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A Comprehensive Finite Element Model for Tapered
Composite Wing Structures

Chyanbin Hwu'? and Mengchun Yu!

Abstract: A comprehensive finite element model incorporating the features of
comprehensive wing model and finite element method is developed in this paper.
This new model extends the applicability of comprehensive wing model from uni-
form composite wings to tapered composite wings. It preserves the simplicity of
one-dimensional finite element but performs like three-dimensional finite element
for wing structural analysis. To verify its accuracy and show its efficiency, this
model which is applicable to the general dynamic analysis is reduced to two simple
cases: static analysis and free vibration analysis. Based upon the reduction results
for static and free vibration cases, several numerical examples of composite wing
structures are presented such as tapered wings subjected to end load or uniform
pressure, and free vibration of tapered wings. The numerical results show that the
proposed model is much more efficient than the conventional finite element, and
their differences are within 12% in all cases of composite wing structures.

1 Introduction

To study the mechanical behavior of composite wing structures, several differ-
ent structural models have been proposed in the literatures such as the classical
beam model [Bisplinghoff, Asheley, and Halfman (1955); Megson (1990); Vinod,
Gopalakrishnan, and Ganguli (2006)], the box beam model [Weisshaar and Foist
(1985); Chandra, Stemple, and Chopra (1990); Banerjee and Williams (1995)], the
refined model considering the warping restraint [Crawley and Dugundji (1980);
Lottati (1985); Librescu and Khdeir (1988); Oyibo and Bentson (1990)] and/or
transverse shear deformation [Librescu and Song (1992)] and/or shell bending strain
[Volovoi and Hodges (2002); Volovoi and Hodges (2000)] and/or cross-sectional
materials and geometries [Yu, Volovoi, Hodges, and Hong (2002); Yu, Hodges,
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Volovoi, and Cesnik (2002); Sapountzakis and Tsiatas (2007)], and the compre-
hensive wing model considering the shape of airfoil [Hwu and Tsai (2002); Hwu
and Gai (2003)]. However, due to the mathematical complexity, most of the wing
models assume that the cross section of the wing is uniform in spanwise direction,
and therefore cannot be applied to study the tapered wings. Only the simple models
such as the box beam model [Weisshaar (1980)] and the refined model [Librescu
and Simovich (1988); Vadiraja and Sahasrabudhe (2008)] considered the taper ef-
fects.

In order to preserve the essential features of the comprehensive wing models and
to avoid the mathematical complexity raised by the taper effects, a comprehensive
finite element model (CFEM) is proposed in this paper. To build a good connection
between the analytical model and finite element model, the matrix form compre-
hensive wing model proposed in [Hwu and Gai (2003)] is re-derived in this paper
by using the Hamilton’s principle [Reddy (1993)]. In this re-derivation, all the
basic functions are unknowns and will be determined by solving the ordinary dif-
ferential equation together with its associated boundary and initial conditions. With
the concept of finite element method, the unknown basic functions were assumed
to have unknown values only at the nodal points of each element. By combining
this assumption for finite element method, the comprehensive wing model is then
extended to be CFEM.

CFEM combines the merits of analytical models and numerical models. In con-
ventional finite element model only displacements and/or rotations are selected as
nodal displacements, whereas in CFEM the nodal displacements include all the
basic functions of the comprehensive wing model [Hwu and Tsai (2002); Hwu
and Gai (2003)], i.e., the vertical deflection, the displacement in spanwise direc-
tion, the twist angle, the rotation angle, and the rate of angle change. With the
enhancement of the nodal degree of freedom, CFEM still preserves the simplicity
of one-dimensional finite element but performs like three-dimensional finite ele-
ment for wing structural analysis. Moreover, since CFEM is developed based upon
the comprehensive wing model, in this paper it has been shown to be more effi-
cient than the conventional finite element model. Its accuracy is verified through
the comparison with the analytical solutions for uniform wings and the numerical
solutions obtained by the commercial finite element software ANSYS.

2 Comprehensive Wing Model

In the previous studies of our co-workers [Hwu and Tsai (2002); Hwu and Gai
(2003)], a matrix form comprehensive analytical model was developed to analyze
the composite wing structures. In that model, the entire wing structure is simu-
lated by a composite sandwich plate with variable thickness. The wing skin made
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of composite laminates together with stringers and spar flanges are simulated as
the faces resisting the in-plane force and bending moment, whereas the spar webs
and ribs are simulated as the core resisting the transverse shear force. According
to the chordwise-rigid postulation [Megson (1990)], the displacement field of the
composite wings is assumed as [Hwu and Tsai (2002)]

u(x,y,z,t) =20 (1),
v(x,¥,2,1) = vo(»1) +2{ Br(»1) +xB,(»1)}, (1)
w(x,y,z,t) = wr(y,t) —x8(y,1),

where u, v, w are the displacement components in the directions of x (chordwise),
y (spanwise) , and z (thicknesswise), respectively (see Fig. 1). ¢ denotes the time
variable. vy is the mid-plane displacements in y direction. w; denotes the vertical
deflection (positive upward) measured at the line of the reference axis; 0 is the rota-
tion angle with respect to x-axis due to the twist around the reference axis (positive
nose up), i.e., By = 6. By denotes the rotation angle with respect to y axis measured
at the reference axis and f3, stands for the rate of angle change in the x-direction.
Thus, By = Br +xB..

