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Abstract X1 Du

This paper describes a conceptual feasibility study of b higpect ratio truss-braced wing con- XIAOWEN SHAN®
figuration. It is known that increased aspect ratios, thinmegs and less sweep angle enable
significant drag reduction through natural-laminar-flovaw¢ver, it may lead to increased wing
weight to avoid aeroelastic issues. Current aspect rafiosrventional aircraft are limited by
the structural weight and wing stiffness. To validate thusgrbraced high aspect ratio wing con-
cept, the aerodynamics, structural, and weight distrioubf a truss-braced natural-laminar-flow
composite wing model is firstly created, and the ASTROS (Aw#ted STRuctural Optimization
System) software is applied for aeroelastic tailoringmjation. The objective of the study is to
minimize the aircraft wing weight, subject to multiple ctiaénts such as structural strength and
aeroelastic constraints. The results of this study showtlieatruss-braced natural-laminar-flow
composite wing with high aspect ratio can reduce the fuesaoiption significantly compared
to the conventional commercial aircraft configuration, &ag the great potential in the future
commercial aviation market.

1 Introduction

Itis well known that high aspect ratio wings can reduce tlieioed drag effectively].
However, the bending moment of the wing roots of the high etsjagio wings is drasti-
cally larger than that of the conventional wings. From suiced design point of view, if
no additional structures are applied to support the wirig,rfibt feasible to design such
high aspect ratio wings without paying huge weight penalte strut/truss braced
wing has already been successfully implemented both inaHg days of aviation and
today’s small airplanes. For example, two different trbsseed wing configurations
are illustrated in Figuré(a) and Figurel(b), respectively.

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

Even though the cantilever wing configuration has alreadyatestrated its excel-
lent aerodynamic performance, the concept of the stratibmaced wing configuration
still survived. Compared to the cantilever wing configuratithe increased span of the
strut/truss braced wing reduces induced drag, and the alsmiening thickness can
reduce transonic wave drag. Hence, a reduced sweep angbe edlowed to improve
the aerodynamic performance of the aircraft remarkahI¥][

The idea of using strut-braced wing for a long range, traitswansport airplane
was first proposed by Werner Pfenninger in the early 1950$-pllowing Pfenninger’s
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Figure 1: Strut/truss-braced
wing configuration.

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

‘ 2 Preliminary Design of a Truss-Braced Natural-Laminar-@€omposite Wing

a) Cessna 172

work, other strut-braced wing researches have also bedarpexd to evaluate the
aerodynamic performance of this concept§, 7]. However, none of this research
was performed using multidisciplinary design optimizati{MDO). However, because
of the tight coupling between the aerodynamics and strastduring the strut-braced
wing design process, an MDO approach is required to evathateoncept.

Due to its great potential of drag reduction, NASA startefirtancially support the
research on strut-braced wing concept using MDO approadiase then, much re-
search has been performed on the strut-braced wing anddrased wing using MDO
approachesd 9, 10, 11, 12,13, 14, 15, 16, 17, 18]. All of these results demonstrated
the feasibility of adopting the strut-braced wing or trisaced wing.

Nowadays, due to the soaring of the fuel price and the enrimntal concerns,
special attention is being paid to the aircraft with loweelfaonsumption and low
emissions ]9, 20]. According to this, NASA defined the future scenario, cqrte@nd
technology for future commercial transport airplanes. niFfdASA's concept, Boe-
ing737 Next generation (737-600/-700/-800/-900ER) ani¥i8& engine are served as
the standard, and are defined as ‘N+1’, i.e., the baselinfgeration. The advanced
configuration defined as ‘N+3’, will be served after 2040. Argahese ‘N+3’ design
configurations, the high aspect ratio natural-laminar-fidng configuration has been
considered as the one that has the most splendid future. réiogoto this, NASA
issued the Subsonic Ultra Green Aircraft Research (SUGA&)am in 2010, to sup-
port Boeing in performing the feasibility study of the sthraced wing configuration
[21,22).

