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Foreword

Structural Dynamics in Aeronautical Engineering by Maher N. Bismarck-Nasr
from the Instituto Tecnoldgico de Aerondutica at the Centro Técnico Aeroespacial
in Séo Paulo, Brazil, is a comprehensive introduction to the modern methods of
dynamic analysis of aeronautical structures. The text is particularly suitable for
undergraduate students. For advanced students, the text provides numerous refer-
ences on seminal work in structural dynamics that can be used for graduate-level
research. The text represents carefully developed course materials used at the au-
thor’s institute. It starts with an introductory chapter on matrix algebra and methods
for numerical computations, followed by a series of chapters discussing specific
aeronautical applications. In this way, the student can be guided from the simple
concept of the single-degree-of-freedom structural system to the more complex
multiple-degree-of-freedom and continuous systems, including random vibrations,
nonlinear systems, and aeroelastic phenomena. Among the various examples used
in the text, the chapter on aeroelasticity of flight vehicles is particularly noteworthy
with its clear presentation of the phenomenon and its mathematical formulation
for structural and aerodynamic loads.

The Education Series of textbooks and monographs published by the American
Institute of Aeronautics and Astronautics embraces a broad spectrum of theory
and application of different disciplines in aeronautics and astronautics, including
aerospace design practice. The series includes also texts on defense science, engi-
neering, and management. The complete list of textbooks published in the series
(more than 60 titles) can be found at the end of this volume. The series serves as
teaching texts as well as reference materials for practicing engineers, scientists,
and managers.

J. S. Przemieniecki
Editor-in-Chief
AIAA Education Series
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Preface

This book is a textbook on the fundamental concepts of structural dynamics and
aeroelasticity. It is intended to be used for senior undergraduate and first-year
graduate students in aeronautical and acrospace engineering courses. The book
can also be used as a reference book by practicing engineers in these related fields.
The prerequisites for the material presented are the mathematical courses included
in the usual engineering curriculum.

The book starts with an introductory chapter on matrix algebra and techniques,
where the basic principles and the main matrix operations involved in the sub-
sequent text are presented. Chapter 2 presents, in a detailed and organized man-
ner, the fundamental concepts, basic properties, and methods of analysis of the
single-degree-of-freedom linear mechanical system. Chapter 3 is devoted to the
multidegree-of-freedom linear system. The modal transformation and numerical
integration methods are treated in detail. Several case studies are given for the prac-
tical estimation of the dynamic properties of complex structural configurations in
aeronautical and aerospace engineering applications. Chapter 4 deals with the dy-
namic behavior of continuous elastic bodies. Chapter 5 addresses the nonlinear
structural dynamic system, and Chapter 6 is concerned with random vibration
problems.

The second part of the book is concerned with aeroelasticity. Chapter 7 addresses
in detail the typical section aeroelasticity, where the basic concepts and fundamen-
tals of aeroelastic stability are presented. Classical extension to three-dimensional
lifting surfaces using the strip theory is given for the solution of aeroelastic stability
and control reversal problems. Chapter 8 addresses the problem of aeroelasticity
of complex flight vehicle configurations using numerical discrete methods. The
book ends with Chapter 9, which is devoted to the problem of aeroelasticity of
plates and shells.

The problem of gust loads determination and gust response of flexible flight
vehicles has not been addressed in the present text because a modern and excellent
textbook by F. M. Hoblit, published in the AIAA Education Series, completely
devoted to the subject is available. Special topics on aeroelasticity, such as ground
and flight vibrations experimental techniques, whirl flutter analysis, rotary wing
acroelasticity, and stall flutter predictions, have not been treated because the present
book is concerned with fundamentals and, furthermore, such topics to be covered
will need more than one additional volume, and they are already available else-
where.

This book complements, and the author is indebted to, the authors of previous
textbooks on structural dynamics and aeroelasticity, among which must be cited

Xiii
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the books of Scalan and Rosenbaum, Fung, Bisplighoff, Ashley and Halfmann,
Bisplinghoff and Ashley, Mazet, Dat, Petre, Forshing, Dowell, Librescu, Dowell,
Curtis, Scalan, and Sisto.

Maher N. Bismarck-Nasr
February 1999
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1
Matrix Algebra and Techniques

This chapter on matrix algebra and techniques is not intended to be an exhaustive
or rigorous treatment of the subject. Instead, it is limited to the presentation of the
basic principles and main matrix operations involved in applications considered
in subsequent text. For more details the reader may consult available standard
textbooks on the subject.! >

1.1 Notations and Definitions

1.1.1 Matrix

A matrix is a rectangular array of symbols or numbers arranged in a formation
of m rows and n columns, as given below

ayy dip o Qi
a a e e a

[a]=| % %2 7 O (1.1)
Am1 Qm2 " Qmn

The symbol [a] stands for the whole array; an individual element will be denoted
by a;;, where i stands for the ith row and j stands for the jth column. Such an
array will be defined as a matrix of order mn.

1.1.2 Row Matrix

When m = 1, the matrix will be defined as a row matrix, or a vector of the first
kind, and will be denoted by

(@)=(amaz---ap) 1.2)

1.1.3 Column Matrix

When n = 1, the matrix will be called a column matrix, or a vector of the second
kind, point, or simply vector, and will be denoted by

a
fap =1 (1.3)

dp
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1.1.4 Transposed Matrix

If we make a complete interchange of the rows and columns of a matrix [a], we
will obtain its transposed matrix, which will be denoted by [a]T, or

la]” = [aji] (1.4)

1.1.5 Null or Zero Matrix

We define a null or zero matrix as a matrix with all its elements equal to zero,
which will be denoted by [0].

1.1.6 Square Matrix

When the number of the rows m is equal to the number of the columns 7, the
matrix is defined as a square matrix of the order n.

1.1.7 Special Types of Square Matrices

Diagonal matrix. A diagonal matrix is a square matrix whose elements are
defined as

ajj = 0 for i ?—é _]
a; #0  fori=j (13)

and will be denoted by [a.

Scalar and unit matrix. If in a square matrix, the elements are defined as

ai; = 0 for i #]
aj=a fori =j (1.6)

Where a is a scalar quantity, the matrix is called a scalar matrix, and, if the value
of a is equal to one, the matrix is defined as a unit or identity matrix and will be
denoted by [I].

Symmetric and skew symmetric matrices. If the elements of a square
matrix are defined by
ajj = aji for all values of i and j (1.7
the matrix is said to be symmetric, and we can write the following for a symmetric
matrix:
[a]" = [a] (1.8)
If the elements of a square matrix are defined by
aij = —aqjj fOI‘i#j
aij =0 for i =_] (19)

the matrix will be called a skew symmetric matrix. Furthermore, if some of the
elements of the main diagonal are not equal to zero, the matrix will be called a
skew matrix.
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Triangular matrices. A square matrix whose elements are defined by
a; =0 fori > j (1.10)

iscalled an upper triangular matrix, and a square matrix whose elements are defined
by

a;; =0 fori < j (1.11)

is called a lower triangular matrix. We notice that a diagonal matrix is both a lower
and upper triangular matrix. Upper and lower triangular matrices are often denoted
by [U] and [L), respectively.

Band matrix. A square matrix of order n, whose elements are defined by
a; =0 for|i—jl|>k, k<n (1.12)

is called a band matrix, and we define the bandwidth of the matrix as a2k + 1 and
the half bandwidth as k + 1.

1.2 Matrix Algebra

1.2.1 Equality of Matrices

Two matrices [a] and [b] of the same order are said to be equal to each other if
and only if

aij = bjj for all values of i and j (1.13)
and we write [a] = [b].

1.2.2 Matrix Addition and Subtraction

Two matrices [a] and [b] of the same order can be added or subtracted, and the
result is a matrix [c] of the same order, whose elements are given by

C,‘j =a,»jib,~j (114)
for all values of i and j, and we write [¢] = [a] & [b].

1.2.3 Muiltiplication of Matrices

Scalar multiplication. We define the multiplication of a matrix [a] by a scalar
k as

kla] = [b] (1.15)

where b;; = ka;; for all values of { and j.
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Matrix multiplication. Two matrices [a] and [b] can be multiplied if and only
if the number of columns of the first one is equal to the number of rows of the second
one, and we say that the matrices are conformables, and we write [c] = [a][/],
where

k=p
Cii = aivbu:
ij ; ikVkj (116)
i=12,....m j=12,....n

and the order of the matrices [a], [b], and [c] are mp, pn, and mn, respectively.
Now from the definition of the equality of two matrices, we know that the two
matrices are equal to each other if and only if they have identical elements; hence,
we conclude that, in general, if the product [b][a] exists, it will be different from
[a][b]. In the case when the two products are equal, i.e., [al[p] = [b][a], we say
that the matrices [a] and [b] commute with each other. In particular, we notice that
a scalar matrix commutes with any square matrix of the same order. The operation
of matrix multiplication can be extended to the product of more than two matrices,
provided that the adjacent matrices of the chain are conformables.

1.2.4 Positive Power of a Square Matrix
For a square matrix [a], we define the positive power of [a] as

[a]" = [a]lalla]-- - [a] n factors (1.17)

where n is a positive integer number.

1.2.5 The Inverse of a Square Matrix
For a square matrix [a], if there exists a matrix [b] such that the relation

[al[b] = [blla] = [1] (1.18)
is satisfied, we say that [b] is the inverse of [a] and vice versa, and we write
[bl={al™' and [a]l=[b]"" (1.19)

We will see that not every square matrix has an inverse; however, if the inverse
exists, it can be easily shown that it is unique. We call a matrix [a], for which an
inverse exists, a nonsingular matrix. Now, if for a square matrix [a] there exists an
inverse and the following relation is satisfied

lalla]" = (1] (1.20)

i, [a]T = [a]™}, the matrix [a] is called an orthogonal matrix. Furthermore, if
for a square matrix [a] the following is satisfied

[a]la] = (1] (1.21)

i.e., [a] = [a]™!, the matrix [a] is called an involutory matrix. The unit matrix,
for example, is an involutory matrix. Now, let [¢] be a square matrix, for which an
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inverse exists, say [b], i.e., [a]~! = [b]; then from the definition for Eq. (1.18) we
have

(blla] = [1] (1.22)

Performing the matrix multiplication [b][a] and using the definition of matrix
equality, we can write for the first row

buan + bpax + -+ biyan =1

buaiy +bian + -+ + biuay =0 (1.23)

bllaln + b12a2n + -+ blnanm =0
where # is the order of the matrices. Making use of Cramer’s rule, we obtain
bi1 = D1/D,byy = Dy/D, ...,y = Dy/D (1.24)

where D is the determinant of the matrix [a] (notice that, from the properties of
the determinants, the following relation is satisfied, |a;;| = |aj;|) and is given by

ayny dyp - A
a1 QA - Ay

D= (1.25)
anl  Qpz - Qap

and D, is the determinant obtained by replacing the row ¢,14,; - - - a,, in Eq. (1.25)
by the right-hand side of Eq. (1.23),1.e.,1,0,0, ..., 0. We notice that Eq. (1.24)
exists if and only if D # 0, giving the condition for the existence of the inverse
of [a]; furthermore, the values of D, are the cofactors of the elements a,; in the
determinants in Eq. (1.25); thus we can write

bj=Aj/lal j=12,...,n (1.26)
where A, are the cofactors of a;, of the determinant in Eq. (1.25) and [a] is the

determinant of the matrix [a]. Now if we perform the multiplication in Eq. (1.22)
for the /th row and using the definition of the matrix equality, we will obtain

bij=Aj/lal j=12,...,n (1.27)
Thus, we can write the inverse of [a] as
[ay)™" = [bij] = [A;:)/ lal (1.28)

The matrix [A};] is called the adjoint of the matrix [a], and a typical element of
it is equal to the cofactor of the corresponding element in the determinant of the
transposed [a]. We notice that the adjoint matrix exists always and 1s independent
of [a] being singular.

1.2.6 Negative Power of a Matrix

If a square matrix [¢] is nonsingular, its inverse exists, and we define the negative
power of [a] as

[al™ =[a]™!---[a]™! n factors (1.29)
or [a]™" = ([a]~!)", where n is a positive integer.



e Word's Feumér dsmpon Lodedip. - PUrChiased from American Institute of Aeronautics and Astronautics

6 STRUCTURAL DYNAMICS IN AERONAUTICAL ENGINEERING

1.2.7 The Reversal Law in Transposed and Inverse Products

Transposition. Let [a] and [b] be two matrices of orders mn and np, respec-
tively; then from the definition of the matrix multiplication, we can write

[c] = [al[?] (1.30)
where [c] is of the order mp, with a typical element given by
cij =Y anbi (1.31)
k=1

Now, transposing [a] and [b], we will obtain [a]T and [b]T of orders nm and pn,
respectively, and the product [b]'[a]" exists, and we can write

[d] = [b]"[a]” (1.32)
with a typical element of [d] given by
n
d,‘j = Zbkiajk (133)
k=1
Comparing Eqgs. (1.31) and (1.33), we conclude that d;; = cj;, or
[d] =[c)" (1.34)
and making use of Egs. (1.32) and (1.30), we get
[fallbD" = [b]"[a]” (1.35)

Similarly, if {a], [b], and [c] are three matrices and the product [a][b][c] exists,
we can write

[Lallbllcl” = [c]"Tlal(b]]" = [c]"[b] [a]" (1.36)

We conclude that, when a matrix chain product is transposed, the result is equal
to the product of the transposed matrices in the reverse order, i.e.,

Hailla2]- - - [a])" = [a,]" - - [a2] [ag]" (1.37)

Inverse. Consider the matrix equation
[c] = [al(b] (1.38)

where [c], [a], and [b] are square nonsingular matrices of order n. Premultiplying
both sides of Eq. (1.38) by [b]™! [a]™}, we get

(b1 [a) " [c] = b1 [a] ' [allb] = (1] (1.39)
Postmultiplying Eq. (1.39) by [c]~!, we obtain
(b1 [a) M [elle] ™ =[]
or [b]™'[a]™! = [c]~!, and making use of Eq. (1.38) we obtain
6] '[a]™" = [lallb]])™! (1.40)

P e R R E R TR | [y feoauvtuLo (R
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Similarly, for a chain product of nonsingular square matrices of order n, we can
write

Haillaz] - [aadl™ = @] - @] ]! (141

The relations (1.37) and (1.41) are known as the reversal laws in transposed and
inverse products.

1.2.8 Partitioned Matrices

A partitioned matrix is one that is subdivided into submatrices or minor matrices.
As an example, consider the matrix [a] partitioned as

air di2 - 4
[a] = ayy dy - dx _ [All] [Alz]
) o fA21] [Ax]
as; dz - 4z
_lan an _ a3
[An] = [021 (122] [Ap] = {a23 } (1.42)

[An] = (a3 asz) and [A%] = [aas]

and let [b] be another matrix of the same order and partitioned in the same manner

as [a], 1e.,
by b - b (Bl (Bu]
by by - by 1 12
[b] = = (1.43)
: A [:[321] [322]}
b3y bn - b3

Then, by addition and multiplication, it can be shown that

(A ]+ [Bul [A12]+[Blz]]

(1.44)
[A2]+[Bal [A2]+[B2]

[a]+[b]=|r

and

[An][Bi) + [Ar2l[Bu]  [Anl(Bial + [AIZ][BZZ]J (1.45)

b] =
laltt] [[AZI][BII] + [Anl[Bau]l [A2l[Bi2] + [A2][Bx]

We notice that the resulting matrices are of the same order and partitioned in
the same manner as the original matrices. We have seen that matrix multiplication
can be performed if and only if the matrices are conformable; thus, if {a] and [b]
are conformable for the multiplication [a][b] and, furthermore, if [a] and [b] are
partitioned into submatrices such that the grouping of the columns of [a] agrees
with the grouping of the rows of [b], we can easily prove that the product [a]{b]
can be obtained by considering the submatrices as elements while applying the
rule of multiplication. Indeed, in forming the product [a][b], where [a] is of order
mn and [b] of order np, we have partitioned [a] into n row matrices and [b] into
p column matrices. The use of the matrix partitioning while performing matrix
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operations can be very useful if some of the submatrices are of special types, e.g.,
null, scalar, or diagonal matrices.

1.2.9 Definite Positive Matrix

A quadratic form for the variables (x|, x2, ..., x,) is defined as an expression
containing the sum of all the quadratic terms of (x1, x5, . .., x,), or
n n
Flx, ... %) =Y ) ayxix (1.46)
i=1 j=1

In matrix notation, we can write Eq. (1.46) as
F(xy, x2, ..., xn) = {x}"[al{x} (147)
Now, given a square matrix [a] and if the relation
{x}T[al{x} > 0 (1.48)
is satisfied, for any vector {x} different from the null vector, we call the matrix [a]

a positive definite matrix.

1.3 Differentiation and Integration of Matrices

If the elements of a matrix [a] are functions of ascalar variable t,i.e.,a;; = a;;(t),
and if the derivatives

d
E[aij(t)]

B
/ a,-j(t) dr

exist for all values of i and j, we define the differentiation and the integration of
the matrix [a] as

and the definite integrals

Dla(t)] = [Da;;(t)dt] (1.49)

B B
/ la(t)]dr = [ / a(t)dt] (1.50)

It is thus seen that the differentiation and integration of a matrix, whose elements
are functions of a scalar variable, are obtained by differentiating and integrating
each of its corresponding elements, provided that such operations exist. The above
definitions are extended when the elements of the matrix are functions of more
than one variable, provided the respective operations exist.

where D = d/dt and
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1.4 Transformations

1.4.1 Linear Transformation

Let (x1, x2, ..., x,) and (31, ¥2, - .., Ym) be two sets of independent variables
(coordinates) that define uniquely the state or configuration of a system. Because
of the uniqueness of the relation, every variable, say y;, of the set (y1, ¥2, ..., Ym)
can be expressed as a unique function of the set (x1, x2, . .., x,), and we can write

yi = yx1, x2, ..., Xn)

y2 = y?.(x17 XQ, R ] xn) (1'51)

Y = Ym(X1, X2, + o vy Xn)
Similarly, we can write the inverse relations, or

x1 =x101, Y2, --+» Ym)
XZ =x2(y15 y2’ AR | }’m) (1 52)

Xp = xn()’l’ Y2, ..y )’m)
The differentials of Eq. (1.51) read
dyr = yradx; + y12dxy + -+ yiadx,

dyx = y2.1dx1 + y22dx2 + -+ y2, dxy (1.53)
dym = Ymadxr + ymo2dxz + -« + ympdxy
where y; ; = dy;/9x;. Now, in matrix notation we can write Eq. (1.53) as
d{y} = [Tld{x} (1.53")

where {y} = (y1,y2, ..., ym)"{x} = (x1, %2, ..., x)T and [T;;] = [y;;]. From
Eq. (1.53"), we observe that the matrix [T] represents the transformation of the
differentials of the coordinates {y} into the differentials of the coordinates {x}.
Now, if all the partial derivatives in [T] were constants, i.e., independent of the
coordinates, we can integrate Eq. (1.53) to obtain

j=n
Yo=Y txj+b  i=1,2...,m (1.54)
j=1
where t;; = dy;/dx; and b; are the constants of the integration. Now if it is required,
as is the usual case that y; = 0 for x; = x; = --- = x,, = 0, the constants of the
integration b; in Eq. (1.54) drop out, and we can write
{y} = [1){x} (1.55)

In this case, we define the matrix {¢] as a linear transformation matrix.
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1.4.2 Translation Matrix

We consider two sets of orthogonal Cartesian unit base vectors ey, €2y, €3«
and ey, ey, €3, parallel to each other as shown in Fig. 1.1. Furthermore, let
(x1,x2, ..., x,) be the set of independent variables (coordinates) related to the
base x and (y;, y2, - - ., ¥») be the set of the independent variables (coordinates)
related to the base y. For example, y,e,, may represent a displacement in the e,,
direction of magnitude y, and x,e,, may represent arotation in the e, direction of
magnitude x,. Now, let a small change in the coordinate y, be given by dy,, while
all the other coordinates of the set y are held as constants. Because of this change,
small changes will correspond in all the coordinates related to the base x; in par-
ticular, in the coordinate x, a change will correspond given by dx . Furthermore,
if we consider y, as a displacement and x, as a rotation, then from the geometry
of Fig. 1.1 we can write

dy, = dx, A (1.56)
where A is as given in Fig. 1.1. Now, using Eq. (1.56), we can write
dx 1
- = — (1.56")
dyy A

and because the change y, was made while keeping all the other coordinates y; of
the set y held fixed, Eq. (1.56") reads

8xp_ 1

= — (1.57)
ayq Ay

Similarly, we can obtain all the other elements dx;/dy; and we can write

{x} =[]y} (1.58)

where [¢] in this case is called a translation matrix. We notice that, when A} = 0
corresponding to a change dy,, there will be no change in x,, i.e., dx, will be zero;
hence dx,/dy, = 0 for A; = 0.

x y
es €3
ey
PP e X
aq
——-

Fig. 1.1 Translation.
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1.4.3 Rotation Matrix

We consider two sets of orthogonal Cartesian unit base vectors ey, €y, €3x
and eyy, ey, €3, having the same origin as shown in Fig. 1.2. Furthermore, let
(x1, x2, ..., x,) be the set of independent variables (coordinates) related to the
base x and let (y1, ¥, - - ., ¥x) be the set of independent variables (coordinates)
related to the base y. Now, let a small change dx; be given to the variable x; while
all the other variables of the set x are held fixed. Because of this small change
in the variable x;, small changes will correspond in all the variables of the set y,
given by the components of the vectors dx;e;, in the respective direction in y.
And, in particular, in the e, direction we will have change given by e, - e, dx;
and because no change occurred in the other variables of the set x, this change will
be equal to dy,. Hence we write dy, = e, - 5, dx;, or

dy,
di =y - (159)

and because the change was made while keeping all other variables of the set x
fixed, Eq. (1.59) reads

dy.
5:‘ = ey - 5 (1.60)

Similarly, we can obtain all the other elements and write
{y} = [R]{x} (1.61)
where [ R] is called a rotation matrix with elements given by
Rij =eiy-ejx
and it can be shown by expansion that
[RIR]" = [RI'[R] =[] (1.62)

Therefore, we conclude from Eq. (1.20) that the rotation matrix is an orthog-
onal matrix, i.e., [R]™! =[R]T. The extension to successive transformations is

Fig. 1.2 Rotation.
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straightforward. For example, if we have {x} = [#;}{y} and {y} = [©:]{z}, we can
write

{x} = [r]{z} (1.63)

where [t] = [111[2].

1.5 Solution of Large Systems of Linear Equations

In linear analysis, using numerical methods as a final step of the solution of the
problem, we will be faced with the problem of solving a large system of linear
simultaneous equations cast in matrix notation as

[Al{x} = {P} (1.64)

The matrix [ A] often presents the special character of being symmetric and banded.
The solution of the system of Eq. (1.64) using Cramer’s rule, as given in Section
1.2, shows that we will have to perform arithmetic operations of the order of
(n+ 1)! (Refs. 2 and 4), where n is the number of the equations. Fortunately, using
other methods of solutions summarized below, it can be shown that the number of
arithmetic operations involved in the solution will be about 73 /3 for a full matrix
and much less for a banded symmetric system. Furthermore, the solution of the
system of Eq. (1.64) falls into two categories, known as direct methods,>*> and
iterative methods.*S In direct methods after a given number of operations, we will
obtain the exact solution if roundoff errors in the computations are disregarded.
In iterative methods, an initial start for the iteration process must be guessed, and
successive iterations will be performed for obtaining better approximations for
the solution. The iterations will be stopped when a desired accuracy is attained.
Generally, we see that in iterative methods, the number of operations required in
the solution will be a function of the initial guess and accuracy desired. Sometimes,
iterative methods have been used in the solution of large systems of simultaneous
equations generated in numerical analyses; however, with the improvements made
in digital computer hardware, direct methods prove to be a more powerful tool for
such solutions. Thus, only direct methods will be summarized below. For iterative
methods, the reader can consult the available literature on the subject.“'6 Basically,
direct solutions reside on the fact that the matrix [A], if it is nonsingular, can be
decomposed as

[A] = [LI[D][U] (1.65)

where [L] is a lower triangular matrix with unit values on the main diagonal,
[D] is a diagonal matrix, and [U] is an upper triangular matrix with unit values
on the main diagonal. The difference in the various methods lies in the way of
incorporating [D] in one or both of the triangular matrices, and thus the corre-
sponding main diagonal elements of the affected matrix will be different from
unity. We will begin this section by studying the triangularization process and the
solution of triangular systems. Several methods of solving Eq. (1.64) will then be
given.
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1.5.1 Triangularization
If {A] is nonsingular, we can write Eq. (1.65) as
[A]l = [{]{u] (1.66)
where [ D] is now incorporated in [!] or [u] or both. Performing the multiplication
and using the matrix equality property, we get
min(i, /)
Aij= Y Ly (1.67)
k=1

Now Eq. (1.67) represents n? relations for determining the (n? + n) unknowns,
namely (n? + n)/2 values for [;; and (n* 4 n)/2 values for u;;. However, there will
be always n values of the unknown specified; namely if [ D] is totally incorporated
to [#], all the diagonal elements of [/] are unity and vice versa. Thus we will be
left with n? relations for determining #2 unknowns. In other methods as explained
below, we will require that the corresponding diagonal elements in [u] and [I]
be set equal and again we will have n? relations for determining n? unknowns.
Explicit formulas for the elements of [¥] and [/] are given in the following sections
using various methods.

1.5.2 Solution of Triangular Systems
Upper triangular system. Consider an upper triangular system written as
[W1X] = [B] (1.68)

where, in general, [X] and [B] are rectangular matrices composed of a set of
unknown vectors and a corresponding set of known vectors, respectively. The
solution of Eq. (1.68) is given by

Xo=By/Um j=12,....r

n
Xij = I:Bij - Z Uikaj] /Uii (169)

k=it1
i=n-D,n-2),...,1
ji=1L2,...,r

where n is the order of the system and r is the number of vectors in [X] and
[B]. Now, if [ B] is a unit matrix of order n, we will obtain the inverse of {U] or
[U]™! = [X], with the elements of [X] given by

X,‘,'=1/U,',' i=1,2,...,n

J
X = l:— Z Uikaj:I /Uii (1.70)

k=i+1
i=rn—-1),n—-2),...,1

j>i
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and we observe that the inverse of an upper triangular matrix is an upper triangular
matrix. Furthermore, if [U] is banded, with a semibandwidth given by (I + 1), the
solution of (1.69) reads

an= nj/Unn j=:1,2,...,r

i (1.71)
Xij = | Bj— Y UnXy / Ui
k=1+i

where
i=n-1,n-2),...,1
j=12,..,r
A=141i forl+1<n
A=n fori+1>n

and n and r are as given before.

Lower triangular system. Consider a lower triangular system written as
[L][X]=[B] (1.72)

where, in general, [X] and [B] are rectangular matrices composed of a set of
unknown vectors and a corresponding set of known vectors, respectively. The
solution of Eq. (1.72) is given by

X1j=Blj/L11 j=1,2,...,r

i—1
X, = | B;; — LixXi /L~
ij l: j ; i j] i (173)

i=2,3,...,n
j=12,..,r

where n is the order of the system and r is the number of vectors in [X] and [B].
Again, for the case [B] being a unit matrix, we will obtain the inverse of [L] or
[L]7! = [X], with the elements of { X] given by

Xii =1/Lii i=12,...,n

i—1
Xi; = {—Z L,-kxkj} /L,~,~ (1.74)
k=j

i=23,...,n j<i

and we conclude that the inverse of a lower triangular matrix is a lower triangular
matrix. Furthermore, if [L] is banded with a semibandwidth given by (/ + 1), the
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solution to Eq. (1.73) reads
X1j=B]j/L11 j=1,2,...,r

i-1
Xij = I:Bij - ZLikaj:I /Lii
k=X

(1.75)

where

A=1 for i <!

A=1i-—1 for i >1

1.5.3 The Gauss Method

In the Gauss method of solution, successive eliminations are performed in such
a way as to reduce the original matrix to an upper triangular form. The product of
the matrices affecting the row operations is a lower triangular matrix [L] with unit
values on the main diagonal so that we can write [L][A] = [U], or

[Al = [L]7'[U] (1.76)

and because, as has been explained in the last section, the inverse of a lower
triangular matrix is also a lower triangular matrix, we conclude that the procedure
of the Gauss elimination is equivalent to a decomposition in the form [A] =
[L][D][U] in which [D] is totally incorporated [U]. Furthermore, we notice that
we do not have to find to [ L] explicitly; only [U] s calculated. The procedure of the
elimination will consist of eliminating the first column of [A] fori = 2,3, ..., n;
then we eliminate the second column fori = 3,4, ..., n; and so on until getting an
upper triangular matrix whose solution was given in the previous section. During
the elimination, the elements of the transformed matrix will be given by

AP =ALY i=1l2,...k  j=i...n
BY =BY™  i=12..k I=12..r
and
AR = AFT0 - [ARTV/ARQIAY i=k+1n j=k+1,..n
BY = By U —[AYV/ARIBY  i=k+1,...n  I=12..r
AP =0 forj=12...k i=j+1,...n
(1.77)

where n is the order of the system, r is the number of vectors in the unknown
set [X], and k = O represents the original [A] and [ B] matrices. The elimination
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procedure will begin at the stage k = 1 and terminate at the stage k = (n — 1). The
back substitution, i.e., the solution of the upper triangular system, will furnish the
values of the unknown [X], and this is given by Eq. (1.69) for the case of a full
matrix and Eq. (1.71) for a banded matrix. Now, for the case of a banded matrix
with a semibandwidth / + 1, Eq. (1.77) reads

AD=AED =12k j=12,..,0+]
BY =BY™Y  i=1,2,...k I=1,2,...,r
AP = ALV —[AGTV/ARIAY =K+l 0 j=k+100

BY =By ™V~ [AYV/AWIBY  i=k+1,...0 =12

where n and r are as defined before and
A=k+1-1 fork+I1—1<n
A=n fork+1—-1=>=n
Furthermore, we notice that, if [A] is positive definite, as is the usual case in finite

element analysis, no pivoting will be necessary during the decomposition.

1.5.4 General Choleski-Crout Method

In this method of solution, the diagonal matrix [ D] is incorporated to one of
the triangular matrices. For example, if it is incorporated to [/], the decomposition
will be given by

ukk=1 k=1,2,...,n

lik=aik_zlimumk i=k,...,)\.

and

k—1
ukj=[ak,—21kmumj} /zkk j=k+1,...,A (1.79)
m=1

where A = n and u = 1 for a full matrix, or
A=k+1-1 for k+1—1<n
A=n for k+1—1>n
u=1 for i <l+1
u=k—1+1 for i >1+1

for a banded matrix with semibandwidth = (I 4+ 1). From Eq. (1.79), we see that
the order of the computation will be as follows: the first column of [/] is computed,
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then the first row of [#] is calculated, then the second column of {/], followed by the
second row of [u], etc. After making the decomposition, we will have to perform
two triangular solutions, i.e., after obtaining [/] and [#] we can write [a][X] = [ B]

as
(1[u][X] =[B] (1.80)
Now let
(] = [u]{X] (1.81)
Then, Eq. (1.80) reads
(1§ =[B] (1.82)

The system of Eq. (1.82) represents a lower triangular system (whose solution was
treated before), with [£] regarded as the unknown vectors. When [£] are obtained,
the upper triangular system (Eq. 1.81) will be solved for the unknowns [X]. The
first step of the solution is known as the forward substitution step and the second
as the back substitution step. Furthermore, we notice that if [A] is symmetric, the
elements of [u] will not be calculated during the decomposition because the ith
row of [u] will be equal to the ith column of [[], with all its elements divided by
the diagonal value, i.e., [;;, because when [A] is symmetric the decomposition of
[A] reads

[A] = [LY[DIL]" (1.83)

1.5.5 The Square Root Method
(Symmetric Choleski Decomposition)

In this section, we consider the solution of the system
[AllX] = [B] (1.84)

where [A] is a symmetric and a positive definite matrix, which thus can be decom-
posed as

[A]=[L][L]" = [UT'[U] (1.85)

where [L] and [U] are unique upper and lower matrices with the diagonal elements
given by [;; = u;;. Working with [U] and writing Eq. (1.67) as
min(i, j)
A= Z Ui Uy (1.86)
k=1

the elements of [U] can be calculated from

Ui = (Ay)?
Uy =[Aj/Un] =23 ...,4
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and

1
i1 b
Uif=[Aii—ZUk2,~:I i=273,....n
k=

(1.87)
i—1
Uij=[:Aij_ZUkiUkj]/Uii J=i+l ..y
k=p
with A = ¥y = n, @ = B8 = 1 in the case of a full matrix, and
A=1l+1
o=i—] for i —I1>1 or =0 fori—1<1
B=j-1 forj—1>1 or =1 forj—-1<1
y=i+l—-1 fori+Il—1<n or =n fori+l—1>=n

where (I + 1) is the half bandwidth for the case of a banded matrix. After obtaining
[U], the forward and backward substitutions will be performed as given in the last
section. We notice that, because [ A] was assumed to be a positive definite matrix,
all the expressions under the square root sign will be positive real numbers. To
prove it, we substitute u;; in terms of a;; and we notice that the resulting expression
will be a quotient of the determinants of the upper left minors of [A], which are
positive if [A] is a positive definite matrix.

1.5.6 Tridiagonal Systems
Consider the following system, [A][X] = [B], with [A] being a tridiagonal
matrix in the form
an  an

azy dax az;
[A]= aszy dadsz a4 (1.88)

Ann—1 Qnn
which can be decomposed as

In 1 up
Iyy Iln 1 uxn
[A] = L I3 1 uxy (1.89)
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The elements of [/] and [u] are given by
Iy =ay

—1
U2 =dy; a2

IH-l.i =dit1.i i = 1,2,...,n (190)
i = a; — api—1ui—1i i=12,...,n
-1 .
Wiirl = b Giig i=2,3,...,n-1

The forward substitution [Eq. (1.82)] reads
E;=IT1b;  j=12,...r

» ) ) (1.91)
gijzli,i [bij'_‘li,i—-lgi—l.j] l=2,3,...,”l }=1,2,...,r
and the back substitution [Eq. (1.81)] reads
X, = &,; i =1,2,...,r
v (1.92)

Xij=§,-j—u,».,-+1x,~+1<]~ i=n—1,...,1 j=1,2,...,r

where n is the order of the system and r the number of columns in [X] and [B].
The above procedure can be extended to the case of banded matrices if these are
partitioned in the form of blocks of tridiagonal submatrices, and the elements in
Eqgs. (1.88-1.92) will thus be replaced by the corresponding submatrices, on the
condition that the required inverses of /;; exist. Furthermore, if [A] is symmetric,
fewer operations will be required during the decomposition.

1.6 The Eigenvalue Problem

If {A] is a square matrix of order n and A is a scalar parameter, we define the
eigenvalue problem written in the standard form as

([A] — A (00{x:} = {0} i=1,2,...,n (1.93)

The matrix {[A] — A;[I]] is called the characteristic matrix of the matrix [A], A;
represents the eigenvalues of [A], and the vectors {x;} are called the eigenvectors of
[A]. Furthermore, the system of Eq. (1.93) represents a set of linear homogeneous
equations in the unknowns {x;}. Except for trivial solutions, i.e., {x;} = {0}, we
must have |[A] — A;[I]} =0, and this is an equation of nth degree in A, whose
solution will give the n eigenvalues A; of the problem. We call this equation
the characteristic equation of the matrix [A]. In this section, various methods of
eigenvalue and eigenvector extraction techniques will be discussed. For a detailed
study on the subject, the reader is referred to standard textbooks on the subject.”7~°
The solution of the eigenvalue problem in the standard form [Eq. (1.93)] can be
performed using direct or iterative methods. In direct methods, all the eigenvalues
will be obtained at once, while in the iterative methods we can obtain needed values
of eigenvalues. Depending on the problem to be solved and its order, one of the two
methods will be preferable. For instance, in elastic stability analysis, we will be
interested in determining only the lowest critical load, and, in dynamic analyses,
we will be interested in the determination of the lowest modes; in such cases,
iterative methods will be advantageous, principally if the order of the matrices
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is large. In other situations, for instance in aeroelastic analyses, we will need to
determine all the eigenvalues of the problem, and, in such cases, direct methods
would be advantageous.