According to the postulation in Eq. (1), the basic functions describing the deforma-
tion of the stiffened composite wing structures become v, wy, 0, By, and .. With
these five basic functions, the equations of motion governing composite wings can

Figure 1: Tapered composite wings.
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be written as [Hwu and Gai (2003)]

KoA" (3,1) + (Ki — K[ )A'(5,1) = KoA(3,1) +p(37) = LoA(y, 7). )
In Eq. (2), the prime o means differentiation with respect to y; the overdot e
denotes the time derivative; the superscript 7' stands for the transpose of a matrix;
A and p are, respectively, the generalized displacement and load vector; Ko, K| and
K; are three stiffness matrices, Iy is an inertia matrix related to the mass, center of

gravity, and moment of inertia, which are defined as

Vo ﬁy
wr p
A: 9 ap: ”’~’l)c_p>‘< ) (33)
Bf iy
Br iy
000 O 0 000 O B
000 O 0 0 0 0 Ay AL,
Ko=1[0 0 0 0 0 JKi=10 0 0 —A}, De—AL|, (3b)
00 0 Ay Al 000 O Dy
0 0 0 Ay De+Ay 000 O AD3g
Azz ~0 Bg6 322 1332
0 Ay —Ayy 0 0
Ko=| By —Aly Des+Ay Dy AD5|,
Bn 0 Do Dy AD3,
AB;, 0 ADs  ADh, ADS
(30)
m 0 0  mze Iy
0 m —mx. O 0
In=| 0 —mx, I, 0 0
mz. 0 0 Ix Ixz2
I, 0 0 Lo Iop

In the above, 15}, p, (i, — p*), n"1}, and ﬁ1* are the forces corresponding to vo, wy,
0, By, and B;; AU, B,], D,], Aj‘j, i ”, Afj*, Bz*;* Df/* i,j=1,2,...,6 are the
resultant stiffnesses related to the extensional stiffness A;;, coupling stiffness B;;,
and bending stiffness D;; of the composite wings; m is the mass per unit spanwise
length; (x.,z) is the coordinate of the center of gravity of cross section whose
y=constant; and Iy, I, I\;, I.», and I»» stand for the mass moment of inertia in
different directions; A is a tracer used to identify the warping effect, i.e., A =0

for free warping condition and A = 1 means that the warping restraint is implied.
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For the convenience of readers’ reference, detailed definitions of these symbols are
provided in Appendix A.

Although the Eq. (2) derived by our co-workers [Hwu and Gai (2003)] is a result of
comprehensive wing model which considers several effects such as bending-torsion
coupling, warping restraint, transverse shear deformation, shape of airfoil, rotary
inertia, etc., it cannot be applied to the tapered wings because in this model the
wing cross section is considered to be independent of y (spanwise direction). In
other words, in Eq. (2) the stiffness and inertia matrices, Ky, K, Ky, and I are
all constant matrices, which is not true for tapered wings. In order to extend the
comprehensive wing model to tapered wings or more general wing cases, a con-
cept like finite element model is adopted in this paper. That is, the tapered wing
is cut into several elements and each element is approximated by a uniform wing
section. Since the finite element formulation can be established by minimizing the
Lagrangian function [Reddy (1993)], to have a smooth transition from the compre-
hensive wing model to comprehensive finite element wing model, we now re-derive
Eq. (2) through the use of Hamilton’s principle. It states that the motion of a con-
tinuum acted on by conservative forces between two arbitrary instants of time 7,
and 1, is such that the line integral over the Lagrangian function is an extremum
for the path motion [Reddy (1993)]. The Lagrangian function is the difference be-
tween kinetic and total potential energies, and the total potential energy is the sum
of the strain energy and potential energy of external forces. Thus, the Hamilton’s
principle can be expressed by

5/:2 (I—T)dt =0 )

where 0 is the variational operator, #; and f, are the integration limits of time. IT is
the total potential energy and T is the kinetic energy, which can be written as

N 1
H:/ (W—f,-ui)a’V—/ tiu;dS, Tzf/plftilftidv, 5
14 Se 2J)v

where W, f;, u;, and f; are, respectively, the strain energy density, body forces, dis-
placements, and prescribed surface tractions; V and S, are the regions for volume
and surface integrals, respectively. By performing the integration of the potential
and kinetic energy in the sequence of thickness direction (z), chordwise direction
(x), and spanwise direction (y), and expressing the results in matrix form, we get
(please refer to Appendix B for the details of integration)

n-7= % / {FTA" + FTA —2p"A— A" ToA)dy — [FT AR, (6a)
y
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where F and Fy are force vectors defined by

Ny 0
F={My— 05, Fo={ 0 (6b)
M 0,
i Wy 4 0;
y Xy y

In the above, F denotes the prescribed value of F on the boundary y = y; or y =y,
which is the integration limits of y, and [f];f =fn)—fOn); Ny, Qy, M., My, o,
]\71;k are the resultant forces whose detailed definitions are given in Appendix A.