In Boeing’s SUGAR program, detailed performances of both réference con-
ventional aircraft configuration and the advanced uncotiweal aircraft configuration
were thoroughly studied and compared, which included fuehbemissions, noise,
take off performance, etc. Finally, the technology develept roadmaps for the fu-
ture green aircraft were generated. The basic conceptdattht-braced wing built in
Boeing’s SUGAR program is illustrated in Figu?e

In this paper, a truss-braced wing aircraft model similaattuss-braced wing,
named 765-095-TS1 N+4 irf] is studied. In addition, both conventional metal ma-
terial and advanced composite material are consideredhéwing structure design.
Since the advanced composite material has superior spgidfiness and strength char-
acteristics, it can be designed to meet the directiondhsst/strength requirement
through aeroelastic tailoring optimizationd, 24]. Therefore, the goal of the research
is to apply aeroelastic tailoring technique for a prelinjndesign of a subsonic, truss-
braced natural-laminar-flow composite wing, thereby \atiith the feasibility of the
concept. To perform a high fidelity analysis for this concaptiesign study, the aero-
dynamics, structural, and weight distribution of a trusaeled natural-laminar-flow
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(a) Designed Airfoil shape (b) Representative Pressure Distribution at 70% Semi-
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Figure 3:
flow airfoil.

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

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

2 Problem Statement

The purpose of this research is to design a composite wingtate and investigate
the potential of the truss-braced natural-laminar-flowgnivith high aspect ratio. The
aerodynamic shape of a truss-braced wing is designed bastbe dollowing consid-
erations:

1.

Due to the flexibility of the high aspect ratio wing, thesstbraced wing is ap-
plied.

. To avoid the wake of the truss and wing, the engine is plaoce@r the wing.
. To avoid the effect of the wake of the wing to horizontdl @iT-tail is adopted.

. The airfoil is a natural-laminar-flow airfoil designedtkwiinverse design ap-

proach by providing the target pressure distribution. Ajoiad approach is used
to compute the gradient required for gradient-based opé#tiin and an auto-
matic laminar-turbulent transition prediction module Iscaincluded. The air-
foil features 50% of natural laminar flow on upper surfacénatdesigned Mach
number and lift coefficient. Figurg shows the airfoil shape at 70% semi-span
with a representative pressure distribution.

. The parameters of aerodynamic model refers to BoeingGAR program P 1],

such as aspect ratio, taper ratio, dihedral, and sweep.angle

. The position of truss refers to that which is specified irG2R program P2].
. The dimension of the horizontal tail and T-tail is simitarthat of B737.

. The folding position of the wing refers to that which is eified in SUGAR

program P2].

The main aerodynamic shape parameters of such truss-hxérogdircraft is given
in Tablel. The 3D view is shown in Figuré.

The optimization task for the truss-braced composite wingcture design in AS-
TROS 5] can be defined in a mathematical form as:

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

F(v) (1)

subject to constraints:

g;(v) <0.0, j=1,...,ncon (2)
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4
Table 1; The mgi” pzra”_”' Wing  Horizontal Tail Vertical-Tail
Zfregfaf(: a truss-braced wing Area(nim?) 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{nm) 3813.5 5550.4 3277.5
tip chordgnm) 661.4 2029.0 1212.4
span (nm) 52720.0 - 9851.2
“ 53720.0 >
« 34661.0 >
}‘7 9851.2_>‘
7 A.," N F N
56413
m//\\/ — ——

39199.8

A

5162.1

T

11740.0

unit: mm “

Figure 4: The 3-D view of a
truss-braced wing aircraft.
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Figure 5: The overset mesh
generation of truss-braced
wing aircraft using ZEUS.

hi(v) = 0.0, k=1,...,ne 3)

lower upper —
v; <y <y , i=1,...,ndv (4)

whereg specifies thexwcon inequality constraints antl refers to thene equality
constraints. Equatio# specifies lower and upper bounds (side constraints) on dach o
the design variables

In this research, the objective functidf(») is chosen as the weight of the truss-
braced composite wing structure, subject to the requirdigflspeeds, without exceed-
ing allowable strain constraints. In addition, the designables are the thickness of
each composite layer on those elements for modeling the andgruss skins and the
thickness of the aluminum spars and ribs.

3 Aerodynamic Model

The aerodynamic models of the truss-braced natural-lanflioa composite wing air-
craft are created using ZAERQ({], and ZEUS P 7], separately.

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

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

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

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

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

Itis well known that the transition point from natural larairflow to turbulent flow
has significant effects on the surface friction drag. Eveyugfh the advanced CFD
techniques have been applied, the transition point stilhcabe precisely predicted.
For a traditional airfoil, the transition points usuallyciied at 10-20% of the chord
length. In this study, a natural laminar flow airfoil was sipdlg designed to improve
the percentage of the laminar flow area on the wing. To simiié study, it is assumed
that the transition points are in the rangdif% ~ 50%)] of the chord length.

