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Multidisciplinary Design Optimization (MDO) has been used to investigate the use of a
new concept for a transonic transport, the strut-braced wing. The incorporation of a strut
into more traditional transonic transport concepts required the application of computational
design techniques that had been developed at Virginia Tech over the previous decade.
Formalized MDO methods were required to reveal the benefits of the tightly coupled
interaction between the wing structural weight and the aerodynamic performance. To
perform this study, a suite of approximate analysis tools was assembled into a complete,
conceptual-level MDO code. A typical mission of the Boeing 777-200IGW was chosen as the
design mission profile. Several single-strut configurations were optimized for minimum
takeoff gross weight, with the best single-strut configuration showing a nearly20% reduction
in takeoff gross weight, a 29% reduction in fuel weight, a 28% increase in the lift-to-drag
ratio, and a 41% increase in seat-miles per gallon relative to a comparable cantilever
configuration. The use of aeroelastic tailoring in the design illustrated ways to obtain further
benefits. The paper synthesizes the results of the five-year effort, and concludes with a
discussion of the effects various constraints have on the design, and lessons learned on
computational design during the project.

Introduction

Strut, or truss-braced, wing concepts have been used in the design of many low-speed airplanes. Maurice Hurel
used the concept to implement very high aspect ratio wings on aircraft. Using a strut, the aircraft could enjoy the
high L/D benefits of a high aspect ratio wing without paying a large structural weight penalty. This research resulted
in the design and brief success of the HD-31, and later led to the development of the Shorts Skyvan. A summary of
this work is available in two references.'”
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The idea of using a truss-braced wing configuration at transonic speeds apparently originated with Werner
Pfenninger’ at Northrop in the early 1950s. Although he was primarily interested in reducing parasite drag through
laminar flow control, he realized that to obtain an efficient airplane, the induced drag had to be reduced to a value
comparable to the parasite drag at cruise. This led to the need for high aspect ratio wings, and the strut-braced wing
concept arose for the same reasons that it was used by Hurel. Other strut-braced wing aircraft investigations
followed Pfenninger’s work, notably the work at Boeing reported by Jobe et al.* and Park’ from Stanford. The
Boeing work is remarkable in that it used many of the methods that appeared later as being fundamental to an MDO
toolkit. This included both response surface methodology and variable complexity modeling. Park pointed out
explicitly the weight penalty arising from designing the strut to prevent buckling under the negative g load
condition. Turriziani et al.® also considered the advantages of the strut-braced wing concept on a subsonic business
jet with an aspect ratio of 25.

The computational design of Strut-Braced Wing Concepts using MDO at Virginia Tech

The tight coupling between aerodynamics and structures required to obtain the full potential of the strut-braced
wing concept led Dennis Bushnell at NASA Langley to suggest that the concept be re-examined with MDO
methods. Subsequently, the strut-braced wing (SBW) design concept was studied by the Multidisciplinary Analysis
and Design (MAD) Center at Virginia Tech for several years (1997 — 2001). We had been developing computational
design methodology for MDO for a number of years with both NASA and NSF support. Our initial application focus
was the high speed civil transport (HSCT).” Based on that work, an appreciation of the design issues and some
general guidelines emerged.*” We applied our approaches to the strut-braced wing design. The initial framework for
the MDO problem was developed by Grasmeyer.'"'" The entire team reported all the results in a MAD Center
Report.' Key components of the methodology specific to the concept included engine out analysis and induced drag
of strut braced wings by Grasmeyer,'>'* and a strut-braced wing bending material weight analysis by Naghshineh-
Pour, et al."” Strut-wing aerodynamic interference was addressed by Tetrault,'® and later in more detail by Ko, et
al.'"” An examination of the role that constraints play in determining the final design was investigated by Ko.'*'* The
refinements to the design work resulting from collaborative work with Lockheed Martin Aeronautical Systems
(LMAS) led to further refinements and substantiation of the results.”

The structural issues associated with thin high aspect ratio strut-braced wings were the subject of several
investigations, including the effects of wing flexibility.”"** Passive load alleviation, flutter,** and the strut
compression issues” were also examined. None of these considerations changed the conclusions on the value of the
concept.