From the constitutive relations for laminated composite sandwiches, we know that
the force vectors F and F are related to the displacement vector A by [Hwu and
Gai (2003)]

F=KA+KA Fy=KA+K/A. (7)
Substituting Eq. (8) into Eq. (10), we get
1 T AT
m-7= / (2ATKTA + ATKoA +ATKoA — A" Toh — 2p"A}dy — [BTA]2  (8)
y

With the result of Eq. (11), the first variation of the Lagrangian, IT — 7', can be
obtained as (see Appendix C for the details of variation operation)

S(I-T)= / (8AT)[(KT — K{)A' — KoA" + KoA + oA — pldy
y
)]
p_ 9

+ (3AT)[KiA + KoA — B2 — = / (5AT)TAdy.
y

With the result obtained in Eq. (9), the Hamilton’s principle Eq. (4) can then
provide the governing equation and boundary conditions as follows,

KoA" 4 (Ki —KI) A’ —KoA +p = IpA, forall y, 10
A:AOI‘KlA—I—KzA/ ZF, ony=y,andy =y;.

where y = y; or y = y,, which are the locations of wing tip or wing root. Equation
(10) is the same as that shown in Eq. (2) derived by different approach in [Hwu and
Gai (2003)].
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3 Comprehensive Finite Element Model

As stated previously in the paragraph between Eqns.(3c) and (4), the comprehen-
sive wing model cannot be applied to the tapered wings directly. In order to extend
its applicability to the case of tapered wings, a comprehensive dynamic finite el-
ement model is introduced in this section. By this new model, the tapered wings
will be divided into a series of elements which are connected at a finite number
of nodal points. The cross section is assumed to be uniform in spanwise direction
(y-direction) within each element as shown in Fig. 2. Since the cross section can
be different for different element, general wing shapes including tapered wings can
be handled through this new model.

Figure 2: Discretization of the tapered wings.

In the finite element displacement method, the displacement is assumed to have
unknown values only at the nodal points, so that the variation within any element is
described in terms of the nodal values by means of interpolation function. With this
understanding, within each element the generalized displacement vector A com-
posed of five basic functions vo, wy, 0, By, and B, is now assumed as

A = g(t)N(y)u,, 1D

where, u, is a 15x1 vector of nodal displacements of the element, N(y) is a 5x 15
matrix containing a set of shape functions, and g(¢) is a time function assumed to
be the same for all degrees of freedom.

In this paper, each element is assumed to have three nodal points as shown in Fig. 3
and each basic function is assumed to be interpolated by the same shape functions
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Figure 3: Finite element discretization and element local coordinate.

within element. Thus, u, and N(y) can be written in a partition form as

Vo
A Wy
u=<A 5, A=S6,,
A, B; (12a)
ﬁr i

N) = [Ni(§) Na(§) N3(&)], Ni(§) =Ni(&)1, i=1,23,

where A;, i = 1,2,3, are the sub-vectors of nodal displacements corresponding to
the three points within the element, I is a 5x5 unit matrix and N;(§), i = 1,2,3,are
quadratic interpolation functions defined by

Ni(§) =26~ 1)(E — 5), Na(E) = ~4(E — 1), Na(§) =26 (§ ),
0<E=5<1, (12b)

e

in which £, is the length of the element and & is the natural local non-dimensional
coordinate starting from node 1 of the element denoted in Fig. 3.

Substituting Eq. (11) into Eq. (8), we get the Lagrangian function in single element

In-7= luT[gz(t)Ke—gz(t)Je]lle—g(f)ugfea (13a)
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where K, J., and f, are, respectively, the element stiffness matrix, element inertia
matrix, and element force vector, and are defined as

K= [ {N(ERNE) +2N (EKIN'(E) + N (§IKaN'(6) e
o= [ {NT(N(E)) tudt. (13b)
= [ (N (©)p(E)) et + N (RS

By substituting Eq. (12) into Eq. (13b) and assuming uniform pressure with con-
stant load vector p within each element, the explicit forms of the element stiffness
matrix, inertia matrix, and element force vector can be obtained as

2 1 1 1 2 1
K.=(. | Ko £Ko §KO + |—3KT o;qT ZKT
1 ) 1T T  1yT
—30Ko 15Ko  35Ko Ki —3Kp K|
L[ 3K 3K Ko
7|3k PR 3K
cLIK -3K 1K
%Ig %IO —13%10 %p *F(O)
Jo=te| fslo g5l gslo |, fo=Leg3pote 0o (14)
1 i 1 &
—%IO GIO ﬁIO P F(l)

Note that K., J., and f, calculated from Eq. (14) will have different values for
different elements if a tapered wing is considered, since Ky, Kj, K», and I defined
in Eq. (3b,c) are related to the chord length of element which is a function of span-
wise location, i.e., ¢ = ¢(y). And the dimensions of K., J., and f, are, respectively,
15x15, 15%x15, and 15x 1.