1.6.1 Determinantal Solution
For a nontrivial solution of Eq. (1.93), we write

[[A] = Al =0 (1.94)
which can be written as
A = |[A] - A1)l =0
=AM T AP e A4, =0 (1.95)

Now, defining the trace of a square matrix as the sum of the elements on its main
diagonal and denoting it as T,[A], i.e.,

TIAl=)_ Au (1.96)
i=1

we can show by expansion of Eq. (1.94) that
1 = —T,[A] (1.97)
Furthermore, if we write s; as the trace of the ith power of [A], i.e.,
s1 = T,[AL, s2=T{AP, ..., s, = TIA}"

it can be shown by expansion that the coefficients ¢, of Eq. (1.95) are given by

= -T,[A] = —s

2 = —[c1s1 + 521/2

c3 = —lcas1 + c152+ 531/3

Cp = —[c,,_lsl +cCp282+ -+ €18y + Sn]/n
or
co=1 i = —58
1< (1.98)
= —— Cr_iS; r=2,3,...,n
r

i=1

This process enables us to calculate in an efficient manner the coefficients of the
characteristic equation, whose solution will determine the n eigenvalues, and these,
when substituted in Eq. (1.93), will determine the corresponding eigenvectors of
[A]. We notice that this process is lengthy and can be used only for matrices of
very small order.
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1.6.2 Von Mises Power Method

The von Mises power method is an iterative method for determining the eigen-
values and eigenvectors of a matrix [A]. Consider Eq. (1.93), which can be written
as

1
[Dlfx} = X{X} (1.99)
where [D] = [A]™!. Assume now any approximate value for {x}, say {xo}, which
when substituted in the left-hand side of Eq. (1.99) and through multiplication by
[D], a vector {x,} is obtained, given by

{x1} = [D}{xo} (1.100)

If we normalize {x;} by dividing all its elements by the largest element of {x;}
and denoting the result by {x{}, i.e.,

(51} = i P! (1.101)

it can be shown® that {x}} is a better approximation for the eigenvector {x} than the
initial trial vector {xo}. If we repeat the process of multiplication and normalization,
taking now {x{} as the initial trial vector, it is clear that a closer approximation will
be obtained. Continuing the iteration until the convergence to a desired accuracy,
ie.,

1

{rial= W[D]{Xs} = {x7} (1.102)

and comparing Egs. (1.99) and (1.102), we see that {x,,} converges to an eigen-
vector of [ D], thus of [A], and the scaling factor, i.e., max[D]{x;}, will converge
to 1/4, i.e., the corresponding eigenvalue. Furthermore, it can be shown® that
this eigenvalue corresponds to the highest of [ D], i.e., the lowest of [A]. Now, in
some eigenvalue problems, e.g., in linear elastic stability analysis, we will be in-
terested only in determining the lowest characteristic value; therefore, the solution
of the problem will be obtained at this stage. However, in other applications, e.g.,
free vibrations, we will be interested in general in determining not only the first
mode but also few other modes above the lowest. To determine the second eigen-
value using the von Mises method, we use the property of orthogonality of the
eigenvectors in relation to the matrix [A]. If we designate the first eigenvector,
already calculated by {x,}, and the second one to be found by {x,}, the orthogo-
nality condition reads

{x1}]'[D)fx2} =0 (1.103)
Setting

{B}T = {x1}7[D] (1.104)
we get

(B} {x;} =0 (1.105)
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Now, choosing arbitrary values for x(y, - . ., X2), We can calculate from Eq.
(1.105) the value of x(y to satisfy the condition of {x,} being orthogonal to {x;}.
In matrix form, this condition is written as

X 0 —By/By —B3/By --- —8B,/B; Xt

X(2y2 0 1 0 .o 0] X
=l e

X2)n 0 0 0 e 1 X2

We call the matrix in Eq. (1.106) a “sweeping matrix”” and denote it by [s;]. Now,
taking {x} as an initial trial vector for the iterative process, we will converge to the
second eigenvector and eigenvalue of [A]. The process of orthogonalization must
be performed during each cycle of the iteration. However, this can be avoided if
we postmultiply the matrix [ D] by [s;] and write the result as [ D3], i.e.,

[D][s1}{x2} = [D2]{x2} (1.107)

We notice that the first column of [ D,] is composed of zero elements so that the
matrix [ D;] can bereduced to [ D}] of order (n — 1) and {x»} to {x}} of order (n — 1).
Iterating now on [D}] we will converge to the first eigenvalue and eigenvector of
[Dj]. Finally, using Eq. (1.106), the first element of {x,} is determined, and thus
the second eigenvalue and eigenvector of [D,] are obtained. The above proce-
dure is then extended to calculate higher eigenvalues by choosing initial vectors
orthogonal to the already calculated ones by constructing [s(,)] and iterating on

[Dpiy -

1.6.3 The Inverse Iteration Method

We notice that the von Mises power iteration method described in the previous
section needs the inversion of the matrix [A] as a first step in the solution if the
eigenvalues are required in ascending order, and this is a time-consuming process.
A more efficient process will be iterating directly on the matrix [A] for obtaining
the eigenvalues in ascending order. Such a process is called the inverse iteration
method. Consider the eigenvalue problem written in the standard form as

[Al{x} = A{x} (1.108)

Assuming now an initial trial vector {xp}, the first step in the inverse iteration
method will be the solution of the system of equations

[Al{z1} = {xo} (1.109)

with {z; } regarded as the unknown vector. An improved approximation for the trial
vector will be given by
1

= ———{z} (1.110)
max{zi}

{7}
which is then used in the solution of the system of equations

[Al{z2} = {x})} (1.111)
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to obtain a better approximation given by
{3}

The process of iteration will be continued until the desired accuracy is reached,
1.e.,

1

= — {25} (1.112)
max{z,}

fxf}) = —

= eyl = 1) (1.113)

This will give the first approximate eigenvector, and the corresponding lowest
eigenvalue will be
1

= iz (1.114)

To obtain subsequent eigenvectors and eigenvalues, the process of orthogonali-
zation and sweeping described in the previous section will be used. We notice that
the matrix [A] will be triangularized only at the beginning of the solution, and,
during each step of iteration, we will have to perform only the solution of two
triangular systems.

1.6.4 Iteration Method Working Directly on the Eigenvalue Problem
[k1{x} = AIM}{x}
In many engineering problems, using numerical methods of solution, e.g., the

finite element method for the solution of free vibration problems and linear elastic
stability analyses, we will be faced with an eigenvalue problem cast in the form

[k]{x} = A[M]{x} (1.115)

where the matrices [k] and [M] are symmetric and banded matrices. Furthermore,
in free vibration problems, the matrix {M] is often a diagonal matrix if the lumped
mass technique is used in the problem formulation and sometimes with many zero
elements in the diagonal if the masses are concentrated only at a few nodal points
and few degrees of freedom of these nodes. The iterative methods described in the
last two sections work on the eigenvalue problem written in the standard form of
Eq. (1.93) so that a first step in the solution would be the transformation of Eq.
(1.115) to the standard form if the iteration methods are to be applied as described
in the last two sections. Now, if both [k] and [M] are symmetric and [ M] is positive
definite, we can decompose [M] using the Choleski method to obtain

[M] = [L]L]" (1.116)

where [L] is a lower triangular matrix of the same bandwidth as [M]. Substituting
Eq. (1.116) into Eq. (1.115) and premultiplying both sides by [L]~!, we obtain

[L17'[k]{x) = AL]"{x) (1.117)
Now, defining a vector {y} as

L1x) = (y) (1.118)
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the eigenvalue problem in Eq. (1.117) transforms to
[ANy} = A{y} (1.119)

where [A] = [L]7'[k][L"]~!. We observe that Eq. (1.119) is now in the standard
form; however, the matrix [ A] while still symmetric is no more banded. Further-
more, the process involves the inversion of the matrix [L]. Clough'® proposed an
iteration process working directly on Eq. (1.115) using a modified inverse iteration
method. The iteration begins by postmultiplying [ M] by an initial trial vector {xg}
to obtain a vector {wg} given by

{wo} = [MN{x0} (1.120)
The second step in the iteration process is to solve the system of equations
[K]{z1} = {wo) (1.121)

where {z1} is regarded as the unknown vector and the improved eigenvector is
given by
{xf}=—l——{zl} (1.122)
max{z;}

The process of iteration is then continued until reaching the desired accuracy. We
observe that in each iteration cycle we will have to perform a symmetric banded
matrix multiplication [Eq. (1.120)] and two triangular banded matrix solutions
[Eq. (1.121)]. The multiplication step introduced here is more than compensated
becaunse the banding nature of the matrices is conserved and the matrix inversion is
avoided. Now, if [M] is diagonal with no zero elements on the diagonal, the system
in Eq. (1.115) is easily transformed to a standard symmetric banded system. The
process starts by writing [M] as

(M]=[M2][M?] (1.123)

where [M /2] stands for a diagonal matrix formed by the square roots of the respec-
tive elements of [M]. Substituting Eq. (1.123) into Eq. (1.115) and premultiplying
both sides by [M1/2]~1, we obtain

[M3] 7 klix} = A[M7](x) (1.124)
Now, defining a vector {y} as
[M#)ix} = () (1.125)
the eigenvalue problem in Eq. (1.124) transforms to
[AHy} = Ay} (1.126)

where [A] = [M/2]71[k][M!/?]~1. We observe that Eq. (1.126) is now in a
standard form and [A] is symmetric and banded. The solution of Eq. (1.126) will
give the eigenvalues A and the eigenvectors {y}. The system eigenvectors {x} are
obtained from Eq. (1.125). When the matrix [M] is diagonal with many zero
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elements in the diagonal, the system of Eq. (1.115) is efficiently solved using the
so-called selective inversion technique. The process starts by solving

[KI{fi} = {ei} (1.127)

where {¢;} are unit vectors, having zero values in all locations except for the
position corresponding to the ith nonzero value on the main diagonal of [M], and
{ f:} are regarded as the unknown vectors. The solution of Eq. (1.127) will produce
n, vectors {f;} corresponding to the n, nonzero values on the main diagonal of
the mass matrix [M]. Selecting for each { f;} the corresponding n, values, we can
form a matrix of influence coefficients of dimension #n,, say [ F']. This matrix by
definition is a reduced flexibility matrix and its inverse is a reduced stiffness matrix
so that we can write for Eq. (1.115) an equivalent reduced system as

[F17{g} = AIM')E) (1.128)

where {&} is of dimension n, and [M’] is a diagonal matrix of order n,., with all zero
elements of [M] dropped out. The system of Eq. (1.128) can now be transformed
to a standard form as follows. Premultiplying Eq. (1.128) by [ F'], we obtain

{£} = A[F'[M'}{&} (1.129)
writing as before [M'] = [M’/2][M""/?] and defining a vector {n} as
[M"](E} = n) (1.130)
the eigenvalue problem transforms to
[AHn} = (/2 {n} (1.131)

where [A] = [M''/2][ F'][M""/?]. The von Mises method of iteration can be applied
now to Eq. (1.131) to obtain the eigenvalues X in ascending order. Again, the system
eigenvectors will be obtained using Eq. (1.130). We observe that [ A] is a full matrix;
however, it is of a smaller order compared to the original system.
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Problems
1.1 The matrices [A] and [ B] are given by:

_ix oz __{cos@ —sin6
(A= [Z y] and [B] = [sin@ cos @ }
Find the values of @ that diagonalize the product [B]"[A][B].

1.2 Find the eigenvalues of the matrix

2 =2 3
1 1 1
1 3 -1

1.3 The stiffness and mass matrices of a dynamic system are given by

2 —1 41

1 2 -1 1 4 1
(k] = 1 2 -1 and®  [m]= 1 4 1
-1 1 2 2

Find the first two natural frequencies and the corresponding mode shapes of free
vibration.

1.4 Show that for an orthogonal matrix [A] the determinant of [A] is 1 or —1.

1.5 Let[A] and [ B] be two square matrices of order n. Show that

T.[A]{B] i 2": Aix Bui

i=1 k=1

1.6 If [A] is a square symmetric matrix and given a matrix [T] of order nm,
verify that the product [T1T[A}[T] is a symmetric matrix.

1.7 Writing for a quadratic form
F(-xlv x27 e xn) = %{X}T[a]{x}

where [a] is a symmetric matrix, show that

{ %} = [a]{x}

dF) _(oF  aF\'
ax | 9x; ax,

where
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2
Single-Degree-of-Freedom Linear Systems

2.1 Equation of Motion

Consider the single-degree-of-freedom mechanical system shown in Fig. 2.1.
The system consists of a concentrated mass m (kg), a spring with a spring constant
k (N-m), and a dashpot having a viscous damping coefficient ¢ (N-s/m). The
external applied load is F(#)(N) and the displacement x(¢)(m) is measured from
the position of equilibrium. The potential energy stored at any instance of time ¢,
measured from the position of equilibrium, can be written as

U= /()ka dx = %kxz @.1)
The kinetic energy of the mass m reads
T = $mx"? 2.2)
where x’ = dx/dt. The system dissipation function can be expressed as
D = lcx"? 2.3)

Applying Lagrange’s equation of motion,
[dL/dx'Y —dL/dx +dD/dx' = Q 24

where L = T — U and ( is the generalized force corresponding to the degree of
freedom x, we obtain

mx” +cx' +kx = F(1) 2.5)

2.2 Free Vibration

We consider first the response of the system because of initial conditions x(0)
and x’(0) in free vibration, i.e., F(¢t) = 0. The equation of motion [Eq. (2.5)] reads

mx" +cx' +kx =0 (2.6)

Equation (2.6) is a homogeneous differential equation that admits solutions in the
form

x = xge” 2.7

where x is an arbitrary constant to be determined from the initial conditions and
p is a parameter that depends on the system properties. Substituting the solution
to Eq. (2.7) into the equation of motion (2.6), we obtain

P>+ (c/m)p+(k/m)=0 (2.8)

27
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Position of

,,,,,,, equilibrium
i m " l
" xt

Fig. 2.1 Single-degree-of-freedom mechanical system.

Equation (2.8) is the system characteristic equation and has solutions p; and
P2, given by
p = —(c/2m) % [(c/2m)* — (k/m)]? (2.9
Consider first the undamped system, i.e., ¢ = 0. For such a case, Eq. (2.9) reads
p=itk/m)?  i=(=1)} (2.10)
The system response can be obtained using Egs. (2.7) and (2.10) and reads
!4 xgpe ! (2.11)

where w, = (k/m)'/? and will be defined as the system undamped natural circular
frequency and has units of rad/s. Notice that because k and m are properties of the
system, it follows that w, is also a property of the mechanical system. The values
of x; and xg; can be determined from the initial conditions of the problem. Using
trigonometric relations, we can write Eq. (2.11) as

iwy

X = Xp1€

x = (xg1 + X02)c08 Wyt + [{xg1 — Xp2)Sin w,t
= A cosw,t + A, Sinwyt 2.12)
or
x = Acos(w,t — @) 2.13)

where A = [A? + A21Y/2 = 2[x0; x02]'/% and ¢ = tan™! Ay/A; = tan™!i(xo; —
x02)/ (%01 + x02). The constants A and ¢ are called the amplitude and the phase of
the response of the system, respectively. Substituting initial conditions at ¢t = 0,
we obtain

x = x(0)cos w,t + [x'(0)/w,]sin w,t

= [x(0)% + {x(0)/@,}*)7 cos[wnt — tan~ {x(0)/w,x(0)}] (2.14)

A plot of the solution [Eq. (2.14)] is shown in Fig. 2.2. We observe that the system
is performing a simple harmonic motion with a circular frequency w,.

We define the time to complete a cycle as the period and denote it by T, which
is given by

T =27 /w, = 1/f, (2.15)
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A

1

X{0)

| |

A

14

Fig.2.2 Free vibration of an undamped single-degree-of-freedom system: T =27 /w,
=1/fa, A=1x2(0) + x(0) /w212, and o = ¢ /w, = {tg7'x"(0) /[w,x ()]} / w,.

where f, = @, /27 and represents the number of cycles per second that the system
performs in free vibration and will be called the system undamped free vibration
frequency. Cycles per second is a unit commonly called hertz (Hz). Consider now
the damped case, i.e., ¢ # 0. Using the definition w, = (k/m)!/2, we can write
the roots of the characteristic Eq. (2.9) as
!
p = —(c/2m) £ [(c/2m)* — %] (2.16)

n
Examination of Eq. (2.16) reveals that we can classify the solution into three
cases, depending on whether value of the expression [(¢/2m)? — w?] assumes a pos-
itive, negative, or zero value. We consider first the case when {(c/ 2m)? — wﬁ] =0.
In such a case, we have two equal roots and the system response reads

x = [A + Brle= /2 (2.17)

Equation (2.17) represents a damped nonoscillatory motion as shown in Fig. 2.3.
The arbitrary constants A and B can be determined from the initial conditions of the
problem. In this case, we will define the damping constant as the critical damping

Fig. 2.3 Damped nonoscillatory motion.
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coefficient ¢, which is given by
Ce = 2mw, = 2(km)? (2.18)

Now, using Eq. (2.18) and the definition of the undamped natural frequency w,,
the equation of motion [Eq. (2.6)] can be written as

x" 4+ 2yonx’ + 02x =0 (2.19)
where y = ¢/c. and will be called the viscous damping ratio or simply the damping
ratio. The roots of the characteristic equation can now be written as

p=—yostio(l —y?? (2.20)

and we will be left with two cases to be considered, 1 — y2 <0 and 1 — 32 > 0.
For 1 — y? < 0, we have a nonoscillatory damped solution given by

x = e "' (Asinhw,/y? — 1t — Beoshw,/y? — 11) 221

where A and B are arbitrary constants to be determined from the initial conditions.
We notice that for this case the damping constant ¢ must have a very high value, not
common in practical applications; therefore, such cases will not be treated here.
Systems with 1 — 2 < 0 are called overdamped systems.

For 1 — y? > 0, we have a damped oscillatory response given by

x = e_”"”"(xmei“"” + xoze_i‘”””) 2.22)
where
wg = 0,(1 — y)? (2.23)

and will be called the damped circular natural frequency of the system. Notice
again that w,; depends only on the properties of the mechanical system and there-
fore is a property of the system. Such systems with 1 — % > O represent the
majority of practical cases and are called damped systems. The constants xy; and
xo2 of Eq. (2.22) are determined from the initial conditions of the problem. Using
trigonometric relations, we can write Eq. (2.22) as

x = e 7" [(x1 + X02)c08 wat + i (xo1 — X2)sin wgt]
= e 7 A) coswyt + As sinwyt] (2.24)
or
x = e V' [Acos(wyt — ¢)] (2.25)

where A = [A? + A2]Y2 = 2[xp; x02)/? and ¢ = tan™! Ay/A; = tan~'i(xg; —
x02)/(x01 + x02). In terms of the initial conditions x(0) and x’(0) the system re-
sponse reads

x = erort | x20) + [x/(O) + x(O)ywn]2 3
= el ”
X cos{wdt —tan~! [W] } (2.26)
wax(0) )



e Word's Feumér dsmpon Lodedip. - PUrChiased from American Institute of Aeronautics and Astronautics

SINGLE-DEGREE-OF-FREEDOM LINEAR SYSTEMS 31
T
A )2 b

()

Fig. 2.4 Free vibration of a single-degree-of-freedom damped system: T =27 /w,
=1/f; (Curve is plotted for -y =0.15).

A typical response of a damped system is shown in Fig. 2.4. It is instructive to
observe that the response shown in Fig. 2.4 suggests a method for determining the
value of y experimentally. Let the amplitude at a time ¢ = #; be x; and at a time
t = t,, separated from #; by a At equal to the period of oscillation T, be x,. Using
Eq. (2.25) we can write the ratio of the amplitudes x| /x; as

n _ Ae 7% cos(waty — @) _ pronT .27
x;  Ae7 v cos(wyty — @)
Defining now the logarithmic decrement § as
§ = fn(x1/x2) (2.28)
and using Eq. (2.27) we obtain
§ =2y /(1 —yH)i (2.29)
or
y = 8/(82 +4x %)} (2.30)

For practical applications, the value of y is very small compared to unity, for
instance, for steel construction (y =0.03) and for riveted aluminum structures
(y = 0.02). Therefore, in such cases we can make the approximation 1 — y? =
in Eq. (2.29), and the relation [Eq. (2.30)] simplifies to

y =8/2n 2.31)

Now if we examine Eq. (2.25) and Fig. 2.4, we notice that the product yw, is
responsible for the exponential damping of the system. Defining « = yw, and
using the relation [Eq. (2.31)], we obtain

o = dw, /21 (2.32)
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and because 1 — 2 = 1, we can approximate wy by w,, and Eq. (2.32) reads
o = dwy/2m = 8fy (2.33)

Equation (2.33) represents a practical means to obtain the exponential damping «
experimentally.

2.3 Response to Harmonic Excitation
In this section, the response of a single-degree-of-freedom system to an external
harmonic excitation is studied. The external force F(¢) can be written as
F(t)= Pycoswt (2.34)

where P, is the amplitude and w is the frequency of the excitation force. Using
Egs. (2.5) and (2.19), we can write the equation of motion as

x" 4+ 2y wux’ + lx = (Py/m)coswt (2.35)

The solution of Eq. (2.35) will be composed of two parts. The first part is the
transient or homogeneous solution studied in the previous section and given by
Eq. (2.24). The second part is the permanent solution or the particular integral
solution. The solution of Eq. (2.35) can thus be written as

x=x +x (2.36)
where x is given by Eq. (2.24) and x, reads
Xy = Acos(wt — ¢) .37

Applying the initial conditions at ¢ = #), we obtain the complete solution as

1
x = Yon! {[xo — Acosglcoswgt + —[x0 + ywn(xg — A cos @)
wy

— wAsing]sin wdt} + Acos(wt — ¢) (2.38)

where A and ¢ are the amplitude and the phase of the permanent solution and
can be determined by the substitution of Eq. (2.38) into Eq. (2.35). Depending on
the initial conditions and the damping of the system, the influence of the transient
solution will appear in limited first cycles of the response. We now concentrate
our attention on the permanent solution. Differentiating Eq. (2.37) and substituting
into Eq. (2.35), we obtain

sin ! [~ Aw? sing — 20,0y A cos$ + w? A sinp] + cos wf [—Aw? cos ¢
+ 2w,wA sing + wiAcosg — (Po/m)] =0 (2.39)

We notice that Eq. (2.39) is valid at any instant of time ¢; therefore, the only con-
dition for that equation to be satisfied is that the bracket terms vanish individually
and we write

~A(w?sin ¢ + 20,0y cos ¢ — w sing) =0 (2.40)
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and
A(w? cos ¢ — 2w,wsing — w2 cos ) + (Po/m) =0 (2.41)
Solving Egs. (2.40) and (2.41), we obtain
2y
t = 242
mg= "o 2.42)
and
Py/k
o/ (2.43)

CJa- ey

where Q = w/w,.

The amplitude A given by Eq. (2.43) and the phase angle ¢ given by Eq. (2.42)
define completely the permanent solution. The maximum response of the perma-
nent solution can be obtained using Eqgs. (2.37) and (2.43) and reads

Po/k
xzmax =
VA =@ + 2y Qy
Now, because [ Py/ k] represents a static displacement due to the application of a
static load Py, we will denote this displacement by x;, and write

X2 1
= o 2.44
: Xst V(1= Q02+ (2yQ)2 49

The ratio £ is called the dynamic magnification factor or the gain and is a function
of y and 2. Figure 2.5 represents a plotting of the gain £ vs € for different values
of y. From this figure, the following is observed:

1) For 2 = 0, i.e.,, @ = 0, all the curves have a unit value, i.e., the response is
equal to the static displacement.

2) For large values of w, i.e., €2 tending to infinity, the gain £ tends to zero for
all values of y.

3) Differentiating & with respect to Q2 for a constant y, we obtain

e —4(1-QHQ+8yQ
a2 1 - 92+ r)
and the maximum value of the gain is obtained at d&¢ /dQ2 = 0, or for
Q=41-2y2 (2.45)

so that the maximum amplitude response will be obtained for an excitation fre-

quency given by
Wpes = Wpy/ 1 =272 (2.46)

We will define this frequency as the resonance frequency and we observe again
that this is a system property.
4) Examination of Egs. (2.23) and (2.46) shows that

Wy > Wy > WRes (247)
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-

! Q'9/“"n

Fig. 2.5 Curves of the dynamic amplification facter £ = xn,,/x vs Q for different
values of .

5) When y > (2)~!/2, the phenomenon of resonance disappears.
6) Substituting Eq. (2.45) into Eq.(2.44), we obtain the maximum value of the

gain as
1
Emax = T2 (2.48)
and, for very small values of y, i.e., 2 < 1, we can write
Emax = 1/2y (2.49)

Theratio 1 /2y is defined as the Q-factor and is a measure of the system damping
when y <« 1."Consider Fig. 2:6, which represents a typical curve of the amplitude
A vs the excitation frequency in turns of the resonance frequency. Let A be the
maximum amplitude and A be an amplitude ata frequency w, near the resonance
phenomenon. Using Eq. (2.44), we can write

A 1

Tt {[1 = (g — Aw/22 /2] + 4y 2wy — Awf2P w2}

where Aw/2 = wg — w) and, for y? < 1, we have Aw?/0? € Aw/w, K 150

(2.50)




e Word's Feumér dsmpon Lodedip. - PUrChiased from American Institute of Aeronautics and Astronautics

SINGLE-DEGREE-OF-FREEDOM LINEAR SYSTEMS 35

v

w
1 —R w

Fig. 2.6 Typical amplitude response A vs driving frequency w in the vicinity of reso-
nance.

that we can write Eq. (2.50) as
A 1
2 1 (2.5
Xt [(Aw/w)? +4y?)2

Using Egs. (2.49) and (2.51), we obtain

AR 1 2 2 1
R=—Z=—|(A 4y |? 2.52
A, 2)/[( w/w,)" +4y ] (2.52)
or
Aw 1
- (2.53)
4 26, ~R? -1
and if we take R? =2, i.e., A} = Ar/(2)/? = 0.7Ag, we have
A
Yy = 2 (2.54)
2w,

Equations (2.49), (2.53), and (2.54) suggest methods for the determination of
the damping ratio y during ground vibration tests. Going back to the phase angle
¢, we have

1 2y82
1-Q2

Figure 2.7 presents plots of the phase angle ¢ vs € for different values of the
damping ratio y.

From these curves, the following is observed:

1) For very small values of  and y? « 1, we have tan ¢ = 0. Thus the response
is in phase with the excitation.

2) For © = 1, independent of the value of y, tan¢ = oo, or ¢ = 7 /2, i.e., the
response is 7 /2-phased in relation to the excitation. It is instructive to observe that
the passage of the response phase at 7w /2 is at the undamped natural frequency, while
the point of the maximum amplitude of the response is at the resonance frequency.

$ = tan™ (2.55)
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Fig. 2.7 Curves of the phase angle ¢ vs 2 for different values of .

Therefore, during a ground vibration test, if £ and ¢ are plotted simultaneously,
the departure of the point of maximum & and the passage at 7 /2 for the phase is
an indication of how great the system damping is. Furthermore, this suggests a
method for the determination of the damping ratio y using Eq. (2.46).

3) When > 1and y? « 1, we have tan¢ = 1, i.e., the response is 7 -phased
with respect to the excitation force.

2.3.1 Transmissibility Factor

Using the equation of motion [Eq. (2.5)], we can write the force transmitted to
the base as

F, = cx' + kx = 2yw,mx’ + w?mx (2.56)
Substituting the permanent solution [Eq. (2.37)] into Eq. (2.56), we obtain

Py

= ooy @ - atcoler=al 257

or

cos(wt — ) (2.58)

F 14+ 2y)?
Py V(1 -222+Q2yQp

where ¥ is a new phase angle. We define the amplitude of F; /Py as the transmissi-
bility factor and we write

_(F . 1+ Q2yQ)?
" (E)m TV a-@P + QP 229
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Fig. 2.8 Curves of transmissibility factor i vs €2 for different ~.

Figure 2.8 shows plots of n vs 2 for various values of y. From these curves, the
following can be observed:

1) When 2 =2, we have n=1 for any value of y, i.e., independent of the
system damping, the exciting force is totally transmitted to the base.

2) When 2 > 2, we have n < 1 for any value of y, and, in this range, an increase
in y implies an increase in the force transmitted to the base.

3) Differentiating n with respect to 2 at a constant y, we obtain

Qe = [(1+ 8y —1]7 /2y

/1292 + 8y —40y6 + - -

and

1+ 4y? ]% .
= | ———_ " 40 2.60
! [4y2<1 ] OV (260

2.3.2 Harmonic Oscillation of the Base

For the problem of accelerometer pickups, consider the dynamic system shown
in Fig. 2.9. The base has a prescribed motion given by

X0 = Xpcos wt (2.61)

We will consider the motion of the mass relative to the base as the generalized
coordinate x and write

X =X] —x9 = Xx; — Xocoswt (2.62)

The expressions for the kinetic energy, the potential energy, and the dissipation
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Fig. 2.9 Representation of an accelerometer pickup.

function read
T = (1/2)ymx;? = (1/2)m(x’ + x{)?
U = (1/2)kx? (2.63)
D = (1/2)cx’?
Applying the Lagrange equation of motion [Eq. (2.4)], we obtain
mx" 4 cx' + kx = —mx] = mw*Xocos wt (2.64)
or
x" 4+ 2y wnx’ + wrx = w?Xocos wt (2.65)

Comparing Eq. (2.65) with Eq. (2.35), we conclude that the equation of motion
in the present case is identical to that of an external harmonic excitation with
Py = mQZXO; therefore, using Eq. (2.43), we can write the maximum relative
amplitude A of the response as

B 22X,
T A =2 + 2y P

or
A Q2
Xo /-7 +QyQp?

Curves of A/ Xg vs  for different values of y are plotted in Fig. 2.10. From
these curves, the following can be observed:

1) When © = 0, independent of the value of y, all the curves have a zero value,
i.e., X1 = Xo.

2) When 2 is very large, all curves converge to A/ Xo = 1,1.e,x1 = x +xp =
2X,.

3)Near 2 = 1, aresonance phenomenon exists, but now the points of maximum
response are shifted to the right of 2 = 1, and the maximum response values are

(2.66)
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Y =70

1 1= Q/wnr

F

Fig. 2.10 Curves of A/ X, vs Q for different values of ~.

given at
Wy

WRes = /—1 — 2)/2

4) Again, for y > (2)!/2, the resonance phenomenon disappears, i.e., there are
no peaks in the curves.

5) We define the sensitivity s as being the ratio of the product of the undamped
frequency squared and the relative amplitude divided by the acceleration of the
base, i.e.,

2.67)

Aw? A 1
= - = (2.68)
Xow?*  Xo2* /(1 - Q)+ (2yQ)?

Comparing Eq. (2.68) with Eq. (2.44), we observe that the curves of the sensibility
are identical to those of the gain &, plotted in Fig. 2.5 and we have

w5 = wyy/1 — 292 (2.69)

Curves of s vs  for high values of y are shown in Fig. 2.11. From these curves,
we can observe that for the range 0.65 < y < 0.70 the values of s range between
1.01 and 0.99 when €2 is between 0 and 0.40. In other words, a measure of the
relative displacement of the mass will be proportional to the acceleration of the
base within an error less than 1% for the range of the frequency 0 < Q2 < 0.40
and a damping range of 0.65 < y < 0.70. This fact is used in the design of
acceleration pickups, i.e., if the damping ratio of the acceleration pickup is given
by 0.65 < y < 0.70, accelerations measured by this pickup will have an error less
than 1% if the natural frequency of the pickup is greater than 2.5 of the measured
frequencies.

s =

2.3.3 Complex Frequency Response Function

We consider in this section the response of a single-degree-of-freedom system
to an external excitation force given by

F(t) = Pye'? (2.70)



e Word's Feumér dsmpon Lodedip. - PUrChiased from American Institute of Aeronautics and Astronautics

40 STRUCTURAL DYNAMICS IN AERONAUTICAL ENGINEERING

1.03
1.02

1.01

1.00

0.99

0.98

0.97

Fig. 2.11 Curves of the sensitivity s vs €2 for high values of ~.

where w is real. The system being linear, the permanent solution will be exponential
and we can write

x(t) = H(w)Poe'? 2.71)
where H{w) is a function that will be defined as the complex frequency response
function. To determine H (w), we substitute Eq. (2.71) into the equation of motion

[Eq. (2.5)] to obtain

[~@’H(@) + 2iww,y H@) + oy H@)] Poe™® = (Po/m)e’™  (2.72)

or
2 . 1 1
H@I(1 - Q) +2iyQl= — =
mw; k
Thus,
1/k
H@ = 2.73
@ =00 2y q 2.73)
and from complex algebra, the modulus of H(w) reads
1/k
|H(w)| = (2.74)

VA -2+ 2y er
Comparing Eq. (2.74) with Eq. (2.44), we conclude that

§ =klH(w)| (2.75)
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Fig. 2.12 Dirac—delta function definition.

2.4 Response to an Impulsive Excitation
A Dirac—delta function or a unit impulse function §(t — a) (see Fig. 2.12) is

defined as
§(t—a)=20 fort #a
00 a+e/2 (276)
/ 6(t—a)dt=/ §(t—a)dt =1
—00 a—¢ef2,_,

Observe that §(f — @) has dimension [1/¢]. Consider now, a single-degree-of-
freedom mechanical system excited at time ¢ =a by an impulse F. Using the
above definition, we can write

F@t) = F8(t — a) Q.77

We observe that F has dimension N-s. We will define the response of a single
degree of freedom to the application of a unit impulse at a time (¢ —a) as the
impulsive response and denote it by A(t — a). If the unit impulse is applied at
t = 0, we will have an impulsive response A(?). In the following, we will study
the response of a single-degree-of-freedom system due to the application of an
external force F(t) = F4&(t), with initial conditions x(0) and x’(0) equal to zero.
The equation of motion [Eq. (2.5)] can be written as

mx" + cx’ + kx = F§(¢) (2.78)

Integrating Eq. (2.78) between the time ¢ = 0 and ¢ = &, where ¢ is the duration
of the impulse, we obtain

[ : (mx" + cx’ + kx)dt = / : F5(t)dt (2.79)

0.0 )

Using Eq. (2.76), the right-hand side of Eq. (2.79) reads
& &
/ F3(t)dt = Ff s(t)ydt =F (2.80)
0csg 0
Integrating the first term of the left-hand side, we obtain

/s mx" dt = m[x'(g) — x'(0)];0 = mx'(0") (2.81)

Ocmso
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because at ¢t = 0, x’(0) = 0. In Eq. (2.81), x’(0") denotes the velocity of the
system just after the application of the impulse. Considering now that there is no
variation in the displacement during the application of the impulse, the second and
third terms of the left-hand side of Eq. (2.79) read

/s cx'dt = c[x(e) — x(0)]e0 =0 (2.82)

00

and

£
/ kxdt =0 (2.83)
0o

Using Egs. (2.80-2.83), we obtain
mx'(0Y)y=F (2.84)

i.e., just after the application of the impulse, we will have a single-degree-of-
freedom system in free vibration with initial condition x(0) = 0 and x’(0) = F/m.
Using Eq. (2.26), the response of the system reads

x'(01)

sin a)dt] = e v sin wyt for t >0

x(t) = e""”"'[

nmawy
=0 for t <0 (2.85)

Hence, if F = 1, we will have the impusive response h(¢) given by

h(t) = eV sinwyt for t >0
mawg

=0 for t <0 (2.86)

and for a unit impulse applied at ¢t = 7, the response reads
1
h(t — 1) = ——e " Dginwy(t — 1) fort >t
maowg
=0 fort <t (2.87)

As an application of the impulsive response, we consider in the following the
response of a single degree of freedom due to the application of an arbitrary
deterministic external force F(¢) as shown in Fig. 2.13, with null initial conditions.
We consider the applied load as being composed of a series of impulses applied at
t = 1, and we write

F(t) = F(r)AT (2.88)

Using Egs. (2.85) and (2.86), we can write the increment of the response Ax due
to the application of F(t) as

Ax =F@)h(t — 1) = F(D)ATh(t — 1) for t >t
=0 for t <t (2.89)
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Fig. 2.13 Deterministic function.

and considering the series of impulses until t = 7, we write

dYoax= Y F(@Atht—1) (2.90)

Ar=1.2,..n

Changing the summation by integration, we obtain
t
x(t) = / F(D)h(t — T)dr 291
0

Equation (2.91) is called the convolution integral or Duhamel’s integral. Now
using Eq. (2.87), we can write the response given in Eq. (2.91) as

1 t
x(t) = —/ F(r)e "D sinw,(t — t)dr for t >0
mawyg Jo

=0 fort=<0 (2.92)

Notice that the response given by Eq. (2.92) is for initial conditions x(0) = x’(0) =
0.1If these are different from zero, the complete solution of the system will be given
by the addition of the responses [Eq. (2.26) and Eq. (2.92)] to read

R x'(0) + x(O)yw, 1* :
xt)y=e7" {x )+ [—wd j, }

_ 1 x'(0)y+ x(0)y wy

X COS {wdt tan [—wdx(O) ]}

1 t
+— | F@e 7" Dsinwy(r — t)dr (2.93)
mwg Jo
Returning now to Eq. (2.91) and making the transformation,

t—1=2X (2.94)
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we obtain

t

0
x(t)=— / F@t — VDh(A)ydA = f F(t — AM)h(A)dA (2.95)
t 0

and because X is the variable of the integration, we can write

!

x(t) = / F(m)h(t —1)dr = / F(t — t)h(r)dr
0 0

2.5 Response to a Step Excitation

In this section, the response of a single-degree-of-freedom system due to the
application of an external force of a unit step function is studied. A unit step
function (see Fig. 2.14) is defined as

ut—1)=20 for t <7

2.96
ut—1)=1 fort >t ( )

We observe that u(¢ — t) is a nondimensional function and that the multiplication
of an arbitrary function by a step function eliminates the function for ¢+ < 7 and
does not affect the function for r > 7. We will call the response of a single-degree-
of-freedom system to the application of a unit step function the indicial response
and denote it by g(z). Applying Duhamel’s integral for the case of a step function
applied at + = 0 with null initial conditions, we get

gt)y= / u(t)h(t — t)dr
0

l t
=—— | 7 Dginwu(r — t)dr 297
mwy Jo

ut-a)

Y

Fig. 2.14 Definition of a unit step function.
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making the transformation + — 7 = A and integrating, we obtain
1 n
g(t)y = - l:l — 7Yt (cos wat + Yo sin wdz)] 2.98)
k Wy
The dimension of g(¢) is m/N, and, if the step function has an intensity Py(N),
the response will be
x(t) = Pog(1) (2.99)

We notice that the response given by Eq. (2.99) is for null initial conditions. If the
initial conditions are different from zero, the complete solution will be obtained
by the addition of the responses given in Egs. (2.26) and (2.99). We notice further
that an external arbitrary deterministic load can be represented by the summation
of a series of step excitations.

