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The Role of Constraints and Vehicle Concepts in Transport Design: A Comparison of Cantilever

& Strut-Braced Wing Airplane Concepts

Yan-Yee Andy Ko

(ABSTRACT)

The purpose of this study is to examine the multidisciplinary design optimization (MDO) of a

strut-braced wing (SBW) aircraft compared to similarly designed cantilever wing aircraft. In this

study, four different configurations are examined: cantilever wing aircraft, fuselage mounted

engine SBW, wing mounted engine SBW, and wingtip mounted engine SBW. The cantilever

wing design is used as a baseline for comparison. Two mission profiles were used. The first

called for a 7380 nmi range with a 305 passenger load based on a typical Boeing 777 mission.

The second profile was supplied by Lockheed Martin Aeronautical Systems (LMAS) and has a

7500 nmi range with a 325 passenger load. Both profiles have a 0.85 cruise Mach number and a

500 nmi reserve range.

Several significant refinements and improvements have been made to the previously

developed MDO code for this study. Improvements included using ADIFOR (Automatic

Differentiation for FORTRAN) to explicitly compute gradients in the design code. Another major

change to the MDO code is the improvement of the optimization architecture to allow for a more

robust optimization process.

During the Virginia Tech SBW study, Lockheed Martin Aeronautical Systems (LMAS)

was tasked by NASA Langley to evaluate the results of previous SBW studies. During this time,

the original weight equations which were obtained from NASA Langley’s Flight Optimization

System (FLOPS) was replaced by LMAS proprietary equations. A detailed study on the impact of

the equations from LMAS on the four designs was done, comparing them to the designs that used

the FLOPS equations. Results showed that there was little difference in the designs obtained

using the new equations.

An investigation of the effect of the design constraints on the different configurations was

performed. It was found that in all the design configurations, the aircraft range proved to be the

most crucial constraint in the design. However, results showed that all three SBW designs were

less sensitive to constraints than the cantilever wing aircraft.

Finally, a double-deck fuselage concept was considered. A double deck fuselage

configuration would result in a greater wing/strut intersection angle which would, in turn, reduce
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interference drag at that section. Due to the lack of available data on double deck fuselage

aircraft, a detailed study of passenger and cargo layout was done. Optimized design showed that

there was a small improvement in takeoff gross weight and fuel weight over the single-deck

fuselage SBW results when compared with a similarly designed cantilever wing aircraft.
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Chapter 1 

Introduction

Over the past 50 years, transonic passenger transport aircraft designs have remained within the

same general configuration - the cantilever low wing configuration. Keeping the general layout

the same, advances in this design have rested on advances in individual technologies, such as

better engines, airfoil designs, high lift devices and control system alternatives. It is quite unlikely

that major improvements in performance would occur if new design configurations are not

considered in the transonic passenger transport aircraft industry. One such design configuration is

the strut-braced wing design concept. Although this design configuration is common among small

general aviation aircraft, it is not used in the large passenger transonic transport arena.

Frenchman Maurice Hurel first used the concept to implement high aspect ratio wings on

aircraft using a strut attachment in subsonic aircraft. By using a strut, the aircraft could enjoy the

benefits of a high aspect ratio wing (such as high L/D) without paying a structural penalty. He

founded the Societe des Avions Hurel-Duois  to continue the high aspect ratio wing research. This

research resulted in the design and brief success of the HD-31, and later led to the development of

the Shorts Skyvan. A summary of this work can be found in references [1] and [2].

The idea of using a truss-braced wing configuration at transonic speeds originated from

Werner Pfenninger [3] at Northrop in the early 1950s. The strut-braced wing concept can be

considered as a subset of the truss-braced wing configuration. Other strut-braced wing aircraft

investigations followed Pfenninger’s work, notably Kulfan et al. [4] from Boeing and Park [5]

from Stanford in 1978. Turriziani et al. [6] considered the advantages of the strut-braced wing

concept on a subsonic business jet with an aspect ratio of 25. He found that the strut-braced wing

concept achieved approximately 20% in fuel savings compared to a similar cantilevered subsonic
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business jet. Recently, Multidisciplinary Design Optimization has been used to take advantage of

the interaction between the various disciplines of aircraft design (such as aerodynamics and

structures) to design a strut-braced wing passenger transport. This work has been documented by

Grasmeyer et al. in references [7], [8] and [9]. The work, done by the Multidisciplinary Analysis

and Design (MAD) Center at Virginia Tech, was originally prompted by Dennis Bushnell, the

Chief Scientist at the NASA Langley Research Center. As a result, it was found that the strut-

braced wing concept provided significant savings in take-off gross weight (TOGW) compared to

a similarly designed cantilever transport aircraft.

One of the main challenges in the conceptual design of the strut-braced wing

configuration is the problem of strut buckling. Park [5] found that although the use of the strut

saves structural wing weight, the increase in strut t/c to cope with buckling at the –1.0 g load

condition increased the strut drag. This also caused an increase in strut rigidity, which resulted in

the increase of the strut weight to the point that the combined strut and wing weight of the

configuration was similar to that of the cantilever configuration wing weight. The tradeoff

between structural wing weight and strut rigidity made the concept not practical for transport

aircraft applications. In the current Virginia Tech work, Nagshineh-Pour et al. [10] produced a

first principles based bending material weight estimation method. This study further confirmed

the strut-buckling finding. To avoid strut-buckling, an innovative concept was invented. A

telescoping sleeve mechanism is employed allowing the strut to be active only during positive g

maneuvers. For the negative g maneuvers, the mechanism disengages the strut, and the wing

behaves as a cantilever wing. Because the –1.0 g case is less demanding than the +2.5 g case, the

result is a way to use the strut to full advantage.

To perform the MDO analysis of this new aircraft design concept, a suite of tools was

developed to anaylze, design and optimize both the strut-braced and cantilever wing

configurations. Studies by Grasmeyer et al. in references [7], [8], and [9], found that the strut

braced wing configuration allowed for a wing with higher aspect ratio and decreased wing

thickness without any increase in wing weight relative to its cantilevered wing counterpart. The

strut-braced configuration also has a lower wing sweep, allowing the wing to achieve natural

laminar flow without incurring a penalty in wave drag. Two strut-braced wing configurations, the

wing-mounted engines and tip-mounted engines SBW configurations, were studied. It was shown

that the best single-strut configuration showed a 15% savings in takeoff gross weight, 29%

savings in fuel weight and a 28% increase in L/D.

To verify the Virginia Tech findings, NASA had Lockheed Martin Aeronautical Systems

(LMAS) work with the Virginia Tech MAD Center to as an industry evaluation of the results.
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Interactions with LMAS proved to be mutually beneficial to the Virginia Tech study as it

introduced airline and certification issues to the design study. During the six months effort, the

MDO code was modified to allow the study of fuselage mounted engines. Also, refinements in

the geometry definition, propulsion and aerodynamic calculations were made. The weight

equations were calibrated to match those used by LMAS and technology factors, which would

simulate the effects of advanced technologies in 2010, were applied to the code. Field

performance constraints were also included in the optimization process. Studies between a

fuselage mounted engines SBW configuration and the cantilever baseline using this improved

code showed a 9% savings in TOGW. Further details can be found in references by Gundlach et

al. in [11] and [12], Gern et al. in  [13] and Martin et al. in [14].

Another major challenge in accurately modeling the strut-braced wing configuration is

the estimation of the wing-strut interference drag. Due to the lack of data and simple analysis

methods available, the use of computational fluid dynamics (CFD) was needed. Detailed CFD

calculations were performed using unstructured grids to obtain drag data at various wing and strut

t/c’s, strut offset spacing, and wing-strut angles. Tetrault [15], [16] performed these CFD

calculations, and using the results, created a response surface that could be used in the MDO

code. In this study, the response surface created by Tetrault is not being used. Instead, equations

formulated by Hoerner [31] based on subsonic wing tunnel tests are used. Section 2.2.4. will

provide details on the interference drag modelling. The response surface will be implemented into

the MDO code in the future.

Due to the unconventional nature of the strut braced wing concept, there was a need to

develop a method of accurately predicting the wing and strut weight of the airplane. Most

available wing weight models, such as the NASA Langley Flight Optimization System (FLOPS)

are based on cantilever wing models and existing aircraft wing weights, and hence are not

appropriate for the strut concept. Initially, a method using a piecewise linear beam model,

representing the wing structure as an idealized double plate model was used. All the results from

the Virginia Tech MAD center study are based on this model. Later, it was felt that this method

should be refined to include the aeroelastic behavior of the wing. Hence, the model was modified

to use a hexagonal wing-box model of the wing structure. The idea of using of the hexagonal

wing-box model was suggested by LMAS. A flexible wing sizing code was developed to consider

the jig twist in the wing design, and structurally optimize for the wing weight. A detailed

discussion on the development of this procedure can be found in [17]. When coupled with the

MDO code, it was found that the flexible wing sizing calculation overall decreased the TOGW of

the designs by about 1.5% - 2%. However, in terms of the comparative differences between the
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cantilever and strut-braced wing designs, the flexible wing model shows little to no impact. The

results of this finding are discussed by Gern et al. in reference [18].

A part of this study is to compare the cantilever baseline configuration with the three

strut-braced wing configurations, the fuselage mounted engines, wing mounted engines and tip

mounted engines designs, in light of all the refinements and changes that have been made during

the course of the Virginia Tech MAD Center study. These refinements in methodology will also

be documented. Another key part of the work is the examination of the effects of the various

constraints on the designs. Finally, an additional double-deck fuselage strut braced wing concept

will also be discussed.

Chapter 2 will discuss the mission profile considered and the various design models used

in the MDO code. The cantilever and strut-braced wing configurations will also be introduced.

Chapter 3 will bring to light the various changes that has been made to arrive at the current MDO

code, and describe the problems found during its development. The methodology will be

presented that allows for a much more effective and consistent optimization process. Chapter 4

describes a study comparing the effects of two different sets of weight equations used in the

MDO code. It will compare results from NASA Langley’s FLOPS system and the proprietary

weight equations provided by LMAS (FLIPS). Chapter 5 studies the effect of the various

constraints on the different design configurations. Chapter 6 presents a study in the possibility of

designing the strut-braced wing airplane in a double deck fuselage configuration. Some

discussion on its feasibility will also be made. The theses ends with concluding remarks and

recommendations for future work in this field.
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Chapter 2 

Mission Profile/Methodology/Aircraft Configurations

The design of the different aircraft configurations uses a Multidisciplinary Design Optimization

(MDO) approach to take advantage of the interaction between aerodynamics, structures and

performance. The following sections will explain the mission statement, the various analysis

models including aerodynamics and structures, the integration of those models, and the different

aircraft configurations that will be considered.

2.1. Mission Profile

There are two different mission profiles that will be considered for the design of the cantilever

and strut-braced wing (SBW) configurations. Both missions are typical of long-range passenger

transport aircraft flown today.

The first profile is similar to that of a Boeing 777-200IGW mission. It calls for a 7380

nmi range with a 500 nmi reserve range. This reserve range ensures that there is enough fuel for

airport re-routing or loiters. The cruise Mach number is 0.85, and the design requires a 305

passenger load seated in a three-class configuration. Field performance requires a maximum

11,000 ft field length and 140 knot approach speed.

The second profile is that which was dictated by Lockheed Martin Aeronautical Systems

(LMAS). This mission called for a 7500 nmi range with a 500 nmi reserve range. The passenger

load was increased to 325, in a three-class configuration. Field requirements and cruise Mach
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number are the same to that of the first profile. Figure 2-1 gives an overview of both mission

profiles.

2.2. Methodology

The MDO code uses the method of feasible directions implemented in the Design Optimization

Tools (DOT) software developed by Vanderplatts R&D to perform the design optimization [19].

The objective of the optimization is to minimize the takeoff gross weight (TOGW) of the aircraft.

This is the traditional objective of large transport designs and is a good measure of the total

system cost [20]. This is because the acquisition cost and indirect operating cost are strongly

driven by the empty weight, and the direct operating cost is strongly driven by the fuel weight [8].

2.2.1. Design Variable

Depending on the configuration, a total of 15 to 22 design variables were employed. These

include wing half-span, chords, thickness to chord ratios, strut position and geometry, engine

location, thrust and cruise altitude. Each design variable is given upper and lower side constraints

and then scaled to take a value between 0 and 1. Table 2-1 shows the different design variables

that are used for the different configurations.

Range: 7380 nmi (Profile 1)
7500 nmi (Profile 2)

11,000 ft.
T/O Field Length

Climb

Mach 0.85 Cruise

140 knots
Approach

Speed

Mach 0.85

11,000 LDG
Field Length

500 nmi reserve

Figure 2-1: Mission Profile
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Table 2-1: Design variables used in the different configurations.

Design Variables Cantilever
Optimum

Fuselage
Mounted
Engines

SBW

Wing
Mounted
Engines

SBW

Tip
Mounted
Engines

SBW

1
Spanwise position of wing/strut
intersection

4 4 4

2 Wing semispan (ft) 4 4 4 4

3 Wing sweep (deg) 4 4 4 4

4 Wing dihedral (deg) 4 4 4

5 Strut sweep (deg) 4 4 4

6 Strut chordwise offset (ft) 4 4 4

7 Strut vertical aerodynamic offset (ft) 4 4 4

8 Wing centerline chord (ft) 4 4 4

9 Wing break chord (ft) 4

10 Wing tip chord (ft) 4 4 4 4

11 Strut chord (ft) 4 4 4

12
Wing thickness to chord ratio at
centerline

4 4 4 4

13
Wing thickness to chord ratio at
breakpoint

4 4 4 4

14 Wing thickness to chord ratio at tip 4 4 4 4

15 Strut thickness to chord ratio 4 4 4

16 Wing skin thickness at centerline (ft) 4 4 4 4

17 Strut tension force (lbs) 4 4 4

18 Vertical tail scaling factor 4 4 4 4

19 Fuel weight (lbs) 4 4 4 4

20 Required thrust (lbs) 4 4 4 4

21 Spanwise position of engine 4

22 Average cruise altitude (ft) 4 4 4 4

2.2.2. Constraints

A total of 12 inequality constraints are used during the optimization process. These constraints

reflect typical restrictions on passenger transport design. Table 2-2 lists all 13 constraints that are

used. Each constraint will be discussed in the following sections. Detailed descriptions regarding

the individual constraints can be found in references [7] by Grasmeyer et al. and [11] by

Gundlach.
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Table 2-2: Design Constraints

Description Constraint
1 Range Mission + Reserve Range  <  Calculated Range
2 Initial Cruise Rate of Climb Initial Cruise ROC  > 500 ft/min
3 Max. Allowable Section Cl Calculated Maximum Cl <  Maximum Specified Cl

4 Fuel Capacity Fuel Weight <  Fuel Capacity
5 Engine-out Required Cn  <  Available Cn

6 Wing deflection Wing deflection <  20 ft.
7 Second Segment Climb Gradient Calculated Gradient > 0.024
8 Balanced Field Length Balanced Field Length < 11000 ft.
9 Approach Velocity Approach Velocity  <  140 knots
10 Missed Approach Climb Gradient Calculated Gradient > 0.021
11 Landing Distance Landing Distance < 11000 ft.
12 Slack Load Factor 0. < Strut Slack Load Factor  <  0.8

2.2.2.1. Range Constraint

The range constraint ensures that the aircraft meets the minimum range requirement in the

mission profile. In this case, the minimum range is 7380 nmi and 7500 nmi for profile one and

two respectively. Both profiles have an additional 500 nmi reserve range. This reserve is to

account for airport re-routing and loiter time. The range of the aircraft is calculated using the

Breguet range equation [21]. To account for the fuel burned during the climb segment to initial

cruise altitude, 95.6% of the TOGW is used as the weight of the aircraft in this calculation. For

the L/D ratio, flight velocity and specific fuel consumption, values at an average cruising altitude

and Mach number are used.

2.2.2.2. Initial Cruise Rate of Climb Constraint

This constraint requires that the available rate of climb at the initial cruise altitude be greater than

500 feet/second. Although the average cruise altitude is known (since it is set as a design

variable), the initial cruise altitude is not known. To calculate the initial cruise altitude, the

following equation is used:

                                             R /CCruiseInitial =
T

W
−

1

L / D

 
 

 
 ⋅ M ⋅ a

where T is the aircraft thrust,

 W is the aircraft weight,

L is the lift,

D is the total drag,

a is the speed of sound and,

M is the Mach number.

(2-1)
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The Mach number and lift coefficient are assumed to be constant, which allows us to calculate the

density and speed of sound at the initial altitude. The weight of the aircraft is assumed to be

95.6% of the TOGW, and the L/D is assumed to be equal to the average cruise L/D.

2.2.2.3. Maximum Allowable Section Cl Constraint

This constraint makes sure that the required maximum 2D lift coefficient at cruise is less that the

given maximum lift coefficient. In this case, the swept maximum lift coefficient is set to a value

of 0.7 for profile one and 0.8 for profile two.

2.2.2.4. Fuel Capacity Constraint

The fuel capacity constraint ensures that there is enough tank volume to fit the fuel required to

meet the specified range. Fuel can be stored in nine different fuel tanks located in the fuselage (3

tanks), the wings (4 tanks) and the strut (2 tanks). The tanks in the wings are assumed to occupy

50% of the chord of the wing, in between the front and rear spars. It is also assumed that 99% of

the volume measured to the external skin surface is usable for integral wing tanks. These tanks

are divided into spanwise strips to calculate their fuel weight distribution.

2.2.2.5. Engine Out Constraint

FAR specifications require that an aircraft must be able to maintain straight flight at 1.2 times the

stalling speed with one engine inoperative. It allows a maximum bank angle of 5˚ with some

sideslip angle. The sideforce provided by the vertical tail provides most of the required yawing

moment needed to maintain straight flight in an engine-out condition. However, for all the SBW

configurations, circulation control is used on the vertical tail to augment the force provided by the

vertical tail. Englar and Williams [23] found that with a 20% ellipse, section lift coefficients of

2.8 are possible with circulation control. The vertical tail lift coefficient due to circulation control

in this study is limited to an upper bound of 1.0. To calculate the stability derivatives, a modified

DATCOM empirical method was used. Reference [24] by Grasmeyer et al. provides a more

detailed explanation of the stability and control model. The engine out constraint ensures that this

FAR specification is met.

2.2.2.6. Wing Deflection Constraint

The wing deflection constraint ensures that the wing or the nacelles on the wing do not strike the

ground during taxi. The maximum deflection is set to 20 feet, which also corresponds to the

diameter of the fuselage. For the low-wing cantilever wing configuration, the wing deflection is
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not large enough for this constraint to be active. The actual deflection of the wing is obtained

from the structures model using a piecewise linear beam model. See reference [35] by

Nagshineh-Pour for more detail into the structures model. The pylon and nacelles under the wings

are also taken into account when determining the lowest point on the wing.

2.2.2.7. Second Segment Climb Gradient Constraint

This constraint enforces the FAR specifications that require the minimum second segment climb

gradient for a twin engine passenger transport aircraft be equal to 0.024. The second segment

climb gradient is defined as the ratio of the rate of climb to the forward velocity at full throttle

while one engine is inoperative and the gear retracted, over a 50 foot obstacle. When calculating

the second segment climb gradient, the engine thrust is corrected for density and Mach number

using a modified version of Mattingly’s equation [22].

2.2.2.8. Balanced Field Length Constraint

The balanced field length constraint requires that the calculated balanced field length does not

exceed the stipulated maximum field length. In this case, the maximum field length is set to

11,000 ft. The balanced field length calculation is done based on the empirical estimation from

Torenbeek [25].

2.2.2.9. Approach Velocity Constraint

The approach velocity constraint limits the approach velocity of the aircraft to a maximum of 140

knots. The approach velocity is taken to be 59.2% of the missed approach velocity. The missed

approach velocity is calculated using the assumption that the landing aircraft has only 73% of the

TOGW and that all engines are operational. Drag polars used in this calculation use curve fits to

data provided by LMAS.

