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Abstract
This paper describes a conceptual feasibility study of a high aspect ratio truss-braced wing con-
figuration. It is known that increased aspect ratios, thinner wings and less sweep angle enable
significant drag reduction through natural-laminar-flow. However, it may lead to increased wing
weight to avoid aeroelastic issues. Current aspect ratios of conventional aircraft are limited by
the structural weight and wing stiffness. To validate the truss-braced high aspect ratio wing con-
cept, the aerodynamics, structural, and weight distribution of a truss-braced natural-laminar-flow
composite wing model is firstly created, and the ASTROS (Automated STRuctural Optimization
System) software is applied for aeroelastic tailoring optimization. The objective of the study is to
minimize the aircraft wing weight, subject to multiple constraints such as structural strength and
aeroelastic constraints. The results of this study show that the truss-braced natural-laminar-flow
composite wing with high aspect ratio can reduce the fuel consumption significantly compared
to the conventional commercial aircraft configuration, andhas the great potential in the future
commercial aviation market.

1 Introduction

It is well known that high aspect ratio wings can reduce the induced drag effectively[1].
However, the bending moment of the wing roots of the high aspect ratio wings is drasti-
cally larger than that of the conventional wings. From structural design point of view, if
no additional structures are applied to support the wing, itis not feasible to design such
high aspect ratio wings without paying huge weight penalty.The strut/truss braced
wing has already been successfully implemented both in the early days of aviation and
today’s small airplanes. For example, two different truss-braced wing configurations
are illustrated in Figure1(a) and Figure1(b), respectively.

In the early days of aviation, the external structure has been adopted to support the
thin airfoil section to sustain the aerodynamic loads. However, these external structures
caused significant drag penalty. It was then gradually realized that if an appropriate
structural wing box and suitable thickness-to-chord ratios were adopted, the cantilever
wing could be used to replace the strut/truss braced wing. Therefore, lower drag can
be achieved.

Even though the cantilever wing configuration has already demonstrated its excel-
lent aerodynamic performance, the concept of the strut/truss braced wing configuration
still survived. Compared to the cantilever wing configuration, the increased span of the
strut/truss braced wing reduces induced drag, and the decreased wing thickness can
reduce transonic wave drag. Hence, a reduced sweep angle canbe allowed to improve
the aerodynamic performance of the aircraft remarkably [2, 3].

The idea of using strut-braced wing for a long range, transonic transport airplane
was first proposed by Werner Pfenninger in the early 1950s [4]. Following Pfenninger’s
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Figure 1: Strut/truss-braced
wing configuration.
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a) Cessna 172  b) Hurel-Dubois HD31 

Figure 2: The concept of the
strut-braced wing. red: sur-
face with turbulence effect,
blue: surface with natural
laminar flow effect.

work, other strut-braced wing researches have also been performed to evaluate the
aerodynamic performance of this concept [5, 6, 7]. However, none of this research
was performed using multidisciplinary design optimization (MDO). However, because
of the tight coupling between the aerodynamics and structures during the strut-braced
wing design process, an MDO approach is required to evaluatethe concept.

Due to its great potential of drag reduction, NASA started tofinancially support the
research on strut-braced wing concept using MDO approaches. Since then, much re-
search has been performed on the strut-braced wing and truss-braced wing using MDO
approaches [8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18]. All of these results demonstrated
the feasibility of adopting the strut-braced wing or truss-braced wing.

Nowadays, due to the soaring of the fuel price and the environmental concerns,
special attention is being paid to the aircraft with lower fuel consumption and low
emissions [19, 20]. According to this, NASA defined the future scenario, concepts and
technology for future commercial transport airplanes. From NASA’s concept, Boe-
ing737 Next generation (737-600/-700/-800/-900ER) and CFM56 engine are served as
the standard, and are defined as ‘N+1’, i.e., the baseline configuration. The advanced
configuration defined as ‘N+3’, will be served after 2040. Among these ‘N+3’ design
configurations, the high aspect ratio natural-laminar-flowwing configuration has been
considered as the one that has the most splendid future. According to this, NASA
issued the Subsonic Ultra Green Aircraft Research (SUGAR) program in 2010, to sup-
port Boeing in performing the feasibility study of the strut-braced wing configuration
[21, 22].