In addition to studying concepts with traditional engine locations, wing and fuselage mounted, we also studied
tip-mounted engines. Although the engine out problem for a two-engine tip mounted concept is severe, there have
been experimental studies that suggest that induced drag can be significantly reduced. The various reports cited
above include details. When considering tip-mounted engines, it is necessary to use circulation control on the
vertical tail to generate the side force required to control the airplane.*®

In the work presented here we will consider four cases. They are a reference cantilever design, and for the strut-
braced wing concept, we will consider cases with fuselage mounted engines, wing mounted engines, and wingtip
mounted engines.

The design problem

The configuration considered was a 7500 nmi range transonic passenger transport aircraft. Essentially, we used
the Boeing 777-200IGW mission, with a specified cruise Mach number of 0.85. There were 305 passengers in a
three-call configuration. We also studied other mission, but the results for this mission are described in this paper.
For this configuration the strut runs between the bottom of the fuselage to around the 67% semi-span location of the
wing. The strut is connected to the wing via a pylon to increase the distance between the wing and the strut at the
intersection. To avoid buckling, the strut adopts an innovative telescoping sleeve mechanism so that it only carries
tension loads. From an aerodynamics standpoint, minimizing the interference drag between the wing, pylon and strut
juncture is a key requirement in the aerodynamic design of the strut-braced wing airplane. Figure 1 illustrates the
mission.
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For the purpose of computational design, we characterize the plane in terms of a number of design variables and
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Figure 1. Strut-Braced Wing Mission Profile for Computational Design Using MDO
The MDO Problem Formulation

constraints. Table 1 provides a list of the design variables.

Table 1: Design variables used in the different configurations.

American Institute of Aeronautics and Astronautics

Fuselage Wing Tip
. . Cantilever | Mounted Mounted Mounted
Design Variables Onti Ensi Ensi Enei
ptimum ngines ngines ngines
SBW SBW SBW
1 Spanwise position _of wing/strut v v v
intersection
2 Wing semispan (ft) v v v v
3 Wing sweep (deg) v v v v
4 Wing dihedral (deg) v v v
5 Strut sweep (deg) v v v
6 Strut chordwise offset (ft) v v v
7 Strut vertical aerodynamic offset (ft) v v v
8 Wing centerline chord (ft) v v v
9 Wing break chord (ft) v
10 Wing tip chord (ft) v v v v
11 Strut chord (ft) v v v
12 Wing thickness to. chord ratio at v v v v
centerline
13 Wing thickness to c':hord ratio at v v v
breakpoint
14 Wing thickness to chord ratio at tip v v v v
15 Strut thickness to chord ratio v v v
16 Wing skin thickness at centerline (ft) v v v v
17 Strut tension force (Ibs) v v v
18 Vertical tail scaling factor v v v v
19 Fuel weight (1bs) v v v v
20 Required thrust (Ibs) v v v v
21 Spanwise position of engine v
22 Average cruise altitude (ft) v v v v
3
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Table 2 lists the constraints employed in the computational design.

Table 2: Design Constraints

Description Constraint
1 | Range Mission + Reserve Range < Calculated Range
2 | Initial Cruise Rate of Climb Initial Cruise ROC > 500 ft/min
3 | Max. Allowable Section C; Calculated Maximum C; < Maximum Specified C;
4 | Fuel Capacity Fuel Weight < Fuel Capacity
5 | Engine-out Required C, < Available C,
6 | Wing deflection Wing deflection < 20 ft.
7 | Second Segment Climb Gradient Calculated Gradient > 0.024
8 | Balanced Field Length Balanced Field Length < 11000 ft.
9 | Approach Velocity Approach Velocity < 140 knots
10 | Missed Approach Climb Gradient Calculated Gradient > 0.021
11 | Landing Distance Landing Distance < 11000 ft.
12 | Slack Load Factor 0. < Strut Slack Load Factor < 0.8

The design variables and constraints are then used in a framework that is driven by a gradient based
optimization algorithm. In this work we use Vanderplaats’s DOT Software.”” The framework is shown in
Figure 2.
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Figure 2. MDO Code Architecture

As described in the introduction, modules for the various disciplines were developed individually, and are
described in the appropriate references. It is worth noting that aside from the special wing bending
material weight routine, the weights essentially come from FLOPS.*® Because the results are sensitive to
the wave drag model, it is worth noting that our approach®?" has been evaluated recently and been found
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to be slightly optimistic,” but valid for the comparison studies presented here. The MDO program was
written in Fortran. Today we use ModelCenter by Phoenix Integration to couple disciplinary codes. This
has improved our productivity significantly. In addition, our students manually restart the optimization
several times from slightly different conditions to avoid local optima.