4 Static Analysis

The foregoing model is general enough to deal with both static and dynamic anal-
ysis in tapered composite wings. If we only consider the static model, the function
g() should be independent of time and can be set as g(¢) = 1. With this substitu-
tion, Eq. (13) can be rewritten as

1
II= EueTKeue — ueTfe. (15)
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By taking the first variation of the total potential energy II to be zero, the equilib-
rium equation within a single element can be obtained as

%(Ke—FKKT)ue:fe. (16)
Once we divide the wing into n elements, there are 2n+1 nodes in structure. Be-
cause there is a common node shared by two adjacent elements, the total number of
the common nodes of the wing structure will be n-1. As every nodal displacement
sub-vector A; contains five components (vo, wy, 6, By, and f3,), the dimension of
the global nodal displacement vector u, becomes (10n+5) x1. The global stiff-
ness matrix K, is a (10n+5) x (10n+5) matrix and the global force vector f, is a
(10n+5) x 1 vector. With the concept of finite element method, we can move all the
element stiffness and force vectors into the corresponding position in global ones.
The portions related to the common nodes between two elements will overlap. The
global stiffness matrices K, and force vector f, are further fulfilled by superimpos-
ing all the values of the element stiffness matrices and force vectors, and finally the
equilibrium equation for the entire wing structures can be written as follows

1
3 (K +Kg)ug =f,. 17
Equation (17) is a standard form of the system of linear algebraic equations. With
the known values of K, and the prescribed values of f, or u, set for the problems,
all the unknowns u, or f, can be solved in principle. Typical numerical examples
using the present model for static analysis will be shown in Section 6.

5 Free Vibration

In this section, free vibration of the tapered wing structure is considered. The
pressure p and nodal force F are both set to be zero, and hence the element force
vector f, = 0. A harmonic motion is assumed for free vibration analysis, i.e., g(t) =
¢/® where o is the natural frequency. With these assumptions, the Lagrangian
function in Eq. (13) can be reduced to

eZta)t

-7 =
2

u! K, + 0*J.]u,. (18)

By taking the first variation of the Lagrangian function IT— T to be zero, the equa-
tion of motion for a single element can be derived as

1

3 [(Ke+KD) + 0 (Jo+I0)]u. =0. (19)
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Following the standard procedure for element assembly, the global stiffness matrix
K,, the global inertia matrix J,, and global force vector f, can be obtained, and the
equation of motion for the entire wing structures can be written as

2[R +KD) +02 (4 +37) wg = 0. (0)
Equation (20) is a typical form of eigenvalue problem which contains (10n+5)
eigenvalue equations where ®? and u, are eigenvalues and eigenvectors, respec-
tively. After embedding the boundary conditions, the system of equations (20) will
be reduced. The natural frequency @ can then be solved by letting the determinant
of the reduced coefficient matrix of u, be zero. The mode shape u, corresponding
to the natural frequency o is obtained via Eq. (20).

6 Numerical Results and Discussion

In order to investigate the correctness, efficiency, and applicability of the proposed
comprehensive finite element model, several numerical examples of composite
wing structures are presented in this section. They are: (1) uniform wings subjected
to end load, (2) tapered wings subjected to end load, (3) tapered wings subjected
to uniform pressure, (4) free vibration of uniform wings, and (5) free vibration of
tapered wings. The convergence test and its related comparison of computational
efficiency between the present model and the finite element software ANSYS are
presented through the first example for static analysis. Further comparison with
ANSYS is done in example 4 for free vibration analysis, and the accuracy of the
present model is verified through the analytical solution for uniform wing struc-
tures. The applicability to tapered wings is then shown in examples 2 and 3 for
static case and example 5 for free vibration analysis. The taper effect is studied by
varying the tapered ratio r; defined as r; = ¢;/c,, where ¢, and ¢, are, respectively,
the chord length at wing tip and wing root. The uniform wings in our examples
mean that the wing cross section is uniform in the spanwise direction, i.e., the
chord length ¢(y) which is supposed to be a function of y for tapered wings is now
a constant for uniform wings.

All the examples in our studies consider the composite wing structure with NACA
2412 airfoil. From the data given in [Hunsaker (1949)], the shape of airfoil is
approximated by a 9""-order polynomial as

fu(%)/c =0.0719 —0.0588% — 0.07695> — 0.767%> — 2.599* + 15.382%°
+ 18.5363% —92.174x — 45.673x° 4 186.078%°,

fu(®)/c = —0.0329 +0.0405% — 0.0239%> + 0.675%> + 1.815%* — 12.310%°
—13.870%° 4 73.449x" + 36.0963° — 149.862%°, ¥ = x/c,

2D
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where f,(X) and f;(X) are respectively the approximate functions for the upper and
lower surfaces of the airfoil in which the coordinate origin is located at the mid-
point of the chord line. The chordwise length ¢=0.1m at wing root and varies
linearly along the spanwise direction according to the tapered ratio. The wing span-
wise length is fixed at L=0.4m for all examples unless stated otherwise. The wing
skin is made of graphite/epoxy fiber-reinforced composite whose mechanical prop-
erties are: Er= 200 GPa, Er=5 GPa, vir = 0.25, Grr=2.5GPa, p =19 g/ cm3,
and ply thickness ¢ = 0.025 mm. The laminate layup is [90 / - 45 / 45 / 0] for upper
skin and [0/ 45 /- 45/ 90] for lower skin. Two wing spars made of isotropic ma-
terials with shear modulus G = 8 GPa and thickness 0.6 mm are located at +0.25¢
from the mid-chord line. Eight stringers and two ribs, made of Aluminum with
material properties E = 69 GPa, v = 0.33, G = 26 GPa, and p = 2.8 g/ cm’, are
equally-spaced on the wing. The thickness of the pseudolamina constructed by
stringers and ribs was set as 1.5 mm.