In Boeing’s SUGAR program, detailed performances of both the reference con-
ventional aircraft configuration and the advanced unconventional aircraft configuration
were thoroughly studied and compared, which included fuel burn, emissions, noise,
take off performance, etc. Finally, the technology development roadmaps for the fu-
ture green aircraft were generated. The basic concept for the strut-braced wing built in
Boeing’s SUGAR program is illustrated in Figure2.

In this paper, a truss-braced wing aircraft model similar toa truss-braced wing,
named 765-095-TS1 N+4 in [22] is studied. In addition, both conventional metal ma-
terial and advanced composite material are considered for the wing structure design.
Since the advanced composite material has superior specificstiffness and strength char-
acteristics, it can be designed to meet the directional stiffness/strength requirement
through aeroelastic tailoring optimization [23, 24]. Therefore, the goal of the research
is to apply aeroelastic tailoring technique for a preliminary design of a subsonic, truss-
braced natural-laminar-flow composite wing, thereby validating the feasibility of the
concept. To perform a high fidelity analysis for this conceptual design study, the aero-
dynamics, structural, and weight distribution of a truss-braced natural-laminar-flow
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(a) Designed Airfoil shape (b) Representative Pressure Distribution at 70% Semi-

Span ( Computed at M 0.74, α 0.4, Re 14.6880) 

 

Figure 3: Natural laminar
flow airfoil.

composite wing model is firstly explored, and then several aeroelastic design and anal-
ysis tools such as ZEUS (ZONA Euler Unsteady Solver), ZAERO and ASTROS (Au-
tomated STRuctural Optimization System) are applied and integrated for the optimiza-
tion purposes.

2 Problem Statement

The purpose of this research is to design a composite wing structure and investigate
the potential of the truss-braced natural-laminar-flow wing with high aspect ratio. The
aerodynamic shape of a truss-braced wing is designed based on the following consid-
erations:

1. Due to the flexibility of the high aspect ratio wing, the truss-braced wing is ap-
plied.

2. To avoid the wake of the truss and wing, the engine is placedunder the wing.

3. To avoid the effect of the wake of the wing to horizontal tail, a T-tail is adopted.

4. The airfoil is a natural-laminar-flow airfoil designed with inverse design ap-
proach by providing the target pressure distribution. An adjoint approach is used
to compute the gradient required for gradient-based optimization and an auto-
matic laminar-turbulent transition prediction module is also included. The air-
foil features 50% of natural laminar flow on upper surface at the designed Mach
number and lift coefficient. Figure3 shows the airfoil shape at 70% semi-span
with a representative pressure distribution.

5. The parameters of aerodynamic model refers to Boeing’s SUGAR program [21],
such as aspect ratio, taper ratio, dihedral, and sweep angle.

6. The position of truss refers to that which is specified in SUGAR program [22].

7. The dimension of the horizontal tail and T-tail is similarto that of B737.

8. The folding position of the wing refers to that which is specified in SUGAR
program [22].

The main aerodynamic shape parameters of such truss-bracedwing aircraft is given
in Table1. The 3D view is shown in Figure4.

The optimization task for the truss-braced composite wing structure design in AS-
TROS [25] can be defined in a mathematical form as:

Find the set of design variables,ν, that can minimize an objective function:

F (ν) (1)

subject to constraints:

gj(ν) ≤ 0.0, j = 1, . . . , ncon (2)

ASDJournal (2015) Vol. 3, No. 3, pp.1–17
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Table 1: The main param-
eters of a truss-braced wing
aircraft.