Engineering Innovation

Before presenting the results, it is important to identify the role of engineering innovation in obtaining
benefits of the strut concept. Two features of our design were not the result of computations. To avoid the
weight penalty associated with the strut under compressive loading, we allow for the use of a mechanism
that unloads the strut, similar to a landing gear shock absorber. Consultation with numerous engineers in
the industry confirmed our thinking. Thus we assume a weight penalty for this mechanism, and have the
wing support the negative 1g load as a cantilever beam. The second innovation was the use of an offset
pylon to allow for aerodynamic design of the strut-wing juncture without a drag penalty. Subsequent
computational aerodynamic design provided insight into the flowfield physics of the juncture, and how to
shape the surfaces to achieve a drag-free intersection.'’

Results

The results presented here are from Ko,'® and represent the culmination of the refinements to the technique. His
thesis, available on the web, should be consulted for a detailed description of the refined methodology. Figure 3
provides the MDO results for the baseline cantilever wing configuration.

107.7 ft

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

Cantilever Optimum

8.28ft  TOGW = 592572 Ibs.
Fuel Weight = 217746 Ibs.

Figure 3. Baseline optimization: the pure cantilever wing transonic transport.

Figures 4 and 5 provide the results for the fuselage-mounted and wing-mounted engines strut-braced wing concepts.
Each figure also contains the percentage reduction in takeoff gross weight compared to the reference cantilever
design. The wing-mounted engine case results in a 19% reduction in TOGW, a truly remarkable result. The strut
allows for an increase in aspect ratio, and a reduction in #/c. The reduction in #/c allows the wing to unsweep. Thus
the wing weight is reduced while the aspect ratio is increased. The balance between the structural and aerodynamic
design is only possible using an integrated design approach: MDO.
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106.5 ft
89.5 ft (0.70)

Centerline t/c = (0.137

Break t/c =0.070
Tip t/c =0.075
Strut t/c =0.081

Strut Sweep = 12.6°

31.5 fi
Fuselage Mounted Engines SBW
TOGW = 530469 Ibs. (10.0%)
Fuel Weight =190104 Ibs. (14.1%)
Figure 4. The optimized fuselage-mounted engines strut-brace wing case.
106.6 ft
72.5 ft (0.65)

Centerline t/c= 0.134

Break t/c =0.062

Tip tic =0.082 %

Strut t/c =0.080 =

Strut Sweep = 19.4°

P
@ LY
29.7 ft

Wing Mounted Engines SBW

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

Figure 5. The optimized wing-mounted engines strut-brace wing case.

Even though we take advantage of induced drag reduction using wing-tip mounted engines, Figure 6 shows that the
savings in TOGW is not as large as for the wing-mounted engine case. A comparison of the detailed designs is
presented in Table 3, and reveals where the savings are found compared to the reference cantilever design.
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63.4 ft (0.58)

Centerline t/ 0.147

Break t/c  =0.093
Tip t/c =0.095
Strut t/c =0.091

Strut Sweep = 23.8°

33.6 ft

Figure 6. The optimized wing tip-mounted engines strut-brace wing case.
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Tip Mounted Engines SBW

TOGW

Fuel Weight

Table 3. Configuration comparison

= 489064 Ibs. (17.5%)
= 164843 Ibs. (24.3%)