2.2.2.10. Missed Approach Climb Gradient Constraint

The missed approach climb gradient constraint restricts the missed approach climb gradient to be

greater than the specified minimum value. The minimum missed approach climb gradient for a

twin engine passenger transport aircraft specified in the FAR is 0.021. The calculation of the

missed approach climb gradient is similar to that of the second segment climb gradient with the

exception of both engines operating, and the weight of the aircraft being 73% of the TOGW.
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2.2.2.11. Landing Distance Constraint

The landing distance constraint limits the landing distance of the aircraft to be less than the

maximum balanced field length (11,000 ft). The landing distance is determined using methods

suggested by Roskam and Lan [26]. It defines three legs in the landing distance calculation, the

air distance, free roll distance and brake distance. The air distance is the distance from the 50 foot

obstacle to the point of wheel touchdown, including the flare distance. The free roll distance is the

distance between touchdown and the application of the brakes. The brake distance is the distance

covered while the brakes are applied.

2.2.2.12. Slack Load Factor Constraints

To prevent buckling, the strut is designed to take loads in tension only. In compression, it

disengages under a certain load through a telescoping sleeve mechanism. This is necessary to

prevent strut buckling. The slack load factor is defined as the load factor at which the strut

initially engages. The slack load factor ensures that the slack load factor remains in the region of

0 and 0.8. It was found that without this constraint, the optimizer chooses a slack load factor of

approximately 1, which implies that the strut engages right at cruise condition. This is undesirable

since dynamic effects (such as gusts) would cause the strut to engage and disengage frequently in

cruise. With a maximum slack load factor of 0.8, the strut will always be engaged in cruise.

2.2.3. MDO Code Architecture

In order for DOT to perform an optimization, it needs an analysis subroutine in which it can

evaluate the objective function, constraints and the various gradients based on a set of design

variables. The analysis section of the MDO code was developed with a modular structure in

mind. This allows easy access for modification into separate subroutines without having to make

major changes to the existing surrounding code. It also makes it easy for different design

disciplines to be developed individually and older versions can be swapped with newer ones

without much effort.

Figure 2-2 shows the general architecture of the MDO code. The primary analysis

modules are categorized into aerodynamics, structures, weights, propulsion, stability and control,

and performance. The optimization process begins with an initial baseline design. This is the so-

called optimization baseline design. From here, based on the configuration, the geometry

parameters will be calculated from the baseline design to be used by the various modules. The

aerodynamics module calculates the wing loads and the drag of the aircraft. Drag calculations are
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separated into induced, friction and form, wave and interference drag. The structural optimization

module provides the wing bending material weight of the aircraft and also the wing deflection.

The other modules such as performance, stability and control, and weights use this information to

calculate the objective function and constraints. From here, the optimizer is then able to

determine the ‘search direction’ for the optimization and define the values of the design variables

for the next iteration. This process is repeated until convergence to a minimum objective function

is achieved. The following sections will discuss the various modules that are used.

2.2.4. Aerodynamics

The aerodynamics model consists of a combination of published theoretical models and response

surface equations developed from Computational Fluid Dynamics (CFD) analysis. The drag

components that are addressed are parasite, induced, wave and interference drag. A detailed

discussion of these drag models can be found in previous Virginia Tech SBW studies by

Grasmeyer [8] and Gundlach [11].

The parasite drag model is based on applying form factors to an equivalent flat plate skin

friction drag analysis. The amount of laminar flow on the wing and tails is estimated by

Baseline
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Structural
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Performance

Aerodynamics

Stability and
Control

Propulsion
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Friction and
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Wave Drag

Interference
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Offline CFD
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Initial Design Variables
Updated Design Variables

Field
Performance

L/DSFC

Objective Function/
Constraints
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Wing bending
material weight

Figure 2-2: MDO Code Architecture.
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interpolating results from the Reynolds number vs. sweep data obtained from the F-14 Variable

Sweep Transition Flight Experiment (1984-1987) and the Boeing 757 Natural Laminar Flow

Glove Flight Test (1985) [27]. For the fuselage, nacelles and pylon friction drag, an input

Reynolds number is used to determine the transition location on those components. The form

factors that are then applied are calculated with LMAS supplied formulas.

To calculate induced drag, a discrete vortex method in the Trefftz plane [28] was used.

This gives the optimum load distribution corresponding to the minimum induced drag for an

arbitrary, non-coplanar wing/truss configuration.

For the wave drag calculation, the Korn equation, modified to include sweep using

simple sweep theory is used [29], [30]. This model estimates the drag divergence Mach number

as a function of airfoil technology factor, thickness to chord ratio, section lift coefficient, and

sweep angle. The wave drag coefficient is calculated for a wing strip from the critical Mach

number. Then, the total wave drag is found by integrating the wave drag of all the strips along the

wing.

The interference drag of the wing and strut intersection with the fuselage is currently

estimated using Hoerner equations based on subsonic wind tunnel tests [31]. To alleviate the

problem associated with an extremely shallow wing-strut angle, the strut employed here is given

the shape of an arch and intersects the wing perpendicularly. Analyses for an arch radius varying

from 1 ft to 4 ft were performed with CFD tools. Unstructured grids were obtained with the

advancing-front methodology implemented in the code VGRIDns [32]. The Euler equations were

solved using the CFD code USM3D [33], [34] at the cruise Mach number of 0.85.

The drag penalty was obtained by subtracting the drag of the wing alone from the drag of

the strut-braced wing design. The resulting value is the drag penalty associated with the presence

of the strut.  As the arch radius is increased, the drag penalty decreases rapidly. From these

results, a curve fit was produced and used in the present analysis to account for the drag of the

wing-strut junction.

2.2.5. Structures

Existing weight calculation models for the wing bending material weight (such as the NASA

Langley developed FLOPS) are inadequate to accurately predict the wing weight of the SBW

aircraft due to its unconventional wing concept. Hence, a special wing bending material weight

model was created to take into account the influence of the strut on the structural wing design.

Also, a vertical strut offset (at the wing-strut junction) was modeled in an effort to reduce the

wing/strut interference drag.
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Previous studies on the strut-braced wing concept by Park [5] revealed that to prevent

strut buckling, the strut thickness had to be increased significantly. To address this strut-buckling

problem, a telescoping sleeve mechanism was employed to allow the strut to be inactive in

compressive loads. Only during positive g maneuvers does the strut activate.

To calculate the bending material weight, a piecewise linear beam model, representing

the wing structure as an idealized double plate model (Figure 2-3), was used. Structural

optimization is implemented to distribute the bending material based on three load cases, the 2.5

g maneuver, -1.0g pushover and the –2.0 g taxi bump. Since the strut is not active, very high

deflections in the wing are expected for the –2.0 g taxi bump. To maximize the beneficial

influence of the strut upon the wing structure, the strut force and spanwise position of the wing-

strut intersection are optimized by the MDO code for the 2.5 g maneuver case. A detailed

description of the wing structures model can be found in references by Grasmeyer et al. [7] and

Nagshineh-Pour [35].

2.2.6. Weights

To calculate the individual component weights of the aircraft, equations from NASA Langley’s

Flight Optimization System (FLOPS) [36] and proprietary equations supplied by Lockheed

Martin Aeronautical Systems (LMAS) were used. These equations calculated the individual

component weights such as the wing and fuselage weights. The wing bending material weight

(from which the total wing weight is calculated) is obtained from the aforementioned wing-sizing

module. Detailed discussion about the weight models can be found in reference [11] by

Gundlach. In the proceeding chapters of this thesis, these equations will be referred to as the

FLIPS equations.

d

Cb

t

Figure 2-3: Wing double plate model
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2.2.7. Propulsion

GE-90 class, high-bypass ratio turbofan engines are used in this study. Using a regression

analysis, available engine information was reduced to an analytical equation relating specific fuel

consumption and maximum thrust as a function of altitude and Mach number. The equation is

similar to the form suggested by Mattingly [22] for high-bypass ratio engines, differing only by

the value of the coefficients and exponents. A rubber engine sizing method was used to scale the

GE-90 class engine to meet thrust requirements. Only the specific fuel consumption model is held

independent of engine scale.

2.3. Aircraft Configurations

Four different configurations will be considered. They are the cantilever optimum, fuselage

mounted engines SBW, wing mounted engines SBW, and the tip mounted engines SBW. One

major difference between existing transport aircraft and the ones designed in this study is the use

of circulation control on the vertical tail. In previous studies by Gundlach [11], the wing mounted

engines and tip mounted engines SBW designs used circulation control on the vertical tail to

augment the yawing moment needed to keep the aircraft in straight flight during an engine-out

condition. In order to be consistent, circulation control on the vertical tail is being used on all the

aircraft configurations in this study.

2.3.1. Cantilever Optimum

The cantilever optimum design is used as a baseline for comparison, to which we can compare

weight savings and differences between the designs. It also serves as a validation case, which we

can use to compare with existing aircraft. However, due to the differences in the general

configuration between the cantilever optimum and the SBW designs, there are small differences

in the analysis methods used. The main difference between the designs is the wing geometry. For

the cantilever optimum design, the root chord is set to a length of 52 ft. This is to make room for

the wing-mounted landing gear and kick spar. The wing chord breakpoint is set at a distance of

33% of the wing half-span from the wing root. The position of the chord break and the 52 ft root

chord length creates an additional area to the trapezoidal wing, commonly known as the ‘yehudi’

area.
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The cantilever optimum design is given a low-wing configuration, with one engine

placed at a distance of 30% of the wing half-span from the wing root on each wing. The wings are

also given a 5° dihedral angle. With a low-wing configuration, the calculation of the landing gear

length (necessary in calculating the aircraft weight) is determined differently from that used in the

SBW cases. A detailed discussion on this difference can be found in chapter 3. Figure 2-4 shows

the optimum configuration of the cantilever optimum design. This result is based on the Boeing

777 mission profile.

To validate the MDO code, the cantilever baseline design was validated against the

Boeing 777-200IGW. In this case, a cantilever baseline design without any use of technology

factors (which would therefore correspond to 1995 technology levels) was optimized. The MDO

code showed good agreement with respect to both the TOGW and wing weight. The cantilever

baseline design produced a TOGW of 592,000 lbs. while the TOGW of the Boeing 777-200IGW

was listed in Jane’s as 590,000 lbs.  Also, the geometric properties of the cantilever wing design

were similar to that of the Boeing 777-200IGW. The wing bending material weight calculation

was validated against data obtained for the Boeing 747-100.

2.3.2. Fuselage Mounted Engines SBW

All SBW designs use a high-wing configuration. Because of this, the landing gear system is

mounted in gear pods on the fuselage. There is no need for the ‘yehudi’ area and the wing

Cantilever OptimumCantilever Optimum

TOGW = 592572 lbs.
Fuel Weight = 217746 lbs.

52.0 ft

28.2 ft

8.28 ft

107.7 ft

33.3º

Centerline t/c= 0.156
Break t/c = 0.111
Tip t/c = 0.051

Figure 2-4: Optimum design of the cantilever wing configuration. Boeing 777 mission profile.
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planform is a simple trapezoidal planform*. Also, being a high-wing configuration, there is no

dihedral angle in the wings. As for the strut, it has no taper, and is connected to the wing via a

strut-offset. Both the position of the strut on the wing and the strut offset length are determined by

the optimizer.

Figure 2-5 gives the optimum configuration for the fuselage mounted engines SBW

configuration. The results are based on the Boeing 777 mission profile. The fuselage mounted

engines SBW configuration differs from the other SBW cases in the placement of the engines on

the fuselage and the T-tail configuration. A weight penalty is added to the tail weight to account

for the attachment of the horizontal tail to the vertical tail.

2.3.3. Wing Mounted Engines SBW

The wing mounted engines SBW differs from the other SBW designs in that the optimizer is

allowed to vary the placement of the engines on the wings. This is beneficial since the engines

provide bending moment relief to the wing in addition to the effects of the strut. Therefore, the

optimizer is allowed to choose the best combination of engine placement, strut position, and strut

force to achieve the lightest wing and strut weight. Although there is no restriction placed on

                                                     
* This planform is different from the one used by the study done by Grasmeyer [8]. Grasmeyer considered double
tapered wing planform. In that study, the wing/strut intersection was assumed to be at the chord breakpoint.

Fuselage Mounted Engines SBWFuselage Mounted Engines SBW

TOGW = 530469 lbs. (10.0%)
Fuel Weight = 190104 lbs. (14.1%)

31.5 ft

10.0 ft

106.5 ft

29.5º

4.34 ft

89.5 ft (0.70)

Centerline t/c = 0.137
Break t/c = 0.070
Tip t/c = 0.075
Strut t/c = 0.081
Strut Sweep = 12.6º

Figure 2-5: Optimum design of the fuselage mounted engines SBW configuration. Boeing 777

mission profile. The cantilever wing optimum is used as a reference for the % comparisons.
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preventing the engines being placed inboard of the strut attachment, it was found that the

optimum placement of the engines is in the vicinity of the strut attachment point. This comes as

an added bonus to the design since the engine pylon could also function as the strut offset and

attachment point. Figure 2-6 shows the optimum configuration of the wing mounted engines

SBW optimum design. This result is based on the Boeing 777 mission profile.

2.3.4. Tip Mounted Engines SBW

With the engines placed at the tips of the wings, some data by Patterson et al. [37] and Miranda et

al. [38] has shown that the induced drag is reduced through the propulsion-tip vortices interaction.

Also, the large nacelles at the tips, may act as winglets. The effects of tip mounted engines have

not been sufficiently investigated yet, but based on these assumptions, induced drag reduction is

applied to the design. See reference [8] by Grasmeyer for more details. In addition to induced

drag reductions, the tip mounted engines provide bending moment relief to the wings. However,

the tip mounted engines SBW configuration faces the problem of large downward wing

deflections during the taxi bump load case, and large yawing moments during an engine-out

condition. Figure 2-7 shows the optimum configuration of the tip mounted engines SBW

optimum design. This result is based on the Boeing 777 mission profile.

.

Wing Mounted EnginesWing Mounted Engines SBW

TOGW = 480229 lbs. (19.0%)
Fuel Weight = 164588 lbs. (24.4%)

29.7 ft

7.80 ft

106.6 ft

19.4º

6.08 ft

72.5 ft (0.65)

Centerline t/c= 0.134
Break t/c = 0.062
Tip t/c = 0.082
Strut t/c = 0.080
Strut Sweep = 19.4º

Figure 2-6: Optimum design of the wing mounted engines SBW configuration. Boeing 777

mission profile. The cantilever wing optimum is used as a reference for the % comparisons.
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Table 2-3 provides a configuration summary of the four designs. The SBW designs

shows TOGW improvements of up to 19% over the cantilever wing optimum. Wing weight

savings over the cantilever wing optimum design is as much as 25%. These results shows that the

SBW concept provides significant savings over a conventional cantilever wing design.

Tip Mounted EnginesTip Mounted Engines SBW

TOGW = 489064 lbs. (17.5%)
Fuel Weight = 164843 lbs. (24.3%)

33.6 ft

8.73 ft

109.3 ft

30.0º
8.40 ft

63.4 ft (0.58)

Centerline t/c= 0.147
Break t/c = 0.093
Tip t/c = 0.095
Strut t/c = 0.091
Strut Sweep = 23.8º

Figure 2-7: Optimum design of the tip mounted engines SBW configuration. Boeing 777 mission

profile. The cantilever wing optimum is used as a reference for the % comparisons.

Table 2-3: Configuration comparison

Cantilever 
Wing 

Optimum

Fuselage 
Mounted 
Engines 

SBW

Wing 
Mounted 
Engines 

SBW

Tip Mounted 
Engines 

SBW

Wing Span (ft) 215.4 213.0 213.2 218.6
Reference Area (ft2) 4938.1 4420.6 4001.9 4625.4
Aspect Ratio 9.23 10.3 11.4 10.3
Wing 1/4-Chord Sweep (deg) 33.3 29.5 19.4 30.0
Strut 1/4-Chord Sweep (deg) N/A 12.6 19.4 23.8
Wing t/c at the Centerline 0.156 0.137 0.134 0.147
Wing t/c at the Chord Breakpoint 0.111 0.07 0.062 0.093
Wing t/c at the Tip 0.051 0.075 0.082 0.095
Strut t/c N/A 0.081 0.080 0.091
Cruise L/D 21.79 22.58 23.93 24.60
Engine Thrust (lbs) 81568.7 69697.5 60069.8 62226.1
Fuel Weight (lbs) 217746 190104 164588 164843
Wing Weight (lbs) 78072 70440 57171 62962
Takeoff Gross Weight (lbs) 592572 530469 480229 489064
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Chapter 3 

Changes made to the optimization code

During the course of the development of the MDO code, several key changes were made. Some

of these changes were due to bugs within the code, or wrong assumptions made, causing

inconsistent results. Other changes were done to improve and upgrade the MDO methodology.

The following sections discuss the various changes that have been made.

3.1. The convergence problem

Initially, the MDO code used weight equations from NASA Langley’s Flight Optimization

System (FLOPS). To solve the implicit weight equations with respect to TOGW, the zero fuel

weight and fuel weight were set as design variables, and their convergence was enforced by

applying constraints. In an aircraft analysis code, the implicit weight equations are usually solved

in an internal iteration. However, Haftka et al. [39] and Wakayama [40] found that it was more

efficient to move the task of solving the implicit equations to the level of the optimizer. Later,

during the work with LMAS, the weight equations were replaced by LMAS weight equations that

now are known as the FLIPS equations.

The FLIPS equations proved to be much more highly coupled than the FLOPS equations,

being implicit not only with respect to TOGW, but with respect to wing weight, fuselage weight

and maximum body and contents weight. This can be represented functionally as:
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WFuse = F(WMBCW,WZF,WFuel)

Wwing = F(WWing, WZF,WFuel)

WZF = F(WWing,WFuse)

WMBCW = F(WFuse,WZF)

To illustrate the non-linearity of the FLIPS equations, the fuselage weight equation is in the

following form:

WFuse = C1 C2
E1 LFuse

E2 DFuse
E3 (WZF + WFuel)

E 4 WMBCW
E5 (C3 −

cFuse

LFuse

)E6

where Ci and Ei are constants.

Earlier in its implementation, the equations were solved using the same method that was

used for the FLOPS weight equations. Due to the highly coupled nature of the weight equations,

this method proved to be unreliable, as the optimizer regularly was unsuccessful in finding a

solution needed to satisfy the constraints. Even if a feasible solution was found, it was difficult

for the optimizer to minimize the objective function while meeting the constraints imposed on it.

As a solution to this problem, a lagging variable method was employed.  With this procedure the

maximum body and contents weight, wing weight and fuselage weight were set to their respective

output values from the previous function call. Mathematically, the nth function call during an

optimizer iteration can be represented as :

WFuse
n = F(WMBCW 

n-1, WZF 
n, WFuel

n)

Wwing
n = F(WWing

n-1, WZF
n, WFuel

n)

WZF
n = F(WWing

n-1, WFuse
n-1)

WMBCW
n = F(WFuse

n-1, WZF
n )

The fuel and zero fuel weight were still set as design variables, with convergence

enforced by constraints. Convergence of maximum body and contents and wing weights seemed

rapid with the lagging variable method and lead to better conditioning of the optimization

problem compared with using the previous formulation.

Further on in the development of the code, it was found that even the lagging variable

method was not effective enough and the optimization problem was still ill-conditioned. It was

decided that to accurately solve the highly coupled equations, the equations are solved within an

internal iteration. In other words, the exact solution to the weight equations are solved within

every optimizer analysis function call. To minimize computational time, a Newton’s iterative

method was chosen to solve the weights equations. To obtain the gradients of the different weight

variables, relevant subroutines were modified through ADIFOR (Automatic Differentiation for

FORTRAN). ADIFOR is a program developed at the Argonne National Laboratory and Rice

(3-1)

(3-2)

(3-3)
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University. Additional information on automatic differentiation can be found references [41] and

[42] by Bischof et al. ADIFOR modifies the program subroutines to allow them to also determine

the derivatives of any specified variable. ADIFOR is licensed, without fee, for educational and

non-profit research purposes. See ADIFOR 2.0 User’s Guide [43] for more information on the use

of ADIFOR. The implementation of ADIFOR will be discussed in the next section.

