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Multidisciplinary Design Optimization
of a Strut-Braced Wing Aircraft

Joel M. Grasmeyer

(ABSTRACT)

The objective of this study is to use Multidisciplinary Design Optimization (MDO) to investigate

the use of truss-braced wing concepts in concert with other advanced technologies to obtain a

significant improvement in the performance of transonic transport aircraft. The truss topology

introduces several opportunities. A higher aspect ratio and decreased wing thickness can be

achieved without an increase in wing weight relative to a cantilever wing. The reduction in

thickness allows the wing sweep to be reduced without incurring a transonic wave drag penalty.

The reduced wing sweep allows a larger percentage of the wing area to achieve natural laminar

flow. Additionally, tip-mounted engines can be used to reduce the induced drag. The MDO

approach helps the designer achieve the best technology integration by making optimum trades

between competing physical effects in the design space.

To perform this study, a suite of approximate analysis tools was assembled into a complete,

conceptual-level MDO code. A typical mission profile of the Boeing 777-200IGW was chosen as

the design mission profile. This transport carries 305 passengers in mixed class seating at a

cruise Mach number of 0.85 over a range of 7,380 nmi.

Several single-strut configurations were optimized for minimum takeoff gross weight, using

eighteen design variables and seven constraints. The best single-strut configuration shows a 15%

savings in takeoff gross weight, 29% savings in fuel weight, 28% increase in L/D, and a 41%

increase in seat-miles per gallon relative to a comparable cantilever wing configuration.

In addition to the MDO work, we have proposed some innovative, unconventional arch-

braced and ellipse-braced concepts. A plastic solid model of one of the novel configurations was

created using the I-DEAS solid modeling software and rapid prototyping hardware.
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Chapter 1 

Introduction

The cantilever wing configuration has dominated the design of large transonic transports since

the introduction of the Boeing 707 in the 1950s. Modern transonic transports such as the Boeing

777 and the MD-11 still bear a strong resemblance to the Boeing 707. Many advances have been

made in the design of large transports, but they have been evolutionary modifications of the

original cantilever wing configuration. The truss-braced wing configuration offers the potential

to make a revolutionary advance in the efficiency of the modern transport. The truss-braced wing

concept embraces several synergistic design features to obtain a significant increase in

performance. The structural efficiency of the truss allows the span to increase without an

increase in wing weight or thickness (they may actually decrease). The increased span reduces

the induced drag, and a decrease in thickness reduces the transonic wave drag and allows the

wing sweep to be reduced. The reduced wing sweep and the smaller chord Reynolds numbers

encourage natural laminar flow, which reduces the parasite drag [1]. Obtaining the most

desirable trade-off between these effects requires the use of Multidisciplinary Design

Optimization (MDO).

In the summer of 1996, Dennis Bushnell, Chief Scientist at the NASA Langley Research

Center, challenged the Multidisciplinary Analysis and Design (MAD) Center at Virginia Tech to

apply the MDO methodology to the design of a truss-braced wing configuration to seek a

quantum increase in performance relative to the cantilever wing configuration. A

multidisciplinary team of graduate students and faculty members was assembled to perform the
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study. The author performed the aerodynamics, stability and control, and propulsion analyses. He

also integrated the disciplines together in a computational MDO architecture. Amir Naghshineh-

Pour performed the structural analysis and created a subroutine to calculate the bending material

weight of an arbitrary wing/strut configuration. Philippe-Andre Tetrault performed a detailed

Computational Fluid Dynamics (CFD) study of various wing-strut intersection geometries to

evaluate the transonic effects of the interference drag. The newest member of the team, Erwin

Sulaeman, is evaluating the aeroelasticity effects of the truss-braced wing configurations. The

faculty members on this project were B. Grossman, R.T. Haftka (University of Florida), R.K.

Kapania, W.H. Mason, and J.A. Schetz. The team met once per week to exchange information

and discuss the progress of the work.

The idea of using a truss-braced wing for a long-range, transonic transport aircraft was first

proposed by Werner Pfenninger at Northrop in the early 1950s [2]. He continued this work on

and off until his retirement from NASA Langley in the late 1980s. A model of one of

Pfenninger’s configurations is shown in Figure 1-1. In the 1960s, Lockheed studied the use of a

truss-braced wing on a C-5A fuselage for a long range military transport [3]. This design

featured a wing with an aspect ratio of 20 and active tip controls for gust alleviation. In the late

1970s, Boeing studied the use of a truss-braced with laminar flow control for a very large (440 ft.

span), long range military transport [4] and [5]. The Boeing study concluded that the truss-braced

wing would have a slightly higher takeoff gross weight than a comparable cantilever wing

configuration. In 1980, NASA performed a preliminary design study of a subsonic business jet

employing a truss-braced wing with an aspect ratio of 25 [6]. The 1980 study showed that the

truss-braced wing configuration had a 20% savings in fuel weight relative to a cantilever wing

configuration. Another NASA study was performed in 1981 on the use of a truss-braced wing for

a high-altitude manned research aircraft [7]. This study concluded that an optimum cantilever

design had a 26% increase in range relative to a baseline cantilever design, while an optimum

truss-braced wing had a 31% increase in range.
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Figure 1-1: Pfenninger/NASA truss-braced wing concept (NASA photo)

The studies mentioned above have pointed out many of the critical design issues associated

with the truss-braced wing configuration. However, none of these studies have been performed

using a Multidisciplinary Design Optimization (MDO) methodology. Because of the tight

coupling between aerodynamics and structures in the truss-braced wing design problem, an

MDO approach is required to assess the true potential of the concept. The use of MDO for a

wide variety of applications has been documented in survey papers by Ashley [8], Sobieski and

Haftka [9], and Kroo [10]. MDO has also been applied to the design of the High-Speed Civil

Transport at Virginia Tech [11], [12], and [13].

The truss-braced wing configuration can use tip-mounted engines to obtain a reduction in

induced drag, as some studies have suggested [14] and [15]. The tip-mounted engines also

provide added inertia relief for the wing structure. With the engines located at the wingtips, an

engine failure would create a very large yawing moment. To maintain equilibrium flight at the

engine-out flight condition, circulation control can be used on the vertical tail to increase its

effectiveness. The circulation of the vertical tail airfoil can be controlled by blowing air through

slots at the rear of an elliptical section, or by combining the slots with a deflecting flap for some

redundancy. The air for blowing can be provided by the Auxiliary Power Unit (APU), which is

already located in the tailcone. In their study of a circulation control stern plane for submarine

applications, Englar and Williams [16] have shown that section lift coefficients of 2.8 are

possible with a 20% ellipse. In normal flight, a small amount of blowing could be used to reduce

the drag of the vertical tail, or even generate some thrust. The circulation control concept,

together with a stability and control analysis, is used to incorporate the engine-out condition
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explicitly as a constraint. The present model does not impose a weight penalty for the circulation

control mechanism.

Thrust vectoring with a third engine mounted at the base of the vertical tail was also

investigated as a means to handle the engine-out condition. We found that the relatively small

deflection angle allowed by thrust vectoring (15˚) was not sufficient to generate a large enough

yawing moment. The extra weight, maintenance, cost, and complexity of the third engine also

discouraged the use of thrust vectoring.

The buckling of the strut under the -1 g load condition proved to be the critical structural

design challenge in the single-strut configuration. To address this issue we allow the strut to be

inactive in compression, and we optimize the strut force at the 2.5 g load condition. The

configurations presented in this thesis were optimized with no aeroelastic constraints.

To perform the truss-braced wing study, a suite of approximate analysis tools was assembled

into a complete, conceptual-level MDO code capable of evaluating both strut-braced and

cantilever wing configurations. The initial truss-braced wing studies have been performed with a

single-strut-braced wing configuration, since it is the most basic representation of the truss-

braced wing topology. The code was validated against several modern commercial transport

aircraft, and it showed good agreement with the available data. Chapter 3 describes the MDO

methodology and the design code in more detail.

When using the MDO methodology, the designer does not simply set up the problem, let the

optimizer find the optimum solution, and then build the first optimum design. MDO is not

intended to replace the experience and intuition of a human designer with a computer code.

Instead, it should be seen as one of the many design tools in the designer’s toolbox. One of the

most effective uses of MDO is to perform sensitivity studies by varying one of the key

configuration parameters, technologies, or assumptions. Sensitivity studies have traditionally

been performed by selecting a baseline or “strawman” design and then varying one parameter at

a time to observe the effect on the total system performance. However, this technique does not

compare the full potential of each change, since the fixed design cannot adapt to the change.

For example, suppose we wanted to see the effect of airfoil technology on the performance of

a design. With the traditional method, the designer would increase the airfoil technology by some

increment while keeping the rest of the configuration fixed. The wave drag would go down due

to the better drag rise performance of the new airfoil, and the reduction in drag would allow a

reduction in the fuel weight required to perform the mission.
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Now let us perform the sensitivity study using the MDO methodology. In this case, the

designer increases the airfoil technology, but instead of keeping the rest of the configuration

parameters fixed, he allows them to become design variables and then he optimizes the

configuration for a specified objective. In this case, the wing would tend to unsweep to increase

the amount of laminar flow, decrease the structural span, and increase the maximum lift

coefficient capability, resulting in a drag reduction. The drag reduction would allow a reduction

in fuel weight. The fuel weight would allow a reduction in wing weight, which would then allow

a reduction in the rest of the structural weight. All of these effects would continue rippling

through all of the aircraft components and all of the design disciplines until the optimum design

is found. By using MDO, the design intelligently evolves to take maximum advantage of the

increased airfoil technology. Instead of comparing two non-optimal configurations the designer

is comparing two optimum configurations that express the full potential of the change in airfoil

technology. Several sensitivity studies like the example above are presented in Chapter 4.

In addition to the detailed MDO study of the single-strut configuration, some innovative

truss-bracing concepts were conceived in occasional brainstorming sessions. One such design

concept, originally proposed by J.A. Schetz [17], is the arch-braced strut. A plastic solid model

was created using the I-DEAS software, and the Fused Deposition Modeling (FDM) rapid

prototyping hardware at Virginia Tech. A subroutine was also written by Mike Libeau [18] to

convert the configuration parameters of a given design into a DXF file. This allowed the creation

of rendered three-dimensional images, animations, and virtual reality objects using AutoCAD on

the PC, and Infini-D on the Mac. These “imagineering” activities are discussed in Chapter 5.

The conclusions are presented in Chapter 6, and the areas of future work are presented in

Chapter 7. The Bibliography contains all of the papers related to the truss-braced wing research

organized by subject. The Appendix lists all of the configuration parameters for the four main

designs presented in this thesis.
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Chapter 2 

Problem Statement

The truss-braced wing concept is best suited to a long-range mission, where the increase in

efficiency can be fully utilized. A typical mission profile of the Boeing 777-200IGW was

selected as the design mission profile for this study. As shown in Figure 2-1, it has a range of

7,380 nmi at Mach 0.85 with 305 passengers in a three-class configuration. An additional 500

nmi of cruise was added to satisfy the reserve fuel requirements. Fixed fuel fractions are used for

warm-up, taxi, takeoff, and climb, and the Breguet range equation is used for cruise.

Cruise

Climb

Warmup
Taxi

Takeoff

Descent

Landing

Range = 7,380 nmi
M = 0.85

Payload = 305 passengers

Reserve = 500 nmi

Figure 2-1: Boeing 777-200IGW mission profile
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The traditional objective in the design of a large transport is to minimize the takeoff gross

weight. This is a good measure of the total system cost, since 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. Jensen, Rettie, and Barber [19] performed a study in which they

created optimum designs for several figures of merit such as takeoff gross weight, life cycle cost,

acquisition cost, direct operating cost, and fuel cost. They concluded that the configurations

optimized for minimum takeoff gross weight had the smallest penalty with respect to the off-

design figures of merit. Thus, takeoff gross weight is adopted as the primary objective function

in this work. The sensitivity study in Section 4.18 compares the effects of optimizing the

configuration for different objective functions.



8

Chapter 3 

Methodology

The first step in the truss-braced wing study was to design and implement a multidisciplinary

design optimization architecture capable of evaluating both cantilever and truss-braced

configurations. The following sections describe the setup of the optimization problem, the top-

level MDO architecture, and the details of the major analysis modules in the code.

3.1. Definition of the Optimization Problem

The objective of the truss-braced wing optimization problem is to minimize the takeoff gross

weight of the configuration, subject to realistic constraints. The Design Optimization Tools

(DOT) software from Vanderplatts [20] is used to perform the optimizations with the method of

feasible directions.

3.1.1. Design Variables

The single-strut-braced configuration is parameterized with the 18 design variables shown in

Table 3-1. This includes 12 wing shape variables, such as span, sweep, t/c distribution, chord

distribution, and the spanwise position of the wing-strut intersection. These are shown

graphically in Figure 3-1. The vertical separation of the wing and strut at the root is specified to

be equal to the fuselage diameter. The fuselage of the Boeing 777 is used for all of the

configurations, and the size remains constant. The other 6 design variables are the zero-fuel

weight, fuel weight, cruise altitude, optimum strut force, the increase in the vertical tail lift
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coefficient due to circulation control, and the spanwise position of the engine. The fuselage and

tail geometry of the Boeing 777-200IGW is used in all of the designs, and it remains fixed

throughout the optimization.

Table 3-1: Design variables

Number Description

1 Spanwise position of wing-strut intersection

2 Semispan

3 Wing sweep

4 Strut sweep

5 Wing root chord

6 Wing chord at wing-strut intersection

7 Wing tip chord

8 Strut root chord

9 Strut tip chord

10 Wing inboard average t/c

11 Wing outboard average t/c

12 Strut t/c

13 Strut force

14 Vertical tail lift coefficient increment due to circulation control

15 Zero-fuel weight

16 Fuel weight

17 Spanwise position of engine

18 Average cruise altitude
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wing root chord

wing sweep

wing tip chord

wing semispan

wing mid chord

buttline of
chord break

wing outboard t/c
wing inboard t/c

strut t/c

strut root chord
strut sweep

strut tip chord

Figure 3-1: Wing geometry

3.1.2. Constraints

Seven inequality constraints are used in the optimization to obtain realistic configurations, as

shown in Table 3-2. The weight equations from NASA Langley’s Flight Optimization System

(FLOPS) are used to calculate most of the structural weight and all of the non-structural weight

of the aircraft [21]. When using empirical weight equations, many of the aircraft structural

components are sized based on an assumed takeoff gross weight. Therefore, the calculated zero-

fuel weight is a function of the initially assumed zero-fuel weight plus the fuel weight. In a

traditional aircraft design methodology, an internal iteration loop is used to guarantee that the

calculated zero-fuel weight is equal to the assumed zero-fuel weight. However, when an

optimizer is already part of the code, it is more efficient to cast the zero-fuel weight and fuel
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weight as design variables and use a constraint to enforce convergence [12]. This is the role of

the first constraint.

The second constraint ensures that the calculated aircraft range is greater than the range

requirement specified in the design mission profile. An additional 500 nmi is added for reserve

fuel requirements.