Wing Horizontal Tail Vertical-Tail
Area(mm2) 1.2494e8 2.1862e7 2.2115e7
Aspect Ratio 23.097 1.522 4.388
Taper Ratio 0.173 0.366 0.370
Dihedral(◦) 0.0 - -6.0

1/4 chord sweep(◦) 5.0 35.24 29.60
root chord(mm) 3813.5 5550.4 3277.5
tip chord(mm) 661.4 2029.0 1212.4

span (mm) 52720.0 - 9851.2

Figure 4: The 3-D view of a
truss-braced wing aircraft.
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Fig. 5 The ZEUS Overset Mesh of Truss-Braced Wing Aircraft. 
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Figure 5: The overset mesh
generation of truss-braced
wing aircraft using ZEUS.

hk(ν) = 0.0, k = 1, . . . , ne (3)

νlower
i ≤ νi ≤ νupperi , i = 1, . . . , ndv (4)

whereg specifies thencon inequality constraints andh refers to thene equality
constraints. Equation4 specifies lower and upper bounds (side constraints) on each of
the design variables

In this research, the objective functionF (ν) is chosen as the weight of the truss-
braced composite wing structure, subject to the required flutter speeds, without exceed-
ing allowable strain constraints. In addition, the design variables are the thickness of
each composite layer on those elements for modeling the wingand truss skins and the
thickness of the aluminum spars and ribs.

3 Aerodynamic Model

The aerodynamic models of the truss-braced natural-laminar-flow composite wing air-
craft are created using ZAERO [26], and ZEUS [27], separately.

In this research, ZEUS(ZONA Euler Unsteady Solver) is used to compute three
different set of data:

1. Lift coefficient and drag coefficient at different Mach numbers, to determine the
best cruise Mach number and altitude.

2. Steady flow computation from Mach 0.6 to 0.785, to be used asthe steady flow
input for the ZTRAN method in ZAERO software.

3. Steady aeroelastic analysis at 2.5g pull up, -1.0g push-over, and±25◦ aileron
deflection to generate critical design loads.

ZEUS solves Euler equations with boundary layer coupling option. The overset
mesh capability in ZEUS is used to handle complex configuration such as the truss-
braced wing aircraft in this study. Figure5 illustrates an overset mesh of the truss-
braced wing aircraft used in this paper. From Figure5, ten blocks are used in total:
block 1 for wing and body, block 2 for T-tail, block3/4 for left/right engine, block 5/6
for left/right pylon, block 7/8 for left/right strut under the wing, and block 9/10 for
left/right middle strut under the wing.

It is well known that the transition point from natural laminar flow to turbulent flow
has significant effects on the surface friction drag. Even though the advanced CFD
techniques have been applied, the transition point still cannot be precisely predicted.
For a traditional airfoil, the transition points usually located at 10-20% of the chord
length. In this study, a natural laminar flow airfoil was specially designed to improve
the percentage of the laminar flow area on the wing. To simplify the study, it is assumed
that the transition points are in the range of[30% ∼ 50%] of the chord length.

ASDJournal (2015) Vol. 3, No. 3, pp.1–17
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Table 2: The cruise mach
and altitude at different tran-
sition points.

Trans. Point Trans. point Boeing
(30%) (50%) SUGAR

Cruise Mach 0.720 0.710 0.730
Cruise Altitude(m) 10300 9600 13400

CL 0.7457 0.6685 0.775
CD 0.0333 0.0240 0.02962

CL/CD 22.390 28.714 26.163
Mach×CL/CD 16.12 20.387 19.09

Figure 6: The half NAS-
TRAN structural model.

According to the assumption described above, the cruise Mach and altitude at two
different transition points are calculated and summarizedin Table2. In addition, the
results obtained from Boeing SUGAR program [22] are also presented in this table for
comparison purposes.

4 Structural Model

A baseline structural model of the truss-braced wing aircraft is created for the aeroe-
lastic tailoring study, and is shown in Figure6. Assuming the structural model is sym-
metric, only a half span model is required. The symmetric andanti-symmetric natural
modes can be obtained by placing symmetric and anti-symmetric boundary conditions
at the symmetric plane, respectively.

It should be noted that the structure shown in Figure6 is the initial design, and will
be the input for the following aeroelastic design optimization process.

4.1 Aircraft Fuselage Structural Model

The fuselage structural model consists of beam elements. The bending stiffnessEI,
torsional stiffnessGJ and mass distribution are referred from other same class of com-
mercial aircraft [28]. Figure7 illustrates the fuselage stiffness data.

4.2 T-Tail and Horizontal Tail Structural Model

The T-tail structural models also consist of beam elements.The bending stiffnessEI,
torsional stiffnessGJ and mass distribution are comparable with other same class of
commercial aircraft with T-tail [29]. The joint stiffness of the rudder and elevator are
also obtained from the same class of commercial aircraft [29]. Figure 8(a) and (b)
present the stiffness of the vertical tail model and horizontal tail model, respectively.