ASDJournal (2015) \ol. 3, No. 3, ppl-17
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Table 2: The cruise mach Trans. Point  Trans. point  Boeing

;rt]ic(i):glgijrii at different tran- (30%) (50%) SUGAR
' Cruise Mach 0.720 0.710 0.730

Cruise Altitude{n) 10300 9600 13400

Cr, 0.7457 0.6685 0.775
Cp 0.0333 0.0240 0.02962

CL/Cp 22.390 28.714 26.163

MachxCp/Cp 16.12 20.387 19.09

-\_\_\-

Figure 6: The half NAS- y
TRAN structural model. QZ +

According to the assumption described above, the cruisenMad altitude at two
different transition points are calculated and summarirethble2. In addition, the
results obtained from Boeing SUGAR prograr][are also presented in this table for
comparison purposes.

4  Structural Model

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

It should be noted that the structure shown in Fighigthe initial design, and will
be the input for the following aeroelastic design optimizafprocess.

4.1 Aircraft Fuselage Structural Model

The fuselage structural model consists of beam elements.b&hding stiffnes#I,
torsional stiffnesss.J and mass distribution are referred from other same classmof ¢
mercial aircraft 8]. Figure?7 illustrates the fuselage stiffness data.

4.2 T-Tail and Horizontal Tail Structural Model

The T-tail structural models also consist of beam elemértie. bending stiffnesg’/,
torsional stiffnes<7J and mass distribution are comparable with other same cfass o
commercial aircraft with T-tail79]. The joint stiffness of the rudder and elevator are
also obtained from the same class of commercial aircfit [ Figure 8(a) and (b)
present the stiffness of the vertical tail model and horiabtail model, respectively.

4.3 Pylon and Engine Model

The GENEL element in ASTROS is used to simulate the pylomst#s. Figuré(a)
shows the detailed pylon model before it is simplified by tHENEL element, and
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Figure9(b) presents the pylon model after it is simplified by the GENEement. With
the GENEL element, only the pylon in-station section, wingrection, bottom wing
connection, cross-bar and push-rod are kept, and stiffoesther part is simulated
using one GENEL element. In the model simplification procéss same stiffness
at the reserved nodes is ensured, and the local modes aecteegl The engine is
assumed as a rigid body, and its mass is obtained from CFM LKA&Rgine.

4.4 Wing Structural Model

Wing box is made up of spars, ribs and skins. The spars andarésnade from
aluminum alloy, and the skin is from composite material viithr composite laminate
(0°/ 4 45°/ — 45°/90°) layup.layup. The material properties of the aluminum alloy
and composite material are given in TaBle

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

/!

Figure 9: Pylon FEM model
before/after simplification.

(b)
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Table 3: The material prop-

) _ Young's modulus Poisson’sratio  Limit stain
erties of aluminum alloy and

composite material E(GPa) Y  strain
P ' aluminum 71.0391 0.3 4500
composite 162.0 0.34 +4500

(a)

Figure 10: Wing structural
model.

[30. In each side of the wing, the number of elements of spar jgi¥8number of
elements of rib is 325, and the number of elements of skin & F2gurel0 shows
the ASTROS structural finite element (FE) model of the wing.bbigure10 (a)-(c)

present the zoom-in view of the wing root, wing section, arndgaolding structure.
Figure10(d) is the structural model of the wing box of the whole winggu¥e10(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 spdnshbes consist of alu-
minum alloy, and the skin consists of composite materiah¥atir composite laminate
(0°/ +45°/ —45°/90°) layup. Figurell presents the FEM model of the truss and the
wing.

4.6 Payloads, Fuel and Structural Weight

Referring to a similar class commercial aircr&itl], it is assumed that the payloads
are 21.30 tons, fuel is 19.56 tons, and structural weighluebeg the wing and truss
is 35.14 tons. The distribution of the total weight is créatising CONM2 card in
ASTROS. The distribution of the payload, fuel and strudtweight is illustrated in

Figurel2
% =
Figure 11: The FEM model Ry -
of truss and wing. a) FEM Model of Truss and Wing. b) Zoom in Plot.

\ol. 3, No. 3, ppl-17 ASDJournal
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Figure 12: The distribution
of payloads, fuel and struc-
' tural weight.

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

5 Optimization Strategy

From the description of the previous section, two kinds ofarials are used during the
design optimization process: aluminum alloy and compasdterial. Aluminum alloy
is used to build spar and rib. The wing and truss skins aretearied using four layers
of composite material, which is laminated with°/ + 45°/ — 45°/90°) orientation,
see Figurel 3.

