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Executive Summary

The Multidisciplinary Analysis and Design (MAD) Center at Virginia Tech has

investigated the strut-braced wing (SBW) design concept for the last 5 years. Studies

found that the SBW configuration showed savings in takeoff gross weight of up to 19%,

and savings in fuel weight of up to 25% compared to a similarly designed cantilever wing

transport aircraft. In our work we assumed that computational fluid dynamics (CFD)

would be used to achieve the target aerodynamic performance levels. No detailed CFD

design of the wing was done.

In this study, we used CFD to do the aerodynamic design for a proposed SBW

demonstration using a re-winged A7 aircraft. The goal was to design a standard constant

isobar transonic cruise wing, together with the strut. The wing/pylon/strut junction would

be an integral part of the aerodynamic design. We did this work in consultation with

NASA Langley Configuration Aerodynamics branch members through a weekly

teleconference, using PDF files to allow them to visualize the progress. They provided us

with the codes required to do the work, although one of the codes assumed to be available

was not.

We selected a high aspect ratio (AR=11.4) planform previously studied, and

appropriate for the A-7, but with a modification to the strut sweep (reduction from 19.4º

to 4.1º) to avoid the landing gear bay.

A suite of two-dimensional (2-D) and three-dimensional (3-D) CFD software was

used in this project. We used MSES, a code developed at the MIT Computational

Aerospace Sciences Laboratories for the 2-D analysis and design work. For the 3-D
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analysis and design tasks, we had initially planned to use FPS3D, a viscous analysis and

design code written by Dave Kinney at NASA Ames. However, it was not available, and

therefore at NASA’s suggestion, we used FELISA, an inviscid analysis code, and RAM

(Rapid Aircraft Modeler) as the geometric modeler. Both were developed by NASA.

Other support software was developed in-house. Also, we collaborated with Andy Hahn

at NASA Ames, who helped us translate complex RAM geometries for use with FELISA.

Two primary tasks were conducted in parallel. The first was the design of the 2-D

airfoil sections at various spanwise stations. The other task was the 3-D wing design, with

the design of the wing/pylon/strut intersection the most critical aspect of this task.

In the 2-D tasks, airfoils for four different spanwise sections were designed. This

was done starting with a NASA supercritical airfoil design and modifying its shape by

adding or subtracting a sixth-order polynomial thickness distribution to improve the

airfoil performance at the required design conditions. Table A provides a summary of the

airfoil design requirements that were used. Off- design performances of the airfoils were

also considered in the design process. Simple sweep theory was used to translate the 2-D

airfoil into sections that can be used in a 3-D wing.

Table A: Table of the 3- and 2-dimension requirements of the airfoil at the wing spanwise
station candidates.

three-dimensional two-dimensionalStation ηηηη
M Cl t/c M Cl t/c

Root 0.00 0.85 0.434 0.133 0.757 0.547 0.1490
Break 0.67 0.85 0.742 0.062 0.757 0.935 0.0696
Max Cl 0.80 0.85 0.753 0.065 0.757 0.948 0.0730

Tip 1.00 0.85 0.000 0.075 0.757 0.000 0.0842

For the 3-D wing design, an inviscid CFD analysis of a preliminary A7 SBW

wing geometry together with the fuselage was done to identify key design issues. The
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twist distribution for this geometry was obtained from a linear theory solution. After

initial full configuration analysis, to reduce the design cycle time, design modifications

were made to a geometry that did not include the fuselage. First, modifications to the

wing twist were made to create a more nearly constant isobar wing.

Much work was done in the area of the wing/pylon/strut intersection to reduce

drag. Prior to detailed aerodynamic design, CFD inviscid analysis indicated that a strong

shock occurred in the wing/strut/pylon area, causing large interference drag. Parametric

studies involving the change of the pylon toe, strut incidence and strut twist were done to

understand the effects of these changes on the flow characteristics at the intersection. The

effect of the presence of the pylon was also investigated. We observed that the

wing/strut/pylon intersection was behaving like a 2-D nozzle, choking the flow at a

minimum area point and expanding the flow downstream with the expansion terminating

in a strong shock near the trailing edge of the strut. A solution to this problem was

devised by flattening the upper surface of the strut near the wing/pylon/strut intersection,

which effectively reduced the shock strength and in some cases eliminated it. Thus the

interference drag at the wing/pylon/strut intersection was reduced significantly and

possibly can be eliminated with additional aerodynamic design.

In this study, we identified the key issues and resolved them for the transonic

design of the A7 SBW demonstrator aircraft wing. The main achievement was the

elimination of the shock at the wing/pylon/strut intersection, which reduced the

intersection drag at that section. New airfoils, modified from various NASA supercritical

airfoils, were designed for the require lift and thickness of the SBW demonstrator.

Additional work using complete viscous analysis is required for the wing twist, especially
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in the presence of the strut, to finalize the constant isobar wing. Viscous analysis is also

required to design the tip airfoil section of the strut. Although inviscid analysis has

allowed us to define the majority of the design, a viscous analysis and design capability is

needed to complete the work.
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Nomenclature

Cl two-dminesional lift coefficient
CL three-dimensional wing lift coefficient
e Oswald’s span efficiency factor
L/D Lift to Drag ratio
M Mach number
Re Reynolds number
t/c Thickness to chord ratio
x/c position of wing relative to the chord of the wing
α angle of attack
Λ Wing reference sweep
ΛLE Wing leading edge sweep
η Normalized wing spanwise position.
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1. Introduction

The strut-braced wing (SBW) design concept has been implemented today in

many general aviation aircraft designs. However, the SBW concept has never been used

on a transonic passenger transport aircraft. However, this is not an entirely new idea.