2.6 Response to Periodic Excitation (Fourier Series)

Figure 2.15 represents a periodic external applied load F(t) with a period T.
We call 27/ T the fundamental frequency of excitation and denote it by wy, i.e.,

wo =27/ T (2.100)

Now, if the function F(¢) is periodic and possesses a finite number of discontinuities
and if the following relation is satisfied:

T
f [F(t)|dt < o0
0

then from the theory of Fourier analysis, we can write F(¢) as

oo

Fiy=24+2
T T \4

A

a, cos nwyt + by, sin na)ot) (2.101)

=1

F(t)

s
INANVE

Fig. 2.15 Periodic function.
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The coefficients g; and b; in Eq. (2.101) have the dimension N-s and can be
determined by multiplying both sides of Eq. (2.101) by cos iwot and sin iwpt and
integrating both sides from 0 to T, to obtain

T T T
ag = / F(t)dr a, = / F(t)cos nwot dt b, = / F()sinnwot dt
0 0 0
(2.102)
Now, because the system is linear, the response will be obtained by the sum-

mation of the individual responses of the series. Applying the results obtained in
Section 2.3, we can write the permanent solution response as

x(1) = %(ao +2 3 [(1 - 92)* + @re?] {[2ruan + (1 — 22)b,]
n=1

X sinnwot + [(l — Q,zl)a,, — ZyQ,,bn]cos na)ot}) (2.103)

where
Qp = nwo/w, (2.104)

Now, returning to the trigonometric expansion [Eq. (2.101)] and omitting the
constant term ag, which can be analyzed alone, we can write the function F(t) as

o0
F(t)= ™™  n=c1,42,43, . . (2.105)
—~00
where ¢, is in general complex and is given by
17 ;
Ch = 7/ F(t)e " dt n==+l1,42 43, ... (2.106)
0

The system being linear, the response will be given by the summation of the
individual exponential excitations; hence, using Eqs. (2.71) and (2.73), we obtain

o0
x(t) = Z H,(nwo)c,e™™  n==£1,42, 43, ... (2.107)
—0o0

where
1/k

2.108
(1—2)+2iyQ, (2-108)

H,(nwo) =

where @, = nwy/w,. Notice that Eqgs. (2.103) and (2.107) are only the perma-
nent solutions. To obtain the complete solutions, we have to add to Eq. (2.103)
or Eq. (2.107) the transient solutions given in Eq. (2.24) and apply the initial
conditions of the problem in consideration.
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2.7 Response to Aperiodic Excitation (Fourier Transform)

Consider again the exponential expansion:
0 .
Fiy=Y cee™ n==%1,£2,43,...  wo=27/T (2.109)
-0

and the series coefficient given by

1 (7 .
cn = ?/ F(2)e 7" dr n==1,+42 43, ... (2.110)

0

If we extend the period T from —oco to oo, the external applied force F(t)
can be considered as an aperiodic force. The discrete frequencies nwq are now
transformed to a continuous function, and the exponential series is transformed to
an infinite integral that we call the Fourier integral. Writing now at the limit,

nwy = w (2.111)
and
(n+ Dwo —hwy = Aw = wo =21 /T (2.112)
we can write Egs. (2.109) and (2.110) as

01 . 1 & )
F(r) = ; 7(Tc,,)e“‘” = ;(Tc,,)e"”'Aa) (2.113)
and
T .
(Ten) = / F()e ' dt (2.114)
0
Extending T from —00 to oo and tending Aw to zero, we obtain
1 [ .
Fit)y= — / F(w)e' do (2.115)
27 J_ oo
and
o .
Floy=(Tc)rs00 = / F(t)e " dt (2.116)
-0

The transformation in Eq. (2.116) will be called the Fourier transform of F (),
while the transformation in Eq. (2.115) will be called the inverse Fourier transform.
In a similar manner, we can write for the response x(¢) the Fourier transform and
the inverse transform as

x(w) = / ” x()e™ " dt @2.117)

oo

x(t) = % foo x(w)e' dw (2.118)
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but from Eq. (2.71), we have

x(t) = H(w)F(z) (2.119)
Hence we can write

x(w) = H(w)F(w) (2.120)

and substituting into Eq. (2.118), we obtain
1 0 iwt
x(t) = — H(w)F(w)e' dw (2.121)
27 Joo

Notice that if the Fourier transform of the external force is known or has been
calculated, Eq. (2.121) can be used to obtain the system response in the time
domain and integrations can be performed analytically or numerically. Further-
more, Eq. (2.120) represents an algebraic relation between the three functions,
x{w), F(w), and H(w), i.c., if two functions are known, the third one can be de-
termined using this relation. This property is extensively used in Fourier analysis
experimental work. Finally, notice that w is a real quantity.

2.8 Laplace Transform (Transfer Function)
The Laplace transform of a function x(¢) is defined as

x(s) = L[x(t)] = / ” e~ x(t)dt (2.122)
0

where s is in general complex. Using Eq. (2.122), we can obtain the Laplace
transform of the velocity and the acceleration as

—g dx(®)

x(s):L[x(t)]:/O e F—dl

= [e—s’x(t)]go + 5 foo e“Stx(t) dt
0

= sx(s) — x(0) (2.123)
and
" _ " . o —st dzx(t)
xX'(s)=L[x"())] = /0 e i dt
B 2100 Y g ()
—[e ” :lo +S/O e ” dt
= 5%x(s) — sx(0) — x'(0) (2.124)

Now, consider the equation of motion,

mx" +cx' +kx =F(t) (2.125)
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Applying the Laplace transform to both sides, we obtain
[ms? + cs + k] x(s) — mx'(0) — (ms + 5)x(0) = F(s) (2.126)

Ignoring for the moment the initial conditions, we can write

) = o o F (2.127)
or
x(s) = G(s)F(s) (2.128)
where
G(s) : (2.129)

- (ms2+cs +k)

We call G(s) the transfer function. We notice that Eq. (2.128) represents an
algebraic relation between x(s) and F(s). To obtain the response as a function of
time, we perform the inverse Laplace transform, i.e.,

x(t) = L7'x(s) = L™ G(s)F(s) (2.130)

and, for initial conditions different from zero, we write
x(t) = LG()F(s) + mG(s)(s + 2y w,)x(0) + mG(s)x'(0)]  (2.131)
Finally, notice that if s is purely imaginary, i.e., if s = iw, where w is real, we have

1 1/k

[—mw? +icw + k] B [(1 - +iyQ] = H(w) (2.132)

Gliw) =

i.e., when s is purely imaginary, the transfer function is equal to the complex
frequency response function.

Problems

2.1 The determination of the elasticomechanical properties of the control sur-
faces of airplanes with precision is a requirement for aeroelastic analysis. Math-
ematical models used to obtain such data with the precision required are very
complex and expensive. Such data can, however, be obtained using relatively sim-
ple ground vibration tests. To this end, the following ground vibration tests have
been performed:

(a) Determination of the moment of inertia Iy of a statically balanced rudder
about its rotation axis. The test has been performed according to the drawing
shown in Fig. P2.1a. A variation of the external excitation frequency f was made
and a record of the amplitude at the point of excitation was obtained as given
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!

x
L

L=0.2m
k=125N/m

Fig. P2.1a

below
fuz  9.00 2920 2940 2960 29.80 30.00 30.20
3040 30.60 30.80 31.00
x/xo 1314 1528 1795 21.04 23.87 25.00 23.50
2057 1742 1473 12,60

From these data, obtain the value of 1.

(b) Determination of the constant torsional stiffness Ky about the rotation axis,
the undamped natural frequency, the damped natural frequency, and the modal
damping ratio of the first rotational rudder mode. To obtain these data, the rudder
has been connected to its system in the airplane and the ground vibration test has
been repeated and executed as shown in Fig. P2.1b. The following data have been
recorded:

far 295 29.6 29.7 29.8 29.9 30.0 30.1
x/x; 5.01441 5.02252 5.02519 5.02233 5.01393 5.00000 4.98063
fuz 302 30.3 30.4 30.5 30.6 30.7

x/xs: 4.95596 4.92617 4.89149 4.85219 4.80857 4.76097

From these measurements, determine Ky, w,, wy, and y.

P
T
ko
Fig. P2.1b

2.2 Todecrease vibrations transmitted to instruments in aircrafts, the board panel
is mounted on slightly damped springs. In an aircraft, the board panel is mounted
on a spring that deflects 0.005 m in the vertical direction as a static deflection. The
aircraft has an external harmonic excitation of 1800 rpm in the vertical direction.
What is the percent of vibration transmitted to the panel?
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2.3 Inan aircraft, a gas turbine of mass 450 kg is mounted on an elastic support
that deflects 0.002 m as static deflection. The turbine is running at 6200 rpm and
has an unbalance of 0.003 kg-m. What is the maximum amplitude of the force
transmitted to the aircraft if the suspension damping is neglected? Repeat the
calculation for a damping ratio of y = 0.10.

2.4 During a ground vibration test of a single-degree-of-freedom mechanical
system under a harmonic excitation of an amplitude of 200 N, the following has
been measured:

(a) w; = 16 rad/s, Ay = 0.20 mm, and ¢ = 15 deg

(b) w, = 25 rad/s, A; = 0.20 mm, and ¢ = 55 deg
where o is the excitation frequency, A is the amplitude of the displacement re-
sponse, and ¢ is the response phase angle. From these results, calculate the damped
and undamped natural frequencies, the damping ratio y, the spring constant k, and
the mass m of the mechanical system,

2.5 Figure P2.5 is a simple mathematical model of a car running on a road
idealized as a single-degree-of-freedom mechanical system. Use the following
values: A = 12 m, m = 1800 kg, kK = 200,000 N/m, and y = 0.4. Find the value
of the amplitude of the permanent solution. Repeat the solution if the system is
undamped, i.e., c = 0.

x(t) I
e e e e ——————




The Hocls Fnm i dumpos Loderiip PUrChiased from American I nstitute of Aeronautics and Astronautics

This page intentionally left blank



e Word's Feumér dsmpon Lodedip. - PUrChiased from American Institute of Aeronautics and Astronautics

3
Multidegree-of-Freedom Linear Systems

3.1 Equations of Motion

3.1.1 Position Vector

Let Pg be the space coordinates of a point of an elastic mechanical system at
a time #o. Because of the application of an external force at t =1y, the point in
consideration will occupy a new position P at a time ¢. The vector PP¢ will thus
represent the displacement of the point with initial position Py. If we now consider
a discrete system, or a continuum that has been approximated as a discrete system
using a set of generalized coordinates g, we can write

P =F(q) 3.1
where ¢ is the set of the generalized coordinates that define completely the me-
chanical system and F is the transformation operator. For a linear system, the

transformation operator F does not depend on the generalized coordinates ¢, and
thus we can write for any point j of the mechanical system

q

ap; o,  oP; ]| @
Fi=1%4 dqn (3:2)

qn

where dP;/dq; are constants that do not depend on the generalized coordinates
for a linear system and that represent the variation in the displacement at the point
in consideration due to a unit variation in the generalized coordinate ¢;. In this
section, to simplify the notation, we will use Einstein’s summation notation for
repeated indices, and we write Eq. (3.2) as

- 3P~] aP;

P = ——J gi = ___LqA (3.3)
! ;[ aq;1"  Bq;

3.1.2 Velocity Vector

The velocity at any point j of the mechanical elastic system at a time ¢ can be
written as
V; =dpP;/dt 34
Using Eq. (3.2), we can write the velocity vector as
_dP;  3P;dq; 0P,

el A 35
T dg; dr g, 4 (35

where g/ = dg; /dt.

53
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3.1.3 Kinetic Energy Functional
The kinetic energy functional of the elastic mechanical system reads

1
T = 3 /,o(P)V(P) -V(P)dv (3.6)
v
where p(P) is the material density at point P, V(P) is the velocity vector at point

P, and v is the volume of the elastic mechanical system. For a discrete system we
can use Egs. (3.5) and (3.6) and write the kinetic energy functional as

1 aP oP
T=—-¢g — . —d ! 3.7
29 [/vpaqj dqi v] % 47
or, in matrix notation, we can write
T = 3{g'} Mg’} 3.8)
We call [M] the mass matrix of the mechanical system. The elements of the
mass matrix are given by
oP 9P
v 04 99

We conclude from Eq. (3.9) that the mass matrix is a symmetrical real matrix
and because the expression {q'}” [M]{q’} represents an energy expression for any
vector {g’} different from the null vector, we further conclude that

{xYTIM){x} >0  V{x}# {0} (3.10)

Therefore, [M] is a positive definite matrix.

3.1.4 Strain Energy Functional
The stress—strain relationship for an elastic linear continuum can be written as
{o} =[Cl{e} (3.11)

where [C] is the material constitutive matrix and is a symmetric matrix be-
cause the stress and strain tensors are symmetric tensors. Writing now the strain—
displacement relationship as

{e} = [d]{P} (3.12)

where [d] is the differential operator relating the strains to the displacements, and
substituting Eq. (3.3) into Eq. (3.12), we obtain

{e} = [d][N]){q} (3.13)

where [N] has been used to denote the transformation matrix of the displace-
ments to the generalized coordinates. The strain energy functional of the elastic
mechanical system reads

U=%/Wﬁﬁ® (3.14)
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Using now the relation of Egs. (3.11) and (3.13) and Eq. (3.14), we can write
the strain energy functional as

U=V f INY (4] [CTIYIN) dvlg) (3.15)
or
U =g} [K1{g) (3.16)
where
K] = / (N L) [CI)N ] du (3.17)

We call [K] the stiffness matrix of the elastic mechanical system. Again, we
observe that [K] is a real symmetrical matrix because the constitutive material
matrix is a symmetric matrix and is real. Furthermore, from energy consideration
concepts, we conclude from Eq. (3.16) that [K] is a positive definite matrix for
a constrained mechanical elastic system or a semipositive definite matrix for an
elastic mechanical free body.

3.1.5 Expression of the Dissipation Function

We consider in this section that the damping forces of the elastic mechanical
system are of viscous nature and are linearly related to the velocity vector, and we
write

aFp(P) ,

Fp(P) = 2q. q;
i

(3.18)
where Fp(P) is the damping force of the elastic mechanical system at point P.
The variation in the virtual work of the damping forces in a virtual displacement
3P reads

dFp(P
SWp = [FD(P)SPdv =q;f D(, s Pdv
v v aq]'
oFp(P) 4P
=q; / % . a—dv 8q; (3.19)
v qj qi
Now,
g = q; At (3.20)
Thus
8q; = 8q/ At (3.21)

and substituting Eq. (3.20) into Eq. (3.19), we obtain

aFp 8P
sWp =) [ —2 . dvdqgAt (3.22)
v aq]' 31]:‘
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or
sW; 3F, P
D~ / D —dvsq] (3.23)
3q,

Defining now a dissipation or a viscous damping function D as
D = 34Bijq{ = Wp/At (3.24)
which in matrix notation can be written as
D = 3{q'Y [Bliq'} (3.25)

we can write the variation in the dissipation function D caused by the variation in
the velocities g; as

8D = q;Bi;3q; (3.26)
where the elements of the matrix [ B] are given by
oFp, OdP

By = / D v (3.27)
dq; 9q;

We call the matrix [ B] the dissipation, or the viscous damping matrix.

3.1.6 Equations of Motion
Applying Lagrange equations,
d/aL 8L aD
a\aa /)~ =0, (3.28)
t\ 9q; 8q, 8q,

where L = T — U, and using the kinetic energy functional [Eq. (3.8)], the strain
energy functional equation [Eq. (3.16)], and the dissipation function [Eq. (3.22)],
we obtain the equations of motion of a discrete elastic mechanical system of n
degrees of freedom written in matrix form as

[MY{g"} + [Bl{g'} + [K{q} = {0} (3.29)

where {Q7} is the column of the generalized external forces. The solution of the
equations of motion [Eq. (3.29)] will be studied in detail in the sequence.

3.2 Free Vibration: The Eigenvalue Problem
3.2.1 Undamped Systems
Equations of motion [Eq. (3.29)] for undamped free vibration read
[Mq"} + [K1{g} = {0} (3.30)

The system of equations [Eq. (3.30)] is a system of second-order differential equa-
tions with constant coefficients, whose solution can be written as

{g} = {qole’ (3.31)
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Substitution of Eq. (3.31) into Eq. (3.30) gives

P7[M1{qo} + K l{go} = {0} (3.32)
Defining
A = —P? (3.33)
we get
[[K]— A:[M]}{go} = {0} (3.34)

This represents an eigenvalue problem, whose solution was treated in Chapter 1.
The solution of the eigenvalue problem will furnish the eigenvalues A; and the
eigenvectors Q;. In the following section, some properties of the eigenvalues and
eigenvectors of undamped systems will be derived.

1) The eigenvalues A;(A; = —Piz) are positive real numbers. Writing Eq. (3.34)
for the ith eigenvalue as

MIMIQi} = [KHQi} (3.35)
and premultiplying by {Q;}" we get
M{Q:Y IMIQi} = Qi) [KHQi} (3.36)

or

_ {0)TIKT{0}
O IM1Q:}

But because {Q;} # {0} and both {Q;}T[M1{Q;} and {Q,}T [K1{Q;} are positive
real numbers from physical considerations (since they represent energy expres-
sions), we conclude that X; are positive real numbers, and therefore P; represents
pure imaginary numbers.

2) The eigenvectors are real vectors. Let us conclude that an eigenvector, say
{Q;}, 1s a complex vector and we write it as

(3.37)

{Qi} ={Q}} +i{0]} (3.38)

where both {Q}} and { Q7} are real vectors. Substituting Eq. (3.38) into Eq. (3.36),
we get

MIMIQ:} + {07} = [KI{Q;} + i{ Q] (3.39)

Now, because [M], [K], and A, are real, we can separate the real and the imag-
inary parts of Eq. (3.39) to read

MM Q) = [KHQ}
AIMI{QY) = (KN Q)

Thus, we have as eigenvectors {Q}} and { @/}, which are both real and proportional
because they correspond to the same eigenvalue A;. We thus conclude that the
system of equations [Eq. (3.35)] admits only real eigenvectors.

(3.40)
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3) The eigenvectors are orthogonal vectors in relation to the mass and the stiff-
ness matrices. Writing for two different eigenvalues A; and A ;

MM Qi) = [KHQi}
MM Q) = [KKQ;}
and premultiplying the first equation by {Q;}7 and the second by {Q;}7, we get
AV IMI Qi) = (0} KL Q:)
AT IMIQ ) = (O KO}

Transposing the second equation and noting that [M] and [ K] are both symmet-
rical, we get

(3.41)

A QY IMI{Q:} = {Q)T[K1{Q:)
QT IMIQ:} = {0 IKHQ:}
Subtracting the second equation from the first one, we obtain
(i —ap (e IMI Q] =0 (343)
We thus conclude that
{QIMNQ:} =0 forx # 4,

(3.42)

(3.44)
(O IM{Q:i} #0  fork; = A,
Furthermore, using Eqgs. (3.42) and (3.44), we also conclude that
(Q)TIKNQ =0 ford; # 4
(3.45)

(Y IKHQi} #0  fork; =2

Equations (3.44) and (3.45) represent the orthogonality relationships between the
eigenvectors of the modes of free vibration of an undamped system with respect
to the mass and stiffness matrices. Furthermore, we conclude that

[QV[M]IQ] = [u]
(O K1Q] = [v]

where both [y | and [ | are diagonal matrices, and we call them the generalized
stiffness and generalized mass matrices, respectively. We notice that the numerical
values of p;; and y;; will depend on the way the corresponding eigenvector { Q;}
has been normalized. In the case when the eigenvectors are normalized in such a
way that the generalized mass matrix is an identity matrix, the eigenvectors are
called the normal vectors. To determine the scaling factor in such a case, we write
the following for a normal vector {N;}:

{Ni} = c:{Q;} (347)
where ¢; is the scaling factor. Using Eq. (3.46), we get
HON MIQi} =1

(3.46)
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Thus,
1 1
Ci = + T = :f:—r (348)
QT IMHQi}) Ik
or
1
{Ni} = £——{0;} (3.49)
lul?

Furthermore, we conclude that in such a case, i.e., normalization for unit general-
ized mass, the corresponding generalized stiffness will be equal to ;.

3.2.2 Damped Systems
For free vibration of a damped system, the equations of motion [Eq. (3.29)] read

[MH{g"} + [CHg'} + [KNgq} = {0} (3.50)
Again the system of equations [Eq. (3.50)] admits solutions in the form
{q) = ¢ {q0} (3.51)
where s and {qo} are in general complex. Substituting Eq. (3.51) into Eq. (3.50),
we obtain
s* M }{qo} + s[Cl{qo} + [K g0} = {0} (3.52)

This represents an eigenvalue problem of the second order. However, we can
casily transform it to a first-order eigenvalue problem by writing the identity

Mg’} = [M){q'} (3.53)
and combining Eqgs. (3.50) and (3.53) to obtain

[0] [M}f||q + -[M] (0] ||«¢ _ 0 (3.54)
M) [C]]|4q 01 ([K1]1l4qg 0
Now,

[0] [M] —[M] [0] q
Al = Bl = = 3.55
Al LM] [C]] 5] [ [0] [K]} ) ‘q} 33

The system of equations [Eq. (3.54)] reads

[ANY'} + [Bly} = {0} (3.56)
Again the system of equations [Eq. (3.56)] admits solutions in the form
{y} = ¢ {y} (3.57)
Substituting Eq. (3.57) into Eq. (3.56), we get
[s[A]+ [B1){yo} = {0} (3.58)

Again this is an eigenvalue problem whose solution was treated in Chapter 1.
The eigenvalues of Eq. (3.58) s are, in general, complex. Examining Eq. (3.57), we



e Word's Feumér dsmpon Lodedip. - PUrChiased from American Institute of Aeronautics and Astronautics

60 STRUCTURAL DYNAMICS IN AERONAUTICAL ENGINEERING

conclude that, in the case of an eigenvalue being real and negative, we will have
an overdamped motion. If 5; is a complex number with a negative real part, we
will have an oscillatory stable motion. Furthermore, it can be shown that complex
roots will occur in conjugate pairs for this kind of eigenvalue treated here since
both [A] and [B] are real symmetric matrices. The imaginary part will give the
modal frequency, and the real part will give the corresponding damping.

3.3 Response to an External Applied Load
For an externally applied load, the equations of motion read
[MUg"} + [CHq'} + [K g} = {F(®)} (3.59)
The solution of Egs. (3.59) falls into two categories, the modal superposition tech-

nique and numerical methods. Both categories will be discussed in the following
sections.

3.3.1 The Modal Superposition Technique

The modal superposition technique consists of transforming the equations of
motion [Egs. (3.59)] into the modal base of the associated conservative system.
The associated conservative system is obtained by the elimination of the damping
from the equations of motion. For free vibration, the equations of motion of the
associated conservative system read

[M1{g"} + [K){g} = {0} (3.60)

The solution of Eq. (3.60) will give the eigenvalue matrix [A] and the eigenvector
matrix [ Q] as described in the last section. Making the transformation

{q} = [Q1{n} (3.61)
where {n} is the vector of the modal amplitude, the equations of motion [Egs. (3.59)]
read
[M][Q1n"} + [CIQHN'} + [KIQNn} = {F} (3.62)
Premultiplying Eq. (3.62) by [Q]7, we obtain
[l {n"y + [BIin'} + [v]){n} = {¢} (3.63)
where

] =101 MIlQ]

[8) = [Q1TICIIQ]

[v] =101 [KI[Q]
{9} = [Q1"{F}

The matrices [ | and [y ] are diagonal matrices due to the orthogonality pro-
perties of the eigenvectors of the associated conservative system and are called the
generalized mass and the generalized stiffness matrices. The modal formulation is
very attractive in the study of dynamic response of structures with small damping,
e.g., aeronautical structures where the damping effect [8] {r} is small in compar-
ison with the stiffness and inertia terms. Thus, we can make the simplification of
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assuming [ B8] to be diagonal, i.e., we neglect the damping coupling between the
modes. Doing so, Eq. (3.63) transforms to a system of uncoupled equations of a
single degree of freedom in the form

wiin; + Bimi + vini = ¢i(t) i=12...,n (3.64)

Each equation of the system of equations given in Eq. (3.64) can be integrated
using Duhamel’s integral, and the result reads

1 .
ni(t) = e [w—{ﬂ,’-(()) + ;&1;(0)} sin wg, ¢ + n;(0)cos wdit]

i

'
/ e—wiii(t—d)@(o.)sin wy,(t — 0)do i=1,2,...,n (3.65)
Wy i Jo

where w; is the undamped natural frequency of the mode, &; is the damping ratio
and is equal to Bi;/2u;;w;, wy, is the modal damped frequency, and #;(0) and
n;(0) are the initial modal values and can be obtained from the initial conditions
q'(0) and ¢(0) using Eq. (3.61). The integration in Eq. (3.65) can be evaluated
analytically or numerically depending on the input generalized forcing function.
When the modal amplitude functions #;(¢) have been obtained, Eq. (3.61) will be
used to obtain the physical displacement vector g(¢). Subsequently, the strains and
stresses can be determined as functions of time. In practice, generally we will not
incorporate all the modes in the transformation [Eq. (3.61)]; normally only the first
few modes will be used, and thus [Q] will be a rectangular matrix of dimension

(n,n,).

3.3.2 Numerical Methods

The modal superposition technique described in the previous section needs the
determination of the modal values of the associated conservative system as a first
step in the solution procedure, which is a time-consuming process, especially if
such information will not be used in further analyses. Numerical methods, on the
other hand, work directly on the coupled equations of motion [Egs. (3.59)] and
can be basically described as a step-by-step successive extrapolation procedure,
i.e., starting with the known initial values {g} and {q'} at + = 7, we proceed
to calculate {g} and {g¢'} at t = ty + h, where h = Ar and is a suitably selected
interval of time. Using these calculated values, we proceed to calculate {¢} and {¢'}
att = t+2h and so on. The numerical methods are classified into two categories,
the finite difference and numerical integration methods. In the first category, the
acceleration vector {g”} is written in terms of several successive displacement
values, while in the numerical integration procedure the velocity {¢'} and the
displacement {g} vectors are obtained by integrating numerically the acceleration
in the interval of time &, which is approximated by a suitable polynomial within the
interval. Furthermore, both methods can be divided into two groups; the first group
is an explicit one in which the unknown values are explicitly written as functions
of the previous known values, and the second group is an implicit one in which
the unknown values are written as functions of the previous known values and the
new values, thus necessitating an iterative process. In the following section, some
of the numerical methods will be described.
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Fig. 3.1a Central difference scheme.
Finite difference methods. If the values of {go} and {g,} are given at t = 1,
the equations of motion [Eqs. (3.59)] can be solved for {g{}, and we write
{g"(0)} = [MI'[{F(0)} — [C}{g'(0)} — [K]{q(0)}] (3.66)
Writing the finite difference scheme for {go.} and {q ,}, as shown in Fig. 3.1a, as

{01} = (1/M){q1} — {q0}]

(3.67)
{a_10} = (1/Wlgo} — {g-1}]
and the accelaration {g;} as
{g0} = (1/W)go,} — {g_1 o} (3.68)
and using Eq. (3.67), we obtain
{g0} = (1/h)a1} = 2{go} + {g-1}] (3.69)
Solving for {g;}, we get
{1} = 2{qo} ~ {g-1} + h*{gg} (3.70)

and using Eq. (3.66), we obtain
{g1} = 2{qo} — {1} + K IM] ™ {{Fo} — [Cligo} — [K1{qo}} (3.71)

Equation (3.71) is a very simple recurrence relation to proceed to step i, once
steps i —2 and i — 1 have been calculated. For the first step, we must calculate
{g-1}, and this can be obtained using the finite difference scheme of Fig. 3.1b,

given by
{90} = A/2W){aq1} — {g-1}}
{g1} = {q1} — 2h{qy}

(3.72)
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Fig. 3.1b Central difference scheme for the first step.

Thus, for the first step, we can write
{q1} = {qo} + higl} + (/DM {{Fo} — [Cllqo} — [Kl{go}} (3.73)
and, for successive steps, we write

{ai} = 2{gi-1} = {qi2} + B2/ DM {Fimi} = [Clgi—1} = [KHgi-1})
(3.74)
This method, despite being very simple, has the disadvantage of being potentially
unstable if the time interval % is greater than the minimum period of the system free
vibration frequency. Higher order finite difference schemes have been proposed;

however, they have the same deficiency for the limitation on the time interval and
need more computational requirements.

Numerical integration methods. For all the numerical integration variants,
perform the following two integrations for each step:

h
(g} = g/} + /O (q"}dr (3.75)

h
(@) = (i) + fo (¢}t (3.76)

The different variants of the numerical integration methods reside in the way of
approximating the acceleration in the integral [Eq. (3.75)]. Assuming the integrals
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in Eqs. (3.75) and (3.76) are a constant value given by the initial value through the
interval of the time, we obtain Euler expressions, which can be written as

{qil} = {qil—l} + hig!_ 3.77)
{gi} = {qi-1} + hlgi_¢} (3.78)

with the initial value of the acceleration given by
{g/ 1} = M1 [{Fie1} — [Cl{gi_,} — [K1{gi—1}] (3.79)

Equations (3.77-3.79) represent a very simple recurrence relation; however,
the errors are of the order O(A2) in the interval of time k. An improvement to
this method is to use the Gauss scheme for the numerical integration process by
assuming the average integrand to be given by the mean value in the interval, or

g} ={gi_} + (/Dg} + g}
{ai} = {gi-1} + (B/DUa{_} + {g;}}
and substituting {g/} in the second equation from the first one, we obtain
{ai} = {gi1} + (/DUgi 1} + (gl + B/DAg ) + (h/2){g] 1]
or
(i} = {gi-1} + hlgi_} + B2 /DUg} + (gD (3.80)

and {g/_,} is obtained from Eq. (3.79). We notice now that the errors are of the
order O(h*) and the process is an implicit one. Hence, we will have to use an
iterative algorithm for the solution. The iterations can be started by assuming
initially {g/'} = {g/"_,}, solving for {¢;} and {g]}, and then calculating {g;}. This
new value is now used in Eq. (3.80), and the process is repeated until a required
accuracy is achieved. A further formula was proposed by Newmark! for Eq. (3.80),
which is modified to read

{gi} =1{q;_,} + (A = Vh{q]_,} + Ah{q}
{g:} = {gim1} + hig_ )} + (3 = B)R*q!_\} + Bh*{q]}

where A and B are constants. We notice that the first equation reduces to that of
Euler when A =1 and to that of Gauss when A =1/2, and the second equation
reduces to that of Gauss for 8 =1/4. It has been shown that values of X1 £1/2
lead to spurious damping effects in the response. Now if we take 8 =1/6, i.e., we
assume a linear variation for the acceleration into the interval of time, the relations
in Eq. (3.81) read

{g;} = {g;_1} + (/Diq_,} + (h/2){q]}
{gi} = {gi—1} + hlgi_} + (B /3){g/_,} + (h*/6){g;’}

Wilson? transformed Eq. (3.82) into an explicit relation using the system’s
equation of motion by writing the second equation as

{g7} = 6/m)gi} — {Ai1} (3.83)

(3.81)

(3.82)
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where
{Ai1} = (6/BD){gi1} + 6/ W)gi_1} +2{q/_,
and by using Eq. (3.83) to write the first equation as
{g;/} = B3/ Mg} — {Bi_1} (3.84)
where
{Bi-1} = G/M{gi-} + 2g;_1} + (h/Dfq;”,

Now, substituting Egs. (3.83) and (3.84) into the equations of motion [Eqgs.
(3.59)], we obtain

(KHgi} = {£;} (3.85)
where
[K] = (6/kDIM]+ (3/MIC]+[K] (3.86)
and
{F;} ={F}+ [CKBi_1} + [M{Ai} (3.87)

The solution procedure will be as follows: {g;} is obtained by solving Eq. (3.85)
knowing the values at i — 1; these are used in Egs. (3.83) and (3.84) to obtain
{g/'} and {q/}, which are then used to calculate {A;} and {B;}, and the process is
repeated using Eq. (3.85) to get {g;+1}, and so on. Furthermore, we notice that in
linear analysis the matrix [K] in Eq. (3.85) is constant; hence, the triangular de-
composition in the solution will be done only once at the beginning of the solution.
In nonlinear analysis we will have to perform the triangular decomposition in each
step of the solution.

Enhancement of the accuracy of numerical methods in dynamic re-
sponse problems. In this section, a method that has been shown to improve the
accuracy in response calculations when using numerical methods and at the same
time achieves a reduction in the computational cost in the problem solution is pre-
sented. Refer elsewhere for details of the method.®> The method is an application
of Richardson’s extrapolation technique used in numerical analysis. Consider a
numerical solution of the displacement vector {g; } of the second-order differential
equations of motion obtained using a time step A#; with an error in the solution
O(A1") and a solution of the displacement vector {g»} for a time step increment
At, with an error in the solution O(A13"). The Richardson extrapolation technique
consists in writing a better solution as

et = (@AY — ALy [ (ALf — ALY) (3.88)

Thus, using Eq. (3.88), we expect to have a better value for the problem solution
than {g,} and {g,}. Furthermore, it can be shown that if the error in the solution
can be written as

e= QA + oAty + -+ (3.89)
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where C; are constant, and having obtained the sets of solution {q; }, {¢-}, and {g3}
for time step increments Atf;, Atp, and Ats, respectively, we can write a better
solution for the displacement vector {q} as
Gext =
AL AL (ALY — AL]) + QAT A (AL — ALY) + g3 AL AP (AL) — A7)
AL AL (AL — ALY + AP AL (AL — AP) + A AP (AL — A
(3.90)

Equations (3.89) and (3.90) can be used efficiently in direct numerical integration
methods to enhance the accuracy of results and, at the same time, reduce the cost
of the solution. This has been demonstrated® where solutions for coarse steps were
used to obtain more accurate results than the next finer time step size, and, at the
same time, these better accuracy solutions result in fewer solution steps. The cost
of the computation is thus directly reduced.

3.4 Damping Effect

To include a damping effect in the dynamic formulation, we need to consider
the work done by the damping forces and include it in Hamilton’s principle. Damp-
ing forces are difficult, if not impossible, to calculate. However, two types of
damping forces have been extensively used and will be treated here, namely vis-
cous damping and structural damping.

34.1 Viscous Damping

A viscous damping arises when a body is moving in a fluid (e.g., a dashpot); in
such a case, we can assume that the damping force is proportional to the velocity,
and we write

Fp=yq (3.91)

where Fp is the damping force, ¢’ is the velocity, and y is a constant determined
from experiments. The work done by the viscous damping force reads

W = / (@) {Fp}dv (3.92)
14
and its variation is given by
SWp = f {8} {Fp}dv (3.93)
v

The equations of motion of the whole structure read
[M1{g"} + [ClHq'} + [K1{q} = {F) (3.94)

‘We notice that the matrix [C] is symmetric. However, such formulation is very
difficult to achieve in practice because it is difficult to determine the constant y for
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the structure. A formulation adapted to discrete formulation of a structural dynam-
ics problem for the incorporation of a constant viscous damping in the analysis was
proposed. The various methods proposed reconstruct a viscous damping matrix
[C], knowing the modal damping &; (measured or assumed) of a number of natural
modes of vibration. A similar method was proposed* to reconstruct the viscous
damping matrix [C] from knowledge or assumption of the modal damping &; of a
number of natural modes, with [C] written as

[C] = [[91[1/B::)[4) ] (3.95)

where [¢] of dimension nm is the mode shape matrix of the m modes considered
with damping, n is the total number of degrees of freedom of the system, and
[1/8;; | is a diagonal matrix with ;; = 2&;;w;; f4;; and w;; and p;; being the natural
frequency and the generalized mass of the mode in consideration. This formulation,
despite leading to a full matrix [C], has the advantage of attributing different
modal damping ratio values to an individual number of modes and can be used in
parametric studies with variation of the damping.

3.4.2 Structural Damping

Structural damping, also known as hysteretic or solid damping, is due to internal
friction or friction among components of the system and is proportional to elastic
internal forces and acts in the velocity direction. In such cases, if a harmonic
motion was assumed for the solution of the problem, we can write the damping
force as

FD =igFE (396)

where i =(—1)"/? and g is a constant, which again can be determined from ex-
periments. Through calculation of the work done by the damping forces and vari-
ation, as was made in the previous section, we obtain a damping matrix written
as

[C]=ig[K] 3.97)

where [ K] is the system stiffness matrix.

3.5 Applications

3.5.1 The Two-Degree-of-Freedom Mechanical System

In this section, we study the two-degree-of-freedom mechanical system. This is
aspecial case of the general multidegree-of-freedom mechanical system. However,
as will be seen in this section, this system presents a special application that has
an important role to play in practice, namely the mechanical vibration absorption
problem. This is the main reason for its study in mechanical vibration systems.
Consider the two-degree-of-freedom mechanical system shown in Fig. 3.2. The
kinetic energy functional, the strain energy functional, and the dissipation function



e Word's Feumér dsmpon Lodedip. - PUrChiased from American Institute of Aeronautics and Astronautics

68 STRUCTURAL DYNAMICS IN AERONAUTICAL ENGINEERING

________ LLGLasii ...

Fig. 3.2 Two-degree-of-freedom mechanical system.

of the mechanical system read
T = %mlxiz + %mzxé
U = 1kix? + Lka(x — x1)? (3.98)
D= %clxiz + -;—cz(xé - x7)?
Applying Lagrange’s equations, we obtain the system equations of motion as
mix] + (c1 + c)xy + (ki + ko)xy — exx) — kpxo = F(t) (3.99
—cox) — koxy + maxy + cax) + koxy =0

We consider first the free vibration problem, i.e., F(¢) =0. The system of equa-
tions [Egs. (3.99)] admits solutions in the form

x1 = x10€™ and X2 = xg0€™ (3.100)

Substituting these solutions {Egs. (3.100)] into Egs. (3.99), we obtain

[m112+(61 +c)d + (k1 +k2) —C2h —ky xwo) 0}
—cah — ko mzkz + oA+ k X20 10
(3.101)
and for a nontrivial solution of Eq. (3.101) we get
A2 A+ (ky +k —coh —k
Iml + (1 + A+ k1 + k) 202 2 —0 (3.102)
—c2h — ko moA~ + coh + ko
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Expanding the determinant given in Eq. (3.102) and arranging terms, we obtain

A+ 2y + 2pwa(l + WA + [6012 + w31+ p + 4)’1601)/2602]}»2

+ [Zylwlwg + ZwaZwﬂA + w%w% =0 (3.103)
where
[ k; [k,
wy =,/ — Wy = [ —
’”‘ 2 (3.104)
€ e _m

n= 2«/k1m1 2= 2«/k2m2 = mi

We consider now the free vibration undamped case,i.e.,c; = ¢y =y = y» = 0.
In this case, Eq. (3.103) reads

2+ [0f + W31+ WA+ wfws =0 (3.105)

and the natural frequencies of free vibration read

32, = —[a? + 02(1 + w] £ 1[0} + @31 + W] — 407w} (3.106)

We further consider the special case where the isolated single-degree-of-freedom
systems have equal free vibration natural frequencies, i.e., we consider the special
case when w; = w; = w,. In this case, the system undamped free vibration natural

frequencies are given by

2 % ’ u?
Q =(w—> =1+ S Er+ (3.107)

or
NG 2
=Y 1+ Z
[€2] 5 +,/1+ 2
JE (3.108)
. w m
Q) = —-—— 14—
[$22] > +./1+ 2
and we observe that
Q=1
(3.109)
Q) — Q| =/

A plot of the system mass ratio u vs the nondimensional natural frequencies €2 is
shown in Fig. 3.3. From this figure, we observe that the system natural frequencies
are one lower than the isolated single-degree-of-freedom frequency w, and the
other is higher than w,. This is a general property of isolated mechanical systems
when coupled in a single dynamic system.

Consider now the forced vibration system with an external force applied to the
mass m;. Let the external force be a harmonic excitation with F(t) = Fycoswt.
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# 4

1.0 |

Fig. 3.3 Variation of the two-degree-of-freedom undamped natural frequencies vs
the mass ratio p.