Theoretically, solving the weight equations internally should provide a much better

conditioned optimization problem than that solved using the lagging variable method. However,

initial comparisons between the optimization solutions using the lagging variable method and the

Newton’s solver method showed that the lagging variable method resulted in a faster solution

convergence. Further investigation showed that for the Newton’s solver method solution, the

gradients obtained using a finite difference method from the optimizer was inconsistent. This

inconsistency was finally traced back to the wing bending material weight calculation.

From Figure 2-2, notice that the wing bending material weight module (wing.f) is

separate from the weights module. When the Newton’s solver was first implemented, it was only

applied to solve equations within the weights module. However, the FLIPS equations are also

implicitly coupled with the wing bending material weight calculation, thus leading the Newton’s

solver to provide an inaccurate solution. Mathematically, this can be represented as:

TOGW = F(WBending, …)

WBending = F(TOGW, …)

Only when the Newton’s solver was expanded to include wing.f, did the gradient

calculations result in more consistent values. Figure 3-1 shows the difference between the

Newton’s Solver method and the Lagging Variable method. Convergence within the Newton’s

solver is rapid, giving an accuracy of less than 1/100th of a pound within 3 or 4 iterations. The

time per function call during optimization is much longer than that using the lagging variable

method, but the reduced number of function calls needed to arrive at an optimum solution results

in only a small penalty. Presently, convergence toward the optimum solution is much better while

computational time is not noticeably longer compared to using the lagging variable method.

(3-4)
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So, why did the lagging variable method initially provide a faster solution convergence?

The answer is in that there were two inconsistent results whose effects happen to cancel each

other. Figure 3-2 illustrates this effect. Consider the case where only the FLIPS equations are

solved internally (the case when the lagging variable seemed better), leaving wing.f to be solved

using the lagging variable method. Within an optimization iteration, the first function call

produces results with the greatest error. Then, as the number of function calls increase, the error

decreases due to the lagging variable method. However, for each optimization iteration, the first

function provides the nominal result for the finite difference calculation. Subsequent function

calls are the results of the perturbations of individual design variables. Since the first function call

gives the greatest error, this error affects all the gradient calculations. This is why there were

inconsistent gradients initially. This result will also be true if the situation was reversed, i.e.

solving only the FLIPS equations using the lagging variable method. In the case of using the

lagging variable method to solve both wing.f and the FLIPS equations, the cumulative effect of

both errors somewhat cancel each other out. Although the results were still not consistent, they

were better than the results if only one of the modules were solved using the lagging variable

method. Therefore, the first attempt at solving the weights equations using a Newton’s solver

method solved one problem and allowing the other problem to manifest itself.

Guess Value

Wing.f

FLIPS equations

Optimizer

Wing.f

FLIPS equations

Optimizer

Initial Input
 Values

Previous
optimization

iteration
solution

Constraint
enforced
solution

Updated
guess
value

Newton’s
solver

Exact numerical
solution

Newton’s Solver Method Lagging Variables Method

Figure 3-1: Flow-chart comparison between the Newton’s Solver Method and the Lagging Variable

Method.
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3.2. Implementing ADIFOR

As mentioned earlier, ADIFOR is used to calculate the gradients used in the Newton’s solver to

evaluate the weight equations. ADIFOR works by modifying selected subroutines to determine

the required derivatives in addition to the original output.

In the case of implementing ADIFOR to determine the derivatives of the weights

equations, the subroutines flips.f, wing.f and flipswing.f were modified. Wing.f calculates the

wing bending material weight, flips.f contains the aircraft weight equations, and flipswing.f is a

small subroutine that links wing.f with flips.f. When modified, these subroutines were

automatically renamed into g_flips.f , g_wing.f and g_flipswing.f. The applicable subroutines,

independent and dependant are specified using a script file. Duplicate functions (since wing.f and

g_wing.f will also be used in the code) within g_wing.f that were not modified by ADIFOR were

later manually commented out. For the modified subroutines to run, they were compiled together

with function library files provided with ADIFOR. For a detailed description of ADIFOR’s

capability and how to use it, see reference [43].

One of the problems of using ADIFOR to calculate the derivatives of complex analysis

subroutines is the presence of singularities in the derivatives. Although the singularities in

ADIFOR does not prevent the functionality of the program, they are reported as errors during

run-time. There are generally two ways of contending with these errors. The first way is to

Number of function calls

TOGW

FLIPS Lagging

WING.F Lagging

Correct TOGW

Figure 3-2: Illustration of the cumulative effects of two inconsistent results. NOTE: Graph does

not show actual numerical quantity. It is used only as an illustration.
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completely ignore these errors by disabling the error printing subroutine EHRPT. Although doing

this will not affect the results of the gradients (at least in this application), it prevents the user

from finding other potential errors not associated with singularities in derivatives. The other

method is to modify the ADIFOR generated codes to account for these errors. In this application,

singularities occur due to three different functions used in the programming. They are:

ABS – function that returns the absolute value of a specified variable. Singularities in

gradients occur when the specified variable has a value of 0

MIN – function that returns the minimum value of a specified list of variables. Singularities

occur when the list of variables has no minimum. For instance, all the numbers in the list are

equal to each other.

MAX – function that returns the maximum value of a specified list of variables. Singularities

occur when the list of variables has no maximum.

Assume that the value of the variable where the singularity occurs is called the singularity

value (for the function ABS, the singularity value would be equal to zero). For values greater than

and less than the singularity value, ADIFOR uses different procedures to calculate derivatives,

using an if-then statement to determine which procedure to use. When ADIFOR encounters the

singularity value, it is not able to decide which procedure to use, and hence sends out an error

message. To resolve this, the if-then statement is modified to have ADIFOR include the

singularity value within one of the procedures. For example, for the ABS function, the if-then

statement looks like:

if (var .gt. 0.0d0) then
             d1_p =  1.0d0
          else if (var .lt. 0.0d0) then
             d1_p = -1.0d0
          else

### Other commands ###
end if

This statement is modified to :

if (var .gt. 0.0d0) then
             d1_p =  1.0d0
          else if (var .le. 0.0d0) then
             d1_p = -1.0d0
          else

### Other commands ###
end if
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Note that the Boolean expression .lt. (less than) was modified to .le. (less than or equal to). This

way, the singularities in the derivatives are taken into account.

3.3. Stair-step problem

During the course of the investigation into the inconsistent gradients explained in Section 3.1., it

was found that the gradient of the objective function (TOGW) with respect to the position of the

strut remained inconsistent, even after the solution in section 3.1 was implemented. Following

investigations revealed the importance of using the right optimization parameters.

In DOT, the parameter FDCH (stored as the ninth variable in the array RPRM) controls

the finite difference step size used for finite difference gradient calculations. By default, this

value is set to 0.001. Ideally, we would want this value to be as small as possible, allowing the

finite difference gradient approximation to be as accurate as possible. However, because the

evaluation of the design is partly based on methods that involves discrete steps and internal

iterative procedures, FDCH must be set large enough to "overlook" these discrete steps. In this

case, we found that the default step size was not large enough due to the discrete steps used in the

wing bending material weight calculation. This effect can be best described by looking at the

effect of the position of the strut on aircraft range for a specific design.

Figure 3-3 shows the effect of the position of the strut on the range for a certain fixed

design. At first glance, we would observe that this variation is smooth. But, when we look at a

section of the curve at a smaller step size in Figure 3-4, we find that the variation is not quite

smooth, although approximating the gradient of the curve through a finite difference method

within this range would still yield a fairly accurate answer. However, magnifying a section of this

curve by 10 times (Figure 3-5) we find that the variation is in a saw-tooth pattern. Calculation of

the gradient in these intervals would clearly result in inaccurate results. Incidentally, the default

step-size used by DOT to calculate the finite difference gradients falls within this interval.
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Figure 3-3: Effects of position of strut on aircraft range. Position of strut: 0.1 – 0.9
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Figure 3-4: Effects of position of strut on aircraft range. Position of strut : 0.89 – 0.899.



28

The cause of this saw-tooth pattern was traced to the calculation of the individual aircraft

weights. Figure 3-6 shows the variation of the zero-fuel weight with respect to the placement of

the strut on the wing at the same interval as before. Here, we see clearly the stair-step variation.

Later, it was found that this pattern resulted from the wing bending material weight calculations

that places the position of the strut at discrete stations on the wing. As a result, the effect ripples

through the weight calculations to affect the range calculation. The effect of the discrete

placement of the strut can be clearly seen through the superimposed curve in Figure 3-6. The

value of FDCH therefore was set at a higher value to ‘overlook’ this stair-step variation. This

problem is typical of the ‘noise’ generated in analysis subroutines, and how it can affect

optimization.

6877.40

6877.45

6877.50

6877.55

6877.60

6877.65

6877.70

0.8990 0.8991 0.8992 0.8993 0.8994 0.8995 0.8996 0.8997 0.8998 0.8999 0.9000 0.9001

Position of Strut

Figure 3-5: Effects of position of strut on aircraft range. Position of strut: 0.8991 – 0.9.
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3.4. Landing Gear Length Problem

In the original FLIPS equations provided by LMAS, the landing gear weight was determined

from the main landing gear length. The main landing gear length was determined based on the

fuselage diameter, position of the engine on the wing and the dihedral of the wing. However, the

equation that calculates the gear length was derived based on existing low-wing cantilever

aircraft, and hence was not suited for the SBW configurations. It was found that using this

equation for a SBW configuration caused the calculation of large main gear lengths (on the order

of 20 ft). Otherwise, since the fuselage weight (and ultimately TOGW) is a function of main gear

length, the optiimizer moves the engines too far inboard of the wing (to reduce main gear length

since it is a function of engine position).

Therefore, the landing gear length equation was replaced with two different equations

based on the aircraft configuration. For a SBW case, the main landing gear length is set equal to a

specified ground clearance distance. In this study, the ground clearance distance was set to 7 ft.

For a cantilever configuration, the landing gear length is calculated based on the sum of the
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Figure 3-6: Effect of position of strut on zero fuel weight, with the effects of the structural grid

spacing influence superimposed.
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nacelle diameter, pylon length and a 4 ft clearance, with the ground clearance distance as a

minimum.

3.5. Methods used to ensure consistent optimum points

One of the major problems of using local optimizers (such as using the method of feasible

directions) is that solutions can converge to a local optimum. Also, for such an algorithm, there is

no definite way of determining if the converged solution is the global optimum. Previous SBW

studies by Grasmeyer [8] and Gundlach [11] relied on optimization solutions of multiple ‘starting

points’ and then picking the solution with the lowest objective value function. By doing this, the

user can ‘explore’ the design space and hopefully arrive at the global optimum. These previous

studies also relied on the user’s experience to determine a good ‘starting point’ for the

optimization.

There was a need to develop an optimization technique that minimized the chance of

converging to a local optima, and reduce the need for user experience. Through experience, it was

found that DOT stops at a solution prematurely, allowing itself to frequently converge on a local

optima. This can be prevented by restarting from the point the previous optimization stopped. It

was theorized that since the first optimization step size is much larger than the final optimization

step, starting the optimization over again would overcome being trapped in a local optima.

Results showed that as many as four re-starts were required before the solution converged to a

single design.

To automate this restarting process, a UNIX script file was written (named

exteriorTBW). This script file restarts an optimization run from the stopping point of the previous

run. Convergence is achieved when the values of the objective function (in this case, TOGW) of

three consecutive optimizations are within 500 lbs of each other.  The script file also checks and

outputs the number of function calls and determines if the final design is feasible. A listing of the

script file can be found in Appendix A. Apart from converging on a much stronger optimum, it

was found that by using this technique, optimizations from starting points that before resulted in

infeasible solutions now would converge to feasible solutions.

Although with this technique convergence to a feasible solution is much easier, the user

should adhere to the general rule of starting from multiple points in the design space. However,

by using this technique, approximately 60% of the cases will converge to a similar minimum

TOGW solution. The value of the final design variables of these solutions will also be similar.



31

Figure 3-7 shows a comparison of the iteration history before and after improvements

were made to the code. It shows that before improvements, the solution converges to a local

optima. In this case, the user would have to choose another starting point, and optimize again, in

the hopes that the optimizer will not converge to another local optima. On the other hand, after

the improvements, the optimizer ignores the local optima and converges to a much stronger

solution. Also, after the improvements, the TOGW of the design increases dramatically during the

first iteration. This is because the optimizer initially searches for a feasible solution, without

considering the value of the objective function. On the second iteration, the TOGW decreases

back to a value similar to a TOGW that it started from, but this time, the design point is in a

feasible region. This behavior is desirable since the optimizer will converge on a solution faster if

it is in a feasible design space. This behavior is not observed before the improvements due to the

fact that the inconsistent gradients that are used prevent the optimizer from quickly finding a

feasible design space.
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Figure 3-7: Comparison of iteration histories before and after improvements were made to the

optimizer. A wing mounted engines SBW aircraft was optimized.
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Chapter 4 

Comparison of Weight Equations

As mentioned in Chapter 3, studies by Grasmeyer [8] used weight equations obtained from

NASA Langley’s Flight Optimization System (FLOPS). Later, when LMAS was tasked by

NASA Langley to verify the results obtained from the MDO code, the weight equations were

replaced with proprietary weight equations supplied by LMAS (known as FLIPS). This allowed

us to verify the SBW concept based on weight equations developed by a major airframe

manufacturer.

To study the impact of using these equations on the design of the cantilever wing and

SBW designs, a comparison of the two sets of weight equations was done. Optimum designs of

the four different configurations were obtained using both sets of equations and then compared

for differences. This chapter discusses the methodology and results of the study.

4.1. Difference between FLOPS and FLIPS

The FLIPS equations consist of a combination of weight equations from FLOPS and proprietary

equations developed by LMAS. Therefore, some of the weight calculations are similar between

FLIPS and FLOPS.

The differences between the two sets of equations are the calculation of the structural and

operating items weights. The calculation for the wing weight and fuselage weight constitutes the

main difference between the structural weight calculations. The horizontal and vertical tail weight

calculations differs slightly in FLIPS with the addition of penalty factors associated with a T-tail
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configuration. Also, the FLIPS equations include calculations for unusable fuel, engine oil and

passenger services equipment.

As opposed to the FLOPS equations, the fuselage weight, wing weight, zero fuel weight,

and maximum body and contents weight are coupled. Because of this, the methodology in solving

these equations had to be changed when the FLOPS equations were replaced. This change in

methodology is documented in chapter 3.

4.2. Comparison methodogy

Optimum designs for the cantilever wing, wing mounted engines SBW and tip mounted engine

SBW aircraft will be obtained using both the FLIPS and FLOPS equations. The fuselage mounted

engine SBW configuration was not considered because it was considered that the two SBW

configurations were sufficient for this comparison. The Boeing 777 mission profile will be used

in this study. For each configuration, the designs are compared for differences in dimensions,

performance and component weights. Then, each optimum design is analyzed using the other

weight equations and then individually compared. This gives us a total of 12 cases with which the

effects of the weight equations can be compared.  Violated constraints that occur during this

analysis will also be noted.
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4.3. Optimum designs

4.3.1. Cantilever wing design

From Figure 4-1, we see that there is an 8% difference in the TOGW between the two different

designs. Wing weight remains only slightly unchanged with a 3% difference. On the other hand,

the FLIPS optimum has 11% more fuel weight than the FLOPS optimum.  This difference in fuel

weight could be attributed to the effect of the 8% difference in TOGW.

In terms of wing dimensions, there is only a 3% difference in the wing semispan. Wing

sweep differs by only 1.5 degrees. A noticeable difference between the two designs can be found

in the outboard wing taper ratio. For the FLIPS optimum design, the outboard wing taper ratio is

equal to 0.29 while the FLOPS optimum has a higher taper ratio of 0.37. Also, the average chord

of the outboard wing of the FLIPS optimum is 9% higher than that for the FLOPS optimum. This

results in a 17% difference in aspect ratio. Average t/c ratios are similar.

FLIPS Optimum FLOPS optimum
TOGW = 592572 lbs. 
Wing Weight = 78071 lbs.
Fuel Weight = 217745 lbs.
Zero Fuel Weight = 374826 lbs.

TOGW = 542523 lbs.
Wing Weight = 80491 lbs.
Fuel Weight = 193719 lbs.
Zero Fuel Weight = 348780 lbs.

33.31 deg.

106.7 ft.

52 ft.

28.2 ft.

8.28 ft.

Centerline t/c = 0.156
Break t/c = 0.111
Tip t/c = 0.051

Centerline t/c = 0.144
Break t/c = 0.119
Tip t/c = 0.067

110.1 ft.

34.83 deg.

52 ft.

24.4 ft.

9.07 ft.

36.3 ft. (0.33)35.2 ft. (0.33)

Figure 4-1: Cantilever wing optimum designs
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4.3.2. Wing mounted engines SBW

From Figure 4-2, there is less than a 1% difference between the TOGW of the two designs.

However, the wing weights differ by 16%. The fuel weight difference is not as large, with a value

of 5.6%.

Major differences in the wing dimensions can be found between these designs. First, the

wing semispan of the FLOPS optimum design is 38 feet longer than that of the FLIPS optimum.

Like the cantilever comparisons, the FLIPS optimum for the wing mounted engine has a smaller

taper ratio than that for the FLOPS optimum. The FLIPS optimum average chord is 5% larger

than the FLOPS optimum. In turn, the aspect ratios differ by 8.5%. There is little difference in

terms of the wing sweep and average t/c ratios.

TOGW = 480288 lbs. 
Wing Weight = 57171 lbs.
Fuel Weight = 165115 lbs.
Zero Fuel Weight = 315113 lbs.

FLIPS Optimum FLOPS optimum
TOGW = 477301 lbs.
Wing Weight = 66358 lbs.
Fuel Weight = 155824 lbs.
Zero Fuel Weight = 321477 lbs.

106.6 ft.

27.0º

29.7 ft.

14.9 ft.

7.80 ft

6.07 ft.

72.0 ft (0.68)

Centerline t/c = 0.133
Break t/c = 0.062
Tip t/c = 0.085
Strut t/c = 0.080
Strut Sweep = 19.4º

114.4 ft.

27.4º

27.2 ft.

14.3 ft.

8.35 ft.

6.84 ft.

78.6 ft. (0.69)

Centerline t/c = 0.126
Break t/c = 0.069
Tip t/c = 0.051
Strut t/c = 0.080
Strut Sweep = 19.1º

Figure 4-2: Under wing engines SBW optimum results
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4.3.3. Tip mounted engines SBW

Clearly from Figure 4-3, both weight equations result in a similar design. There is less than a 6%

difference between the weights of both designs, with the TOGW within 1% of each other. There

is barely any difference in the wing dimension of the designs.

FLIPS Optimum
TOGW = 489063 lbs. 
Wing Weight = 62961 lbs.
Fuel Weight = 164843 lbs.
Zero Fuel Weight = 324220 lbs.

FLOPS optimum
TOGW = 484313 lbs.
Wing Weight = 66613 lbs.
Fuel Weight = 159246 lbs.
Zero Fuel Weight = 325066 lbs.

109.3 ft.

62.8 ft. (0.58)

30.0º

33.6 ft.

8.73 ft.

6.84 ft.

Centerline t/c = 0.147
Break t/c = 0.093
Tip t/c = 0.095
Strut t/c = 0.091
Strut Sweep = 23.8º

111.9 ft.

66.4 ft. (0.59)

32.0 ft.

8.67 ft.

30.5º
8.50 ft.

Centerline t/c = 0.147
Break t/c = 0.092
Tip t/c = 0.094
Strut t/c = 0.090
Strut Sweep = 23.8º

Figure 4-3: Tip mounted engine SBW optimum results
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4.4. Analysis of the optimum designs using opposing weight equations.

To accurately gauge the differences between the two sets of weight equations, each optimum

design is analyzed with the opposing weight equation for comparison.

4.4.1. Cantilever design – FLIPS optimum

Based on Figure 4-4 the FLOPS equations predicts a smaller TOGW for this design although

differences are less than 2%. Only the wing weight does not follow this trend, with an increase in

wing weight. However, the difference is so small that it could be attributed to be within the noise

level of the analysis model.

0.0

100000.0

200000.0

300000.0

400000.0

500000.0

600000.0

700000.0

FLIPS 592572.2 78071.8 217745.7 374826.5

FLOPS 582310.0 80012.0 213657.8 368793.4

Calculated Takeoff 
Weight (lbs)

Wing Weight (lbs) Fuel Weight (lbs) Zero fuel weight (lbs)

- 1.73 %

2.48 %

- 1.88 %

- 1.61 %

FLOPS Violated Constraints

No Constraint Violations

Figure 4-4: Comparison of weights using different weight equations.