Werner Pfenniger at Northrop first proposed this idea in the early 1950’s [1]. Later, other

SBW aircraft investigations followed, notably Kulfan et al. [2], Park [3] and Turriziani et

al. [4]. In the last 5 years, the Multidisciplinary Analysis and Design (MAD) Center at

Virginia Tech, under the support of the NASA Langley Research Center has used

Multidisciplinary Design Optimization (MDO) to extensively investigate the SBW

concept on transonic passenger transport aircraft. Early in this investigation, Grasmeyer

et al. [5],[6],[7] found that the SBW configuration allowed for a wing with higher aspect

ratio and decreased wing thickness without any increase in wing weight relative to its

cantilevered wing counterpart. The SBW configuration also has a lower wing sweep,

allowing the wing to achieve natural laminar flow without incurring a penalty in wave

drag. It was shown that the best SBW configuration had a 15% savings in takeoff gross

weight (TOGW), 29% savings in fuel weight and a 28% increase in L/D compared to its

cantilevered wing counterpart. Later, Lockheed Martin Aeronautical Systems (LMAS)

did an industry evaluation of the work by the MAD Center. Refinements were made to

the MDO code during this time, and it was found that a fuselage mounted engines SBW

configuration showed a 9% savings in TOGW over a similarly designed cantilever wing

aircraft design [8]. Further refinements were made, improving the optimization

architecture [9], and wing structural weight prediction method [10]. Optimization results

indicated that a wing-mounted engines SBW configuration had savings in TOGW of up
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to 19% and fuel weight savings of almost 25% over a similarly designed cantilever wing

aircraft design [9]. Figure 1 shows the general layout of the different configurations

considered in this study. However, no detailed aerodynamic transonic wing design was

done in these studies.

In 1999, we had proposed a demonstration of the SBW concept through the

RevCon (Revolutionary Concepts) program funded by NASA. This proposal [11] was in

partnership with LMAS and the NASA Langley Research Center. We proposed that the

concept be demonstrated through the flight testing of a re-winged A7 aircraft using the

SBW design. This demonstrator aircraft would be used to prove the aerodynamic and

structural feasibility of the design. It would also be used to test the innovative strut design

that would take loads only in tension. Figure 2 shows the proposed A7 SBW

demonstrator aircraft concept. However, this proposal was not funded.

In 2000, a Virginia Tech senior class aerospace design team (Team RevCon)

conceptually designed the aforementioned A-7 demonstrator aircraft [12]. Figure 3 shows

a model of their design. In their design, the forward and aft fuselage fuel tanks would be

augmented with a 450-gallon fuel cell, replacing the cannon and ammunition drum.

In all the Virginia Tech SBW designs that were made previously, we had assumed

that Computational Fluid Dynamics (CFD) would be used for the detailed aerodynamic

design and that it would be possible to achieve the target aerodynamic performance

levels. Some CFD analysis to investigate the wing-strut interference drag of the model

SBW configuration was done by Tetrault [13] in 2000. Information on wing-strut drag

was obtained in this investigation although no detailed design was performed. To

eliminate the question of potential aerodynamic problems with a transonic SBW design
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(for example, the high interference drag at the wing/pylon/strut juncture), NASA Langley

tasked Virginia Tech to perform a detailed aerodynamic wing design for the A-7

demonstrator aircraft in preparation of the next round of REVCON concept selections.

The final design would be a standard constant isobar transonic cruise wing, together with

the strut. The wing/pylon/strut junction would also be included as an integral part in the

design. The next phase of the REVCON program never materialized.

1.1. Design Approach

The task order for the project required us to design a standard constant isobar

transonic cruise wing and strut for the A7 RevCon SBW demonstrator aircraft. Many

variations on the SBW concept had been studied previously, and the first task was to

select the appropriate wing planform to use for the detailed design. This wing would be

scaled appropriately to allow it to be placed on the fuselage of the A7 aircraft at a

position where it would have minimal effect on the original stability of the aircraft. Issues

of strut placement on the fuselage would also be considered.

Since the wing has a high aspect ratio, airfoil design would play an important role

in the design. In addition, the appropriate analysis and design software had to be selected,

evaluated and verified. Support software not available would be developed in-house.

Selection of a baseline airfoil would be followed by modification to meet the specific

requirements for this design. After the airfoil section was designed and placed in the

wing, the analysis and design of the wing itself was required, taking into account the

effects of the pylon and strut. The design of the wing/pylon/strut intersection is the most
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critical aspect of this work. The effect of the fuselage would also have to be taken into

account.

Some of these tasks were done in parallel. For example, some of the airfoil design

work was being done at the same time that some initial three-dimensional wing analyses

were performed.

During the course of the project, we held weekly meetings with NASA Langley

(Dick Campbell and Francis Capone primarily) via teleconferencing. These meetings

proved invaluable as they provided us with insight into the design problem and also

assisted us in selecting and obtaining necessary analysis and design software. However,

even with help from NASA Langley, we encountered problems obtaining the appropriate

software. Although we were originally going to use the FPS3D software developed by

Dave Kinney from NASA Ames, it was unavailable. Thus this study was done primarily

with a viscous 2D code (MSES) and an inviscid 3D code (FELISA).