4.3 Pylon and Engine Model

The GENEL element in ASTROS is used to simulate the pylon stiffness. Figure9(a)
shows the detailed pylon model before it is simplified by the GENEL element, and
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Figure 8: Stiffness of the T-
tail model and horizontal tail
model.

Figure9(b) presents the pylon model after it is simplified by the GENEL element. With
the GENEL element, only the pylon in-station section, wing connection, bottom wing
connection, cross-bar and push-rod are kept, and stiffnessof other part is simulated
using one GENEL element. In the model simplification process, the same stiffness
at the reserved nodes is ensured, and the local modes are neglected. The engine is
assumed as a rigid body, and its mass is obtained from CFM LEAP-X engine.

4.4 Wing Structural Model

Wing box is made up of spars, ribs and skins. The spars and ribsare made from
aluminum alloy, and the skin is from composite material withfour composite laminate
(0◦/ + 45◦/ − 45◦/90◦) layup.layup. The material properties of the aluminum alloy
and composite material are given in Table3.

The wing box ASTROS model consists of front spar, rear spar, and 26 ribs. The
front spar and rear spar are broken into two parts at the wing folding position. Two
joints are used to connect them. The single torsional stiffness is 2259.7E6 (N·mm), and
this joint stiffness is referring to the data of other folding wing aircraft, such as F/A-18

(a) (b)

Figure 9: Pylon FEM model
before/after simplification.
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Table 3: The material prop-
erties of aluminum alloy and
composite material.

Young’s modulus Poisson’s ratio Limit stain
E(GPa) ν µ strain

aluminum 71.0391 0.3 ±4500
composite 162.0 0.34 ±4500

Figure 10: Wing structural
model.

(a)

(b)

(c)

(d)

(e)(e)

(f)

(g)

[30]. In each side of the wing, the number of elements of spar is 78, the number of
elements of rib is 325, and the number of elements of skin is 529. Figure10 shows
the ASTROS structural finite element (FE) model of the wing box. Figure10 (a)-(c)
present the zoom-in view of the wing root, wing section, and wing folding structure.
Figure10(d) is the structural model of the wing box of the whole wing. Figure10(e)-(g)
are the shrunk elements of each part, respectively.

4.5 Truss Model

The truss is also made up of spars, ribs, and skins. The spars and ribs consist of alu-
minum alloy, and the skin consists of composite material with four composite laminate
(0◦/+45◦/− 45◦/90◦) layup. Figure11presents the FEM model of the truss and the
wing.

4.6 Payloads, Fuel and Structural Weight

Referring to a similar class commercial aircraft [31], it is assumed that the payloads
are 21.30 tons, fuel is 19.56 tons, and structural weight excluding the wing and truss
is 35.14 tons. The distribution of the total weight is created using CONM2 card in
ASTROS. The distribution of the payload, fuel and structural weight is illustrated in
Figure12.

Figure 11: The FEM model
of truss and wing.

12 

 
 

a) FEM Model of Truss and Wing. b) Zoom in Plot. 
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Figure 12: The distribution
of payloads, fuel and struc-
tural weight.

45°

-45°

0°

90°

Figure 13: The orientation
of the laminate lay-up.

5 Optimization Strategy

From the description of the previous section, two kinds of materials are used during the
design optimization process: aluminum alloy and compositematerial. Aluminum alloy
is used to build spar and rib. The wing and truss skins are constructed using four layers
of composite material, which is laminated with(0◦/ + 45◦/ − 45◦/90◦) orientation,
see Figure13.

5.1 Constraints

To simplify the optimization, only two kinds of critical constraints are implemented
during the optimization process.

• Flutter constraint: in the Mach range of[0.6 ∼ 0.8], the flutter speed has 15% of
margin above the flight envelope..

• Strength constraint: for aluminum alloy, the strain constraint is±0.004; for com-
posite material, the strain constraint is[−0.004 ∼ 0.006].