FLIPS cantilever optimum design.
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4.4.2. Cantilever design – FLOPS optimum

Figure 4-5 confirms that the FLOPS equations predict a smaller TOGW for the cantilever design.

Differences in this comparison are also small, all within a value of 5%. There are four constraints

that are violated when the design is analyzed using the FLIPS equations. However, these

violations are small and can be expected when using different weight equations. The only

exception to this is the range constraint, which shows a significant 10% violation in the

constraint.

0.0

100000.0

200000.0

300000.0

400000.0

500000.0

600000.0

700000.0

FLIPS 584313.6 92074.1 200946.0 383367.6

FLOPS 572276.2 88327.0 200946.2 371317.3

Calculated Takeoff 
Weight (lbs)

Wing Weight (lbs) Fuel Weight (lbs) Zero fuel weight (lbs)

2.1 %

4.24 %

Not Converged in FLIPS

3.25 %

FLIPS Violated Constraints

Range                                            = 7082 nmi (7880 nmi)
Second Segment Climb Gradient   = 0.0235 (0.024)
Balanced Field Length                   = 11178.7 ft (11000 ft)
Approach Velocity                          = 141 kts (140 kts)   

Figure 4-5: Comparison of weights using different weight equations.

FLOPS cantilever optimum design.
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4.4.3. Wing mounted engine SBW design – FLIPS optimum

Figure 4-6 shows that contrary to the trend seen with the cantilever designs, the FLOPS equation

predicts a higher TOGW. All the other weights follow the same trend, and differences are still

within 5%. There are 6 violated constraints when using the FLIPS equations but their violations

are small.

0.0

100000.0

200000.0

300000.0

400000.0

500000.0

600000.0

FLIPS 480229.0 57171.4 165115.5 315113.4

FLOPS 495080.9 59600.1 169371.6 325850.5

Calculated Takeoff 
Weight (lbs)

Wing Weight (lbs) Fuel Weight (lbs) Zero fuel weight (lbs)

3.09 %

4.25 %

2.58 %

3.41 %

FLOPS Violated Constraints

Initial Cruise Rate of Climb            = 476.4 ft/s (500.0)
Max Section Cl                              = 0.723 (0.7)
Wing Deflection                             = 20.4 ft (20.0)
Second Segment Climb Gradient  = 0.0191 (0.024) 
Balanced Field Length                  = 11737 ft (11000 ft)
Slack Load Factor (Upper)            = 1.17 (0.8)

Figure 4-6: Comparison of weights using different weight equations.

FLIPS wing mounted engines SBW optimum design.
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4.4.4. Wing mounted engine SBW design – FLOPS optimum

Again from Figure 4-7, the FLIPS equations have a smaller TOGW prediction. The wing weight

does not follow this same trend but since the differences are small, it could very well be within

the analysis noise level. With a smaller TOGW prediction, there are no violated constraints

encountered.

0.0

100000.0

200000.0

300000.0

400000.0

500000.0

600000.0

FLIPS 492675.6 68295.7 164560.0 328115.6

FLOPS 498616.8 66811.2 164560.5 334041.8

Calculated Takeoff 
Weight (lbs)

Wing Weight (lbs) Fuel Weight (lbs) Zero fuel weight (lbs)

FLOPS Violated Constraints

No Constraint Violations
-1.19 %

2.22 %

-1.77 %

Not Converged in FLIPS

Figure 4-7: Comparison of weights using different weight equations.

FLIPS under wing engine SBW optimum design.
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4.4.5. Tip mounted engines SBW design

From Figure 4-8 and Figure 4-9, the tip mounted engine SBW cases shows the similar trend of

the FLOPS equations predicting higher TOGW values. Differences between the predictions are

small, and so are the constraint violations encountered. These results are expected, as both the

FLIPS optimum and FLOPS optimum designs are similar. The only noticeable difference in

weight prediction is the wing weight for the FLOPS optimum. In this case the predicted wing

weight using the FLIPS equations is 7% higher. This is unusual as all the differences encountered

are within a value of 5%. However, this larger difference does not seem to impact the overall

TOGW prediction.

0.0

100000.0

200000.0

300000.0

400000.0

500000.0

600000.0

FLIPS 489063.6 62961.7 164843.1 324220.5

FLOPS 499427.0 62785.6 166888.8 332653.3

Calculated Takeoff 
Weight (lbs)

Wing Weight (lbs) Fuel Weight (lbs) Zero fuel weight (lbs)

2.12 %

- 0.28 %

- 1.24 %

2.6 %

FLOPS Violated Constraints
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Second Segment Climb Gradient  =  0.0202 (0.024)
Slack Load Factor                         = 1.41 (0.8)

Figure 4-8: Comparison of weights using different weight equations.

FLIPS tip mounted engines SBW optimum design.
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4.5. Concluding remarks

From this study, we find that there is little difference between results obtained from using the two

sets of weight equations, although their formulations are dissimilar. This also validates previous

studies by Grasmeyer [8] who used the FLOPS equations, with equations developed by a major

airframe manufacturer. Indirectly, it also validated the use of the FLOPS equations in future

design concepts since the FLIPS equations are proprietary. Although the weights are slightly

different, for comparative studies, it appears that either FLOPS or FLIPS can be used.
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Wing Deflection                             = 27.3 ft (25 ft)

Figure 4-9: Comparison of weights using different weight equations.

FLIPS tip mounted engines SBW optimum design.
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Chapter 5 

Effects of Design Constraints

To understand the aircraft concepts in depth, an investigation of the effect of the design

constraints on the different configurations was done. The sensitivity of each optimum aircraft

design with respect to the individual design constraints was found using Lagrange multipliers.

With this, key constraints were identified and examined. The constraints that were studied are:

• Range

• Maximum section Cl

• Engine out

• Wing deflection

• Second segment climb gradient

• Balanced field length

• Approach velocity

• Strut slack load factor

These constraints were found to active at the optimum design of at least one of the configurations

considered. The inactive constraints were the initial cruise rate of climb, fuel capacity, missed

approach velocity climb gradient and landing distance constraints. This chapter will discuss the

methodology used and examine the results obtained from this study.
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5.1. Methodology

The sensitivities of the constraints were obtained by calculating the associated Lagrange

multipliers. Although the optimizer uses the Method of Feasible Directions (which does not

calculate the Lagrange multipliers), the output obtained can be used to calculate the multipliers.

In general, the optimization problem can be mathematically represented in terms of the

objective function (F), design variables (xi), and the constraints (gj) as

minimize F, where F=F(x1,x2,.….xn) for i=1,n

subject to gj=gj(x1,x2,.….xn) for j=1,m

Mathematically, this optimization problem can be expressed as :

Where j are the Lagrange multipliers. Based on the Kuhn-Tucker conditions for optimality [44]

at an optimum,

where the “*” represent the optimum condition. Hence we can reduce this equation down to:

which gives the sensitivity of the objective function with respect to each individual design

variable. To solve for j, we can write the equation in the form:

Given F(X*) and g(X*), we can solve for { }, using common methods such as Gauss elimination

or LU Factorization.

To further simplify the problem, we know that if a constraint is inactive, its respective

Lagrange multiplier will be zero. Hence, this reduces the number of unknowns to the number of

active constraints. In light of this, when the number of equations exceed the number of unknowns,

a least-square solution is obtained by multiplying both sides of Equation (5-4 by the transpose of

constraint coefficient matrix. Equation (5-4 hence becomes

from which { } can be solved.

∇F(X) + j∇g j(X) = 0
i =1

m

∑ (5-1)

∇F(X*) + j∇g j(X*) = 0
j =1

m

∑ (5-2)

j = −
F
g j

(5-3)

(5-4)F(X*){ } + ∇g(X*)[ ]{ } = 0

∇g(X*)[ ]T
F(X*){ } + ∇g(X*)[ ]T ∇g(X*)[ ]{ } = 0 (5-5)
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 To compare the constraints, the logarithmic derivative was calculated. This is defined

[45] as

Since the constraints are already normalized*, the logarithmic derivative can be obtained by

scaling the Lagrange multipliers by the TOGW of the designs. Also, to qualitatively represent the

sensitivity of the derivatives, the Lagrange multipliers are unscaled by dividing each variable with

its corresponding constraint limit.

In this study, the LMAS mission profile was used in the optimization. No technology

factors were imposed to prevent their influence on the sensitivity of the designs towards the

constraints.

5.2. Results

The logarithmic derivative gives the percent change of the TOGW due to a percent change in the

constraint. Therefore, we can use this derivative to compare the sensitivities of the designs with

respect to the constraints, and identify the key constraints.

The results show that the range constraint is the most important constraint, with a

logarithmic sensitivity approximately six times larger than the next highest derivative. This is an

expected result as the fuel weight is mainly determined by the range constraint.  Also, since the

range is a design requirement, it is a constraint that should have a large impact on the designs. It

is therefore not necessary to present the range constraint in the logarithmic sensitivity analysis

results.

Figure 5-1 shows the logarithmic sensitivity of all the constraints considered except for

the range constraint. We can see that the balanced field length and second segment climb gradient

constraint are important. However, we find that where there is a comparison, the SBW designs

are generally less sensitive to the constraints compared to the cantilever wing design. Only in the

case of the balanced field length constraint is this not true. This is an important result as it implies

that if the constraints are tightened, the SBW designs will incur a smaller penalty compared to the

cantilever wing design. It would therefore allow designers more flexibility in the design of the

SBW aircraft.

                                                     
* In the optimization process, the constraints are normalized before being passed to the optimizer. Hence, the actual
values of the constraints obtained from the optimizer are normalized constraints.

du

dx
=

d(logu)

d(log x)
=

du/ u

dx / x
(5-6)
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Table 5-1 gives a ranking of the different constraints for the designs. As mentioned

earlier, the range constraint ranks the highest in all the constraints. Another trend that we see is

that the slack load factor constraint is the least important constraint in the list for all three SBW

designs (the slack load factor constraint does not apply to the cantilever design). Otherwise, there

is no noticeable trend between the designs for the other constraints. This indicates that each

design is distinct, and each design needs to be examined individually.

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14

Section Cl Max (0.8)

Engine Out

Wing Deflection 
(20 ft)

Second Segment Climb
Grad. (0.0024)

Balanced Field Length
(11000 ft)

Approach Velocity 
(140 kts)

% change in TOGW due to % change in constraint

Cantilever Wing Optimum Fuselage Mounted Engines SBW
Wing Mounted Engines SBW Tip Mounted Engines SBW

Figure 5-1: Logarithmic sensitivity of the design configuration with respect to the constraints.

Table 5-1: Table of rankings of the constraints for different aircraft configurations.

1
Cantilever Wing 

Optimum
Fuselage Mounted 

Engines SBW
Wing Mounted 
Engines SBW

Tip Mounted 
Engines SBW

2
Range Range Range Range

3
Section Cl Max

Balanced Field 
Length

Balanced Field 
Length Engine Out

4
Approach Velocity Section Cl Max Section Cl Max

Second Segment 
Climb Gradient

5
Second Segment 

Climb
Second Segment 
Climb Gradient Wing Deflection Wing Deflection

6
Balanced Field 

Length
Upper Strut Slack 

Load Factor
Second Segment 
Climb Gradient

Upper Strut Slack 
Load Factor

7
Upper Strut Slack 

Load Factor Section Cl Max

Rankings
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Table 5-2 shows the unscaled sensitivities of the designs with respect to the constraints.

These values should only be compared between different designs for each constraint. This table

gives the change in TOGW in pounds for a unit change in the constraint. For example, for the

cantilever wing optimum, an increase in a nautical mile of range would result in a 57.7 lbs

increase in TOGW. Although we expected the designs to be sensitive to the range constraint,

Table 5-2 shows provides us with an estimate that can be used if the mission range is changed.

We find again that the sensitivities of the SBW designs are generally less sensitive to the

constraints compared to the cantilever wing aircraft. It should be noted that the value of the

sensitivity of the tip mounted engines SBW design with respect to the maximum section Cl

constraint is positive (as opposed to the other designs). This is due to the tolerance band of the

optimizer in determining active constraints. Comparing this value with the other design results,

we find that it is small and can very well be considered equal to zero.

Attention should also be given to the engine out constraint and approach velocity

constraint. For the engine out constraint, only the tip mounted engines SBW design is active. This

is expected due to the large yawing moments created due to the large separation of engine and

centerline during an engine out condition. This result suggests that only the tip mounted engines

SBW design would likely need the benefits of circulation control on the vertical tail (although in

this study, circulation control on the vertical tail is included for all the designs). For the approach

velocity constraint, only the cantilever wing design is active. It indicates that the SBW designs

have a smaller approach velocities than that of the cantilever aircraft.

To verify the sensitivities obtained, a comparison between the sensitivity estimate and the

actual change in optimal solution was done for each of the constraints. These results are presented

in Appendix B. From these comparisons, we find that the sensitivities generally match the

Table 5-2: Table of unscaled sensitivities of designs with respect to the constraints.

Cantilever 
Wing 

Optimum

Fuselage 
Mounted 
Engines 

SBW

Wing 
Mounted 
Engines 

SBW

Tip 
Mounted 
Engines 

SBW
Range (7500 nmi) 57.74 46.12 40.53 41.22
Section Cl Max (0.8) -57238.13 -23312.63 -41368.00 85.92
Engine Out 0.00 0.00 0.00 469357.89
Wing Deflection (20 ft) 0.00 0.00 -630.55 -1197.90
Second Segment Climb Grad. (0.0024) 1518637.50 452233.33 457766.67 1335883.33
Second Segment Climb Grad. (lbs/deg) 26520.49 7897.51 7994.14 23328.99
Balanced Field Length (11000 ft) -0.16 -6.34 -3.51 0.00
Approach Velocity (140 kts) -264.71 0.00 0.00 0.00
Upper Strut Slack Load Factor (0.8) 0.00 -556.56 -738.05 -5411.56

Unscaled Sensitivities (lbs/*)

Constraint
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optimal solution within a band of ± 10% (for the range constraint, a band of ± 5% was used). For

each design, two constraints were selected to be further studied.

For the cantilever wing design, it was decided to examine the balanced field length and

the approach velocity constraint. From Figure 5-2 we find that at the optimal solution, both

constraints are coupled. This can be clearly seen in the plot for the approach velocity constraint.

When the maximum approach velocity is increased above the optimum design point, the TOGW

of the aircraft remains constant. This is because the constraint becomes inactive, allowing the

balanced field length constraint to determine the design. Otherwise, if the constraint is relaxed,

the sensitivity estimate result is relatively accurate within a 5% change in constraint value.

For the balanced field length constraint, we see that the sensitivity estimates closely the

optimal solution if the constraint is relaxed (constraint limit increased), even for changes as large

as 10%. However, there is a sharp increase in TOGW if the constraint is tightened. The sensitivity

estimate is not valid in this region. Hence, it can be concluded that for the cantilever wing aircraft

design, the sensitivity estimates can only be used if constraints are relaxed. Relatively accurate

solutions can only be expected within a 5% deviation from the constraint limit.

For the fuselage mounted engines SBW design, the balanced field length and maximum

section Cl constraint are selected for examination. Figure 5-3 shows that for both of these

constraints, the sensitivity estimate closely follows the optimum solution within a constraint limit

deviation of about 5%. Unlike the cantilever design, this is valid if the constraint is relaxed or

tightened. For constraint changes of more than 5%, the estimate only becomes inaccurate if the

constraints are tightened.
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Figure 5-2: Comparison of the optimal solution and sensitivity estimates for cantilever wing

aircraft design.
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As in the fuselage mounted engines SBW case, the balanced field length and maximum

section Cl constraint is examined for the wing mounted engines SBW case.  From Figure 5-4, we

can come to the conclusion that the sensitivity estimates are also valid within 5% of the nominal

constraint limit. The only exception to this rule is if the maximum section Cl constraint is laxed.

Here, at a 5% change, the estimate is not as accurate as if the constraint are tightened. However,

the difference between the optimal solution and estimate at this point is only about 700 lbs.
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Figure 5-3: Comparison of optimum solutions and sensitivity estimates for fuselage mounted

engines SBW.
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Figure 5-4: Comparison of optimum solutions and sensitivity estimates for wing mounted engines

SBW design.
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From Figure 5-5, we find that for the tip mounted engines case, the sensitivities for the

maximum section Cl is only applicable for a very small range. The sensitivity estimate is only

valid if the constraint is tightened within 2.5% of the optimum point. In this case, the optimum

point seems to lie close the inflexion point of constraint behavior. Due to the non-linearity of the

constraint, the sensitivity estimate is only accurate at very small intervals. In this case, it is not

recommended that the sensitivity estimate for the maximum section Cl constraint be used for the

tip mounted engines SBW design. For the second segment climb gradient constraint, the

sensitivity estimate seems to predict the TOGW of the design very well. Even with a change of as

much as 10%, the sensitivity estimates predicts the TOGW accurately. Generally, the sensitivity

estimate predicts the TOGW accurately within a change to as much as 5% for the tip mounted

engines SBW design.

5.3. Design Space Visualization

Although the constraint sensitivities allow us to gauge the impact of the constraints to the designs,

it does not identify crucial constraints that limit the designs. To do this, a graphical interpretation

of the design space is needed.  A common tool used by aircraft designer to understand and

visualize the design space is by making plots called ‘carpet plots’ or ‘thumbprint plots’. In most

preliminary designs, these plots are used to select the best combination of thrust-to-weight ratio

(T/W) and wing loading (W/S) that will give the lowest TOGW. Raymer [46] calls this as the

‘sizing matrix’ method.
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Figure 5-5: Comparison of optimal solution and sensitivity estimates for tip mounted engines SBW

design.
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A ‘carpet-plot’ is a three-dimensional plot of the TOGW at constant values of T/W and

W/S.  This is done once the aircraft configuration has been determined. While changing values of

W/S and T/W, the aircraft is scaled to the meet the required mission range. In other words, while

keeping the aircraft planform fixed, the aircraft wing is scaled in size to meet the range

requirements. Constraint lines are also cross-plotted, showing feasible and infeasible regions.

This allows the designer to analyze the aircraft’s performance vs. the requirements. Similarly, a

‘thumbprint plot’ is a two-dimensional version of a carpet plot, with contour lines representing

TOGW values in the design space.

In this study, thumbprint plots will be made to analyze the different configurations.

Although the optimizer already provides us with the optimum configuration (and hence the best

combination of T/W and W/S for the lowest TOGW), the plots will enable us to further understand

the designs and identify critical constraints that limit the designs. It will also indicate how

constrained each design is.

Figure 5-6 shows the thumbprint plot corresponding to the cantilever wing optimum

design. From the legend, we can see that the lowest TOGW design corresponds to a small T/W

value. Superimposed on the plot are constraint lines, with the infeasible regions shaded. Hence,

the area on the lower right of the plot represents the feasible region for the design. The plot shows

that the optimum design provided by the optimizer is within the vicinity of the lowest TOGW

feasible design. The plot also shows how the balanced field length, maximum section Cl and

second segment climb gradient constraint lines intersect at the lowest TOGW feasible design.

This indicates that the design is well balanced, with the right combination of design variable

values that exploits the constraints fully. It should be noted that the aircraft planform is fixed

throughout this plot, and hence changing any of the design variables would change the constraint

lines and the shape of the contours. We can also infer from this plot that the balanced field length,

maximum section Cl and second segment climb gradient constraint limits the design of the

cantilever wing optimum aircraft. The approach velocity constraint, although was indicated as an

active constraint by the optimizer, does not limit the design.
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Figure 5-7 is the thumbprint plot for the fuselage mounted engines SBW design. The plot

is very similar to that for the cantilever wing optimum, except that the minimum TOGW feasible

design has a lower T/W value. Like the cantilever wing optimum, the balanced field length,

maximum section Cl and second segment climb gradient constraints limit the design, and their

lines intersect each other at one point.

