
adequate whirl flutter margins.
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Chapter 4
Design Studies
The LCTR2 and MHTR2 tiltrotors are used as baseline aircraft from which to find the
optimal span extensions and winglets to improve the RSTE. In order to maximize RSTE, the
objective is to increase the payload and decrease the fuel used to complete the desired mission.
These are contradicting requirements in that the span extensions and winglets decrease the fuel
used by increasing lift-to-drag ratio of the tiltrotor, while also increasing the aircraft empty
weight and lowering the useful load. The balance in aerodynamic efficiency and structural weight
determines the optimal RSTE.

4.1 Large Civil Tiltrotor 2, LCTR2

4.1.1 Span Extension Optimization
The LCTR2’s mission is to carry 90 passengers, 1,000 nm at 28,000 ft, ISA at a cruise
speed of 300 knots. The first design study was the optimization of a span extension for
maximizing the RSTE. The LCTR2 already uses span extensions in the baseline design, which
provides a comparison for the optimized span extensions. The design variables for the
optimization are root chord, taper ratio, twist, sweep, and span. The CMA-ES optimization
scheme converged in 2,841 function evaluations with a population size of 8. The optimized
design variables for the span extensions are listed in Table 4-1. Also, a comparison between the
baseline and optimized span extension is illustrated in Figure 4-1.
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Table 4-1. LCTR2 optimized span extension design variables.
Design variables
Root chord, ft
Taper ratio
Twist, deg
Sweep, deg
Span, ft

Optimized
6.2
0.15
1.37
12.7
13.6

Figure 4-1. LCTR2 span extension comparison.

Analyzing the design variables, the taper ratio variable was pushed to the lower bound. This can
be attributed to that wing taper ratio is variable in the wing weight correlation, driving the design
towards a smaller tip chord. More gains could possibly be achieved by relaxing this constraint,
but this would push the tip chord to smaller values and outside the designated Reynolds number
range. The optimum twist variable was designed to be 1.37°, wash-in, which can be attributed to
the small chords towards the tip and the need to produce lift outboard in order to maintain the
desired spanwise loading.

53
The key performance results for the optimized span extension are shown in Table 4-2.
The optimized span extension increased the lift-to-drag ratio by 2.9% and the RSTE by 2.3% over
the baseline values. The performance improvements were achieved by increasing the span and
lowering the taper ratio illustrated in Figure 4-2. Interestingly, the wing area remained
approximately constant, such that the cruise lift coefficient remained at of 0.91. The optimized
span extension produces the approximately the same profile drag as baseline, but lowers the
induced drag by increasing the span. The high cruise lift coefficient allows the optimal
combination of induced and profile drag for maximum efficiency. Because landing is performed
via hover, unlike fixed wing aircraft, there is no constraint on the landing speed that normally
contributes to sizing the wing area. The optimized span extension did decrease the fuel required
to complete the mission. Both payload capability and useful load had a small decrease due to
increase in aircraft empty weight, but the aircraft it still able to carry its designed payload of
19,800 pounds. Overall, the optimized span extensions are beneficial to the LCTR2 performance.
The next task is to investigate the winglet design space for the LCTR2.
Table 4-2. LCTR2 optimized span extension results.
RSTE
Lift-to-drag
Useful load, lbs
Payload, lbs
Fuel, lbs
Wing area, ft^2
Span, ft
Aspect ratio

Baseline
3.92
16.36
29,539
23,547
5,992
972
103
11.0

Optimized
4.01
16.84
29,226
23,395
5,831
976
108
12.1

Percentage Change
+2.3%
+2.9%
-1.1%
-0.6%
-2.6%
-
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4.1.2 Span Extension/Winglet Optimization
The second design study considered is the optimization of a span extension/winglet for
maximizing RSTE. With exception of allowing the span to vary, the winglet optimization makes
use of the optimized span extension for the LCTR2. The design variables for the optimization are
span of the span extension, winglet height, taper ratio, toe, twist, sweep and cant angle. The
CMA-ES optimization scheme converged in 10,320 function evaluations with a population size
of 9. The large number of function elevations can be attributed to the optimization scheme
approaching the bounds of the design variables for winglet height, taper ratio, and twist, and
having trouble converging.
Table 4-3. LCTR2 optimized span extension/winglet design variables.
Design variables
Span of span extension, ft
Winglet height, ft
Taper ratio
Tow angle, deg
Twist, deg
Sweep, deg
Cant angle, deg