5.2 Critical Design Loads

Based on the maximum payloads and maximum fuel condition, four flight maneuvering
are selected to compute the critical loads at cruise Mach number 0.72:

1. 2.5g pull-up: This loading condition will induce critical wing-root bending mo-
ment and shear.

2. -1.0g push-over: This loading condition will induce critical compressive forces
in the wing strut.

ASDJournal (2015) Vol. 3, No. 3, pp.1–17
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3. ±25◦ aileron deflection: This loading condition will induce the maximum wing-
root torque.

After that, the final critical loads are calculated by multiplying the resulting loads
with a design safety factor of 1.5 for wing structural designoptimization. Other design
loads, such as landing impact loads, gust loads, and maneuver loads are not considered
in this research.

5.3 Design Variables

The elements for modeling the fuselage, T-tail, and engine pylon are kept unchanged
during the optimization and are retained at their baseline values. All elements for
modeling the spars, ribs, and skins of the wing and truss are defined as the design
variables. The numbers of plate elements on the wing and truss composite skins are
529 and 200, respectively, and each plate element has four composite layers, leading
to 2916 design variables. The number of plate elements for modeling the aluminum
spars and ribs of the wing and truss is 100 which correspond to100 design variables.
Therefore, the total design variables are 3016.

5.4 Optimization Framework

The ZONA TRANsonic (ZTRAN) method [32] in ZAERO is employed to generate the
Aerodynamic Influence Coefficient (AIC) matrices in the Machrange of[0.6 ∼ 0.8].
The ZTRAN method requires the steady background flow computed by other CFD code
such as ZEUS as input. These AIC matrices are imported into ASTROS to evaluate the
flutter constraints at transonic Mach numbers. The criticalloads generated as explained
in previous section are based on an initial structural design. These critical loads are
used by ASTROS sizing optimization to create a new structural design. Therefore, it
is imperative to re-calculate the critical loads on this newstructural design. Hence,
an outer loop iterative process is needed, wherein, the optimization will be iteratively
carried out until the structural design variation is negligible. The convergence criterion
for such an outer loop iterative process can be defined by the following equation:

f =

l
∑

j=1

m
∑

k=1

(tnij − tn−1

ij )2 (5)

wherel =total number of skin elements,m = total number of layers in each el-
ement,tij = skin layer thickness in the ith layer and jth element andn = iteration
index. The outer loop converges when the result of Equation5 is very small.

Another technical issue is that the ASTROS sizing optimization may result a non-
smooth thickness distribution of each composite layer. This non-smooth thickness dis-
tribution may increase manufacturing cost and could createlocal stress concentration
problem. To circumvent this problem, a computer code calledSMOOTH was devel-
oped that fits the thickness distribution of each layer into aset of Legendre polynomials
by a least square procedure. Because each Legendre polynomial is a smooth function,
the resulting thickness distribution also will be a smooth function. However, the struc-
tural model after applying SMOOTH may not satisfy all the flutter and strength con-
straints due to the small deviation of the thickness distribution from that of the outer
loop design. Therefore, to satisfy those constraints, it isrequired to perform one more
ASTROS sizing optimization referred to herein as the final ASTROS optimization.
But this time, the thickness distribution generated by SMOOTH is defined as the lower
bound of each design variable so that the optimizer only addsweight to the structure. In
so doing, the thickness distribution computed by the final ASTROS optimization does
not deviate too much from that generated by SMOOTH; thereby remaining a smooth
distribution.

The optimization procedure is illustrated in Figure14 that consists of eight steps:

1. Compute steady background flow for ZTRAN using ZEUS steadyaerodynamics
analysis tool.

Vol. 3, No. 3, pp.1–17 ASDJournal
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Figure 14: The flowchart of
the aeroelastic tailoring.

2. With the computed steady background flow, the transonic AIC matrix is calcu-
lated using ZTRAN to be used in ASTROS for flutter constraint evaluation.

3. Execute ASTROS modal analysis for initial structural design, and provide modal
solution for ZEUS.

4. Perform static aeroelastic/trim analysis using ZEUS at four flight conditions:
2.5g pull-up, -1.0g push-over,±25◦ aileron deflection, with the design safety
factor 1.5, generates the critical design loads.

5. Execute ASTROS sizing optimization to determine the design variables for a
minimum weight design while satisfying the strength and flutter constraints.