Example 1: uniform wings subjected to end load

In this case, the taper ratio is set to be unit, and a concentrated load Q, = 500 N is
applied at the wing tip. The wing is modeled as a cantilever with fixed end at wing
root, and is meshed into several elements like that shown in Fig. 3. To show the
convergence rate of the present model and the other existing finite element model
such as ANSYS, the deflection w at wing tip versus number of elements is shown
in Tab. 1. In the modeling process of ANSYS, SHELLO91 element is used to con-
struct the wing skins and a series of solid elements such as SOLID185, SOLID9S,
and SOLID187 are chosen to model the core of the wing. From Tab. 1 we see that
the differences of the convergent values between the present model and those of
ANSYS are within 10%. Only 4 elements are used to get the convergent results of
the present model, while more than 582 elements are needed for ANSYS. This case
is carried out by the Intel(R) Core(TM)2 Duo E8500 (3.16GHz) personal computer
within 9 seconds using the present model, while 113 seconds with ANSYS, which
leads to 92% saving of the computational time.

Since the convergent study has been presented in this example, without further
statements in the following examples all the results are shown with the convergent
values. Moreover, since in ANSYS the performance of SHELLI1 plus SOLID95
is better than the others for wing analysis, when we mention the results analyzed
by ANSYS in the following examples it means that the comparison results were
implemented by ANSYS with SHELL91 for wing skins and SOLID95 elements
for wing cores.

Example 2: tapered wings subjected to end load

To see the applicability of the present model to tapered composite wings, the taper
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Table 1: Convergence test of finite element modeling

Present
Number of Elements 1 2 4 8 40 100 200
Wing tip deflection, m 0.1583 0.1913 0.1968 0.1974 0.1974 0.1974 0.1974
ANSYS, SOLID 185
Number of Elements 907 2180 4001 6456 9574 17656 23418
Wing tip deflection, m 0.0898 0.1582 0.2137 0.2310 0.2296 0.2244 0.2202
ANSYS, SOLID 95
Number of Elements 101 234 582 904 2175 7686 25109
Wing tip deflection, m 0.2081 0.1959 0.1839 0.1844 0.1822 0.1843 0.1838
ANSYS, SOLID 187
Number of Elements 904 2175 4003 6456 7711 10255 25094
Wing tip deflection, m 0.1022 0.1501 0.1649 0.1741 0.1765 0.1802 0.1837

0.8

—e— Present
71 v e v ANSYS

0.6 -
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0.4 4

0.3

Wing tip deflection, m

0.2

0.1 T T T T T T T T T T
00 01 02 03 04 05 06 07 08 09 1.0

Taper ratio, r,

Figure 4: Wing tip deflection vs. taper ratio for the case of end load.
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ratio of example 1 is now varied from 0.1 to 1. The convergent results of wing tip
deflection versus taper ratio are presented in Fig. 4, which show that the deflection
wy decreases when the taper ratio increases. From this figure we see that the differ-
ences between the present model and those of ANSYS are within 11%, which are
acceptable.

0.017

—e— Present

0.015 +

0.013

0.011 A

0.009

Wing tip deflection, m

0.007

0.005

0.003 T T T T T T T T T T
00 01 02 03 04 05 06 07 08 09 1.0

Taper ratio, r,

Figure 5: Wing tip deflection vs. taper ratio for the case of uniform pressure.

Example 3: tapered wings subjected to uniform pressure

From the last equation of (14) we know that the element force vector f, is related
to both of the nodal force F and the pressure p. To show that the present model
can also deal with the wings subjected to distributed pressure on wing skins, in this
example a uniform pressure p of 1250 N/m is applied on the upper skin of the wing.
Fig. 5 shows the trend of the deflection wy versus taper ratio is similar to that of
end load considered in Example 2.

Example 4: free vibration of uniform wings

The analytical solution of natural frequencies for composite wings was obtained in
our previous work [Hwu and Gai (2003)], which is valid only for uniform wings.
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Figure 6: Mode shapes of the first five vibration modes.

To check the correctness of the present comprehensive finite element model, the
natural frequencies of uniform wings are calculated by using the present model, the
analytical solution, and ANSYS. Tab. 2 shows the comparison of natural frequen-
cies. Their associated mode shapes are plotted in Fig. 6. All these results show
that they well agree with each other, and their differences are within 12%. Like the
convergent studies presented in Example 1, by the Intel(R) Core(TM)2 Duo E8500
(3.16GHz) personal computer this case is carried out within 55 seconds using the
present model, while 690 seconds using analytical solutions, and 910 seconds with
ANSYS. In other words, the calculating time of the present model is only 8% and
6% of the time consumed by the analytical model and ANSYS, respectively.