The third constraint ensures that the maximum aircraft lift coefficient is large enough to

maintain equilibrium flight at the approach speed and the maximum landing weight. The

approach speed is currently assumed to be 140 kts., which is the approach speed of the Boeing

777. The approach speed is an input value to the design code, so it can be easily changed by the

user. The maximum landing weight is a user-specified fraction of the takeoff gross weight. In

this work, the maximum landing weight is 80% of the takeoff gross weight. The maximum lift

coefficient of the unswept wing is assumed to be 3.3.* The maximum lift coefficient of the swept

wing is then calculated assuming a loss proportional to the cosine of the quarter-chord sweep

angle.

The fourth constraint limits the maximum section lift coefficient at the initial cruise flight

condition to be less 0.70**. This prevents shock stall at high speeds.

The fifth constraint ensures that the fuel tanks have adequate capacity to carry the fuel

required to fly the mission. The code has the capability to place extra fuel tanks in the fuselage

outside of the wing carry-through structure, but the optimum designs shown in this report do not

require additional fuel capacity since the fuel volume constraint is satisfied with some margin for

these designs.

The engine-out constraint guarantees that the control system can achieve a sufficient yawing

moment to maintain equilibrium flight after an engine failure at the minimum control speed as

defined by FAR 25.149.

The wingtip deflection constraint ensures that the wingtip or tip-mounted engine does not

strike the ground during a taxi bump load. The current maximum allowable deflection of the

wingtip itself is 25 ft., based on the fuselage height and landing gear length of the Boeing 777.

This includes a 5 ft. margin for a tip-mounted engine.

                                                
* The value of 3.3 was chosen based on the assumption that the maximum lift coefficient of the swept wing of the
Boeing 777 is 2.8, and the maximum lift coefficient is proportional to the cosine of the quarter-chord sweep angle.
Since the 777 has a quarter-chord sweep of 31.6˚, the following relationship is used: 3.3 cos(31.6˚) = 2.8.
** This value was also chosen based on the Boeing 777. The maximum section lift coefficient on the clean wing of
the 777 at the takeoff weight, cruise altitude, and cruise Mach number is 0.70. The value of 0.70 was determined by
performing an analysis of the 777 with the truss-braced wing design code.
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In addition to the inequality constraints mentioned above, side constraints are used to bound

each design variable. Table 3-3 lists the two most important side constraints. The upper side

constraint on the semispan design variable guarantees that the wing span is within the FAA 80

meter gate box limit. The lower side constraints on the wing and strut t/c design variables limit

the minimum allowable wing and strut t/c values to 5%. The minimum t/c constraint has initially

been arbitrarily specified, but it may be refined in the future when a more detailed systems

analysis is performed.

Table 3-2: Inequality constraints

Number Description

1 Zero-fuel weight convergence

2 Range

3 Maximum aircraft lift coefficient at approach speed

4 Maximum allowable section lift coefficient at the beginning of cruise

5 Fuel volume

6 Engine-out

7 Wingtip deflection at the taxi bump load condition

Table 3-3: Side constraints

Number Description

1 80 meter gate box limit on the wing span

2 Minimum allowable t/c of 5% on the wing and strut

3.2. Multidisciplinary Approach

Since the aerodynamics, structures, propulsion, and controls in the truss-braced wing problem

are tightly coupled, it is essential to use a multidisciplinary approach to assess the true potential

of the configuration. Figure 3-2 shows the connectivity for the truss-braced wing design code

architecture. This MDO tool integrates several analysis modules for aerodynamics, structures,

and performance. The modular architecture allows for easy integration of higher-fidelity analysis

modules, and it provides the capability to evaluate more complex truss topologies in the future.

A brief overview of each analysis module is given below. The complete documentation for

the truss-braced wing design code can be found in Ref. [22].
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Baseline Design

Geometry Definition

Structural Optimization

Performance Evaluation

Optimizer

Loads

Objective Function, Constraints

Aerodynamic Analysis

DragWeight

Induced Drag

Friction and Form Drag

Wave Drag

Interference Drag

Updated Design  Variables
Initial Design  Variables

Offline CFD Interference 
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Figure 3-2: MDO code architecture

3.3. Aerodynamics

The aerodynamic performance is evaluated by modules for the induced drag, parasite drag,

transonic wave drag, and interference drag. The stability and control derivatives are also

estimated using a DATCOM-based method [23].

3.3.1. Induced Drag

The induced drag module uses a discrete vortex method to calculate the induced drag in the

Trefftz plane [24]. Given an arbitrary, non-coplanar wing/truss configuration, it provides the

optimum load distribution corresponding to the minimum induced drag.* Although the pitching

moment about a specified center of gravity location can be specified, we did not impose this

constraint on the designs presented in this work (see Section 4.14).

Several studies have shown that the induced drag can be reduced by using tip-mounted

engines [14] and [15]. Figure 3-3 shows the induced drag reduction as a function of the lift

coefficient and aspect ratio. This relationship was derived from a plot of percent total drag

reduction given by Miranda and Brennan [15]. The MDO code uses a simple model based on

Figure 3-3 to approximate the induced drag reduction due to tip-mounted engines. Notice that the

aerodynamic advantage of tip-mounted engines gets smaller with increasing aspect ratio.

                                                
* For our near-planar designs almost all of the load is carried by the wing.
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Figure 3-3: Drag reduction due to tip-mounted engines [15]

3.3.2. Parasite Drag

To calculate the parasite drag, the amount of laminar flow is estimated using the transition

Reynolds number vs. sweep data from Braslow and Collier [25]. The data for the F-14 and 757

glove experiments is shown in Figure 3-4. A laminar flow technology factor was added to the

code to allow modification of the transition Reynolds number assumption. A value between zero

and unity is specified, where zero corresponds to the 757 glove experiment and unity

corresponds to the F-14 glove experiment.

After determining the transition location, the skin friction is found using the Eckert

Reference Temperature method for laminar flow and the Van Driest II formula for turbulent

flow. The combined skin friction of the laminar and turbulent portions of the flow is then

calculated using Schlicting’s composite skin friction formula. The effects of thickness are

included by calculating form factors for wings and bodies. This methodology has been

implemented in the FRICTION algorithm [26].
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3.3.3. Wave Drag

The wave drag is approximated with the Korn equation, extended to include sweep using simple

sweep theory [27] and [28]. This model estimates the drag divergence Mach number as a

function of an airfoil technology factor (κa), the thickness-to-chord ratio (t/c), the lift coefficient

(cl), and the sweep angle (Λ):

Mdd  = κa

cos Λ
 - 

t/c

cos2 Λ
 - cl

10cos3 Λ .
(3-1)

The airfoil technology factor has a value of 0.87 for a NACA 6-series airfoil section, and a value

of 0.95 for a supercritical section.

With this approximation for the drag divergence Mach number, we can now calculate the

critical Mach number. The definition of the drag divergence Mach number is taken to be:

∂CD

∂M
 = 0.1

.
(3-2)

Lock proposed the following empirically-derived shape of the drag rise [29]:

CD = 20 M - Mcrit
4. (3-3)
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The definition of the drag divergence Mach number is equated with the derivative of the drag

rise formula given above to produce the following equation:

∂CD

∂M
 = 0.1  = 80 M - Mcrit

3

.
(3-4)

Equation 3-4 can then be solved for the critical Mach number as:

Mcrit  = Mdd  - 0.1
80

1/3

.
(3-5)

Finally, the wave drag coefficient is calculated as:

cdwave = 20 M - Mcrit
4 

Sstrip

Sref
for M > Mcrit, (3-6)

The local t/c, cl, and half-chord sweep angle are specified for a number of spanwise strips

along the wing and strut, and the drag of each strip is combined to form the total wave drag. In

the equation above, the wave drag for each strip is multiplied by the ratio of the strip area (Sstrip)

to the reference area (Sref). The number of spanwise strips can be input by the user. The designs

presented in this work were created using eight spanwise strips.

This method has been validated with the Boeing 747-100, as shown in Figure 3-5. The solid

lines represent the current model predictions, and the discrete data points represent the Boeing

747 flight test data [30]. The predictions show good agreement with the data over a wide range

of Mach numbers and lift coefficients. The results are sensitive to the value of the airfoil

technology factor. A value of 0.89 was used for the Boeing 747 results in Figure 3-5. Based on

an analysis of the Boeing 777, a value of 0.955 was used for the cantilever and strut-braced

configurations presented here.
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Figure 3-5: Boeing 747-100 drag rise comparison

3.3.4. Interference Drag

The interference drag is currently estimated using the equations and wind tunnel data given by

Hoerner in Chapter 8 of Fluid-Dynamic Drag [31]. Since the wind tunnel experiments were

performed at low Mach numbers, the extrapolation of this data to transonic Mach numbers is not

expected to provide an accurate measure of the interference drag, but simply an indication of the

trends. However, no relevant transonic interference drag data was found. A sensitivity study with

respect to the magnitude of the wing-strut interference drag is shown in Section 4.8.

Five fundamental interference drag effects were identified from the Hoerner data. These five

effects are combined in different ways to calculate the interference drag for a wing-fuselage

intersection, and a wing-strut intersection.

The first effect is the interference drag due to a wing intersecting a flat wall at a

perpendicular angle (90˚). The drag coefficient due to this effect is given by:

cdwall = 0.8  t/c 3 - 0.0003  c2

Sref .
(3-7)

CL

TBW
Code
Results

Flight
Test
Data
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The second effect is the interference drag due to a streamlined section intersecting another

streamlined section at a perpendicular angle (90˚). This is equivalent to a perpendicular wing-

strut intersection. The drag coefficient due to this effect is given by:

cdstrut = 17 t/c 4 - 0.05  t/c 2  c2

Sref .
(3-8)

The t/c and c in this equation are taken here to be the average values of the wing and strut.

The third effect is the interference drag due to the lift coefficient. The drag coefficient due to

this effect is given by:

cdcl = 0.1  cl
2  c2

Sref .
(3-9)

This equation comes from the statement, “At any rate, the interference drag approximately

increases as the square of the lift coefficient.” [31, p. 8-11]. The coefficient preceding the cl
2 term

is the slope of the cdcl vs. cl curve. The value of 0.1 corresponds to the slope of the experimental

curve given by Hoerner.

The fourth effect is the interference drag reduction due the sweep of the intersection. The

drag coefficient due to this effect is given by:

cdsweep = -0.000018 α 2 + 0.00009  α  c2

Sref
(3-10)

The sweepback angle (α) is defined as 0˚ for a perpendicular intersection in the side view.

This equation is a curve fit to the data given on p. 8-11 of Hoerner [31]. Figure 3-6 shows the

original data along with the curve fit. For this plot, c2 = Sref.
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Figure 3-6: Sweep effect on interference drag coefficient

The fifth effect is the interference drag due the inclination angle of the intersection. The drag

coefficient due to this effect is given by:

cdinclin = 0.000006  β 2 + 0.0015  β  c2

Sref
(3-11)

The inclination angle (β) is defined as 0˚ for a perpendicular intersection in the front view. This

equation is a curve fit to the data given on p. 8-11 of Hoerner [31]. Figure 3-7 shows the original

data along with the curve fit. For this plot, c2 = Sref.
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Figure 3-7: Inclination effect on interference drag coefficient

The five effects shown above are combined in the following ways to form the total

interference drag for the wing-fuselage and wing-strut intersections.

Wing-fuselage: cdintwing-fuse
 = cdwall + cdcl + cdsweep + cdinclination (3-12)

Wing-strut: cdint strut
 = cdstrut + cdcl + cdsweep + cdinclination (3-13)

All of the interference drag equations above assume that no fillets are being used at the

intersections of the surfaces. On p. 8-12, Hoerner states: “the interference drag of a strut junction

can thus be reduced to 10% of the unfaired configuration or less by means of a fairing extending

one strut chord beyond the trailing edges.” Therefore, the interference drag calculated above is

reduced by a factor of 10 in our work.

Since the interference drag methodology is approximate and based on low-speed data, a

sensitivity study with respect to the magnitude of the wing-strut interference drag was

performed. This study is shown in Section 4.8. In the future, we plan to incorporate the results of

off-line CFD analyses of wing-strut intersections at transonic speeds to refine these predictions.
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3.4. Propulsion

A simple “rubber engine” sizing methodology is used to scale the weight and size of the baseline

engines to match the required thrust. The rubber engine weight is assumed to be linearly

proportional to the thrust required at the initial cruise condition.

Wenginecalc = 
Treq

Tbaseline
Wengine

(3-14)

The thrust requirement is determined by matching the required thrust at the initial cruise

flight condition with the drag at that condition. On page 80 of Raymer [32], he states that thrust

matching at cruise is an acceptable way to obtain the required thrust for an aircraft designed

primarily for cruise efficiency. Therefore, we first calculate the drag at cruise as:

Dcruise = CDcruiseqcruiseSref (3-15)

The required thrust per engine at cruise is calculated by dividing the total aircraft drag by the

total number of engines:

Tcruise = Dcruise
nengineswing + nenginesfuse

(3-16)

The final step is to account for the loss of thrust due to altitude and Mach number. This is

known as the thrust lapse relationship. The functional form of the thrust lapse is taken from

equation 2.42 on p. 36 of Aircraft Engine Design [33]. The coefficients in the equation were

adjusted using a nonlinear regression analysis with a GE-90-like engine deck provided by NASA

Langley. The following equation contains the adjusted coefficients:

Treq = Tcruise

0.4307  + 0.3578 1.2265  - M 2.3137 σ0.7365
(3-17)

In addition to a weight savings, a decrease in the amount of required thrust would also

correspond to a drag savings due to the smaller engine size. The length and diameter of the

engine are scaled proportional to the square root of the ratio of the required thrust to the baseline

thrust:

lactual = lbaseline 
Treq

Tbaseline
(3-18)
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dactual = dbaseline 
Treq

Tbaseline
(3-19)

To estimate the drag savings, the nacelle drag is multiplied by the ratio of the required thrust to

the baseline engine thrust. This is equivalent to scaling the diameter and the length of the nacelle

by square root of the thrust ratio, since the friction drag is proportional to the wetted area.

When this rubber engine sizing methodology is applied to the baseline cantilever aircraft, the

required sea-level static thrust is 87,824 lb., which results in an engine weight of 22,407 lb. The

engine thrust and weight predicted from the NASA engine deck are 90,764 lb. and 23,157 lb.,

respectively. Therefore, for this case, the rubber engine sizing methodology underpredicts the

engine weight by 3%.

The engine deck provided by NASA was also used to create the following relation for the

specific fuel consumption as a function of altitude and Mach number. A nonlinear regression

analysis was used to adjust the coefficients in the functional form presented by Mattingly, et al.