2. Choosing the demonstrator wing

Wing data from different SBW aircraft designs were collected and tabulated to

help in the selection of a suitable wing design for the SBW A-7 concept demonstrator.

Table 1 shows this table of wing data. Based on the comparison, it was decided that the

wing-mounted engines SBW design (Grasmeyer’s mission [5],[6],[7]) was the most

appropriate for this application. This is due to its high TOGW savings, low wing sweep

and relatively high aspect ratio compared to a similarly designed cantilever aircraft. The

wing was then scaled for the A-7, maintaining the aspect ratio, taper ratio, thickness to

chord ratios, wing sweep and wing loading. By keeping the wing loading constant at 120
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lb/ft2, the scaled wing area for the demonstrator aircraft was calculated to be 270.8 ft2.

The wing chords, wing span and wing thickness were then computed.

The placement of the wing was then addressed. Critical factors in the placement

of the wing were the static stability and the strut/fuselage junction relation to the landing

gear bay. We wanted to place the wing at a location such that the static stability of the

aircraft would be similar to the original A7 aircraft (see Appendix A). We found that if

the wing was placed in a position to give a static stability of 9-10%, the strut/fuselage

intersection coincided with the landing gear bay. Therefore, to solve this problem, the

strut sweep was decreased to allow its attachment aft of the landing gear bay. The strut

sweep was reduced from 19.4° to 4.1°. Figure 4 shows the final dimensions of the wing

and strut of the A7 demonstrator aircraft. An analysis of the effect of the reduced strut

sweep on the original SBW aircraft showed only a 900 lbs (0.2%) reduction in TOGW,

but with minor violations in the constraints (Range was reduced from 7300 nmi to 7230

nmi and the upper slack load factor increased from 0.8 to 0.86).

Figure 5 gives the Cl distribution for the selected SBW aircraft wing. We see that

the maximum section Cl occurs at a distance of about 80% span from the root. This

position is not very far from the wing/strut intersection (which is at 67% span from the

root).

Early in the project, there were concerns that the wing would be too thin to

manufacture. Therefore, the thickness distribution of the A-7 demonstrator wing was also

obtained, shown in Figure 6. The strut is 1.5 inches thick, while the wing thickness at the

tip (where it is the least) is 1.8 inches.
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Figure 83: Pressure contours on the simplified A7 SBW geometry. FELISA inviscid
solution, M=0.85, α=2.85º.
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Top Surface Bottom Surface
Figure 84: Pressure contours on the top and bottom surface of the wing on the simplified A7

SBW demonstrator aircraft. FELISA inviscid solution, M=0.85, α=2.85º.
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Top Surface Bottom Surface
Figure 85: Pressure contours of the upper and lower surface of the strut on the simplified

A7 SBW demonstrator aircraft. FELISA inviscid solution, M=0.85, α=2.85º.
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Inboard surface

Outboard surface
Figure 86: Pressure contours of the inboard and outboard surface of the pylon on the

simplified A7 SBW demonstrator aircraft. FELISA inviscid solution, M=0.85,
α=2.85º.
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Top Surface Bottom Surface
Figure 87: Pressure coefficient distribution at various chordwise stations on the top and bottom

surface of the wing on the simplified A7 SBW demonstrator aircraft. FELISA inviscid
solution, M=0.85, α=2.85º.
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Top Surface Bottom Surface
Figure 88: Pressure coefficient distribution at various chordwise stations on the top and bottom

surface of the strut on the simplified A7 SBW demonstrator aircraft. FELISA inviscid
solution, M=0.85, α=2.85º.



107

-1.60

-1.40

-1.20

-1.00

-0.80

-0.60

-0.40

-0.20

0.00

0.20

0.40

0.60

0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.00

x/c

C
p

Inboard surface

Outboard surface

Figure 89: Pressure coefficient distribution at a chordwise station (z=1.5) on the inboard and
outboard surface of the pylon on the simplified A7 SBW demonstrator aircraft. FELISA

inviscid solution, M=0.85, α=2.85º.
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With fuselage, CL=0.529 Without fuselage, CL=0.518
Figure 90: Pressure contours of the upper surface of the wing. Comparing the effect of

the fuselage. FELISA inviscid solution. M=0.85, α=2.85º.



109

With fuselage, CL=0.529 Without fuselage, CL=0.518
Figure 91: Pressure contours of the lower surface of the wing. Comparing the effect of the

fuselage. FELISA inviscid solution. M=0.85, α=2.85º.
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With fuselage, CL=0.529 Without fuselage, CL=0.518
Figure 92: Pressure coefficient distribution at various chordwise stations on the upper surface

of the wing. Comparing the effect of the fuselage. FELISA inviscid solution. M=0.85,
α=2.85º.
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With fuselage, CL=0.529 Without fuselage, CL=0.518
Figure 93: Pressure coefficient distribution at various chordwise stations on the lower surface of

the wing. Comparing the effect of the fuselage. FELISA inviscid solution. M=0.85, α=2.85º.
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With fuselage, CL=0.529 Without fuselage, CL=0.518
Figure 94: Pressure contours and pressure coefficient distribution at various chordwise

stations on the upper surface of the strut. Comparing the effect of the fuselage.
FELISA inviscid solution. M=0.85, α=2.85º.
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With fuselage, CL=0.529 Without fuselage, CL=0.518
Figure 95: Pressure contours and pressure coefficient distribution at various chordwise stations

on the lower surface of the strut. Comparing the effect of the fuselage. FELISA inviscid
solution. M=0.85, α=2.85º.
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Inboard surface
                   