5.1 Constraints

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

e Flutter constraint: in the Mach range [6f6 ~ 0.8], the flutter speed has 15% of
margin above the flight envelope..

e Strength constraint: for aluminum alloy, the strain coaisiris+0.004; for com-
posite material, the strain constrainfis0.004 ~ 0.006].

5.2 Critical Design Loads

Based on the maximum payloads and maximum fuel conditiam fiight maneuvering
are selected to compute the critical loads at cruise Machoeun@.72:

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

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

ASDJournal (2015) \ol. 3, No. 3, ppl-17



10 Preliminary Design of a Truss-Braced Natural-Laminar-il@€omposite Wing

3. +25° aileron deflection: This loading condition will induce th@ximum wing-
root torque.

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

5.3 Design Variables

The elements for modeling the fuselage, T-tail, and engjftenpare kept unchanged
during the optimization and are retained at their baselmees. All elements for

modeling the spars, ribs, and skins of the wing and truss efieatl as the design
variables. The numbers of plate elements on the wing and tasposite skins are
529 and 200, respectively, and each plate element has foupasite layers, leading
to 2916 design variables. The number of plate elements fatetimg the aluminum

spars and ribs of the wing and truss is 100 which correspod@@adesign variables.
Therefore, the total design variables are 3016.

5.4 Optimization Framework

The ZONA TRANsonic (ZTRAN) method{/] in ZAERO is employed to generate the
Aerodynamic Influence Coefficient (AIC) matrices in the Maahge 0f[0.6 ~ 0.8].
The ZTRAN method requires the steady background flow contty@ther CFD code
such as ZEUS as input. These AIC matrices are imported infToREES to evaluate the
flutter constraints at transonic Mach numbers. The critaads generated as explained
in previous section are based on an initial structural desithese critical loads are
used by ASTROS sizing optimization to create a new struttlesign. Therefore, it
is imperative to re-calculate the critical loads on this retmactural design. Hence,
an outer loop iterative process is heeded, wherein, thenggation will be iteratively
carried out until the structural design variation is neiglig. The convergence criterion
for such an outer loop iterative process can be defined byotlening equation:

f=2_0 -t (5)

wherel =total number of skin elements; = total number of layers in each el-
ement,t;; = skin layer thickness in the ith layer and jth element ane- iteration
index. The outer loop converges when the result of Equdtisrvery small.

Another technical issue is that the ASTROS sizing optinzatay result a non-
smooth thickness distribution of each composite layers fibin-smooth thickness dis-
tribution may increase manufacturing cost and could crieat stress concentration
problem. To circumvent this problem, a computer code caiBtDOTH was devel-
oped that fits the thickness distribution of each layer irdetaof Legendre polynomials
by a least square procedure. Because each Legendre pobinsmismooth function,
the resulting thickness distribution also will be a smoathdtion. However, the struc-
tural model after applying SMOOTH may not satisfy all thetutand strength con-
straints due to the small deviation of the thickness distidm from that of the outer
loop design. Therefore, to satisfy those constraints,rigggiired to perform one more
ASTROS sizing optimization referred to herein as the finalTR®S optimization.
But this time, the thickness distribution generated by SM®Bs defined as the lower
bound of each design variable so that the optimizer only aeiight to the structure. In
so doing, the thickness distribution computed by the finalRSS optimization does
not deviate too much from that generated by SMOOTH; therebyaining a smooth
distribution.

The optimization procedure is illustrated in Figurthat consists of eight steps:

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

\ol. 3, No. 3, ppl-17 ASDJournal
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Outer loop

- - Least-square
Static aeroelastic/Tri Structural sizing with flutter NO by Legendre

Tnitial analysis @ and strength i polynomials

\{
sucwral —+ ASTROS [ ZEUS | ASTROS SMOOTH
Design f
flight loads g element based
i design variables [===============-- ASTROS
<: > <: > ........... Ay —

ZEUS I_, ZTRAN in Transonic AIC Optimized Structural
Steadybackgrowdfow | ZAERO eseniSmoot) Figure 14: The flowchart of

(Thickness Distribution X _ X
the aeroelastic tailoring.

Modal solution 4 sets of maneuver | Solution by

2. With the computed steady background flow, the transon{€ iatrix is calcu-
lated using ZTRAN to be used in ASTROS for flutter constrauatieation.