Constrained
11.98
16.40
0.15
2.90
5.00
31.38
89

The taper ratio approached the lower bound of the design variable, pushing for a smaller chord as
was the case in the span extension optimization. The twist angle approached the upper limit of the
5 degrees. The cant angle approached the upper limit of 89 degrees. Finally, the winglet height
approached the upper limit of 16.4 ft (5 meters). All of these limits can be explained by
examining the Kundu wing-weight correlation, Eqn (3.9). By canting the winglet vertical, the
determined to be as wing span does not increase with increasing the winglet height. The winglet
taper ratio is small as possible in order to minimize the wetted area added by the winglet. Due to
the small chords toward the winglet tip, the twist becomes the maximum allowable 5 degrees in
order to carry the required loading for minimum induced drag. The combination of the design
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variables minimizes the winglet impact of aircraft empty weight and still realizes an aerodynamic
benefit for large slender vertical winglets. The optimized winglet geometry for the LCTR2 is
shown in Figure 4-2.

Figure 4-2. LCTR2 optimized span extension/winglet.
The optimized winglet has approximately a 15.5% winglet height to wing span ratio,
which is relatively high. The gains in tiltrotor performance from optimized the
spanexetnsion/winglet are presented in Table 4-4.

56
Table 4-4. LCTR2 optimized span extension/winglet results.
RSTE
Lift-to-drag
Useful load, lbs
Payload, lbs
Fuel, lbs
Wing area, ft^2
Span, ft
Aspect ratio

Baseline
3.92
16.36
29,539
23,547
5,992
972
103
11.0

Optimized
4.13
16.79
30,020
24,172
5,848
1123
106
10.0

Percentage Change
+5.4%
+2.6%
+1.6%
+2.7%
-2.5%
-

The optimized span extension and winglet increases the lift-to-drag ratio by 2.6% and the RSTE
by 5.4%. The RSTE improvements can be attributed to an increase in payload weight and a
decrease in fuel burn from the baseline configuration. Interestingly, the useful load increased over
baseline aircraft, which translates in a reduction in vehicle empty weight. The optimized span
extension/winglet was lower than the baseline wing weight due to a weight savings from canting
the winglet vertically. The optimization scheme pushed the design variable bounds to a large
slender winglet due to wing structural and aerodynamic benefits.
The winglet height was furthered explored by holding all of the other design variables
constant and only allowing the winglet height to vary. Figure 4-3 and 4-4 show potential gains in
both the RSTE and lift-to-drag ratio for increasing the winglet height.
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Figure 4-3. LCTR2 RSTE as it depends on winglet height.

Figure 4-4. LCTR2 lift-to-drag ratio as it depends on winglet height.
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The gains in the RSTE and the lift-to-drag ratio start to diminish at vary large winglet heights.
This can be attributed to the increase of profile drag offsetting the decrease in induced drag.
Winglet heights were further explored with a smaller, plumb winglets by increasing the wing
extension and winglet taper ratios to one. The results showed the drag-cross over point occurrs at
a smaller winglet height, as is shown in Figure 4-5.

Figure 4-5. LCTR2 lift-to-drag ratio for plumb winglet.

This is due the winglet having larger chords, resulting in more wetted area. The increase in profile
drag offsets the decrease in induced drag. However, the winglet height reaches unrealistic values
before the aerodynamic limit is approached. The optimized winglet exploits the wing weight
correlation even though the additional weight due to the wingles is taken into account. A possible
solution would be the use of a physics based wing weight model to accurately compute the flight
loads and required structure. Therefore, for the method currently implemented, the appropriate
bounds on the design variables must be set to keep the optimization results reasonable.
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Considering the results from the optimization of the span extension only and that of the
span extension/winglet combination, both improved the RSTE over the baseline case. The winglet
proved more effective at improving the RSTE because it reduced the tiltrotor empty weight from
the baseline value. The optimized span extension improved the aircraft lift-to-drag ratio the most
at cruise speed of 300 knots. The full drag for the LCTR2 polar is illustrated in Figure 4-6.
Looking at the full vehicle drag build-up, the winglet improves low-speed performance the most,
which would result in better climb performance. The RSTE optimization of the span extension
and span extension/winglet successfully improved the LCTR2 performance over that of the
baseline configuration.