[33]. The following equation contains the adjusted coefficients.

sfc cruise= 
Tempcruise

Tempsl

0.4704
sfcs,sl  + 0.4021M (3-20)

3.5. Fuel Capacity and Distribution

The fuel capacity subroutine calculates the fuel capacity of the wing, strut, and fuselage tanks,

and the weight distribution of the fuel along the span. Several assumptions must be made when

calculating the fuel capacity. Figure 3-8 shows a cross-section of the wing, including the fuel

tank. According to Raymer [32], p. 228, the ratio of the volume of an integral wing tank to the

externally measured volume is 0.85. This is a fixed assumption in the present code, since integral

fuel tanks are used on large commercial transports. The relative chord of the fuel tank can be

specified by the user with an input parameter that specifies the percent chord (x/c) of the tank.

The initial truss-braced wing studies have assumed that the fuel tank occupies 50% of the chord.

The fuel tank is assumed to be between the front and rear spars, which are typically at the 15%

and 65% chord positions. The fuel density is also an input parameter. Large transports typically

use Jet-A fuel, which has a nominal density of 6.8 lb./gallon [34].
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Figure 3-8: Cross-section of wing and fuel tank

Fuel can be stored in five different fuel tanks, as shown in Figure 3-9. The fuel capacity can

be increased by adjusting the capacity of the fuselage fuel tanks with an input parameter. The

fuselage fuel tanks do not include the fuel capacity of the wing carry-through tank, which is

calculated separately. The outer portion of the outboard wing tank does not contain any fuel. In

the initial truss-braced wing studies, the fuel tank extends to 78% span, which is the outer limit

for the Boeing 777.

Fuselage

Fuselage
Tanks

Wing Carrythrough Tank

Inboard Wing Tank

Outboard Wing Tank

Strut Tank

Figure 3-9: Fuel tank arrangement

The wing tanks are divided into a number of spanwise strips to calculate the fuel weight

distribution. If the fuel does not occupy the entire tank volume, fuel can be shifted inboard or

outboard to provide inertia relief for the wing structure, resulting in a lower wing weight.

The method above predicts that the fuel capacity of a Boeing 777-200IGW is 314,864 lb. The

actual fuel capacity is 307,496 lb., resulting in a 2% error. NASA Langley’s Flight Optimization

System (FLOPS) also has an equation for calculating the fuel volume [21]. However, the FLOPS
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fuel volume equation is based on the average wing t/c and the taper ratio of the trapezoidal wing.

Therefore, the FLOPS method is less accurate than the integration method described above. The

method described above is also capable of placing fuel in the strut, while the FLOPS fuel volume

equation assumes a cantilever wing.

3.6. Weight Estimation

A flowchart of the weight estimation methodology is shown in Figure 3-10. The weight

estimation routines from NASA Langley's Flight Optimization System (FLOPS) are used to

estimate the aircraft weight [21]. Since FLOPS only uses a correction factor to estimate the

bending material weight of a strut-braced wing, a more detailed method was developed and

implemented by Amir Naghshineh-Pour in a new subroutine [35]. The bending material weight

subroutine uses a piecewise linear beam model to calculate the wing bending material weight

based on the configuration parameters and load distributions at the critical load cases (discussed

below). This value is then substituted for the FLOPS bending material weight in the FLOPS

weight equations. Replacing the bending material weight from FLOPS with other estimates has

been done in High Speed Civil Transport research at Virginia Tech for several years [36]. In the

future, a bending material weight response surface could be created from several offline finite

element method (FEM) optimizations [37] and [38]. This response surface could then be

substituted for the bending material weight subroutine.

Bending Material 
Weight Code

FLOPS

Wing Bending Material Weight

Calculated Zero Fuel Weight

Add Fuel Weight

Calculated Takeoff Weight

Design Variables and 
Load Distributions

Return

Bending Material 
Weight Response 

Surface Created from 
FEM Optimizations

Figure 3-10: Flowchart of weight subroutine



25

Two maneuver load conditions (2.5 g and -1.0 g), and a 1.67 g taxi bump load condition are

used to estimate the wing bending material weight. Coster and Haftka [39] showed that for a

truss-braced wing subjected to negative g maneuvers, a significant weight penalty is required to

prevent the strut from buckling. They evaluated the effects of buckling on both single-strut-

braced wing configurations and truss-braced wing configurations. The results revealed that using

a truss would reduce the weight penalty due to buckling by approximately 50% relative to a

single strut. However, the weight penalty was still significant. Hence, to eliminate the weight

penalty due to strut buckling a different design philosophy was proposed by Dr. Haftka [40]. The

strut is assumed to be inactive in compression during the -1.0 g maneuver load case and the 1.67

g taxi bump case. This could be done with a telescoping sleeve mechanism or a hinge

arrangement. During positive g maneuvers, the strut is in tension. Since the wing is clamped to

the fuselage, it acts as a cantilever beam in the negative load cases and as a strut-braced beam in

the positive load cases. Moreover, the strut force at the 2.5 g load case is optimized to minimize

the wing bending material weight. On a typical optimum single-strut design, this means that the

strut would become fully engaged at around 0.75 g. At loads between 0 g and 0.75 g, a spring

would be used to gradually increase the strut force up to the strut engagement point (see Figure

3-11). The optimum strut force at 2.5 g is less than the 2.5 g strut force that would be obtained if

the strut was built as a rigid member and engaged immediately at 0 g (this could be thought of as

the pre-force or jig-shape force). This design approach results in a significant reduction in the

bending material weight compared to a wing in which a completely rigid strut is designed to

withstand the buckling loads.

 g’s

2

1

Deflection

Optimum Strut Force

Strut
Engagement

Figure 3-11: Illustration of bilinear strut stiffness
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3.7. Stability and Control

The use of tip-mounted engines demands careful attention to the engine-out analysis. The failure

of a tip engine requires the airframe to produce a large yawing moment to maintain equilibrium

flight at the engine-out flight condition.

The engine-out constraint is established by constraining the maximum available yawing

moment coefficient (Cnavail) to be greater than the required yawing moment coefficient (Cnreq) for

the engine-out flight condition:

Cnavail ≥ Cnreq (3-21)

The required yawing moment coefficient is the yawing moment coefficient required to maintain

steady flight with one failed outboard engine at 1.2 times the stall speed, as specified by FAR

25.149. The remaining outboard engine must be at the maximum available thrust, and the bank

angle cannot be larger than 5˚.

Figure 3-12 shows the engine-out geometry for a twin-engine configuration. The yawing

moment coefficient required to maintain steady flight with an inoperative engine is given by:

Cnreq = 
Teo + Dewm le

qSrefb
(3-22)

where T is the maximum available thrust at the given Mach number and altitude, and Dewm is the

drag due to the windmilling of the failed engine. The lateral force of the vertical tail (Fv)

provides most of the yawing moment required to maintain steady flight after an engine failure.

Figure 3-12: Engine-out geometry
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The maximum available yawing moment coefficient is obtained at an equilibrium flight

condition with a given bank angle (φ) and a given maximum rudder deflection (δr). The bank

angle is limited to a maximum of 5˚ by FAR 25.149, and the aircraft is allowed to have some

sideslip (β). The stability and control derivatives are calculated using the empirical method of

Ref. [41] (which is essentially DATCOM [23]). The available yawing moment is then calculated

using a combination of rudder deflection, thrust vectoring, and circulation control.

The sideslip angle is found by summing the forces along the y-axis:

Sideforce Equation:

Cy δa
δa + Cy δr

δr + Cy ββ  + CLsin φ  - T sin ε
qSref

 - ∆CLcc

Svtail
Sref

 = - Y ext
qSref

(3-23)

In a conventional control system, the vertical tail is the dominant controller for generating a

yawing moment. However, thrust vectoring and circulation control can be used to generate

additional yawing moments. Since the engine-out condition is a critical constraint for a truss-

braced wing with tip-mounted engines, the capability to model thrust vectoring and circulation

control on the vertical tail was added to the code. The fifth term in the equation above (T sin ε
qSref ) is

due to the thrust being vectored at an angle ε to the centerline, and the sixth term (∆CL cc
Svtail
Sref

) is due

to the change in CL at the vertical tail due to circulation control. Since the external sideforce (Yext)

is zero, and Cy δa is assumed to be zero, this equation can be simplified and solved for the sideslip

angle:

β  = 
- Cy δr

δr - CLsin φ  + T sin ε
qSref

 + ∆CLcc

Svtail
Sref

Cy β

(3-24)

The aileron deflection required to maintain equilibrium flight is obtained by summing the

rolling moments about the x-axis:

Rolling Moment Equation:

Clδa
δa + Clδr

δr + Clββ  - T sin ε
qSref

 ztv
b

 - ∆CLcc

Svtail
Sref

 zvtail
b

 = - Lext
qSrefb

(3-25)
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By setting the external rolling moment (Lext) equal to zero, this equation can be solved for the

aileron deflection:

δa = 
- Clδr

δr - Clββ  + T sin ε
qSref

 ztv
b

 + ∆CLcc

Svtail
Sref

 zvtail
b

Clδa

(3-26)

The rudder deflection is initially set to the given maximum allowable steady-state value, and

the sideslip angle and aileron deflection for equilibrium flight are determined by Eqs. (3-24) and

(3-26). The maximum allowable steady-state deflection is typically 20˚-25˚. This allows for an

additional 5˚ of deflection for maneuvering. In the computer code, a warning statement is printed

if the calculated deflection exceeds the maximum allowable deflection.

The maximum available yawing moment is found by summing the contributions due to the

ailerons, rudder, and sideslip:

Yawing Moment Equation:

Cnavail = Cnδa
δa + Cnδr

δr + Cnββ  + T sin ε
qSref

 ltv
b

 + ∆CLcc

Svtail
Sref

 lvtail
b

(3-27)

This value of the available yawing moment coefficient is then constrained in the optimization

problem to be greater than the required yawing moment coefficient, as shown in Eq. (3-21). The

details of the stability and control derivative estimation and engine-out analysis are given in

Reference [42].

The use of circulation control on the vertical tail creates a large sideforce at relatively low

sideslip angles. It effectively shifts the lift curve up by an increment in the vertical tail lift

coefficient. At this point in the study, the increment in the vertical tail lift coefficient is

implemented as a design variable with an upper bound of 1.0. Most tip-mounted engine

configurations to date have required a change in the vertical tail lift coefficient of about 0.9.

According to the data given by Englar and Williams [16], this is a reasonable value. The current

model assumes no weight penalty for the circulation control mechanism.
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3.8. Performance

The performance subroutine calculates the range of a given configuration, based on the specific

fuel consumption, cruise velocity, lift-to-drag ratio, and weights. The range calculation is

performed with the Breguet range equation for a cruise-climb flight profile:

range = 
V L/D
sfccruise

 ln W initial
Wzf

 - reserve
(3-28)

where:

Winitial  = 0.956  Wto (3-29)

The equation above states that 4.4% of the fuel is burned during warm-up, taxi, takeoff, and

climb. The reserve range is currently assumed to be 500 nmi.

3.9. Validation

The complete design code was validated with the Boeing 747-100, the Boeing 777-200IGW, and

a single-strut-braced military transport from a Boeing design study published in 1978 [43]. Each

validation showed good agreement with the available weight, drag, and performance data. Our

model of the Boeing 777 also compared favorably to a Boeing 777 model created by Matt

Sexstone at NASA Langley [44].

Jane's lists three values for the maximum takeoff gross weight of the Boeing 747-100:

710,000 lb., 735,000 lb., and 750,000 lb. The truss-braced wing code shows good agreement,

with a predicted takeoff gross weight of 719,000 lb. The code also shows excellent agreement

with respect to the wing weight. The actual wing weight is 88,019 lb. [46], and the truss-braced

wing code predicts a wing weight of 88,705 lb. A validation of the drag estimation methodology

is shown in Figure 3-5. The code shows good agreement with the flight test data over a range of

Mach number and lift coefficient.

Unfortunately, the drag breakdown of the Boeing 747-100 was not available. Therefore, the

drag breakdown from a Boeing study of a single-strut-braced wing military transport was used to

validate the individual drag components [43]. A three-view of the configuration is shown in

Figure 3-13.
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Figure 3-13: Boeing single-strut-braced transport

This configuration was assumed to be completely turbulent. The Boeing study did not list the

wing-fuselage interference drag separately. However, when the wing-fuselage interference drag

predicted by the truss-braced wing code is combined with the fuselage drag, the sum agrees quite

well with the Boeing data, as shown in Figure 3-14. The rest of the drag components also agree

reasonably well.
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Figure 3-14: Single-strut drag breakdown comparison

Additional validations were performed for the induced drag subroutine and the wing bending

material weight subroutine. These validations can be found in Refs. [22] and [35], respectively.
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Chapter 4 

Results

The goal of this study is to evaluate the feasibility of the truss-braced wing concept and compare

the performance with the cantilever wing configuration. For this purpose, we have created two

cantilever configurations to make such comparisons.

When performing an MDO study using relatively low-fidelity analysis codes, it is important

to validate the codes with a baseline configuration with known performance. For this study, we

created a computational model of the Boeing 777-200IGW. The weight and performance

predicted by the MDO code were found to be in good agreement with the available data. This

design is referred to as the current technology baseline cantilever configuration (Figure 4-1).

In the truss-braced wing MDO studies, we have introduced advanced technology concepts

such as natural laminar flow and relaxed static stability to increase performance. We also use a

rubber engine sizing method to match the engine size and weight to the required thrust, and

several structural components are sized based on the takeoff gross weight. With these

assumptions, the optimizer can redesign the baseline configuration to achieve the maximum

benefit. It would be wrong to compare a truss-braced wing utilizing these assumptions and

design degrees of freedom with a current technology cantilever design. Therefore, an advanced

technology optimized cantilever configuration (Figure 4-2) was created by allowing the span, t/c,

sweep, and chord distribution to be design variables and minimizing the takeoff gross weight.

This configuration allows us to make valid comparisons between the cantilever and truss-braced

wing concepts under the same set of technology assumptions with the same design methodology.
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Figure 4-1: Current technology baseline cantilever configuration

Figure 4-2: Advanced technology optimized cantilever configuration

A single-strut-braced high wing configuration is currently used as the most basic

representation of the truss-braced wing concept. Two variations on this concept are shown

below. The first single-strut configuration was created by fixing the engines at the wingtips and

optimizing seventeen design variables for minimum takeoff gross weight (Figure 4-3). The

second configuration was created by allowing the spanwise position of the engines to be an

additional design variable (Figure 4-4).*

                                                
* We assume that the induced drag reduction due to tip-mounted engines is effective only when the engine is located
exactly at the tip. If the engines were located at 99% of the span, no induced drag reduction would be calculated. For
this reason, two single-strut optimizations were performed: one starting with the engines at the tip, and one starting
with the engines partially inboard.
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The following two sections will show the drag, weight, and cost comparisons between the

four designs. The remaining sections will show the sensitivity of the optimum single-strut design

with tip-mounted engines to changes in sweep, the amount of laminar flow, the airfoil

technology, the wing-strut interference drag, and the design Mach number.