The equations of motion of the undamped system read

myxy + (k1 + ka)x; — kpxa = Focoswt

(3.110)
—kyxy + mzxé’ +kox, =0
For the steady-state response, we can write solutions in the form
X1 = X9 cos(wt + ¢)
(3.11D)
X2 = Xxpp cos(wt + ¢)
Substituting these solutions {Egs. (3.111)] into Eqgs. (3.110), we obtain
[—mi0w®xi0 + (k1 + k2)xi0 — kaxao|cos(wt + ¢) = Fo cos wt G112)

[—kleo - m2w2x20 + kgxzo]cos(a)t +¢)=0
Solving the second equation of the system of equations [Egs. (3.112)], we obtain
x10 = X[ 1 — 0* /] (3.113)

We observe that, if the isolated undamped natural frequency of the auxiliary
system, i.e., w; = ky/mjy, is chosen to be equal to the external excitation frequency
w, the amplitude of the main mass m; will be zero for all values of xy. This is the
property of vibration absorption in a mechanical system. We now substitute xjg
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from Eq. (3.113) into the first equation of the system [Egs. (3.112)] to obtain

2

Ii[—mlwz + (ky + kz)}[l - -:—))3:! - kzj’ xg0 cos(wt + @) = Fycoswt (3.114)
2

and we conclude that sin¢p = 0 or ¢ = 0 or m, i.e., the responses are phased
or m-phased with the excitation force. This was expected since we have assumed
that the damping in the mechanical system is zero. Now using Eqgs. (3.113) and
(3.114), we obtain the amplitudes x1o and xyp as

N
X10 my w%

7 - (3.115)
ol gt ot —oin]
and
¥ 1
2= 2 m (3.116)
O (R Prrerean
and, at the absorption condition, we have w; = w; = w and thus
X10 = 0 and X0 = —F()/kz (31 17)

The second equation permits us to size the stiffness of the mechanical absorber.
Finally, if o = wy = w,, we can write for amplitudes x1¢ and xa

X220 X0 H
o Ek Y T (3.118)
2st 0/ %2 1=%51+u—-%5 73

and

1 -«
X10 X10 w;

" -2 A

Figure 3.4 shows a plotting of the amplitude of the main mass x;¢/x,, vs the
frequency ratio Q2 = w/w, for a mass ratio 4 = my/m; = 0.1. As an example,
we consider that the original system was operating with an external frequency
excitation of 30 Hz, which is equal to its natural frequency and therefore is operating
at resonance. From the curves of Fig. 3.4, we observe that, if a mechanical absorber
has been designed for a mass ratio of . = 0.1, we see that the coupled system
will have two natural frequencies of 25.5 and 35.1 Hz, respectively. At the external
excitation of 30 Hz, the main system will be completely attenuated and will have
an amplitude of the order of the static deflection for a variation of the external
excitation frequency between 28.5 and 31.5 Hz. Notice that damping effect has not
been considered in the above analysis. The system with damping can be analyzed
following the same paths as given above.

(3.119)
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Fig.3.4 Curves of the amplitude x;9 /x;; of the main mass m; for a dynamic absorber
vs ) = w/w, for a value of mass ratio p =m,/m; =0.1.

3.5.2 Determination of the Dynamic Properties of a
Winglike Structure

In this section, a practical application of the calculation of the dynamic charac-
teristics of a winglike structure, i.e., the calculation of the natural frequencies and
mode shapes, is presented. Nowadays, almost all practical applications of such
calculations are made using the finite element method. This section thus begins
with a brief description of the finite element method and its application to struc-
tural dynamic problems. The example in consideration is then presented, and the
results of the analysis are given.

The finite element method is a numerical analysis technique for obtaining ap-
proximate solutions of boundary value problems. In engineering applications, the
method was presented for the first time as an intuitive idea for extending the method
of matrix analysis of structures to the problems of elastic continuum in the pioneer
work of Turner et al.> These authors considered the continuum as composed of
finite regions (called latter finite elements by Clough®) and described the properties
of each region in terms of a finite number of parameters, namely the displacements
at a prescribed number of points on the boundary of the region (called nodal points
or nodes); then applying the conditions of compatibility of the displacements at
these points, the elements were joined together, forming then a system of lin-
ear simultaneous equations with the displacements as unknowns. The solution
of these equations gave the nodal displacement values, which were subsequently
used to determine the stresses within each region. Nearly at the same period,
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Argyris’~!! began to publish a series of papers, covering the problem of two- and
three-dimensional linear structural analysis, with suitable techniques adapted to
automatic digital computations. Furthermore, early in 1943, the applied mathe-
matic literature’? formulated the mathematical bases of the method, describing it
as an application of the Rayleigh—Ritz method for subregions of the domain. In
the 1960s, numerous publications on the application of the finite element method
in structural mechanics appeared and began an iteration between the intuitive en-
gineering idea and the applied mathematic point of view to place the method on
rigorous mathematical bases. The application of the method was then extremely
rapid, passing from the simple linear structural analysis to nonlinear problems,
dynamic problems, flow problems, coupled problems, etc. Currently, more than
500 textbooks and conference proceedings devoted to the finite element method
exist in the scientific literature. To mention only a few examples, Refs. 13-25 are
cited.

Boundary value problems as encountered in engineering applications are, in
general, formulated in one of the following two ways. In the first way, differential
equations governing the problem are written based on the behavior of an infinitesi-
mal region of the domain and certain boundary relations are imposed. In the second
way, a variational stationary principle valid for the whole domain is formulated
and the exact solution of the dependent variables of the problem is that which
maximizes the principle’s functional. Furthermore, from the mathematical point
of view, the two ways of the problem formulation are equivalent, i.e., the exact
solution of an approach is the exact solution of the other. Once the problem has been
formulated in one of these two ways, the finite element method can be invoked to
obtain an approximate solution of the problem in a piecewise manner. The domain
of interest is divided into smaller but finite subdomains called finite elements by
imaginary points, lines, or surfaces in one-, two-, or three-dimensional problems.
Approximate admissible solutions are then thought in each element and on its
boundary. Consider, for instance, the domain of Fig. 3.5, which is divided into finite
elements as shown. Let the dependent variables of the problem be represented by
the vector {u(x)} where x represents the space coordinates. Within the element (e)
and on its boundary, we can assume a set of admissible solutions {u#¢(x)}, and, for
each component (i) of the vector {u°(x)}, we can write

Si

ul(x) = Z[qs;(x)CkL i=12...,n (3.120)

k=1

where 7 is the number of components of the vector {#¢(x)}, ¢{(x) is an admissi-
ble function for u;(x), Cy are constants, and §; is the number of the admissible
solutions taken for u{(x). In matrix notation, Eq. (3.120) for the complete vector
{u(x)} can be written as

{u ()} = [¢° () }{C} (3.121)

where [¢?(x)] is a partitioned diagonal matrix, with the diagonals composed of
row matrices of dimension S;, and {C} is a vector composed of all the coefficients C;
of Eq. (3.120). In principle, ¢¢(x) can be any admissible solution, but usually they
are taken as polynomials, because these are easier to manipulate in subsequent
integration and differentiation operations. In finite element terminology, {C} is
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Boundary S

O Nodes

Fig. 3.5 Domain divided into finite elements.

called the vector of the generalized coordinates. Now, if we choose a set of points
on the element (normally at its vertices and at specified ratios of its edges and
sometimes within the element), which we define as nodal points or simply nodes
in the finite element method, we can write a vector u (x;) as

Si

u'(xj) =y (B5(x)Ci), (3.122)

k=1

where the subscript j stands for the node in consideration. Furthermore, if the
nodal values in consideration are taken equal to S;, Eq. (3.122) can be written in
matrix notation as

{u;e}S,-xl = [ai]5,x5.{Ci}sx1 (3.123)

Now, if the inverse of [4;] exists (in some cases [g;] is singular, and other
techniques will be used), we can write

{Ci} = [a;]7 " {uf} (3.124)
and for all the components, we write
{C}=T[A] " {w") (3.125)

where [A] is a diagonal supermatrix, with diagonal matrices given by [a;]. Sub-
stitution of Eq. (3.125) into Eq. (3.121) gives

{us(x)} = [P°(x) | [A] ™ {u) (3.126)
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or, if we define a matrix [N] as
[N]=[¢(x)) [A)7" (3.127)
Eq. (3.126) reads
{u®(x)} = [N1{u"} (3.128)

In finite element terminology, the dimension of {u¢} is called the number of
degrees of freedom of the element. Using Eq. (3.128), we can write for each
component (7) the following expression:

Si
ui(x) = Z nij (O} (3.129)
j=1

and we conclude that, at x =x;, the value of n,;(x) assumes unit value for the
node in consideration j and zero value for the other nodes. The functions 7;;(x)
are defined as the interpolation functions; shape functions; mode functions; trial
functions; or, if dependent variables are the displacements, they are called dis-
placement functions. Hereafter, we will call 7;;(x) the trial functions. As has been
stated before, the inverse of [a] does not always exist. Furthermore, the inversion
operation is a time-consuming process; thus it will be preferable to use Eq. (3.129)
to obtain #{(x) in terms of the nodal values. This can be done, either by inspec-
tion in simple cases or using adequate interpolation functions as is extensively
described in the finite element literature, for instance Ref. 24.

Consider now a boundary value problem for which a variational principle exists
and is written as

831=0 (3.130)

where the functional [ is written as
1=/ fl(uivxj)dR‘i'/fZ(ui,xj)dS (3.131)
R S

and u; are the field variables and x; are the space coordinates. The problem is
defined in the domain R enclosed by the boundary S. Now, let the domain be
divided into finite elements and the field variables be approximated within each
element and on its boundary as

{ug} = [Nf ) (3.132)

H ! !

where N/ are the trial functions and u{ are the nodal values and the superscript e
stands for the element in consideration. If the total number of the elements was n,
then for the whole domain we can write Eq. (3.131) as

[:;F:Z_;UR fl(ui,xj)dR-}—/sfg(zti,xj)dS] (3.133)

Substituting for the approximate solution Eq. (3.132) into Eq. (3.133) and per-
forming integrations, we obtain

=31 = 1wy, 1,01, (3.134)
e=1
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where m is the total number of the nodal points. Now the functional I has been
approximated by the function / (gil Uy g,.m) given in Eq. (3.134), and, for
the stationary condition of the principle, we write

al

7 = i=12....m (3.135)
Ui

Furthermore, for a typical nodal point (say j), the Eq. (3.135) reads

al AL aI¢
— =y =0 (3.136)
aﬁl e=l aﬂl!

where A is the total number of the elements connected to the nodal point in con-
sideration. Equation (3.136) represents a global formulation for each nodal point
of the domain. Examining Egs. (3.132), (3.134), and (3.136), we conclude that
only nodal values of Axs, where s is the total number of the field variables of the
problem, will be present in each equation of the system of equations [Eq. (3.136)],
characterizing the banding nature of the finite element equations. Furthermore,
Eq. (3.136) suggests an element formulation first, and then the contribution of
all the elements will be made by the simple addition of the contribution of each
element at the respective nodal points, a property well adapted to automatic digital

computations.
Thus, on an element level we can write Eq. (3.136) as
al¢
{a } =k Huf} - {17} (3.137)
Ui .
j=1.2..n

where n is the total number of the nodal points of the element in consideration.
The matrix [£¢] is defined as the characteristic matrix of the element e and { £} is
defined as the characteristic vector of the element e. In static elasticity problems,
using the principle of minimum total potential energy, the characteristic matrix is
called the stiffness matrix, the characteristic vector is called the consistent load
vector, and the field nodal values vector is called the generalized displacement
vector. Now using Egs. (3.136) and (3.137), we can write for the whole domain

[K{u}+{F}=0 (3.138)

where [K] and {F} are defined as the characteristic matrix and the characteris-
tic vector of the whole domain, respectively. The matrix equation [Eq. (3.138)]
represents a set of simultaneous algebraic equations. These, with the application
of the appropriate boundary conditions of the problem, are solved to produce the
unknown nodal values of the field variable vector {u}.

Example 3.1

As an example, we consider the simple structural problem shown in Fig. 3.6. It
is composed of a rod clamped at one extremity and is subjected to a concentrated
axial load 2 P at the other extremity, together with an axial load P at the middle of
the rod. It is required to find the axial displacements at the middle and the free end
of the rod. The problem can be solved using a finite element formulation based
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Fig. 3.6 Simple structural problem.

on the principle of miminum total potential energy. The related functional for the
case at hand** can be written as

1
erzzfvoedV—[ upds (3.139)

o

Dividing the structure into two finite elements, as shown in Fig. 3.6, we write
Eg. (3.139) as

Ty = zr; + n? (3.140)

Now using the stress—strain and the strain—displacement relationships and assum-
ing a constant cross-sectional area, we get

EA (L /du\?
7[1 = — (l) dx — uzP
0

p 2 dx
] , (3.141)
EA du
2= — ) dx —2usP
ﬂp 3 A (dx) X us

Because only derivatives of the first order appear under the integral sign and to
have convergence in the finite element formulation, we must have co continuity
at the interelement boundary,? i.e., only the displacements must be continuous at
the interelements. Trial functions achieving such requirements for the line element
can be written as®*

u () = (& 52]{3;} W6 Z (& &]{Zi} (3.142)

where &, =1 —x/Land & = x/L.
Substituting Eq. (3.142) into Eq. (3.141) and performing the integrations, we

get
EA
JTFI, = E[u% + u% — 2u1u2] —u P
(3.143)
EA
Tl’; = EE[M% + u% - 2u2u3] - 2M3P
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Using Eq. (3.137) for stationary conditions, we get

1
anp

du | EAT 1 1)« 0
1 R v R O B

3142

du EA 1 -1 u 0
; =T[—1 1“u§}‘{2p} (3.143)

8143

Using Eq. (3.138) for the whole structure, we get

1 -1 u 0 0
Eﬂ[_l 2 _1“uz}_{1>}={o} (3.146)
L -1 1] lus 2P 0

Applying the forced boundary conditions, i.e., forcing u; = 0, the system of
equations [Eq. (3.146)] reduces to

EA 2 -1 U\ _ P
74 =) 617
Solving for u, and uz, we get
u, =3PL/EA and u3 =5PL/EA (3.148)

In structural dynamics problems using the finite element method, Hamilton’s
principle is used for the problem formulation, and the same procedure as described
above is applied. Following this procedure, a matrix equation is obtained for each

element in the form

ou;

al¢
{ } = e Nuf} + Im U} - { £} (3.149)
j=1.2...n

where [m?] is called the consistent mass matrix and is given by
[m] = /p[N]’[N] dv (3.150)

where p is the material mass density. The assembly technique for the whole struc-
ture is made in exactly the same manner as described above to obtain the system
equation of motion as

(MI{u"} + [KHu} = {F} =0 (3.151)

As an example for the simple structure of Fig. 3.6, the mass matrix of the element
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reads
e PAL 2 1
m]= < Iil ” (3.152)

Applying the assembly technique and forcing the boundary conditions, we ob-
tain for free vibration of the simple problem of Fig. 3.6 the following system of

equations
PAL T4 17 [uf EAL 2 —1][ux] _]O
. [1 2:| { Wl + T | -1 11 [=10 (3.153)

from which we can calculate the free vibration undamped natural frequencies and
the corresponding mode shapes.

In the following section, the calculations of the dynamic properties of a wing-
like structure using the finite element method are presented. The structure studied
presents certain regularity and simplicity in the input data so that it can be easily
reproduced or modified for further developments. At the same time, the structure
considered possesses the main properties of winglike structures so that the con-
clusions drawn can be generalized. This same model was studied previously using
the finite element method?® and experimentally?’ and was analyzed in detail using
various finite element models to study the adequacy of the elements used and the
convergence of the finite element method in Ref. 24. All these studies were per-
formed for static linear analysis. We now extend these calculations to the dynamic
properties determination of the related structure.

Figures 3.7a and 3.7b show the wing model studied. The structure is amodel of a
swept-back wing of 24S-T aluminum construction. All dimensions used in the anal-
ysis are in inches. The wing has 30-deg sweepback and is untapered throughout.

26.61 L
1 1

L 11.81 L 11.81 L
1 1 7
e &

11.81 @
—
Z2
b @ all dimenslons in Inches

Fig. 3.7a Configuration and general dimensions of the wing model.
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Fig. 3.7b  Details of the wing model of Fig. 3.7a.

Five identical construction spars and three identical ribs are used and bonded to
the top and bottom skin sheets.

In this section, we will use the model designated as model number 2 in Ref. 24
for the present calculations. In this model, axial stress elements with two nodal
points are used to represent the spar and rib cups. Rectangular membrane elements
with four nodal points are used to model the spar and rib webs and the top and
bottom skins. The nodal points have been localized at the intersection of the spars
and the ribs and at the middle surface of the skins. A mesh of one element between
spars, one element between ribs, and one element between spar and rib cups was
used in the present investigation. The consistent mass technique as described in
the simple problem cited above was used in the calculation for obtaining the mass
matrix of the complete structure. Nastran finite element program was used for the
present analysis.

Figures 3.8a-3.8d show the first four modes of the analysis performed. Modes
one and four are predominantly bending modes. Mode two is the first fore-and-aft
mode, and mode three is the first torsion mode of the wing model. Eigenvalue
extraction is a time-consuming process. A method that tremendously reduces the
computational cost in dynamic analysis for eigenvalues extraction is the selective
inversion technique given in Chapter 1. We now apply this method to the problem
athand and compare the results obtained with the full finite element solution where
the consistent mass technique was used. If, as is the usual case (for instance, the
modal extraction is made for the purpose of performing a subsequent aeroelastic
analysis), our interest is limited to the out-of-plane modes, we select the 15 nodal
points on the upper skin and apply unit loads in the z direction to obtain a reduced
flexibility matrix of the model. The masses are distributed on these 15 points, and



e Word's Feumér dsmpon Lodedip. - PUrChiased from American Institute of Aeronautics and Astronautics

MULTIDEGREE-OF-FREEDOM LINEAR SYSTEMS 81

V4
C1

X

N

5
Output Set: Mode 1 3.772042 Hz
Deformed(0.771): Total Transation

Fig. 3.8a First mode of free vibration, first bending mode, f = 3.77 Hz.

the system mass matrix is therefore reduced to a diagonal matrix of order 15. The
dynamic analysis is then performed as explained in Chapter 1. The results of the
analysis are given in Table 3.1.

The results of Table 3.1 show that good agreement has been obtained using the
selective inversion technique compared to the full finite element method, while the
computational time has been tremendously reduced. If the in-plane modes are of
interest, unit load should also be applied in the y direction at the respective points
of the mass concentration in the formulation of the reduced flexibility matrix. In
this case, the selective inversion technique will reproduce also the second free
vibration mode, which is a fore-and-aft mode.

V4
Ct

Z
E’,.fY

-
Output Set: Mode 2 11.4135Hz
Deformed(0.781): Total Translation

Fig. 3.8b Second mode of free vibration, first fore-and-aft mode, f = 11.41 Hz.
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V4
c1

Z
L =

X
Output Set: Mode 3 13.93595 Hz
Deformed(0.993): Total Translation

Fig. 3.8¢c Third mode of free vibration, first torsion mode, f = 13.93 Hz.

3.5.3 Free Vibration Analysis of a 15-deg Swept
Untapered Wing Model

The structural configuration to be analyzed is shown in Fig. 3.9. It consists of a
0.041-in. thick aluminum sheet and has a chord of 2 in. measured perpendicular
to the leading edge. The leading and trailing edges are beveled 0.25 in. to form
a symmetrical hexagonal airfoil section perpendicular to the leading edge. It is
required to perform a free vibration analysis to determine modal characteristics of
the structure. These data are intended to be used in a subsequent aeroelastic analysis
of the model. Experimental measurements of the frequencies and the mode shapes
of this structural configuration were performed in Ref. 28 and thus will be used
for the purpose of comparison with present analytical calculations.

Physical reasoning reveals that the lowest modes of this structural configuration
will be due to out-of-plane motion with a highly coupled bending—torsion effect

V4
c1

z
L Y

X
Output Set: Mode 4 18.47944 Hz
Deformed(0.692): Total Translation

Fig. 3.8d Fourth mode of free vibration, second bending mode, f = 18.48 Hz.
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Table 3.1 Comparison of the free vibration frequencies
in Hz using the full finite element solution (FEM)
and the selective inversion technique (SIT)?

Method FEM SIT
Degree of freedom 90 15
First mode 3.77 3.54
Second mode 11.41 —
Third mode 13.93 13.54
Fourth mode 18.48 17.43

2FEM is with the consistent mass matrix formulation and SIT is with
concentrated mass method.

due to the sweepback of the wing model. Furthermore, previous experience shows
that the critical modes for aeroelastic analysis of this simple structural configu-
ration will be limited to the first few lower natural modes. For these reasons we
will use high-precision triangular bending elements, namely the T-18 element,?* to
represent adequately the stiffness part of the problem, and, for the inertia represen-
tation, we will use the lumped mass technique. The masses will be concentrated
at the nodal points and will be considered to act only in the transverse direction.
Rotary inertia effects will not be considered because their effect is considered to
be of secondary nature for the present formulation. The finite element model used
is shown in Fig. 3.9.

For the present configuration of the analysis, the best option to perform the
dynamic solution of the problem is to use the selective inversion technique used
in the previous example and described in Chapter 1. To this end, unit loads have

section a-a

all dimensions in inches

a)

Fig. 3.9 Structural configuration and the finite element model of the 15-deg untaper-
ed swept-wing model.



e Word's Feumér dsmpon Lodedip. - PUrChiased from American Institute of Aeronautics and Astronautics

84 STRUCTURAL DYNAMICS IN AERONAUTICAL ENGINEERING

V7

n=13191s
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n=2261s n=15201/s
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n=1402r1/s

n=16051/s

n=2431fs
3

t
calculated FEM present

Fig. 3.10 First three natural free vibration modes of the structural model of the
15-deg untapered swept-wing model.

been applied at the 50 nodal points in the normal direction to obtain a reduced
50 x 50 flexibility matrix. This coupled with the 50 masses concentrated at the
corresponding nodal points provides the dynamic representation of the problem.
The direct iteration technique is then used to obtain the desired first eigenvalues and
eigenvectors. The results of the analysis in terms of the first three vibration modes
are shown in Fig. 3.10 and are compared with the experimental findings of Ref. 28.
From these results, the following conclusions can be made. First, in terms of the
precision attained, good achievements have been obtained. If we compare the cal-
culated frequencies and measured values, we can see that the discrepancy is about
7%. This is reasonable due to the simplification introduced to the analysis, e.g.,
lumping and distribution of the masses to represent the inertia, and also to the ex-
perimental model, e.g., exact representation of the built-in conditions. Therefore,
because of these limitations, no modifications or adjustments of the theoretical
models are required or justified, and the results obtained in this dynamic analysis
can be used directly in subsequent stability and response problems. Second, the
lumped mass method coupled with the selective inversion technique to solve such
dynamic problems is a powerful tool of analysis because the computational cost
is tremendously reduced in the eigenvalue extraction process and good precision
could be achieved when the method is used based on well-founded physical rea-
soning. Finally, from this simple example we can observe that the swept-back wing
presents, in its natural vibration modes, a high degree of coupling between bending
and torsion; therefore, the stiffness representation of such structures should reflect
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such property. For instance, if beam elements are used to represent the structure
configuration analyzed, these will never be capable of predicting adequately the
vibration modes shown in Fig. 3.10. These vibration mode shapes have an im-
portant role to play in subsequent aeroelastic stability and response problems,
where they are used in the calculation of generalized nonstationary airloads. Their
accurate prediction is therefore mandatory before any attempt to perform such
analyses.

3.5.4 Free Vibration Analysis of a T-Tail Model

In this section, a free vibration analysis of a T-tail model is presented. The main
purpose of this analysis is a presentation of the modal characteristics of T-tail
construction. These modal characteristics have an important role to play in sub-
sequent aeroelastic and response problems. Again, the structure studied presents
certain regularity and simplicity of the input data so that it can be easily reproduced
or modified for further developments. At the same time, the structure considered
possesses the main properties of T-tail construction so that the conclusions drawn
can be generalized.

To facilitate the preparation of input data, vertical, left, and right horizontal
tails have been considered of the same construction. Furthermore, each of these
structures has the same structural properties as that of the wing model analyzed in
Section 3.5.2. The three lifting surfaces have been joined by a boom. The boom
is made of metal sheet construction. The thickness of the skin of the boom is the
same as that of the tails. The boom has five spar elements equally spaced that are
normal to the first rib of the horizontal tail. This construction has been considered
to facilitate the preparation of input data. The finite element model made for this
T-tail construction is the same as that of the wing model previously analyzed. The
T-tail is fixed at the vertical tail root. Figure 3.11 presents the finite element model
used in the present analysis.

Fig. 3.11 Finite element model of the T-tail construction analyzed.



e Word's Feumér dsmpon Lodedip. - PUrChiased from American Institute of Aeronautics and Astronautics

86 STRUCTURAL DYNAMICS IN AERONAUTICAL ENGINEERING

V3
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!L;"'X

y
Output Set: Mode 1 0.807481 Hz
Deformed(0.487): Total Transiation

Fig. 3.12a  First mode of free vibration, f = 0.81 Hz, T-tail mode.

The Nastran finite element program has been used for the preparation of input
data and the eigenvalue extraction problem. The output of the analysis is shown
in Figs. 3.12a-3.12f. These figures correspond to the first six modes of free vi-
bration. Figure 3.12a represents the first mode of free vibration of the T-tail unit.
This mode is characterized by an asymmetric in-plane motion of the horizontal
tail accompanied by a fin torsion and is normally the first mode found in T-tail
construction. In aeroelastic analysis, this first mode has a very important role to
play since it can cause a static instability at low speeds due to fin divergence. The
second mode, shown in Fig. 3.12b, is mainly a fin bending with a one-node hori-
zontal tail motion. In this mode, the horizontal tail moves almost as a rigid body.
These first two modes are asymmetric modes. The third mode shape, depicted in
Fig. 3.12¢, is a two-node horizontal tail bending accompanied by a fore-and-aft
motion of the fin and is a symmetric mode. The fourth mode, shown in Fig. 3.12d,

V3
L1
c1

z
'L;"’X

Y
Output Set: Mode 2 1.019493 Hz
Deformed(0.584): Total Translation

Fig.3.12b Second mode of free vibration, f = 1.02 Hz, vertical tail first bending and
horizontal tail one node bending.
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V3
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L,,»X

%y
Qutput Set: Mode 3 2.659375 Hz
Deformed(0.59): Total Translation

Fig. 3.12¢ Third mode of free vibration, f = 2.66 Hz, vertical tail fore and aft and
two nodes bending horizontal tail.

V3
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c1

4
X
Yy
Qutput Set: Mode 4 3.091983 Hz
Deformed(0.52): Total Translation

Fig.3.12d Fourth mode of free vibration, f = 3.09 Hz, vertical tail torsion

V3
u
c1

z
[

“y
Output Set: Mode 5 4.880728 Hz
Deformed(0.526): Total Translation

Fig.3.12¢ Fifth mode of free vibration, f = 4.88 Hz, horizontal tail symmetric torsion
and vertical tail fore and aft.
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Y. .2
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X
Output Set: Mode 6 10.84013 Hz
Deformed(0.842): Total Translation

Fig. 3.12f Sixth mode of free vibration, f = 10.84 Hz, vertical tail torsion and hori-
zontal tail asymmetric torsion.

is an asymmetric mode with mainly a vertical tail torston accompanied by an in-
plane and out-of-plane bending of the horizontal stabilizer. The next mode, shown
in Fig. 3.12e, is a symmetric mode with mainly a fore-and-aft motion of the fin
and a symmetric horizontal tail torsion. The next mode, given in Fig. 3.12f, is an
asymmetric mode characterized by a horizontal and vertical tail torsion. As can
be shown from this example, the T-tail construction is a very complicated config-
uration from the dynamic point of view since in all modes the in-plane motion is
almost accompanied by an out-of-plane motion, i.e., they are all coupled bending—
torsion modes. Notice further that, in practical applications, more complications
are introduced when the fuselage elasticity is introduced in the analysis.
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Problems
3.1 The flexibility matrix of a wing built in at its root is given by

10 40 60 80
40 120 200 300
60 200 400 600
80 300 600 1000

F=10"% m/N
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2 ]

20 kg

60 kg
40 kg

Fig. P3.1 Idealization of a wing built in at its root.

The flexibility matrix has been calculated according to the station numbering given
in Fig. P3.1. The wing mass has been concentrated in the four stations as shown.

(a) Find the fundamental natural frequency of this idealized wing and the cor-
responding mode shape.

(b) Calculate the corresponding generalized mass and the generalized stiffness.

(c) Assuming a modal damping factor y = ¢/c. = 0.02 for this mode, obtain
the modal damping coefficient ¢ and the maximum value of the modal gain & of
this mode.

(d) Given an external applied force in the form [ F(2)]7 = 1000sin20¢[1 1.5 2
31T N, calculate the generalized force of the first mode.

(e) Making the approximation of representing the structure by its first mode
of vibration as a single-degree-of-freedom system and for the generalized force
obtained in item (d), calculate the maximum displacements at the four points of
the model of Fig. P3.1.

3.2 Inaturboprop project, the natural frequency of the rudder tab is 27 Hz. While
flying at V¢, the propeller induces a source of harmonic excitation with a forcing
frequency equal to the natural frequency of the rudder tab, causing discomfort to
the passengers and fatigue structural problems to the aircraft. To solve this problem,
the following modifications have been proposed:

(a) Change the material of the tab from aluminum to steel, while keeping the
same geometric properties of the tab (Hint: metallic materials have almost equal
E /p ratios).

(b) Introduce to the tab system a hydraulic damper to reduce the level of vibra-
tions.

(c) Project and include in the tab system a dynamic absorber.

Discuss the validity of these modifications.

3.3 The first bending and torsion mode shapes of the wing model analyzed in
Section 3.5.2 using the selective inversion technique are given by (0.770, 0.765,
0.760, 0.753, 0.745, 0.383, 0.380, 0.374, 0.365, 0.356, 0.093, 0.091, 0.084, 0.072,
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0.059) and (—0.763, —0.341,0.102,0.543,0.959, —-0.761, —0.423, —0.063,0.293,
0.622, —0.391, —0.241, —0.086, 0.053, and 0.173). The mode shapes have been
normalized to unit generalized mass values. Consider now the application of a unit
impulse in the transverse direction, at ¢ = 0, with initial null conditions at point
number seven, i.c., at the crossing of the second spar with the second rib. Because
of the application of this external load, obtain

(a) The generalized force for the bending and torsion modes.

(b) Assuming zero damping, calculate the maximum displacement at the leading
edge of the wing tip, considering that the structure is adequately represented by
its two first transverse modes.

(c) Repeat item (b), assuming a modal damping ratio y = 0.02 for both modes.

(d) From the results obtained, comment on the effect of damping on the response.

3.4 Repeat Problem 3.3 considering now that the external load is a unit step
function having a duration of 1 s. Comment on these results compared with those
of the previous case.
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4
Dynamics of Continuous Elastic Bodies

4.1 Introduction

In the preceding chapters, structural dynamic problems of discrete systems were
exclusively treated. This chapter, on the other hand, concentrates on the dynamic
behavior of continuous elastic bodies. This separation of structural dynamic prob-
lems into discrete and continuous systems does not mean that they have different
dynamic behavior. The separation is merely a mathematical tool for the represen-
tation of the same physical system. Discrete systems lend themselves to direct
application in practical problems of complex geometry and boundary conditions.
This is the reason for the great emphasis made on discrete systems in previous
chapters. On the other hand, some of the continuous elastic bodies problems have
exact, closed-form analytical solutions. In spite of the limitation of these solu-
tions to simple specific real problems, they have a great importance since they
are directly used for parametric studies and present, in a clear and definite way,
the effect of the different parameters involved in the problem. Furthermore, these
exact solutions form the bases of comparisons and studies of performance and
convergence of numerical discrete methods and therefore can predict the accuracy
of these methods when applied to complex problems having no exact solutions.
This chapter deals basically with free and forced vibrations of simple problems of
beams, plates, and shells. The beams treated in this chapter are limited to slender
beams; therefore, the effect of transverse shear and rotary inertias are not consid-
ered, and warping effects are neglected. The plates and shell structures considered
are limited to thin thickness constructions. The shells considered in this chapter are
of simple geometry so that only circular cylindrical and conical shells are studied.

4.2 Slender Beams

In this section, vibrations of slender beams are studied. The study will not
consider transverse shear deformations, warping effects, and rotary inertias. The
problem will be formulated using Hamilton’s principle.

4.2.1 Equation of Motion

Strain energy of deformation. Consider the beam shown in Fig. 4.1. Three
generalized degrees of freedom are considered, namely the axial displacement u,
the transverse displacement w, and the rotation ¢ around the longitudinal axis x.
The beam is subjected to an initial state of stress N,, positive in compression, and
rests on a continuous elastic foundation having a spring constant & per unit length, as
shown in Fig. 4.1. The beam has a constant cross-sectional area A, a constant cross-
sectional moment of inertia / about the axis y-y, and a constant cross-sectional
torsional rigidity G I, , where G is the shear modulus = E /[2(1 + v)], E is Young’s

93
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/

Fig.4.1 Beam structure.

modulus, and v is Poisson’s ratio. The strain energy of small deformations in the

axial direction reads
1 [t au? '
Uy = — EAl —| dx “4.1n
2 0 ax

where L is the beam length.
The bending strain energy of small deformations reads

1 fr o T8’
Us = = Ell—| d 4.2
=32 /0 [axZ} g *2)
The torsional strain energy of small deformations reads
1 [t 3¢ T
Ur == GL|—\d 43
T > ﬁ t [ 8x:| X 4.3)
The strain energy of deformation due to the elastic foundation reads
1 L
U, =~ / kw? dx 4.4)
2Jo

The strain energy due to the initial load Ny reads

1 (L w1
U==] N,J|=]| dx 45
. zfo x[ax} 4.5)

Kinetic energy. Considering the degrees of freedom u, w, and ¢ and neglect-
ing the rotary inertia effects, the kinetic energy functional is expressed as

1 [t auT? w7 397’
T:Efo {mA [ﬂ +mA [?{] +ml, [-57} }dx 4.6)

where m is the material mass density and [, is the polar moment of inertia of the
cross-sectional area.
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Hamifton'’s principle. Hamilton’s principle for the problem at hand can be
written as

128[T~—U]dt=0 4.7

h

Substituting the functionals given in Egs. (4.1-4.6) into Hamilton’s principle
[Eq. (4.7)] and applying the variational operation, we obtain the Euler-Lagrange
equations governing the problem, i.e., the equations of motion for the case at hand

as

3%u  mAdu

—— T =90 4.8
ax2 + EA 312 (48)
2 I, 3%

_¢> ﬂ_‘f’ = 4.9)
ax2  GI, 1?2

3w 32w 32w

and the corresponding boundary conditions for the problem. The boundary condi-
tions will be treated in detail in subsequent sections.

Axial and torsional free vibrations. Examining Eqs. (4.8) and (4.9), we
notice that they represent the same differential equation; thus we can write both as

v 0%

wherev = uorg¢anda? = m/E ormli,/GI, and we notice that o? is areal positive
quantity. The solution of the partial differential equation [Eq. (4.11)] can be made
by the method of separation of variables x and ¢ for the case in consideration.
Furthermore, we can prove that the time dependence is harmonic; thus we can
write

vix, t) = V(x)e' 4.12)

where V(x) is a real space function of x, w is a real positive quantity, and i =
(—1)!/2. Substituting Eq. (4.12) into the differential equation [Eq. (4.11)], we
obtain
d’v 2 2 3
The solution of Eq. (4.13) reads
V(x) = C;sinawx + Cy cos awx (4.14)

where C; and C; are arbitrary constants to be determined from the boundary and
initial conditions. In the sequel, several of these conditions will be analyzed.
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Both ends fixed. For this condition, we have V(x) =Qatx =0and x = L.
Substituting these conditions in Eq. (4.14), we obtain C, = 0 and C) sinawL = 0.
Disregarding the trivial solution C; = 0, we obtain, sinxwL = 0; thus awl =
nm,n =1,2,3, ... Therefore, the undamped natural frequencies of free vibration
for the case when both ends are fixed are given by

niw
w, = — n=1,2,3,...
ol
E
= oz for axial free vibrations
LYm
n |GI
= ! for torsional free vibrations (4.15)
LY mi,

and the mode shapes of free vibration read
V,(x) = C, sinf-zfﬁ n=1,273,... (4.16)

where C,, are now arbitrary constants to be determined from the initial conditions.
Returning to Eq. (4.15), we observe that beams with the same geometrical proper-
ties will have their natural frequencies proportional to the speed of sound (E /m)'/2.
The speed of sound at room temperature in several metallic materials used in aero-
nautical construction are approximately given in Table 4.1. Surprisingly, these are
close to each other. This is an important fact to be considered in design where, in
some circumstances, we are faced with problems of increasing or decreasing the
natural frequencies; thus changing the material used will not resolve the problem
in such cases. This fact obtained from this simple case of extensional and torsional
free vibrations will be extended in the sequel for other structures. Finally, it should
be noted that modern composite materials used in aeronautical constructions, in
general, do not possess this property of constant (E/m)"/2.

Both ends free. For this condition, the stresses at both extremities are null. Now,
the stresses are proportional to the strains, and these are proportional to dV /dx so
that we can write the boundary conditions for the case at hand as dV/dx = 0 at
x = 0 and x = L. Substituting these conditions in Eq. (4.14), we obtain

aw [C) cosawx — Cysinawx] = 0 for x=0and x =1L @.17)
Table 4.1 The speed of sound (E/m)'/* at room

temperature in several metallic materials used in
aeronautical construction

Material (E/m)'?, m/s
Steels 4968
Aluminum alloys 5029
Magnesium alloys 5060

Titanium 4968
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From Eq. (4.17), the following conditions are obtained

aw =10 and [Cicosawx — Cysincwx] # 0 for x =0and x = L

or

aw #0 and [Cycosawx — Cysinawx] =0 for x=0and x =1L
(4.18)

The first condition of Eq. (4.18) gives w = 0 and C; # 0, which corresponds to a
rigid body motion. The second condition gives

Cysinewl =0 4.19)
Eliminating the trivial solution C, = 0, we get
nr
wy = — n=1,23, ...
al

and the corresponding mode shapes read

V(x)=C,,cosﬂ£i n=123 ..

Thus, we can write the complete solution of the problem as
nm
w, = — n=20,123,... (4.20)
al
and

V(x)=CncosmTTx n=01,23, ... (421)

One end clamped and the second end free. For this condition, we consider
at the end x =0, V(x) =0, and at the end x = L, the stresses equal to zero, thus
dV /dx = 0. Substituting these conditions in Eq. (4.14), we obtain

C;=0 and —Ciawcosewl =0 4.22)

Eliminating the trivial solution C; =0, we get, cos ewL =0. Thus the modal
characteristics for the problem at hand read

(2n — Dz 1,2,3 (4.23)
y = ——— n=1273 ... .
2L
and
-1
vm:c,,m%f n=1273, ... (4.24)

Transversal free vibrations. We consider first the case when k = N, =0,
whose effect will be studied in the sequel. Under such conditions, Eq. (4.10) reads
*w 3w

1l 4 mal¥ o 425
axt TMAGE (4.25)
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Using the method of separation of variables and for a harmonic solution, we can
write

w(x, ) = W(x)[c1e' + cze™™"] (4.26)
Substituting Eq. (4.26) into Eq. (4.25), we obtain

d*w 4
wherea* = [mA/EIw?. Writing W(x) = Ce**,inEq. (4.27), we get A*—a* = 0.
Thus, A1 2 = Fa and X3 4 = Fia. Hence we can write W(x) as
W(x) = Cysinax + C; cosax + Cz sinhax + C4coshax (4.28)

where Cy, (3, C3, and Cy4 are constants to be determined from the boundary and
initial conditions of the problem. In the sequel, these conditions will be analyzed.