3. Execute ASTROS modal analysis for initial structuraigesand provide modal
solution for ZEUS.

4. Perform static aeroelastic/trim analysis using ZEUSoar flight conditions:
2.5g pull-up, -1.0g push-ovet;25° aileron deflection, with the design safety
factor 1.5, generates the critical design loads.

5. Execute ASTROS sizing optimization to determine the gtesiariables for a
minimum weight design while satisfying the strength andéiu¢onstraints.

6. If the result computed by Equati@ns very small, the outer loop is converged.
Otherwise, the modal solution of the optimized structuoerfithis current outer
loop is provided to ZEUS for the calculation of the new catidesign loads.
These new critical design loads are used for the subsequUeRRAS sizing
optimization. This outer loop continues until the resultnputed Equatiord
is very small.

7. Apply the SMOOTH code to the thickness distribution coteguby the final
outer loop iteration to define the lower bound of each desmymable for the
final ASTROS optimization.

8. Perform the final ASTROS optimization to ensure that afist@ints are satis-
fied and to obtain the final optimized structural design wittosth thickness
distribution of all layers.

6 Results

6.1 Convergence History of ASTROS Optimization Process

Figurel5 presents the convergence history of the eight steps desdriSectiorb.4.
Only 5 iterations are required to achieve a converged swidtr the outer loop. After
applying the SMOOTH code to the thickness distribution cated by the fifth outer
loop iteration, the final ASTROS optimization gives the wargl truss weight of 1.363
tons for the optimized structure. Usually, the total wingispib and skin weight of the
same class of conventional aircraft like B737 is about ongtr wing. Therefore, the
optimized wing and truss weight of the truss-braced wingeiavier than the conven-
tional aircraft by 363kg for one wing or by 726kg for both wind he total number of
ASTROS iterations is 88, and total computational time is d&rk.

6.2 Optimization Results Using ASTROS

Figurel6and Figurel7 show the element thickness of the wing upper and lower skins
for 0° and45°,—45° and 90° laminates, respectively. It should be noted that for a
better visual illustration, the element thickness showRigurel16is actually 50 times

of the realistic element thickness obtained from the oation process. Three sets of
thickness distribution are presented in each Figure whictesponds to the thickness

ASDJournal (2015) \ol. 3, No. 3, ppl-17



Figure 15: The convergence
history of outer loop itera-
tionin ASTROS optimization
process.

Figure 16: The optimiza-
tion results of the wing up-
per/lower skins at0° ,45°

laminates.

Figure 17: The optimiza-
tion results of the wing up-
per/lower skins at-45° ,90°
laminates.
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distributions after the fifth outer loop iteration (top)teafapplying the SMOOTH code
(middle) and computed by the final ASTROS optimization (it} It can be seen that
spikes appear in the thickness distributions computed éyYittn outer loop iteration
which leads to a non-smooth distribution. The SMOOTH codeawes those spikes
and adds thickness to those regions that have sudden redircthickness; rendering a
smooth thickness distribution. The final ASTROS optimizatidds small thickness to
several elements for satisfying all strength and flutteist@mts. Comparing to those
computed by the fifth outer loop iteration, the thicknesgritistions of each composite
layer computed by the final ASTROS optimization are much ghmyoIn other words,
the final ASTROS optimization can achieve a smooth thickdesgbution by paying
a small weight penalty.

Finally, the thickness distributions of the four composégers on the upper and
lower skins of the wing and truss are presented by color mapsgure18 and Fig-
ure 19, respectively.
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0" upper wing and truss skins 0" lower wing and truss skins

45° upper wing and truss skins e o 45" lower wing and truss skins

i i Figure 18: The upper/lower
wing and truss skin thickness
: at0° ,45° laminates.
a) The Upper Truss-Braced Wing b) The Lower Truss-Braced Wing
-45" upper wing and truss skins -45" lower wing and truss skins

90 upper wing and truss skins 90" lower wing and truss skins

Figure 19: The upper/lower
wing and truss skin thickness
at—45° ,90° laminates.

a) The Upper Truss-Braced Wing b) The Lower Truss-Braced Wing

6.3 Strains and Deformations by the Final ASTROS Optimizaton

As described in previous section, at Mach number 0.72, faumenvering flight con-
ditions are screened to calculate the critical loads: 2W8lgyp, -1.0g push-over:-25°
aileron deflections. The strains and deformations of thecire designed by the final
ASTROS optimization at these four flight conditions are presd in Figure20 and
and Figure21, respectively. Also, the un-deformed structure is showfigure 20
and Figure21 by the blue color. It can be seen that all strains are betwesesttain
constraint§—0.004 ~ 0.006]; verifying that all strength constraints are satisfied. In
addition, the minimum strain -0.0040 and the maximum st@ad®60 appear in those
strains induced by the design loads at 2.5g pull-up corddied the minimum strain
-0.00407 appears in those at t&® aileron deflection condition; indicating that the
strains induced by the loads at these two flight conditiormaidate the structural de-
sign.

