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Abstract

‘AJATURAL frequencies of a trapezoidal cantilever plate of

Wvariable thickness, which model an aircraft wing struc-
ture approximately, are determined using energy techniques.
Characteristic orthogonal polynomials in two variables are
constructed to describe the structural deflections, which are
used in the Rayleigh-Ritz method to obtain the natural fre-
quencies. The fundamental natural frequencies for different
rameter values are also obtained using a deflection function
containing an optimized exponent. The first technique can be
used to obtain the natural frequencies and corresponding
mode shapes for the preliminary design of aircraft wing struc-
tures.
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Introduction

For the determination of the first few natural frequencies,
an aircraft wing can be modeled as a trapezoidal plate with
variable thickness, as shown in Fig. 1. Bhat! proposed the use
of beam characteristic orthogonal polynomials as deflection
functions for the vibration of plates of rectangular geometry
and characteristic orthogonal polynomials in two variables?
for plates of arbitrary geometry. In the present paper, charac-
teristic orthogonal polynomials in two variables are employed
in the Rayleigh-Ritz technique to solve for the vibration of
cantilever trapezoidal plates with variable thickness. The re-
sults are compared with those obtained using the Rayleigh
method with an optimized exponent in the deflection expres-
sion.3

Characteristic Orthogonal Polynomials in Two Variables

A polynomial in two variables can be constructed by using
the following sequence of monomials:

Lixey)=1,x y, x2, xp, 2, x3, x2y, ..., x"=k yk t))

The first member in the orthogonal polynomial set is con-
structed so as to satisfy at least the geometrical boundary con-
ditions of the structure. If the plate has m number of geomet-
rical boundary conditions, the first member can be assumed
with (m + 1) terms in the form

m
$1(xy) =Y cfi(xy) 2

i=0
Using the m boundary conditions in ¢,(x,y), all the constants
¢; can be expressed in terms of one constant, say ¢,, which can
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be arbitrarily set as unity. Arranging pairs of integers (n,k)
n = k = 0, by lexicographic ordering, another pair of integers
(m, £)<(n,k) if either m <n or m = n and f<k. The ¢((x,y)
can be expressed as a power series in terms of the monomials
in Eq. (1) as

G(xY) =pux(y)= X clm Enlxmtt  (3)

(m,0) = (n,k)

The following recurrence relations are used to construct or-
thogonal polynomials*:

(n+1,k)
LYY= Y a(m GrK)pm (%) @
(m,0=(n—1,k)
(n+Lk+1)
IPni(%y) = )M b(m, &;n,k)pp, (x,y) Q)
(m,=m-1,k-1)

The constants a(m, {;n,k) and b(m, ¢;n, k) can be evaluated us-
ing the orthogonality relation

§§ 906Y)Pn k(6 D) * P (%) dx dy
=0 if (m0)#(@nk)
= pnk  If (m, ) # (n,k) (6)
where the integration is over the plate area and y(x,y) is a
weight function. For example, ¢,(x,y) may be obtained using
Eq. (4) as
xo1(x,y) = a(n,k;n,k) ¢1(x,y) + a(m + 1,k;n,k) ¢,(x,y) (7)

The constant a(n,k;n,k) can be obtained using Eq. (6) as

§§ n(x,y) - x - $i(x,y) dx dy
§§ n(x.») $(x,y) dx dy

For plates of variable thickness, the weight function »(x,y)
can be chosen to describe the thickness variation.

a(n,k;nk) =

®

Fig. 1 Trapezoidal cantilever plate.
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The first member of the orthogonal set is taken as
d1(x%.») = X2[1 + moho(x/a)) ®)
where my = (a/hg) tanay, hg is plate thickness at x = 0 and a is

shown in Fig. 1. Two more members are constructed using
Eqgs. (4-8) as

GAX,Y) = Xy — a1y (10)
63(x,y) = y o1 —~ by, — b1y 1n
where

_ i nxey)xgt dx dy
' nGey)et dx dy

b, = W 1Y)y 1, dx dy
27 T n(oy)d3 dx dy

_ i nxy)yet dx dy
' T ney)ef dx dy

The weight function for the structure in Fig. 1 is chosen as

n(6y) =1+ mohy x/a (12)