Inboard surface

Outboard surface
                

Outboard surface
With fuselage, CL=0.529 Without fuselage, CL=0.518

Figure 96: Pressure contours on the inboard and outboard surfaces of the pylon. Comparing the
effect of the fuselage. FELISA inviscid solution. M=0.85, α=2.85º.
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Y=18 Y=12 Y=6 root

wing

Figure 98: Illustration showing the wing, pylon and strut. Red lines show the position of
the chordwise stations along the strut that where the pressure coefficient distribution

will be examined in the various studies.
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Wing
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Strut

Z=1.5 position

Figure 99: Illustration showing the wing,pylon and strut. The red line shows the position of
the z=1.5 cut on the pylon where the pressure coefficient distribution will be examined

in the various studies.
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Figure 100: Pressure coefficient distribution on the strut at y=18 for the pylon toe-out
study. FELISA inviscid solution, M=0.85.
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Figure 101: Pressure coefficient distribution on the strut at y=12 for the pylon toe-out
study. FELISA inviscid solution, M=0.85.
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Figure 102: Pressure coefficient distribution on the strut at y=6 for the pylon toe-out study.
FELISA inviscid solution, M=0.85.
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study. FELISA inviscid solution, M=0.85.
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Figure 104: Pressure coefficient distribution on the strut at y=18 for the pylon toe-in
study. FELISA inviscid solution, M=0.85.
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Figure 105: Pressure coefficient distribution on the strut at y=12 for the pylon toe-in
study. FELISA inviscid solution, M=0.85.
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Figure 106: Pressure coefficient distribution on the strut at y=6 for the pylon toe-in study.
FELISA inviscid solution, M=0.85.
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Figure 107: Pressure coefficient distribution on the pylon at z=1.5 for the pylon toe-in
study. FELISA inviscid solution, M=0.85.
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Figure 108: Pressure coefficient distribution on the strut at y=18 for the strut incidence
study. FELISA inviscid solution, M=0.85.
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Figure 109: Pressure coefficient distribution on the strut at y=12 for the strut incidence study.
FELISA inviscid solution, M=0.85.
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Figure 110: Pressure coefficient distribution on the strut at y=6 for the strut incidence
study. FELISA inviscid solution, M=0.85.
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Figure 111: Pressure coefficient distribution on the pylon at z=1.5 for the strut incidence
study. FELISA invisicid solution, M=0.85.
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Figure 112: Pressure coefficient distribution on the strut at y=18 for the strut twist study.
FELISA inviscid solution, M=0.85.
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Figure 113: Pressure coefficient distribution on the strut at y=12 for the strut twist
study. FELISA inviscid solution, M=0.85.
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Figure 114: Pressure coefficient distribution on the strut at y=6 for the strut twist study.
FELISA inviscid solution, M=0.85. Strut twist study.
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Figure 115: Pressure coefficient distribution on the pylon at z=1.5 for the strut twist
study. FELISA inviscid solution, M=0.85.
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Figure 116: Illustration showing the wing/pylon/strut intersection and how the frontal area

distribution is calculated.
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Figure 117: Illustration shows the differences between the three designs in order to change the
intersection area distribution
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intersection of the different designs.
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Figure 119: Pressure coefficient distribution on the strut at y=18 for the intersection area
study. FELISA inviscid solution, M=0.85.
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Figure 120: Pressure coefficient distribution on the strut at y=12 for the intersection area
study. FELISA inviscid solution, M=0.85.
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Figure 121: Pressure coefficient distribution on the strut at y= 6 for the intersection area
study. FELISA invisicid solution, M=0.85.
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Figure 122: Frontal intersection area and surface flow mach number cross plot. Colored arrows
indicate the sonic location in relation to the area distribution.
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Figure 123: Pressure coefficient distribution on the strut at y=18. This plot shows the effect
the pylon has on the flow at the intersection. FELISA inviscid solution, M=0.85.
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Figure 124: Illustration shows the intersection area between the wing and the strut section.
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Figure 125: Illustration shows the 3 different designs that were designed to reduced and
eliminate the strong shock at the wing/pylon/strut intersection.
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Strong shock Weak shock No shock

Figure 126: Pressure contours on the upper surface of the strut, comparing the reduction and
elimination of the shock at the wing/pylon/strut intersection.
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Figure 127: Pressure coefficient distribution on the strut at y=18. Plot compares the effect
of the flattened strut top surface at the strut tip (intersecting the pylon). FELISA

inviscid solution, M=0.85.
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Figure 128: Pressure coefficient distribution on the strut at y=18. Plot compares the
effect of the flattened strut top surface at the strut tip (intersecting the pylon).

FELISA inviscid solution, M=0.85.
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11. Appendix A : Team RevCon Design Report Verification

One of the main references in the formulation of the tasks involved with this

project is the Team RevCon design report [12]. Team RevCon was the Virginia Tech

senior design team (year 2000) that designed a wing for the A-7 SBW Revcon proposal.