Figure 4-3: Optimum single-strut configuration with tip-mounted engines

Figure 4-4: Optimum single-strut configuration with under-wing engines*

                                                
* Clearly the strut-pylon-nacelle integration details need to be resolved. Opportunities for additional drag reduction
may arise when this is done.
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4.1. Comparison of Cantilever and Strut-Braced Designs

Table 4-1 shows a configuration summary of the four designs. The complete parameter set is

shown in the Appendix. The advanced technology optimized cantilever design shows a slight

increase in span from the current technology cantilever configuration. The sweep also increased

from 31.6˚ to 36.7˚ in order to reduce the wave drag. The cruise L/D increased from 18.8 to 21.7,

and the takeoff gross weight decreased from 632,081 lb. to 568,031 lb.

Table 4-1: Configuration comparison

Current 
Technology 
Cantilever

Advanced 
Technology 
Cantilever

SS with Tip 
Engines

SS with 
Under-Wing 

Engines

Wing Span (ft) 199.9 206.6 198.9 258.7

Wing Area (ft2) 4,607 4,365 3,829 3,259

Aspect Ratio 8.7 9.8 10.3 20.5

Inboard Wing 1/4-Chord Sweep (deg) 31.6 36.7 27.3 24.5

Outboard Wing 1/4-Chord Sweep (deg) 31.6 36.7 27.3 24.5

Strut 1/4-Chord Sweep (deg) N/A N/A 17.7 16.3

Wing t/c at the Centerline 15.1% 15.4% 13.3% 11.9%

Wing t/c at the Chord Breakpoint 10.9% 10.5% 5.0%* * 5.0%* *

Wing t/c at the Tip 10.9% 10.5% 5.0%* * 5.0%* *

Strut t/c N/A N/A 5.0%* * 5.0%* *

Cruise L/D / Max L/D 18.8 / 20.9 21.7 / 24.0 24.4 / 27.4 27.8 / 31.5

Specific Range (nmi/1000 lb) 26.0 33.5 43.7 50.6

Seat Miles per Gallon (seats*nmi/gal) 60.5 74.7 94.2 105.2

Wing Weight (lb) 77,318 79,420 55,544 68,070

Takeoff Gross Weight (lb) 632,081 568,031 488,990 481,236

** The wing chord breakpoint, tip, and strut t/c values have converged to the minimum allowable value of 5%.

The advanced technology cantilever design shows a 10% savings in takeoff gross weight

relative to the current technology cantilever configuration. This weight savings is due in large

part to the advanced technology assumptions such as partial laminar flow, relaxed static stability,

and rubber engine sizing. The slight changes in the configuration shape also contributed to the

weight savings.

Using the same technology assumptions and design methodology, the optimum single-strut

design with tip-mounted engines achieves a weight savings of 23% relative to the current
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technology cantilever configuration (14% relative to the advanced technology optimum

cantilever configuration). The wing weight is only 55,544 lb., even though the span is about the

same as the current technology cantilever configuration. The sub-200 ft. span would allow this

strut-braced design to operate in the same gates as the Boeing 747 and 777. The structural

efficiency of the strut allows the t/c to be reduced to 13.3% at the root, and 5.0% outboard of the

chord breakpoint (5% was chosen for the initial studies as the minimum allowable t/c). The

reduction in thickness allows the wing to unsweep to 27.3˚, and the strut has 17.7˚ of sweep. The

result is an L/D of 24.4 and a takeoff gross weight of 488,990 lb. This is a 79,000 lb. reduction

from the advanced technology cantilever design, and a 143,000 lb. reduction from the current

technology cantilever design.

The span of the single-strut design with tip-mounted engines was limited by the wingtip

deflection constraint during the taxi bump load case. A further increase in span would have

caused the engines to strike the ground during the worst case taxi bump. Therefore, a second

single-strut design was created with the spanwise position of the engine as an additional design

variable. By moving the engine slightly inboard, the optimizer could increase the span to 258.7

ft., decrease the root t/c to 11.9%, and decrease the sweep to 24.5˚. These configuration changes

resulted in a cruise L/D of 27.8. The lower drag required less thrust, resulting in an 800 lb.

weight savings on each engine, which further alleviated the tip strike constraint. The wing weight

for this design increased to 68,070 lb., but the large fuel savings allowed the takeoff gross weight

to decrease by about 7,000 lb. from the previous single-strut design. The FAA 80 meter gate box

limit is equivalent to a wingspan of 262.5 ft. Therefore, this design is barely within the maximum

allowable gate box, which may present operational limitations on the design.

Note that the two single-strut configurations exploited two different modes for obtaining their

low weight. The tip-mounted engine design used the drag reduction available from mounting the

engines at the tip to reduce the wing span and hence the wing weight. In contrast, the under-wing

engine design obtained a lower fuel weight by significantly increasing the L/D. The induced drag

was reduced by increasing the span, at the expense of a heavier wing. Increased laminar flow due

to smaller chords and lower sweep also contribute to the low drag of this design. The resulting

takeoff gross weights were very similar, with the under-wing engine configuration producing a

slightly lower weight. This is a good example of how the MDO methodology can educate the

designer about the nature of the design space and also uncover synergisms that might be

overlooked by using a more traditional design methodology. In this case, the designer could
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select one of the configurations for further study based on constraints that cannot be modeled

mathematically.

The drag at the intersection of the strut and the engine pylon has not been calculated with a

high-fidelity method. The existing drag model uses an empirical method to estimate the

interference drag for the strut and the engine pylon separately, without considering their close

proximity. Since the optimum spanwise position of the engines is at nearly the same buttline as

the wing-strut intersection, a further drag reduction may be possible by creatively integrating the

strut intersection with the engine nacelle and pylon. Future interference drag studies need to

address this issue.

Since the t/c of the outboard wing panel is only 5%, one would expect that a larger amount of

laminar flow could be achieved on the outer panel by allowing it to have a sweep angle

independent of the inboard panel sweep. This optimization was performed, and the resulting

design has a wing with an inboard sweep of 26.9˚, and an outboard sweep of 19.3˚. The takeoff

gross weight of this design is 476,717 lb., which is a 0.9% savings relative to the single-sweep

design. Since the structural analysis does not model the additional weight and complexity that

would be required at this discontinuous joint, the actual weight savings may be negligible, or the

weight may actually increase.

4.2. Understanding the Optimum Configurations

To gain a better understanding of how the strut-braced wing configuration achieves the dramatic

increase in L/D, a comparison of the drag breakdown is shown in Figure 4-5. The absolute drag

is shown because the reference areas are different, and the optimizer determines the optimum

cruise altitude for each design, resulting in different dynamic pressures. The absolute drag also

drives the fuel consumption through the required thrust and hence the required engine size. The

shaded bars show how the various components of the drag add up to form the total drag at the

average cruise condition. Starting from the top, the bars represent the wing-strut interference

drag, the wing-fuselage and strut-fuselage interference drag, the wave drag, the tail parasite drag,

the strut parasite drag, the wing parasite drag, the total parasite drag of the engine nacelles, the

fuselage parasite drag, and the induced drag. The wing-strut interference drag is actually plotted

at the top of the last two bars, but the predicted values are too small to be visible on the chart.

Note that the parasite drag of the fuselage and tails is nearly equal for the four designs, since

only the wing geometry was allowed to change.
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Figure 4-5: Drag comparison

The most dramatic change in drag for the advanced technology cantilever design relative to

the current technology cantilever configuration is the reduction in induced drag due to the

increase in span and decrease in weight and wing area. The average cruise lift coefficient

decreased from 0.46 for the current technology configuration to 0.44 for the advanced

technology configuration. The nacelle drag is somewhat smaller, since the higher L/D and lower

weight of the optimum cantilever design reduce the required thrust, which results in smaller

engines. The wing parasite drag actually decreased slightly, since 9.3% of the wing area became

laminar. The wave drag was significantly reduced by the added sweep.

The optimum single-strut design with tip engines shows a further reduction in induced drag.

The induced drag coefficient is actually slightly larger than the induced drag coefficient of the

advanced technology cantilever design, but the large reduction in wing area resulted in a

decrease in the absolute induced drag. The air density is also lower, since the optimum average

cruise altitude increased from 35,987 ft. to 39,432 ft. The interaction of the tip-mounted engines

with the wingtip vortex results in a 12.5% savings in induced drag, and a 4.9% savings in total

drag for this design (relative to the same configuration with no induced drag reduction due to the

tip engines). This drag savings would translate to a savings of 3.3% in takeoff gross weight.

Since the strut allows a smaller t/c, the wing can unsweep without a wave drag penalty. The

reduction in sweep allows 32% of the wing area to become laminar. The strut also has some
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parasite drag, but since it has a small chord and a low sweep angle, it is completely laminar and

has very little drag.

The optimum single-strut design with under-wing engines shows the most significant

reduction in induced drag, since the span increased to 258.7 ft. The smaller wing area and

decreased air density due to a further increase in cruise altitude to 41,900 ft. also reduced the

absolute drag. Further unsweeping of the wing to 24.5˚ results in 46% of the wing becoming

laminar.

The interference drag is currently estimated using the low-speed data and empirical equations

presented in Hoerner's Fluid-Dynamic Drag [31]. The Hoerner data shows that the wing-fuselage

interference drag can be reduced with an increase in sweep. Since the advanced technology

cantilever design has more sweep than the current technology cantilever design, the interference

drag is lower, despite the increase in thickness. The Hoerner data shows that the wing-fuselage

interference drag is a function of (t/c)3. Additionally, the drag coefficient is normalized by the

chord squared over the reference area squared. Therefore, a wing-fuselage intersection with a

large t/c and large chord will have high interference drag, and an intersection with a small t/c and

small chord will have low interference drag. Since the strut-braced wing has a smaller t/c and a

much smaller wing root chord relative to the cantilever designs, it achieves a significant

reduction in the wing-fuselage interference drag.

The main concern with strut-braced wing configurations has traditionally been the

interference drag at the wing-strut intersection. However, since the average t/c and the average

chord are both relatively small at the intersection, the interference drag is almost negligible. The

reliability of this prediction is somewhat questionable, since the Hoerner data does not include

transonic effects. Therefore, detailed CFD and experimental studies need to be performed to

locally shape the intersection geometry to avoid a large interference drag penalty.

Figure 4-6 shows the weight breakdown for the four designs. Starting from the top, the three

shaded bars represent the fuel weight, the wing and strut weight, and the zero-fuel weight minus

the weight of the wing and strut.
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Figure 4-6: Weight comparison

Because of the increased cruise efficiency, the advanced technology cantilever design shows

a 49,000 lb. fuel weight savings relative to the current technology configuration, and the

optimum single-strut designs show a fuel weight savings of 92,000 lb. and 110,000 lb.,

respectively

The wing weight of the advanced technology cantilever design actually increased slightly due

to the increase in span from 199.9 ft. to 206.6 ft. The strut-braced wing configurations achieved

lower wing weights than the cantilever designs, even though the aspect ratios increased from 8.7

and 9.8 to 10.3 and 20.5. This counterintuitive result can be understood by looking at Figure 4-7.

It shows the wing weight vs. aspect ratio for a series of cantilever and strut-braced

configurations. The span was fixed for each design, and the rest of the design variables were

optimized for minimum takeoff gross weight. The rightmost point on each curve corresponds to

a wing with a span of 262.5 ft., which is equivalent to the 80 meter gate box limit. The three

curves represent a cantilever wing, a strut-braced wing with tip-mounted engines, and a strut-

braced wing with under-wing engines at an optimum spanwise position. The strut-braced wings

clearly pay a much smaller weight penalty for an increase in aspect ratio.

Notice that the strut-braced wing curves in Figure 4-7 diverge at an aspect ratio of 9.4. As the

aspect ratio of the strut-braced wing with tip-mounted engines increases above this point, the

wing weight increases rapidly since a significant amount of stiffness must be added to the wing

to prevent the tip engines from striking the ground during a taxi bump. However, if the spanwise
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position of the engines is allowed to become a design variable, the engines tend to move inboard

(thus sacrificing the induced drag reduction due to tip-mounted engines), and the span can

increase without a large weight penalty. The upper limit for a strut-braced wing with under-wing

engines is an aspect ratio of 21.1.
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Figure 4-7: Wing weight vs. aspect ratio

The cost breakdowns, shown in Figure 4-8, were estimated using the FLOPS cost model.

Beginning from the top, the shaded bars represent the acquisition cost (AC), direct operating cost

(DOC), and indirect operating cost (IOC). The costs are shown in year 2000 dollars. The fuel

price was assumed to be $1.00 per gallon, and the airframe production quantity was assumed to

be 1,000. A 30 year lifetime was used with a passenger load factor of 65%.

For this set of assumptions, the largest cost savings for the strut-braced wing configurations

is seen in the direct operating cost (DOC). This is a result of the large fuel weight reduction due

to the increased L/D.
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4.3. Why does the optimum cantilever design show such a large weight savings?

The advanced technology optimum cantilever configuration has a 64,050 lb. (10.1%) weight

savings relative to the current technology cantilever configuration (Table 4-1). Since the

optimum cantilever configuration in Figure 4-2 looks very similar to the current technology

baseline cantilever configuration in Figure 4-1, the reason for the large weight savings is not

immediately apparent.

The weight savings is due to the cumulative effects of:

• Allowing the optimizer to optimize the span, sweep, chord, and t/c

distributions for minimum takeoff gross weight.

• Scaling the engine weight and size in proportion to the required thrust with the

rubber engine sizing methodology.

• Optimizing the aerodynamic load distribution for minimum trim drag with the

assumption of relaxed static stability.

• Assuming that the wing can achieve partial laminar flow via the transition

Reynolds number vs. sweep relationship shown in Section 3.3.2.
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Each of these effects is shown independently in Table 4-2. The weight breakdown

comparison is shown in Figure 4-9. The first column represents the current technology baseline

cantilever configuration.

The design in the second column was created by allowing the optimizer to optimize the wing

shape for minimum takeoff gross weight without introducing any of the advanced technology

assumptions. The optimizer chose to reduce the span, increase the sweep, and reduce the t/c. The

cruise L/D increased from 18.8 to 19.7, and the wing weight increased slightly, resulting in a

total weight savings of 11,580 lb. When Boeing designed the 777, they most likely used a weight

growth margin to accommodate future derivative configurations. Therefore the wing of the 777

was designed to handle a slightly larger takeoff gross weight. The configurations shown in this

work were designed with no weight growth margin. If a weight growth margin had been used,

the weight savings of the optimum cantilever configuration would have been smaller.

The next three columns were created by keeping the configuration shape fixed and

independently introducing rubber engine sizing, relaxed static stability, and partial laminar flow.

These technology insertions result in a weight savings of 7,795 lb., 9,841 lb., and 12,283 lb.,

respectively.

The sum of these independent effects is: 11,580 + 7,795 + 9,841 + 12,283 = 41,499 lb.