Both ends simply supported. For this condition, we have W(x) = Oand M, =
EI[d*W/dx*] = Oatx = 0and x = L. Substituting the conditions for x = 0 into
Eq. (4.28), we obtain

WO0)=C,+C4=0
W'(0)=—-C,+C4=0
Thus, Cy = C4 = 0, and Eq. (4.28) reads
W(x) = Cysinax + Cssinhax (4.29)
Substituting the conditions for x = L into Eq. (4.29), we obtain
W(L) = C;sinaL + Cssinhal =0
(4.30)
W'(L) = a*[—C;sinal + Cssinhal] =0

or C3sinhal =0 and C; sinaL =0. But sinhal # 0 for aL # 0, and eliminating
the trivial solution C; =0, we getsinal, =0. ThuseL=nrandn=1, 2, 3, ....
Therefore, the undamped natural frequencies and the corresponding mode shapes
read

El
mAL* 431)

Wy = nimw

W(x) = C, sin 2%
L

wheren = 1, 2, 3, ... and C, will be determined from the initial conditions.

Cantilever Beam. We consider abeam clamped at x = Oand freeatx = L. For
the free end, the bending moment and shearing force are null, and, for the clamped
end, the deflection and the rotation are null. Thus, the boundary conditions can be
written as

WO0)=W(@©0)=W'(L)y=W"L)=0 (4.32)
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Substituting the boundary conditions given by Eq. (4.32) for x =0 into Eq. (4.28),
we obtain

WO0)=Cr+C4=0 and W(0)y=C+C =0 (4.33)
Using Eq. (4.33), we can write Eq. (4.28) as
W(x) = Cy [sinax — sinhax] + C, [cosax — coshax] 4.34)
Now using the boundary conditions for x = L, we obtain
24 2cosal coshal =0 (4.35)
The solution of Eq. (4.35) gives
(aL), = 1.875104 (al), = 4.69409 (al); =7.85475

(4.36)
@L), = (n— 3)m for n >4
and the undamped natural frequencies read
.| EI
where
¢2=1.875104  ¢2=4.69409 (7 =7.85475
(4.38)

;,,Z’N"(n—%)n for n>4

and the corresponding mode shapes read

W(x) = C, [(sin¢2x/L — sinhg2x /L) — gu(cos §7x/L — cosh ¢2x/L)]
(4.39)

where

_sing? +sinhg?

= 4.40
cos 2 + cosh 2 (4.40)

n

Both ends clamped. For this condition, we have W(x)=0 and W'(x)=0 at
x =0 and x = L. Substituting these conditions into Eq. (4.28), we obtain

0 1 0 1 C 0
1 0 1 0 C 0

: . 2= (4.41)
sinal  cosal sinhal coshal Cs 0
cosal —sinal coshal sinhalL Cy 0

From the first two equations, we obtain

C1 = —C3 and C2 = —C4
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Hence we can write the system of equations [Eq. (4.41)] as

(sinal — sinhal) (cosaL — coshal)] [ C, _ 0
(cosal —coshal) —(sinal +sinhal)| ] C, | |0

Thus the characteristic equation reads
1 —cosalcoshal =0
The solution of Eq. (4.42) gives
(aL) = 4.73004 (aL); = 7.853204 (aL); = 10.99560

@@Ly, = (n+ 3)m for n >4

and the undamped natural frequencies read
+ | EI
©n =L mAL*

{2 =473004 ¢2=7.853204 {2 =10.99560

where

2~(n+3)r  forn>4

and the corresponding mode shapes read

(4.42)

(4.43)

(4.44)

(4.45)

Wx) = C, [(sin {,lzx/L — sinh g'nzx/L) — N (cos anx/L — cosh ;,fx/L)]

where
sin ¢? — sinh ¢

" cos¢? —cosh¢?

4.2.2 Effect of the Elastic Support

(4.46)

(4.47)

The equation of motion considering the effect of an elastic support under no

initial stress conditions for free vibrations reads

E1TY  tw e maZ® o
- mA— =
axt oW Fre

Assuming solutions in the form
w(x, t) = W(x)cos(wt + ¢)

we obtain
d*w
El— + kW — mA0*W =0
dx4
or
d*w
—bp*W =0

dx*

(4.48)

(4.49)

(4.50)

4.51)
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where
b* = [mAw® = k]/EI (4.52)

Comparing Eq. (4.51) with Eq. (4.27), we conclude that the modal forms will
not be affected by the presence of the elastic support; only the frequencies will be
modified and will suffer a constant shift. For example, for abeam simply supported
at both ends, the undamped natural frequencies read

, n*mtEl &

=+ — 4.53
mAL* + mA (453)
and the modal forms are the same as given by Eq. (4.31).
4.2.3 Initial Stress Effect
In this case, the equation of motion reads
*tw 8%w 8w
El—: + N,— A—=0 4.54
orr T g TG @34
Assuming solutions in the form
w(x, t) = W(x)cos(wt + ¢) (4.55)
we obtain
d*w d?w N
E]W —}—NXE——mAw W=0 (456)
and writing
W(x) = Ce™* 4.57)
we get
EIs* + Nys? —mAw® =0 (4.58)
Thus,
st gl —a*=0 (4.58a)
where g2 = N, /EI and a* = mAw?/E1. Hence
2 4
2 § 8
=—2=+,/a*+ = 4.59
s 5 a* + 7 ( )
ors? = —62 and 57 = £, giving s = +i8 and +¢ where
1
473 2
§2=|at+ & g
[a + 7] il + >
(4.60)

473 2
2 _ |4, 81" &
s—[a+ } 2
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and the mode shapes can be written as
Wi(x) = C;sindx + Cycosdx + Cysinhex + Cycoshex “4.61)

where Cy, C,, C3, and C,4 are constants to be determined from the boundary and
initial conditions. We consider, as an example, the case when both beam ends are
simply supported. The boundary conditions in this case are given by

WO =W'0)=WL)=W'(L)=0 (4.62)
Substituting the boundary conditions of Eq. (4.62) into Eq. (4.61), we get
0 1 0 1 C 0
0 —52 0 &2 C, 0
) . = (4.63)
sinédL cosSL sinhelL coshel Cs3 0
—5%sindL. —8%cos8L s?coshel &%sinhel | L Cy 0

The first equation of the system of equations [Eq. (4.63)] gives C, = —Cjy. Sub-
stituting in the second equation, we obtain (82 + £2)C4 = 0. But from Eq. (4.60),
we conclude that (82 + &%) # 0; thus, C, = C; = 0. Using this result in the last
two equations, we obtain

sindL sinhelL o 0
9 . 5 . = (4.64)
—38“sindL  g“sinhel C3 0
Thus,
(8% + &%) [sin 8L sinheL] = 0 (4.65)
Again, (8% + £2) # 0 and, because sinh L # 0, we conclude that sin§L = 0;
thus, L = nm forn =1, 2, 3, ..., and C3 = 0. Therefore, the mode shapes can
be written as
W(x) = C, sindx = C, sinTL-x n=1,23, ... (4.66)
Using Egs. (4.60) and (4.66), we get
n2r2 gt 3 g’
=8 =|a*+ = = 4.67
L2 [a 3 ] T3 (4.67)
Thus,
4 2
4 nm nwg
=|— — 4.68
‘ [ L ] * [ L ] (*:69
and using Eq. (4.58), the corresponding frequencies read
EI [nn L? N
2 X
= —| — 1- — 4.69
@n mA[L] ( n2n2E1> (4.69)

From Eg. (4.69), we conclude that the effect of the initial stress Ny is to increase
the natural frequencies for tension and reduce them for compression. Furthermore,
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for an initial compressive prestress value, N, = E In?r?/L?, the natural frequen-
cies w, = 0, thus defining the Euler buckling loads. The critical buckling load will
be given for n = 1, or N, = EIn?*/L?. The same procedure detailed above will
be applied for any other boundary conditions.

4.3 Flat Plates

4.3.1 Rectangular Flat Plates

In this section, the free vibration problem of thin rectangular flat plates is studied.
Consider the structural configuration shown in Fig. 4.2. It consists of a rectangular
flat plate subjected to an initial state of prestress loads Ny, Ny, and N, positives
as shown in Fig. 4.2 and resting on a continuous elastic support having a spring
stiffness constant k (N/m?).

We will consider small deformations and neglect the effects of transverse shear,
rotary inertias, and in-plane inertias. In the analysis, only isotropic and homoge-
neous materials will be considered. Under such conditions, the strain energy of a
small deformation functional can be written as

D L2 v
U=< w2, +wl, + 20w pw yy + 2(1 — v)w’,]dA (4.70)
. )

where w is the transverse displacement, v is Poisson’s ratio, D = EA%/12(1 —v?)
is the plate flexural rigidity, and 4 is the plate thickness, considered constant. The
strain energy due to the initial state of stress reads

1
Ui =3 / [Nexw?, + Nyyw?, + 2Ngyw yw | dA (4.71)
p )

where the initial prestresses are positive as shown in Fig. 4.2. The strain energy

)2

:Z: N)q/(:»>
yrrreran

—
! o

N

X

Fig. 4.2 Rectangular flat plate problem.
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due to the elastic foundation reads
1
U, = - / kw?dA 4.72)
2 /a4
The kinetic energy reads
1
T = —ph/ w? dA 4.73)
2 A
Hamilton’s principle for the problem at hand reads

h
/ T -U-U; -U)dt =0 4.74)

fo

Performing the variational operation, the Euler-Lagrange equation governing
the problem and corresponding boundary conditions are obtained. The Euler—
Lagrange equation reads

Dw xxxx + Wyyyy + 2W xxyy] + AW + Nypwxx + Nyyw 5y
+ 2Ny W xy + phwy =0 (4.75)
On the boundaries, the natural boundary conditions are obtained as
D[wsxx + 2 = VWi | =0= QOx
Dlw xx +vw 3y} = 0= M;
onx =0andx =a
and
D[w yyy + 2~ Vwiry] =0= 0,
Dlw yy + vw xx] = 0= M, (4.76)
ony=0andy=2>
The forced boundary conditions are given by
w=0 w, =0 onx =0andx =a
and
w=0 wy,=0 ony=0andy=b “4.77)
We notice that, on each edge of the plate, only two boundary conditions can be
specified. In the sequel, some configurations will be analyzed in detail.
All edges simply supported and Nyy = 0. In this case, the boundary con-
ditions are given by
w=0
M, = D[w s + vw ] =0

onx =0andx =a
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and
w=0
M, = Dlwy, +vw ;] =0 4.78)

ony=0andy=>5
Using the method of separation of variables, we can write solutions in the form
w(x, y,1) = W(x, y)e' (4.79)
Substituting Eq. (4.79) into Eq. (4.75) for Ny, = 0, we obtain
DIW xxxx + Woyyyy + 2Wiaxyy] F AW + Nee W,
+ Ny Wiy — pho*W =0 (4.80)
and we observe that solutions in the form

o0
Wx,y)= Z App Sin

m.n=1

MY sin 222 (4.81)
a b

satisfy the boundary conditions [Eq. (4.78)]. Substituting these solutions into dif-
ferential Eq. (4.80), we obtain

mafl () w22 () + () |

mm 2 nmw 2 2
a )

Eliminating the trivial solutions A,, , = 0, the undamped natural frequencies of
free vibration are obtained from Eq. (4.82) and read

, D (mn)2+ nn)z 2+Nx(mrr ? Ny(mt)2 k 183

© = oh a (b Da)+Db+D(')

and the mode shapes are given by Eq. (4.81). From these results, the following
conclusions can be made:

1) The mode shapes, as can be observed from Eq. (4.81), are independent of
k, Ny, and Ny.

2) The effect of the elastic support on the frequency spectrumis merely a constant
shift for all the frequencies. This is an important result because, in many stability
problems, the critical stability parameter is proportional to the difference between
the square of two frequencies; therefore, it is anticipated that the elastic support
will have no effect on the stability parameter for these problems.

3) In the absence of initial stress, i.e., N, = N, = 0, the fundamental mode is
form=n=1. ’

4) For initial tension prestresses, i.e., when N, and N, are positive, the effect
of prestress is an increase in the frequency value, and the fundamental mode is for
m=n=1
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5) For initial compression prestresses, i.e., when N, and N, are negative, the
effect of the prestress is a decrease in the frequency value, and the fundamental
mode is not necessary for m = n = 1 and depends on m, n, and a/b.

6) Buckling loads are obtained from Eq. (4.83), putting w = 0.

Rectangular plates with other boundary conditions. In the absence of
initial shear prestress load and when two opposite edges are simply supported and
the remaining two edges have any other boundary condition, analytical solutions
can be obtained by writing for w(x, y, t) expressions in the form

w(x, y, ) = W(x)sin %—Xei“’t (4.84)

where, in the expression given by Eq. (4.84), it has been assumed that the simply
supported edges are on y = O and y = b. When Eq. (4.84) is used in Eq. (4.75), an
ordinary differential equation in W (x) of the fourth order is obtained. The solution
of this equation will proceed in the same manner as was done in the previous
item for the case of beams. Four arbitrary constants are obtained and are to be
determined from the remaining boundary conditions in exactly the same manner
as was done in the previous section.

For other boundary conditions, analytical solutions do not exist, and thus the
problem is solved using numerical methods, i.e., Rayleigh—Ritz, Galerkin, finite
difference, finite element methods, etc. As an example, we consider the case of no
initial prestress and the absence of elastic support. For such cases, we can use the
Rayleigh—Ritz method, writing solutions in the form

w(x,y, ) = Xx)Y(y)e™ (4.85)
where X(x) and Y(y) are beam functions that satisfy the corresponding boun-

dary conditions. Applying the Rayleigh-Ritz method, the frequency equation is
obtained and can be written as

2D 4 2
o = Z4ph {Gf; + G;‘,(%) + 2(%) WHH, +(1 = v)J,J,]1 (4.86)

where G, H, and J are functions of m and n and the boundary conditions. These
functions have been tabulated and are given in Ref. 1.

4.3.2 Flat Plates with Other Geometry

Analytical solutions can be obtained for the case of circular plates simply sup-
ported on their edges and parallelogram plates with two opposite edges simply
supported and any other condition on the remaining two edges. Such analytical so-
lutions are treated in detail in Ref. 1. For other geometry and boundary conditions,
numerical solutions are to be used. The most appropriate method for obtaining
such solutions is the finite element method.
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4.4 Shell Structures

4.4.1 Circular Cylindrical Shells

Strain energy of small deformation. Consider the thin circular cylindrical
shell of thickness 4, radius R, and length L. The strain energy of small deformation
can be written as

Eh 2n L/R
U= m / / [UDM + kUMOD]de9 (487)
- 0 0

where Upy is the integrand according to Donnell-Mushtari shell theory and is
common in all the derived shell theories, Uyiop is a modification that differs
according to the shell theory used, and £ is a nondimensional thickness parameter
defined as

k = h*/12R? (4.88)
and
s =x/R (4.89)

The integrand according to the Donnell-Mushtari theory is given by

32w 82w 2w\’
242 _ Mt
+k [(V 2 — (1 —v) { BT (8539) “ (4.90)

where V2 = 92/95% + 9%/062. The modified integrand depends on the shell theory
used. Some of these modifications are given below:
Goldenweiser—Novozhilov theory*  (see also Arnold—-Warburton theory?):

v v\’ dvotw _ov dtw  [ov)’
Unop = —22v2u 4+ (0] —o1 —w)| -0 2W H00 0w (00
mop = =2 VWt (ae) ( ”)[ 30 352 T “ 35 5598 <8s>

(4.91)

Reissner-Nagdi-Berry theory®” :

v av\* dvotw v w1 [dv)\>
Uwop = 222w+ (2] —2 —p)| - 228 0w (00
MoD = L VWt (ae) ( v)[ 56 952 " 55 as00 4 (85)

(4.92)
Viasov theory3:
du 3w du 3w v %w
Unmop = (1 = v)— —2 0 30— vn—
moo = (1 =)o o0~ 255 a2 20 " Va5 asa0
v d%w 92
Y Ao S Wi (4.93)

90 952 902
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Other modified integrands are given in Ref. 2, some of which possess unsymmetric
terms that have received much criticism 1in the literature, principally when used in
dynamic problems. This leads to imaginary free vibration frequencies; thus, their
use for the problem at hand is questionable.

Kineticenergy. The kinetic energy, including in-plane inertias and neglecting
rotary inertias, can be written as

1 [ LR au\? a2 dw\ >
T=— wh| | — — — ) | R*dsd6 (4.94
2./0 ./0 8 [(at) +(8t) +<8t) rdo 850

Strain energy caused by prestress. We now consider the effect of initial
prestress. In the formulation, only initial membrane direct stresses are considered,
and thus initial in-plane shear, static bending, and transverse shear are not consid-
ered. Initial prestress in the case of circular cylindrical shells is caused by internal
pressure p,, and an axial load p,. Thus, we can write the initial prestress resultant
loads as

N = oy h = p /27 R
(4.95)
N2, = 0peh = pmR

The strain energy caused by prestress considered here thus reads”'°

1 L 2
Uiy [ [ W0+ Moo + (WS, + Noo)aRd02x (496
1] 0

where the rotations are given by

Jw 1 ow
[07] = — = e —
T 39x R ds
1 ow
==y — — 4.97
®oo = 5 (U 89) (4.97)

1/ du av 1 /ou Jv
w = — — — — _— | —— —
“ 7 2\R3H  Bx 2R\ 30 ds
Substituting Eq. (4.97) into Eq. (4.96), we obtain
| [fLIR pox Jw\ 2 Jw\2
Uy == N[ — NYlv——
LG (- 5)

1ow 10v)°
+ (N2, + N3) (5% - 55;> ] dods (4.98)
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Hamilton’s principle. Hamilton’s principle for the problem at hand can be
written as

/28(T —U-U)dt =0 (4.99)

[§]

where the functional T, U, and U; are given by Eqgs. (4.94), (4.87), and (4.98),
respectively. Through application of Hamilton’s principle, the following Euler—
Lagrange equation is obtained:

[[Lol +k[Li1){g} = {0} (4.100)

where { L] is the differential operator according to Donnell-Mushtari theory, [L,]
is the differential operator incorporated according to the modified shell theory
used, and {g} = [4 v w]”. The Donnell-Mushtari operator reads

2 1-—v 3?2 1—v? 82 1-—1? 3%
L = — — 27 NO NO e
w=32t 538 5 Rn ~ amn Vet V) 5
1+v 92 1 —v? 92
Lo, = — N, + Np,
02 2 3500  4Eh (N + Noo) 309s
3
L()13 = Vg
. RS 1—v? a2
0 = T 552 T 362 E YD
(4.101)
1—v2[ o 1, oy 02
T IEn [Nee -1 (Nyx + Ngo) g}]
3 1= 2
Lop = — — ——NO 2
U= %9 T TER %%

Lo, =1+kV*+p

1w A o 2, 2
E ar2 Eh sz 99502

Lo, =Lo, i,j=12,3

ij
The modified operator [ L] according to the various modified shell theories given
before is as follows.

Goldenweiser-Novozhilov theory*  (see also Arnold-Warburton theory?):

0 0 0
32 82 83 33
10 20-v)m e Q= V) — 2
[L4] A=vsatam ~CVgmg em | @10
3 33
0 —-2- 0

35200 863
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Reissner—Nagdi~Berry theory®” :

0 0 0
L 0 (1—v) 82 52 83 83
L] = 2 952 802 952060 303 (4.103)
33 33
0 ———— 0
35200 963
Viasov theory®:
i ¥ (Q-v) &
0 0 ——
053 T T3 95902
BG-v) 8
[Ly] = 0 0 —
: 2 95290
¥ d-v) ¥ B-v) 3 (1+2)32
| T os? 2 95902 2 95280 Y30z

(4.104)

Furthermore, as stated before, some of other shell theories present terms that
are unsymmetrical and thus are not adequate for the dynamic problems treated
here because they lead to imaginary eigenvalues. For the static problems, Koiter!!
showed that all these theories are equivalents once the Kirchoff hypothesis and
thin shell assumption have been made. We now consider a circular cylindrical
shell freely supported on a diaphragm on both ends. The boundary conditions read

w=M,=N,=v=0 atx =0andx =1L (4.105)
Solutions that satisfy these boundary conditions can be written as
mmx

u = Uye'™ cosnb cos

mrx (4.106)

v = Upe'® sinnd sin

fwt mmnx

w = Woe'™ cos nb sin

Substituting Eq. (4.106) into the equations of motion [Egs. (4.100)] for the case
of no initial stresses, the following frequency equation is obtained

Q6 — [Ky + kAKQ + [K; + kAK Q2 — [Ko + kAKol =0  (4.107)

where 22 = p(l — vz)szz/E and K, K1, and Ky are the terms according to
Donnell-Mushtari theory and read

Ky =14 53 = v)(n® + A%) + k(n? + A%)?
3 —
Ky = (1 —v) [(3 + 200+ 12 4+ (n? + A% + 1—__:k(n2 + )2)3} (4.108)

Ko = 5(1 = MIA = v)* + k(n? + 2D
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where A = mmrR/L and k = h?/12R?. The AK; clements are the terms corre-
sponding to the modified shell theory used, and these, according to the various
modified shell theories given before, are as follows.

Goldenweiser-Novozhilov theory*  (see also Arnold-Warburton theory?):

AKy =2(1 —v)A2 +n?

AKy =21 — A2 +n” +2(1 —v)A* — 2 — A% — 13 + v)n
(4.109)
AKo = 3(1 = )[40 — v)HA* +427n% +n* =22 - v)

X (2 4+ v)A*n? — 822n* — 2n°]
Reissner-Nagdi—Berry theory® :
AKy = 12(1 = v)A* + n?
AKy =11 =A%+ 2+ 10 — vt — 10+ )3 — A2 — 13 + vt

AKo = 3(1 = v)[365 +3v)A%n% + n* = 22+ v)A*n? — 23 + v)A?n* — 2n8]
(4.110)

Vlasov theory:
AKy=1-2n?
AKy =3B —v)(A2+n?) = 20A* — (6 = 3v +v)A2n? — B3 —wvn*  (4.111)
AKo = 5(1 = )[(n? + 1) + 20A8 + 61*n% — 2(4 — v)A?n* — 2n°]

For other end conditions, numerical methods must be used for solving the problem,
e.g., Rayleigh-Ritz method, finite difference methods, and finite element methods.

4.4.2 Conical Shells

Thin conical shells have been used extensively as adapter sections in rockets,
supersonic aircrafts, and re-entry vehicles. Thus, a knowledge of their dynamic
behavior is required. In this section, the problem formulation presented is based
on Novozhilov’s theory of thin shells,* specialized here for the case of a frustum
of cone. The effect of internal pressure and axial membrane initial stresses are
included; rotary inertia effects are neglected.

Strain energy of small deformation. Consider the thin conical frustum shell
shown in Fig. 4.3. The strain—displacement relationships, according to
Novozhilov’s theory of thin shells,* reduce for the case at hand to

{e} = [Al{q} (4.112)
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Fig. 4.3 Conical shell geometry.

where {e} = [&; 80 &6 Xs X0 Xs0)" and {g} = [u v w]T. The differential operator

[A} reads
[ 2 0 0
as
sin ¢ l i —1- cos ¢
r r 98 r
19 —sin¢ b
-— — 0
r 06 r + as
[A] = .
0 0 —
952
cos¢ 9 —sin¢ 3 1 92
0 = - .
rz 99 r 9ds r?oag?
0 —2singcos¢p 2cos¢p & 2sing 9 2 92
| r? r s r2 96 r 3590 |
(4.113)
The stress—strain relations are given by
{o} = [Dl{e}
where {0} = [n, no ng my momselT and
Eh d 0
[D] = ——— [a] - 10] (4.114)
(1-v2) L [0] «ald]
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and the [d] matrix reads

1 v 0
d=|v 1 0 o =h%/12 4.115)
0 0 (1-v)/2

where E is Young’s modulus, v is Poisson’s ratio, and % is the shell thickness. The
strain energy of small deformation reads

27 ps2
U= %f / (o} {e}rdods = U, v, w) (4.116)
0 51

Kinetic energy. Neglecting the rotary inertia, the kinetic energy reads

1 [ o w\?  [ov\* [ow)\?
T =- il — — — déd 4.117
) / g [(ar) +<ar> +(at) ravds G

Strain energy caused by prestress. In the formulation of the strain energy
due to prestress, only direct membrane stresses will be considered in the analysis
presented in this section. Consider the conical shell shown in Fig. 4.3, subjected
to a prestress state of uniform axial load P, positive for traction, and a uniform
internal pressure p,,. The prestress loads per unit length in the axial and meridional
directions can be written as

Nge = oggh = ppStan¢

P
X 4P stang (4.118)

N?s = assh = T
2mr sing cos @ 2

The strain energy caused by prestress can be written as

1 52 2n
U = —/ (MTIN1n}rdo ds (4.119)
2 5 J0
where {n} is the rotation vector and reads
]
as u
cos ]
{n} = [nsnemal” = ¢ —_ v (4.120)
r rof
19 el sin ¢ w
2ro0 205 2
and [N] is the prestress load matrix and is given by
NO
[INI=| N @.121)

(Ngv + Nge)
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Hamilton'’s principle. Hamilton’s principle for the problem at hand can be
written as

/ZS(T—U—Ui)dz=O (4.122)

4!

where the functional T, U, and U; are given by Eqs. (4.117), (4.116), and (4.119),
respectively. At this step, the Rayleigh—Ritz method or the finite element method
can be invoked to obtain numerical solutions for the problem at hand. This will
lead to a set of equations of motion with u, v, and w as the field variables with the
corresponding boundary conditions.

Simplifications of the problem. If the following simplifications were made:
1) the in-plane inertias are neglected, 2) the analysis is limited to the Donnell-
Mushtari theory, 3) terms in # and v in the initial stress functional are neglected,
and 4) an Airy stress function F defined as

1 °F 10F

st‘ = ST 5 e
T s2sin’ ¢ 062 + s s
Nyg = 7F (4.123)
907 52 )
1 19F  3%F
Nog = ——— | =2 =
ssing | s 08 063s

is introduced, it can be shown that the differential equations governing the problem
are reduced to

32w o 82w n 1 3w 1ow
3z | wpez T

DV*w 4+ V2F = —ph— + N, - 4=
WV Phm °| 2sinp 002 | 5 85
V*F — EhViw =0 (4.124)

where D = EA%/12(1 — v?) and

, 9% low 1 82
T 952 s ds | stsine 062
$Ts 05 TS (4.125)
5 1 92
Vi —
R 2
stan¢ ds

We note that, in Eqgs. (4.124), the first equation is an equation of motion in
w, while the second equation is a compatibility equation. Furthermore, the field
variables have been reduced to two functions, namely w and F, which facilitates
considerably the solution of the problem. The solution of Egs. (4.124) can be made
using the Galerkin method to obtain numerical results for the problem at hand.
Such solutions have been extensively treated in the literature.?
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4.5 Response to Initial Conditions

As an example for the determination of the structural response to initial con-
ditions, we will consider the case of longitudinal vibration of a cantilever beam
subjected to the application of an initial displacement vy at the free end at time
t = t9. The process of solution as described below can then be extended in the same
manner for the determination of the structural response due to the application of
initial conditions for any other special case.

From the results obtained in Section 4.2, we can write the solution of the problem
as

ol 2n—1
v(x,t) = Z Cn sin(—ﬁr)ﬂxcos(wnt—d)n) n=1,23... (4.126)
n=1.2....

The initial conditions for the problem at hand read

x ov
v(x,0) = voz and E(x, 0)=0 “4.127)

Applying the second initial condition of Eq. (4.127) into Eq. (4.126), we get
. TX .
Y —Cuwsin(2n — Doy sin(=¢n) =0 (4.128)
n

We therefore conclude from Eq. (4.128) that sin ¢, = 0, thus ¢, = 0. This was
expected since no structural damping was considered in the formulation. Applying
now the first initial condition of Eq. (4.127) into Eq. (4.126), we get

X X
— = C,sin(2n — 1)— 4.129
%7 Z sin(2n — 1) (4.129)

To determine the coefficients C,, we multiply both sides of Eq. (4.129) by
sin[(2{ — 1);rx/2L] and integrate from O to L to obtain

Lo X L
fo UOZ sin(2i — l)i dx = EC,- (4.130)

because
L Tx . X .
sin(2i — 1)—sin(2n — 1)—dx =0 fori #%n
0 2L 2L

= — fori =n (4.131)

Integrating the left-hand side of Eq. (4.130), we obtain

L. 4wl
39 = i— P @13
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Now using Egs. (4.126) and (4.132), we get

8v (=™ @n—-Drx
vix,t) = n—;) 4 Cp an =17 sin 52 cos(wyt) n=1,2,3...
(4.133)

where w, is given by Eq. (4.23) and reads

_@n-lz = /2 —1,2,3 (4.134)
W = o=,z n=123,... .

The procedure described above can be applied in the same manner to obtain the
structural response due to initial conditions for all the cases treated in the present
chapter.

4.6 Response to External Excitations

In this section, the modal transformation is used to obtain the structural response
due to external excitations. As an example, we will treat the same simple problem
of the cantilever rod considered in the previous section. The procedure can be
generalized and applied to all cases treated in the present chapter. The equation of
motion for the problem at hand can be written as

?u  md’u _ f@, x)

—_— = 4.135

9x2 + E 912 EA ( )
Without loss of the generality, we can write Eq. (4.135) as

3%u  m d%u

—_——= F(t 4.136

= F o = POOF@ (4.136)
Now, make the modal transformation

u(x, ) =Y ¢ulx)gn(t) (4.137)

where ¢, are the modal functions and g, are the modal amplitudes. For the case
at hand, the modal functions read

¢n(x) = sin (—2'1—;—141—2{

Substituting Eq. (4.137) into Eq. (4.136), we obtain

n=1,2,3,... (4.138)

@n -1 . Cn—-Dnx
Z - sin

gn(t)
- 412 2L
1)7rx ”
+ = Z g;(8) = p()F (1) (4.139)
Multiplying both sides of Eq. (4.139) by sin(2i — 1)wx/2L and integrating from
q
Oto L, we get
2n = 1)’n? l)ﬂx
—T%(t) + —~qn (1) = F(t)/ sm p(x)dx (4.140)
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We now notice that the equations for g,{t) are uncoupled due to the orthogo-
nality property of the natural modes. Given the function p(x), the integral in Eq.
(4.140) can be evaluated analytically or numerically. The solution of Eq. (4.140)
will be obtained using Duhamel’s method for a single degree of freedom. Once the
solutions g, (¢) have been obtained, these will be used in Eq. (4.137) to determine
the displacement functions u(x, ¢). For initial conditions different from the null
conditions, the solution of the present section should be superposed with that of
the preceding section to obtain the complete solution of the problem. The method
of solution presented in this section can be applied to all the problems of structural
response due to external applied loads of elastic continuum bodies presented in
this chapter.
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Problems

4.1 Consider the axial free vibrations of a uniform cantilever rod with a concen-
trated mass at the free end. Obtain the characteristic equation and the corresponding
eigenvalues and eigenvectors. Discuss and comment on the effect of the tip mass.

4.2 Structural beams are neither clamped nor simply supported; actually, they
can be considered as partially fixed. Consider a simply supported beam having
a discrete rotational spring with a stiffness rotational constant kg = 8(E1/L) at
both ends. Obtain the equation of motion, the characteristic equation, and the
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corresponding eigenvalues and eigenvectors. Discuss the effect of 8, where 0 <
B < oo is the parameter that controls the rotational restraint.

4.3 Determine the permanent solution of a uniform cantilever beam having an
external excitation harmonic force P sinwt at its free end.

4.4 A square plate simply supported at all edges is subjected to a sudden force
P, applied at a time t = 0 at its central point. Find the maximum displacement of
the plate.

4.5 A square plate is simply supported on two opposite edges and is clamped
at the other two edges. Find an exact expression for the undamped free vibration
natural frequencies and the corresponding mode shapes.

4.6 Obtain the undamped free vibration natural frequencies and the correspond-
ing mode shapes of a circular plate simply supported at the outer boundary.

4.7 Obtain the first three undamped natural frequencies of a circular cylindrical
shell freely supported at both ends. Consider a radius R =1m, a length L =4 m,
a thickness 2 = 8 mm, and steel material.
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5
Nonlinear Systems

5.1 Introduction

The progress achieved in the past decades in the applied mechanics field is
attributed to the representation of complex physical problems by simple mathe-
matical equations. In many applications, these equations are nonlinear. In spite
of this fact, simplifications consistent with the physical situation permit, in most
cases, a linearization process that simplifies the mathematical solution of the prob-
lem while conserving the precision of the physical results. However, in few cases,
the linear solutions are not sufficient to describe adequately the problem at hand
because new physical phenomena are introduced and can be explained only if
nonlinearity is considered.

This chapter begins with an enumeration of simple examples of nonlinear sys-
tems in structural dynamics. Physical properties of nonlinear systems are then
introduced. The available exact solutions of nonlinear systems are then given, and
approximate solutions are discussed in detail.

5.2 Simple Examples of Nonlinear Systems

5.2.1 Simple Pendulum in Free Vibrations

Consider the simple pendulum in free vibrations shown in Fig. 5.1. The equation
of motion of the pendulum can be written as

mL*0" +mgLsind =0 (5.1)

Equation (5.1) is nonlinear due to the presence of the term sin 8. For small oscilla-
tions about the position of equilibrium, we can make the approximation sin 6 ~ 8,
and we obtain a linearized equation in the form

mL*" +mgL6 =0 (5.2)

with its well-known linear solution. When the values of 8 are not small, we can
write sin 6 in its series expansion, and Eq. (5.1) can be written as

93 95
mL*0” + mgL 6 —mgLa +mgL§ —-.=0 (5.3)

The solution of Eq. (5.3) will be given in the next sections.

5.2.2 Systems with Nonlinear Spring Characteristics

For a linear system, the force in the spring reads

F =kx (5.4)

119
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Z

L m

Fig. 5.1 Simple pendulum in free vibrations.

In many situations, the force-displacement relationship of the spring deviates from
linearity, and we can have a soft or a hard spring as shown in Fig. 5.2. We can
write the force—displacement relationship for the hard and the soft spring as

F = kox + kx> + 0(x%)

(5.5)
F> = kox — kix> + O(x)
Notice that the stiffness terms in Eq. (5.5) are odd functions, i.e.,
F(x)=—F(—x) (5.6)
P A Hard
Linear
Soft
Springs

Fig. 5.2 Linear and nonlinear spring characteristics.
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5.2.3 Nonlinear Viscous Damping
The damping force for a linear system reads

F,=cx 5.7

In many practical applications, the damping forces are more adequately represented
by forces that are proportional to the velocity squared and in a direction opposite
to the motion. Mathematically, this model can be written as

F,=clx'|x (5.8)

and thus represents systems with nonlinear damping effects.

5.3 Physical Properties of Nonlinear Systems

5.3.1 Undamped Free Vibrations

Physical considerations reveal that, for a mechanical system with nonlinear
stiffness in free vibrations, the period (and thus the frequency) of the response will
be a function of the amplitude of vibration. This is expected mathematically since
k = k(x) and therefore T = T (x). Itis to be emphasized that the natural frequency
is aconstant and is a property of the mechanical system, despite whether the system
is linear. The frequency of response in free vibration of a linear system is constant
and is equal to the natural frequency of the system, while a nonlinear system in
free vibration responds with a frequency that is a function of the amplitude of
vibration. As an example (the proof will be given in the next sections), for the
dependence of the period of free vibration on the amplitude of the response, it can
be shown that the period of the simple pendulum of Fig. 5.1 is given by

T=T l—f—1 sine 2—1—9 sin9 4+ 2 sin9 6+ (5.9)
-0 4 2 64 2 256 2 '

where Tj is the period of the linear system. A plot of T/ T vs 6 is shown in Fig. 5.3.

The curves plotted in Fig. 5.3 clearly show that the linear solution gives an error
of the order of 1% compared to the nonlinear solution up to values of 8 =30 deg
and the rapid convergence of the nonlinear solution taking few terms in the series
expansion.

5.3.2 Damped Free Vibrations

Consider a nonlinear damped system having a hard spring nonlinearity charac-
teristic in free vibrations. The system equation of motion can be written as

mx"” +cx' 4+ kox + kx> =0 (5.10)

With initial conditions different from zero and an initial displacement value inthe
nonlinear regime, physical considerations and Eq. (5.10) reveal that the response
will appear as the curve sketched in Fig. 5.4. We notice that, for nonlinear am-
plitude values, we will have smaller periods of response (thus higher frequencies)
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Fig. 5.3 Period of free vibrations of a simple pendulum.
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Fig. 5.4 Damped free vibration response of a nonlinear system.
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compared to the linear part. Thus, we expect that the amplitude of the response will
begin with a certain value in the nonlinear regime, and the system will oscillate with
frequencies higher than the damped natural frequency; with the increase of time,
the amplitude of the response will decrease due to the system damping. As aresult,
we will have an amplitude response oscillating with a decrease in amplitude and
frequency values until it reaches the linear amplitude where the system responds
with a damped amplitude and a constant frequency equal to the system damped
natural frequency.

5.3.3 Forced Vibrations

Consider an undamped linear single degree of freedom with a harmonic external
excitation. The equation of motion of the system reads

P
x" 4+ w? x = —coswt (5.11)
m

The amplitude of the permanent response is sketched in Fig. 5.5. We notice that for
P =0, i.e., for free vibration, we will have a harmonic response with a frequency
of response equal to the undamped natural frequency of the system. For P £ 0, we
will have response curves characterized by the resonance phenomena studied in
Chapter 2. Consider now the nonlinear system for the free vibration problem due
to the conclusions drawn in the preceding sections. We expect that the amplitude
of the response when plotted against the frequency of excitation will have the form
sketched in Fig. 5.6, for soft and hard springs, respectively.

I

P=0
P=0

2 2
UI’\

Fig.5.5 Permanentresponse amplitude of alinear undamped system due to harmonic
external excitation.
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Ixi

finear

spring spring

Y

w2 w2
n

Fig. 5.6 Free vibration response of linear and nonlinear systems.

