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Abstract:

and dynamic aeroelastic characteristics, the aeroelastic modeling and calculation for higlr aspect-ratio

In order to analyze the effects of forwardswept angle and skin ply orientat ion on the static

composite wings with different forwardswept angles and skin ply orientation are performed. This paper
presents the results of a design study aiming to optimize wings with typical forw ard swept angles and
skin ply orientation in an aeroelastic way by using the genetic/ sensitivity based hybrid algorithm. Under
the conditions of satiated multiple constraints including strength, displacements, divergence speeds and
flutter speeds, the studies are carried out in a bid to minimize the structural weight of a wing with the
lay up thicknesses of wing components as design variables. In addition, the effects of the power of sparr

wise variation function of lay- up thicknesses of skins and lugs on the optimized weights are also analyzed.
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T he higlr respect-ratio aircraft has been drawn
wide attention recently. This category of aircraft
has high respect ratio while the structural weights
are very low, because of the requirement on long

12 The deformation of the struc

endurance etc
ture under the aerodynamic load is very large and
the aeroelastic problem is relatively serious due to
the requirements on high respect ratio and low
structural weight. T herefore, it is necessary to pay
high attention to the aeroelastic problem and per
form sufficient analysis! .

In order to chase the better aerodynamic per

formance, the forwardswept wings have been a
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trend in the design of highr aspect-ratio aircraft re-
cently, and the corresponding researches have been
carried out. The forward-swept wings have better
aerodynamic performance as compared with the
conventional straight wings and aft-swept wings,
however, they have fatal disadvantage of low dr
vergence speed ™. The studies indicate that it is
benefit for highr respect-ratio forwardswept wings
to meet the requirements on weight and deforma-
tion and eliminate aeroelastic divergence thorough-
ly, when composite material is used in structure as
well as aeroelastic optimization technology in de-
5]

sign'”. The aeroelastic problem of higlr aspect-ra-
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tio wings becomes more complex because of the apr
plication of forwardswept configuration and com-
posite material.

For composite wings, swept angle and skin
ply orientation have great effects on aeroelastic per
formance and structural optimization. T he two pa
rameters should be considered emphatically in
structure design, and there are many studies in this
field recently! ® .

In order to obtain satisfied results in aeroelas
tic structural optimization, it is key technology to
In the

past, the optimization methods for the aeroelastic

select appropriate optimization methods.

optimization studies focused on the conventional

sensitivity-based algorithms, therefore, the re
searcher could only attain the local optimums based
on initial design, and the analysis results were very
limited. Recently, the authors and ther core
searchers started the studies of genetic/ sensitivity-
based hybrid optimization algorithm for composite

. 7,8
aeroelastic structures[ -8

, and the algorithm has
been used in aeroelastic structural optimization of a
forward swept composite aircraft with medium as
pect ratio. T he application impact is satisfied.

T he aeroelastic modeling and the correspond
ing calculation were performed on the highraspect
ratio composite wings with different forw ard- swept
angles and skin ply orientation to analyze the ef
fects of forwardswept angle and skin ply orienta
tion on the static and dynamic aeroelastic perfor
mance of the wings. Furthermore, in order to pro
vide reference for aircraft overall design, the genet-
ic/ sensitivity-based hybrid algorithm was used for
aeroelastic structural optimization of some wings to
analyze the effects of forwardswept angle, skin
ply orientation and the power of spanwise variation
function of lay up thickness of skins and lugs on the
optimized weights. The effects of geometric nomr
linearity on aeroelastic analysis and optimization
have not been considered because the bending and
torsional deformations of the analysis objects were
relatively small and the geometric nonlinearity was

comparatively slight.

1  Formulations

T he aeroelastic analysis method based on finite
element method is performed on the basis of matrix
decomposition, matrix combination and matrix
transformation. In order to manage matrix opera-
tion conveniently, it is necessary to define the dis-
placement vector sets, and assign the degree of
freedom for every displacement vector sets. In
fact, different displacement vector sets appear in
different analysis stages.

1.1 Equation for static aeroelastic response

The basic equation of static aeroelastic re-
sponse analysis!” '°! is generally stated as follows:

( K= qQui) s + Mula = qQuttx + Pa (1)
where Kua is structure stiffness matrix; ¢ is dy-
namic pressure; y, 1s aerodynamic influence coef-
ficient matrix; u, is displacement vector; M, is
structure mass matrix; Q. is unit aerodynamic
load matrix; u, is vector of “ aerodynamic extra
point”, which is used to define deflection of aero-
dynamic control surface and overall rigid body mo-
tion; Pais vector of applied loads, e. g., mechan-
ical and thermal loads.