Figure 4-6. LCTR2 lift-to-drag ratio vs. airspeed comparison.
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4.2 Military Heavy Tiltrotor, MHTR
As previously mentioned, the MHTR is a tiltrotor designed for heavy lift operations.
MHTR’s mission is to transport 40,000 lb, 500 nm at 4,000 ft., and 95F°. The cruise speed is
determined by the best productivity speed, which is desired to be 300 knots. The specific
productivity of an aircraft is defined as product of the maximum payload transport over a given
distance and cruise speed, normalized by the maximum takeoff weight of the aircraft. Specific
productivity is measured by the amount of payload fraction for a given speed. The specific
productivity of the baseline MHTR was explored for its given flight regime, the results of which
are shown in Figure 4-7.

Figure 4-7. MHTR baseline specific productivity.
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The specific productivity increases with airspeed but the amount of gain start to diminish at
higher airspeeds. For the highest specific productivity, the MHTR should fly as fast as possible;
however at the excessively high airspeeds, the lift-to-drag ratio and fuel burn suffer. Specific
productivity does not directly take into account the fuel expended to deliver the payload, but does
directly measure the cost efficiency of the aircraft. The difference between the RSTE and specific
productivity is the tradeoff of cost and time. Depending on the evaluation of aircraft efficiency,
both metrics are useful, although for this study, the RSTE was selected to be the metric of aircraft
efficiency.

4.2.1 Span Extension Optimization
The first design study for the MHTR is the optimization of a span extension for
maximizing the RSTE. As was the case for the LCTR2, the design variables for the optimization
are root chord, taper ratio, twist, sweep, and span. For this case, the CMA-ES optimization
scheme converged in 2,687 function evaluations with a population size 8. The optimized design
variables for the span extension is listed in Table 4-5.
Table 4-5. MHTR optimized span extension design variables.
Design variables
Root chord, ft
Taper ratio
Twist, deg
Sweep, deg
Span, ft

Optimized
4.93
0.15
2.99
10.8
7.27

The MHTR optimized span extension approached the same taper ratio lower limits of 0.15 as it
did for the LCTR2. Both tiltrotors use the same wing weight correlation, which drives the tip
chord to small values. With the small tip chord, the twist approaches the upper limit in order to
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carry the necessary loading toward the tip. Overall, the MHTR span extension is much smaller
extension than is that for the LCTR. The MHTR operates at a lower cruise lift coefficient where
the increase in profile drag outweighs the decrease in induce drag. A comparison of the optimized
span extension with the baseline is shown in Figure 4-8. The baseline MHTR does not
incorporate a span extension in the design. The MHTR has a wide inboard chord and the nacelle
is only slight larger than the inboard wing chord.

Figure 4-8. MHTR span extension comparison.

The optimized span extension increases the lift-to-drag ratio by 6.8% and the RSTE by
7.2%. The gains in lift-to-drag ratio were achieved by lowering the induced drag as a result of the
span increase. The additional weight added by the span extension as offset by a decrease in fuel
the used that is due to the decrease in drag. The payload capability increases from the baseline
case and uses less fuel to complete the mission. It should be noted that, the payload weight is not
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exactly 40,000 lbs listed in the NASA report [12] but rather that shown in Table 4-6. The
discrepancy between the design cases can be attributed to the extrapolation of tiltrotor data, due to
lack of detailed information provided in the technical report. The useful load suffered a small
decrease from the baseline. Overall, the optimized span extension allows benefits in MHTR
performance. The next task is that of investigating the winglet design space for the MHTR.
Table 4-6. MHTR optimized span extension results.
RSTE
Lift-to-drag
Useful load, lbs
Payload, lbs
Fuel, lbs
Wing area, ft^2
Span, ft
Aspect ratio

Baseline
6.64
13.1
45,848
39,846
6,002
1308
88.8
6.0

Optimized
7.12
14.0
45,564
39,955
5,609
1349
103.4
7.9

Percentage Change
+7.2%
+6.8%
-0.6%
+0.3%
-6.5%
-

4.2.2 Span Extension and Winglet Optimization
The second design study for the MHTR is the optimization of a span extension/winglet
for maximizing RSTE. The winglet optimization makes use of the optimized span extension for
the MHTR with exception of allowing the span to vary, as with the LCTR2 case. The design
variables for the optimization are the span of the span extension, winglet height, taper ratio, toe,
twist, sweep and cant angle. The CMA-ES optimization scheme converged in 6,205 function
evaluations with a population size 9. The three design variables, taper ratio, tow angle, and cant
angle approached the bounds give for the design variables. The optimized design variables for the
span extension/winglet are recorded in Table 4-7.
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Table 4-7. MHTR optimized span extension/winglet design variables.
Design variables
Span of span extension, ft
Winglet height, ft
Taper ratio
Tow angle, deg
Twist, deg
Sweep, deg
Cant angle, deg