Again, physical considerations reveal that, for the forced responses of the non-
linear system, we will have the curves sketched in Figs. 5.7 and 5.8, for soft and
hard springs, respectively. As in the linear system, we will expect that, for the
nonlinear system, the presence of the damping in the system will limit the ampli-
tude of oscillation at the points of maximum frequency responses as shown in the
figures.

5.3.4 Stability

Consider asingle-degree-of-freedom nonlinear system with hard spring stiffness
characteristics. We perform a harmonic external excitation test on the system,
varying continuously the excitation frequency and recording the corresponding
response amplitude. We start the test from very low frequency value and increase
gradually the external excitation frequency. During this test and due to the physical
properties of the nonlinear hard spring system previously discussed, the response
amplitude will follow curve 1A’CC’2 shown in Fig. 5.9. We notice the sudden
change of the amplitude of the response at the point of maximum response C to
the position C" as given in Fig. 5.9. Consider now the test realized from a high
frequency value and with a gradual decrease in the external harmonic excitation
frequency. The response amplitude will follow curve 2C’AA’1 shown in Fig. 5.9.
We notice the sudden change of the amplitude of the response at the point A to the
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Ix}

Y

Fig. 5.7 Forced vibration response of nonlinear soft spring systems.

1x]

Fig. 5.8 Forced vibration response of nonlinear hard spring systems.
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Ix}

Fig. 5.9 Stability problem in nonlinear systems.

position A’ as given in Fig. 5.9. From these tests, we can conclude that path ABC
will never be reached during these experiments.

Consider now the starting of the experiment with initial conditions localized
on a point of curve ABC. Slight perturbations from this initial condition will
show that the experiment will follow either the upper branch or the lower branch,
depending on a decrease or increase in the external excitation frequency. We thus
define path ABC as being an unstable path. This is a characteristic of the dynamic
system that can be explained only if nonlinearity is considered in the analysis.
We finally observe that in practice we will not have a sudden jump from C to C’
or A to A’; instead, the system will perform some limited number of oscillation
cycles until reaching the other branch. In practice, therefore, the vertical lines CC’
and AA’ are transformed to slightly inclined lines. The instability phenomenon
is frequently observed during ground vibration harmonic testing performed for
the determination of the nonlinear modal characteristics of control systems and
external stores in aeronautical applications. The above discussion has been made
for a hard spring system; the same conclusions in a similar manner can be drawn
for a soft spring with the curves now inclined to the left.

5.3.5 Superposition

For linear systems, the superposition process is valid, 1.e., if x; is the response
due to an external excitation Fj and x; is the response due to an external excitation
F5, we will have for an excitation Fy + F, a response of x; + x,. For nonlinear
systems, the superposition process is not valid. This is obvious, because the force—
displacement relationship is not linear.
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5.4 Solutions of the Equation of Motion of a
Single-Degree-of-Freedom Nonlinear System

5.4.1 Exact Solutions

Very few nonlinear differential equations have exact solutions. In this section, we
say that an exact solution to a differential equation is obtained if the solution of the
response can be written in a closed-form analytical expression or in an analytical
expression that permits the determination of the response to any predefined desired
precision. Exact mathematical solutions of nonlinear systems are studied not only
because of their importance for the cases where they exist but also because these
exact solutions can be used in the studies of the performance and convergence of
nonlinear numerical algorithm solvers that are to be used for the solution of the
problems that do not have exact solutions. This fact will be emphasized in detail
in the subsequent sections.

Freevibration. Consider an undamped single-degree-of-freedom system with
stiffness nonlinearity in free vibration. The related equation of motion can be
written as

X"+ ?f(x)=0 (5.12)

In Eq. (5.12), the symbol ¢? has been used to emphasize the fact that physical
considerations reveal that it is a real positive quantity for the case at hand. The
function f(x) is, in general, any real odd function of the displacement x. Again,
the function f(x)is areal odd function based on physical considerations. Equation
(5.12) can be written as

"2
4 g2 py =0 (5.13)
dx
Integrating, we obtain
X
WP =2 [ e (5.14)

where & is the dummy variable of the integration and X cotresponds to the ampli-
tude when the velocity x’ is null. We now write Eq. (5.14) as

. dx X
¥ = =2 / f&)de (5.15)

or
dx
dt= —— — (5.16)
V2 [T F®
Integrating, we obtain
f — 5.17)

1 de
o =
V29 /" JIF reas
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Table 5.1 Values of the elliptic functions ()

n 1 3 5 7

¥(n) 1.5708 1.8541 2.1035  2.3282

where ¢ is the dummy variable of the integration and ¢, corresponds to the time for
x = 0. Now, because f(x) is an odd function and because the solution is periodic,
we can consider the period T as being four times the integration of the displacement
from 0 to X, which in turn is the amplitude that corresponds to x’ = 0, and we
obtain

(5.18)

- 4 [X d¢
$v2Jo [rX reyae

Anexact solution for Eq. (5.18) will be obtained if we can evaluate the integration
in the right-hand side in a closed-form analytical expression. We now consider the
case where we can write f(x) as

fx)=x" n=1,3,5,... 5.19)
Using Egs. (5.19) and (5.18), we obtain

4 [n4+1 (% d¢
=2V fo N T (5.20)

and making the transformation u = ¢/ X, we get

r——2 J”+1/1 L . SN E LS
T p/XrH 2 Jo ST—urtT | /X ’

where 1 (n) are the elliptic functions' and can be calculated to any desired preci-
sion. Table 5.1 gives the values of ¥ (n) up to four digits after the decimal point.
We now consider the case when f(x) is given by

fx)=x"4 pux™ m>n>0
(5.22)
m=3,5,"7,... n=1,3,5,...

Making the substitution of Eq. (5.22) into Eq. (5.18), we obtain
4 [n+1 /‘ du
T = (5.23)
¢/ X1 [ 2 Jo J(A+v)—(urt! + vu’"“):l

n+1}

where

(5.24)

— Xm——n
PEHR {m+1
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The integral in Eq. (5.23) can be calculated to any desired precision! for specific
values of n, m, and v. The extension to the case of a higher-order polynomial is
straightforward.

Forced vibration. There is no exact solution for the general case of forced
vibration of a nonlinear dynamic single-degree-of-freedom system. The solutions
are therefore obtained using numerical methods that will be discussed in the next
section.

5.4.2 Numerical Solutions

Duffing method. In this section, we consider a single degree of freedom
having stiffness nonlinearity up to a cubic term and excited by an external harmonic
force. The equation of motion can be written as

x" 4+ ¢?(x £ u2x¥) = pcoswt (5.25)

Equation (5.25) is called the Duffing equation. In this equation, the term ¢?42 is
considered very small compared to unity. The positive sign in this equation is for
the hard spring, and the negative sign is for the soft spring nonlinearity. We will
treat only the case of the positive sign, because once a solution has been obtained
for the hard spring the solution for the case of a soft spring is directly given by
changing the sign of u? in the solution. The Duffing method starts by assuming
as a first iteration for the nonlinear solution an approximation given by the linear
solution, 1.e., we write as a first iteration a solution in the form

X1 = Acoswt (5.26)
Substituting Eq. (5.26) into Eq. (5.25), we obtain
Xy = —p?Acoswt — u¢p?A3 cos® wt + p cos wt .27
Now writing
cos’ wt = 41 [3 cos wt 4 cos 3wt ] (5.28)

in Eq. (5.27) and integrating twice, we obtain
2 2A3

o= Heras 22020 - 3 5.29
2= 3 ¢ +4,u¢ p |coswt + cos 3wt (5.29)
where null integration constants have been assumed for periodic solutions. The
solution [Eq. (5.29)] can be considered as a better approximation than the first
iteration given by Eq. (5.26) for the solution of the Duffing equation. We can now
start an iteration process by substituting the solution to Eq. (5.29) into the Duffing
equation and integrating twice to obtain a better approximation for the solution
and repeat the iteration process until a desired accuracy. We notice that this process
is convergent only for small values of ¢?u12 and, for such quasilinear systems, the
convergence is very rapid. Now, comparing Eqgs. (5.26) and (5.29) and equating
the coefficient of the term cos wt, we obtain

1 3
A=— [¢2A + S pPeA pJ (5.30)
1) 4
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or
3
W = ¢ {1 ¥ ZMZAZ] - % (5.31)

We conclude the following:

1) For the linear system, we have ¢? = wﬁ.

2) For free vibration, p = 0, and we have w? = ¢2[1 + (3/4)u’A?], showing
that the response frequency is a function of the amplitude of free vibraticn and the
related curve has the form given in Fig. 5.6.

3) We notice that, for the linear system if the external excitation is harmonic, the
response is also harmonic with the same frequency. For the nonlinear system and
in view of Eq. (5.29) for an external harmonic excitation, terms of upper harmonics
exist in the solution.

4) Successive iterations using the Duffing method will show the presence of
the terms cos Swt, cos Twt, etc., with decreasing amplitude as the superharmonic
value increases.

Perturbation methods. Consider again the Duffing equation
x” 4+ ¢*(x £ ux3) = pcoswt (5.32)
Writing wt = 6 in Eq. (5.32), we get
W’ x" + ¢Hx £ u*x®) — pcos§ =0 (5.33)

where the derivatives are now with respect to 6, i.e., x’ = dx/d9. Let now the
initial condition be given as

x(0=A4 x©0=0 fort=0 (5.34)

which corresponds to a periodic solution. We consider again the term ¢2u? as
being very smail compared to unity, and we write

q)zuz =z P =¢&po (5.35)

where ¢ is a small quantity. We can now write x(¢) and w as a series expansion in
& in the form

x(8) = x0(0) + ex1(8) + £2x2(6) + - - - (5.36)
and
0= wy+ cw; + 2wy + - - (5.37)

Deriving twice Eq. (5.36), we get

x"(6) = x[(8) + ex] (@) + e*x5) + - - - (5.38)
and the boundary conditions read

x@=x0)=0 i=1273,... (5.39)
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Substituting Eq. (5.35) into Eq. (5.33), we obtain
w*x" + ¢*x + ex® —epycosf =0 (5.40)

Substituting now Egs. (5.36-5.38) into Eq. (5.40), we obtain an equation that can
be written in the form

[+ (1" +11*+--- =0 (5.41)

Equation (5.41) is valid for any value of ¢; therefore, the only condition for the
sum of all the terms to be equal to zero is that all the individual coefficients of &”
must vanish individually. Equating the first term, i.e., the coefficient of £°, to zero,
we get

w3 xg +*xo =0 (5.42)

Equation (5.42) is subjected to the boundary conditions given by Eq. (5.34) and
the solution of Eq. (5.42) thus reads

xo(t) = Acoswt (5.43)
and we obtain
wh = ¢* (5.44)
Equating the second term, i.e., the coefficient of &, to zero, we get
[0 x{ + 200 w1xg + ¢* x1 + x5 — pocosf] =0 (5.45)

Substituting the value of xp, already calculated from Eq. (5.43), into Eq. (5.45),
we obtain

wp x| + ¢ xy = [2wo w1 A — 3A3 + polcosh — 1A3cos30  (5.46)

Equation (5.46) is a second-order ordinary differential equation in x; having

a general solution composed of two parts, the homogeneous solution x;; and the
particular integral x;,. The homogeneous solution x;; reads

x11 = Aysin8 + Bycos6 5.47)

where A; and Bj are constants that will be determined from the initial conditions
of x;. The particular integral x;; reads

3

X12—20|:2 A——3—A3+ po:Icosé— A os30 (548
wo 4] Wi 32 w}

Now, because 8 = wt, we observe that the first term in Eq. (5.48) increases ex-
ponentially with time. This contradicts the physical solution that must be periodic;
therefore, the only condition for this term to vanish is that the bracket term be set
to zero. In the perturbation method of solution, we call such terms secular terms,
and they are equated to zero in each step. Furthermore, from this condition, the
value of w; can be determined, and we write

_ 13, P
w1—2¢ [4A A] (5.49)
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and the total solution x;, which is the sum of x;; and x),, reads
3

3292

Applying now the initial boundary conditions given by Eq. (5.39) into Eq. (5.50),
we obtain

x1 == Ay sinf + By cosf — cos 36 (5.50)

3

A
X)) = W fcos 36 — cosf] (551)

Now using Egs. (5.43) and (5.51), we get the first approximation for the solution
of x as

A3
X =xo+ &x; =Acosf + 32;2 [cos 38 — cos O] (5.52)
and the first approximation for the value of w as
2, £ |32 Po
= = O By P 5.53
w=wy+w =¢"+ 2 [4 A ] ( )

Substituting now the value of 8 by wt and &2 by u?¢? in Eqs. (5.52) and (5.53),
we obtain

1 3 22 A3
x=— {I:¢2A + Z,U.Z(PZA3 — p]coswt + cos3wt] (5.54)
W
and
3 P
2= (14 SplA% - = 5.55
w =¢ [ ok 1 (5.55)

Comparing Egs. (5.54) and (5.55) with the Duffing solution given by Egs. (5.29)
and (5.30), we conclude that the first approximation in both methods is the same.
The extension of the perturbation method as given above for higher iterations
is straightforward. Finally, we observe the great advantage of the perturbation
method, which is the transformation of the nonlinear problem to a series of solutions
of linear problems.

Galerkin method. The Galerkin method is a powerful tool for obtaining nu-
merical solutions for linear and nonlinear problems in structural dynamics. Further-
more, in nonlinear problems, the method has no limitation to the small nonlinearity
condition as in the Duffing and perturbation methods. The basis of the application
of the method for nonlinear problems is given in the sequel.

Consider the equation of motion of a single-degree-of-freedom nonlinear sys-
tem, which can be written as

E=Ex",x,x,t)=0 (5.56)

In the Galerkin method, we write approximate solutions for the differential Eq.
(5.56) in the form

x(B) = a1 () + aynp@) + - - + anpa(t) (53.57)
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where ¥;(¢) are arbitrary continuous and differentiable functions that satisfy all
the boundary conditions of the problem, g; are arbitrary unknown constants to be
determined, and i = 1, 2, ..., n. For the case at hand, when we are solving prob-
lems of periodic responses, the boundary conditions of the problem are v;(t) =0
at the beginning and at the end of the period. Now, if the approximate solution
[Eq. (5.57)] is substituted into the differential Eq. (5.56), in general, a residue will
be obtained, except for the case when the trial functions are the exact solutions of
the problem, and, in this case, the differential equation is identically satisfied. In
the Galerkin method, the error is minimized by multiplying the residue by the trial
function, i.e., we consider the trial functions as being the weighting functions in a
weight residual minimization process and force the integration of the product over
the domain (the period for the case at hand) to vanish. This process will furnish n
nonlinear algebraic equations in the form

T
/ VEG, X, x,0)dt =0 i=123,...,n (5.58)
0]

which can be solved using any nonlinear simultaneous algebraic equation algo-
rithm solver, e.g., the Newton method, and the coefficients a; are thus determined.
In the sequel, some applications of the Galerkin method will be given.

Rayleigh—Ritz method. The Rayleigh-Ritz method starts by formulating the
problem using a variational approach, Hamilton’s principle for the case at hand,
which can be written as

h
[ = / F(x', x,t)dt (5.59)

31

Again, approximate solutions for the problem are sought in the form
x(@) = a1 () + axpa(t) + - - - + an ¥ (1) (5.60)

where ¥;(¢) must satisfy only the forced boundary conditions.? Substituting the
approximate solution [Eq. (5.60)] into the variational functional and performing
the related integrations, the functional will be transformed to a function of the
arbitrary constants g; that can be written as

]=1(a1,a27‘13,~-~,an) (5'61)

The functional maximization is thus transformed to the minimization of the
function given by Eq. (5.61), and this condition can be written as
al )
— =0 i=12,...,n (5.62)
30,’
Again, the set of equations [Eq. (5.62)] represents n nonlinear algebraic equa-
tions whose solutions will produce the values of the unknown coefficients a;.
Consider now Egs. (5.62) and (5.59). We can write

81_/" 3Fdx+3Fdx/ gt =0 (5.63)
30,’ - fo ox da,- ax’ da,~ - '
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or

il —/tl OF e+ 2yl =0 (5.64)
da; S, Lox T ax T ’

Integrating the second integral by parts, we obtain

al aFw ’l+/’1 oF daF Gidt =0 (5.65)
da; — Lax 7', Sy Lox  draxr ] T '

The first term of the right-hand side of Eq. (5.65) vanishes since ¥; = 0 at the
initial of the period # and at the end of the period #,. Equation (5.65) thus reads

al hr9F d aF
da; _/,; I:Bx dt Bx’] vi (5.66)

Now, the term between brackets in Eq. (5.66) is the Euler-Lagrange equation
governing the problem, i.e., the equation of motion for the case at hand. Thus, we
can write Eq. (5.66) as

1
f [EG", %', x, ) ]de =0 (5.67)
o
Comparing now Egs. (5.58) and (5.67), we conclude that the Galerkin and
Rayleigh—Ritz methods are equivalent for the problem at hand. This equivalence
can always be shown whenever a variational principle exists for the problem in
consideration.

As an example of the application of the Galerkin and/or the Rayleigh—Ritz meth-
ods, for a nonlinear single-degree-of-freedom system, we consider the equation

x”+¢>2x” = n=135,... (5.68)

This equation has an exact closed-form solution given by Eq. (5.21). We apply now
the Galerkin method of solution using only one trial function for the approximate
solution in the form

x = Acoswt = Acosf (5.69)
where 8 = wr. Applying the Galerkin method to Eq. (5.68), we obtain
2n
/ [~w*Acos®d + ¢* A" cos"t 0] do =0 (5.70)
0
or
2 2
S / cos"™*! 6 dg (5.71)
¢2A"_1 0

To evaluate the integral in Eq. (5.71), we use the relations

2 -1 2
/ cos"0df = n- cos™ 26 do
0 m 0
(5.72)

2
f cos’0dd == m=4,6,8,...
0
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Table 5.2 Galerkin one-term solution {(12)
compared with the exact solution 1(n)

n 1 3 5 7

¢(n) 15708 1.8138 19869 2.1241
Y(n)y 15708 1.8541 2.1035 2.3282

and because w = 27/ T, we obtain for the period 7T the following expression

T e () (5.73)

P/ AT

where

orw

4

{(n) =
2,/f02ﬂ cos"t14dg

The values of £ (n) are given in Table 5.2 and are compared with the exact solution
given by the elliptic functions ¥ (n).

From the results of Table 5.2, we observe that for n = 1, i.e., for the linear case,
the Galerkin solution corresponds to the exact solution. As the value of  increases,
i.e., with the increase of the nonlinearity effect, the precision of the Galerkin method
deteriorates; if more precision is required, we will have to incorporate to the
numerical solution more and more terms. Furthermore, the numerical solution for
the period 7 is always less than the exact solution; hence, the numerical frequency
is always higher than the exact solution. This property can always be shown and
proved when the numerical solution uses the Rayleigh—Ritz method, which for the
case at hand is equivalent to the Galerkin solution.?

(5.74)

5.4.3 Damped Systems

We consider in this section a viscous damped single degree of freedom with
nonlinear stiffness characteristics subjected to an external harmonic excitation.
The governing equation of motion can be written as

mx" +cx’ + ko f(x) — pcoswt =0 (5.75)

Because no exact solution of the differential Eq. (5.75) exists, we will use the
Galerkin method to obtain a numerical approximate solution for the problem. As
a first approximation, we will use only one term in the Galerkin method, and we

write
x = Acos{wt — 6] (5.76)

Notice that a phase angle ¢ has been incorporated to the solution due to the
presence of the damping term. Substituting the approximate solution [Eq. (5.76)]
into the differential Eq. (5.75) and applying the Galerkin method, we obtain an
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equation in the form

[Aj]coswt + [Az]sinwt =0 NN

where

Al = —mw?Acosf + cwAsind + kyAF(A)cosd — p
(5.78)
Ay = —mw?Asing — cwA cos8 + kgAF(A)sin 6
and
1 2
FA)= — f(Acoso)cosado (5.79)
TA 0

We now observe that Eq. (5.77) is valid for any value wt; therefore, A} = A, =0.
Applying this condition and using Egs. (5.78) and (5.79), we obtain

k 2
[F(A) — QY +4y%Q% = [-"—/Xﬁ] (5.80)
and
299
tanf = —24 (5.81)
FA) -2
where
2

Q? = 2L d - 582
N o

and we observe the following:

1) The linear system is obtained when F(A) = 1.

2) For the undamped nonlinear system in free vibration, i.e., ¢ = 0 and p = 0,
we obtain from Eq. (5.80) y = 0; thus, 8 = 0 or 7, and from Eq. (5.80) we get

F(A) = Q? (5.83)

For the case when f(x) is given by an odd polynomial function of x, Eq. (5.83)
will produce the curves previously given in Fig. 5.6.

3) For the undamped forced vibration system, i.e., ¢ = O (thus y = 0) and
p # 0, we obtain from Eq. (5.80) & = 0 or &, and we write

Q% = F(A) + [”ff"] (5.84)

For the case when f(x) is given by an odd polynomial function of x, Eq. (5.84)
will produce the curves previously given in Figs. 5.7 and 5.8, with peaks tending
to infinity.

4) For the damped response, Eq. (5.80) can be written as

2
Q*=FA) -2+ \/[32—169] —4y2[F(A) - y?] (5.85)
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x|

Fig. 5.10 Damped nonlinear single-degree-of-freedom system.

For the case when f(x) is given by an odd polynomial function of x, Eq. (5.85)
will produce the curves previously given in Figs. 5.7 and 5.8.

5) Of special interest is the determination of the point of maximum amplitude
of the response for the nonlinear damped system. We will approximate this point
by the point denominated R in Fig. 5.10, i.e., the crossing point of the response
curve with the undamped free vibration curve. At this point, both Egs. (5.83) and
(5.85) are satisfied. Solving these two equations simultaneously, we obtain

2
Q? = L P (5.86)
T 4y2 koA '
or
4 __1 (5.87)
plke  2yQ .

Equation (5.87) is a hyperbola in the |A| — €2 plane and can be plotted knowing
only the linear terms as can be seen from Eq. (5.87). The point R will thus be
determined from the crossing of this curve with the curve F(A) = 2, as shown
in Fig. 5.10.

5.5 Multidegree-of-Freedom Nonlinear Systems

The step-by-step numerical integration methods given in Chapter 3 are directly
extended for the analysis of arbitrary nonlinear systems with multiple degrees of
freedom. As in the linear case, the time-history response is divided into short,
normally equal time increments, and the response is calculated at the end of the
time interval for a linearized system having properties determined at the beginning
of the interval. The system nonlinear properties are then modified at the end of
the interval to conform to the state of deformations and stresses at that time. The
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mass matrix is usually constant in most practical applications so that its inverse is
evaluated once at the beginning of the solution procedure. The stiffness and the
damping matrices are modified at the beginning of each step. Therefore, during
each step of the nonlinear solution, a triangular decomposition of the equivalent
stiffness matrix must be done to obtain the end displacements and velocities. As
n the linear case, the acceleration vectors are obtained solving the equations of
motion at the beginning of the interval to avoid accumulation of errors during the
solution procedure. The modal transformation technique can be used in the solution
of the nonlinear system with multiple degrees of freedom; however, in this case,
the related matrices are coupled, but the system will have a smaller number of
equations compared to the original system written in the physical coordinates. The
step-by-step integration procedures are applied to the transformed smaller system
of equations.

The Rayleigh-Ritz and Galerkin methods given in the previous section for the
solution of the single-degree-of-freedom system are directly extended for appli-
cation in the solution of multidegree-of-freedom nonlinear systems.

The perturbation methods given in the previous section for the solution of the
single-degree-of-freedom system are also directly extended for application in the
solution of multidegree-of-freedom nonlinear systems with small nonlinearity ef-
fects. The perturbation methods are in general superior to the step-by-step numeri-
cal integration methods, especially when the external excitation is harmonic or
in the solution of nonlinear dynamic stability problems with small nonlinearity
because only few linear solutions are needed to obtain the nonlinear problem res-
ponse. The step-by-step numerical integration methods are most useful for arbitrary
general cases and especially when the external excitation is of short duration.
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Problems

5.1 The equation of motion of a nonlinear single-degree-of-freedom system in
free vibration is given by mx” + kx> = 0. Given m = 1 kg and k = 9 N/m°>, plot
the period—amplitude curve of the system.

5.2  Free-play in airplane control surface tabs can be modeled as a nonlinear
damped single degree of freedom having a stiffness characteristic £ defined as
k =0 for =8y < x < &y and k = ko for =8y > x > 8y, where 26, is defined as
the system free-play and x = x(¢) is the system response. Neglecting the damping
effect, obtain the system response in free vibrations due to initial conditions given
by xo = 0 and x;, = v att = £5. Comment on the results obtained in terms of the
dependence of the frequency of oscillation on the free-play and the initial velocity
values. Include then the damping in the equation of motion and discuss its effect
on the system response.
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6
Random Vibrations

6.1 Introduction

Consider the record of a measured variable x(¢), illustrated in Fig. 6.1, which can
represent for instance the displacement of a point in a structure as a function of time.
In Fig. 6.1a, we can conclude that the variable x(¢) is predominantly harmonic,
while x(¢) of Fig. 6.1b is predominantly irregular. If we repeat the process of
measuring and recording the response of the displacement several times and if in
all cases we obtain the same responses in both processes, we define such processes
as being deterministic processes. Now if, in the process of Fig. 6.1a, during the
repeated measurements of the records at each time, we obtain a different angle
of phase and if, in the process of Fig. 6.1b, the responses are different from each
other during the repeated measurements, we call such processes random processes.
Random processes are characterized by the fact that their behavior cannot be
predicted in advance and therefore can be treated only in a statistical manner.
We will begin this chapter by studying random processes and their statistical
properties. In the sequence, we will study the response of linear systems due to
random excitations. For more detail on random vibrations, the reader can consult
Refs. 1-5.

6.2 Classification of Random Processes

6.2.1 Stationary Random Processes

Consider n records of a random variable as given in Fig. 6.2. We define the
complete set of x;(#), k = 1,2, ..., n as arandom process, and each record of the
set will be called a sample of the random process. Consider now the values of x;(¢)
for the instant of time ¢ = t;; we can write the mean value of the random process
at that instant of time as

1 n
pet) = = Y xitr) 6.1)
=

For an instant of time ¢ =t separated from #; by an interval of time 7, we can
write a statistical measurement of the behavior of the mean value in relation to a
shift T as a function R, (#, t; + ), given by

1 n
Rty tr 4+ 7) = lim = Y x(t)xe(t + 1) (6.2)
n—>xX R =1

We call R.(t1, t; + ) the autocorrelation function. In the same manner, we can
define higher-order autocorrelation functions for more than one shift, say t, o, . . ..

139
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x®)

a)

x(t)

b)

Fig. 6.1 Record of a variable as a function of time.

x(9)

Fig. 6.2 Time history of a random process.
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For example, for two shifts, we can write an expression in the form
1 E
Rt h+ 7.0 +0) = lim =Y " x(tdxt + Dxlty +0) (6.3)
n—=>00 R =1

In general, u,(t;), Ry (t1, 11 + 1), R:(ty, 4y + T, 1 + 0), etc., will be functions of
t; where the mean values have been calculated. Now if in a random process these
mean values do not depend on ¢y, i.e., p, ()} = @, =constand R, (t;, 4 + 1) =
R.(t)and R.(t;, 1 + 7, 11 + 0) = Ry (7, 0), etc., we call the random process a
process that is heavily stationary. If, however, only the mean value and the first
autocorrelation function do not depend on t;, we define the random process as
a slightly stationary process. In general, the higher autocorrelation functions are
not calculated, and the slightly stationary processes are, in general, considered as
heavily stationary. In the following, we will make no more distinction between the
heavily stationary and the slightly stationary definition, and we will consider the
processes having u, = const and R, = R, () as stationary processes.

6.2.2 Ergodic Random Processes

Consider a stationary random process. For each sample of the process, we can
write the mean value and the autocorrelation function in relation to the time as

1 T/2
mm=g$7ﬁmnmm 64)
and
1 T/2
Rk, 7)= lim — xp(Ox(t + T)de 6.5)
T—o0 T -T2

In general, u,(k) and R,(k, t) will be different for each sample. In the case
when p,(k)=pu, = const and R,(k, T) = R.(7), i.e., all the values are the same
for all samples, we say that the process is ergodic, and we notice that the concept
of heavily stationary and slightly stationary processes are extended to stationary
ergodic processes. In the following, we will make no more distinction between the
heavily ergodic stationary and the slightly ergodic stationary definition, and we
will consider both as stationary ergodic processes. We note further that a stationary
process is not necessarily ergodic, while an ergodic process is by defintion a station-
ary process. In the following, we will further limit our study to ergodic stationary
processes. For an ergodic process, we will define the mean square value as

1 T/2
Y2 = lim = / x()* dt (6.6)

T—oo T/2

and the variance as

1 T/2
o? = lim — f [x(t) — ] de (6.7)
T J_orp
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The standard deviation will be defined as the positive square root value of o2.

Now, using Eq. (6.7), we can write

2 o 1 s 2 2
o, = lim — [x )y — 2uxx(t)+,ux]dt
-T/2

1 T/2 1 T/2
= lim —f xX(1)dr — 2p, lim —/ x(t)de
_ T—soo T

T/2 -T2
) 1 T/2
lim — dr
+uy lim [ -
= Y2 = 2ppe + 2 =2 — (6.8)

1.e., the variance is equal to the mean square value minus the mean value squared.

6.3 Probability Distribution and Density Functions

Consider a sample of an ergodic process as shown in Fig. 6.3. We define the
probability distribution function as

. 1
P(x) = Prob[x(r) < x] = lim = Z Ay (6.9)
and we conclude from Fig. 6.3 that P(—o00)=0, P(co)=1,and 0 < P(x) < 1.

We will define the probability density function as

P(x+ Ax)— P(x) _ dP(x)

6.10
0 Ax dx ( )

P = Jim

x(t)

Pr(t)

Fig. 6.3 Probability distribution function.
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We observe that P(x) is a nondimensional function, while p(x) has dimension
x~}, and we verify the following relations:

Pxi <x <xp))= /X2 p(x)dx
p(—00) = p(o0) =
P(x)>0 (6.11)

P(x) = [ p(&) d

P(oc) = / p(e)d = 1

o0

In many statistical applications where the number of samples is very great and
none of the samples represents a significant weight in the process, the probability
density function can be represented by the so-called Gaussian distribution. The
probability density function for the Gaussian or normal distribution reads

1 _ux?
x) = e i (6.12)
P g/ 21
and thus the probability distribution function is given by
(1 X>2
P(x)= o dx (6.13)

\/_

where the parameters x and o, are the mean and the standard deviation of the
distribution, respectively. If the mean value x of the Gaussian distribution is zero
and making the transformation £ = x /o, the probability distribution function reads

P(E) = 5 dt 6.14
&)= F/ (6.14)

6.4 Description of the Mean Values in Terms of the
Probability Density Function

Considering a stationary random process {x(¢)} for a continuous function g(x),
we can write the mean value g(x) as

1< & 1
g == g=) - (6.15)
I psoo 1 pooo

We note that {1/n} represents the probability of the process to have the value
of g(x). Thus, we can write

gN=>"  gx)px)Ax= / g(x)p(x) dx (6.16)

O Ax—0 -
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We call g(x) the mean value or the mathematical expectation, and we write
gx) = E[g(x)] (6.17)

Thus, we can write for the mean values the following expressions in terms of the
probability density function:
1) For the mean value g(x) = x,

(e8]
E[x] = 1:/ xp(x)dx (6.18)
— .
2) For the mean square value g(x) = x2,
o o]
E[x*] = x* =/ x2p(x)dx (6.19)
-0

3) For the variance g(x) = (x — x)?,
ot = Bl - 2= [ - 0Pp)dx
x> — (2 = E[¥*] — (E[x]) (6.20)

6.5 Properties of the Autocorrelation Function
The autocorrelation function for an ergodic process reads

1 T/2
R.(t) = lim —/ x(Ox(t + T)dr (6.21)
Tooo T T/2

1) Now consider the function R,(—17), which can be written as

| T2
R, (—1t)= lim — / x(H)x(t — t)de (6.22)
T T -7/2
Making the transformation z — t = A, we get
1 [Tt
R, (—7)= lim — / x(A 4 T)x(A)yda (6.23)
T—o0 —T/2—t

and because the integration is made for T — co, we can write

1 T/2
R (—1) = lim T [ x(A + )x(A)dr

T—o0

T/2
1 T/2
= lim = x(t + T)x(t)det (6.24)
T—o0 T —T/2
and thus we conclude from Eqs. (6.21) and (6.24) that

R(t) = Ri(—7) (6.25)

Hence we conclude that the autocorrelation function is an even function.
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2) Consider the integral
L
lim — [x() £ x@t +1)]*dt >0
T-so00 T -T2

1 T/2 1 T/2
= lim = / [x())?dr £2 lim — / x(Hx(t + ) dt
_ T-oo T

T—o T/2 ~T/2
1 (72
+ lim — x(z +T)Pde >0 (6.26a)
Tox T —7/2
or
1 T2
lim — [x(t) £ x(t + ©)}*dt = R, (0) £ 2R, (t) + R (0) > 0 (6.26b)
T T -T2
Thus,

R:(0) = |R«(7)] (6.27)

Hence we conclude that the maximum value of R, (t) will be for T =0 and is equal
to 2 because

1 T/2
R.(0)= lim — / (x(H))*dt = y2 (6.28)
T—oo T -1 *

6.6 Power Spectral Density Function
Consider the sample f(¢) of an ergodic process and its autocorrelation function,
which can be written as

1 T2
Ry(r)= lim — /_ o FOFE+t)dr (6.29)

We define a new function Sy(w) as the Fourier transform of the autocorrelation
function that will be called the power spectral density function, and we write

o0
Sp(w) = / Ry(v)e " dr (6.30)

—00
~ This implies that the autocorrelation function is the inverse Fourier transform of

S¢(w), or
1 ot :
Ri(t)= — / Sp(w)e'™" dw (6.31)
27 J_wo

and we observe the following:

1) S¢(w) does not furnish any new information since R;(t) is its Fourier trans-
form, and thus the information contained in one is the same as the information
contained in its transform. However, Sf(w) gives us the information in the fre-
quency domain while R;(t) gives us the information in the time domain, and,
depending on the application, one may be more convenient than the other.
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2) From Eq. (6.31), we notice that since R ¢ (7) has dimension [x2], the dimension
of S(w) is [x?] per unit frequency.

6.7 Properties of the Power Spectral Density Function

6.7.1 The Power Spectral Density Function Is a Positive Function
Consider Eq. (6.31) for T equal to zero, which reads

1 o0
R0y =y} = o / Sr(w)dw (6.32)

Because glfj% is definitely positive, we conclude that Sy(w) is a positive function.
Furthermore, if f(z) is a function measured in volts, the mean square value 1//% will
represent the potential dissipated in a resistance of 1 €. Thus, S¢(w)/27 will repre-
sent the power spectral density of the potential, and, from physical considerations,
we also conclude that S¢(w) > 0.

6.7.2 The Power Spectral Density Function Is an Even Function
Considering Eq. (6.30) and because Rs(t) = Ry(—7), we can write

X
SHw) = f Rp(—t)e " dt (6.33)
—00
Making the transformation t = —o, Eq. (6.33) reads
—OC [o.0)
Srw)=— / Rs(0)e' " do = f Ri(0)e' do = Sp(—w)  (6.34)
o —CC

and we conclude that S¢(w) is an even function of w.

6.7.3 Representation of the Power Spectral Density Function
in the Positive Domain
Consider Eq. (6.30), which can be written as

Si(w) = / - Ry(t)e ™" dr

= f Ry(D)[coswt ~ isinwr]dr

o0
o0 (o)
= / Ry(t)coswrdr —i [ Ri(t)sinwr dr (6.35)
-0 —00

The second integral vanishes because R () is an even function of 7, and we write

Si(w) = /oo Ry(t)coswt dt

o)

and, because R(7) is an even function of 7, we get

Si(w) = 2/00 Ry(t)coswr dr (6.36)
0
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Because R(t) is a real function, we conclude that S¢(w) is a real even function.
Using Eq. (6.31), we can write

Ri(r) = % /o S¢(w)cos wt dw (6.37)

The set of Egs. (6.36) and (6.37) are known as Wiener—Khintchine equations
and represent, except for the factor 2, a pair of cosine Fourier transforms. The
great advantage of working with Eqgs. (6.36) and (6.37) is that they do not contain
negative frequencies.

6.8 White Noise and Narrow and Large Bandwidth

The power spectral density function provides the necessary information on the
frequency decomposition of a random process. Now if the frequency decompo-
sition is concentrated in turns of a peak frequency wy as shown in Fig. 6.4a,
we call such distribution a narrow bandwidth distribution. This is in contrast to
the distribution given in Fig. 6.4b, where we have an equal frequency distribu-
tion in a large band, and we call such distribution a large bandwidth distribu-
tion. Now, if §y(w) is a constant for all the frequency decompositions, i.e., from
—o0 to oo as shown in Fig. 6.4c, we define such distribution as white noise;
this is in comparison with the white light distribution, which has a plain spectral

a) b)

c) d)

Fig. 6.4 Narrow, large bandwidth and white noise distributions.
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distribution in the large visible band frequency. In many practical cases, pro-
cesses having distributions as shown in Fig. 6.4d with an equal distribution in a
large band of frequency can be considered as white noise distribution for practical
purposes.

6.9 Single-Degree-of-Freedom Response

The response x(¢) of a linear single-degree-of-freedom system due to an external
applied load f(z), whether a deterministic or random excitation, can be written in
terms of Duhamel’s convolution integral as

t t
x(t) = f f®Oh(t — 1)dr = [ f(t — A)h(A)da (6.38)
0 0
Now, for random excitation, we can extend the integration to —oo, and we write
t
x(t) = f f@ —Mh(A)yda (6.39)

Making the transformation ¢ — A = o, we get
0 o

x(t) = —f f@)h(t —o)do = f f(o)h(t — o)do
s3] 0

= foo f@it —h(r)dr (6.40)
0

Again, for random excitation, we can extend the integration to —oc0, and we write

x(t) = / f@t —th(r)dr = / f(Oh(t - 1)dr (641)
The Fourier transform of the response reads

X(w) = f ” x()e™ i dt (6.42)

o0

and using Eqs. (6.41) and (6.42), we obtain

X(w) = /oo et [/w f@t— r)h(r)dt:’ dt

= / ~ f(@ / ” e“i“"h(t—r)dt] dv (6.43)

L o

Now making the transformation ¢ = ¢ — 7 in the internal integration, we obtain

X(w) = /‘°° f(@ /°° e_iw(gﬂ)h(a)do*] dr

o0

= /oo f(D)e " dr /oo e h(o)do (6.44)

o
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or
X(w) = F() / " e ho)da (6.45)

where F(w)is the Fourier transform of f(z). Now, for the single-degree-of-freedom
response, we deduced in Chapter 2 the relation

X(w) = H)F(w) (6.46)
Thus, we conclude from Egs. (6.45) and (6.46) that

o0
H(w) = / e ' n(o)do (6.47)
—00

This shows that the complex frequency response function H(w) is the Fourier
transform of the unit impulsive function A(t).