However, when the configuration is optimized with all of the advanced technology assumptions,

the savings in takeoff gross weight is 64,050 lb. This is a quantitative example of synergy–the

whole is greater than the sum of the parts. The use of the MDO methodology allows the effect of

each technology assumption to ripple through the entire system which amplifies the weight

savings. Additionally, the optimizer evolves the shape of the configuration to take maximum

advantage of the advanced technology assumptions.
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Table 4-2: Configuration comparison for advanced technology insertions

Current 
Technology 
Cantilever

Current 
Technology 

Optimum

Rubber 
Engine 
Sizing

Relaxed 
Static 

Stability

Partial 
Laminar 

Flow

Advanced 
Technology 
Cantilever

Wing Span (ft) 199.9 195.6 199.9 199.9 199.9 206.6

Wing Area (ft2) 4,607 4,575 4,607 4,607 4,607 4,365

Aspect Ratio 8.7 8.4 8.7 8.7 8.7 9.8

Inboard Wing 1/4-Chord Sweep (deg) 31.6 33.3 31.6 31.6 31.6 36.7

Outboard Wing 1/4-Chord Sweep (deg) 31.6 33.3 31.6 31.6 31.6 36.7

Strut 1/4-Chord Sweep (deg) N/A N/A N/A N/A N/A N/A

Wing t/c at the Centerline 15.1% 14.8% 15.1% 15.1% 15.1% 15.4%

Wing t/c at the Chord Breakpoint 10.9% 9.2% 10.9% 10.9% 10.9% 10.5%

Wing t/c at the Tip 10.9% 9.2% 10.9% 10.9% 10.9% 10.5%

Strut t/c N/A N/A N/A N/A N/A N/A

Cruise L/D 18.8 19.7 18.6 19.3 19.4 21.7

Specific Range (nmi/1000 lb) 26.0 27.8 26.1 27.0 27.2 33.5

Seat Miles per Gallon (seats*nmi/gal) 60.5 63.8 60.9 62.6 63.3 74.7

Wing Weight (lb) 77,318 79,841 76,628 76,514 76,639 79,420

Takeoff Gross Weight (lb) 632,081 620,501 624,286 622,240 619,798 568,031
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Figure 4-9: Weight breakdown comparison for advanced technology insertion study

4.4. Convergence History

Figure 4-10 shows the convergence history for the advanced technology optimum cantilever

configuration. The starting point for the optimization was the baseline cantilever configuration.

The design variables are shown in the first ten plots, and the objective function (takeoff gross

weight) is shown in the final plot. Notice that the wing centerline chord stays at 52 ft., which is

the wing centerline chord of the Boeing 777. A lower side constraint was placed on the wing
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centerline chord to provide enough room for the 777 landing gear to retract into the wing. This

side constraint is active for the optimum configuration.
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Figure 4-10: Convergence history from baseline cantilever to optimum cantilever
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4.5. Why is the sweep so high?

Since the amount of laminar flow decreases with increased sweep due to cross-flow instability,

we initially expected the optimum strut-braced wing to be driven to a very low sweep angle to

maximize the amount of laminar flow. However, the optimum design has a wing with a sweep of

27.3˚ (Figure 4-11).

To understand why the optimizer chose this sweep, two additional designs were created by

forcing the wing and strut quarter-chord sweep angles to 50% of their original sweep (Figure

4-12), and to zero sweep (Figure 4-13). With the sweep angles fixed, the configurations were

then optimized by allowing the rest of the design variables to remain free. The results are shown

in Table 4-3.

As the wing is forced to unsweep, the wing root t/c becomes smaller in an attempt to avoid a

transonic wave drag penalty and a large interference drag penalty. The t/c values of the outboard

wing panel and the strut are already up against the minimum allowable t/c constraint of 5%, so

they cannot get thinner. As a result, the wing weight increases by 6,244 lbs. for the 50% sweep

configuration, and by 8,101 lbs. for the fully unswept configuration.

Figure 4-11: Original optimum single-strut configuration
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Figure 4-12: Partially unswept configuration

Figure 4-13: Fully unswept configuration
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Table 4-3: Configuration comparison for unswept configurations

Original 
Optimum 
Design

50% Sweep No Sweep

Wing Span (ft) 198.9 203.9 199.5

Wing Area (ft2) 3,829 4,593 4,840

Aspect Ratio 10.3 9.1 8.2

Inboard Wing 1/4-Chord Sweep (deg) 27.3 13.7 0.0

Outboard Wing 1/4-Chord Sweep (deg) 27.3 13.7 0.0

Strut 1/4-Chord Sweep (deg) 17.7 8.9 0.0

Wing t/c at the Centerline 13.3% 10.1% 8.4%

Wing t/c at the Chord Breakpoint 5.0%* * 5.0%* * 5.0%* *

Wing t/c at the Tip 5.0%* * 5.0%* * 5.0%* *

Strut t/c 5.0%* * 5.0%* * 5.0%* *

Cruise L/D / Max L/D 24.4 / 27.4 22.5 / 27.8 22.1 / 27.5

Specific Range (nmi/1000 lb) 43.7 37.6 36.3

Seat Miles per Gallon (seats*nmi/gal) 94.2 83.1 81.0

Wing Weight (lb) 55,544 61,788 63,645

Takeoff Gross Weight (lb) 488,990 522,409 530,206

** The wing mid, tip, and strut t/c values have converged to the minimum allowable value of 5%.

Figure 4-14 presents the drag breakdown for the three configurations. As the wing is

unswept, the amount of laminar flow on the wing increases from 31.9% on the original

configuration to 46.6% and 59.8%, respectively for the unswept configurations. However, the

large increase in required wing area reduces the savings in absolute parasite drag to a minimal

amount. The most significant penalty for unsweeping the wing is the large increase in the wave

drag.

The weight breakdown is shown in Figure 4-15. The largest weight change is the weight

growth of the wing due to the reduced t/c of the unswept configurations. The increase in wing

weight requires a larger wing area, which results in more drag, which requires more fuel, which

also requires more wing area, and so on. This is a classic example of how the ripple-through

effect can amplify a small weight growth in one component into a significant increase in the

takeoff gross weight.
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With the current assumptions and technology constraints, the optimum strut-braced wing

configurations have sweep angles that are higher than our initial expectations. By creatively

breaking down the traditional design constraints with advanced technology, the optimum wing

sweep can be reduced, resulting in even greater performance.

For example, to avoid the rapid growth of wing weight with decreasing t/c, a load alleviation

strategy could be used to shift the load distribution inboard at the critical load cases. To avoid the

dramatic increase in wave drag with a decrease of sweep, a porous airfoil could be used to

weaken the shock and improve the transonic drag rise characteristics.

This type of technology insertion study can be performed quite easily with the MDO code by

changing a given technology level or modeling assumption, and re-optimizing the configuration

to take maximum advantage of the change. The following sections will show sensitivities to the

amount of laminar flow on the wing and strut, the airfoil technology, the wing-strut interference

drag, and the design Mach number. The optimum single-strut design with tip-mounted engines is

used as the baseline configuration for these studies.
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4.6. Sensitivity to Laminar Flow

Figure 4-16 shows the laminar flow on the advanced technology optimum cantilever

configuration. The shaded areas represent the laminar flow regions. Because of the relatively

high sweep angle, only 5% of the chord is laminar near the wing root, and 20% is laminar at the

tip. Figure 4-17 shows the amount of laminar flow on the optimum strut-braced configuration.

The strut is displaced aft of the wing for the illustration. The lower sweep and smaller chord

Reynolds numbers of the strut-braced configuration allows it to achieve 25% laminar flow near

the wing root, 61% at the tip, and 100% laminar flow on the strut.

5%

20%

Figure 4-16: Laminar flow on advanced technology optimum cantilever design (shaded regions
are laminar)

25%

61%

100%

Figure 4-17: Laminar flow on optimum single-strut design (shaded regions are laminar)



51

Since laminar flow was originally perceived as a key to the success of the strut-braced wing

configuration, a sensitivity study was performed with respect to the amount of laminar flow

(Figure 4-18). The amount of laminar flow on the wing and strut was varied between 0% and

100% (by changing the transition Reynolds number), and the single-strut configuration with tip-

mounted engines was optimized for minimum takeoff gross weight at each point. About 32% of

the wing area is laminar for the original optimum single-strut design. The change in takeoff gross

weight between a fully turbulent wing/strut and a fully laminar wing/strut is about 104,000 lb.

The fuselage, nacelles, and tails are assumed to be fully turbulent, and they represent 63% of the

total wetted area for the advanced technology cantilever design, 62% for the single-strut design

with tip-mounted engines, and 58% for the single-strut design with under-wing engines.
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Figure 4-18: Sensitivity of the single-strut design to the amount of laminar flow
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4.7. Sensitivity to the Airfoil Technology Factor

The shape and performance of the optimum wing design is very sensitive to the airfoil

technology. The airfoil technology is modeled in the MDO code by the airfoil technology factor

in the Korn equation [27]. A value of 0.87 corresponds to a NACA 6-series airfoil section, while

a value of 0.95 corresponds to a supercritical section.

The airfoil technology factor was varied from 0.86 to 0.98, and the configuration was re-

optimized at each point. Since the higher technology airfoils have better drag rise characteristics,

the wing tends to unsweep with increasing airfoil technology, resulting in more laminar flow and

less drag. This study shows that changing the airfoil from a NACA 6-series section to a

supercritical section would result in a weight savings of about 40,000 lb.
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Figure 4-19: Sensitivity to the airfoil technology factor
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4.8. Sensitivity to the Wing-Strut Interference Drag

Since the interference drag calculations are currently based on the low-speed Hoerner data,

the accuracy of the wing-strut interference drag requires more detailed analysis. To evaluate the

impact of a potential increase in the wing-strut interference drag, a sensitivity study was

performed by multiplying the Hoerner-predicted wing-strut interference drag by various amounts

(Figure 4-20). Even when the Hoerner prediction is multiplied by a factor of 100, the takeoff

gross weight only increases by about 27,700 lbs. The accuracy of this prediction will be

improved in the future by creating a response surface from detailed CFD calculations.
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Figure 4-20: Sensitivity to the magnitude of the wing-strut interference drag
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4.9. Sensitivity to the Design Mach Number

The single-strut and cantilever configurations are quite sensitive to the design Mach number, as

shown in Figure 4-21. The planforms of the optimum strut-braced configurations are shown for

Mach 0.6 and 0.9. At Mach 0.6, the optimum strut-braced configuration shows a weight savings

of 55,910 lb. (12%) over the cantilever configuration. At Mach 0.9, the strut-braced

configuration has a 82,357 lb. (14%) weight savings over the advanced technology optimum

cantilever configuration. Therefore, the advantage of the strut-braced wing increases with

increasing design Mach number.
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Figure 4-21: Optimum takeoff weight vs. design Mach number

4.10. Sensitivity to Aeroelastic Tailoring and the Use of Composites

Aeroelastic tailoring and the use of composites can significantly reduce the wing weight. If the

entire configuration is re-optimized around the lighter wing structure, the takeoff gross weight

can be reduced by an amount greater than the wing weight reduction alone via the “ripple-

through” effect.
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The use of aeroelastic tailoring is modeled in FLOPS with a correction factor ranging from 0

(no aeroelastic tailoring) to 1 (full use of aeroelastic tailoring). A value of 1 corresponds to a

10% savings in the wing bending material weight. Figure 4-22 shows the weight breakdowns for

the original optimum single-strut configuration with tip-mounted engines (no aeroelastic

tailoring, metal wing), the configuration optimized with aeroelastic tailoring, and two designs

with the use of composites (described below). The use of aeroelastic tailoring results in a total

weight savings of 5,608 lb. (1.1%) relative to the configuration with no aeroelastic tailoring.

The use of composites has been modeled using two independent methods: within the wing

bending material weight estimation subroutine (wing.f) and within FLOPS. To model the use of

composites within the bending material weight subroutine, the strength, stiffness, and density are

adjusted to the values for a composite laminate. The use of composites is modeled in FLOPS

with a correction factor ranging from 0 (no composites) to 1 (full use of composites). A value of

1 corresponds to a 40% savings in the wing bending material weight, a 17% savings in the

secondary structural weight of the wing, and a 30% savings in the non-structural wing weight.

The weight breakdowns for the optimum configurations with the use of composites are shown in

Figure 4-22. The configuration with the use of composites modeled by the wing bending material

weight subroutine has a total weight savings of 29,727 lbs. (6.1%), and the configuration with

the use of composites modeled by FLOPS has a total weight savings of 31,462 lbs. (6.4%)

relative to the optimum design with a metal wing.
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4.11. Sensitivity to the Minimum t/c Constraint

In Table 4-1 the optimum thickness-to-chord ratios for the wing chord breakpoint, wing tip, and

strut are at the minimum permitted value of 5%. Since the minimum permitted t/c was chosen

somewhat arbitrarily, each single-strut design was re-optimized with no lower side constraint on

the t/c. As shown in Table 4-4, the optimum unconstrained t/c for the outboard panel of the wing

(from the chord breakpoint to the tip, constant t/c) on the tip-mounted engine design is 4.2%, and

the optimum unconstrained strut t/c for this design is 4.96%. For the under-wing engine

configuration, the optimum t/c for the outboard wing panel is 3.5%, and the optimum strut t/c is

3.7%. Even though the lower side constraints for the t/c parameters are inactive in those

calculations, the taxi bump wingtip deflection constraint provides a natural lower limit on the t/c

values. When this study was performed before the taxi bump deflection constraint was added to

the code, the t/c of the outboard wing panel decreased to 2%, and the sweep of the outboard

panel decreased to 0˚.

To minimize the number of design variables in the original single-strut parameter set, the

outboard wing quarter-chord sweep was forced to be equal to the inboard wing quarter-chord

sweep angle. This is probably a good idea from a manufacturability perspective, since a kink in

the wing structure may result in added structural weight and increased complexity and cost in

construction. A kinked wing may also have some aerodynamic and aeroelastic problems.

However, a kinked wing was still evaluated using the current math model to assess the potential

weight savings.

The optimum t/c and sweep distribution of the wing is determined by competing structural

and aerodynamic objectives. The structures subroutine wants the wing t/c to be large in order to

maximize the moment of inertia of the wing box and minimize the wing weight. The wave drag

subroutine wants the wing t/c to be small to minimize the transonic wave drag. The wave drag

subroutine also wants the wing sweep to be large in order to minimize the wave drag. However,

the friction drag subroutine wants the wing sweep to be small in order to reduce the cross-flow

instability and maximize the amount of laminar flow. The structures subroutine also wants the

wing sweep to be small to minimize the ratio of the structural span to the aerodynamic span

(proportional to 1/cos Λ).

In Table 4-4, notice that the inboard wing sweep of the tip-mounted engine configuration

increased from 27.3˚ to 29.0˚, and the outboard wing sweep decreased from 27.3˚ to 26.2˚. This
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change is even more dramatic on the under-wing engine configuration, where the inboard wing

sweep increased from 24.5˚ to 27.6˚, and the outboard wing sweep decreased from 24.5˚ to 15.7˚.

Table 4-4: Configuration comparison for minimum t/c constraint sensitivity study

Tip Engines, 
5% t/c 
Const.

Tip Engines, 
No t/c 
Const.

U-W 
Engines, 5% 
t/c Const.

U-W 
Engines, No 
t/c Const.