Wing Deflection

Balanced Field 
Length

Second Segment
Climb Gradient

Balanced Field
Length

Max Section Cl

Second Segment
Climb Gradient

Optimum Point

Approach Velocity

Figure 5-6: Thumbprint plot of the cantilever wing optimum design.
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The thumbprint plot for the wing mounted engines SBW in Figure 5-8 is slightly different

from the previous plots shown. First, the balanced field length constraint line does not intersect

the maximum section Cl and second segment climb gradient constraint lines at the same point, but

is close to this point. Because of this, the minimum TOGW feasible design is limited by on the

second segment climb gradient and balanced field length. If this the balanced field length

constraint is relaxed (i.e. moving the line higher and to the left), the minimum TOGW design will

be limited by the maximum section Cl constraint. It can be seen that the wing deflection

constraint bounds the left side of the design space. We can expect this to happen since increasing

the engine thrust (and hence increasing the value of T/W) would increase the weight of the

engines on the wings. This would result in a larger wing deflection. In the case of W/S, increasing

the wing area (and hence reducing the value of W/S), would size the wing with a larger span, and

result in larger wing deflections. Although the wing deflection constraint does not limit the wing

mounted engines SBW design, causes the feasible design space to form a ‘channel’. This smaller

feasible design space is indicative of a more difficult optimization.

Balanced Field
LengthMax Section Cl

Second Segment
Climb Gradient

Optimum Point

Figure 5-7: Thumbprint plot of the fuselage mounted engines SBW optimum design.
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 Figure 5-9 shows the thumbprint plot for the tip mounted engines SBW. In this plot, we

find that there is only a small area where the design is feasible. This feasible space is bounded by

the second segment climb gradient, engine out and wing deflection constraints. The small feasible

design space for the tip mounted engines SBW explains why the tip mounted engines SBW

configuration is the most difficult to optimize. The small feasible design space also indicates that

there is little flexibility in the design from the optimum point without violating any of the

constraints. Although the second segment climb gradient constraint limits this design, the engine

out condition constraint bounds the feasible design space, and should also be considered an

important constraint to consider for this configuration. The fact that the engine out condition

constraint is only important for the tip mounted engines SBW case is expected, since we would

expect large yawing moments during an engine out condition with the engines on the wing tips.

As mentioned before, the vertical tails uses circulation control to augment the yawing moment on

the vertical tail. One can expect the feasible design space to be smaller, or that the design would

not have a feasible solution if circulation control is not used for this SBW configuration.

Balanced Field
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Wing Deflection

Optimum Point

Figure 5-8: Thumbprint plot of the wing mounted engines SBW optimum design.
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From the thumbprint plots, we find one consistent trend in all the design configurations.

This trend is that the second segment climb gradient constraint is a strong limiting factor in all of

the designs. Since this constraint is a FAR requirement, the possibility of relaxing this constraint

does not exist. In order to overcome or obtain more savings in TOGW, design factors that address

the second segment climb gradient constraint should be considered.
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Engine Out
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Figure 5-9: Thumbprint plot of the tip mounted engines SBW optimum design.
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Chapter 6 

Double-Deck Fuselage Design

In the study by Gundlach [11] it was recommended that designs which increase the intersection

angle between the strut and the wing be studied. One of the designs that was proposed was the

double-deck fuselage SBW design. In this chapter, a comparison of the cantilever wing aircraft,

fuselage mounted engines SBW, wing mounted engines SBW and tip mounted engines SBW with

a double-deck fuselage was done.

By increasing the wing-strut separation at the fuselage section, the intersection angle

between the strut and the wing would also increase. Increasing this angle would in return reduce

the amount of interference drag produced at this section. Figure 6-1 provides an illustration of

this. Gundlach also claims that with an increased vertical separation, a smaller component of the

strut force causes compression in the main wing, hence reducing the wing skin thickness required

to counteract buckling. This will lead to a reduced wing weight and ultimately the TOGW. In this

Double Deck fuselage
design increases
wing/strut separation

Increased angle decreases
interference drag

Figure 6-1: Illustration of the benefits of increasing the wing/strut separation at the fuselage.
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study, no consideration is given to wing buckling, and therefore the benefits of this increased

separation would come mainly from reduced induced drag.

6.1. Effects of Wing/strut Separation

To access the benefits of increasing the wing/strut vertical separation at the fuselage, an initial

study was done by examining the effects of artificially increasing this separation on an existing

optimized single-deck fuselage design. This sensitivity would provide some insight into the

benefits obtained with the increase separation.

A fuselage mounted engines SBW single-deck fuselage optimum design was chosen, to

isolate the effect of the strut separation on the aircraft weight alone. Choosing the wing mounted

engines SBW or tip mounted engines SBW might introduce the possible effect of the engines

together with the strut separation on the aircraft weight. The LMAS mission was used. Keeping

the configuration fixed, the wing/strut separation at the fuselage was increased, and the design

analyzed to determine the change in TOGW and combined wing and strut weight.

Figure 6-2 and Figure 6-3 show the result of this initial study. It can be seen that an

increase in the wing/strut separation of 10% (which also corresponds to an approximate increase

of 10% in wing/strut intersection angle) only reduces the TOGW of the aircraft by 0.2%. This

increase in separation also only decreases the total wing and strut weight by 1.9%. An increase in

wing/strut separation of 30% (22% increase in wing/strut intersection angle) decreases the

TOGW by 0.5% and the total wing and strut weight by 4.5%.

In terms of physical quantities, an increase in one foot of the wing/strut separation at the

fuselage (0.7° increase in intersection angle), results in a 580 lb decrease in TOGW and a 540 lb

decrease in total wing and strut weight. Note however that these results are obtained through

analysis only and the results are not for re-optimized designs. Although the effects of increasing

the wing/strut intersection angle does not seem promising, the effects might be amplified with an

optimized double-deck fuselage design.
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Figure 6-2: Effects of increasing wing/strut separation at the fuselage on the total wing+strut

weight.
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Figure 6-3: Effects of increasing wing/strut separation at the fuselage on the TOGW.
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6.2. Passenger and Cargo Layout

Due to the lack of available data on double-deck fuselage aircraft, a detailed study of the

passenger and cargo layout was done. The study provided the necessary fuselage dimensions for

the design optimization.

Based on the LMAS mission profile, a total of 325 passengers will be placed in a three-

class configuration. Space will also be made on the lower deck will also be made to accommodate

LD-3 cargo containers. Since the number of LD-3 containers determined the overall fuselage

length of the fuselage, two fuselage lengths were considered. The first fuselage was designed to

hold 24 LD-3 containers on the lower deck. The second fuselage design held 36 LD-3 containers

with six containers held on the main deck. A 36 LD-3 container design was considered to match

the cargo capabilities of the SBW aircraft design done by LMAS [14].

A double-bubble fuselage cross-section design was chosen. This was chosen over a

standard circular cross-section design as a double-bubble cross section takes advantage of the

space available more efficiently than a circular cross-section design. This double-bubble cross

section design has a perimeter of 70.38 ft, a frontal area of 363.5 ft2 and an overall height of

25.42 ft. In comparison, a single-deck circular cross section design has a perimeter of 63.77 ft, a

frontal area of 323.7 ft2 an overall height of 20.3 ft. Figure 6-4 shows a drawing of the double and

single deck fuselage cross sections, including the cargo and seat spacing.

18.83 ft

25.42 ft

20.33 ft

13.67 ft

LD-3 LD-3
LD-3 LD-3

Economy Class
Seating

Economy Class
Seating

First Class
Seating

Double-Deck Single-Deck

Figure 6-4: Fuselage cross section designs for double and single desk fuselages
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Several passenger and cargo layout configurations were considered. These included

configurations that placed first and business class passengers on the upper deck, leaving the

economy class passengers on the main deck, and configurations that placed economy class

passengers on both main and upper decks. Provisions for lavatories, galleys, staircases and

emergency exits were also made. Figure 6-5 shows the layout of one of the configurations. Mr.

Nathan Kirshbaum designed the layout that was finally chosen for the double-deck fuselage SBW

aircraft. A detailed write-up and description of the chosen design can be found in Appendix C.

The design has a fuselage length of 171.7 ft and 187.3 ft for 24 and 36 LD-3 container capacity

respectively. The 24 LD-3 container capacity fuselage was used for the design optimization.

6.3. Methodology

Since the FLIPS weight equations calculate the fuselage weight based on a circular fuselage

design, an equivalent fuselage diameter was used for the double-deck fuselage design. This

equivalent diameter is perimeter based. Based on the fuselage height, the wing/strut separation at

the fuselage was increased to 25 ft (from 20 ft for a single-deck fuselage). The first mission

profile was used (LMAS mission) with 2010 technology factors applied. Reference [11] by

Gundlach discusses the technology factors in detail. It is also assumed that no cargo apart from

Bottom
Deck

Main
Deck

Top
Deck

Nose Gear
Bay

Main Gear
Bay

36 LD-3 containers

Pantry &
Galley

Pantry &
Galley

Lavatories

24 First Class Seats 168 Economy Class Seats

44 Business Class Seats 84 Economy Class Seats

Lavatories

Figure 6-5: Double-deck fuselage design cabin layout.
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passenger and crew baggage is being carried. In this study, the cantilever wing, fuselage mounted

engines SBW, wing mounted engines SBW and tip mounted engines SBW aircraft are optimized

and compared.

6.4. Results

Before examining the results, it should be noted that comparisons of the designs should only be

based on the percentage savings obtained by the SBW designs over a similarly designed

cantilever wing aircraft. Comparisons of an individual configuration between the single-deck and

double-deck results (such as comparing the single and double-deck wing mounted engines SBW

designs) should not be made due to the analysis methods used. For the double-deck fuselage

designs, the existing fuselage weight equations formulated for a single deck design were used. An

equivalent fuselage diameter based on the frontal cross-sectional perimeter was used to simulate

the size of the double-deck fuselage. No penalty for using a double-deck fuselage design was

imposed. Therefore, since the fuselage length of the double-deck fuselage designs are much

smaller than that for the single deck designs, we would expect the double-deck fuselage designs

to have a smaller TOGW than the single-deck fuselage designs. To accurately compare the results

obtained, the percentage savings obtained by the SBW designs over a similarly designed

cantilever wing aircraft between the double-deck and single-deck fuselage designs are compared.

Although using weight equations for the single-deck design with an equivalent fuselage diameter

is not accurate for the double-deck fuselage designs, we can expect the savings over a cantilever

wing aircraft to be accurate enough to be considered. The basic wing planform of the double-deck

designs should also be accurate enough to be considered since any weight penalties on the

fuselage weight of the designs should not affect the wing design drastically.

Figure 6-6 shows the weight comparison of the optimized double-deck designs.

Compared to a double-deck fuselage cantilever wing aircraft, the SBW designs showed an

advantage of between 10%-14% difference in TOGW. In comparison, similar single-deck

fuselage SBW designs provided savings slightly lower than the double-deck design, with a range

of 9%-13%. Figure 6-7 shows the weight comparison for similar single-deck optimized designs.

In terms of fuel weight, the double-deck designs achieve savings of between 15%-20% over a

similarly designed cantilever aircraft. In comparison, the single-deck designs only achieve 14%-

17% savings.

There was one factor that contributed to the savings in weight (apart from the reduced

interference drag) that was not considered before. For a single-deck fuselage SBW design, the
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wing deflection constraint was set to a limit of 20 ft, equivalent to the fuselage diameter. Hence,

with a double-deck, the limit was increased to 25 ft. The results show that for the wing mounted

engines SBW and tip mounted SBW double-deck fuselage designs, the wing deflection constraint

is active. Higher wing deflections translates to smaller wing skin thickness, and therefore lower a

wing weight and TOGW. This effect can be seen in the wing mounted engines SBW double-deck

fuselage design, giving a 25.3% savings in wing weight over a similarly designed cantilever

aircraft. On the other hand, the single-deck wing mounted engines SBW design gives only a 24%

savings in wing weight. We however do not see this difference with the tip mounted engines

SBW double-fuselage design. It could very well be that the other constraints prevent the

mentioned savings in wing weight.
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Figure 6-6: Comparison of weights for double-deck fuselage optimum designs.
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Figures 6-8, 6-9, 6-10 and 6-11 shows a comparison of the optimum designs of the

cantilever wing and SBW configurations between the single-deck fuselage design and the double-

deck fuselage design. Generally, the single-deck design is slightly smaller in dimensions than the

double-deck design.

52.0 ft

23.8 ft

7.16 ft

106.7 ft

36.3º

52.0 ft

103.2 ft

6.93 ft

22.33 ft

36.8º

Single-Deck Double-Deck

TOGW = 540248 lbs. 
Wing Weight = 62757 lbs.
Fuel Weight = 188007 lbs.
Zero Fuel Weight = 352242 lbs.

TOGW = 479012 lbs.
Wing Weight = 54103 lbs.
Fuel Weight = 165402 lbs.
Zero Fuel Weight = 313609 lbs.

Centerline t/c= 0.148
Break t/c = 0.109
Tip t/c = 0.080 Centerline t/c= 0.157

Break t/c = 0.111
Tip t/c = 0.076

Figure 6-8: Comparison of single-deck and double-deck fuselage cantilever wing optimum

designs.
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Figure 6-9: Comparison of single-deck and double-deck fuselage wing mounted engines SBW

designs.
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Figure 6-10: Comparison of single-deck and double-deck fuselage mounted engines SBW

designs.
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Table 6-1 and Table 6-2 gives a summary of both the double-deck and single-deck

optimum designs. A complete parameter set can be found in Appendix D and E.

32.2 ft
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31.8º
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TOGW = 474520 lbs. 
Wing Weight = 45799 lbs.
Fuel Weight = 158573 lbs.
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Single-Deck Double-Deck

TOGW = 491198 lbs.
Wing Weight = 44144 lbs.
Fuel Weight = 133937 lbs.
Zero Fuel Weight = 285262 lbs.

Centerline t/c= 0.140
Break t/c = 0.063
Tip t/c = 0.120
Strut t/c = 0.091
Strut Sweep = 32.0º

Centerline t/c= 0.136
Break t/c = 0.058
Tip t/c = 0.138
Strut t/c = 0.100
Strut Sweep = 33.9º

Figure 6-11: Comparison of single-deck and double-deck fuselage tip mounted engines SBW

designs.

Table 6-1: Summary of results for the single-deck configuration.

Cantilever 
Wing 

Optimum

Fuselage 
Mounted 
Engines 

SBW

Wing 
Mounted 
Engines 

SBW

Tip Mounted 
Engines 

SBW

Wing Span (ft) 213.4 219.8 216.2 200.2
Reference Area (ft2) 4340 4126.3 3946.2 4313.7
Aspect Ratio 10.49 11.71 11.85 9.29
Wing 1/4-Chord Sweep (deg) 36.3 31.0 31.1 31.8
Strut 1/4-Chord Sweep (deg) N/A 22.6 21.6 32
Wing t/c at the Centerline 0.157 0.134 0.133 0.14
Wing t/c at the Chord Breakpoint 0.111 0.069 0.069 0.063
Wing t/c at the Tip 0.076 0.072 0.072 0.12
Strut t/c N/A 0.091 0.08* 0.091
Cruise L/D 23.09 25.00 24.60 24.40
Engine Thrust (lbs) 71235.2 60444.7 58032.1 65246.5
Fuel Weight (lbs) 188007 160850 155881 158573
Wing Weight (lbs) 62757 57588 47691 45799
Takeoff Gross Weight (lbs) 540248 489400 468916 474520
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Table 6-2: Summary of results of the double deck configuration.

Cantilever 
Wing 

Optimum

Fuselage 
Mounted 
Engines 

SBW

Wing 
Mounted 
Engines 

SBW

Tip Mounted 
Engines 

SBW

Wing Span (ft) 206.4 208.0 209.0 199.4
Reference Area (ft2) 3953.1 3705.1 3507 3774.3
Aspect Ratio 10.78 11.67 12.45 10.53
Wing 1/4-Chord Sweep (deg) 36.8 31.3 30.7 30.4
Strut 1/4-Chord Sweep (deg) N/A 23.5 24.2 33.9
Wing t/c at the Centerline 0.148 0.133 0.132 0.136
Wing t/c at the Chord Breakpoint 0.109 0.069 0.068 0.058
Wing t/c at the Tip 0.08 0.073 0.075 0.138
Strut t/c N/A 0.093 0.094 0.100
Cruise L/D 23.34 25.28 25.36 26.00
Engine Thrust (lbs) 60952.7 52062.1 50522.9 53191.6
Fuel Weight (lbs) 165402 140411 134676 133937
Wing Weight (lbs) 54103 47193 40409 44144
Takeoff Gross Weight (lbs) 479012 430696 414012 491198
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Chapter 7 

Conclusions

Even after making significant refinements to the MDO methodology and analysis models, the

strut-braced wing configuration continues to show potential as a commercial transonic passenger

transport for the future. The use of MDO in the design of the concept has enabled us to harness

the benefits of the interdependency of the various aircraft disciplines. In light of previous work,

this effort has examined the concept in more detail by studying the effects of the different design

constraints and exploring the double-deck fuselage configuration.

The changes to the MDO code have improved both the analysis methods and

optimization process. The use of ADIFOR to explicitly compute gradients in the design code was

successfully implemented. The change in MDO methodology has resulted in a much more robust

optimization process. Previously, the success of the optimization was highly dependent on the

choice of the initial baseline design used. Also, the optimizations resulted in different solutions

depending on the initial baseline design, suggesting the presence of ‘local’ optimum designs.

With the improvements, robustness is increased by reducing the user experience level needed in

determining an appropriate initial baseline design, and helped to prevent the possibility of

stopping at a ‘local’ optimum design.

This study also compared proprietary weight equations provided by LMAS with the

FLOPS weight equations available from NASA. It was shown that in this application there is little

difference between the results obtained from the two. This validates previous studies, and the

FLOPS equations with analysis equations used by a major airframe manufacturer. The FLOPS

equations can be used in future applications without the restriction associated with the proprietary

FLIPS equations.
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This study has successfully examined the role of the design constraints on the different

configurations. The range constraint has been identified as the constraint to which all the designs

are most sensitive. The other key constraints that were identified were mainly field performance

constraints. However, it was also found that the SBW designs were overall less sensitive to the

constraints compared to the cantilever wing design. This result favors the SBW design since

smaller penalties will be incurred by the SBW design if constraints are tightened. It was shown

that linear sensitivity estimates obtained for the designs generally are valid within 5% of the

original constraint limit. The actual optimized results differ significantly from a linear

extrapolation using the sensitivity estimates beyond the 5% limit. The maximum section Cl

constraint for the tip mounted engines SBW design is the only identified exception to this case.

For this exception, it is not recommended that the sensitivity estimate be used.

The double-deck fuselage configuration was explored in this study. It was shown that

there is some benefit in this configuration being applied to the SBW concept. Savings of 10%-

14% savings in TOGW over a similar cantilever wing optimized design were obtained. As a

comparison, the single-deck fuselage SBW configuration provides 9%-13% savings in TOGW.

The double-deck fuselage configuration results provided better savings in terms of fuel weight.

Savings of up to 20% in fuel weight can be achieved over a similar cantilever wing aircraft. This

result is encouraging in light of increasing fuel prices and more stringent emission regulations.

The results of this study have shown that the SBW has merit in becoming the next

generation transonic passenger transport aircraft. The savings in TOGW and fuel weight should

provide an incentive for major aircraft manufacturers to pursue this concept.
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Chapter 8 

Recommendations

Although the study has shown that the SBW concept has significant advantages over a cantilever

wing aircraft, further study is needed to improve the designs.

Since it was found that mission range has a large impact on the SBW design, a more

detailed mission analysis model is needed in the MDO code. The impact of changing mission

profiles on the SBW concept should be done. The ‘ideal’ mission for the SBW concept could also

be found where the potential of the concept is utilized to its maximum. A detailed mission

analysis model would also allow for the SBW concept to be applied to other aircraft applications

such as cargo and military applications.

Furthur study into the advantages of placing engines at the wingtips has to be done. The

impact of the engines on reducing the induced drag of the wings needs to be explored in detail.

One of the theories associated with tip mounted engines is that the tip vortices will be reduced by

the engine thrust. If this is true, the impact of the tip vortex/inlet interaction on engine design and

performance should also be studied. Future research into circulation control and handling the

engine-out condition critical to the tip-mounted engines SBW configuration should be done.