This design was based on the Lockheed-Martin Aeronautical Systems (LMAS) fuselage

mounted engines SBW design. Since some of the design selection in this project would

involve using data obtained from Team RevCon’s design report, it was necessary for us

to verify some of the important results presented in that report, especially the static

margin calculations.

Team RevCon’s design work included the calculation of the stability and control

derivatives using several different analysis codes [12]. In the stability and control section

of the design team report, results from three different programs for the neutral point

location (in terms of % MAC) and static margin were given. This information was

verified using the same analysis programs to make sure that the results were correct.

The design team used two Fortran programs, VLM 4.997 and JKayVLM, both of

which use the vortex lattice method to perform analysis. Also, the design team used

methods found from Roskam [40] and Etkin and Reid [41], which are abbreviated

versions of the USAF DATCOM methods. Three different configurations were computed

for the design, using the three different analysis methods: wing alone, wing and body,

and wing, body and tail configurations. To verify the results, the cases were rerun using

VLM 4.997 and JKayVLM. The DATCOM method was not repeated. The results of this

verification can be found in Table 6.
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Table 6: Neutral point location normalized over the MAC from the leading edge
of the MAC

Reported
VLM4.997

VLM4.997
Reported

JKayVLM
JKayVLM

Reported
DATCOM

Wing 0.389 0.4117 0.413 0.4188 0.407
Wing-Body 0.327 0.3496 0.341 0.3441 0.4
Wing-Body-Tail 0.6098 0.6195 0.602 0.6067 0.607

As a reference, the MAC was calculated to be 5.754 ft, where the leading edge of

the MAC is located 20.235 ft aft of the nose (7.4253 ft from the leading edge of the

centerline chord). This position is 10.967 ft spanwise from the centerline.

It was also reported that based on a CG position of 23.3 ft from the nose, the A-7

design was 9-10% stable. Based on that CG position, it was verified from VLM4997 that

the design was 8.68% stable and from JKayVLM, 9.12% stable.

The neutral point location of the original A-7 aircraft was also calculated so that it

could be compared to the design SBW A-7 concept demonstrator. Again, VLM4997 and

JKayVLM were used to make the calculations. The results can be found in Table 7.

Table 7: Neutral point location normalized over the MAC, measured from the leading
edge of the MAC

VLM4.997 JKayVLM
Wing Alone 0.32 0.3079
Wing-Body 0.263 0.2615
Wing-Body-Tail 0.3284 0.3812

The MAC of the original A-7 aircraft was calculated to be at 10.657 ft. The

location of the leading edge of the MAC is 19.7425 ft from the nose.

With the data from Team RevCon’s design report verified, we moved on to the

next step of choosing the appropriate wing design for this task.
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12. Appendix B : Wing sweep and laminar flow parametric studies

In the course of selecting the appropriate wing design for this project, discussions

with NASA Langley raised concerns about wing sweep sensitivity and its impact on

natural laminar flow. To address these concerns, a wing sweep parametric study was

performed to investigate this matter.

The goal of the study was to investigate the amount of laminar flow on the wings

and its trade-off with wave drag as a function of wing sweep. To perform this study, the

SBW aircraft design was optimized while keeping the wing quarter chord sweep

constant. The results of the designs at different wing quarter chord sweeps were then

plotted. A laminar flow technology factor of unity was used in this study, corresponding

to data from the F-14 glove experiment [39]. This data gives the transition Reynolds

number as a function of wing sweep. Figures B-1 to B-3 give the results of the wing

sweep study.

It is clear from the figures that the optimum configuration occurs when the wing

1/4 chord sweep is at 28° (which corresponds to 37% laminar flow on the wing). As we

would expect, the wave drag decreases and wing friction increases with increasing wing

sweep. We also see that the wing t/c ratio generally increases with wing sweep. This is a

due to the smaller penalty in wave drag with a higher wing sweep, allowing the wing t/c

ratio to increase, hence reducing the wing weight. The only exception to this observation

is the wing tip t/c ratio, which decreases after 20° and then remains relatively constant

after 30° of sweep. One possible explanation for this is that the tip t/c ratio has only a

relatively small effect on the wing weight while having a much larger effect on the wave
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drag. Also note that the minimum drag does not occur at the sweep angle where the wave

drag and wing friction drag intersect, as one would expect. Instead, the minimum drag

occurs at a higher sweep angle than where the two curves intersect. This is because the

contribution of the other drag quantities (such as induced drag and interference drag) also

affects the sweep at which minimum drag occurs for this configuration. The other drag

quantities are not constant since the aircraft design is re-optimized for every wing sweep

investigated. Is should also be noted that it is assumed that there is 100% laminar flow on

the strut. With a strut 1/4 sweep of 19.4° and strut chord of 6.1 ft, this is a reasonable

assumption.