Example 5: free vibration of tapered wings

In this example, the taper ratio is varied from 0.2 to 1. The results and comparison
of the fundamental natural frequencies versus taper ratio are shown in Fig. 7, and
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Figure 7: Fundamental natural frequency vs. taper ratio.

the natural frequencies of the first five modes are shown in Fig. 8. The comparison
with ANSYS presented in Fig. 7 shows that most of the results agree well each
other, except the range for r; = 0.2-0.3, which may come from the inappropriate
mesh process induced by the abruptly change of geometric variation. From Fig. 7
and Fig. 8 we see that most of the natural frequencies increase when the taper ratio
r; 1s reduced.

7 Conclusions

By Hamilton’s principle, the matrix form comprehensive wing model is re-derived
in this paper. With the aid of finite element technique, the comprehensive wing
model is further extended to the comprehensive finite element model and is ap-
plicable to the tapered composite wing structures. The present model is a one-
dimensional model and thus is like a beam element, but it contains 5 degrees of
freedom in each node and performs like a solid element. Through the numerical
studies of static and free vibration cases shown in Section 6, it has been shown that
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Figure 8: Natural frequencies of the first five modes vs. taper ratio.

Table 2: Natural frequencies of uniform wings

Frequency, Hz

Method Mode 1 Mode 2 Mode 3 Mode 4 Mode 5
Span Length, L = 0.4m

Present 16.12  95.33 108.40 248.00 325.03

Analytical[Hwu and Gai (2003)] 16.15 96.45 110.34 252.45 333.85

ANSYS 16.66 99.72 118.57 264.31 357.92
Span Length, L = 0.3m

Present 28.45 142.83 164.19 399.78 439.08

Analytical[Hwu and Gai (2003)] 28.51 148.04 164.83 414.21 450.71

ANSYS 2790 154.10 160.47 403.10 459.12
Span Length, L = 0.2m

Present 62.72 21530 330.37 645.01 765.02

Analytical[Hwu and Gai (2003)] 62.97 225.69 335.69 690.42 788.67

ANSYS 61.88 233.57 326.95 686.14 765.56
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the present model is really accurate and efficient. The results for tapered wings
show that the larger the taper ratio the smaller the vertical deflection and natural
frequencies.
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Appendix A: Definition of some symbols used in this paper

(i) Applied loads py, p, i — p*,

¢/ ¢/ o2 e
p~ = pydx7 p~ = / pdx7 ’/hx == / mxdx, ’/hy = / myd.x7
—c/2 —c/2 —c/2 —c/2

~ k.
y,

c/2 c/2 (A)

pr= pxdx, iy = / myxdx,
—c/2 —c/2

where py, p and m,, m, are the distributed loads of y, z direction and moments of x,
y direction applied on the upper and/or lower surfaces of the composite wings.

(ii) Resultant forces Ny, Qy, M., My, ~;, 1\7[;:

5 c/2 - c/2 5 c/2 B c/2
Ny = Nydx, O, = dx, Mx,:/ M dx, M, = M,dx,

y e vdx, Qy B /zQy ¥ o2 y y e y -
~, c/2 . c/2 (A2)
Qy = /_ o Oyxdx, My = _C/zMyxdx,

where Ny, Oy and M,,, M, are the stress resultants defined by

Ny n/2 | Ox M, n/2 | Ox 0 2 (¢

Sr e (1) e

Ny —h)2 T My, ) T Oy —n/2 | Tyz
(A3)

(iii) Mass m, center of gravity (x¢,z.) and moment of inertia I,,,1,,,I,;,1, 2, and 1,2 2:

m:/pdA, mxc:/pdi, mzc:/psz,

A A A

I = / pPdA, I, = / p(x* 4 7%)dA, (A4)
A A

I = / pxzdA, I > = / pxdA, Tps = / p2F2dA,
A A A
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where p is the mass density and A is the area of chordwise cross section.

(iv) Resultant stiffness AU,B,j,D,],AfJ,Bl*],ij,A;“J*,BTJ*,D** :

- c/2 ~ c/2 5 c/2
A= Avdx, Bi= [ Bidx, Dij= | Didx,
Yo e Y Vo lep Y Vo e Y

. c/2 » c/2 c/2

A?j = Ai/‘de, B;ﬂj = B,dex D Dljxdx
—c/2 —c/2

) /2 e

A;kj* = Aiszdxa B;k]* = Biszdx D** / Dl]x dx i7 J: 172"“’67
—c/2 —c/2

(AS)

where the integration limits +c/2 are the two ends of chord whose length is c. A;j,
B;; and D;; are, respectively, the extensional, coupling, and bending stiffnesses of
the composite wings which are defined by

Ay = OC/’leZ, A,'j = Z (Q,‘j)k(Zk —Zkfl)’

k=1

n 1 n o o
=3 L @l =) Dy =3 L @e(& ~50). /=126

k=1

(A6)

l\)\'—‘

In the above, his the thickness of the wing cross-section and is a function of x; G,
is the transverse shear modulus in y — z plane; ¢ is the transverse shear correction
factor and is selected to be 5/6 for the present case [Cowper (1966)]. (Q; ;) are the
transformed reduced stiffnesses of the kth lamina; z; and z;_; denote, respectively,
the location of the bottom and top surfaces of the kth lamina.