When the correlative derivation and calculation
are performed by Eq. (1), the elastic aerodynamic
derivatives and corresponding trim parameters can
be obtained directly. The same goes for deforma-
tion, stress and strain of structure.

1.2 Equations for flutter and divergence

The p-k and v-g method are two common
methods for flutter analysis, in which the p-k
method is more suitable for optim ization analysis,
for the results acquired are closer to the experi

ments. The p-k flutter analysis method is stated as

follows:

2
[ bL pthh+ ?Vthh+ Knh —

Lo g Boh]w=0 (2

where V is flow speed; b is reference chord
length; p is eigenvalue; B is damping matrix; & is
reduced frequency; subscript h is mode analysis
sets h— set; subscript R is real part; subscript I is

imaginary part.
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T he above equation can also be used to calar
late divergence speed when the reduced frequency
decreases to zero.

1.3 Mutidisplinary optimizaton

In the paper, the design studies are proved to
be a standard problem in finding values of design
variables v which
minimize

F(v) (3)
subject to
gi(v) SO j=1 -n (4)

(Vi)iower SVi S(Vi)upper 0= 1 - na (5)
where F( v) is an objective function which means
the weight of the structure here. Eq. (4) is used to
define the inequality constraints. Eq. (5) is used to
specify the upper and lower bounds (side comr
straints) on each of the design variables.

The genetic/sensitivity-based hybrid algo
rithm was selected for design studies of aeroelastic
structural optimization. Aimed at improving the
global and local search capability, the hybrid algo
rithm combines the genetic algorithm and sensitivr
ty based algorithm. In the hybrid algorithm, the
genetic algorithm is used to perform global search
to avoid local optima and make the search direction
point to excellent zone at the initial stage or after
some generations, while the modified method of
feasible directions algorithm is further used to fine
tune the excellent individuals of every generation
optimized by genetic algorithm to achieve the local
optima and further the global optima.

2 Model Description

The MSC/NASTRAN software was used to
build the structural finite model and the corre
sponding aerodynamic model of the trrspar highr
aspectratio composite wings with different for
wardswept angles and skin ply orientation.

The models og highraspect-ratio composite
wings with different forward-swept angles and skin
ply orientation are similar in structure and layout.
T he authors built a model in detail at first, and on
the basis of which the authors attained the models

with other forwardswept angles and skin ply orr

entation using coordinate transformation. In the
design studies, only the thickness of composite lay-
up of upside skin, downside skin and lugs of spars
were selected as design variables.
2.1 Aerodynamic model

The five wings with forwardswept angles of
(¢, 5, 10°, 15° and 20 were built. T he aerody-
namic model of the wing with forward swept of 0°
is shown in Fig. 1. The subsonic double lattice
method is used for aerodynamic calculation.
2.2 Structural finite element model

The structural finite element model of the
wing with forwardswept angle of 0 is shown in
Fig. 1. The structure is trrspar form, which in-
cludes upside skin, downside skin, leading-edge
skin, trailing-edge skin, spars, stringers and ribs.
The wing is divided into inside wing and outside
wing. The inside wing consists of the inside and

outside parts.

Structural

model \ < =

Aerodynamic
model

Fig.1 Aerodynamic and structural finite element model

According to the criterion to build the model
of higlraspect-ratio composite wings, the 3D
structural finite element models were used to simu-
late the left wing with different forw ard-swept an-
gles and ply-orientation, in which the composite
shell elements were used for all parts. T he compos-
ite lamination shells for the wing were laid accord-
ing to the following criterion.

(1) The thickness of the skins, the lugs, the
webs and the stringers were decreased from wing
root to wing tip.

(2) All the parts used symmetric balanced
lamination shells including lay-up of ¢, 90° and £
45°.

(3) The thickness of lay-up of 0°, 9¢ and *

45° for the skins, the lugs and the stringers were
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55% , 8% and 37% of the total thickness, while
the scales for webs and ribs were 10%, 10% and
80% .

(4) For all the wings with different forward
swept angles, the ply orientation of the upside and
downside skins were coincident with the values of
-10°, -5, 0, 5, 10°, 15 and 20°. The ply
orientation was zero when the orientation of ply up
of 0" was parallel to the center line of the middle
spar of the wing. T he ply orientation is positive
when the lamination shells turn forward around the

wing root.
3 Aeroelastic Analysis

In order to analyze the effects of forward
swept angle and ply orientation on the static and
dynamic aeroelastic characteristics, the aeroelastic
analysis on the wings with different forward-swept
angles and ply-orientation were performed in differ
ent flight cases.