In addition to the wing sweep parametric study, a laminar flow parametric study

was performed. The goal of this study was to find the sensitivity of the aircraft design to

the amount of laminar flow on the wings. In this study, the transition location on the wing

was fixed and the aircraft configuration was optimized. Figure B-4 shows the result of

that study, and provides insight into the potential savings in takeoff gross weight

(TOGW) with laminar flow on the wings. There is, however, one flaw in the study that

needs to be mentioned. Since the amount of laminar flow on the wing is fixed, it is no

longer a function of the wing sweep. The optimizer takes advantage of this change in the

optimization problem formulation and sweeps the wing to minimize wave drag (without

any penalty in parasite drag). In this case, the wing sweep is only controlled by the

structural weight.
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12.1. Figures
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Figure B-1: Variation of TOGW due to % laminar flow caused by wing sweep.
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13. Appendix C : Airfoil coordinates

13.1. Ko t-133 : Airfoil for wing root station

Upper surface
Number of point = 5

0.0000 0.000E+00

0.0020 1.067E-02

0.0050 1.639E-02

0.0100 2.222E-02

0.0200 2.943E-02

0.0300 3.446E-02

0.0400 3.820E-02

0.0500 4.124E-02

0.0600 4.388E-02

0.0700 4.612E-02

0.0800 4.815E-02

0.0900 4.998E-02

0.1000 5.160E-02

0.1100 5.311E-02

0.1200 5.442E-02

0.1300 5.562E-02

0.1400 5.671E-02

0.1600 5.868E-02

0.1700 5.955E-02

0.1800 6.032E-02

0.2000 6.166E-02

0.2200 6.279E-02

0.2400 6.372E-02

0.2700 6.484E-02

0.2900 6.541E-02

0.3100 6.581E-02

0.3400 6.617E-02

0.3700 6.632E-02

0.4000 6.627E-02

0.4300 6.599E-02

0.4700 6.530E-02

0.5000 6.453E-02

0.5300 6.350E-02

0.5500 6.264E-02

0.5700 6.159E-02

0.6000 5.974E-02

0.6200 5.832E-02

0.6300 5.751E-02

0.6500 5.571E-02

0.6700 5.370E-02

0.6900 5.150E-02

0.7100 4.910E-02

0.7300 4.650E-02

0.7600 4.228E-02

0.7800 3.926E-02

0.8000 3.603E-02

0.8300 3.087E-02

0.8500 2.721E-02

0.8800 2.139E-02

0.9000 1.730E-02

0.9200 1.299E-02

0.9400 8.473E-03

0.9600 3.746E-03

0.9700 1.281E-03

0.9900 -3.852E-03

1.0000 -6.518E-03
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Lower surface
Number of points = 78

0.0000 0.000E+00

0.0020 -1.065E-02

0.0050 -1.636E-02

0.0100 -2.216E-02

0.0200 -2.930E-02

0.0300 -3.427E-02

0.0400 -3.806E-02

0.0500 -4.105E-02

0.0600 -4.365E-02

0.0700 -4.586E-02

0.0800 -4.787E-02

0.0800 -4.787E-02

0.0900 -4.968E-02

0.1000 -5.129E-02

0.1100 -5.281E-02

0.1200 -5.423E-02

0.1300 -5.544E-02

0.1500 -5.768E-02

0.1600 -5.871E-02

0.1700 -5.963E-02

0.1900 -6.128E-02

0.2000 -6.200E-02

0.2200 -6.325E-02

0.2400 -6.431E-02

0.2600 -6.516E-02

0.2800 -6.582E-02

0.3000 -6.629E-02

0.3300 -6.668E-02

0.3500 -6.675E-02

0.3600 -6.669E-02

0.3900 -6.619E-02

0.4100 -6.567E-02

0.4300 -6.494E-02

0.4400 -6.448E-02

0.4600 -6.337E-02

0.4700 -6.271E-02

0.4800 -6.195E-02

0.4900 -6.110E-02

0.5000 -6.014E-02

0.5200 -5.804E-02

0.5300 -5.689E-02

0.5400 -5.564E-02

0.5500 -5.429E-02

0.5600 -5.284E-02

0.5700 -5.129E-02

0.5900 -4.800E-02

0.6100 -4.451E-02

0.6300 -4.083E-02

0.6500 -3.695E-02

0.6700 -3.286E-02

0.6800 -3.073E-02

0.6900 -2.869E-02

0.7100 -2.441E-02

0.7200 -2.237E-02

0.7300 -2.023E-02

0.7600 -1.411E-02

0.7800 -1.022E-02

0.8000 -6.538E-03

0.8100 -4.794E-03

0.8200 -3.148E-03

0.8300 -1.701E-03

0.8400 -3.516E-04

0.8500 8.987E-04

0.8600 1.951E-03

0.8700 2.807E-03

0.8800 3.464E-03

0.8900 3.925E-03

0.9000 4.187E-03

0.9100 4.253E-03

0.9200 4.120E-03

0.9300 3.692E-03

0.9400 3.065E-03

0.9500 2.143E-03

0.9600 9.244E-04

0.9700 -4.918E-04

0.9800 -2.204E-03

0.9900 -4.213E-03

1.0000 -6.518E-03
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13.2. Ko t-124 : Airfoil for wing 15% span station