Note that in the calculation of A;;, B;;, and D;;, not only the composite laminates of
the faces are counted but also the stringers and spar flanges which are considered to
be the fibers of a pseudo-lamina. The equivalent material properties of this pseudo-
lamina can be found by the rule of mixture as [Hwu and Tsai (2002)]

A Ay

f
EL=E~—+E;->, v
AP

A, Ay
Vs—+Vi—, Er =0, Gi 7 =0, (A7)
A, ! A,

Ap

where E, v, G, and A denote, respectively, the Young’s modulus, Poisson’s ratio,
shear modulus, and cross-section area. The subscript L, T, s, and f denote the
longitudinal direction, transverse direction, stringer, and spar flange, respectively.
A, stands for the cross section area of pseudo-lamina.

In order to find a proper transverse shear modulus G, that may represent the shear
resistance of the multicellular wing structures, the arrangement of the wing spar
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webs and ribs can be treated like a sandwich honeycomb core. By assuming uni-
form transverse shear strain over the wing cross section, the equivalent transverse
shear modulus G,, can be estimated by [Hwu and Tsai (2002)]

Gy. = ) GiAr/Ay (A8)
k=1

where G, and Ay denote the shear modulus and section area of the kth spar web, A,,
is the wing cross section area and #; is the number of the wing spars.

Appendix B: Integration of potential and kinetic energy

If the integral is performed in the sequence of thickness direction (z), chordwise
direction (x), and spanwise direction (y), each term of the potential and kinetic
energy shown in Eq. (5) can be integrated as follows.

[ wav
14
1
= 5/VGI']'{-SI']'dV

1

— 5 /A {ngxo +Ny8y0 +ny%ry0 +MxKx +MyK'y +Mxy ny =+ Qx'}/xz -+ Qy'}/yz}dXdy
1

=5 /A {Ny (V) +My(B} +xB}) +Myy(Br + 6') + Oy[By + Wy +x(B, — 8')] Ydxdy

1 S 1 / k! ~ , ~ , ~, .
= 2/y{NyV0+Myﬁf+MyBr+Mxy(ﬁr+9 )+Qy(ﬁf+wf)+Qy(ﬁr_0 )idy

_ % / (FTA' + ¥TA}dy
y
(B1)
/Vf,-u,-dV = ./A {pxu+ pyv+ pwhdxdy
= [ {pu(a8)+ pylvo+2(By +3B,)|+ pliwy —x0) bady
= /A {m.0 + pyvo +my(Br +xB) + p(ws —x0)}dxdy (B2)

_ /{mxe + Byvo + iy By + i By + pwy — 50} dy
y

- /y {p"A}dy
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Vi

/S FuidS = { / (M0 + Ryvo + My (B +xB,) + Oy (wy — x9>}dx]

Yr

2 2 2 E 2 - B3
= [Mxye+Nyvo+Mny+Myl3r+Qwa—Q},GL B3
— T A1
= [FTAJ)

1 1
*/P”f”idVI */p{u2+v'2+w2}dv
2 \% 2 \%
1 . o ,
= E/VP{(ZQ)zﬂL(Vo +2B; +2¢B)% + (s — x8)* }dzdxdy
_ z/y{lx(92+ﬁf)+lzez 2L Vo + 2L o B+ a2 (BY
+m(VG +WF) — 2mxcr0 + 2mzevo Py Hdy
R
_1 / (AT10A}av
2J)v

In Eq. (B1), (&, &, Yxy,) and (K, Ky, Kyy) are the mid-plane strains and curvatures,
and (%, %) are the transverse shear strain. With the displacement assumed in Eq.
(1), we know that they are related to the basic functions vy, wy, 6, By, and B, by

&, =0, &, = V67 Yiyo =0

Ky = 07 Ky - ﬁ} +Xﬁ,{, ny = Br + 9/7 (BS)
Yo =0, %z = ﬁf+w}'+x(ﬁr - 0.

Appendix C: Variational operation

The variation of each term of Eq. (8) can be derived as follows.

5 / ATKTA dy = / S{ATKTA'}dy — / ((SAT)KTA +ATKT§(A)}dy  (C1)
y y y

in which the second term of the last equality can be rewritten as

/ ATKT§(A")dy = / ATK? (5A) dy = / {(ATKT 8A) — (ATK! 5A)Vdy
— [ATKT SA]) — /} ATKT 5Ady = [ATKT 5A]) — /} (SAT)K, A'dy.