With the strut applying a compressive force on the inner wing, wing buckling on the

SBW concept should be addressed. Erwin Sulaeman is presently conducting research on this

issue. This research would also produce an analysis code that could be included in the MDO code

to take wing buckling into account during the optimization process.

With the development of any computational tool, issues of documentation and user

interface should be addressed. Especially in a research university setting, adequate detailed

documentation is essential when the tool is passed from one graduate researcher to another. The

MDO code used in studying the SBW concept is no exception. Proper documentation would

allow for an easy transition for the graduate researcher in using the MDO code. It would also
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prevent any misunderstandings associated with the analysis and optimization methods used. As

for the user interface, the current code relies on the use of a basic input file. With the increase in

the number of input parameters available for the user to decide upon, using a single basic input

file will become cumbersome and confusing. A graphical user interface would be needed in the

future to make the MDO code more user-friendly. This interface should also allow the user to

analyze output data without having to do any labor intensive post processing.
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Appendix A: Listing of script file exteriorTBW

## Version 1.2 (9/14/99) by Andy Ko
## Script file to optimize an input file starting from the optimum design point
## of the last iteration. The iterations stop when the TOGW is within 500 lbs
## after 2 consecutive iterations (ie there is a max error of 500 lbs)

## USE: exteriorTBW <filename>
# Perform the first optimization run

MaxIter=50
Iter=1
TOGW1=0
TOGW2=500
TOGW3=1000
cond1=0
cond2=0
cond3=0
/usr/people/yko/TBWCode/main/makefile/main $1 > temp

# Grab the constraint Violation history

echo Iteration History of $1 > $1-his
echo ============================================ >> $1-his
echo Iteration 1 >> $1-his
echo -------------------------------------------- >> $1-his
cat temp | grep VIOLATED >> $1-his

# check to see if Wing weight does not converge (ie we get a value of nan)

while [ "$cond3" -eq 0 ]
do
  if
    cat $1.out | grep nan
  then
    # check if the wing weight cannot converge with new values
    if [ "$cond2" -eq 1 ]
    then
       echo " Wing weight cannot converge with new values " >> $1.TOGW
       exit 1
  fi
    echo " Wing weight cannot converge for iteration $Iter " >> $1.TOGW

    # Change values of Input wing weight and mbcw here
    sed '/ mbcw/s/........../  310000. /' $1.in > temp1
    sed '/w_wing_in/s/........../  70000.  /' temp1 > $1.in
    rm temp1
    Iter=`expr $Iter - 1`
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    cond2=1
    cond3=0
  else
    cond2=0
    cond3=1
  fi
done

# Grab the TOGW and place it into file

# echo " TOGW Function Calls Pos of Engine Center t/c Break t/c
Tip t/c Sweep Span Wing bending Weight Wing Weight Fuel Weight Tip

Deflec. Const. Engine Out Const. BFL Const. Second Segment Climb Constraint" >
$1.TOGW

echo "         TOGW Function Calls" > $1.TOGW

TOGW=`cat $1.out | grep Takeoff | cut -c3-8`
FC=`cat temp | grep "FUNCTION CALLS" | cut -f2 -d= | cut -c5-10`
# Tip=`cat $1.out | grep "Wingtip Deflection at Taxi Bump" | cut -f1`
# Engine=`cat $1.out | grep "Spanwise Position of First Engine" | cut -f1`
# w_bm=`cat $1.out | grep bending | cut -f1`
# E_Out=`cat $1.out | grep "Engine-Out Constraint" | cut -f1`
# hspan=`cat $1.out | grep "Wing Half-Span" | cut -f1`
# sweep=`cat $1.out | grep "Inboard Wing 1/4-Chord Sweep" | cut -f1`
# tc_center=`cat $1.out | grep "Wing Inboard t/c" | cut -f1`
# tc_break=`cat $1.out | grep "Wing Break t/c" | cut -f1`
# tc_tip=`cat $1.out | grep "Wing Outboard t/c" | cut -f1`
# Fuel=`cat $1.out | grep "Fuel Weight (lb)" | cut -f1`
# Wing=`cat $1.out | grep "Wing Weight (lb)" | cut -f1`
# BFL=`cat $1.out | grep "Balanced Field" | cut -f1`
# SecondSeg=`cat $1.out | grep "Segment" | cut -f1`

# echo "Run$Iter $TOGW. $FC $Engine $tc_center $tc_break
$tc_tip $sweep $hspan $w_bm $Wing $Fuel $Tip $E_Out$BFL $SecondSeg
" >> $1.TOGW

echo "Run$Iter $TOGW. $FC" >> $1.TOGW
TOGW1=$TOGW

# Drag stuff
# echo " Induced Drag Fuselage Parasite Nacelle ParasiteWing Parasite

Strut Parasite Tail Parasite Wave Drag Wing-Fuse. InterferenceWing-Strut
Interference Total Drag" > $1.Drag
# Induced=`cat $1.out | grep "Induced Drag" | cut -f1`
# FusePara=`cat $1.out | grep "Fuselage Parasite Drag" | cut -f1`
# NacellePara=`cat $1.out | grep "Nacelle and Pylon" | cut -f1`
# WingPara=`cat $1.out | grep "Wing Parasite Drag" | cut -f1`
# StrutPara=`cat $1.out | grep "Strut Parasite Drag" | cut -f1`
# TailPara=`cat $1.out | grep "Tail Parasite Drag" | cut -f1`
# Wave=`cat $1.out | grep "Wave Drag" | cut -f1`
# Wing_fuse_int=`cat $1.out | grep "Wing-Fuselage Interference Drag" | cut -f1`
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# Wing_strut_int=`cat $1.out | grep "Wing-Strut Interference Drag" | cut -f1`
# TotalD=`cat $1.out | grep "Total Drag" | cut -f1`
# Dynamic=`cat $1.out | grep "Dynamic Pressure" | cut -f1`
# Area=`cat $1.out | grep "Reference Area (ft^2)" | cut -f1`

# echo "Run$Iter $Induced $FusePara $NacellePara $WingPara
$StrutPara $StrutPara $TailPara $Wave $Wing_fuse_int
$Wing_strut_int $TotalD $Dynamic $Area" >> $1.Drag

  # Grab the optimum input file and place it to the working input file

  rm temp
  mv $1opt.in $1work.in
## Save iteration history
  mv $1.opt $1$Iter.opt

Iter=2
# Start iterations

while [ "$cond1" -eq 0 ] && [ "$Iter" -ne "$MaxIter" ]
do

   # Perform next optimization
   /usr/people/yko/TBWCode/main/makefile/main $1work > temp
   # Grab constraint Violation history
   echo ============================================ >> $1-his
   echo Iteration $Iter >> $1-his
   echo -------------------------------------------- >> $1-his
   grep VIOLATED temp >> $1-his

   # check to see if Wing weight does not converge (ie we get a value of nan)

   if
     cat $1work.out | grep nan
   then
     if [ "$cond2" -eq 1 ]
     then
        echo " Wing weight cannot converge with new values " >> $1.TOGW
        exit 1
     fi
     echo " Wing weight cannot converge for iteration $Iter " >> $1.TOGW

     # Change values of Input wing weight and mbcw here
     sed '/ mbcw/s/........../  310000. /' $1work.in > temp1
     sed '/w_wing_in/s/........../  70000.  /' temp1 > $1work.in
     rm temp1
     cond2=1
   else
     cond2=0
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     # Grab the TOGW and place it into file

     TOGW=`cat $1work.out | grep Takeoff | cut -c3-8`
     FC=`cat temp | grep "FUNCTION CALLS" | cut -f2 -d= | cut -c5-10`
#     Tip=`cat $1work.out | grep "Wingtip Deflection at Taxi Bump" | cut -f1`
#     Engine=`cat $1work.out | grep "Spanwise Position of First Engine" | cut -f1`
#     w_bm=`cat $1work.out | grep bending | cut -f1`
#     E_Out=`cat $1work.out | grep "Engine-Out Constraint" | cut -f1`
#     hspan=`cat $1work.out | grep "Wing Half-Span" | cut -f1`
#     sweep=`cat $1work.out | grep "Inboard Wing 1/4-Chord Sweep" | cut -f1`
#     tc_center=`cat $1work.out | grep "Wing Inboard t/c" | cut -f1`
#     tc_break=`cat $1work.out | grep "Wing Break t/c" | cut -f1`
#     tc_tip=`cat $1work.out | grep "Wing Outboard t/c" | cut -f1`
#     Fuel=`cat $1work.out | grep "Fuel Weight (lb)" | cut -f1`
#     Wing=`cat $1work.out | grep "Wing Weight (lb)" | cut -f1`
#     BFL=`cat $1work.out | grep "Balanced Field" | cut -f1`
#     SecondSeg=`cat $1work.out | grep "Segment" | cut -f1`

#     echo "Run$Iter $TOGW. $FC $Engine $tc_center $tc_break
$tc_tip $sweep $hspan $w_bm $Wing $Fuel $Tip $E_Out$BFL $SecondSeg
" >> $1.TOGW

      echo "Run$Iter $TOGW. $FC" >> $1.TOGW

#     Induced=`cat $1work.out | grep "Induced Drag" | cut -f1`
#     FusePara=`cat $1work.out | grep "Fuselage Parasite Drag" | cut -f1`
#     NacellePara=`cat $1work.out | grep "Nacelle and Pylon" | cut -f1`
#     WingPara=`cat $1work.out | grep "Wing Parasite Drag" | cut -f1`
#     StrutPara=`cat $1work.out | grep "Strut Parasite Drag" | cut -f1`
#     TailPara=`cat $1work.out | grep "Tail Parasite Drag" | cut -f1`
#     Wave=`cat $1work.out | grep "Wave Drag" | cut -f1`
#     Wing_fuse_int=`cat $1work.out | grep "Wing-Fuselage Interference Drag" | cut -f1`
#     Wing_strut_int=`cat $1work.out | grep "Wing-Strut Interference Drag" | cut -f1`
#     TotalD=`cat $1work.out | grep "Total Drag" | cut -f1`
#     Dynamic=`cat $1work.out | grep "Dynamic Pressure" | cut -f1`
#     Area=`cat $1work.out | grep "Reference Area (ft^2)" | cut -f1`

#     echo "Run$Iter $Induced $FusePara $NacellePara $WingPara
$StrutPara $StrutPara $TailPara $Wave $Wing_fuse_int
$Wing_strut_int $TotalD $Dynamic $Area" >> $1.Drag

     # Move the optimum file

     mv $1workopt.in $1work.in
## Save iteration history
     mv $1work.opt $1$Iter.opt

     #Reassign all the other TOGW's

     TOGW3=$TOGW2
     TOGW2=$TOGW1
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     TOGW1=$TOGW

     # Evaluate the conditions and increase Iter

     Lowest=$TOGW
     if [ "$Lowest" -ge "$TOGW1" ]
     then
        Lowest=$TOGW1
     fi
     if [ "$Lowest" -ge "$TOGW2" ]
     then
        Lowest=$TOGW2
     fi
     if [ "$Lowest" -ge "$TOGW3" ]
     then
        Lowest=$TOGW3
     fi

#     echo TOGW1=$TOGW1
#     echo TOGW2=$TOGW2
#     echo TOGW3=$TOGW3
#     echo TOGW4=$TOGW4
#     echo TOGW5=$TOGW5

     Lowest500=`expr $Lowest + 500`
     if [ "$Lowest500" -ge "$TOGW1" ] && [ "$Lowest500" -ge "$TOGW2" ] && [
"$Lowest500" -ge "$TOGW3" ]
     then
        cond1=1
     else
        cond1=0
     fi

     rm temp
     Iter=`expr $Iter + 1`
   fi

done
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Appendix B: Validity of Sensitivity Estimates

To validate the sensitivity estimates, a comparison between the sensitivity estimate and the actual

change in optimal solution was done for each of the constraints. The each constraint limit was

relaxed and tightened by a small percentage, and the designs re-optimized. The following figures

shows the results of the study.

560000

570000

580000

590000

600000

610000

620000

630000

640000

T
O

G
W

Optimized Results (-) 586184 613670 604329 611610 614287

Linear Sensitivity
Prediction (-)

586004 612235 604011 607833 609509

Reference
Optimum

607656 607656 607656 607656 607656

Linear Sensitivity
Prediction (+)

629308 603077 611301 607479 605803

Optimized Result (+) 630090 604161 611304 607502 607585

Range 
(7500 nmi ± 5%) 

Section Cl Max
 (0.8 ± 10%)

Second Segment 
Climb Gradient 
(0.024 ± 10%)

Balanced Field 
Length 

(11000 ft ± 10%)

Approach Velocity 
(140 kts ± 5%)

Figure B-1: Comparison of linear constraint sensitivity estimates and optimum solutions for a

cantilever wing aircraft.
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510000

520000

530000

540000

550000

560000

570000

T
O

G
W

 (
lb

s)

Optimized Results (-) 529319 554211 545211 555621 546991

Linear Sensitivity
Prediction (-)

529413 548573 545623 553677 546753

Reference
Optimum

546708 546708 546708 546708 546708

Linear Sensitivity
Prediction (+)

564003 544843 547793 539739 546663

Optimized Result (+) 564723 545157 548300 542666 546770

Range 
(7500 nmi ± 5%) 

Section Cl Max
 (0.8 ± 10%)

Second Segment 
Climb Gradient 
(0.024 ± 10%)

Balanced Field 
Length 

(11000 ft ± 10%)

Slack Load Factor 
(0.8 ± 10%)

Figure B-2: Comparison of linear constraint sensitivity estimates and optimum solutions for a

fuselage mounted engines SBW aircraft.
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T
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s)

Optimized Results (-) 501401 520786 518366 515454 522860 517023

Linear Sensitivity
Prediction (-)

501589 520095 518047 515687 520647 516845

Reference
Optimum

516786 516786 516786 516786 516786 516786

Linear Sensitivity
Prediction (+)

531983 513477 515525 517885 512925 516727

Optimized Result (+) 532700 514684 515426 518291 513677 516620

Range 
(7500 nmi ± 5%) 

Section Cl Max
 (0.8 ± 10%)

Wing Deflection 
(20 ft. ± 10%)

Second Segment 
Climb Gradient 
(0.024 ± 10%)

Balanced Field 
Length 

(11000 ft ± 10%)

Slack Load Factor 
(0.8 ± 10%)

Figure B-3: Comparison of linear constraint sensitivity estimates and optimum solutions for a

wing mounted engines SBW aircraft.
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490000

500000

510000

520000

530000

540000

550000

T
O

G
W

 (
lb

s)

Optimized Results (-) 508797 528693 536039 519346 523370

Linear Sensitivity
Prediction (-)

508106 523556 525959 520357 523996

Reference
Optimum

523563 523563 523563 523563 523563

Linear Sensitivity
Prediction (+)

539020 523570 521167 526769 523130

Optimized Result (+) 541743 519307 521923 519486 522347

Range 
(7500 nmi ± 5%) 

Section Cl Max
 (0.8 ± 10%)

Wing Deflection 
(20 ft. ± 10%)

Second Segment 
Climb Gradient 
(0.024 ± 10%)

Slack Load Factor 
(0.8 ± 10%)

Figure B-4: Comparison of linear constraint sensitivity predictions and optimum solutions for a tip

mounted engines SBW aircraft.
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Appendix C: Notes on Double-Deck Transports by Nathan

Kirshbaum.

These notes were made to understand the issues raised by NASA in regard to recent LMAS work
on a double-deck fuselage design of a transonic transport. They form the basis for the layout of
the fuselage used for the MDO exploration described in the main text.

The NASA contention that LMAS’s double decker fuselage for the 325 passenger, three-class
transport is not optimum is correct and more LD-3 cargo containers can be carried. However, an
independent layout of the transport at Virginia Tech indicates that only 24 LD-3 cargo containers
can be carried below decks in a fuselage of a double decker aircraft that accommodates 325
passengers (24 first class @ 55 in. seat pitch, 50 business class @ 45 in. pitch, and 251 economy
class at 34 in. pitch).

A comparison of fuselage shape and carriage between the VT AOE configuration and that
presented by LMAS follows:

VT AOE LMAS
• Fuselage length, nose point to cabin aft 1760 in 1600 in.

useable bulkhead

• Fuselage cross section shape and parameters Circular double bubble , Vertical ellipse
226 in. dia. lower 253.5 in. wide
164 in.. dia upper
305 in. height 300.4 in. height
844.6 in. perimeter. 871.8 in. perimeter.
363.5 ft.2  frontal area 415.5 ft2  frontal
area

• Passenger seating/No. of aisles

First Class  - upper deck 24 (6R of 4) / 1 24 (6R of 4) / 1
Business. Class – upper deck 50 (10R of 5) / 1 50 (10R of 5) / 1

or (12 1/2 R of 4)/1
Economy Class-lower deck 251, 8 abreast/2 250, 8 abreast/2

• Max. No. LD-3 containers under pass. cabin 24 (1760 in. fuse.) 8 (almost 10)
or with 188 in. retained for MLG stowage 18 (1600 in. fuse)
(as B777) and 120 in. for ancillary install.

Notes: This configuration assumes

1.) A spiral staircase between decks which consumes 90-100 inches of deck length. It was
thought that a between-deck staircase should be included when upper tier jetways are not
present, (Narita, Japan) and/or to facilitate maintenance and clean up personnel at their
task away from the gate.

Four exits per side on the lower economy deck vs. three per side on LMAS’s.

If these “additions” are excluded from the VT AOE configuration, it would have
the same length as the LMAS design.

2. To properly assess first and business class roominess within a 164 in. dia., it
should be noted that the Boeing 707,727,737,757 aircraft have fuselage diameters of 148
inches.
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The VT AOE preliminary layout and review indicates that a faired circular double bubble
fuselage akin to the C-5 fuselage (or an inverted Boeing 377 Stratocruiser/KC-97), with a lower
fuselage diameter of 222-226 inches and an upper fuselage diameter of 164 inches would provide
a more expeditious cross section than the ellipse proposed by LMAS. The fuselage height would
be 305 inches vs. 300.4; maximum width would be 226 in. vs. 253.5; width at cargo deck (lower
strut attachment) is 155 in. vs. 129 in.; perimeter about the constant fuselage cross section would
be 844.6 in. vs. 871.8 in. (3.2 % less), the frontal area is 363.5 ft.2 vs. 415.5 ft.2  (14/3 % less).  In
addition to the 3.2 % less wetted area, for the same length fuselage, the double bubble circular
fuselage elements should decrease  the structure weight vs. a 1.276 ellipse fuselage section at
equal pressurization, even considering the fairing weight between the circular elements.

The wider fuselage at the cargo floor of the VT AOE configuration should also reduce the size of
the  main landing gear attach/wheel stowage fairings  and lead to lessened weight, reduced frontal
area and reduced drag.

The Airbus 300, 340 fuselage, which is 222 in. in diameter, and designed to accept two side-by-
side LD-3 containers, seats 8 across, 2-4-2. Likewise the VT AOE study indicated 8 across, 2-4-2
with a 226 in. lower/fuselage diameter. As to the carriage of the LD-3 containers, they not only
constitute “the long pole in the tent” for the double decker, they also present an elephantine
problem with respect to their girth when installed side-by-side.

NOTE:
• LD-3 container length 60.4 in. assumed longitudinal spacing in layout 63 in.
• LD-3 container width 79.0 in. assumed lower cargo bay width including spacing for

between-stacks roller guides and side clearance 186 in.

These dimensions determine the width and length of the constant fuselage cross section. As noted
above, the Airbus 300, 340 fuselage diameter is 222 in., that of the VT AOE study 226 in.  To
carry 36 LD-3 containers side-by-side below the passenger deck plus the additional length
required for mid-fuselage landing gear stowage and ancillary installation, the constant fuselage
section length should approximate 1442 in. – 120 ft. The constant fuselage length of the VT AOE
configuration (spiral staircase version) is 83.3 ft.