3.1 Flutter and divergence analysis

The flutter and divergence characteristics of
the wings with different forward-swept angles and
plyorientation were analyzed on the basis of the
analysis results of normal modes of the wings fixed
at the root. The first eight modes including the
first torsional mode were selected for flutter and dr
vergence analysis. T he analysis results show that
the divergence speeds are lower than the flutter
speeds in all the cases, i. e., the wings will be
damaged due to divergence. The analysis results of
the wing with ply-orientation of 0° and different

forward swept angles are shown in Fig. 2. The

2601 =

220F \

180 \

140 1 . . . -

Divergence speed/(m-s™")

Forward-swept angle/(°)

Fig.2 Divergence speeds ws. forward swept angles in
the case of the same skin lay-up and ply orienta

tion

Fig. 3 includes the divergence analysis results of the
wing with forward swept angles of 0°, 5°and 10° in

the case of different ply orientations.

300 —— Forward-swept angle of 5°
—~ —— Forward-swept angle of 10°
2 —— Forward-swept angle of 15°
£ 20t o
=
3
& 4 .
I - )
:,:: 200 - . A~
on A
z s
8 oasop o~

-10 -5 0 5 10 15
Ply-orientation/(°)
Fig.3 Divergence speeds vs. skin ply orientation in the

case of the same skin lay up and different for

ward swept angles

It is clear from the variation of divergence
speeds wvs.

gence speed will decrease with the forwardswept

forward-swept angles that the diver

angle increasing. The reason is that the increase of
forward swept angle makes the bendingtorsional
coupling of the wings more intense and hence the
ir wash more violent. The wing appear ur wash
when the torsional angle is positive under the con-
dition of upper bending deformation.

It could be found from the variation of diver
gence speeds wvs. ply-orientation that the diver
gence speeds of the wings with the three different
forward swept angles will increase when the ply
orientation varies from — 10° to 15° in the case of
the same skin lay up. The divergence speed de
creases as compared with the case of ply-orientation
of 0° due to the increase of irwash when the ply-
orientation is negative, while the divergence speed
increases due to the decrease of irwash when the
ply orientation is positive. T herefore, the diver
gence speed could be increased by reducing ir w ash
with the measure of increasing ply-orientation.

3.2 Static aeroelastic analysis

T he elastic corrections of deformation and lift
slope of the wings were analyzed on the request.
The static aeroelastic results shown in the paper in-
clude the variation of the maximal vertical deforma-
tion of wing tips, the twist angles of wing tips and

the ratios of elasticrigid lifting curve slopes ws.
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forward swept angles and ply-orientation in the
case of atypical load. The static aeroelastic analysis
results of the wings with different forward-swept
angles and ply orientation of 0° are shown in Figs.
46, while the results of the wings with different

ply orientation and forward swept angles of 5, 10°

and 15° in Figs. 79.
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The maximal vertical deformation of wing tips

vs. forw ard swept angles in the case of the same

skin lay up and ply orientation
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Fig. 5 The maximal torsional angles of wing tips vs.

forw ardswept angles in the case of the same

skin lay up and ply orientation

1.6
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lifting cure slopes
“
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Fig.6 T he ratios of elastic rigid lifting curve slopes wvs.

forw ardt swept angles in the case of the same skin

lay up and ply orientation
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Fig.7 The maximal vertical deformation of wing tips
vs. skin ply orientation in the case of the same
skin lay up and different forward-swept angles
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Fig. 8 T he maximal torsional angles of wing tips wvs.
skin ply orientation in the case of the same skin

lay up and different forward swept angles
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Fig.9 The ratios of elastic rigid lifting curve slopes vs.
skin ply orientation in the case of the same skin

lay up and different forwardswept angles

It is clear from the variations of the static
aeroelastic characteristics vs. forwardswept angles
that the maximal vertical deformation of wing tips,
the maximal twist angles of wing tips and the ratios
of elasticrigid lifting curve slopes all increase when
the forward-swept angle increases in the case of the
same skin lay-up and ply-orientation.

It could be found from the variations of static

aeroelastic characteristics vs. ply orientation that
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the maximal vertical deformation of wing tips de
crease at first and then increase with the lowest
value appearing near ply-orientation of 5° in the
case of the same skin lay-up when ply-orientation
varies from — 10° to 15, while both the maximal
twist angles and the ratios of elasticrigid lifting
curve slopes decrease.

The further static and dynamic aeroelastic
analysis results of the wings with different forw ard
swept angles and ply orientation show that there is
some inherent relationship among the divergence
speed, twist angle and the ratio of elastic rigid lift
ing curve slopes. The last two variation trends are
the same, and contrary to the first one. It relates
to the effect of forwardswept angle or ply orienta
tion on the bending torsional coupling of the wing,

i. e., irwash and out wash.