Constrained
5.79
1.54
0.15
3.00
4.87
35.45
89

The taper ratio approached the lower bound of the design variable, pushing for a smaller chord
similar as the span extension optimization. The toe angle approached the upper limit of the 3
degrees meaning that the winglet root chord is trying to create lift and is limited by the small root
chord. Previously like the LCTR2, the cant angle approached the upper limit of 89 degrees.
Interestingly, the winglet height was optimized to a small value unlike the LCTR2. The MHTR
small wing height is attributed to the MHTR flight condition, in that it operates at a lower lift
coefficient where the drag is dominated by profile drag. The winglet height is limited by the
increase in profile drag outweighing the reduced induced drag. The optimization was able to
tradeoff the induced and profile drag of the winglet with wing structural weight to determine the
maximum value of the RSTE. The optimized winglet geometry for the MHTR is shown in Figure
4-9.
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Figure 4-9. MHTR span extension/winglet comparison.
The optimized span extension and winglet increased both the lift-to-drag ratio by 6.1% and the
RSTE by 8.0%. The RSTE improvement can be attributed to an increase in payload weight and
decrease in fuel burn from the baseline configuration. Similar to the LCTR2, the useful load
increased for the MHTR over the baseline, which translates in a reduction in vehicle empty
weight. The optimized winglet lowered the baseline wing weight, due to the winglet being canted
vertically. The optimization scheme pushed the design variable bounds to a small slender winglet
due to wing structural and aerodynamic limits.
Table 4-8. MHTR optimized span extension/winglet results.
RSTE
Lift-to-drag
Useful load, lbs
Payload, lbs
Fuel, lbs
Wing area, ft^2
Span, ft
Aspect ratio

Baseline
6.64
13.1
45,848
39,846
6,002
1308
88.8
6.0

Optimized
7.17
13.9
46,182
40,532
5,650
1341
100.5
7.53

Percentage Change
+8.0%
+6.1%
-0.7%
+1.7%
-6.5%
-
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Comparing the results from the optimizations of a span extension and that of a span
extension/winglet combination, it seems that both improve the RSTE from the baseline, as was
the case with the LCTR2. Again, the winglet proved more effective at improving the RSTE due to
the tiltrotor empty weight decreasing from the baseline case even though the winglet had more
drag then the optimized span extension. The MHTR full vehicle drag build-up is illustrated in
Figure 4-10.

Figure 4-10. MHTR lift-to-drag ratio vs. airspeed comparison.

Analyzing the lift-to-drag ratio vs. airspeed, both the span extension and the span
extension/winglet improve low speed performance. Interestingly, the span extension had the most
aerodynamic performance improvement over the full flight airspeed. More aerodynamic
improvement can be obtained if the MHTR decreases wing area and/or lowers just its cruise
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speed. Adding a span extension/winglet to the MHTR provides more of a weight saving benefit
over just the span extension, which lowers the empty weight and allows for more payload to be
carried. Both optimizations improve the MHTR performance from the baseline configuration.

4.3 Inboard Wing Chord and Thickness Exploration
The primary motivation for the research was to analyze the impact of span extensions and
winglets on tiltrotor performance. It was shown in the previous section that adding the wing tip
devices to the LCTR2 and MHTR improve the vehicle performance. In addition, these wing tip
devices have been shown to increase the whirl flutter speed for different configurations. In
tiltrotor design, the wing spar thickness is driven by the whirl flutter speed. If the whirl flutter
margin is held constant, the wing spar thickness required to maintain this margin should decrease.
The study here is to examine the potential gains in tiltrotor performance if the inboard wing chord
is allowed to decrease with the wing spar thickness., although the inboard airfoil, SM205, will
remain same. The case that will be examined are the optimized span exetnsions and span
extensions/wing configurations for both LCTR2 and MHTR. The results shown in Figure 4-11, 412, 4-13, and 4-14, present the percentage change in the RSTE and the lift-to-drag ratio from the
baseline optimization configuration for a percentage decrease in inboard wing chord.
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Figure 4-11. LCTR2 RSTE percent increase change with wing chord percent decrease.