. Fuselage Win .
Cant!lever Mountgd Moun’gzd Tip Mc_>unted
0 Wlng Engines Engines Eré%c\?s
ptimum SBW SBW
Wing Span (ft) 215.4 213.0 213.2 218.6
Reference Area (ft2) 4938.1 4420.6 4001.9 4625.4
Aspect Ratio 9.23 10.3 11.4 10.3
Wing 1/4-Chord Sweep (deg) 33.3 29.5 19.4 30.0
Strut 1/4-Chord Sweep (deg) N/A 12.6 19.4 23.8
Wing t/c at the Centerline 0.156 0.137 0.134 0.147
Wing t/c at the Chord Breakpoint 0.111 0.07 0.062 0.093
Wing t/c at the Tip 0.051 0.075 0.082 0.095
Strut t/c N/A 0.081 0.080 0.091
Cruise L/D 21.79 22.58 23.93 24.60
Engine Thrust (Ibs) 81568.7 69697.5 60069.8 62226.1
Fuel Weight (Ibs) 217746 190104 164588 164843
Wing Weight (Ibs) 78072 70440 57171 62962
Takeoff Gross Weight (Ibs) 592572 530469 480229 489064
The REVCON Activity

In 1999 the strut-braced wing concept was proposed by NASA Langley as a candidate for the Revolutionary Vehicle
Concept program REVCON. It was proposed to convert an A-7 to have a strut braced wing to demonstrate that the
strut junction could be designed to be interference free using CFD, and that the strut compressive load could be
handled without an excessive weight penalty. As part of this effort, a senior aircraft design team at Virginia Tech
used this concept as their project. The model they made is shown in Figure 7.
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b) model view showing the planform

Figure 7. A-7 modified for a strut-brace wing.
Lessons Learned

The combination of computational design and innovative thinking can lead to significant advances in flight vehicles.
Advanced design needs both. This educational aspect of having graduate students (and faculty) work as a team can
not be underestimated. Students that have worked on this project have gotten very good jobs, and are employing the
approaches learned here on the job. Even though the strut-braced wing concept has been identified as being in the
category of revolutionary air vehicles,” it has not been adopted by the major US airframe manufacturers.

Conclusion

The strut-braced wing transonic transport concept can provide a significant weight reduction compared to
existing transonic transport concepts. The design problem is tightly coupled between aerodynamics and structures.
Thus, to achieve the advantages of the concept, computational design using MDO was required. The synergy
between aerodynamic drag and structural weight associate with wing #/c, sweep, and span can only be found with
the computational design approach described here. However, several other innovations were also adopted to address
possible drawbacks to the concept. The results obtained during the course of the work were so significant that
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several other design teams reviewed our work. In all cases they verified that our conclusions were substantially
correct. An important consideration is that the concept scales to all sizes of transonic airplanes. To date, only
airframe manufactures outside North America have shown interest in pursuing the concept.

Acknowledgments

We would like to acknowledge Dennis Bushnell of the NASA Langley Research Center for suggesting the Strut-
Braced Wing Concept as a natural application of MDO, and for his financial support. Many other students and
faculty played a key role in this work. They include Joel Grasmeyer, John F. Gundlach IV, Amir Naghshineh-Pour,
Philippe-Andre Tetrault, Erwin Sulaeman and Prof. Joseph A. Schetz. In addition, we benefited from our
collaboration with the Lockheed Martin Aeronautical Systems company, including Aaron Harcrow, Steve Justice,
Bruce Kopec and K.C. Martin in particular. We would like to acknowledge their contributions.

References

Note: The papers and reports references for which the authors hold the copyright or have permission to distribute are
available electronically from http://www.aoe.vt.edu/~mason/Mason f/MRpubs.html. Some of the theses are
available at http://www.aoe.vt.edu/~mason/Mason_f/MRthesis.html

" Hurel, M., “The Advantages of High Aspect Ratios,” Interavia, Volume VII, No. 12, 1952, pp. 695-699.

* - “Anglo-French Aspects: Cross Channel High Aspect Wing Development,” Air Enthusiast, May/June, 1996, No.
63, pp. 33-37.

? Pfenninger, W., “Design Considerations of Large Subsonic Long Range Transport Airplanes with Low Drag
Boundary Layer Suction,” Northrop Aircraft, Inc., Report NAI-58-529 (BLC-111), 1958. (Available from DTIC as
AD 821 759)

4 Jobe, C. E., Kulfan, R.M., and Vachal, J.D., “Wing Planforms for Large Military Transports,” AIAA Paper 78-
1470, Los Angeles, California, Aug. 21-23, 1978.