Eigenvalue Analysis
The plate deflection is expressed in the form

n
Wxy) =Y Aidi(x,y) (13)
i=1
The kinetic and strain energies of the plate are
Tmax = 1/29“)2 ” h(x:y)Wz(x;y) dx d.y (14)

Unax = ¥ §§ DIWE + W2, + 20W W), + 2(1 — )WE] dx dy
(15)

where p is density of plate material, » Poisson’s ratio, A(x,y)
the variable thickness, D = Fh3(x,y)/12(1 —»?) the flexible
rigidity, and subscripts x and y denote differentiation with re-
spect to the subscript variables as many times as they appear.
Substituting the deflection function into the energy expres-
sions and minimizing the Rayleigh quotient with respect to
coefficients A4; yields the eigenvalue problem. The solution of
the eigenvalue problem will provide the natural frequencies
and mode shapes.

Rayleigh Method with Optimized Exponent

A first-order approximation for the fundamental mode of
vibration for the cantilever trapezoidal plate in Fig. 1 is ob-
tained by disregarding the deflection variation in the y direc-
tion. The deflection is assumed as

W =A(X"+ B> + Bx? + Bix + Bo) (16)

where v is an exponent that will be optimized later. The con-
stants 8; i =0,1,2,3 are obtained by satisfying the bound-
ary conditions in the x direction, W(0) = W'(0) = W'li(a)=
Wll(a) = 0. Substituting for W in the energy expressions in
Eqs. (14) and (15), the fundamental natural frequency is ob-
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Table 1 Fundamental frequencies of cantilever
trapezoidal plates, A, = phoa‘w3/Dy

0

m
—-0.50 —0.25 0
a/b  m my 1) 2) 1) 2) 1) 2)

—0.25 485 5.02 4.41 472 4.4 458
0.80 0.50 -0.50 572 5.89 5.52 555 540 5.39
—0.625 6.54 6.58 622 623 6.02 6.07

—-0.25 449 460 424 433 413 420
0.60 0.50 —0.50 490 502 470 472 458 4.58
~0.625 4.14 529 500 498 481 4.83

—-0.25 422 429 4.01 4.04 389 3.91
0.40 0.50 ~0.50 4.41 449 422 422 410 4.09
—0.625 4.51 4.60 430 433 4.19 4.20

—0.25 5.12 539 438 5.08 4.61 4.93

0.80 0.625
—-0.625 7.51 7.66 730 7.32 7.6 17.15
—-0.25 4.64 479 431 451 4.21 @ 4.37
0.60 0.625
—0.625 548 5.62 527 529 515 5.14
—-0.25 429 439 406 4.13 394 4.01
0.40 0.625

—0.625 4.63 473 444 444 432 431

1) Characteristic orthogonal polynomials in two variables.
2) Rayleigh method with optimized exponent.

tained in terms of the exponent 7. Since w, is an upper bound,
it can be optimized with respect to the exponent v as

)

oy =0 a7

Numerical Results

Table 1 presents a comparison of frequericy coefficients
obtained by the two approaches previously described where
1 = (phoa®/Dg)e? and Dy = Eh$/[12(1 —~?)]. Since only three
terms are used in the first method using orthogonal polynomi-
als, only the fundamental frequency values are listed. In gen-
eral, the agreement is good, from a practical engineering view-
point. Rayleigh results with optimized exponent provide good
approximation for the fundamental frequency. Accuracy of
the natural frequencies can be increased by considering a
greater number of orthogonal polynomial terms in the deflec-
tion expression in Eq. (13).
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