6. If the result computed by Equation5 is very small, the outer loop is converged.
Otherwise, the modal solution of the optimized structure from this current outer
loop is provided to ZEUS for the calculation of the new critical design loads.
These new critical design loads are used for the subsequent ASTROS sizing
optimization. This outer loop continues until the result computed Equation5
is very small.

7. Apply the SMOOTH code to the thickness distribution computed by the final
outer loop iteration to define the lower bound of each design variable for the
final ASTROS optimization.

8. Perform the final ASTROS optimization to ensure that all constraints are satis-
fied and to obtain the final optimized structural design with smooth thickness
distribution of all layers.

6 Results

6.1 Convergence History of ASTROS Optimization Process

Figure15 presents the convergence history of the eight steps described in Section5.4.
Only 5 iterations are required to achieve a converged solution for the outer loop. After
applying the SMOOTH code to the thickness distribution computed by the fifth outer
loop iteration, the final ASTROS optimization gives the wingand truss weight of 1.363
tons for the optimized structure. Usually, the total wing spar, rib and skin weight of the
same class of conventional aircraft like B737 is about one ton per wing. Therefore, the
optimized wing and truss weight of the truss-braced wing is heavier than the conven-
tional aircraft by 363kg for one wing or by 726kg for both wings. The total number of
ASTROS iterations is 88, and total computational time is 45 hours.

6.2 Optimization Results Using ASTROS

Figure16and Figure17show the element thickness of the wing upper and lower skins
for 0◦ and45◦,−45◦ and90◦ laminates, respectively. It should be noted that for a
better visual illustration, the element thickness shown inFigure16 is actually 50 times
of the realistic element thickness obtained from the optimization process. Three sets of
thickness distribution are presented in each Figure which corresponds to the thickness

ASDJournal (2015) Vol. 3, No. 3, pp.1–17
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Figure 15: The convergence
history of outer loop itera-
tion in ASTROS optimization
process.
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Figure 16: The optimiza-
tion results of the wing up-
per/lower skins at0◦ ,45◦

laminates.
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distributions after the fifth outer loop iteration (top), after applying the SMOOTH code
(middle) and computed by the final ASTROS optimization (bottom). It can be seen that
spikes appear in the thickness distributions computed by the fifth outer loop iteration
which leads to a non-smooth distribution. The SMOOTH code removes those spikes
and adds thickness to those regions that have sudden reduction in thickness; rendering a
smooth thickness distribution. The final ASTROS optimization adds small thickness to
several elements for satisfying all strength and flutter constraints. Comparing to those
computed by the fifth outer loop iteration, the thickness distributions of each composite
layer computed by the final ASTROS optimization are much smoother. In other words,
the final ASTROS optimization can achieve a smooth thicknessdistribution by paying
a small weight penalty.

Finally, the thickness distributions of the four compositelayers on the upper and
lower skins of the wing and truss are presented by color maps in Figure18 and Fig-
ure19, respectively.

Figure 17: The optimiza-
tion results of the wing up-
per/lower skins at−45

◦ ,90◦

laminates.
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wing and truss skin thickness
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6.3 Strains and Deformations by the Final ASTROS Optimization

As described in previous section, at Mach number 0.72, four maneuvering flight con-
ditions are screened to calculate the critical loads: 2.5g pull-up, -1.0g push-over,±25◦

aileron deflections. The strains and deformations of the structure designed by the final
ASTROS optimization at these four flight conditions are presented in Figure20 and
and Figure21, respectively. Also, the un-deformed structure is shown inFigure20
and Figure21 by the blue color. It can be seen that all strains are between the strain
constraints[−0.004 ∼ 0.006]; verifying that all strength constraints are satisfied. In
addition, the minimum strain -0.0040 and the maximum strain0.0060 appear in those
strains induced by the design loads at 2.5g pull-up condition and the minimum strain
-0.00407 appears in those at the25◦ aileron deflection condition; indicating that the
strains induced by the loads at these two flight conditions dominate the structural de-
sign.