Figure 4-12. LCTR2 lift-to-drag ratio percent increase change with wing chord percent decrease.
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Figure 4-13. MHTR RSTE percent increase change with wing chord percent decrease.

Figure 4-14. MHTR lift-to-drag ratio percent increase change with wing chord percent decrease.

70

The decrease in inboard chord showed improvements in RSTE and lift-to-drag ratio for
the MHTR but not for the LCTR2. For the case of the LCTR2, the tiltrotor is operating at the
optimal cruise lift coefficient. By decreasing the chord, the total wing area becomes smaller and
increases the cruise lift coefficient resulting in more drag. To compensate for this effect, more
wing area would need to be added to the span extension to take advantage of a smaller inboard
wing area. In addition, allowing the airfoil thickness ratio to reduce with the spar thickness would
lower the profile drag while maintaining the same overall wing area and cruise lift coefficient
would result in improved performance.
The MHTR operates at a much lower lift coefficient then the LCTR2 and is primarily
dominated by profile drag. By decreasing the inboard wing area, the total wetted area is reduced,
shifting the wing to a higher cruise lift coefficient. The span extension results in more
performance gains than does to the winglet, due to span extension having more effect on the liftto-drag ratio. Using the optimized results are suboptimal since, the wing operating conditions are
changed from the optimization cases. In order to take most advantage of decreasing the spar
thickness, each case would need to be optimized for the maximum performance benefits.
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Chapter 5
Conclusions and Future Work
LCTR2 and MHTR tiltrotor cruise performance was improved by optimizing the RSTE
through the use of span extensions and winglets. The RSTE accurately accounts for changes in
aerodynamic efficiency and structural weight, resulting in reasonable wing geometries. The actual
wing geometry is dependent on the aircraft configuration and mission seen by the different results
obtained from the LCTR2 and the MHTR. The LCTR was able to realize a 2.3-5.4%
improvement over the baseline RSTE value, while the MHTR had more significant improvements
of 7.2-8.0% RSTE over the baseline value. The large gains in RSTE can be attributed to MHTR
baseline; it does not have span extensions and winglets, while the LCTR2 has a span extension in
the baseline design. For both tiltrotors, the span extension/winglet combination provided the most
benefit in the RSTE, due to improvements of the aerodynamic performance and more importantly
wing weight relief from the winglet. The study provides a look into preliminary design of a
tiltrotor.
A major improvement to this design and analysis of wing tip devices for tiltrotors would
be to incorporate a more detailed wing weight model, based on the physical flight loads instead of
empirical correlations. When running the optimization scheme, the wing weight correlation
impacted results and drove the design to particular configuration. Currently, the aerodynamic and
aeroelasticity coupling will implement a physical wing weight with the constraints of 2g hover,
maximum flight load, and whirl flutter margin. By combing the aeroelasticity and aerodynamic
performance, the design variables will have more constraints to keep them within the design
limits. The propeller/wing interaction effect was not taken in account in the analysis due to
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research results showing insignificant impact on the tiltrotor performance. A future project would
be to conduct a study of a propeller/wing interaction for the LCTR2 and MHTR in cruise flight
condition. The tool of choice would be using a CFD solver to accurately model the unsteady flow
physics and capture non-linear effects. The method is computationally expensive to model
accurately and cannot be directly used for preliminary design.
As noted earlier, span extensions and winglets have the potential to increase the whirl
flutter speed. By maintaining the same whirl flutter margin with the addition of wingtip devices,
the inboard wing spar can shrink to maintain the same whirl flutter margins. Preliminary results
show performance improvements of reducing the inboard spar. The small inboard wing area can
help reduce the hover download, resulting less power required for hover. By combining the
aerodynamic, whirl flutter, and hover download benefits of span extensions and winglet; a
synergy exists for designing efficient tiltrotors for the future.
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Appendix
PGEN Input Files
MHTR baseline Winggeom creator input file
Inputs are in meters, degrees, and percentages
Twist angle is respect to the zero lift of airfoil
How many wing panels would like for just the wing: 2
Do you want a Winglet? (y/n):

n

Input wing panels from inboard to outboard
Wing Panel # 2
The number of wing sections/panel: 4
Inboard Chord: 4.48056
Inboard Twist: 0
Outboard Chord: 4.48056
Outboard Twist: 0
Local Span: 13.5636
Local Sweep Angle: 0
Local Dihedral Angle: 0
Wing Panel # 1
The number of wing sections/panel: 1
Inboard Chord: 7.3152
Inboard Twist: 0
Outboard Chord: 7.3152
Outboard Twist: 0
Local Span: 2.7096
Local Sweep Angle: 0
Local Dihedral Angle: 0