Wing Span (ft) 198.9 197.4 258.7 255.6

Wing Area (ft2) 3,829 3,709 3,259 3,142

Aspect Ratio 10.3 10.5 20.5 20.8

Inboard Wing 1/4-Chord Sweep (deg) 27.3 29.0 24.5 27.6

Outboard Wing 1/4-Chord Sweep (deg) 27.3 26.2 24.5 15.7

Strut 1/4-Chord Sweep (deg) 17.7 17.8 16.3 15.4

Wing t/c at the Centerline 13.3% 14.8% 11.9% 13.6%

Wing t/c at the Chord Breakpoint 5.0% 4.2% 5.0% 3.5%

Wing t/c at the Tip 5.0% 4.2% 5.0% 3.5%

Strut t/c 5.0% 4.96% 5.0% 3.7%

Cruise L/D 24.4 24.2 27.8 27.8

Specific Range (nmi/1000 lb) 43.7 43.5 50.6 51.4

Seat Miles per Gallon (seats*nmi/gal) 94.2 94.1 105.2 107.0

Wing Weight (lb) 55,544 54,188 68,070 63,811

Takeoff Gross Weight (lb) 488,990 487,260 481,236 473,660

In this example, the system-level objective is to minimize the takeoff gross weight of the

aircraft. Figure 4-23 shows the weight breakdowns for the tip-mounted engine and under-wing

engine configurations with and without the 5% t/c constraint. The tip-mounted engine

configuration shows a weight savings of 1,730 lbs. (0.35%) and the under-wing engine

configuration shows a weight savings of 7,576 lbs. (1.6%).
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Figure 4-23: Weight comparison for minimum t/c constraint sensitivity study

This discussion illustrates the power of the MDO methodology. The traditional way to

evaluate a set of competing objectives in a complex system is to perform parametric trade studies

throughout the design space. However, a human designer can only visualize the effect of two

design variables at a time, and his intuition is limited and often biased by past experience.

Furthermore, each two-dimensional parametric plot is only valid when all of the other design

parameters are fixed. These limitations require the design team to perform several iterations to

converge on the solution. Since every design project has a deadline, there may not be enough

time to perform enough iterations to find the optimum solution. The MDO methodology

concurrently evaluates all of the competing objectives mentioned above. It implicitly determines

the optimum values of sweep and t/c to maximize the performance of the total system.

4.12. L/D and Specific Range vs. Mach and Altitude

Figure 4-24 shows the variation of L/D vs. Mach number and altitude for the optimum single-

strut design with tip-mounted engines. Notice the large plateau with L/D values ranging from 26

to 27. As the Mach number increases, the altitude for maximum L/D increases. Also notice how

L/D drops off significantly as the Mach number increases through the range of 0.8 to 0.9.

Figure 4-25 shows the specific range vs. Mach number and altitude. The specific range is

plotted in nautical miles per 1,000 lbs. of fuel. The maximum specific range of 46.2 nmi/1,000

lbs. occurs near Mach 0.81 at 45,000 ft.
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Figure 4-24: L/D vs. Mach number and altitude
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Figure 4-26 shows L/D and specific range vs. Mach number at the optimum cruise altitude of

the original single-strut design (39,432 ft.). Notice how L/D drops off rapidly as the Mach

number increases through the range of 0.8 to 0.9. The specific range decreases for decreasing

Mach numbers below 0.8 because it is proportional to the velocity.
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Figure 4-26: L/D and specific range vs. Mach number (Altitude = 39,432 ft.)

Figure 4-27 shows L/D and specific range vs. altitude at the cruise Mach number of 0.85. The

maximum L/D at Mach 0.85 occurs at about 45,000 ft. However, the aircraft cannot actually fly

at this Mach number and altitude, because it would violate the maximum allowable section lift

coefficient constraint, resulting in a shock stall somewhere along the wing. The section lift

coefficient constraint at Mach 0.85 corresponds to a maximum allowable aircraft lift coefficient

of 0.52, which in turn corresponds to a maximum allowable altitude of 39,432 ft. This constraint

is shown in the figure, with the feasible range of altitudes to the left of the constraint.
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Figure 4-27: L/D and specific range vs. altitude (Mach = 0.85)

4.13. Trim Drag vs. CG Position

Every aircraft has a CG position that creates a load distribution corresponding to the minimum

drag of the configuration. For an aircraft with a conventional tail, the minimum-drag load

distribution is achieved when the horizontal tail carries a small lifting load. However, stability

and control requirements impose an aft CG limit, which is ahead of the CG position for

minimum drag. When the CG is ahead of the minimum-drag position, the non-optimum load

distribution imposes a trim drag penalty. The non-optimum load distribution is found by

specifying the CG position and requiring the pitching moment coefficient to be zero in the

induced drag code. This methodology was used to create the plot shown in Figure 4-28.

Figure 4-28 shows the trim drag vs. the center of gravity (CG) position for the baseline

cantilever design, the optimum single-strut design with tip-mounted engines, and the MD-11.

The experimental data given in Reference [47] for the MD-11 is also shown by the discrete data

points. The trim drag is plotted as a percentage of the total drag, and the CG position is plotted as

a percentage of the mean aerodynamic chord (MAC). The predicted trim drag of the MD-11 is

reasonably close to the MD-11 data. Since the same methodology was applied to the baseline

cantilever and single-strut designs, these should be reasonably accurate as well.
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The horizontal tail of the MD-11 employs a leading edge icing system and a slotted elevator

to increase the effectiveness. This allows a 30% reduction in tail area relative to a conventional

horizontal tail (i.e. the DC-10), which is sized with ice buildup on the leading edge, and no

slotted elevator. The baseline cantilever and single-strut designs use a conventionally-sized

horizontal tail. Since the horizontal tail of the MD-11 is relatively small, the trim drag increases

more rapidly as the CG moves away from the minimum-drag position.

The minimum-drag CG position is at 55% MAC for the MD-11, 80% MAC for the baseline

cantilever design, and 110% MAC for the single-strut configuration. The horizontal shift

between the curves for the baseline cantilever and single-strut designs is the difference in MAC.

The baseline cantilever design has an MAC of 26.22 ft., while the single-strut design has an

MAC of 19.49 ft. The smaller MAC makes the same absolute shift in CG position appear as a

larger change in percent MAC.

Note that the MD-11 curve represents a configuration where the size of the horizontal tail

was sized to a set of stability and control requirements, whereas the horizontal tails of the

baseline cantilever and single-strut configurations have not been sized to stability and control

requirements.
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Figure 4-28: Trim drag vs. cruise CG position
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4.14. Optimum Load Distributions

The induced drag code determines the optimum load distribution corresponding to minimum

induced drag using a Trefftz plane analysis. This method requires the specification of the design

lift coefficient, and it has the option to specify a desired pitching moment coefficient. For the

advanced technology optimum cantilever and optimum single-strut designs, the optimum load

distribution was determined without specifying a pitching moment constraint. This means that

the CG would have to be at the point of minimum trim drag in Figure 4-28. The size of the

horizontal tail was held fixed to the size of the Boeing 777 horizontal tail for all configurations.

The optimum load distributions for the wing, strut, and horizontal tail on the optimum single-

strut design with tip-mounted engines are shown in Figure 4-29 for a CG position at 110% of the

mean aerodynamic chord. At this CG position, the tail is actually lifting. The strut carries a small

load relative to the wing, and the strut load becomes slightly negative near the wing-strut

intersection. This may be beneficial in reducing the interference drag by providing a high

pressure area inside the wing-strut intersection, which could help prevent a local shock. The

discrete jump in the wing load distribution at the wing-strut intersection is necessary to make up

for the negative load carried by the strut. For nearly planar configurations, the minimum induced

drag occurs when the sum of all of the load distributions is elliptic. This is also why the inboard

region of the wing load distribution is flat. The addition of the elliptic horizontal tail load over

this region makes the sum of the load distributions elliptic.

The lift coefficient distribution for the optimum single-strut design is shown in Figure 4-30

for a CG position at 110% MAC. This lift coefficient distribution corresponds to the average

cruise condition. The maximum allowable section lift coefficient constraint is applied at the

beginning of cruise when the aircraft is at a higher weight. Since the strut has a small chord and a

high load near the root, it has large lift coefficients near the root. At the initial cruise condition,

the lift coefficient at the root of the strut reaches the maximum allowable lift coefficient of 0.7.
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Figure 4-29: Load distribution for single-strut design at CG = 110% MAC
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Figure 4-30: Section lift coefficient distribution for single-strut design at CG = 110% MAC

Figure 4-31 shows the load distributions for the optimum single-strut design at a CG position

of 25% MAC. This load distribution was created by making the pitching moment constraint

active in the Trefftz plane analysis, and setting the desired pitching moment coefficient to zero.
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This CG position requires the tail to carry a negative load in order to maintain a zero pitching

moment coefficient. Notice that in this case the inboard region of the wing has to carry a higher

load in order to compensate for the negative load carried by the tail.

The lift coefficient distributions for the optimum single-strut design at a CG position of 25%

MAC are shown in Figure 4-32. The strut lift coefficients have become smaller because the wing

is forced to carry a larger load to compensate for the negative load carried by the horizontal tail.
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Figure 4-31: Load distribution for single-strut design at CG = 25% MAC
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Figure 4-32: Section lift coefficient distribution for single-strut design at CG = 25% MAC
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4.15. Use of Thrust Vectoring for Engine-Out Control

The original optimum single-strut configurations presented in Section 4.1 used circulation

control on the vertical tail to handle the engine-out flight condition. The engine-out condition

may also be handled by placing a third engine at the base of the vertical tail and vectoring the

thrust. Table 4-5 shows a comparison between the original optimum single-strut designs (with

circulation control) and the designs optimized with thrust vectoring. Figure 4-33 shows the

weight breakdown comparison. The original designs have two wing-mounted engines, while the

thrust-vectoring designs have two wing-mounted engines and one tail-mounted engine. The

thrust vectoring angle was limited to 15˚.

The first two columns of Table 4-5 and Figure 4-33 compare the tip-mounted engine

configurations. Since thrust vectoring is not as effective as circulation control in generating a

large yawing moment, the span is forced to become smaller on the thrust vectoring design (198.9

ft. to 169.1 ft.). The reduction in span allows the wing weight to go down, but the induced drag

increases significantly because of the reduction in span, resulting in an L/D of 20.9. The takeoff

gross weight of the thrust vectoring design is 26,978 lbs. (5.5%) heavier than the circulation

control design.

The second two columns of Table 4-5 and Figure 4-33 compare the under-wing engine

configurations. Since the engine position is a design variable in this configuration, the engines

can be moved inboard to reduce the yawing moment and satisfy the engine-out constraint. The

yawing moment is also reduced by the smaller engine size in the thrust vectoring configuration.

Since the total required thrust is divided among three engines instead of two, the thrust per

engine is reduced from 58,102 lbs. to 40,013 lbs. The engine moved from 77% of the semispan

to 72% of the semispan. Since the engine becomes lighter and moves farther inboard for the

thrust vectoring configuration, it provides less inertia relief at the critical structural load cases.

As a result, the wing weight increases from 68,070 lbs. to 76,774 lbs. The takeoff gross weight of

the under-wing engine thrust vectoring configuration is 43,340 lbs. (9%) higher than the

configuration with circulation control.
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Table 4-5: Configuration comparison for the use of thrust vectoring for engine-out control

Tip Engines, 
Circ. Ctrl.

Tip Engines, 
Thrust 

Vectoring

Under-Wing 
Engines, 

Circ. Ctrl.

Under-Wing 
Engines, 

Thr. Vect.

Wing Span (ft) 198.9 169.1 258.7 258.7

Wing Area (ft2) 3,829 3,664 3,259 3,567

Aspect Ratio 10.3 7.8 20.5 18.8

Inboard Wing 1/4-Chord Sweep (deg) 27.3 29.8 24.5 25.0

Outboard Wing 1/4-Chord Sweep (deg) 27.3 29.8 24.5 25.0

Strut 1/4-Chord Sweep (deg) 17.7 20.5 16.3 16.2

Wing t/c at the Centerline 13.3% 12.7% 11.9% 12.0%

Wing t/c at the Chord Breakpoint 5.0% 5.0% 5.0% 5.0%

Wing t/c at the Tip 5.0% 5.0% 5.0% 5.0%

Strut t/c 5.0% 5.0% 5.0% 5.0%

Cruise L/D 24.4 20.9 27.8 28.1

Specific Range (nmi/1000 lb) 43.7 35.5 50.6 46.8

Seat Miles per Gallon (seats*nmi/gal) 94.2 80.1 105.2 97.2

Wing Weight (lb) 55,544 46,432 68,070 76,774

Takeoff Gross Weight (lb) 488,990 515,968 481,236 524,576

267,648 274,391 264,693 287,118
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Figure 4-33: Weight comparison for the use of thrust vectoring for engine-out control
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4.16. Use of a Conventional Vertical Tail for Engine-Out Control

The tip-mounted and under-wing engine configurations were also evaluated with the use of a

conventional tail for engine-out control. The vertical tail was allowed to scale up with the same

proportions as the vertical tail on the Boeing 777. A conventional vertical tail is less effective at

generating yawing moments than thrust vectoring or circulation control, but it is the most

conservative approach.

Table 4-6 shows the configuration comparison for the tip-mounted engine configurations,

and Figure 4-34 shows the weight breakdown comparison. An attempt was made to use a

conventional vertical tail with two tip-mounted engines, but a feasible configuration could not be

found. A feasible configuration was possible with three engines (two at the tips, one at the base

of the vertical tail), because the total required thrust is divided among three engines instead of

two, resulting in less thrust per engine. Since the conventional vertical tail is less effective than

the use of circulation control, the span is reduced from 198.9 ft. to 176.2 ft. to reduce the yawing

moment produced by the tip engine at the engine-out condition. The span reduction allows the

wing weight to decrease from 55,544 lbs. to 50,010 lbs., but the induced drag is higher, resulting

in an L/D reduction from 24.4 to 20.5. The vertical tail is 1.87 times larger than the vertical tail

on the Boeing 777.

Table 4-6: Tip engine configuration comparison for the use of a conventional vertical tail for
engine-out control

2 Tip 
Engines, 

Circ. Ctrl.