20 

  
a) 2.5g Pull-Up b) -1.0g Push-Over 

Figure 20: The strain and de-
formation of the wing struc-
ture at 2.5 pull-up (left) and
-1.0g push-over (right).
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Figure 21: The strain and de-
formation of the wing struc-
ture at+25

◦ aileron deflec-
tion (left) and−25

◦ aileron
deflection (right).
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Fig. 21 The Strain and Deformation of the Wing Structure at +25
°
 Aileron Deflection (Left) and -25

°
 

Figure 22: The flutter
boundary after optimization
process.

2.80
2.80

2.77 2.49

4.48
4.43

4.18
4.09

100.0

125.0

150.0

175.0

200.0

225.0

250.0

275.0

300.0

0.55 0.60 0.65 0.70 0.75 0.80 0.85

V
e

a
s 

(m
/s

)

Mach

Flutter Boundary

Anti-Symm

Symmetric

Flight Envelope

15% Margin

6.4 Flutter Boundary by the Final ASTROS Optimization

Figure22presents the symmetric flutter boundary (shown by the solid red line) and the
anti-symmetric flutter boundary (shown by the solid blue line) along with their flutter
frequencies of the structure designed by the final ASTROS optimization. The designed
flight envelope in terms of equivalent air speed (Veas) versus Mach number is indicated
using black line, and the 15% flutter margin requirement above the designed flight
envelope is indicated using red dashed line. It can be seen that the flutter speeds at Mach
numbers 0.72 and 0.8 barely satisfy the 15% flutter margin requirement; indicating
that, in additional to the strength constraints, these flutter constraints also dominate the
structural design.

7 Comparison to Aircraft with Conventional Configuration

In order to compare the flight performance of the truss-braced natural-laminar-flow
wing aircraft with the conventional aircraft, the Breguet equation is applied to compute
the range or fuel.

R = V ·
CL

CD

·
1

cf
· ln(

Wi

Wf
) (6)

whereR is the range,V is the air speed,CL is the lift coefficient,CD is the drag
coefficient,cf is the fuel consumption rate,Wi is take-off weight of the aircraft, and
Wf is the landing weight of the aircraft.

Table4 compares the performance between the truss-braced wing aircraft designed
by this research effort and a conventional civil aircraft similar to B737. From Table4,
it shows that the truss-braced wing aircraft has higher lift-to-drag ratio than that of the
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Aircraft Truss-braced wing Truss-braced wing
(B737 size) aircraft(30% transition) aircraft(50% transition)

Weight(tons) 87.0 87.6 87.6
Cruise Mach 0.78 0.71 0.72
CL/CD 18 22.39 28.71
Range 100% 112% 146%

(with same fuel)
Fuel 100% 87% 65%

(with same range)

Table 4: Comparison of the
truss-braced natural laminar
wing aircraft with the con-
ventional aircraft.

conventional civil aircraft. If the take-off weight of the conventional civil aircraft is
87 tons, then that of the truss-braced wing aircraft is 87.726 tons. Therefore, if both
aircraft carry the same amount of fuel, according to the Breguet equation the truss-
braced wing aircraft for the cases of assuming the laminar transition at 30% and 50%
wing chord, respectively, has 12% and 46% longer range than the conventional civil
aircraft. For the same range requirement, the truss-bracedwing aircraft for the 30%
and 50% laminar transition cases needs 13% and 35%, respectively, less fuel than the
conventional aircraft. This comparison clearly shows the advantages of the truss-braced
wing configuration over the conventional civil aircraft.

8 Conclusion

In this paper, an aeroelastic tailoring design study for a truss-braced natural-laminar-
flow composite wing aircraft with high aspect ratio is investigated. Using composite
material and applying aeroelastic tailoring technique by ASTROS, the optimized wing
structure of the truss-braced wing aircraft can satisfy both strength and flutter con-
straints without paying a large weight penalty. The resultsshow that comparing to
the same class of commercial aircraft such as B737, the structural weight of the truss-
braced wing aircraft increases only 726kg. However, the lift-to-drag ratio CL/CD can
increase 24% (for the laminar flow transition point as 30% of chord length), or 60%
(if transition points located at 50% of chord length) which can lead to 13% and 35%
of fuel saving, respectively; this suggests that the truss-braced natural-laminar-flow
composite wing configuration has the great potential in the future commercial aviation
market.
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