Upper surface
Number of point = 56

0.0000 0.000E+00

0.0020 1.006E-02

0.0050 1.546E-02

0.0100 2.095E-02

0.0200 2.774E-02

0.0300 3.247E-02

0.0400 3.597E-02

0.0500 3.879E-02

0.0600 4.122E-02

0.0700 4.325E-02

0.0800 4.508E-02

0.0900 4.669E-02

0.1000 4.809E-02

0.1100 4.938E-02

0.1200 5.046E-02

0.1300 5.144E-02

0.1400 5.230E-02

0.1600 5.383E-02

0.1700 5.449E-02

0.1800 5.507E-02

0.2000 5.605E-02

0.2200 5.689E-02

0.2400 5.762E-02

0.2700 5.862E-02

0.2900 5.924E-02

0.3100 5.979E-02

0.3400 6.039E-02

0.3700 6.076E-02

0.4000 6.090E-02

0.4300 6.081E-02

0.4700 6.037E-02

0.5000 5.981E-02

0.5300 5.899E-02

0.5500 5.827E-02

0.5700 5.738E-02

0.6000 5.576E-02

0.6200 5.450E-02

0.6300 5.377E-02

0.6500 5.214E-02

0.6700 5.031E-02

0.6900 4.829E-02

0.7100 4.608E-02

0.7300 4.367E-02

0.7600 3.975E-02

0.7800 3.693E-02

0.8000 3.391E-02

0.8300 2.906E-02

0.8500 2.563E-02

0.8800 2.016E-02

0.9000 1.630E-02

0.9200 1.225E-02

0.9400 7.988E-03

0.9600 3.532E-03

0.9700 1.208E-03

0.9900 -3.632E-03

1.0000 -6.146E-03
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Lower surface
Number of points = 78

0.0000 0.000E+00

0.0020 -1.004E-02

0.0050 -1.543E-02

0.0100 -2.089E-02

0.0200 -2.763E-02

0.0300 -3.231E-02

0.0400 -3.588E-02

0.0500 -3.871E-02

0.0600 -4.116E-02

0.0700 -4.324E-02

0.0800 -4.514E-02

0.0800 -4.514E-02

0.0900 -4.684E-02

0.1000 -4.837E-02

0.1100 -4.979E-02

0.1200 -5.113E-02

0.1300 -5.228E-02

0.1500 -5.439E-02

0.1600 -5.535E-02

0.1700 -5.622E-02

0.1900 -5.778E-02

0.2000 -5.846E-02

0.2200 -5.964E-02

0.2400 -6.064E-02

0.2600 -6.144E-02

0.2800 -6.207E-02

0.3000 -6.250E-02

0.3300 -6.288E-02

0.3500 -6.294E-02

0.3600 -6.288E-02

0.3900 -6.241E-02

0.4100 -6.192E-02

0.4300 -6.124E-02

0.4400 -6.080E-02

0.4600 -5.975E-02

0.4700 -5.913E-02

0.4800 -5.842E-02

0.4900 -5.761E-02

0.5000 -5.671E-02

0.5200 -5.472E-02

0.5300 -5.364E-02

0.5400 -5.246E-02

0.5500 -5.119E-02

0.5600 -4.982E-02

0.5700 -4.836E-02

0.5900 -4.526E-02

0.6100 -4.197E-02

0.6300 -3.850E-02

0.6500 -3.484E-02

0.6700 -3.099E-02

0.6800 -2.897E-02

0.6900 -2.705E-02

0.7100 -2.301E-02

0.7200 -2.109E-02

0.7300 -1.907E-02

0.7600 -1.330E-02

0.7800 -9.640E-03

0.8000 -6.165E-03

0.8100 -4.520E-03

0.8200 -2.969E-03

0.8300 -1.604E-03

0.8400 -3.315E-04

0.8500 8.474E-04

0.8600 1.840E-03

0.8700 2.646E-03

0.8800 3.267E-03

0.8900 3.701E-03

0.9000 3.948E-03

0.9100 4.010E-03

0.9200 3.885E-03

0.9300 3.481E-03

0.9400 2.890E-03

0.9500 2.021E-03

0.9600 8.716E-04

0.9700 -4.637E-04

0.9800 -2.078E-03

0.9900 -3.972E-03

1.0000 -6.146E-03
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13.3. Parker t-62: Airfoil for wing 70% span station

Upper surface
Number of point = 45

0.0000 0.000E+00

0.0001 8.999E-04

0.0003 1.800E-03

0.0007 2.700E-03

0.0013 3.600E-03

0.0022 4.500E-03

0.0034 5.399E-03

0.0048 6.299E-03

0.0064 7.199E-03

0.0082 8.099E-03

0.0102 8.999E-03

0.0125 9.899E-03

0.0152 1.081E-02

0.0182 1.171E-02

0.0216 1.262E-02

0.0255 1.353E-02

0.0300 1.444E-02

0.0350 1.538E-02

0.0407 1.631E-02

0.0469 1.726E-02

0.0541 1.824E-02

0.0617 1.923E-02

0.0701 2.026E-02

0.0800 2.133E-02

0.0910 2.246E-02

0.1027 2.362E-02

0.1162 2.485E-02

0.1312 2.613E-02

0.1475 2.745E-02

0.1667 2.883E-02

0.1900 3.025E-02

0.2400 3.249E-02

0.2900 3.381E-02

0.3500 3.479E-02

0.4100 3.552E-02

0.4800 3.546E-02

0.5400 3.447E-02

0.5900 3.298E-02

0.6400 3.092E-02

0.7000 2.787E-02

0.7600 2.431E-02

0.8300 1.902E-02

0.9100 8.919E-03

0.9700 1.533E-03

1.0000 -1.604E-03
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Lower surface
Number of points = 43