> Park, H. P., “The Effect on Block Fuel Consumption of a Strutted vs. Cantilever Wing for a Short Haul Transport
Including Strut Aeroelastic Considerations,” AIAA-78-1454, Los Angeles, California, Aug. 21-23, 1978

6 Turriziani, R. V., Lovell, W.A., Martin, G.L., Price, J.E., Swanson, E.E., and Washburn, G.F., “Preliminary Design
Characteristics of a Subsonic Business Jet Concept Employing an Aspect Ratio 25 Strut Braced Wing,” NASA CR-
159361, October 1980.

7 Giunta, A.A., Balabanov, V., Haim, D., Grossman, B., Mason, W.H., Watson, L.T., and Haftka, R.T.,
“Multidisciplinary Optimisation of a Supersonic Transport Using Design of Experiments Theory and Response
Surface Modelling,” Aeronautical Journal, Vol. 101, No. 1008, October 1997, pp. 347-356.

¥ Giunta, A.A., Golovidov, O., Knill, D.L., Grossman, B., Mason, W.H., Watson, L.T., and Haftka, R.T.,
“Multidisciplinary Design Optimization of Advanced Aircraft Configurations,” Fifteenth International Conference
on Numerical Methods in Fluid Dynamics, P. Kutler, J. Flores, J.-J. Chattot, Eds., in Lecture Notes in Physics, Vol.
490, Springer-Verlag, Berlin, 1997, pp. 14-34.

? Mason, W.H., Knill, D.L., Giunta, A.A., Grossman, B., Haftka, R.T. and Watson, L.T., “Getting the Full Benefits
of CFD in Conceptual Design,” AIAA 16th Applied Aerodynamics Conference, Albuquerque, NM, AIAA Paper 98-
2513, June 1998.

10 Grasmeyer, J.M., “Multidisciplinary Design Optimization of a Strut-Braced Wing Aircraft,” MS Thesis, Virginia
Polytechnic Institute & State University, April 1998.

' Grasmeyer, .M., “Multidisciplinary Design Optimization of a Transonic Strut-Braced Wing Aircraft,” 37th AIAA
Aerospace Sciences Meeting and Exhibit, Reno, NV, Jan 11-14, 1999, AIAA Paper 99-0010.

12 Grasmeyer, J.M., Naghshineh Pour, A., Tetrault, P.-A., Grossman, B., Haftka, R.T., Kapania, R.K., Mason,
W.H., Schetz, J.A., “Multidisciplinary Design Optimization of a Strut-Braced Wing Aircraft with Tip-Mounted
Engines,” MAD 98-01-01, 1998.

¥ Grasmeyer, J.M., “Stability and Control Derivative Estimation and Engine-Out Analysis,” VPI-AOE-254,
Department of Aerospace and Ocean Engineering, Virginia Polytechnic Institute and State University, Blacksburg,
Virginia, 24061, January, 1998.

9
American Institute of Aeronautics and Astronautics



AIAA 2005-4667

' Grasmeyer, J.M., “A Discrete Vortex Method for Calculating the Minimum Induced Drag and Optimum Load
Distribution for aircraft Configurations with Noncoplanar Surfaces,” VPI-AOE-242, Department of Aerospace and
Ocean Engineering, Virginia Polytechnic Institute and State University, Blacksburg, Virginia, 24061, January, 1998.

13 Naghshineh-Pour, A., Kapania, R.K., Haftka, R.T., “Preliminary Structural Analysis of a Strut-Braced Wing,”
VPI-AOE-256, 1998.

e Tetrault, P.A., Schetz, J.A., and Grossman, B., “Numerical Prediction of the Interference Drag of a Streamlined
Strut Intersecting a Surface in Transonic Flow,” AIAA 2000-0509, 2000.

"7 Andy Ko, W.H. Mason and B. Grossman, “Transonic Aerodynamics of a Wing/Pylon/Strut Juncture,” 21st AIAA
Applied Aerodynamics Conference, Orlando, FL, AIAA Paper 2003-4062, 23-26 June 2003.