Considering now arandom ergodic excitation f(¢) to asingle-degree-of-freedom
mechanical system, we can write the mean value of the response x as

[e.¢]

x=Ex@®)] = E/ h(AYf(t —A)dA (6.48)

—00
and, because the system is linear, we can invert the order of the mean and the
integration operations to write

xR

x=E[x@®] = f E[h(A) f(z — A)dA] (6.49)
Now the mean operation is made on time. Hence, we obtain

x=E[x@®)] = f REf(@ — 1)l dA (6.50)
and, because the process is ergodic, we have

Elfe-nl=f (6.51)
Thus,
[o.¢]
x=E[x@)] = i/ h(L)dX = const (6.52)
-0

Using Eq. (6.47) for w = 0, we get
X =H(0)f =const (6.53)

In the sequel, we will calculate the autocorrelation function of the response to a
single degree of freedom due to an ergodic external excitation. Using Eq. (6.41),
we can write

x(t):/ FADRE — A1) dA;
- (6.54)
X +71) = / FODR( +T — Aa)dhs
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and, for the autocorrelation function, we write

R(z) = E[x(t)x(t + 1)]

= E[/ f()\l)h(t—)q)d)»]/ f(Az)h(t+f—/\z)dlz}

oo
= // RADROE[f(t — A f(t + T — 22)1dAy dA; (6.55)
~00
Again, because the excitation process is ergodic, we can write
E[f(t —A)ft+1—2)] = Re(r + Ay — Ay) (6.56)
Thus, the autocorrelation function can be written as

[o.o]
R () = // RADAR)IR (T + Ay — Ay)dA dA, (6.57)

-00

From Egs. (6.53) and (6.57), we conclude that the mean value of the response
and the autocorrelation function of the response of an ergodic external excitation
do not depend on the time ¢. Hence, we conclude that the response of an ergodic
excitation is also an ergodic process. In the sequel, we will calculate the power
spectral density function of the response. Using the definition of the power spectral
density function and Eq. (6.57), we can write

S(w) = / ” R.(D)e T dr

- / f e R(AOL)R (T + A — Az)dA; dAg]dT (6.58)

but the autocorrelation function of the excitation R s is the inverse Fourier transform
of §¢. Thus, we can write

1 ©
Ri(x+Ar — Ay = o f/ Spet@Tthi=ha) 4y (6.59)
-0

Substituting Eq. (6.59) into Eq. (6.58), we get

Sx(w)___/oo e——ia)‘t
L[~ ) whx Wkt gy,
XE/;OO r(w) ./—oo(l)e 1

X [ / ” h(hy)e ok dkzﬂ e"w’dw} dr (6.60)

o0

Using Eq. (6.47), we obtain

Se(w) = /oo e~iot {% foo Sf(a))H(—a))H(a))e"“’r dw} dr (6.61)

[e¢]
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Because H(—w) is the conjugate of H{w), we can write
H(w)H(-w) = |H(@)|* (6.62)
Substituting Eq. (6.62) into Eq. (6.61), we obtain

Se(w) = / T gtor {l f h S (w)| H(w)|*e'" da)}dt (6.63)

00 2

Comparing Egs. (6.58) and (6.63), we conclude that

R(7) = E%E f = S (@) H(w)*e'" dw (6.64)

but from definition, we have

Rx(r>=2—17; / Sy(@)e'“" dw (6.65)

—o0

Comparing Egs. (6.64) and (6.65), we conclude that
Se(w) = |H(@)*Sp(w) (6.66)

Equation (6.66), which represents an algebraic relation between three functions,
is a very important relation in structural dynamics. Knowing two of these func-
tions through calculations or from experimental work, the third one can be easily
obtained from Eq. (6.66). For instance, during ground vibration tests, Sy(w) and
Sy(w) are obtained experimentally; thus, using Eq. (6.66), we can obtain H(w),
which in turn will determine all the modal characteristics of the mechanical sys-
tem. On the other hand, knowing, for instance, the modal dynamic properties of
a mechanical system H{w), we can calculate Sy(w) due to a statistically known
function, e.g., the power spectral density function of continuous turbulence gust
S s(w). From S, (w) and its inverse Fourier transform R,(t), we can calculate the
statistical mean values of the response. Finally, knowing the modal dynamic prop-
erties of a mechanical system H{w) and through repeated measurements of the
responses Sy {(w) to an unknown external random excitation, we can use Eq. (6.66)
to construct a model for Sy(w), which can be used in future design.

6.10 Response to a White Noise

Consider a single-degree-of-freedom mechanical system subjected to an exter-
nal random ergodic excitation having a power spectral density function given by
a white noise with intensity Sp. Thus, we can write

Using Eq. (6.66), we can write the power spectral density function of the response
as

Se(w) = |H(@)}*So (6.68)
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Now, for a single-degree-of-freedom system, the complex frequency response
function H(w) reads

1/k

(1-Q2)+2iyQ (6.69)

H(w) =

Hence,
|H())* = H)H(-w)

_ (1/ky?
0 - @2+ 4y207) ©79

Substituting Eq. (6.70) into Eq. (6.68), we obtain

(1/k)*So

[(1 — Q)2 + 4y2Q2) 6.71)

Sy ((,U) =

The autocorrelation function of the response can be obtained from the inverse
Fourier transform of S, (w) and reads

1 /°° (1/k)2Set®® dw

RO = o | [ - 2R+ 420

fo) 2 it
=1 [ (17k) Soe™ dw fort > 0 (6.72)
7 Jo (=22 +4y207

Integrating, we obtain

Sow, e VT

Rx(f) = 4)/k2

1

sinwyT fort >0 (6.73)
(1-y??

[cos wgT +

and the mean square value of the response reads

2 Sown

¥y = Ry (0) = e (6.74)

6.11 Muitidegree-of-Freedom Systems

6.11.1 Statistical Properties of Multirandom Processes

Cross probability distribution of random processes. Consider the random
processes x () and y(z). We can define the cross probability function or the second-
order probability distribution function as

P(x,t) = Problx(?) < x; y(t) <y} (6.75)

or, in terms of the specific probability distribution function, we can write

P(x,y) = f f  p&, mdedn (6.76)
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Therefore, we conclude that
X2 pn
Problxy <x(0) Sxain Y0 <yl = [ [ pEmdsan (677
Xy Y1

and we verify that
plx.y)=0

o0 o
f / plx, y)dxdy =1
—00 v —00

and we conclude that the specific probability distribution functions of the first order
can be obtained from the specific probability distribution function of the second
order because

Prob [x, < x(t) < x2; —00 < y(¢) < 00] = f Uoo px, y)dy] dx

(6.78)

X2
= / p(x)dx (6.79)
X1
where
o0
px) = f px, y)dy (6.80)
-0
In a similar manner, we conclude that
o)
p(y) = / p(x, y)dx (6.81)
-0

and two random variables are statistically independent if

p(x, y) = p(x)p(y) (6.82)

The mean value or the mathematical expectation of a continuous function g(x, y)
can be written as

Elg(x, )] = / f g(x, »)p(x, ) drdy (683)

Therefore, the mean values of x(¢) and y(t) read

Elx] = / / " xpr, y)dndy = / xp(x)dx

X

(6.84)
o0 oo oC
y=Elyl= / / yp(x, y)dxdy = / yp(y)dy
—00 J—00 —o0
The covariance of two random processes Cy, is defined as
o o0
Coy =Elx =00 —p]= / / (x = 0y — y)p(x, y)dxdy
—00 J—00

=Xy —xy (6.85)
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and the variances Cy; and C,, read

Cxx = E[(X _1)2] = }_2 - {l}z = O’fx

Cyy =Ely =y =y~ yf =0}

Writing now,

we obtain

and we conclude that
OxOy = chy]
and we define the correlation coefficient p,, as

Cy

Pxy =
OOy

(6.86)

(6.87)

(6.88)

6.89)

(6.90)

and we conclude that p,, € [—1, 1]. When C;, =0, we will have two random

variables that are statistically uncorrelated.

Statistical cross properties of stationary random processes. Consider
two stationary random processes x(¢) and y(¢); following the same procedure and
the same definitions previously given for a single stationary random process, we

can write the mean values of the two stationary random processes as

Mx(ty) = [ty = const
fy(t) = py = const
Cax(t1, 1 + 1) = Cy(7)
Cyy(ti, i + 1) = Cyy(v)

ny(tl h+T)= ny(l’)

(6.91)

The autocorrelation functions R, () and Ry,(t) and the cross correlation func-
tion R,,(7), in terms of the specific probability distribution function p(x, y), can
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be expressed as

Rix(7) = Elx(t)xi(t + )]

= / f X (x4 T plxe()x(t + T} dx () dxp (2 + 1)

Ryy(t) = E[y(Dye(t + 7))
o roo (6.92)
= / [ Y@y + D p{n@yi + D}y dy(t + 1)

Riy(1) = Elxi(Oyi(t + )]

- / / Oyt + DLyt + D) () dyet + 7)

and the covariance functions read
Cix (1) = E[( (1) — )t + 1) — )] = Ryx(7) — /'L,%
Cyy(1) = E[(ye(t) — )it + 1) — 1y)] = Ryy(7) — l/«i (6.93)

Cay(7) = Ef(x(t) — px) (it + T) — ty)] = Rey(T) — tx iy

and we conclude that the covariance functions are identical to the cross correlation
functions when the first mean values yt, and p, are null. As was previously deduced
for a single stationary random process, we can easily prove that

Rxx(f) = Ryx(—7) Ryy(r) = R_\'_v(_r) RX)'(T) = ny(_f)
(6.94)

Rix(0) 2 [Rx(D R0 2 |Ry(D] Rux(OR(0) = [Rey(0)]?

Statistical cross properties of ergodic random processes. Consider two
stationary ergodic random processes x(¢) and y(¢); following the same procedure
and the same definitions previously given for a single stationary random process,
we can conclude that the statistical mean values of the two stationary ergodic
random processes are given by the expressions in Egs. (6.91-6.94) using only one
sample and integrated in the time domain.

Power spectral density functions. Following the same procedure and the
same definitions previously given for a single stationary random process, we can
define the power spectral density functions of two stationary ergodic random pro-
cesses as the Fourier transforms of their autocorrelation and cross correlation
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functions, and we write

Sux (@) = / Rex(2)e™"

oo

Syy(w) =[ Ryy(r)e ™" dt (6.95)

e .
Sep(@) = / Ryy(z)e ™" dt

o0
and, using the inverse Fourier transform definition, we write

1 o :
Ryx(7) = E f Sxx(w)elwr do
—00

I :
Ryy(1) = >~ f Sy (@)e'" dov (6.96)
-0

1 *® )
Riy(7) = 7 / Syy(@)e' " daw

e o}

and we verify that
Six(w) = Sxx(—w) S)*_v(w) = Syy(_w) Sxy(w) = Sxy(_w) (6.97)

Consider two stationary ergodic random processes x(¢) and y(z); for a single
ergodic random process we have proved that the complex frequency response
function is the Fourier transform of the response due to a unit impulse excitation.
Thus, for two ergodic random processes r and s, we can write

H (0) = f he(t)e™ ' dt

(o8]

(6.98)
Hy(w) = / hy(t)e ™" dt

o0

Now, let f be the external excitation, g the system response, and F and Q their
Fourier transforms. Thus, we can write

0r(w) = |Hy(w)| Fr(w)
Qs(w) = |Ho(w)| Fs(w)

The cross correlation function of the response reads

(6.99)

T/2

1
Rg g () = Jlim — /_ p, rDast o)t

o0 o0
— [ ] hOhIR 3, =) dhr (6.100)
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where R, ,. is the cross correlation function of the excitation. Applying the Fourier
transform to Eq. (6.100), we obtain

0
Sqrq:(w) = / Rqﬂ]x(r) e—iwr dr (6101)

X0
and using Eqs. (6.99) and (6.100) in Eq. (6.101), we get
S4rq, (@) = H(w) Hy(w) Sy, 1, (w) (6.102)
where H(w) is the conjugate of H,(w).

6.11.2 System Response to Multirandom Excitation

Consider the equations of motion of an nth degree-of-freedom linear system
subject to an external excitation ergodic force vector P(t),

[MHx"} + [Clx"} + [K){x} = {P(t)} (6.103)

The system being linear, the response x(¢) will be also ergodic. Making the modal
transformation,

{x} =[NNq} (6.104)

where [N] is the matrix of the autonormal modes (i.e., we are using eigenvec-
tors normalized to obtain a unit generalized mass matrix), the generalized mass,
generalized stiffness, and generalized damping matrices read

[INIT[MI[N1=[I]
[NTT[K][N] = |7 ] (6.105)
[INTT[CIIN] = N2w;y;)

where w; and y; are the undamped natural frequency and the modal damping
ratio of the mode i, respectively. Using Egs. (6.103-6.105), we obtain the system
uncoupled equations of motion in the form

g/ +2yiog] + wiq = fi(1) (6.106)

where f;() is the modal generalized force and reads
fi@) = INTT{P()} (6.107)
The Fourier transforms of the modal amplitude g;(z) and the generalized force

fi(t) read

Qi(w) = f gi(t)e™" dr

(6.108)
o .
Fe= [ s ar
—00
Applying now the Fourier transform to Eq. (6.106), we obtain
Or(w) = H(w)F(w) (6.109)
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where
1 w
H = d Q= — 6.110
@ =TT O o (6.110)
We proceed now to calculate the cross correlation matrix [R,, x (D)), and we
write
‘ L ,
[Ryx,(D)] = lim — / {xY {x@ + D)} dr (6.111)
t—oo T )
and, making the modal transformation, we obtain
[Reyx,(0)] = [N1[Rg, 4, (0] INTT (6.112)
where
) 1 T/2 T
[Ry g ()] = lim — / {g- M} g5t + )7 dt (6.113)
o0 T TN

Now, writing Eq. (6.102) in matrix form, we get
[Sg.0,(@)] = TH*@)}[ Sy, 1, ()] TH(@)] (6.114)

and, using the inverse Fourier transform definition, we write
1 *® .
[Ry, (D] = o / [H*(@)}[ Sy, 1,(@)] TH(w)]e'"" do (6.115)
—Q

where [S7, 1 (w)] are related to the generalized modal forces. The inverse Fourier
transform of [Sy, 1, (w)] reads

0

[$,7(@)] = / [Ryp(D)]e dr (6.116)

-0
where [R, s, (7)] arerelated to the generalized modal amplitude and, in the physical
degree-of-freedom base, read

(S5, 1 (@)] = [N] / [Rp,p,(T)]e™"“" dT[N]” (6.117)

Thus,
[Ss, 7,(@)] = [N][Sp, p,@)] IN)T (6.118)

The solution thus proceeds as follows: having the Fourier transform matrix
[Sp p,(w)] of the correlation matrix [ Rp, p ()] in the physical base, Eq. (6.118)
is used to obtain the power spectral density matrix in the modal base. This in
turn is used in Eq. (6.115) to obtain [R,, , (7)]. Finally, using Eq. (6.112), the
correlation matrix [R,, ()] in the physical degree of freedom x is deduced, and
its Fourier transform will produce the power spectral density function [S, x, ()]
in the physical degree of freedom x. We further notice that, in ground vibration
tests, if [Sg, r,(w)] is a white noise, the information contained in [S;, x (w)] will
furnish directly the structure modal properties, i.c., the modal generalized mass,
stiffness, damping, and corresponding mode shape.
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Problems

6.1 A damped single-degree-of-freedom linear system is excited by a random
ergodic external force having a power spectral density function given by S¢(w) =
So for (—wp, wy) and Sy(w) = 0 for @ < —wp and @ > wp. The system has a
damping ratio ¢/c., = 0.05 and a natural undamped frequency equal to —wg/2.
Find the power spectral density function of the response.

6.2 Given the function x(f) = Asin(2w /T )t find its autocorrelation and power
spectral density functions.

6.3 A periodic function y(t) with a period T is defined as y(#) = Afor0 <t <
T/2 and y(¢) = O for T/2 <t < T. Find its autocorrelation and power spectral
density functions.

6.4 Obtain the cross correlation functions of the functions x(¢) and y(¢) given in
Problems 6.2 and 6.3 and their cross power spectral density functions.
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7
The Typical Section in Aeroelasticity

7.1 Single-Degree-of-Freedom Stability

Consider the single-degree-of-freedom mechanical system shown in Fig. 7.1.
The system consists of a concentrated mass m (kg), a spring with a spring constant
k (N/m), and a dashpot having a viscous damping coefficient ¢ (N-s/m). The
external applied load is F(z) (N), and the displacement x(¢) (m) is measured from
the position of equilibrium. The potential energy stored at any instant of time ¢
measured from the position of equilibrium can be written as

U=/0xkxdx=%kx2 (7.1
The kinetic energy of the mass m reads
T = fmx" (72)
where x’ = dx/dz. The system dissipation function can be expressed as
D = Lex (7.3)

Applying Lagrange’s equation of motion,
(dL/dx) —dL/dx +dD/dx' = Q 71.4)

where L = T — U and Q is the generalized force corresponding to the degree of
freedom x, we obtain

mx" +cx' +kx = F(t) (1.5)

This single-degree-of-freedom mechanical system has been studied in detail in
Chapter 2. For a structural dynamic system, m, ¢, and k are real positive constants.
We learned in courses on structural dynamics that the system is stable, in the sense
that, if the system is subjected to an initial disturbance, following for instance an
impulsive force F(t) = Fyd(t) where 8(¢) is a Dirac—delta function, the response
of the system x(¢) decays asymptotically to zero. Furthermore, we know that when
the dampingratio y? < 1, [y = ¢/cer = ¢/2(km)!/?]. Therefore, when ¢? < 4km,
the response is a damped oscillation, having a frequency of oscillation given by the
damped natural frequency of the mechanical system w; = wo(1 — y*)"/2, where
wo = (k/m)'/? is the mechanical system undamped natural frequency. A typical
response in such a case is shown in Fig. 7.2.

Whereas, when ¢ > 4km, the response is again stable but is a nonoscillatory
motion. A typical response in such a case is shown in Fig. 7.3.

Now, consider the same mechanical system shown in Fig. 7.1, with the inclusion
of nonconservative forces, i.e., forces that do not derive from a potential and are

161
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%

H Position of

e D equilibrium

Fig.7.1 Single-degree-of-freedom mechanical system.

(@]

inherent to the system, i.e., they are not externally applied loads in the sense that
their presence is due to the change in the position of the generalized coordinate. In
aeroelasticity, we call such forces incremental aerodynamic forces due to motion.
Let these forces be proportional to the displacement and the velocity of the single-
degree-of-freedom mechanical system. The equation of motion in this case can be
written as

mx" 4+ cx' +kx = F(t) + c1x’ + kyx (7.6)
or
mx” 4 ceggx’ + kegex = F(1) amn

where cef = ¢ — ¢ is the effective damping of the system configuration and
kest = k — kj is the effective stiffness of the system configuration. Consider first
the case when ky = 0 and ¢; # 0. Now if ¢ is real and positive and is less than ¢, the
behavior of the system is as previously discussed and is stable. If ¢; is real, positive,
and greater than ¢, we say that the system has a negative effective damping, and

XY

Fig.7.2 Response of asingle-degree-of-freedom mechanical system due to an external
disturbance when the damping parameter ¢2 is less thandkm and T =2 w/w, =1/ f,.
Curve is plotted for -y = 0.15.
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Fig.7.3 Response of a single-degree-of-freedom mechanical system due to an external
disturbance when the damping parameter c? is greater than 4km.

the system response will be oscillatory divergent if cgff < 4km or will be a pure
nonoscillatory divergent motion if ¢2; > 4km. Typical responses in such cases are
shown in Figs. 7.4 and 7.5.

Such systems have been called dynamically unstable systems or possess a flutter-
type instability. It is instructive to notice that the instability is inherent to the system
configuration, i.e., it is a system configuration property and has nothing to do with
the external applied force F(t) or the nature of its origin. The instability is a property
of the system and depends only on the parameter ¢;, which in turn is a system
configuration property. Furthermore, we notice that the borderline of the stability
is at the configuration when c.¢ is zero. In this case, we have a simple harmonic
motion response with a frequency equal to the undamped natural frequency of the
mechanical system. We call this condition the critical condition, and it separates
the stable behavior, i.e., c.¢r > 0, from the unstable behavior, i.e., cesr < 0. Finally,

x(t) A

Fig. 7.4 Response of a single-degree-of-freedom unstable system due to an external
disturbance when the damping c . is negative and c? is less than 4km.
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Fig. 7.5 Response of a single-degree-of-freedom unstable system due to an external
disturbance when the damping c. is negative and c? is greater than 4km.

it should be observed that situations as shown in Fig. 7.5 are scarcely encountered
in practice, principally in aeroelasticity where c; is generally a function of the
vehicle forward speed. Therefore, physically the situation of Fig. 7.4 will happen
before (i.e., at a lesser forward speed) that of Fig. 7.5.

We now consider the case when ¢ is positive and k; # 0. When k. is real and
positive, the system is stable as discussed in the beginning of this section, and the
system behavior is as shown in Fig. 7.2 and 7.3. Now, when k. is less than 0, i.e.,
ky > k, the solution of the differential equation shows that the system is unstable,
1.e., the response due to an initial disturbance will grow exponentially with time
in a pure nonoscillatory divergent motion. The borderline of the stability will be
obtained when k. = 0 and again will be called the critical condition, i.e., the con-
dition that separates the stable system configuration from the unstable system con-
figuration. This phenomenon has been called static divergence or static aeroelastic
phenomenon. This denomination bears its origin from the fact that the instability
can be explained using the effective stiffness term alone. However, the phenomenon
is clearly a dynamic one. For it to happen, we must have k; > k, and k1 x is due
to motion; therefore, the instability bears its origin from a dynamic phenomenon.

From this simple exposition, based on the behavior of a single-degree-of-
freedom mechanical system in the presence of nonconservative forces, several
important facts have been observed:

1) The equation of motion is written from an initial state of equilibrium.

2) The stability of the system is studied from this initial state of equilibrium.

3) The problem of stability of motion is a system configuration property and
has nothing to do with the origin of the external applied force.

4) The borderlines of stability are obtained when c. = 0 orkegs = 0.

In the next section, we will study the origin of the nonconservative forces as applied
in aeroelasticity for a simple structural configuration, namely the typical section.

7.2 The Typical Section

In this section, the quasisteady aerodynamic assumption for the representation
of the incremental nonstationary aerodynamic loads will be made. According to
this assumption, the aerodynamic characteristics of an airfoil motion are equal at
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Fig. 7.6 Typical section system in an initial state of equilibrium.

any instant of time to the characteristics of the same airfoil, moving with constant
linear and angular velocities equal to the actual instantaneous values. The quasi-
steady aerodynamic assumption introduces great simplifications to the problem
formulation, while the main physical features of the problem are not masked by
mathematical complications. These simplifications are later removed, and the non-
stationary incremental loads will be formulated using a linearized potential theory.
Furthermore, limitations in this section will be made to two-dimensional flows.
Treatment of finite span effect will be made using the strip theory assumption, and,
according to this theory, the aerodynamic characteristics at any spanwise station
will be considered as the same as if the airfoil sections were situated in a two-
dimensional flow, with no spanwise interactions. Again, later these simplifications
will be removed.

Consider a flat plate in a potential flow with a velocity at infinity U in the x-
direction parallel to the plate as shown in Fig. 7.6. Let the plate have two degrees
of freedom as shown in Fig. 7.7, a vertical translation 4, and a rotation 6 of the
elastic axis of the airfoil. The translation coordinate . will be measured positive
downward and the rotational degree of freedom 6 is taken positive for nose-up
motion. Both coordinates are measured from the initial position of equilibrium of
the flat plate.

The potential energy functional at any instant of time, measured from the initial
state of equilibrium, can be written as

h 9
/ kph dh +/ ko6 d6
0 0

= shyh® + 3ke0* (7.8)

U
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Fig. 7.7 Typical section system configuration after an external disturbance.

For an element of mass dm of the plate located at a position r, measured from
the elastic axis position ea, we can write an expression of the kinetic energy as

dT = 30’ + r6')*dm (7.9
Integrating for the whole section, we obtain
T = ymh’* + S,h'0" + 31,6" (7.10)

where m = [ dm = total mass per unit span, S, = { rdm = static mass moment
per unit span about the elastic axis, and Iy = [ r’dm = moment of inertia about the
elastic axis per unit span. Considering that the system possesses a viscous structural
damping, we can write for the structural damping representation a dissipation
function as

D = Ycyh'* + Jco6” (7.11)

Using the quasisteady aerodynamic theory, we can write expressions for the in-
cremental aerodynamic lift L and the incremental aerodynamic moment M about
the elastic axis ea as

1

Op=-L= 2pU2c—oe

dar (7.12)

b
M=Maa+L(—2— +ab)

In the first equation of Eq. 7.12, the generalized force Q, is positive downward,
and the lift L is positive upward for a positive incremental angle of attack «, and
p is the free stream air density. In the second equation of Eq. 7.12, M,, is the
aerodynamic moment about the aerodynamic center due to incremental airloads,
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and the acrodynamic center has been assumed as acting at the 1/4 chordwise
position. The incremental angle of attack « is due to the incremental angle of
rotation @, the incremental vertical velocity A’, and the incremental rotational

velocity 6’ and, at any chordwise station r, can be written as
g LT (7.13)

oy = — 4+ — .
* Uu u

For the complete two-dimensional airfoil section, a correct total vortex strength
is obtained by regarding the vortices as concentrated at the 1/4 chordwise position
and calculating the velocity at the 3/4 chordwise position where the boundary
condition of tangency of flow is applied. This fact remains even when the quasi-
steady assumption is removed for two-dimensional flows. Accordingly, we can

write the incremental angle of attack of the complete airfoil o using Eq. (7.13) for
r computed at the 3/4 chordwise position to obtain

hooobTl
a=9+—+~—[——a} (7.14)

Using Egs. (7.14) and (7.12), we obtain

1 dey K 8'b
- L=~pU% 6 —(= -
On = 5P da[+U+U<2 a)]

c2ch 1 Ko 0b/1
M=M pU? = —Jo0+=+—{=-
aa+ S <a+2)[+U+U(2 a)]

where M, is the incremental aerodynamic moment about the 1/4 chordwise posi-
tion and is positive for nose-up rotation. According to the quasisteady theory, we
can write M,, as

(7.15)

My, = —;-pUzczcmaCG' = ——;—pUzcz%G/ (7.16)
The work done by the incremental aecrodynamic load W reads
W= / thdt—}-/MGdt 7.17)
Therefore,
—5W ::fL(Shdt —-/Méedt (7.18)

Notice that in the above formulation the generalized coordinates were taken
as h and 6, which are the deflection and the rotation about the elastic axis. This
simplifies extremely the formulation of the potential energy functional expression.
If the generalized coordinates were taken as the deflection and the rotation about the
center of mass, the expression of the kinetic energy functional would be simplified
and no coupling term would appear in the kinetic energy functional expression;
however, on the other hand, the potential energy functional expression will be more
complicated. In the next chapters, we will see that, if the structural modal base
were taken as genaralized coordinates, both the stiffness and the mass contribution
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functional expressions will be uncoupled; however, the generalized incremental
aerodynamic loads will be more complicated. In spite of these facts, we will adopt
in the present chapter the classical formulation of the typical section, as presented
above, and other formulations and their relative merits will be discussed in the
next chapters. Applying now the Lagrange equations of motion,

oL oL 9D
|-+ = =0, 7.19
[ax’] dax + ax’ Q ( )
where L = T — U and x = h or 6, we obtain the equations of motion cast in the
form

mh” + S,0” + kph + ch b’ + ciph’ + kigh + c1060' = fi,(t)
190" + Sph” + ko + g8’ + cowh’ + kagb + 290" = fo(t)

where f,,(r) and f,(t) are the external generalized incremental applied loads in the
x and 6 degrees of freedom, respectively, and

(7.20)

b
Cipy = A ki = f cg =[1- g]—f
U U
, g 02D
;= — — = b y = —[1 — s
Con ng k2o fg Ca [1-g] 77 + T
and
1, deg 1
_1 -1 22
f=gplSL [2+a] 722)

We now examine the response of the typical section subjected to initial condi-
tions in free vibration, i.e., for f,(z) = fp(¢t) = 0. In such conditions, the equations
of motion Eq. (7.20) read

mh” + Su0" + kph 4+ cph’ + ciph’ + k198 + c1966' =0 (7.23)
158" + Suh” + ko0 + o8’ + conh’ + kogb + 290’ =0 '

When U = 0, i.e., in the absence of acrodynamic effects, and if the structural
damping is neglected, Eq. (7.23) reduces to

mh”" + 8,0" +kyh =0
24
150" + S,h" + ko6 =0 (7.24)

For a nontrivial solution, the determinate of Eq. (7.24) vanishes, and we can write
the system characteristic equation as

st — [0} + w3]s* + W) — pst =0 (7.25)
where
wr = (kp/m) Wi =ke/ly p=S2/ml (7.26)

wy, and wyp are the inertia uncoupled, undamped natural frequencies of the typical
section, and u represents the inertia coupling between the translational and the
rotational degrees of freedom, respectively. Notice that physical considerations
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reveal that wy,, wy, and u are real positive numbers. Furthermore, u is less than
1 since mly > S2. Solving the characteristic Eq. (7.26), we obtain the undamped
natural frequencies of the typical section, which can be written as

,_ [wp+ e+ [od - i +anoer
si= i=12 (7.27)
201 — ]

Clearly, the undamped natural frequencies of the typical section given by Eq.
(7.27) are real positive numbers. Furthermore, their numerical values are less than
the rotational uncoupled undamped natural frequency wy and greater than the
translational uncoupled undamped natural frequency wy.

We examine now the case when U is different from zero, and, for simplicity
and without loss of the generality, we consider that S,, = 0 since its effect can
be analyzed separately. Under such conditions, the elastic axis coincides with the
typical section center of gravity position, and the equation of motion [Eq. (7.23)]
is uncoupled and reads

mh” + [Ch + Clhf] n + khh =0

7.28
16" + [co + ca16' + [k -+ ksp]6 = 0 (7.28)

Examining the firstequation of Eq. (7.28), we observe that the structural damping
¢y, is always a real positive number; ¢y is always a real positive number because
cipy = f/U, and ky, is always a real positive number. Therefore, from physical
considerations, we conclude that the equivalent damping term in the first equation
of Eq. (7.28) is definitively a real positive number, and we conclude that the
uncoupled translational degree of freedom can never present an instability based
on the considerations previously discussed in Section 7.1. Examining the second
equation of Eq. (7.28), we observe that the structural damping ¢, is always a real
positive number; however, ¢y can be positive or negative, and kg is always a
real positive number, while ky9 can be positive or negative. We therefore conclude
that the uncoupled rotational degree of freedom of the typical section can present
all types of instabilities discussed in Section 7.1. We first examine the equivalent
stiffness term, which can be written as

1 dep [1
Koot = ko +kop = ko — fgh =k — —pU%—= | = +a|b  (1.29)
2 da |2

Examination of Eq. (7.29) shows that, when a < —1/2, i.e., when the elastic
axis is located at the aerodynamic center position or in front of it, static divergence
can never occur for the typical section. Static divergence can happen when g is
positive, and the critical condition of instability reads

1 dCL 1
ko — =pU%c—=| = b= :
5 2p Cda [2+a} 0 (7.30)

Using Eq. (7.30), we obtain the static divergence velocity, which can be written as

) 2kg

Uj, = —7—7— 7.31
div szp[a+%]% ( )
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Fig.7.8 Strip theory nomenclature. (aa is the aerodynamic axis, and ea is the elastic
axis.)

and using, for the typical section, dc; /de = 27, we obtain

2 kg

U2 = — %
W7 p2pw [1 4+ 2a)

_ Igwg
T b2pm [1 + 24]

Equation (7.32) represents a simple relation for the static divergence speed of
the typical section, where the effects of altitude, rotational frequency or rotational
stiffness, and the numerical value considered for dcy, /dw on the divergence speed
are evident. We are now in a position to extend our application for the practical
case of the computation of the divergence speed of a lifting surface, under the
limitations of the quasisteady aerodynamic theory, using strip theory aerodynamic
simplification. The strip theory approximation, for lifting surfaces of high aspect
ratio, consists in dividing the lifting surface in chordwise strips, of small but finite
width, and assuming that in each strip the flow is two dimensional and does not
interact with the flow in other strips of the lifting surface. The chord length of the
strip is taken as being its geometric mean value. Consider the lifting surface shown
in Fig. 7.8, divided into strips having spanwise strip width Ay;, mean chord strip

¢;, and strip spanwise position ;.
 For each strip, we can write

(7.32)

1 dCL 1
2 da |2

kpg = —=pU?c;—= | = + a,»] b; Ay; (7.33)

For each strip, dc; /da = 2m, and writing A; = pnU 2, we obtain
kag = —XA; (7.34)
where A, is a strip geometric constant and reads

A; = b?Ay; [1+ 2a;] (7.35)
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Equation (7.34) can be written in matrix form for the complete lifting surface
as

[kao, 1 {0:} = —ATA; ] {6;} (7.36)

where [ky] and [A;] are diagonal matrices with elements given by the corres-
ponding strip values. Furthermore, from the engineering theory of elasticity, we
can write a matrix form expression for the torsional moment about the elastic axis
for the complete lifting surface as

{T;} = kol {6:} = [BY" {6} (7.37)

where [ky] is the torsional stiffness matrix and [B;] is the torsional flexibility
matrix. Notice that the torsional flexibility matrix is more easily obtained than the
torsional stiffness matrix through finite element or engineering theory calculations
and also in experimental measurements. Now using Egs. (7.36) and (7.37), the
critical condition for the lifting surface reads

[BI™' {6;} — ATA] {6} = {0} (7:38)
or
{6:} — A [C1{6;} = {0} (7.39)

where [C] = [BI[A]. Equation (7.39) can be written as a standard eigenvalue
problem cast in the form

[[C] - %m] 0} = (0) (7.40)

where again A; = pmwU?. The solution of the eigenvalue problem [Eq. (7.40)],
using for instance a power iteration direct eigenvalue extraction algorithm, will
furnish as a first eigenvalue the lowest value of A and therefore the lowest static
divergence speed of the lifting surface. We next examine the typical section for
Sw = 0 and coupled degrees of freedom. In such a condition, the equation of
motion [Eq. (7.23)] reads

mh” 4+ kph + cph’ + ciph’ + k198 + 198" =0

7.41
10" + kg6 + 460" + coph’ + kngb + co96’ = 0 ( )
The set of equations [Eq. (7.41)] admits solutions in the form
h=h,e 6 = 0ye” (7.42)

where £ and 6 , are in general complexes. Substituting the solutions to Eq. (7.42)
into the Eq. (7.41), two simultaneous homogeneous algebraic equations in A, and
0, are obtained, and, for the nontrivial solution, the determinant must be zero,
giving the characteristic equation of the system, which can be written as

s ImI+ 5% (mcges + Ichert] + 5% [mkgete + ChetCoett + knl — concior]

+ 5 [chetkoctt + kncoetr — Cowkio] + [knkoesr] = 0 (7.43)
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A system instability will be obtained if the real part of one of the roots of Eq.
(7.43) is positive. It can be shown that the necessary and sufficient condition for
system stability is obtained when all the roots and the root discriminant R are of
the same sign. The root discriminant R reads

ay [0102(13 — aoa§ — a4a12] (7.44)

where g; in Eq. (7.44) are the coefficients of s¢ of Eq. (7.43). Examining the
coefficients of s* of Eq. (7.43), we observe that a4 and @3 are always positive from
physical considerations. The coefficient ag is negative only if kg ¢ is negative, and
this gives the static divergence condition of stability as previously discussed. We
further notice that in such a case, i.e., at the divergence critical condition, one of
the roots of the characteristic Eq. (7.43) will be zero, characterizing the fact that
the critical point of divergence occurs at a zero frequency. The only coefficients
left to be examined are a; and a,. We examine first the coefficient a; for a possible
condition of instability. Using Egs. (7.21) and (7.43), we can write for an instability
a; <0, or

(ch + 1) (ko + ko) + ky(co + €20) — oo <0 (7.45)

Omitting for the moment the structural damping terms, because their effect is
always stabilizing, we can write the condition of instability given by Eq. (7.45) as

ciw (ko + ki) + kncror — cowkig <0 (7.46)

Numerical evaluation of Eq. (7.46) will furnish the critical flutter velocity of
the typical section under such conditions; furthermore, if structural damping is
considered, Eq. (7.45) will furnish the critical flutter condition when such damping
is assumed. We now consider the case when a = —1/2 and neglect the structural
damping effect. Under such conditions, ko and cy, are null because g = 0, and
Eq. (7.46) reads

b’l

Physically, the term between brackets is always positive so that the flutter con-
dition can take place only for f = 0, i.e., U = 0. This implies that if the system
velocity is plotted against system damping, when the structural damping is ne-
glected, these curves start with a zero system damping at zero velocity. From this
discussion, we conclude that a typical section with a coincident aerodynamic axis,
center of gravity, and elastic axis position can never have a flutter- or divergent-
type instability. We next examine the case when the c.g. does not coincide with
the elastic center, i.e., S, # 0, and we neglect the structural damping since its
effect is conservative in the stability sense. We further consider that the elastic and
aerodynamic axes are at the same position, to concentrate only on the effect of the
¢.g. on the stability of the typical section. Under such conditions, the equations of
motion [Eq. (7.23)] read

mh” + 85,08" + kph + cph’ + k198 + 1908’ =0

" ” 7 ’ (748)
160" 4+ Syuh” 4+ kg 4 conh’ + kogB + o6’ =0
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Again, Eq. (7.48) admits solutions in the form
h = hye” 0 = 9,e" (7.49)

Substituting the solutions in Eq. (7.49) into Eq. (7.48), two algebraic homogeneous
equations are obtained, and, except for the trivial solution, we obtain the problem
characteristic equation, which can be written as

4 5 fb? f fb
_ EASRI S i
sT[mlg — S,1+ s [m4 + QU Sw U

+ 52 mk9+k,,19+f2b—2— Sul+s khﬁ—{—kgi +kpkg =0
4U? 4U U

(7.50)

Examination of Eq. (7.50) shows that, if S, is negative, the typical section will
never have instability because all the coefficients and the Routh discriminant are
of the same sign. In other words, a typical section having elastic and aerodynamic
axes coincidents and the c.g. position located at the elastic axis or in front of it will
never present problems of aeroelastic instabilities, whether of a static nature or of
a dynamic nature, i.e., divergence or flutter. If S,, is positive, the coefficient of s
is still positive because mly > S,,; the coefficient of s* gives instability only for
f =0, as previously discussed. Thus, the only coefficient that can give instability
is the coefficient of s°. The other remaining coefficients, the coefficients of s! and
59, are positives from physical considerations. The instability condition can thus
be written as

2b2

k kyl,
mky + h0+4U2

—suf <0 (7.51)

and the critical flutter instability condition can be written as

PRI S = A lmky + Tgka]
2T 262 /402

(7.52)

Equation (7.52) can be solved numerically to determine the critical flutter speed
under such conditions. For the clarity of the exposition, the structural damping has
been neglected in most of the analyses presented in the present section. However,
as has been demonstrated in Section 7.1, its effect is always stabilizing in the
sense that the critical instability speed with the structural damping considered in
the analysis is always higher than critical instability speed when the structural
damping is neglected. In the present section, the simple quasisteady aerodynamic
theory has been used exclusively, and, as has been demonstrated, this theory,
despite its simplicity, has shown its ability to explain the cause of the various types
of instabilities of aeroelastic nature and effects of various parameters involved in
the problem. In the next section, we will use a more elaborate aerodynamic theory
for the problem formulation and discuss its relative merit compared with the simple
quasisteady acrodynamic theory.
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7.3 Typical Section Using Unsteady Linearized Potential Theory

The exact determination of the aerodynamic forces acting on an airfoil moving
in an unsteady motion about the initial state of equilibrium is complex and very
detailed. At each instant of time, the change in the airfoil position results in a
change in the circulation about the airfoil, causing a change in the vortex shed
from the trailing edge. These vortex sheds produce vertical velocities on the air-
foil and affect the aerodynamic incremental nonstationary airloads on the lifting
section, rendering the problem extremely complicated to be physically analyzed
and mathematically represented. On the other hand, as has been demonstrated in
Section 7.1, at the critical point of dynamic instability the motion of the system
is a pure harmonic oscillation. This fact promoted the development to establish
the formulation of the incremental nonstationary aerodynamic loads acting on an
airfoil performing simple harmonic motion, which limits the type of unsteadiness;
however, it presents the exact solution at the critical instability point.