3 Engines 
(2 Tip), 

Conv. Tail

Wing Span (ft) 198.9 176.2

Wing Area (ft2) 3,829 3,801

Aspect Ratio 10.3 8.2

Inboard Wing 1/4-Chord Sweep (deg) 27.3 30.3

Outboard Wing 1/4-Chord Sweep (deg) 27.3 30.3

Strut 1/4-Chord Sweep (deg) 17.7 19.5

Wing t/c at the Centerline 13.3% 13.4%

Wing t/c at the Chord Breakpoint 5.0% 5.0%

Wing t/c at the Tip 5.0% 5.0%

Strut t/c 5.0% 5.0%

Cruise L/D 24.4 20.5

Specific Range (nmi/1000 lb) 43.7 33.7

Seat Miles per Gallon (seats*nmi/gal) 94.2 76.4

Wing Weight (lb) 55,544 50,010

Takeoff Gross Weight (lb) 488,990 532,154
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Figure 4-34: Tip engine weight comparison for the use of a conventional vertical tail for engine-
out control

Table 4-7 shows the configuration comparisons for the under-wing engine configurations,

and Figure 4-35 shows the weight breakdown comparisons. Feasible designs were found for both

two-engine and three-engine configurations. The under-wing engine configuration is much more

flexible, since the engine position is a design variable, and the engines can be moved inboard

until the yawing moment is reduced enough to satisfy the engine-out constraint. The engines are

located at 77% of the semispan for the configuration with circulation control. The engine

position moves to 49% of the semispan for the two-engine configuration, and 38% for the three-

engine configuration. The vertical tail is 73% larger than the Boeing 777 vertical tail for the two-

engine configuration, and 22% smaller for the three-engine configuration.

Notice that the engine position is further inboard for the three-engine design (38%) than for

the two engine design (49%). This is a counterintuitive result, since one would expect that the

smaller engines of the three-engine configuration could be further outboard than the larger

engines of the two-engine design. However, the smaller engines of the three-engine

configuration cannot provide as much inertia relief for the wing structure, since they are lighter.

Therefore, there is a smaller advantage to having them far outboard on the wing. The optimizer

chose to move the engines to 38% of the span and reduce the size of the vertical tail by 22%

relative to the Boeing 777 vertical tail, resulting in lower drag and lower weight. This is another



70

example of a counterintuitive design produced by the optimizer. A human designer may not have

arrived at this synergistic configuration using traditional design methods.

The takeoff gross weight of the two-engine conventional tail configuration is 23,833 lbs.

(5.0%) greater than the circulation control configuration, and the weight of the three-engine

conventional tail configuration is 14,264 lbs. (3.0%) greater.

Table 4-7: Under-wing engine configuration comparison for the use of a conventional vertical
tail for engine-out control

2 U-W 
Engines, 

Circ. Ctrl.

2 U-W 
Engines, 

Conv. Tail

3 Engines 
(2 U-W), 

Conv. Tail

Wing Span (ft) 258.7 242.6 250.9

Wing Area (ft2) 3,259 3,498 3,361

Aspect Ratio 20.5 16.8 18.7

Inboard Wing 1/4-Chord Sweep (deg) 24.5 25.8 24.6

Outboard Wing 1/4-Chord Sweep (deg) 24.5 25.8 24.6

Strut 1/4-Chord Sweep (deg) 16.3 16.7 16.4

Wing t/c at the Centerline 11.9% 12.0% 11.8%

Wing t/c at the Chord Breakpoint 5.0% 5.0% 5.0%

Wing t/c at the Tip 5.0% 5.0% 5.0%

Strut t/c 5.0% 5.0% 5.0%

Cruise L/D 27.8 25.7 27.7

Specific Range (nmi/1000 lb) 50.6 44.0 48.8

Seat Miles per Gallon (seats*nmi/gal) 105.2 94.8 101.8

Wing Weight (lb) 68,070 71,364 72,019

Takeoff Gross Weight (lb) 481,236 505,069 495,500
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Figure 4-35: Under-wing engine weight comparison for the use of a conventional vertical tail for
engine-out control
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4.17. Landing Gear Integration

Since the single-strut configurations utilize a high wing, it is not practical to retract the landing

gear into the wing. Therefore, it may be necessary to use fuselage-mounted landing gear similar

to the gear on a Dornier 128 (Figure 4-36). Since the landing loads would have to be carried

around the fuselage to the wing box, an added weight penalty would be associated with fuselage-

mounted landing gear. The transonic aerodynamics of the landing gear fairing may also present a

detailed design challenge.

Figure 4-36: Dornier 128 landing gear fairing [48]

The landing gear may be integrated with the strut-fuselage intersection to minimize the

interference drag and take advantage of some structural synergy. A subsonic example of this

concept is shown in Figure 4-37. If the strut chord and depth were very large near the fuselage,

the landing gear could possibly be retracted into the strut-fuselage intersection.

Figure 4-37: Landing gear fairing on a Shorts 330 [49]
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4.18. Alternative Objective Functions

The choice of the objective function used by the optimizer has a strong influence on the shape

and performance of the configuration. The most realistic objective function would account for all

of the design, manufacturing, operation, maintenance, and disposal issues throughout the entire

life of the aircraft, not to mention the political issues. Unfortunately, such a comprehensive

objective function cannot be easily expressed in mathematical terms. It may also be difficult to

express some objectives (such as manufacturability) in terms of the top-level parameters such as

span and sweep that are used at the conceptual design stage.

The takeoff gross weight (TOGW) was chosen as the primary objective function for this

study. However, other objective functions were also evaluated. The tip-mounted engine

configuration and the under-wing engine configuration were re-optimized for minimum total

cost, maximum seat-miles per gallon, and maximum L/D. The FLOPS cost model was used to

estimate the total cost, which is the sum of acquisition cost (AC), direct operating cost (DOC)

and indirect operating cost (IOC).

The configuration comparisons for the objective function sensitivity study with tip-mounted

engines are shown in Table 4-8. The weight and cost breakdowns are shown in Figure 4-38 and

Figure 4-39, respectively. All four of the tip-mounted engine designs are very similar, with

similar performance. The designs are similar because the design space of the tip-mounted engine

configuration is highly constrained by the wingtip deflection constraint, and the fixed position of

the engine at the tip. This prevents a large increase in span, or a large decrease in wing thickness

and sweep to increase the aerodynamic performance.
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Table 4-8: Configuration comparison for alternative objective functions (tip-mounted engines)

Minimum 
TOGW

Minimum 
Total Cost

Maximum 
Seat-Miles 
per Gallon

Maximum 
L/D

Wing Span (ft) 198.9 201.2 199.2 199.6

Wing Area (ft2) 3,829 3,834 3,805 3,820

Aspect Ratio 10.3 10.6 10.4 10.4

Inboard Wing 1/4-Chord Sweep (deg) 27.3 28.0 28.4 28.5

Outboard Wing 1/4-Chord Sweep (deg) 27.3 28.0 28.4 28.5

Strut 1/4-Chord Sweep (deg) 17.7 16.8 17.8 17.8

Wing t/c at the Centerline 13.3% 13.6% 12.9% 12.8%

Wing t/c at the Chord Breakpoint 5.0% 5.0% 5.2% 5.2%

Wing t/c at the Tip 5.0% 5.0% 5.2% 5.2%

Strut t/c 5.0% 5.1% 5.1% 5.1%

Cruise L/D 24.4 24.5 24.7 24.7

Specific Range (nmi/1000 lb) 43.7 43.9 43.9 43.6

Seat Miles per Gallon (seats*nmi/gal) 94.2 94.6 94.8 94.8

Wing Weight (lb) 55,544 56,463 57,211 57,860

Takeoff Gross Weight (lb) 488,990 489,059 490,735 492,031

Total Cost ($Million) 1,457.17 1,457.04 1,458.83 1,460.80
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Figure 4-38: Weight comparison for alternative objective functions (tip-mounted engines)
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Figure 4-39: Cost comparison for alternative objective functions (tip-mounted engines)

The configuration comparisons for the objective function sensitivity study with under-wing

engines are shown in Table 4-9. The weight and cost breakdowns are shown in Figure 4-40 and

Figure 4-41, respectively. The design space for the under-wing engine configuration is much

more flexible than the design space for the tip-mounted engine configuration. The wingtip

deflection constraint is still active for all of the designs, but making the engine position a design

variable allows the configuration to evolve more effectively for a given objective function. More

design degrees of freedom allow a greater degree of specialization. Since the FLOPS cost

estimation method is strongly driven by weight, the configuration optimized for minimum total

cost is very similar in shape and performance to the configuration optimized for minimum

takeoff gross weight.

The optimizer minimized the fuel weight of the configuration optimized for maximum seat-

miles per gallon by increasing the span and decreasing the t/c with almost no increase in wing

area. The wing weight is higher relative to the design optimized for minimum TOGW, but the

L/D increased from 27.8 to 29.3 and the fuel weight decreased from 148,473 lbs. to 144,058 lbs.,

resulting in an increase in seat-miles per gallon from 105.2 to 108.4 nmi/1,000 lbs.

The optimizer pushed the span to the 80 meter gate box limit (262.5 ft.) for the configuration

optimized for maximum L/D. The wing area increased significantly, along with the wing weight.
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This design has an L/D of 29.9, while the design optimized for minimum takeoff gross weight

has an L/D of 27.8. The takeoff gross weight increased from 481,236 lbs. to 507,207 lbs.

Table 4-9: Configuration comparison for alternative objective functions (under-wing engines)

Minimum 
TOGW

Minimum 
Total Cost

Maximum 
Seat-Miles 
per Gallon

Maximum 
L/D

Wing Span (ft) 258.7 260.0 262.4 262.5

Wing Area (ft2) 3,259 3,257 3,281 4,546

Aspect Ratio 20.5 20.8 21.0 15.2

Inboard Wing 1/4-Chord Sweep (deg) 24.5 24.4 24.3 25.3

Outboard Wing 1/4-Chord Sweep (deg) 24.5 24.4 24.3 25.3

Strut 1/4-Chord Sweep (deg) 16.3 16.1 16.9 17.2

Wing t/c at the Centerline 11.9% 11.8% 10.7% 10.1%

Wing t/c at the Chord Breakpoint 5.0% 5.0% 5.0% 5.0%

Wing t/c at the Tip 5.0% 5.0% 5.0% 5.0%

Strut t/c 5.0% 5.0% 5.0% 5.0%

Cruise L/D 27.8 28.0 29.3 29.9

Specific Range (nmi/1000 lb) 50.6 50.9 52.8 51.7

Seat Miles per Gallon (seats*nmi/gal) 105.2 105.7 108.4 105.4

Wing Weight (lb) 68,070 68,819 76,207 89,615

Takeoff Gross Weight (lb) 481,236 481,257 484,926 507,207

Total Cost ($Million) 1,444.41 1,444.22 1,446.17 1,468.42
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Figure 4-40: Weight comparison for alternative objective functions (under-wing engines)
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Figure 4-41: Cost comparison for alternative objective functions (under-wing engines)
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Chapter 5 

Imagineering

In addition to the optimization studies shown above, several brainstorming sessions were held to

"imagineer" innovative new design concepts. One of the most promising concepts is the arch-

shaped strut, originally conceived by J.A. Schetz [17]. When this strut is placed in tension, it

straightens out slightly and acts like a normal strut. However, instead of buckling under

compression like a straight, rigid strut, it simply acts like a spring and helps to relieve the

bending load.

The arch-shaped strut concept was utilized in the novel configuration shown in Figure 5-1.

This configuration features a perpendicular intersection between the wing and struts in the front

view, and a chordwise offset of the maximum thickness locations in the plan view. Both of these

effects should reduce the interference drag. Additionally, the two struts complement each other

by allowing one to be in tension when the other strut is likely to be in compression, thus

alleviating the strut buckling problem.
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Figure 5-1: Arch-shaped strut configuration

5.1. Configuration Visualization

When performing MDO studies, it is important to provide the designer with high-quality visual

feedback to communicate the shape of the configuration. To meet this goal, a FORTRAN

subroutine was written by Mike Libeau [18] to convert the configuration parameters of a given

design into a DXF file that can be imported into AutoCAD on the PC or Infini-D on the

Macintosh. These programs can then be used to create three-dimensional, rendered solid models

of the configuration, animations, and virtual reality objects. An example of a rendered solid

model with a background scene is shown in Figure 5-2. An animation of the aircraft rotating

360˚ is available through the online version of this document by following this hyperlink.
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Figure 5-2: Rendered solid model of the single-strut configuration

We also took the configuration visualization work one step further by creating a plastic solid

model of the arch-shaped strut configuration using the I-DEAS solid modeling software and the

rapid prototyping hardware at Virginia Tech (Figure 5-3). This technology will allow us to easily

visualize complex configurations in the future.

Figure 5-3: Plastic solid model of the arch-shaped strut concept
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Chapter 6 

Conclusions

The multidisciplinary design optimization approach is absolutely essential for gaining a proper

understanding of the nature of the design space and showing the true potential of the strut-

braced wing configuration. This study has successfully used MDO to show that the strut-braced

wing configuration offers a significant increase in efficiency and decrease in weight and cost

relative to a cantilever wing configuration for a large, transonic transport aircraft.

6.1. Advantages of Multidisciplinary Design Optimization

The MDO methodology has many advantages relative to the more traditional design methods.

The first advantage of MDO is that it forces the design team to set up a very organized approach

to solving the problem. It also forces immediate interdisciplinary interaction instead of a

sequential interaction that cycles slowly through each discipline for each design iteration. The

end result is that each design created with the MDO methodology obtains the full benefit from

the “ripple-through” effect; i.e. an advantage seen in one discipline or subsystem ripples through

all of the other disciplines and subsystems. This effectively amplifies the effect of an

improvement in one discipline or subsystem on the total system performance.

The most important advantage of MDO is that it helps the design team produce better

designs. The optimizer often produces counterintuitive designs, since it is not bound by limited

intuition, past experience, and rules of thumb. It also considers the drivers from every discipline

and every subsystem simultaneously. The initial response to a counterintuitive design is to look
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for a problem with the analysis codes. However, more detailed investigations of the

counterintuitive designs usually show very good reasons for the design decisions made by the

optimizer. The optimizer also helps the designer to explore the design space more effectively.

Parametric trade studies can be performed for a series of optimized design. This means that each

design expresses the full potential of a given change in a critical technology or assumption, since

the design has re-evolved around the change.

Although the MDO methodology has some significant advantages over the traditional design

methodology, there are also some potential pitfalls. The results produced by the MDO

methodology can be sensitive to the robustness of the analysis codes, since an optimizer will

quickly exploit any weakness in an analysis code. Therefore, the design team should try to

ensure that the analysis codes produce accurate results throughout the design space. The MDO

methodology should not be viewed as a substitute for expert knowledge and engineering

judgement. It is simply another tool in the designer’s toolbox, which allows more efficient

exploration of the design space.

6.2. Advantages of the Strut-Braced Wing Configuration

The unique advantages of the strut-braced wing configuration can be best understood by

tracing the design evolution from a cantilever wing configuration:

• The structural efficiency of the strut is made possible by a novel structural concept

allowing the strut to be inactive in compression, and by optimizing the strut force at the

2.5 g maneuver load condition.

• The increased structural efficiency provided by the strut can be utilized to reduce the

wing weight significantly with a nearly constant span, or the span can be increased to

reduce the drag with a smaller wing weight savings.

- With tip-mounted engines, the span remains under 200 ft., and the wing weight is

reduced by 30% relative to the advanced technology cantilever configuration.

- With under-wing engines, the span is increased to 259 ft., with a wing weight

reduction of 14% relative to the advanced technology cantilever configuration.

• The wing t/c can be reduced without a large wing weight penalty.

• The smaller t/c allows some unsweeping of the wing without a wave drag penalty.