Therefore,

5 / ATKIA dy = / (8AT) (K] — K )A'dy+ [(6A) KA. (C3)
y y
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Similarly,

v

5 [ATKAdy = 2 / (AT )K>A"dy + 2[(SAT KA}
y y

5 / ATKoAdy = 2 / (5AT)KoAdy, ()
y y

5 / ATToAdy = —2 / (AT )IAdy + 22 / (8AT)IoAdy.
y y y

References

Banerjee, J. R.; Williams, F. W. (1995): Free vibration of composite beams: an
exact method using symbolic computation, Journal of Aircraft, vol. 32, no. 3,
pp.636-642.

Bisplinghoff, R. L.; Asheley, H.; Halfman, R. L. (1955): Aeroelasticity. Addison-
Wesley, Cambridge, MA, Chaps. 2 and 3.

Chandra, R.; Stemple, A. D.; Chopra, 1. (1990): Thin-walled composite beams
under bending, torsional, and extensional loads, Journal of Aircraft, vol. 27, pp.619-
626.

Cowper, G. R. (1966): The Shear Coefficient in Timoshenko’s Beam Theory, Jour-
nal of Applied Mechanics, vol. 3, no. 2, pp. 335-340.

Crawley, E. F.; Dugundji, J. (1980): Frequency determination and nondimension-
alization for composite cantilever plates, Journal of Sound and Vibration, vol. 72,
no. 1, pp. 1-10.

Hunsaker, J. C. (1949): Theory of Wing Sections, McGraw-Hill, New York, pp.
410.

Hwu, C.; Gai, H. S. (2003): Vibration analysis of composite wing structures by a
matrix form comprehensive model, AIAA Journal, vol. 41, no. 11, pp.2261-2273.

Hwu, C.; Tsai, Z. S. (2002): Aeroelastic divergence of stiffened composite multi-
cell wing structures, Journal of Aircraft, vol.39, no. 2, pp.242-251.

Librescu, L.; Khdeir, A.A. (1988): Aeroelastic divergence of swept-forward com-
posite wings including warping restraint effect, AIAA Journal, vol. 26, no. 11, pp.
1373-1377.

Librescu, L.; Simovich, J. (1988): General formulation for the aeroelastic diver-
gence of composite swept-forward wing structures, Journal of Aircraft, vol. 25, no.
4, pp.364-371.

Librescu, L.; Song, O. (1992): On the static aeroelastic tailoring of composite
aircraft swept wings modelled as thin-walled beams structures, Composite Engi-



A Comprehensive Finite Element Model 173

neering, Special Issue, Use of Composite in Rotor Craft and Smart Structures, vol.
2,no. 5-7, pp. 497-512.

Lottati, I. (1985): Flutter and divergence aeroelastic characteristics for composite
forward swept cantilevered wing, Journal of Aircraft, vol. 22, no.11, pp. 1-10.

Megson, T. H. G. (1990): Aircraft structures for engineering students, 2nd ed.,
Edward Arnold, London, Chap. 8.

Oyibo, G. A.; Bentson, J. (1990): Exact solutions to oscillations of composite
aircraft wings with warping constraint and elastic coupling, AIAA Journal, vol.28,
no. 6, pp.1075-1081.

Reddy, J. N. (1993): Applied functional analuysis and variational methods in en-
gineering, McGraw-Hill, New York.

Sapountzakis, E.J.; Tsiatas, G.C. (2007): Flexural-torsional buckling and vibra-
tion analysis of composite beams, CMC: Computers, Material & Continua, vol.6,
no.2, pp.103-115

Vadiraja, D. N.; Sahasrabudhe, A. D. (2008): Vibration and control of rotating
tapered thin-walled composite beam using macro fiber composite actuator, CMES:
Computer Modeling in Engineering & Sciences, vol.27, no.1, pp.49-62

Vinod, K. G.; Gopalakrishnan, S.; Ganguli, R. (2006): Wave propagation char-
acteristics of rotating uniform Euler-Bernoulli beams. CMES: Computer Modeling
in Engineering & Sciences, vol.16, no.3, pp. 197-208

Volovoi, V. V.; Hodges, D. H. (2000): Theory of anisotropic thin-walled beams,
Journal of Applied Mechanics, vol. 67, no. 3, pp. 453-459.

Volovoi, V. V.; Hodges, D. H. (2002): Single- and multicelled composite thin-
walled beams, AIAA Journal, vol. 40, no. 5, pp. 960-965.

Weisshaar, T. A. (1980): Divergence of forward swept composite wings, Journal
of Aircraft, vol. 17, no. 6, pp.442-448.

Weisshaar, T. A.; Foist, B. L. (1985): Vibration tailoring of advanced composite
lifting surfaces, Journal of Aircraft, vol. 22, pp.141-147.

Yu, W.; Hodges, D. H.; Volovoi, V. V.; Cesnik, C.E.S. (2002): On Timoshenko-
like modeling of initially curved and twisted composite beams, International Jour-
nal of Solids and Structures, vol. 39, pp. 5101-5121.

Yu, W.; Volovoi, V. V.; Hodges, D. H.; Hong, X. (2002): Validation of the vari-

ational asymptotic beam sectional analysis, AIAA Journal, vol. 40, no. 10, pp.
2105-2112.