As noted, the maximum number of LD-3 containers that the VT AOE configuration can carry is
24 (or 18) and LMAS’s but 8. Why these differences? We should note that the LMAS double
deck is an ellipse with a 253.5 in width (minor axis) with similar 2-4-2 abreast seating. The
narrowness of the 1.276 ellipse beneath the lower passenger cabin at the LD-3 loading floor
projects to the greater 253.5 in width for the same abreast economy seating. Indeed it has 41
inches for framing/bulkhead depth. In addition, the greater length required to fair into and out of
the wider fuselage with its narrower lower cargo floor reduces the L-3 container carriage to but 8
(almost 10) in the LMAS configuration.
To return to the desired carriage of 36 LD-3 containers, the fuselage of the VT AOE
configuration would have to be stretched 187 inches to accommodate 6 additional LD-3
containers below the passenger deck and 6 additional containers behind the food service/galley
section of the passenger deck. This would be similar to the Boeing 747 Combi. An integrally
stiffened, plate bulkhead capable of withstanding crash loads would be required between the
galley and the added cargo hold. Of course, a cargo loading door 110 x 78 inches would have to
be added in this additional fuselage section. This abrogates the below passenger cabin cargo
carriage requirement.
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Appendix D: Single-deck fuselage design optimums

The following detailed results are provided for reference and to be used to compare with the

double-deck fuselage optimum designs in Appendix E.

Single-Deck Fuselage Optimum Comparison Designs

Cantilever
Wing

Optimum

Fuselage
Mounted
Engines

SBW

Wing
Mounted
Engines

SBW

Tip Mounted
Engines

SBW

Bending Material Wt. Substitution Flag 1 1 1 1
Configuration Class 0 1 1 1
Flips weight flag 1 1 1 1
LMAS form drag flag 1 1 1 1
Vertical Wing-Strut Separation at Centerline
(ft)

25.42 25.42 25.42

Spanwise Position of Wing-Strut Intersection 0.70348189 0.70255323 0.89952781
Spanwise Position of Chord Breakpoint 0.37 0.70348189 0.70255323 0.89952781
Wing Half-Span (ft) 103.194127 103.950258 104.469346 99.6939412
Inboard Wing 1/4-Chord Sweep (deg) 36.7858074 31.254794 30.675488 30.3759029
Outboard Wing 1/4-Chord Sweep (deg) 36.7858074 31.254794 30.675488 30.3759029
Inboard Wing 1/2-Chord Sweep (deg) 28.9621137 28.7244926 28.3548945 28.3832443
Wing Dihedral (deg) 6 0.00E+00 0.00E+00 0.00E+00
Strut 1/4-Chord Sweep (deg) 23.520442 24.2079065 33.8760908
Wing-Strut Offset (ft) 1.1930833 1.35771854 1.84448025
Wing-Strut Vertical Offset (ft) 3.01994694 3.2710794 4.44710399
Wing Centerline Chord (ft) 52 30.0645402 27.9622377 28.0635866
Wing Chord at Chord Breakpoint (ft) 22.330526 12.8388201 12.256519 11.6306514
Wing Tip Chord (ft) 6.93437445 5.57816709 5.60703682 9.79518516
Strut Centerline Chord (ft) 6.70614923 6.57076707 4.01521137
Strut Tip Chord (ft) 6.70614923 6.57076707 4.01521137
Wing Inboard t/c 0.15724487 0.1331911 0.13218033 0.13558467
Wing Break t/c 0.11140512 6.86E-02 6.80E-02 5.81E-02
Wing Outboard t/c 7.61E-02 7.32E-02 7.48E-02 0.13781986
Strut t/c (constant) 9.29E-02 9.37E-02 0.10015222
Wing Skin Thickness at Centerline (ft) 1.99E-02 2.57E-02 4.47E-03 1.19E-02
Strut Force (lb) 198052.068 127333.831 26806.358
Wing Vertical Position on Fuselage (ft) 6.6 -8 -8 -8
Fuselage Length (ft) 171.7 171.7 171.7 171.7
Fuselage Diameter (ft) 22.4026 22.4026 22.4026 22.4026
Fuselage Upsweep (deg) 3.5 3.5 3.5 3.5
Depth of Fuselage at Vertical Tail (ft) 15.6 15.6 15.6 15.6
Baseline Engine Nacelle Length (ft) 16.53 16.53 16.53 16.53
Baseline Engine Nacelle Diameter (ft) 12.54 12.54 12.54 12.54
Pylon Length (ft) 14.7 14.7 14.7 14.7
Pylon Height (ft) 4.1 4.1 4.1 4.1
Pylon t/c 0.15 0.15 0.15 0.15
Horiz. Tail Volume Coefficient 0.7598 0.7666 0.7666 0.7666
Aspect Ratio of Horiz. Tail 5.1 5 5 5
Taper Ratio Horizontal Stabilizer 0.28 0.28 0.28 0.28
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Cantilever
Wing

Optimum

Fuselage
Mounted
Engines

SBW

Wing
Mounted
Engines

SBW

Tip Mounted
Engines

SBW

Reference Area Horizontal Tail, ft**2 895.851101 563.28244 498.028831 567.50672
Horizontal Position of Horizontal Tail (ft) 120 104 104 104
Vertical Position of Horizontal Tail (ft) 12 5 5 5
Horizontal Tail Half-Span (ft) 33.7965997 26.5349402 24.9506721 26.6342524
Horizontal Tail 1/4-Chord Sweep (deg) 37 37 37 37
Horizontal Tail Root Chord (ft) 20.7087008 16.5843376 15.5941701 16.6464077
Horizontal Tail Tip Chord (ft) 5.79843623 4.64361453 4.36636762 4.66099417
Horizontal Tail t/c 0.11 0.11 0.11 0.11
Horizontal Tail Dihedral (deg) 0.00E+00 0.00E+00 0.00E+00 0.00E+00
Vert. Tail Volume Coefficient 5.39E-02 5.44E-02 5.44E-02 5.44E-02
Aspect Ratio Vertical Tail 1.76 1.3 1.3 1.3
Taper Ratio Vertical Tail 0.3 0.7 0.7 0.7
Reference Area of Vertical Tail, ft**2 458.578976 487.760925 463.986004 476.528881
Horizontal Position of Vertical Tail (ft) 115 85.91 85.91 85.91
Vertical Position of Vertical Tail (ft) 15 0.00E+00 0.00E+00 0.00E+00
Vertical Tail Span (ft) 28.4094878 25.1811279 24.5597599 24.8895067
Vertical Tail 1/4-Chord Sweep (deg) 42 30 30 30
Vertical Tail Root Chord (ft) 24.8334684 22.788351 22.226027 22.5244405
Vertical Tail Tip Chord (ft) 7.45004051 15.9518457 15.5582189 15.7671083
Vertical Tail t/c 9.00E-02 9.00E-02 9.00E-02 9.00E-02
Vertical Tail Horizontal Moment Arm (ft) 115 85.91 85.91 85.91
Vertical Tail Vertical Moment Arm (ft) 24.160847 23.0954882 22.8904368 22.9992532
Percent Rudder Avg Chord to Vert Tail Avg
Chord

0.3 0.3 0.3 0.3

Percent Rudder Span to Vert Tail Span 0.95 0.95 0.95 0.95
Maximum Rudder Deflection (deg) 24 24 24 24
Maximum Aileron Deflection (deg) 25 25 25 25
Vertical Tail Scaling Factor 1 1 1 1.08364941
Thrust Vectoring Angle (deg) 0.00E+00 0.00E+00 0.00E+00 0.00E+00
Thrust Vectoring Horizontal Moment Arm (ft) 112 112 112 112
Thrust Vectoring Vertical Moment Arm (ft) 3 3 3 3
Delta CL due to Circulation Control 1 1 1 1
Tail Composite Factor 0.7 0.7 0.7 0.7
Ultimate Load Factor 3.75 3.75 3.75 3.75
Flap Ratio 0.333 0.333 0.333 0.333
Composite Use Factor 0.00E+00 0.00E+00 0.00E+00 0.00E+00
Aeroelastic Tailoring Factor 0.00E+00 0.00E+00 0.00E+00 0.00E+00
Strut-Bracing Factor 0.00E+00 1 1 1
Fuselage Fuel Capacity (lb) 0.00E+00 0.00E+00 0.00E+00 0.00E+00
Number of First Class Passengers 48 48 48 48
Number of Tourist Class Passengers 277 277 277 277
Number of Flight Crew 4 4 4 4
Number of Stewardesses 18 18 18 18
Number of Galley Crew 4 4 4 4
Landing Weight Factor 0.73 0.73 0.73 0.73
Maximum Allowable Wingtip Deflection (ft) 20 25 25 25
Slack load factor 0.00E+00 0.80000014 0.76964435 0.80000034
Percent Chord of Fuel Tank 0.5 0.5 0.5 0.5
Fuel Density (lb/gallon) 6.8 6.8 6.8 6.8
Number of Strips per Fuel Tank 10 10 10 10
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Fuselage
Mounted
Engines

SBW

Wing
Mounted
Engines

SBW

Tip Mounted
Engines

SBW

Fuel Shift Flag 0.5 0.5 0.5 0.5
Fuel Weight (lb) 165402.435 140411.404 134676.135 133936.74
Zero fuel weight (lb) 313609.209 290284.771 279335.382 285261.623
Max body and contents weight (lb) 257083.608 295436.932 262420.656 264273.345
Wing Weight Input 54102.9419 47193.1371 40408.8653 44144.3011
Number of Engines on Wings 2 0 2 2
Number of Engines on Fuselage 0 2 0 0
Baseline Engine Static Thrust (lb) 90000 90000 90000 90000
Baseline Engine Weight (lb) 16278 16278 16278 16278
Required Thrust, Pounds 60952.7442 52062.1123 50522.9271 53191.6474
Spanwise Position of First Engine 0.33 0.00E+00 0.72856517 1
Spanwise Position of Second Engine 0.00E+00 0.00E+00 0.00E+00 0.00E+00
Static Specific Fuel Consumption ((lb/hr)/lb) 0.29272 0.29272 0.29272 0.29272
Range (nmi) 7500 7500 7500 7500
Reserve Range (nmi) 500 500 500 500
Take-Off Altitude, feet 0.00E+00 0.00E+00 0.00E+00 0.00E+00
Rolling Coefficient of Friction 2.50E-02 2.50E-02 2.50E-02 2.50E-02
Braking Coefficient of Friction 0.3 0.3 0.3 0.3
Bypass Ratio 9 9 9 9
Lift Curve Slope at Climb 5.94 5.94 5.94 5.94
Zero AOA CL 0.21 0.21 0.21 0.21
CL Break at Approach 1 1 1 1
Drag Polar Factor at Approach 0.33 0.33 0.33 0.33
CDo at Approach 7.70E-02 7.70E-02 7.70E-02 7.70E-02
Lift Curve Slope at Approach 5.94 5.94 5.94 5.94
Zero AOA CL 0.58 0.58 0.58 0.58
Tail Scrape Angle, Degrees 12 12 12 12
Temperature at Ground, Degrees Fahrenheit 84 84 84 84
Drag Coefficient of Landing Gear 1.60E-02 1.60E-02 1.60E-02 1.60E-02
Reference Wing Area for Landing Gear CD,
Feet^2

5595 5595 5595 5595

Ground Clearance, Feet 7 7 7 7
Maximum Balanced Field Length,Feet 11000 11000 11000 11000
Obstacle Height At Take-off 35 35 35 35
Inertia Distance for Take-off 655 655 655 655
Tail Scrape Angle Margine, (degrees) 0.5 0.5 0.5 0.5
Maximum CL in Take-off Configuration 2.37973 2.37973 2.37973 2.37973
Maximum CL in Landing Configuration 2.55944 2.55944 2.55944 2.55944
Take-off Drag Polar Factor, cdm_fact 7.63E-03 7.63E-03 7.63E-03 7.63E-03
Numver of Gs in Flare 1.2 1.2 1.2 1.2
Height of Obstacle in Landing 50 50 50 50
Time of Free Roll After Landing (sec) 2 2 2 2
Second Segment Velocity Multiplier 1.05 1.05 1.05 1.05
Second Segment Velocity, knots 150.571506 147.476961 148.620116 144.154747
Second Segment Climb Gradient 2.40E-02 2.40E-02 2.68E-02 2.40E-02
Missed Approach Climb Gradient 0.18954958 0.18179361 0.18805361 0.19054951
Approach CL 1.51446173 1.51446173 1.51446173 1.51446173
Second Segment Climb CL 1.65259022 1.65259022 1.65259022 1.65259022
Fuel Capacity (lbs) 391413.851 193530.977 168985.849 197435.696
Maximum 2D Section CL 0.79971462 0.79996373 0.79999466 0.80006448
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Optimum

Fuselage
Mounted
Engines

SBW

Wing
Mounted
Engines

SBW

Tip Mounted
Engines

SBW

Initial Cruise Rate of Climb (ft/sec) 688.654421 500.133549 499.918545 499.762396
Initial Cruise Altitude (ft) 37546.7603 39047.6078 39334.8482 40764.828
Weight of Strut, (lbs) 0.00E+00 3654.44959 2410.64837 930.227727
Cruise Mach Number 0.85 0.85 0.85 0.85
Average Cruise Altitude (ft) 40567.359 41824.4261 42102.1314 43460.9419
Approach Velocity (kts) 140 140 140 140
CLmax for Zero Sweep 3.005 3.005 3.005 3.005
Maximum Unswept CL During TO 2.794 2.794 2.794 2.794
Max Allowable Section Lift Coefficient 0.8 0.8 0.8 0.8
Airfoil Technology Factor 0.95 0.95 0.95 0.95
CL Break 0.49 0.49 0.49 0.49
Modified Oswald Efficiency Factor 0.65 0.65 0.65 0.65
Laminar Flow Technology Factor 0.5 0.5 0.5 0.5
Wing Transition Location (x/c) -1 -1 -1 -1
Strut Transition Location (x/c) 0.00E+00 -1 -1 -1
Horizontal Tail Transition Locaction (x/c) -1 -1 -1 -1
Vertical Tail Transition Location (x/c) -1 -1 -1 -1
Pylon Transition Reynolds Number 0.00E+00 0.00E+00 0.00E+00 0.00E+00
Fuselage Transition Reynolds Number 2500000 2500000 2500000 2500000
Nacelle Transition Reynolds Number 2500000 2500000 2500000 2500000
Symmetry Flag 1 1 1 1
Pitching Moment Coefficient Flag 0 0 0 0
Design Pitching Moment Coefficient 0.00E+00 0.00E+00 0.00E+00 0.00E+00
X CG Position (ft) 35 35 35 35
Airfoil Zero-lift Pitching Moment Coefficient -7.50E-02 -7.50E-02 -7.50E-02 -7.50E-02
Number of Vortices for idrag 100 100 100 100
Number of Strips for fdrag 3 3 3 3
Number of Strips for wdrag 8 8 8 8
Year for Dollar Calculations 2000 2000 2000 2000
Development Start Time (year) 2000 2000 2000 2000
Year of MQT/FAA Certification 2005 2005 2005 2005
Depreciation Period (years) 14 14 14 14
Operational Life (years) 30 30 30 30
Residual Value at End of Life (percent) 0.1 0.1 0.1 0.1
Airframe Production Quantity 1000 1000 1000 1000
Passenger Load Factor (percent) 65 65 65 65
Fuel Price (dollars per gallon) 1 1 1 1
Calculated Takeoff Weight 479011.644 430696.176 414011.516 419198.363
Wing Weight 54102.9419 47193.1371 40408.8653 44144.3011
Fuel Weight 165402.435 140411.404 134676.135 133936.74
Zero fuel weight 313609.209 290284.771 279335.382 285261.623
Calculated Range (nmi) 7499.4204 7499.95316 7499.79423 7500.06643
Specific Range (nmi/1000 lb) 44.1118135 53.1392782 55.4478166 56.1398933
Seat Miles per Gallon (seats*nmi/gal) 106.882548 125.914912 131.274298 132.003785
Maximum Total Lift Coefficient 2.40664355 2.5688797 2.58451216 2.59249286
Maximum Section Lift Coefficient 0.79971462 0.79996373 0.79999466 0.80006448
Cruise CL 0.51806296 0.53402156 0.54984327 0.55395725
Cruise L/D 23.3406463 25.2812511 25.3576362 25.9957922
Induced Drag 7.88E-03 7.75E-03 7.70E-03 7.83E-03
Fuselage Parasite Drag 4.90E-03 5.42E-03 5.75E-03 5.38E-03
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Wing
Mounted
Engines

SBW

Tip Mounted
Engines
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Nacelle and Pylon Parasite Drag 1.10E-03 8.07E-04 1.09E-03 7.21E-04
Wing Parasite Drag 4.85E-03 3.71E-03 3.62E-03 3.77E-03
Strut Parasite Drag 0.00E+00 2.99E-04 3.17E-04 2.90E-04
Tail Parasite Drag 1.58E-03 1.11E-03 1.16E-03 1.21E-03
Wave Drag 5.23E-04 5.34E-04 6.12E-04 8.52E-04
Wing-Fuselage Interference Drag 1.35E-03 8.62E-04 8.34E-04 7.82E-04
Wing-Strut Interference Drag 0.00E+00 5.96E-04 5.50E-04 4.05E-04
Additional Parasite Drag 1.25E-05 2.85E-05 4.93E-05 6.66E-05
Total Drag 2.22E-02 2.11E-02 2.17E-02 2.13E-02
Dynamic Pressure (lb/ft^2) 193.495921 182.194621 179.788569 168.466946
Reference Area (ft^2) 3953.06617 3705.06863 3506.96014 3774.29017
Aspect Ratio 10.7754613 11.6658095 12.4482101 10.5332462
Percent of Laminar Flow on Wing 0.14092738 0.26801271 0.298058 0.28197011
Percent of Laminar Flow on Strut 0.00E+00 1 1 1
Thrust to Weight Ratio 0.25449379 0.24175795 0.24406532 0.25377793
Wing Loading (lb/ft^2) 121.174709 116.245128 118.054241 111.066809
Fuel Capacity (lb) 391413.851 193530.977 168985.849 197435.696
Calculated Engine Weight (lb) 11024.3197 9416.30072 9137.91341 9620.59596
Required Maximum Thrust (lb) 60952.7442 52062.1123 50522.9271 53191.6474
Rubber Engine Length (ft) 13.6034239 12.572235 12.3849954 12.7078863
Rubber Engine Diameter (ft) 10.3198388 9.53755761 9.39551377 9.64046545
Required Cn at Engine-Out 3.09E-02 1.65E-02 6.38E-02 8.56E-02
Available Cn at Engine-Out 8.18E-02 8.08E-02 8.20E-02 8.56E-02
Wingtip Deflection at Taxi Bump (ft) 14.4198388 5.06907963 24.9994719 25.000003
Cost Per Available Seat Mile (cents) 2.93860529 2.72232416 2.65391821 2.67427819
Acquisition Cost ($M) 77.6489765 73.263933 70.901664 72.0750666
Direct Operating Cost ($M) 484.392571 448.741314 437.465443 440.821532
Indirect Operating Cost ($M) 825.024945 825.024945 825.024945 825.024945
Total Cost ($M) 1387.06649 1347.03019 1333.39205 1337.92154
Fuel Weight (lbs) 165402.435 140411.404 134676.135 133936.74
Economic Mission TOGW (lbs) 0.00E+00 0.00E+00 0.00E+00 0.00E+00
Economic Mission Fuel Weight (lbs) 95000 100000 100000 100000
Zero Fuel Weight Constraint -0.1 -0.1 -0.1 -0.1
Range Constraint 3.93E-04 1.57E-05 2.73E-05 -4.28E-06
Thrust at Altitude Constraint -0.3743057 4.64E-04 1.67E-04 2.07E-04
Section Cl Constraint -4.79E-04 7.03E-05 -5.29E-06 3.74E-05
Fuel Capacity Constraint -0.5776038 -0.2744728 -0.2030334 -0.3215997
Engine-Out Constraint -1.6464968 -3.9017202 -0.2863414 -2.64E-07
Wingtip Deflection Constraint -0.2790584 -0.797243 -2.12E-05 -2.91E-06
Economic Range Constraint -0.1 -0.1 -0.1 -0.1
Economic Range Section Cl Constraint -0.1 -0.1 -0.1 -0.1
Second Segment Climb Constraint 4.13E-04 5.85E-05 -0.1157285 2.99E-06
Balanced Field Length Constraint -5.68E-03 2.32E-05 -5.23E-06 -7.91E-02
Approach Velocity Constraint -4.03E-02 -5.98E-02 -5.25E-02 -8.10E-02
Missed Approach Climb Gradient Constraint -8.0257196 -7.6567019 -7.9549301 -8.0736049
Landing Distance Constraint -0.5916873 -0.6006849 -0.595632 -0.6151589
Slack Load Factor Constraint Upper Limit -0.1 4.79E-05 -3.79E-02 1.98E-05
Slack Load Factor Constraint Lower Limit -0.1 -1.0000479 -0.9620522 -1.0000198
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Appendix E: Double-deck fuselage design optimums