4 Aeroelastic Optimization Design

T he results of the former section show that
the forward-swept angle and ply orientation have
great effects on the static and dynamic aeroelastic
characteristics of the higlraspectratio composite
wings. In order to meet the requirements on static
and dynamic aeroelastic characteristics of higlr as
pectratio wings with different forward-swept ar
gles and reduce the structural weight, the ply orr
entation should be adjusted in design while the lay-
up thickness should be designed through optimiza
tion. The genetic/sensitivity based hybrid algo
rithm was used for aeroelastic structural optimiza
tion of the wings with several typical forward
swept angles and ply-orientation, while the lay up
thickness of upside skins, downside skins and lugs
were acted as design variables.

4.1 Constraints

T here were three constraints including flutter,
divergence and static aeroelastic response in the
aeroelastic design study. The flutter, divergence
and static aeroelastic response only in symmetric
flight condition were considered based on the de
sign requirement. The constraints on the wing ir
clude strength, displacement, flutter speed and dr

vergence speed, where the displacement constraints

were used to limit the maximal vertical deformation
and twist angle of the wing tip.
4.2 Design variables

It is clear from the results of sensitivity analy-
sis and the characteristics of the structure to endure
and transfer load that, the thickness of upside
skin, downside skin and lugs are the primary pa-
rameters which have effects on total deformation,
flutter speed and divergence speed. Therefore, the
design variables were only used to control the
thickness of upside skin, downside skin and lugs.
In order to simplify the design, the lay-up for up-
side skin and dow nside skin were the same as well
as the upside and dow nside lugs of each spar.

In order to meet the requirement of thickness
variation of upside skin, downside skin and lugs as
mentioned in the former section, the different lin-
ear functions were used to define the spanwise varr
ation of the thickness of these parts, and eight de-
sign variables were defined. T he former four design
variables are initial thickness of lay up of 0 of up-
side and downside skins! at wing tip, spanwise
thickness increment of lay-up of 0° per unit length
of outside wing skin, spanw ise thickness increment
of layup of 0° per unit length of outside part of
middle wing skin, and spanwise thickness incre-
ment of lay-up of O per unit length of inside part of
middle wing skin. The last four design variables
are the above mentioned parameters for lugs.

In order to meet the above defined lay up de-
sign criterion about the thickness scale of each lay-
up, the initial thickness and thickness increment
per unit length of other lay-up of upside skin,
downside skin and lugs were linked with the above
mentioned parameters with linear function.

On the other hand, in order to improve the
optimization efficiency and meet the technical re-
quirement, the design variables were defined as
continuum form prior to optimization, and then the
thickness of each lay up of every part were rounded
off after the optimization.

4.3 The effects of forward swept angle and ply-
orientation on the optimized weight

The wings with forwardswept angles of 5,
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10°, 15°, and ply orientation of — 5, 0°, 5°, 10,
15°, were optimized. The optimization results are
shown in Fig. 10 and Fig. 11. Fig. 10 shows the
variation of optimized weights of the wings with
different forw ard- swept angles vs. ply-orientation,
and Fig. 11 shows the variation of optimized
weights vs. forward swept angles. Here, the optr
mized weights with a certain forwardswept angle
used the minimal values in the case of different ply-

orientation and forw ard- swept angles.

6501 , —— Forward-swept angle of 5°
\ —— Forward-swept angle of 10°

%D —— Forward-swept angle of 15°
B 5501 \
[
z .
= A .
£ 4501 .
=3 o
o . B )

350

-5 0 5 10 15
Ply-orientation/(°)

Fig. 10 The optimized weights vs. skin ply orientation
in the case of different forwardswept angles
480
460
440 1

420

Optimized weight/kg

400 - /

380 0 5 10 15
Forward-swept/(°)

Fig. 11

The optimized weights vs. forward swept ar

gles

The optimization results show that the final
optimized weights increase with forwardswept ar
gle increasing, and the sensitivity of the final optr
mized weights with respect to ply-orientation also
increase  The results also demonstrates that, for
the cases of different forwardswept angles, the
lowest or approximatively lowest optimized weights
could be attained when ply-orientation is close to
zero, and the optimized weight could be reduced by
increasing ply orientation when forwardswept ar
gle increases.

In order to analyze the reason of the above re

sults, Table 1 presents the hardestsatiated corr

straints in the case of different forward-swept an-

gles and ply-orientation. Here, the symbol of
“DEF” stands for the maximal displacement at the
wing tip, “ DIV” for divergence, “ FSA” for for
ward swept angle and “ PO” for ply orientation.