0.0000 0.000E+00

0.0020 -4.295E-03

0.0050 -6.380E-03

0.0100 -8.857E-03

0.0200 -1.212E-02

0.0300 -1.427E-02

0.0400 -1.592E-02

0.0500 -1.728E-02

0.0600 -1.842E-02

0.0700 -1.936E-02

0.0900 -2.103E-02

0.1000 -2.175E-02

0.1200 -2.298E-02

0.1400 -2.399E-02

0.1700 -2.519E-02

0.2000 -2.607E-02

0.2400 -2.685E-02

0.2800 -2.729E-02

0.3300 -2.745E-02

0.3700 -2.729E-02

0.4100 -2.684E-02

0.4400 -2.626E-02

0.4800 -2.514E-02

0.5200 -2.366E-02

0.5600 -2.175E-02

0.6000 -1.940E-02

0.6400 -1.696E-02

0.6900 -1.331E-02

0.7400 -9.614E-03

0.7900 -5.916E-03

0.8400 -2.726E-03

0.8700 -1.105E-03

0.8900 -2.317E-04

0.9100 4.455E-04

0.9200 6.861E-04

0.9300 8.286E-04

0.9400 8.643E-04

0.9500 8.019E-04

0.9600 6.415E-04

0.9700 3.831E-04

0.9800 -8.019E-05

0.9900 -7.395E-04

1.0000 -1.604E-03
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13.4. Parker t-75: Airfoil for wing tip span station

Upper surface
Number of point = 45

0.0000 0.000E+00

0.0001 1.089E-03

0.0003 2.177E-03

0.0007 3.266E-03

0.0013 4.355E-03

0.0022 5.444E-03

0.0034 6.532E-03

0.0048 7.621E-03

0.0064 8.710E-03

0.0082 9.798E-03

0.0102 1.089E-02

0.0125 1.198E-02

0.0152 1.308E-02

0.0182 1.416E-02

0.0216 1.526E-02

0.0255 1.637E-02

0.0300 1.747E-02

0.0350 1.861E-02

0.0407 1.974E-02

0.0469 2.088E-02

0.0541 2.207E-02

0.0617 2.326E-02

0.0701 2.451E-02

0.0800 2.581E-02

0.0910 2.717E-02

0.1027 2.858E-02

0.1162 3.006E-02

0.1312 3.162E-02

0.1475 3.321E-02

0.1667 3.488E-02

0.1900 3.660E-02

0.2400 3.930E-02

0.2900 4.091E-02

0.3500 4.209E-02

0.4100 4.298E-02

0.4800 4.290E-02

0.5400 4.171E-02

0.5900 3.989E-02

0.6400 3.740E-02

0.7000 3.372E-02

0.7600 2.941E-02

0.8300 2.301E-02

0.9100 1.079E-02

0.9700 1.854E-03

1.0000 -1.940E-03
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Lower surface
Number of points = 43

0.0000 0.000E+00

0.0020 -5.196E-03

0.0050 -7.718E-03

0.0100 -1.071E-02

0.0200 -1.466E-02

0.0300 -1.727E-02

0.0400 -1.926E-02

0.0500 -2.090E-02

0.0600 -2.228E-02

0.0700 -2.342E-02

0.0900 -2.544E-02

0.1000 -2.631E-02

0.1200 -2.780E-02

0.1400 -2.902E-02

0.1700 -3.047E-02

0.2000 -3.154E-02

0.2400 -3.249E-02

0.2800 -3.302E-02

0.3300 -3.321E-02

0.3700 -3.302E-02

0.4100 -3.247E-02

0.4400 -3.177E-02

0.4800 -3.042E-02

0.5200 -2.862E-02

0.5600 -2.631E-02

0.6000 -2.347E-02

0.6400 -2.051E-02

0.6900 -1.610E-02

0.7400 -1.163E-02

0.7900 -7.157E-03

0.8400 -3.298E-03

0.8700 -1.337E-03

0.8900 -2.803E-04

0.9100 5.390E-04

0.9200 8.300E-04

0.9300 1.002E-03

0.9400 1.046E-03

0.9500 9.701E-04

0.9600 7.761E-04

0.9700 4.635E-04

0.9800 -9.701E-05

0.9900 -8.947E-04

1.0000 -1.940E-03
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14.  Appendix D : Documentation for the ‘Bump’ program

This subroutine illustrates a means of making smooth changes to airfoil shapes. It

is included in PANELv2. It is designed to place a “bump” on the airfoil contour.  The

shape change starts gradually with zero curvature at point xb1 . The bump is setup to be

asymmetric about the bump midpoint, xb2 , and to blend back into the baseline shape

with zero curvature at point xb3 . However, if an asymmetric bump is used, the curvature

will be discontinuous at the bump maximum.  The following plot defines the

nomenclature, as well as plotting the output of the sample main program presented

below.

-0.20

0.00

0.20

0.40

0.60

0.80

1.00

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

y
mod

x/c

dtc = 0.50
x

b1
x

b2 x
b3

The related slope and curvature are given in the next graph.
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The equation of the bump is:

 
y

t

c
x xmod d d= − 





−( )64 13 3∆

d y

dx

t

c
x x xmod

d
d d d= − 





−( ) −( )64 3 1 2 12 2∆

d y

dx

t

c
x x x xmod

d
d d d d

2

2
264 6 1 5 5 1= − 





−( ) − +( )∆

where

x
x x

x x
x x xd =

−( )
−( )

< <1

2 1
1 22

or

x
x x x

x x
x x xd =

+ −( )
−( )

< <3 2

3 2
2 3

2

2

This function is often called a “cubic bump” although it is clearly a sixth order

polynomial. The user should examine the subroutine to understand the transformation

between the local variable xd  and the global variable xin.