Reference Span is: 32.546400 (m)

MHTR baseline wing geometry PGEN input file (winggeom.dat)
MHTR Baseline
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SYMM-LINAR-#WING PANELS-#ALPHAS-BB-F-EINZPU-IDRUCK
1 1 2 1 2.0 0.0 0 16
PANEL#-#SECTIONS-Xo-Yo-Zo-CHORDo-Xi-Yi-Zi-CHORDi
1 1 0.0688334 1 0 0.449524 0.0688334 0.833493 0 0.449524
RAND1-RAND2-O.TWIST-I.TWIST-KCAALF-RMPF-ICOS-IELPS
T F F F F F 0 0 F F T T F F 0 0 0 0 1.0 0 0 0
PANEL#-#SECTIONS-Xo-Yo-Zo-CHORDo-Xi-Yi-Zi-CHORDi
2 4 0.0688334 0.833493 0 0.275334 0.0688334 0 0 0.275334
RAND1-RAND2-O.TWIST-I.TWIST-KCAALF-RMPF-ICOS-IELPS
F F T T F F 0 0 F T F F F F 0 0 0 0 1.0 0 0 0
BETA-ALPHA
0.00000 5.00
NGES
1
IGES-IFLA-#WINGPANELS
112
PANEL#-OT.SEC#-IN.SEC#-NWIRB
1111
PANEL#-OT.SEC#-IN.SEC#-NWIRB
2251

MHTR baseline aircraft geometry PGEN input file (acgeom.dat)
TITLE: MHTR Baseline Matlab
--------------------WING GEOMETRY DEFINITION----------------------#PANELS(PANEL#1OUTBOARD)
2
PANEL#-#SECTIONS-Xo-Yo-Zo-CHORDo-Xi-Yi-Zi-CHORDi
1 1 0.0688334 1 0 0.449524 0.0688334 0.833493 0 0.449524
PANEL#-#SECTIONS-Xo-Yo-Zo-CHORDo-Xi-Yi-Zi-CHORDi
2 4 0.0688334 0.833493 0 0.275334 0.0688334 0 0 0.275334
-----------------------------------------------------------------------------------------------------NUMBER OF FLAP ELEMENTS---------------------------1
------------------------------------------------------------------------------------------PANEL/FLAP CORRELATION (0=NO FLAP; FLAP 1 INBOARD)
10
20
-------------------------------------------------------------------------------------TOTAL NUMBER OF AIRFOILS ON WING-----2
----AIRFOIL FULLY REALIZED AT OUTBOARD EDGE OF PANEL
-----(ROOT FOIL=1, INTERMEDIATE STATION=0,PANEL-->FOIL)
21
12
----------------------------------------------------------------------------------------Number of Flap Settings---------------------------------------------1
----------------------------------------------------------------------------------
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--Flap Sched for each flap, flap 1 first,Angle in Degrees, Positive down, neg to pos-0.0
--------------------------------------------------------------------------------------------------Wing Span, Xcg(pos. aft from root leading edge(m)), GVM (kg)-----------------------32.5464 3.3 59420
-------------------------------------------------------------------------------------Lt (wing root L.E. to 1/4 Ht), Ht root chord, Ht tip chord, Ht span (m)---17.30 2.661 2.661 11.980
--------------------------------------------------------------------------------------Vt root chord, Vt tip chord, Vt height-----------------------------------0
0
0
-----------------------------------------------------------------------------------------Fuselage Base FPA (m**2), Fuselage CM/CL, Fuse Cmo----------------------------------2.00 0 0

PGEN conditions input file
RHO (kg/m^3)
0.987
MU (N.s/m2)
1.62578e-5
OPTOPTION
4
VMIN (m/sec)
95
VMAX (m/sec)
195
TURNING
.false.
FULLDATA
.true.
FILENAME
PGENOUT