Table 1 The hardest satiated constraints in the case of dif

ferent forward swept angles and skin ply orienta

tions
/0/ e 5 Tt
SA
s DEF  DEF  DEF  DEF  DEF
16 DIV  DEF  DEF  DEF  DEF
15 DIV DIV  DEF  DEF  DEF

On the basis of the analysis results in Table 1
and the variation trends of divergence speeds and
the maximal vertical displacement at wing tips vs.
forwardrsw ept angles and ply-orientation in Section
3, it could be found that, it is propitious to in-
crease divergence speed when the ply-orientation is
changed from negative to positive, while the defor-
mation at wing tip will increase when the ply ori-
entation is changed from zero to negative or posi
tive. T herefore, the difficulty degree to satiate dis-
placement constraints and divergence constraints
are different for the cases of different forward an-
gles. In a word, the hardest-satiated constraint is
changed from displacement constraint to divergence
constraint with forwardswept angle increasing,
and that is the reason for the above variation trends
of optimized results vs. forwardswept angle and
ply orientation.

4.4 The effect of spanwise variation form of lay-
up thickness on optimized weight

In order to study the effects of spanw ise varia-
tion form of lay-up thickness on optimized results,
optimizations of the wings with forward swept an-
gle of 0° and ply-orientation of 0°, and different
spanwise variation forms of lay-up thickness for
skins and lugs were performed. T he spanwise vari-
ation forms of lay-up thickness of upside skin,
downside skin and lugs for middle wing and outside
wing include: @ linear form, @ quadric form,
and 3 cubic form. The detail spanwise variation
trends of lay-up are shown bellow.

T he thicknesses of upside skin, downside skin
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and lugs vary from wing tip to wing root according
to the following equation
tij = aijxk+ bij

where t; is lay-up thickness; i= 1,2, indicating
outside wing and middle wing, respectively; j= 1,
2, standing for skin and lug, respectively; a;* "
is increment per unit length along contrary spar
wise direction; bj is lay-up thickness at the wing
tip (i= 1) or inside lay-up thickness of outside
wing (1= 2); the subscript £ is function power,
k= 1,2, 3, standing for linear form, quadric form
and cubic form, respectively.

T he optimized weights of the wings with dif
ferent spanw ise variation forms of lay-up thickness
are shown in Fig. 12, where the x-coordinate is
the k£ power of variation function of lay-up thick-
ness. The analysis results show that the optimized
weight of the wing in the paper will increase when
the power of spanwise variation function of lay up
thickness increases. Therefore, the linear form is
appropriate for spanwise variation function of skin
lay up thickness, and the increase of the function
power could lead to structural weight increasing

and make machining technics more difficult.

500 [
" L
E‘) 460
3 .
z L
=
8 L
E 420
a | -
]
380 . . . . . ,
0.5 1.5 2.5 3.5

Function power

Fig. 12 The effects of power of spanwise variation func
tion of lay-up thickness of skins and lugs on the

optimized w eights

5 Conclusion

For the trrspar structure with above merr
tioned lay-up, the following conclusions are drawn
by the aeroelastic analysis results of highraspect-ra
tio composite wings with different forward-swept
angles and ply-orientation, and the corresponding
aeroelastic optimization results using genetic/ sensr

tivity- based hybrid optimization algorithm.

(1) Inthe case of the same lay-up and ply orr-
entation, the divergence speed decrease with the
increase of forward-swept angle, while the maxi
mal vertical deformation of wing tip, the maximal
twist angle and the ratio of elasticrigid lifting
curve slopes increase.

(2) In the case of the same forw ard- swept an-
gle and lay up, the divergence speed of the wing
increase when ply-orientations vary from negative
to positive, while the maximal vertical deformation
decrease at first and then increase, however, the
maximal twist angle and the ratio of elastic rigid
lifting curve slopes decrease.

(3) Both the final optimized weight and its
sensitivity with respect to ply-orientation increase
with forwardswept angle increasing. Therefore,
the forwardswept angle of the higlraspect-ratio
composite wing should not be too large, otherwise,
it will cost structural weight.

(4) The ply orientation should be near zero
when forwardswept is relative small, while ply
orientation should be increased to reduce the opti-
mized weight when forward-swept angle is relative
large, however, it should not be too large.

(5) It is relative appropriate when the power
of spanwise variation function of lay up thicknesses
of skins and lugs equals to one. The increase of
power will result in the increase of structural

welght and complexity of process techniques.
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