1.70-00:

2.5g pull-up

o
/i % -
/] 251.00:
)/ 50003 3 21100
003 4
/

13000

/r/‘y 894

4.90-(

P 861

= -3.18-
i . -7.22.00.
’ - -1.12:00

-1.53-00:

/ ~1.93-00
fon -234-00:
~2.74-00:
Wy i et Figure 20: The strain and de-
Max 6.01-003 @Nd 711861 default_Fringe . )
B M S e oS oz formation of the wing struc-
/i oS oo o 1271 ture at 2.5 pull-up (left) and

-1.0g push-over (right).

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

Figure 22: The flutter
boundary after optimization
process.
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6.4 Flutter Boundary by the Final ASTROS Optimization

Figure22 presents the symmetric flutter boundary (shown by the setidine) and the
anti-symmetric flutter boundary (shown by the solid blue)ialong with their flutter
frequencies of the structure designed by the final ASTROBnig#tion. The designed
flight envelope in terms of equivalent air speed (Veas) \&ekéach number is indicated
using black line, and the 15% flutter margin requirement abitve designed flight
envelopeis indicated using red dashed line. It can be se¢thehflutter speeds at Mach
numbers 0.72 and 0.8 barely satisfy the 15% flutter marginirement; indicating
that, in additional to the strength constraints, thesedfbnstraints also dominate the
structural design.

7 Comparison to Aircraft with Conventional Configuration

In order to compare the flight performance of the truss-ltawgural-laminar-flow
wing aircraft with the conventional aircraft, the Breguetiation is applied to compute

the range or fuel.
Cr 1 W

) (6)

where R is the range)V is the air speed(’, is the lift coefficient,Cp is the drag
coefficient,cy is the fuel consumption ratéy’; is take-off weight of the aircraft, and
W, is the landing weight of the aircraft.

Table4 compares the performance between the truss-braced wargfanesigned
by this research effort and a conventional civil aircraftigar to B737. From Tablé,
it shows that the truss-braced wing aircraft has highetdHtirag ratio than that of the

\ol. 3, No. 3, ppl-17 ASDJournal
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Aircraft Truss-braced wing Truss-braced wing "\ - e natural laminar

_ (B737 size) aircraft(30% transition) aircraft(50% traicsi) wing aircraft with the con-
Welght(tonS) 87.0 87.6 87.6 ventional aircraft.
Cruise Mach 0.78 0.71 0.72

CL/Cp 18 22.39 28.71

Range 100% 112% 146%

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

(with same range)

conventional civil aircraft. If the take-off weight of theventional civil aircraft is
87 tons, then that of the truss-braced wing aircraft is 87 f6hs. Therefore, if both
aircraft carry the same amount of fuel, according to the Be¢g@quation the truss-
braced wing aircraft for the cases of assuming the lamimasttion at 30% and 50%
wing chord, respectively, has 12% and 46% longer range thamra@nventional civil
aircraft. For the same range requirement, the truss-bragsgl aircraft for the 30%
and 50% laminar transition cases needs 13% and 35%, resggcliess fuel than the
conventional aircraft. This comparison clearly shows theatages of the truss-braced
wing configuration over the conventional civil aircraft.

8 Conclusion

In this paper, an aeroelastic tailoring design study fouasttbraced natural-laminar-
flow composite wing aircraft with high aspect ratio is inigated. Using composite
material and applying aeroelastic tailoring technique I3TROS, the optimized wing

structure of the truss-braced wing aircraft can satishhlaitength and flutter con-
straints without paying a large weight penalty. The ressitsw that comparing to

the same class of commercial aircraft such as B737, thetstaleveight of the truss-

braced wing aircraft increases only 726kg. However, thedHdrag ratio CL/CD can

increase 24% (for the laminar flow transition point as 30%ladrd length), or 60%

(if transition points located at 50% of chord length) whi@ndead to 13% and 35%
of fuel saving, respectively; this suggests that the thrssed natural-laminar-flow
composite wing configuration has the great potential in titeré commercial aviation

market.
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