Double-deck Fuselage Optimum Designs

Cantilever
Wing

Optimum

Fuselage
Mounted
Engines

SBW

Wing
Mounted
Engines

SBW

Tip Mounted
Engines

SBW

Bending Material Wt. Substitution Flag 1 1 1 1
Configuration Class 0 1 1 1
Flips weight flag 1 1 1 1
LMAS form drag flag 1 1 1 1
Vertical Wing-Strut Separation at Centerline
(ft)

25.42 25.42 25.42

Spanwise Position of Wing-Strut Intersection 0.70348189 0.70255323 0.89952781
Spanwise Position of Chord Breakpoint 0.37 0.70348189 0.70255323 0.89952781
Wing Half-Span (ft) 103.194127 103.950258 104.469346 99.6939412
Inboard Wing 1/4-Chord Sweep (deg) 36.7858074 31.254794 30.675488 30.3759029
Outboard Wing 1/4-Chord Sweep (deg) 36.7858074 31.254794 30.675488 30.3759029
Inboard Wing 1/2-Chord Sweep (deg) 28.9621137 28.7244926 28.3548945 28.3832443
Wing Dihedral (deg) 6 0.00E+00 0.00E+00 0.00E+00
Strut 1/4-Chord Sweep (deg) 23.520442 24.2079065 33.8760908
Wing-Strut Offset (ft) 1.1930833 1.35771854 1.84448025
Wing-Strut Vertical Offset (ft) 3.01994694 3.2710794 4.44710399
Wing Centerline Chord (ft) 52 30.0645402 27.9622377 28.0635866
Wing Chord at Chord Breakpoint (ft) 22.330526 12.8388201 12.256519 11.6306514
Wing Tip Chord (ft) 6.93437445 5.57816709 5.60703682 9.79518516
Strut Centerline Chord (ft) 6.70614923 6.57076707 4.01521137
Strut Tip Chord (ft) 6.70614923 6.57076707 4.01521137
Wing Inboard t/c 0.15724487 0.1331911 0.13218033 0.13558467
Wing Break t/c 0.11140512 6.86E-02 6.80E-02 5.81E-02
Wing Outboard t/c 7.61E-02 7.32E-02 7.48E-02 0.13781986
Strut t/c (constant) 9.29E-02 9.37E-02 0.10015222
Wing Skin Thickness at Centerline (ft) 1.99E-02 2.57E-02 4.47E-03 1.19E-02
Strut Force (lb) 198052.068 127333.831 26806.358
Wing Vertical Position on Fuselage (ft) 6.6 -8 -8 -8
Fuselage Length (ft) 171.7 171.7 171.7 171.7
Fuselage Diameter (ft) 22.4026 22.4026 22.4026 22.4026
Fuselage Upsweep (deg) 3.5 3.5 3.5 3.5
Depth of Fuselage at Vertical Tail (ft) 15.6 15.6 15.6 15.6
Baseline Engine Nacelle Length (ft) 16.53 16.53 16.53 16.53
Baseline Engine Nacelle Diameter (ft) 12.54 12.54 12.54 12.54
Pylon Length (ft) 14.7 14.7 14.7 14.7
Pylon Height (ft) 4.1 4.1 4.1 4.1
Pylon t/c 0.15 0.15 0.15 0.15
Horiz. Tail Volume Coefficient 0.7598 0.7666 0.7666 0.7666
Aspect Ratio of Horiz. Tail 5.1 5 5 5
Taper Ratio Horizontal Stabilizer 0.28 0.28 0.28 0.28
Reference Area Horizontal Tail, ft**2 895.851101 563.28244 498.028831 567.50672
Horizontal Position of Horizontal Tail (ft) 120 104 104 104
Vertical Position of Horizontal Tail (ft) 12 5 5 5
Horizontal Tail Half-Span (ft) 33.7965997 26.5349402 24.9506721 26.6342524
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Tip Mounted
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SBW

Horizontal Tail 1/4-Chord Sweep (deg) 37 37 37 37
Horizontal Tail Root Chord (ft) 20.7087008 16.5843376 15.5941701 16.6464077
Horizontal Tail Tip Chord (ft) 5.79843623 4.64361453 4.36636762 4.66099417
Horizontal Tail t/c 0.11 0.11 0.11 0.11
Horizontal Tail Dihedral (deg) 0.00E+00 0.00E+00 0.00E+00 0.00E+00
Vert. Tail Volume Coefficient 5.39E-02 5.44E-02 5.44E-02 5.44E-02
Aspect Ratio Vertical Tail 1.76 1.3 1.3 1.3
Taper Ratio Vertical Tail 0.3 0.7 0.7 0.7
Reference Area of Vertical Tail, ft**2 458.578976 487.760925 463.986004 476.528881
Horizontal Position of Vertical Tail (ft) 115 85.91 85.91 85.91
Vertical Position of Vertical Tail (ft) 15 0.00E+00 0.00E+00 0.00E+00
Vertical Tail Span (ft) 28.4094878 25.1811279 24.5597599 24.8895067
Vertical Tail 1/4-Chord Sweep (deg) 42 30 30 30
Vertical Tail Root Chord (ft) 24.8334684 22.788351 22.226027 22.5244405
Vertical Tail Tip Chord (ft) 7.45004051 15.9518457 15.5582189 15.7671083
Vertical Tail t/c 9.00E-02 9.00E-02 9.00E-02 9.00E-02
Vertical Tail Horizontal Moment Arm (ft) 115 85.91 85.91 85.91
Vertical Tail Vertical Moment Arm (ft) 24.160847 23.0954882 22.8904368 22.9992532
Percent Rudder Avg Chord to Vert Tail Avg
Chord

0.3 0.3 0.3 0.3

Percent Rudder Span to Vert Tail Span 0.95 0.95 0.95 0.95
Maximum Rudder Deflection (deg) 24 24 24 24
Maximum Aileron Deflection (deg) 25 25 25 25
Vertical Tail Scaling Factor 1 1 1 1.08364941
Thrust Vectoring Angle (deg) 0.00E+00 0.00E+00 0.00E+00 0.00E+00
Thrust Vectoring Horizontal Moment Arm (ft) 112 112 112 112
Thrust Vectoring Vertical Moment Arm (ft) 3 3 3 3
Delta CL due to Circulation Control 1 1 1 1
Tail Composite Factor 0.7 0.7 0.7 0.7
Ultimate Load Factor 3.75 3.75 3.75 3.75
Flap Ratio 0.333 0.333 0.333 0.333
Composite Use Factor 0.00E+00 0.00E+00 0.00E+00 0.00E+00
Aeroelastic Tailoring Factor 0.00E+00 0.00E+00 0.00E+00 0.00E+00
Strut-Bracing Factor 0.00E+00 1 1 1
Fuselage Fuel Capacity (lb) 0.00E+00 0.00E+00 0.00E+00 0.00E+00
Number of First Class Passengers 48 48 48 48
Number of Tourist Class Passengers 277 277 277 277
Number of Flight Crew 4 4 4 4
Number of Stewardesses 18 18 18 18
Number of Galley Crew 4 4 4 4
Landing Weight Factor 0.73 0.73 0.73 0.73
Maximum Allowable Wingtip Deflection (ft) 20 25 25 25
Slack load factor 0.00E+00 0.80000014 0.76964435 0.80000034
Percent Chord of Fuel Tank 0.5 0.5 0.5 0.5
Fuel Density (lb/gallon) 6.8 6.8 6.8 6.8
Number of Strips per Fuel Tank 10 10 10 10
Fuel Shift Flag 0.5 0.5 0.5 0.5
Fuel Weight (lb) 165402.435 140411.404 134676.135 133936.74
Zero fuel weight (lb) 313609.209 290284.771 279335.382 285261.623
Max body and contents weight (lb) 257083.608 295436.932 262420.656 264273.345
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Fuselage
Mounted
Engines

SBW

Wing
Mounted
Engines

SBW

Tip Mounted
Engines

SBW

Wing Weight Input 54102.9419 47193.1371 40408.8653 44144.3011
Number of Engines on Wings 2 0 2 2
Number of Engines on Fuselage 0 2 0 0
Baseline Engine Static Thrust (lb) 90000 90000 90000 90000
Baseline Engine Weight (lb) 16278 16278 16278 16278
Required Thrust, Pounds 60952.7442 52062.1123 50522.9271 53191.6474
Spanwise Position of First Engine 0.33 0.00E+00 0.72856517 1
Spanwise Position of Second Engine 0.00E+00 0.00E+00 0.00E+00 0.00E+00
Static Specific Fuel Consumption ((lb/hr)/lb) 0.29272 0.29272 0.29272 0.29272
Range (nmi) 7500 7500 7500 7500
Reserve Range (nmi) 500 500 500 500
Take-Off Altitude, feet 0.00E+00 0.00E+00 0.00E+00 0.00E+00
Rolling Coefficient of Friction 2.50E-02 2.50E-02 2.50E-02 2.50E-02
Braking Coefficient of Friction 0.3 0.3 0.3 0.3
Bypass Ratio 9 9 9 9
Lift Curve Slope at Climb 5.94 5.94 5.94 5.94
Zero AOA CL 0.21 0.21 0.21 0.21
CL Break at Approach 1 1 1 1
Drag Polar Factor at Approach 0.33 0.33 0.33 0.33
CDo at Approach 7.70E-02 7.70E-02 7.70E-02 7.70E-02
Lift Curve Slope at Approach 5.94 5.94 5.94 5.94
Zero AOA CL 0.58 0.58 0.58 0.58
Tail Scrape Angle, Degrees 12 12 12 12
Temperature at Ground, Degrees Fahrenheit 84 84 84 84
Drag Coefficient of Landing Gear 1.60E-02 1.60E-02 1.60E-02 1.60E-02
Reference Wing Area for Landing Gear CD,
Feet^2

5595 5595 5595 5595

Ground Clearance, Feet 7 7 7 7
Maximum Balanced Field Length,Feet 11000 11000 11000 11000
Obstacle Height At Take-off 35 35 35 35
Inertia Distance for Take-off 655 655 655 655
Tail Scrape Angle Margine, (degrees) 0.5 0.5 0.5 0.5
Maximum CL in Take-off Configuration 2.37973 2.37973 2.37973 2.37973
Maximum CL in Landing Configuration 2.55944 2.55944 2.55944 2.55944
Take-off Drag Polar Factor, cdm_fact 7.63E-03 7.63E-03 7.63E-03 7.63E-03
Numver of Gs in Flare 1.2 1.2 1.2 1.2
Height of Obstacle in Landing 50 50 50 50
Time of Free Roll After Landing (sec) 2 2 2 2
Second Segment Velocity Multiplier 1.05 1.05 1.05 1.05
Second Segment Velocity, knots 150.571506 147.476961 148.620116 144.154747
Second Segment Climb Gradient 2.40E-02 2.40E-02 2.68E-02 2.40E-02
Missed Approach Climb Gradient 0.18954958 0.18179361 0.18805361 0.19054951
Approach CL 1.51446173 1.51446173 1.51446173 1.51446173
Second Segment Climb CL 1.65259022 1.65259022 1.65259022 1.65259022
Fuel Capacity (lbs) 391413.851 193530.977 168985.849 197435.696
Maximum 2D Section CL 0.79971462 0.79996373 0.79999466 0.80006448
Initial Cruise Rate of Climb (ft/sec) 688.654421 500.133549 499.918545 499.762396
Initial Cruise Altitude (ft) 37546.7603 39047.6078 39334.8482 40764.828
Weight of Strut, (lbs) 0.00E+00 3654.44959 2410.64837 930.227727
Cruise Mach Number 0.85 0.85 0.85 0.85
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Wing
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Engines
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Tip Mounted
Engines
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Average Cruise Altitude (ft) 40567.359 41824.4261 42102.1314 43460.9419
Approach Velocity (kts) 140 140 140 140
CLmax for Zero Sweep 3.005 3.005 3.005 3.005
Maximum Unswept CL During TO 2.794 2.794 2.794 2.794
Max Allowable Section Lift Coefficient 0.8 0.8 0.8 0.8
Airfoil Technology Factor 0.95 0.95 0.95 0.95
CL Break 0.49 0.49 0.49 0.49
Modified Oswald Efficiency Factor 0.65 0.65 0.65 0.65
Laminar Flow Technology Factor 0.5 0.5 0.5 0.5
Wing Transition Location (x/c) -1 -1 -1 -1
Strut Transition Location (x/c) 0.00E+00 -1 -1 -1
Horizontal Tail Transition Locaction (x/c) -1 -1 -1 -1
Vertical Tail Transition Location (x/c) -1 -1 -1 -1
Pylon Transition Reynolds Number 0.00E+00 0.00E+00 0.00E+00 0.00E+00
Fuselage Transition Reynolds Number 2500000 2500000 2500000 2500000
Nacelle Transition Reynolds Number 2500000 2500000 2500000 2500000
Symmetry Flag 1 1 1 1
Pitching Moment Coefficient Flag 0 0 0 0
Design Pitching Moment Coefficient 0.00E+00 0.00E+00 0.00E+00 0.00E+00
X CG Position (ft) 35 35 35 35
Airfoil Zero-lift Pitching Moment Coefficient -7.50E-02 -7.50E-02 -7.50E-02 -7.50E-02
Number of Vortices for idrag 100 100 100 100
Number of Strips for fdrag 3 3 3 3
Number of Strips for wdrag 8 8 8 8
Year for Dollar Calculations 2000 2000 2000 2000
Development Start Time (year) 2000 2000 2000 2000
Year of MQT/FAA Certification 2005 2005 2005 2005
Depreciation Period (years) 14 14 14 14
Operational Life (years) 30 30 30 30
Residual Value at End of Life (percent) 0.1 0.1 0.1 0.1
Airframe Production Quantity 1000 1000 1000 1000
Passenger Load Factor (percent) 65 65 65 65
Fuel Price (dollars per gallon) 1 1 1 1
Calculated Takeoff Weight 479011.644 430696.176 414011.516 419198.363
Wing Weight 54102.9419 47193.1371 40408.8653 44144.3011
Fuel Weight 165402.435 140411.404 134676.135 133936.74
Zero fuel weight 313609.209 290284.771 279335.382 285261.623
Calculated Range (nmi) 7499.4204 7499.95316 7499.79423 7500.06643
Specific Range (nmi/1000 lb) 44.1118135 53.1392782 55.4478166 56.1398933
Seat Miles per Gallon (seats*nmi/gal) 106.882548 125.914912 131.274298 132.003785
Maximum Total Lift Coefficient 2.40664355 2.5688797 2.58451216 2.59249286
Maximum Section Lift Coefficient 0.79971462 0.79996373 0.79999466 0.80006448
Cruise CL 0.51806296 0.53402156 0.54984327 0.55395725
Cruise L/D 23.3406463 25.2812511 25.3576362 25.9957922
Induced Drag 7.88E-03 7.75E-03 7.70E-03 7.83E-03
Fuselage Parasite Drag 4.90E-03 5.42E-03 5.75E-03 5.38E-03
Nacelle and Pylon Parasite Drag 1.10E-03 8.07E-04 1.09E-03 7.21E-04
Wing Parasite Drag 4.85E-03 3.71E-03 3.62E-03 3.77E-03
Strut Parasite Drag 0.00E+00 2.99E-04 3.17E-04 2.90E-04
Tail Parasite Drag 1.58E-03 1.11E-03 1.16E-03 1.21E-03
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Cantilever
Wing

Optimum

Fuselage
Mounted
Engines

SBW

Wing
Mounted
Engines

SBW

Tip Mounted
Engines

SBW

Wave Drag 5.23E-04 5.34E-04 6.12E-04 8.52E-04
Wing-Fuselage Interference Drag 1.35E-03 8.62E-04 8.34E-04 7.82E-04
Wing-Strut Interference Drag 0.00E+00 5.96E-04 5.50E-04 4.05E-04
Additional Parasite Drag 1.25E-05 2.85E-05 4.93E-05 6.66E-05
Total Drag 2.22E-02 2.11E-02 2.17E-02 2.13E-02
Dynamic Pressure (lb/ft^2) 193.495921 182.194621 179.788569 168.466946
Reference Area (ft^2) 3953.06617 3705.06863 3506.96014 3774.29017
Aspect Ratio 10.7754613 11.6658095 12.4482101 10.5332462
Percent of Laminar Flow on Wing 0.14092738 0.26801271 0.298058 0.28197011
Percent of Laminar Flow on Strut 0.00E+00 1 1 1
Thrust to Weight Ratio 0.25449379 0.24175795 0.24406532 0.25377793
Wing Loading (lb/ft^2) 121.174709 116.245128 118.054241 111.066809
Fuel Capacity (lb) 391413.851 193530.977 168985.849 197435.696
Calculated Engine Weight (lb) 11024.3197 9416.30072 9137.91341 9620.59596
Required Maximum Thrust (lb) 60952.7442 52062.1123 50522.9271 53191.6474
Rubber Engine Length (ft) 13.6034239 12.572235 12.3849954 12.7078863
Rubber Engine Diameter (ft) 10.3198388 9.53755761 9.39551377 9.64046545
Required Cn at Engine-Out 3.09E-02 1.65E-02 6.38E-02 8.56E-02
Available Cn at Engine-Out 8.18E-02 8.08E-02 8.20E-02 8.56E-02
Wingtip Deflection at Taxi Bump (ft) 14.4198388 5.06907963 24.9994719 25.000003
Cost Per Available Seat Mile (cents) 2.93860529 2.72232416 2.65391821 2.67427819
Acquisition Cost ($M) 77.6489765 73.263933 70.901664 72.0750666
Direct Operating Cost ($M) 484.392571 448.741314 437.465443 440.821532
Indirect Operating Cost ($M) 825.024945 825.024945 825.024945 825.024945
Total Cost ($M) 1387.06649 1347.03019 1333.39205 1337.92154
Fuel Weight (lbs) 165402.435 140411.404 134676.135 133936.74
Economic Mission TOGW (lbs) 0.00E+00 0.00E+00 0.00E+00 0.00E+00
Economic Mission Fuel Weight (lbs) 95000 100000 100000 100000
Zero Fuel Weight Constraint -0.1 -0.1 -0.1 -0.1
Range Constraint 3.93E-04 1.57E-05 2.73E-05 -4.28E-06
Thrust at Altitude Constraint -0.3743057 4.64E-04 1.67E-04 2.07E-04
Section Cl Constraint -4.79E-04 7.03E-05 -5.29E-06 3.74E-05
Fuel Capacity Constraint -0.5776038 -0.2744728 -0.2030334 -0.3215997
Engine-Out Constraint -1.6464968 -3.9017202 -0.2863414 -2.64E-07
Wingtip Deflection Constraint -0.2790584 -0.797243 -2.12E-05 -2.91E-06
Economic Range Constraint -0.1 -0.1 -0.1 -0.1
Economic Range Section Cl Constraint -0.1 -0.1 -0.1 -0.1
Second Segment Climb Constraint 4.13E-04 5.85E-05 -0.1157285 2.99E-06
Balanced Field Length Constraint -5.68E-03 2.32E-05 -5.23E-06 -7.91E-02
Approach Velocity Constraint -4.03E-02 -5.98E-02 -5.25E-02 -8.10E-02
Missed Approach Climb Gradient Constraint -8.0257196 -7.6567019 -7.9549301 -8.0736049
Landing Distance Constraint -0.5916873 -0.6006849 -0.595632 -0.6151589
Slack Load Factor Constraint Upper Limit -0.1 4.79E-05 -3.79E-02 1.98E-05
Slack Load Factor Constraint Lower Limit -0.1 -1.0000479 -0.9620522 -1.0000198
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