• Lower weight and increased span reduce the induced drag.
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• The amount of laminar flow is increased and the parasite drag is reduced for the

following three reasons:

- Unsweeping the wing reduces the cross-flow instability.

- A higher aspect ratio means smaller chords and smaller Reynolds numbers.

- Decreasing t/c allows for more favorable pressure gradients and delays the shock

formation.

• The taxi bump load condition imposes a natural upper limit on the span. The span of the

tip-mounted engine configuration is 198.9 ft. If the spanwise position of the engines is

allowed to be a design variable, the engines move to 77% of the semispan and the span

increases to 258.7 ft.

• According to the low-speed Hoerner interference drag equations, the wing-strut

interference drag is proportional to (t/c)3 and c2, where the t/c and chord are the average

values of the wing and strut. The optimum designs featured a wing and strut t/c of 5% at

the wing-strut intersection, and relatively small chords. Therefore, the wing-strut

interference drag was predicted to be almost negligible. Future research will be needed to

evaluate the transonic effects of the wing-strut intersection using CFD.

The preliminary optimization studies were performed with a single-strut-braced wing, which

is the most basic truss-braced configuration. The tip-mounted and under-wing engine single-strut

configurations obtain a synergistic increase in overall aircraft efficiency and a large savings in

takeoff gross weight relative to the cantilever wing configuration. The configurations are

summarized in Table 6-1, and the advantages of the single-strut configurations relative to the

cantilever configurations are shown in Table 6-2.

Table 6-1: Configuration summary

Current 
Technology 
Cantilever

Advanced 
Technology 
Cantilever

SS with Tip 
Engines

SS with Under-
Wing Engines

Wing Span (ft) 199.9 206.6 198.9 258.7

Aspect Ratio 8.7 9.8 10.3 20.5

Wing Sweep (deg) 31.6 36.7 27.3 24.5

Cruise L/D 18.8 21.7 24.4 27.8

Takeoff Gross Weight (lb) 632,081 568,031 488,990 481,236
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Table 6-2: Improvements of the single-strut-braced wing configurations relative to the cantilever
wing configurations

Relative to Current Technology 
Baseline Cantilever Configuration

Relative to Advanced Technology 
Optimum Cantilever Configuration

Measure of Effectiveness Tip Engine Design
Under-Wing 
Engine Design

Tip Engine Design
Under-Wing 
Engine Design

Takeoff Gross Weight -23% -24% -14% -15%

Fuel Weight -36% -42% -21% -29%

Operational Empty Weight -20% -13% -16% -9%

Cruise L/D 30% 48% 12% 28%

Seat-Miles/Gallon 56% 74% 26% 41%
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Chapter 7 

Future Work

The large performance gains obtained by the truss-braced wing concept rely on several critical

assumptions. To reduce the uncertainty associated with the results, these assumptions must be

looked at in greater detail in future research.

The first critical assumption is that the wing-strut interference flowfield can be controlled by

modern aerodynamic design using CFD. Philippe-Andre Tetrault is currently using an

unstructured grid methodology to evaluate the drag of a wing-pylon-store configuration and

some representative strut-braced wing configurations.

Another critical assumption is that good aeroelastic characteristics can be obtained without a

large weight penalty. Erwin Sulaeman is presently using NASTRAN to assess the aeroelastic

properties of a truss-braced wing configuration. Amir Naghshineh-Pour is also developing a

NASTRAN analysis to refine the wing bending material weight predictions. Both of these

analysis and design efforts are computationally intense. To the extent that the results of these

efforts need to be included in the MDO process, they will be represented with response surfaces.

Future research should also identify the weight and power impacts of using circulation

control to handle the engine-out flight condition.

The preliminary design studies focused on a single-strut configuration. In the future, arch-

strut configurations and multi-element truss configurations should be evaluated. These two

concepts may alleviate the strut buckling problem. Load alleviation and the use of composite

structures should also be investigated.
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Appendix

Current
Technology

Baseline
Cantilever

Advanced
Technology
Optimum
Cantilever

SS with Tip-
Mounted
Engines

SS with
Under-Wing

Engines

Rubber Engine Flag 0 1 1 1
Bending Material Wt. Substitution Flag 1 1 1 1
Configuration Class 0 0 1 1
Vertical Separation at Centerline (ft) N/A N/A 20.30 20.30
Spanwise Position of Wing-Strut Intersection N/A N/A 0.87 0.82
Spanwise Position of Chord Breakpoint 0.33 0.33 0.87 0.82
Wing Half-Span (ft) 99.96 103.28 99.46 129.35
Inboard Wing 1/4-Chord Sweep (deg) 31.60 36.65 27.34 24.46
Outboard Wing 1/4-Chord Sweep (deg) 31.60 36.65 27.34 24.46
Wing Dihedral (deg) 6.00 6.00 0.00 0.00
Strut 1/4-Chord Sweep (deg) N/A N/A 17.69 16.27
Wing-Strut Offset (ft) N/A N/A 1.00 1.00
Wing Centerline Chord (ft) 52.00 52.00 27.06 29.26
Wing Chord at Chord Breakpoint (ft) 28.60 25.97 13.73 10.35
Wing Tip Chord (ft) 6.70 6.90 8.74 9.12
Strut Centerline Chord (ft) N/A N/A 4.51 4.00
Strut Tip Chord (ft) N/A N/A 5.75 5.57
Wing Inboard t/c (average) 13.00% 12.98% 9.18% 8.47%
Wing Outboard t/c (constant) 10.90% 10.54% 5.02% 5.00%
Strut t/c (constant) N/A N/A 5.00% 5.00%
Strut Force (lb) N/A N/A 176,997 208,617
Wing Vertical Position on Fuselage (ft) 6.60 6.60 -8.00 -8.00
Fuselage Length (ft) 206.00 206.00 206.00 206.00
Fuselage Diameter (ft) 20.30 20.30 20.30 20.30
Fuselage Upsweep (deg) 3.50 3.50 3.50 3.50
Depth of Fuselage at Vertical Tail (ft) 15.60 15.60 15.60 15.60
Baseline Engine Nacelle Length (ft) 24.60 24.60 24.60 24.60
Baseline Engine Nacelle Diameter (ft) 13.10 13.10 13.10 13.10
Pylon Length (ft) 14.70 14.70 14.70 14.70
Pylon Height (ft) 4.10 4.10 4.10 4.10
Pylon t/c 15% 15% 15% 15%
Horizontal Position of Horizontal Tail (ft) 113.00 113.00 113.00 113.00
Vertical Position of Horizontal Tail (ft) 12.00 12.00 5.00 5.00
Horizontal Tail Half-Span (ft) 36.50 36.50 36.50 36.50
Horizontal Tail Sweep (deg) 37.50 37.50 37.50 37.50
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Horizontal Tail Root Chord (ft) 23.00 23.00 23.00 23.00
Horizontal Tail Tip Chord (ft) 7.40 7.40 7.40 7.40
Horizontal Tail t/c 10% 10% 10% 10%
Horizontal Tail Dihedral (deg) 5.00 5.00 5.00 5.00
Horizontal Position of Vertical Tail (ft) 100.00 100.00 100.00 100.00
Vertical Position of Vertical Tail (ft) 15.00 15.00 0.00 0.00
Vertical Tail Span (ft) 33.00 33.00 33.00 33.00
Vertical Tail Sweep (deg) 43.00 43.00 43.00 43.00
Vertical Tail Root Chord (ft) 30.50 30.50 30.50 30.50
Vertical Tail Tip Chord (ft) 8.50 8.50 8.50 8.50
Vertical Tail t/c 12% 12% 12% 12%
Vertical Tail Horizontal Moment Arm (ft) 89.0 89.0 89.0 89.0
Vertical Tail Vertical Moment Arm (ft) 21.0 21.0 21.0 21.0
Rudder Average Chord (ft) 6.2 6.2 6.2 6.2
Rudder Span (ft) 32.0 32.0 32.0 32.0
Maximum Rudder Deflection (deg) 24.0 24.0 24.0 24.0
Maximum Aileron Deflection (deg) 25.0 25.0 25.0 25.0
Vertical Tail Scaling Factor 1.0 1.0 1.00 1.00
Thrust Vectoring Angle (deg) 0.0 0.0 0.0 0.0
Thrust Vectoring Horizontal Moment Arm (ft) 112.0 112.0 112.0 112.0
Thrust Vectoring Vertical Moment Arm (ft) 3.00 3.00 3.0 3.0
Delta CL due to Circulation Control 0.00 0.00 0.84 0.80
Tail Composite Factor 0.70 0.70 0.70 0.70
Ultimate Load Factor 3.75 3.75 3.75 3.75
Flap Ratio 0.42 0.42 0.30 0.30
Composite Use Factor 0.00 0.00 0.00 0.00
Aeroelastic Tailoring Factor 0.00 0.00 0.00 0.00
Strut-Bracing Factor 0.00 0.00 1.00 1.00
Fuselage Fuel Capacity (lb) 0 0 0 0
Number of First Class Passengers 50 50 50 50
Number of Tourist Class Passengers 255 255 255 255
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 0.80 0.80 0.80 0.80
Maximum Allowable Wingtip Deflection (ft) 25.00 25.00 25.00 25.00
Percent Chord of Fuel Tank 0.50 0.50 0.50 0.50
Fuel Density (lb/gallon) 6.80 6.80 6.80 6.80
Number of Strips per Fuel Tank 10.00 10.00 10.00 10.00
Fuel Shift Flag 0.50 0.50 0.50 0.50
Fuel Weight (lb) 258,116 209,249 165,798 148,473
Zero-Fuel Weight (lb) 373,901 358,781 323,189 332,758
Number of Engines on Wings 2 2 2 2
Number of Engines on Fuselage 0 0 0 0
Baseline Engine Static Thrust (lb) 90,764 90,764 90,764 90,764
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Baseline Engine Weight (lb) 23,157 23,157 23,157 23,157
Spanwise Position of First Engine 0.32 0.32 1.00 0.77
Spanwise Position of Second Engine 0.00 0.00 0.00 0.00
Static Specific Fuel Consumption ((lb/hr)/lb) 0.2949 0.2949 0.2949 0.2949
Range (nmi) 7,380 7,380 7,380 7,380
Reserve Range (nmi) 500 500 500 500
Mach Number 0.85 0.85 0.85 0.85
Altitude (ft) 36,107 35,987 39,432 41,900
Approach Velocity (kts) 140 140 140 140
CLmax for Zero Sweep 3.30 3.30 3.30 3.30
Max Allowable Section Lift Coefficient 0.70 0.70 0.70 0.70
Airfoil Technology Factor 0.955 0.955 0.955 0.955
Laminar Flow Technology Factor 1.00 1.00 1.00 1.00
Wing Transition Location (x/c) 0.00 -1.00 -1.00 -1.00
Strut Transition Location (x/c) 0.00 -1.00 -1.00 -1.00
Fuselage Transition Location (x/l) 0.00 0.00 0.00 0.00
Tail Transition Location (x/c) 0.00 0.00 0.00 0.00
Symmetry Flag 1 1 1 1
Pitching Moment Coefficient Flag 1 0 0 0
Design Pitching Moment Coefficient 0.00 0.00 0.00 0.00
X CG Position (ft) 35.00 35.00 35.00 35.00
Airfoil Zero-lift Pitching Moment Coefficient -0.075 -0.075 -0.075 -0.075
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) 10% 10% 10% 10%
Airframe Production Quantity 1,000 1,000 1,000 1,000
Passenger Load Factor (percent) 65 65 65 65
Fuel Price (dollars per gallon) 1.00 1.00 1.00 1.00
Calculated Takeoff Weight (lb) 632,081 568,031 488,990 481,236
Wing Weight (lb) 77,318 79,420 55,544 68,070
Calculated Range (nmi) 7,380 7,379 7,380 7,380
Specific Range (nmi/1000 lb) 25.98 33.47 43.66 50.55
Seat Miles per Gallon (seats*nmi/gal) 60.52 74.66 94.22 105.22
Maximum Total Lift Coefficient 2.81 2.65 2.93 3.00
Maximum Section Lift Coefficient 0.70 0.70 0.64 0.70
Cruise CL 0.46 0.44 0.52 0.69
Cruise L/D 18.77 21.73 24.40 27.80
Induced Drag 0.0077 0.0062 0.0072 0.0073
Fuselage Parasite Drag 0.0047 0.0049 0.0057 0.0068
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Nacelle and Pylon Parasite Drag 0.0016 0.0012 0.0011 0.0014
Wing Parasite Drag 0.0047 0.0043 0.0031 0.0038
Strut Parasite Drag 0.0000 0.0000 0.0002 0.0003
Tail Parasite Drag 0.0021 0.0022 0.0026 0.0031
Wave Drag 0.0019 0.0003 0.0006 0.0010
Wing-Fuselage Interference Drag 0.0016 0.0011 0.0007 0.0009
Wing-Strut Interference Drag 0.0000 0.0000 0.0000 0.0000
Total Drag 0.0243 0.0203 0.0213 0.0247
Dynamic Pressure (lb/ft^2) 239.6 240.9 204.3 181.5
Reference Area (ft^2) 4,607 4,365 3,829 3,259
Aspect Ratio 8.68 9.77 10.34 20.53
Percent of Laminar Flow on Wing 0.0% 9.3% 31.9% 45.8%
Percent of Laminar Flow on Strut 0.0% 0.0% 100.0% 100.0%
Thrust to Weight Ratio 0.29 0.23 0.24 0.23
Wing Loading (lb/ft^2) 137 130 128 148
Fuel Capacity (lb) 410,153 386,507 169,063 191,930
Calculated Engine Weight (lb) 23,157 16,952 14,824 14,089
Required Maximum Thrust (lb) 90,764 66,445 58,102 55,223
Rubber Engine Length (ft) 24.60 21.05 19.68 19.19
Rubber Engine Diameter (ft) 13.10 11.21 10.48 10.22
Required Cn at Engine-Out 0.039 0.030 0.094 0.080
Available Cn at Engine-Out 0.039 0.038 0.094 0.080
Wingtip Deflection at Taxi Bump (ft) 1.68 2.02 25.01 25.00
Cost Per Available Seat Mile (cents) 4.34 3.94 3.50 3.42
Acquisition Cost ($M) 86.99 85.68 79.05 80.53
Direct Operating Cost ($M) 670.21 608.63 541.58 528.32
Indirect Operating Cost ($M) 854.56 846.50 836.54 835.56
Total Cost ($M) 1,611.76 1,540.80 1,457.16 1,444.41
Zero Fuel Weight Constraint 0.00 0.00 0.00 0.00
Range Constraint 0.00 0.00 0.00 0.00
Landing CLmax Constraint -0.01 0.00 -0.11 0.00
Section Cl Constraint 0.00 0.00 -0.09 0.00
Fuel Capacity Constraint -0.37 -0.46 -0.02 -0.23
Engine-Out Constraint -0.01 -0.21 0.00 0.00
Wingtip Deflection Constraint -0.93 -0.92 0.00 0.00
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