" Ko, A., “The Role of Constraints and Vehicle Concepts in Transport Design: A Comparison of Cantilever and
Strut-Braced Wing Airplane Concepts,” MS Thesis, Virginia Polytechnic Institute & State University, April 2000.
" A. Ko, B. Grossman, W.H. Mason and R.T. Haftka, “Effects of Constraints in the Multidisciplinary Design

Optimization of a Transonic Commercial Transport with Strut-Braced Wing,” World Aviation Congress, SAE 2000-
01-5609, San Diego, CA, Oct. 10-12, 2000.

%% John F. Gundlach IV, Philippe-Andre Tetrault, Frank H. Gern, Amir H. Naghshineh-Pour, Andy Ko, Joseph A.
Schetz, William H. Mason, Rakesh K. Kapania, Bernard Grossman, and R.T. Haftka, “Conceptual Design Studies of
a Strut-Braced Wing Transonic Transport,” Journal of Aircraft, Vol. 37, No. 6, Nov-Dec 2000, pp. 976-983.

2 Gern, F.H., Sulaeman, E., Naghshineh-Pour, A., Kapania, R.K., and Haftka, R.T., “Flexible Wing Model for
Structural Wing Sizing and Multidisciplinary Design Optimization of a Strut-Braced Wing,” A/44 Paper 2000-
1427, 41st ATAA/ASME/ASCE/AHS/ASC Structures, Structural Dynamics, and Materials Conference and Exhibit,
Atlanta, GA, April 3-6,2000.

2 Gern, F.H., Ko, A., Sulaeman, E., Tetjrault, P.-A., Grossman, B., Kapania, R.K., Mason, W.H., Schetz, J.A., and
Haftka, R.T., “Integrating Refined Structural Modeling and CFD Analysis into the Design of a Strut-Braced Wing
Transonic Transport Aircraft,” 8th AIAA/USAF/NASA/ISSMO Symposium on Multidisciplinary Analysis and
Optimization, Long Beach, CA, September 6-8, 2000.

Z F.H. Gern, Andy Ko, E. Sulaeman, R.K. Kapania, W.H. Mason, B. Grossman and R.T. Haftka, “Passive Load
Alleviation in the Design of a strut-Braced Wing Transonic Transport,” 8" AIAA/USAF/NASA/ISSMO
Symposium on Multidisciplinary Analysis and Optimization, Long Beach, CA, AIAA-2000-4826, Sept., 2000.

** E. Sulaeman, R.K. Kapania, and R.T. Haftka, “Parametric Studies of Flutter Speed in Strut-Braced Wing,” 43"
ATAA/ASME/ASCE/AHS/ASC Structures, Structural Dynamics and Materials Conference, Denver, CO, AIAA-
2002-1487, April 2002.

* E. Sulaeman, R.K. Kapania and R.T. Hafka, “Effect of Compressive Force on Strut-Braced Wing Response,”
42nd ATIAA/ASME/ASCE/AHS/ASC Structures, Structural Dynamics and Materials Conference and Exhibit,
Seattle, WA, AIAA Paper 2001-1611, April 2001.

26 Englar, R.J., and Williams, R.M., “Design of a Circulation Control Stern Plane for Submarine Applications,”
March 1971, NSRDC Tech. Note AL-200 (AD-901-198), Naval Ship Research and Development Center, Bethesda,
MD.

2 Vanderplaats Research & Development, Inc., DOT User’s Manual, Version 4.20, Colorado Springs, CO, 1995.
* McCullers, L.A., FLOPS User's Guide, Release 5.81, NASA Langley Research Center.

¥ Mason, W.H., “Analytic Models for Technology Integration in Aircraft Design,” AIAA-90-3262, September,
1990.

** Malone, B. and Mason, W.H., “Multidisciplinary Optimization in Aircraft Design Using Analytic Technology
Models,” Journal of Aircraft, Vol. 32, No. 2, March-April 1995, pp. 431-438.

! Cavear, A., and Cavcar, B., “Approximate solutions of range for constant altitude-constant high subsonic speed
flight of transport aircraft,” Aderospace Science and Technology, Vol. 8, pp. 557-567, 2004.

32 Sellers, William L., Singer, Bart A., and Leavitt, Laurence D., “Aerodynamics for Revolutionary Air Vehicles,”
21* Applied Aerodynamics Conference, Orlando, FL, ATAA 2003-3785, June 2003.

10
American Institute of Aeronautics and Astronautics