The first studies made were performed by Birnhaum,' Wagner,? Kiissner,? and
Glauert* and later by Theodorsen® and Ellenberger® in the period from 1924
to 1939. In 1940, Kiissner’ in Germany and Theodorsen and Garrick® in the
United States published, in a comprehensible and easily used manner, the in-
cremental aerodynamic forces and moments acting on a two-dimensional airfoil
performing a simple harmonic motion. Theodorsen obtained the incremental lift
and moment for the incompressible case, using the linearized potential solutions
of the individual types of motion, i.e., individual solutions due to 8, 8, ', etc.
Assuming linearity to sum the individual solutions and applying the Bernoulli
theorem, he obtained the total incremental lift as

7"

R 2U 1
Log =7pb® { —— — Z=C()h' +ad" + |2 (a— = | Clk) — 1
b? 2

b
U 202
0 — 2 _Ck 7.53
x5 3 ol )0} (7.53)

and the incremental moment about the elastic axis of the typical section as

4 a 7 2Ug ! 1 2 "
Me.a. = Jpr { - —l;h, +4 7C(k)h - (g +a )9
1 1 U 2gU?
2= -a?jCtk) - = -6 Ck)6 7.54
+[(4 a)() 2+a:|b+b2 ()} (7.54)

where C(k) is the Theodorsen function and is given by

HP®) KGR
HOW) + iHO(k)  Kolik) + Ki(k)

Ck) = F(k) +iGk) = (7.55)

where HéZ) and Hl(z) are the Hankel functions of the second kind and order zero
and one, respectively; Kg and K are the modified Bessel functions of the second
kind and order zero and one, respectively; and F(k) and G(k) are the real and
imaginary parts of the Theodorsen function. All these functions are functions of



e Word's Feumér dsmpon Lodedip. - PUrChiased from American Institute of Aeronautics and Astronautics

THE TYPICAL SECTION IN AEROELASTICITY 175

LY

1.0
09 |

08
07 |

06 _

05 T T T T T T T T T 7 Lol

0.2 04 0.8 0.8 10 k

Fig.7.9 Real part of the Theodorsen function F(k) plotted vs the reduced frequency
k=wb/U.

the nondimensional or reduced frequency parameter &, which is defined as

(b
U
where w is the frequency of oscillation of the typical section. Hankel functions and
the modified Bessel functions of the second kind can be found in a tabulated or
power series form in several handbooks on mathematical functions (for example,
Ref. 9). The real and imaginary parts of the Theodorsen functions F(k) and G(k)
are well-behaved analytical functions and are a combination of Bessel functions as
stated above. The real and imaginary parts of the Theodorsen function F and G are
given in Figs. 7.9 and 7.10, respectively, and are plotted against the reduced fre-
quency parameter k for values of k < 1. Table 7.1 is a short compilation of the func-
tions F (k) and G(k). Several approximate expressions for the real and imaginary
parts of the Theodorsen function are available in the literature. A simple and precise
formula for the evaluation of these functions was obtained by Jones!® and reads

(7.56)

0.165 0.335
C(k)=1—1 00ms; T 103 for £k <0.5
— 8 1-%
(1.57)
0.165 0.335
Ckhh=1- - for k > 0.5

0.041 - 0.32 .
1 T ! 1 -—k—l

The maximum percentage error in the formula for the first part of Eq. (7.57) is
2.7% and for the second part of Eq. (7.57) is —2.1%.
Now, because the motion is harmonic, we can write solutions in the form
h=hee  §=0y" (7.58)

The solutions in Eq. (7.58), when substituted in Egs. (7.53) and (7.54), give expres-
sions for the total incremental lift and the incremental moment about the elastic
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Fig. 7.10 Imaginary part of the Theodorsen function G(k) plotted vs the reduced
frequency k= wb/U.

axis of the typical section and read
2,3 h
Lea =mpwh Lh; 4+{Ly —gLyl0
N (7.59)
M., = npe’b? [[Mh — 8Lyl + (Mo — g(La + M) + gthJG]

The coefficients L, L,, M;, and M, have been published in many references (for
instance, Refs. 11 and 12).

7.3.1 Theodorsen Solution of the Flutter Determinant

In the following section, a solution of the stability equations as proposed by
Theodorsen is given. Using the expressions of the incremental oscillatory airloads
given by Eq. (7.59) and substituting the harmonic solutions in Eq. (7.58) into the
equations of motion, we can write

E0

Table 7.1 Theodorsen function C(k) = F(k) +iG(k)

k F -G k F -G

00 0.5000 0 0.80 0.5541 0.1165
10.00  0.5006 0.0124 0.50 05979 0.1507
6.00 05017 0.0206 020 07276 0.1886
4.00 05036 0.0305 0.05 0.9090 0.1305
1.00 0.5394 0.1003 0 1.000 0
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2 2
A= ;{1 - [@-] [—“ﬁ] 1 +ich]] + Ly
w we

Bz#xa+La_th

where

(7.61)
C=pxy+3—Lng
2
2 Wy . 2 1
D=/1«ra|:1 - [Z‘:I [1 +lca}} +Lpg" + My —Log — Eg
and
m 5 I,
_ = te 7.62
# 7 pb? Te = b2 (7.62)

x, is the distance between the c.g. and the elastic axis and is positive for the c.g.
aft of the elastic axis. For a nontrivial solution to Eq. (7.60), we write

A B

A=lc p

l =Ag+iA; =0 (7.63)

where Ay and A; are the real and imaginary parts of the determinant, respec-
tively. The solution starts by assuming a value for k(k = wb/U). Compute the
aerodynamic coefficients or use the aerodynamic tables to get the values of these
coefficients for the predefined value of k. Write X = 1 /wz, solve Ag = 0, and
get the corresponding Xg. Solve A; = 0, get the corresponding X, and repeat
the whole process for different values of k. Plot curves of X and X; vs k. At the
intersection of the two curves, we have the same X(X = 1/w?). Determine this
value of w and the corresponding k. From this value of k, determine the corre-
sponding velocity U. These values of w and U are the critical flutter conditions of
the problem.

7.3.2 Some Parametric Studies Using Two-Dimensional Potential
Theory for the Typical Section

The critical flutter velocities of the typical section have been calculated for
different configurations to perform a parametric study of the various parameters
involved in the problem. The results of the analyses are shown in Figs. 7.11-7.13.

From the results of Figs. 7.11-7.13, we can observe the following:

1) With the increase of wy, /w,, the flutter velocity decreases, with the minimum
velocity obtained at wy, /w, = 1 stemming the fact that the flutter instability occurs
due to the coupling of the two frequencies; therefore, the minimum velocity is
obtained when w;, = w,.

2) The effect of the air density on the flutter velocity is an increase of Ug with
the decrease of p, i.e., it is conservative to perform the flutter calculations at sea
level.

3) With the increase of x,, the flutter velocity decreases, and, with the increase
of r(f, i.e., an increase in the torsional rigidity, the flutter velocity increases, as was
expected based on previous considerations.
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Fig. 7.11 Parametric study to show the effect of the frequency ratio w;,/w, and the
mass parameter g = m/mwpb® on the nondimensional flutter velocity Ur/w,b. Curves
are plotted for ¢ = —0.2,r2 = 1/3, and x,, = 0.1.
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Fig.7.12 Parametric study toshow the effect of the static mass parameter x,, = S,,/mb
on the nondimensional flutter velocity Ug/w,b. Curves are plotted for w;/w, = 0.30,
a=—0.3,p=10,andr2 =0.25.
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Fig. 7.13 Parametric study to show the effect of the moment of inertia parameter
ri = I/mb® on the nondimensional flutter velocity Uz/w.b. Curves are plotted for
wWplwe =0.30,a = —0.2, p =10, and x, = 0.10.

7.3.3 Extension to Three-Dimensional Lifting Surfaces Strip Theory

The typical section theory can be extended directly for the computation of the
aeroelastic stability of the straight wing of high aspect ratio and no considerable
mass concentration at low speeds using the strip theory aerodynamic simplification.
Again, the strip theory approximation for lifting surfaces of high aspect ratio
consists in dividing the lifting surface in spanwise strips of small but finite width
and in assuming that in each strip the flow is two dimensional and does not interact
with the flow in other strips of the lifting surface. The chord length of the strip is
taken as being its geometric mean value. Consider again the lifting surface shown
in Fig. 7.8, divided into strips having spanwise strip width A;, mean chord strip
¢;, and strip spanwise position y;. We will use the following notation for each
strip:

m(y;) = mass per unit width at station ¢
I(y;) = moment of inertia about the elastic axis {e.a.) per unit width at station ¢
S {(y;) = static mass moment about the e.a. per unit width at station i

For each strip at station y;, we can write for the deflection and the rotation
expressions in the form

h(y. )= f(»h
6(y, 1) =6(n)8
where f(y) and 8(y) are assumed uncoupled modes in bending and in torsion,

normalized to unit values at the wing tip. The expression of strain energy of
deformation for the half-wing can be written as

(7.64)

1 a

! 52 2 L )
U= 5/0 El(y)[a—yz[ﬂy)&]} dy+§/0 GJ(y){E[O(y)Q]} dy (7.65)
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where EI(y) = bending stiffness at station i, G J(y) = torsional stiffness at station
i, and [ = total length of the half-wing span.
Now defining &, and k4 as
1 82 2
kn= | EI — d
) /0 <y)[ o [f(y)]] y
(7.66)

! 3 2
w= | GJ(y)[a_[e)(y)]] dy
0 y
the expression of strain energy of deformation for the half-wing reads
U = jkph® + ke’ (7.67)

Defining now the uncoupled natural frequencies in bending and in torsion as wy,
and wy, respectively, we can write the strain energy expression as

U = iMwyh* + 3 Iw;0” (7.68)
where M and Iy are the generalized mass for the bending and the torsional modes,
respectively, and are given by

i
M= [ mo) Py
0 (7.69)

!
L= [ 16)160)P 0y
0
The expression of kinetic energy of the half-wing can be written as
T =iMhr? + 11,67 + SH' 0’ (7.70)

where S is the total static mass moment and is given by

I
5= ]0 SufOIBG)dy (7.71)

Considering that the wing structure possesses a viscous structural damping, we
can write for the structural damping representation a dissipation function as

D = leyh® + Lcof? (1.72)

At any station y;, we can write for the lift and the aerodynamic moment about the
elastic axis the same expressions given by Eq. (7.59), replacing # and 8 by f(y)k
and 9(y)8, respectively, and thus the incremental aerodynamic loads at station y;
can be written as

h
L., = npw’b’ [th My +1La - th]H(y)Q]

h
M., = frpwzb“[[Mh —gLylf (y)i + My — gLy + Mp)+ gth]Q(y)Q}

(1.73)
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and for the entire half-wing, we can write the generalized incremental acrodynamic
loads as

1
0i= [ Loy
0 (7.74)

I
0 = /0 Mo(y)dy

The integrations in Eq. (7.74) are evaluated numerically considering constant val-
ues for each strip. The aerodynamic loads can thus be written as

On) _ zl:Ahh Aho]{ﬁ} 7
{Qe}—npa) Agn  Ago§ |8 77

1
Ay = fo LibLF ()P dy

where

!
Ao = / B F (8O Lo — gLaldy
0 (1.76)
Aoy = fo B F (O Mn — gLyl dy

! 1\2
Agg = / POy [Me —g(Le + M) + (a + E) thl dy
0

Applying the Lagrange equations of motion, we obtain for free vibration the
following equation for the complete half-wing

2
l:M +pAn, — M(1 +iCh)|:%}l] j|ﬁ+ [S+mpAnle =0
a7

2
)
[S+mpAgn]l B+ [10 + mpAge — Io(1 + iCe)[f:l :IQ =0

The solution then proceeds in the same way using the Theodorsen method of
solution as given in Section 7.2 for the case of the two-dimensional typical section.

7.4 Typical Section with Control Surface

Consider the typical section shown in Fig. 7.14, where we have included in the
section a control surface giving a third degree of freedom. The same notation used
for the typical section with two degrees of freedom is adopted, and we consider
that the control surface hingeline is located at a distance cb from the origin, and
the leading edge of the control surface is located at a distance eb from the origin.
Furthermore, we consider that the third degree of freedom is the control surface
rotation and will be denoted by f, measured relative to the main surface rotation
and positive for nose up as indicated in the figure.

The same theory used for the typical section with two degrees of freedom can
now be extended to the case of three degrees of freedom without too much difficulty.
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Fig. 7.14 Typical section with a control surface showing notations and definitions.
(h.a. is the hinge axis position.)

In the following section, we will present directly the extension to the three-degree-
of-freedom typical section using the strip theory for a complete half-wing. The
following notation will be adopted:

m(y) =mass per unit width at station ¢

I(y;) = moment of inertia about the e.a. per unit width at station i

S, (y;) = static mass moment about the e.a. per unit width at station i

Ig(y;) = control surface mass moment of inertia about the e.a. at station i
Sg(yi) = control surface static moment about the e.a. per unit width at station i

For each strip at station y;, we can write for the deflection the main surface
rotation and the control surface rotation expressions in the form

h(y. 1) = f(Nh
O(y, 1) =6(y) (7.78)
By, ) =By~ B
where it has been assumed that the rotation of the aileron is a rigid body rotation
aboutits hingeline, i.e., the angle 8 is assumed to be aconstant spanwise through the

control surface extension. The strain energy of small deformation of the complete
half-wing can be written as

U—1 lEI 82[( Al 2d ! lGJ 9 8(y)0 2d 1k 2
—5/0 » a—y—zfy)_ y+§/0 (y)[@[ (y_]] y+§ 8B
(7.79)

where the same notation has been used as in Section 7.3. Furthermore, using
Eq. (7.66), we can write the expression of the potential energy as

U= iMojh® + $1owj0? + Hgaj B° (7.80)
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where wpg is the rotational frequency of the control surface, M and I, are given in
Eq. (7.69), and I is given by

!
1ﬂ=/ Is(y) dy (7.81)
I

where /; is the distance from the half-wing root to the inboard control edge span-
wise. Including a viscous structural damping in the analysis, we can write a dissi-
pation function in the form

D = dcph® + Lcgt + Lepp” (7.82)
The kinetic energy can be written as
T = 3Mh? + 11607 + SH' 0" + L1587 + Sph' B+ Pegt’ B (7.83)

where

!
S5 = f S5 () dy
b (7.84)

!
Pog = /, [S,0)(c — @b + ;) dy

and the remaining constants are as defined before. The aerodynamic loads for strips
without control surfaces are the same as given in Section 7.3. The aerodynamic
loads for strips with control surfaces were given by Theodorsen® in terms of the
Theodorsen function and involve other functions due to the presence of the control
surface. These can further be written in terms of other constants for three degrees
of freedom as has been done in the Section 7.3 for two degrees of freedom to
facilitate the computation using tabulated procedures. These coefficients for three
degrees of freedom have been tabulated in several textbooks and manuals, e.g.,
Refs. 11-13. The aerodynamic loads, i.e., lift at the aerodynamic center, moment
at the aerodynamic center, and aerodynamic moment about the hingeline, for a
strip with control surface per unit span can be written as

L= npw2b3{th(y)% + Lo — gLa10(E + [Lp — szlé}

M = npw2b4{ My, — gLl f(y)% +[My — g(La + Mp) + g°Ly10(3)8
+1gLs —dM, +dgL,)B } (7.85)

T' = era)2b4{ (T, - dPh]f(y)% + [To — d(Py — gT;, + gd P)IO(n)E

+[Ts —d(Ps + T,) + dzPZ]é}

where
g= [% +a] d=[c—e¢] (7.86)
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The aerodynamic coefficients in Eq. (7.85) are given in Refs. 11-13. The inte-
grations in Eq. (7.86) are evaluated numerically considering constant values for
each strip. The aerodynamic loads can thus be written as

O Apn Apg Apg
Qo t =7pw® | Apn  Agg  Agp
O Apn  Apo App

(7.87)

> 1D I

where

A = fo LA GOPLdy
ao = | B FOXBILs ~ gLidy
Agn = fo Ib3f(y>e(y>[Mh — gLy dy
Apo = /O l bHO Mo — g(Lo + My) + g° L] dy
Apg = fhl B} f(y)Lg —dL,.1dy (7.88)

i
Agg = / b*0(y) Mg — gLg —dM, + dgL,]dy
1

!
Apn = / b® f())[Th — dPy1dy

4

!
Ago = f B FONTy — dPy — gTy — gd Py) dy

I

!
Ags = / b*[Ts — d(Ps + T,) + d*P,1dy
I3

The Lagrange equations of motion can be written as

d[oT oU oD
‘[6—5] % Top T N

where & = £, 6, or 8. Applying the Lagrange equations of motion for a harmonic
solution in the form

0 = g’ (7.90)
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we obtain
A B C h 0
D E F 03+=10 (7.91)
G H 1 é 0
where

2
A= [M - p A — M[ﬁ’-"-] 1 +ic,,]]
w

B=S+mpA
C= Sﬂ + JT,OAhﬁ
D= Sﬂ + ﬂpAhﬂ
Wy 2
E= [19 7P Ase —19[70-} [ +ica]] 192)
F = Pyg+mpAgg
G =3S8s+mpAgs

H = Pgo +7pAge
2
. wg
I =1Ig+mpAgs — Is(1 + lCﬁ)[z)—]

The solution of the problem can proceed in the same way as given in Section
7.3 using the Theodorsen method of solution for the determination of the flutter
velocities’s critical values.

7.5 Control Surface Reversal and Efficiency

In this section, we will extend the application of the strip acrodynamic theory
given in Section 7.4 to an important problem of aeroelasticity, namely the problem
of control reversal and efficiency. We will limit the presentation to the case of the
aileron reversal and efficiency because the extension to other control surfaces is
straightforward. The ailerons control the rolling moment of an airplane. Because of
an aileron nose-up rotation on the right half-wing, an increase in the corresponding
lift on the right half-wing will occur. At the same time, we will have a decrease in
the left half-wing due to the nose-down rotation of the left aileron. The net result
is a rolling moment rotation about the fuselage axis. Now, the nose-up rotation of
the right aileron creates a sectional aerodynamic moment about the elastic axis,
tending to decrease the angle of attack due to the flexibility of the wing and vice
versa for the left half-wing. This causes areduction in the net rolling moment about
the fuselage centerline of the airplane compared to the rolling moment produced by
arigid wing. While the wing stiffness is constant, the aerodynamic load increases
with the increase of the airplane speed; therefore, it is expected that at a given
speed the effect of the actuation of the ailerons will be null, and beyond this speed
the effect of the aileron actuation will be reversed. Our purpose in this section is
to present a method of calculation of the critical reversal speed and the aileron
efficiency using the strip aerodynamic theory previously presented. The aileron
efficiency will be defined as the ratio of the rolling moment with the wing flexibility
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considered to the rolling moment produced considering the wing completely rigid.
The airfoil incremental sectional lift per unit span can be written as

= 2 -
L' =2npU [b@ + b Y: ,3] (7.93)

where p is the air density, U is the airplane speed, b is the sectional half chord,
@ is the incremental angle of attack at the wing section in consideration, B is the
aileron deflection at the corresponding section, and a theoretical lift coefficient
= 2m has been assumed for simplicity of the representation. Assuming that § is
constant spanwise, we can write the total rolling moment (R.M.) as

RM. = 47pU? [Zb,y,Ay,@ +B Y b - y,Ay,} (7.94)

wing aileron

where Tjp is a function of the ratio of the aileron chord and the airfoil chord; the
evaluation of Ty will be given in the sequel. At the reversal speed, the rolling
moment is null; therefore, using Eq. (7.94), we can write

Z biyi Ay:b;

wmv

f=——t (1.95)

Z b; _.YI Ay;

aileron

The incremental aerodynamic moment at station i due to the alleron deflection
can be written as

Tio Ta+T
AM; _x{ngze +[ Zo_Bat “’J
b3 bz

b?ﬂ} Ay; (7.96)

Substituting Eq. (7.95) into Eq. (7.96), we obtain

> biyidyi

AM; = X 2gb129’ — [zg% — M]z b2 —-ana————-—-—Ol Ay; 797

i Z b—y,Ay,-

aileron
and, for the complete half-wing, we can write in a matrix form
{AM;} = A[F1{6:} (7.98)

where [ F] is a diagonal matrix with the corresponding strip elements given by Eq.
(7.97). Again the rotational angles {6;} are related to the torsional moments {AM;}
through the matrix of influence coefficients [ B], and we write

{6:;} = [B]{AM;} (7.99)
Using Egs. (7.98) and (7.99), we can write
{6:} = A[BILF1{0;} = A[G]{6:} (7.100)
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Table 7.2 Numerical values of T, and Ty,
as functions of e

e T4 TIO

0.0 —1.57080 2.57080
0.1 -1.37112 2.46562
0.2 —1.17348 2.34922
0.3 —-0.97993 2.22004
04 —0.79266 2.07578
0.5 —0.61418 1.91323
0.6 —0.44730 1.72731
0.7 —0.29550 1.50954

where [G] = [B][F]. Equation (7.100) represents an eigenvalue problem; the
lowest eigenvalue will furnish the lowest reversal velocity. The acrodynamic co-
efficients Ty and T were calculated by Theodorsen® as functions of e, the aileron
chord over the total main airfoil chord. Table 7.2 is a short table of these coefficients.
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Problems

7.1 Foratypical section, the following information is given: Iy = 32.00kg-m?/m,
wp =20Hz, b =1m, p = 1.226 kg/m3, ¢ =27, and a = —0.3 (i.e., elastic
axis position at 35% of the section chord). Find the sectional divergence speed.

7.2 During the preliminary design stage, aeroelastic analyses are performed using
a sectional ¢;, = 27, a quasistationary aerodynamic theory, and calculations are
performed at sea level. Justify such proceedings.

7.3 Forahalf-wing, the following information is given: wing-half span = 6.096 m
and elastic axis position at 35% of the sectional chord. The half-wing has been
modeled using the six geometric data in Table P7.3.

Table P7.3
Strip 1 2 3 4 5 6
y, m 0.096 1.8288 3.0734 4.0894 4.8514 5.6642
Ay,m 1.2192 12192 12700 0.7620 0.7620 0.8636
b, m 1.4473 12954 1.1398 1.0128 09175 0.8159

The torsional influence coefficient matrix, corresponding to the above-mentioned
strips, is given by the following (in rad/N-m):

Bi1 =0.02304 x 1076 By, = 0.4954 x 10~ B33 = 1.33646 x 10°
B44=221207 x 1076 Bss=2.97248 x 10~ Bg.s =3.83657 x 10~
B,‘_j=B,",' forj>i i=1,2,3,...andj=2,3,4,... Bj_,‘:B,'_j

Find the half-wing divergence speed at sea level.

7.4 At 3/4 half-span position of a cantilever wing, the following information is
given: m = 31.814 kg/m, I, = 15.30 kg-m, s, = 6.78 kg, w, = 62.2 rad/seg,
wy = 100.64 rad/seg, b = 0.95 m, ¢;, = 27, a = —0.3 (i.e., elastic axis at 35%
of the sectional chord), and g, = g, = 0.02, assuming p = 1.226 kg/m>. Obtain
the following:

(a) The aeroelastic stability determinant for 1/k = 2.0, given that, for 1/k
2.0, we have L, = 0.972 — 2.3961 i, L, = —4.8860 — 3.1860 i, and M,
0.3750 — 2.0000:. Find the values of Xz and X; for this condition.

(b) The aeroelastic stability determinant for 1/k = 2.5, given that, for 1/k
2.5, we have L, = 0.1752 — 3.1250 i, L, = —8.1375 — 3.5625 i, and M,,
0.3750 — 2.5000 i. Find the values of Xy and X; for this condition.

(c) Calculate the flutter frequency and velocity using the Theodorsen method of
solution.
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8
Aeroelasticity of Flight Vehicles

8.1 Introduction

This chapter deals with the problem of aeroelasticity of flight vehicles. The prob-
lem formulation is first presented. Emphasis is made on the acroelastic modal base
representation of the problem. Discrete aerodynamic theories, which are closely
related to the finite element method, are then presented. The various methods of
the solution of the aeroelastic equations, namely the &, p, and p—k methods, are
discussed.

8.2 Problem Formulation

Consider the elastic flight vehicle shown in Fig. 8.1. The vehicle is flying in
a state of equilibrium under the action of a set of external loads. In the presence
of some external disturbance, e.g., a gust or a sudden pilot-induced action on the
control of the flight vehicle, the vehicle can start to perform a perturbed motion
with transverse deflections w(x, y, z,¢). These in turn will create a distribution
of incremental airloads Ap(x, y, z, t) on the flight vehicle. We are interested in
the study of the stability of the flight vehicle due to such motion. The theoretical
formulation of the problem can be made using an energy approach using Hamilton’s
principle, and we write

t t
fB(T—U)dt+/ sWdr =0 8.1

t o

where T is the kinetic energy, U is the strain energy of small deformations, W is
the work done by the external incremental nonstationary airloads, ¢ is the time,
and § is the variational operator. Using a set of generalized coordinates {¢} and
applying Hamilton’s principle, the equations of motion are obtained and can be
written as

(MUi{q"} + [Bl{q'} + [K){gq} = {F} (82)

where an internal damping has been incorporated and is represented by the term
[Bl{g'} in the equation of motion and {F} is the vector of the external nonsta-
tionary aerodynamic load corresponding to the generalized coordinates {g}. The
finite element method is now the most adequate means of structural representation
of complex structures. This, if done, will furnish the left-hand side of Eq. (8.2).
The problem of the structural representation has been treated in detail in previous
chapters. The number of unknowns in Eq. (8.2) is, however, enormous, and the
solution of the aeroelastic problem for the complete vehicle in the physical degrees
of freedom would be prohibitive even with the use of high-speed digital computers

189
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A pixy.zi)

disturbance

A wixy,zd

Fig. 8.1 Flight vehicle in the presence of an external disturbance.

now available. A method that has proved to be efficient for the solution of aeroe-
lastic problems is the modal base transformation. This has been given in detail in
Chapter 3. The modal transformation not only facilitates the problem formulation,
but, most important, it gives a clear physical interpretation in subsequent analysis
of the stability problem.

Thus making the modal transformation

{q} = [Ql{n} (8.3)

inEq. (8.2), where [ Q] is the matrix of the eigenvectors of the associated conserva-
tive system retained in the analysis and {n} is the vector of the modal amplitudes,
and premultiplying by [Q]7, we obtain

(ki{n"} + (BYn'} + [y 1in} = {¢} (8.4)

The matrices [11] and [y] are the generalized mass and stiffness matrices and are
diagonal matrices as has been given in Chapter 3. The damping matrix [B] is
not in general diagonal. However, for slightly damped-structures such as used in
aeronautical constructions, the modal damping forces are much less than the inertia
and stiffness terms so that we can make the approximation of neglecting the modal
damping coupling and assume that the generalized damping matrix is diagonal. The
value of the individual damping mode can be obtained from ground vibration tests
or can be estimated from previous experience of similar structures. The right-hand
side of Eq. (8.3) represents the generalized aerodynamic nonstationary incremental
airloads written in the modal coordinates. The formulation of these loads will be
treated in the next sections.
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8.3 Incremental Nonstationary Aerodynamic Loads

In this section the formulation of nonstationary airloads is presented. The formu-
lation used is based on integral representation methods because they are the most
suitable for numerical solution of the problem. For other methods of representation
and more details on nonstationary airloads formulation, the reader is referred to
excellent textbooks available on the subject, e.g., Refs. 1-6. The integral equation
relating the pressure and the normalwash distribution in unsteady potential (sub-
sonic or supersonic) three-dimensional flows was first derived by Kiissner’ and
reads

wix, y,2) _ 1 // [AP(S, n KMy, 2,60, 8k, M)} Edy ®5)
U 87 J Ja qr?

where w(x, y, z) is the normalwash velocity at point x, y, z; U is the free stream
velocity of the unperturbated flow assumed in the x direction; and Ap(€, 1, ¢) is
the nonstationary aerodynamic pressure difference at point &€, 1, ¢. The free stream
dynamic pressure is denoted by ¢ and is equal to pU?/2 where p is the free stream
air density. The Kernel function of the integral K is a function of the relative
position, the free stream Mach number M, and the reduced frequency k. Other
notations are as given in Fig. 8.2. The Kernel function of the integral Eq. (8.5) for
three-dimensional problems can be written as

=T

K (K1 + K2 T3] (8.6)
where T} and T, are geometric relations and are given by

Ty =cos(y; — )

. . 8.7
7, — (20COS¥r — yosiny) (2o COS ys — yoSin ¥s) ®7)
2= 2
y
r S
w(xyz)
p(énd)
—
X
4
z
7
y

Fig. 8.2 Notations of the three-dimensional aeroelastic problem.
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where

X0, Yo, 20 =X — &,y —n,z2 — ¢
(8.8)

r={y-n+Gc-041

and the subscripts r and s stand for receiving and sending points, respectively. The
functions K; and K, were evaluated by Landahl® and Albano and Rodden® and
are given by

Mre=iku

Ky = ———=+N3p
RO +udt

_ikMPrZeT™ Mrem™[(1+u?)B%r®+2R*+ MRru]
R2(1 + u?): R3(1 +u2)3

- 3N5/2
(8.9)

where
R = (x2 + r?)?

(Mr —Xo)
U= ——

o] e—:kv
N3/2 = / 3 dv (810)

o0 e—ikv
N5/2 = / —_— dv
«  (1402)2

B =(1~M?)}

Since Kiissner’ introduced the integral equation relating the pressure and the
normalwash distribution in unsteady potential three-dimensional flows, many
authors investigated his integral equation to reduce it to a form suitable for digital
computation. The main contributions are from Watkins,'® Laschka,!! Vivian and
Andrew,'? Landahl,® Albano and Rodden,” and Rowe et al.! Basically there exist
in the literature two methods of solution.

The first method known as the collocation method consists in choosing a set
of admissible functions to represent the pressure difference. These functions are
multiplied by undetermined coefficients, and their combination is assumed to
represent the pressure difference. To determine these coefficients, a set of col-
location points are chosen on the lifting surface and Eq. (8.5) is forced to be
satisfied at these points. Obviously, the number of collocation points must be
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equal to the number of terms taken in the series. Seen from this point of view,
this collocation method is nothing more than a finite element method applied to
the whole domain. The great disadvantages of this method reside in the choice
of the independent functions, the huge amount of integrations involved in the
solution, limitations of the method to planar lifting surfaces, and difficulty of
the treatment of the problem of control surfaces. However, for planar surfaces,
reasonable solutions were obtained, including control surfaces in Refs. 14 and 15.

The second method is a discrete method that has proved to be versatile, can treat
nonplanar surfaces, and can be applied to problems with control surfaces without
difficulties. One procedure of these discrete methods is the doublet lattice method
originally proposed by Albano and Rodden® and is now widely used in aeroelastic
numerical computations. This method will be briefly described in the following
section. In the doublet lattice method, the lifting surfaces are divided into panel
segments. Each panel is constructed such that the two side edges are parallel to
the unperturbated flow, which in turn is assumed to be in the x direction of the
system of coordinates as shown in Fig. 8.3. In the fourth mean chord location of
each element, a constant strength acceleration doublet with unknown intensity is
assumed to be positioned. The boundary conditions are applied at the 3/4 position
of the mean chord of each element. Thus, at the control point r, we can write for

I M o
Lx 1PC

Fig. 8.3 Notations of the doublet lattice method.
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the contribution of all the elements

wx,y,2)  ~~ f /
= Kd 8.11
U 2 amp? Jy, © @.11)

j=1

where f; is the intensity of the doublet of the element j,I; is the span of the
element j, and the integration is performed along the span of the element j. The
acrodynamic pressure difference for the element j can be written as

force _fil

=— (8.12)
element area  a;

P;

where a; is the area of the element j. Using Egs. (8.11) and (8.12), the integral
Eq. (8.5) is transformed to an algebraic equation, and we write

w P
— 1 =[D]{ —— 8.13
{ U } [D] {pU2/2} ®.13)
and the elements of the matrix [D] are given by
1 R
Di=—% | kdu (8.14)

ij
8 l] I

Finally, the matrix [ D] is inverted, and we obtain a relation between the pressure
difference vector and the downwash vector in the form

{pUi/2} = 4] {%} ®.15)

where [A] = [D]7.

8.3.1 Evaluation of the Aerodynamic Influence Coefficient Matrix

To evaluate numerically the aerodynamic influence coefficient matrix, we pro-
ceed to use the scheme first proposed by Albano and Rodden,” and we write a
quadratic variation of the doublet intensity along the 1/4 chord position of the
element span. The integral of Eq. (8.14) can then be written as

¢ A+ Bn+C
Lij =/ Kap= [ 2-EE0+S 2"+ —dy (8.16)
7 — M —mo) + &

where e = [; cos A;/2, A; is the local sweeping angle of the element j, and

no =1y, — Ysm]cos ¥s + [z, — Zsm]Sin s
fo= _[yr - ysm] sin ¥s + [z, — zgm]cos Vs
(8.17)
A = [k; — 2k, + K01/2€% B = [ko — k;]/2e C =k,

Kk =riK
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The subscripts i, m, and ¢ indicate values at the internal, middle, and external
extremities of the line doublet as shown in Fig. 8.3, and the coordinates n and ¢
are given by

n=ycosys +zsinys

. (8.18)
{ = —ySIny; +27CO8Y;s

We can thus perform the integration analytically, and the results read

2
Iy = [(15 = %) A+noB +C} 1¢o|* tan™ rze|_§0’2

1

rl2 —2nge + €2

2eA 8.19
rlz-}—2r;0e~}-e2 ¢ (8.19)

+ [0.5B +noA] b

where ry = (r](z) + ;‘(f)l/z and, for the case of planar condition, i.e., o — O, the
integral reads

1 1

No—e Tote

2 No—e
Iij=[770A+7703+C]|: }+[O'5B+UOA]K”U +e+2eA
0

(8.20)

To compute the constants A, B, and C, the Kernel function K must be obtained at
the three points i, m, and o. This will be treated in the next section.

8.3.2 Evaluation of the Kernel Function in Subsonic Flows

The first attempt to evaluate the integrals involved in the nonelementary part of
the Kernel function [Eq. (8.9)] was made by Watkins et al.,'® who approximated
the algebraic part of the integrand by a four-term exponential approximation, ad-
justed tentatively to fit the algebraic part. The integrals can then be evaluated in
a closed form. This approximation, made well before the advent of high-speed
digital computations, has an accuracy of two digits. Later on, Laschka!! presented
an analytical solution in terms of infinite series. The solution was obtained by
expanding the exponential term of the integrand in its power series solution and
then applying successive integrations by parts to obtain the infinite power series
solution. This series solution has the defect of very slow convergence, limiting
its application to a limited range of the values of the arguments. For this reason,
Laschka also presented a numerical solution similar to that of Watkins et al., which
includes an 11-term exponential approximation. The integrals performed using the
Laschka approximation have an accuracy of the order of three digits. A similar
numerical solution was presented by Dat and Malfois'® approximating the alge-
braic part of the integrand by a series of fraction terms having constant numerators.
The accuracy of this solution and the computational effort involved are similar to
the Laschka approximation. The exponential approximation of the algebraic part of
the integrand was again used by Desmarais,!” who used the least-squares technique
to minimize the error in approximation. The precision of the integrals evaluated
using Desmarais’s approximation with 12 terms is of the order of three to four dig-
its. By increasing the number of terms, better precision will be achieved; however,
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the process would be very costly in terms of computational time and will be subject
to accumulation errors. Asymptotic expansion of the Laschka series was given by
Ueda'® for large values of the arguments. In Ref. 19 an exact solution of related
integrals coupled with a costly efficient numerical evaluation was presented. The
problem was first transformed to a solution of a differential equation. The func-
tional solutions of the differential equation were given, and efficient evaluation of
these functions were then described. This procedure is detailed below.

The differential equation. The nonelementary part of the Kernel function
given in Eq. (8.5) can be written as

o0 e—iku oo e—iku u e—ikv
Nm:/ __Sdu=/ ~.__3.dv_f BN
v [140%)2 o [1+2)2 o [1+v2]2

o] e—ikv o0 e—-ikv u e—iku
N5/2=/ —S'dl):/ ——-—de—/ ———S-dl)
v [1+02]2 o [1+4+v2)2 o [1+v?]2
(8.21)

Notice that the firstintegrals of the second form in Eq. (8.21) are readily available
in terms of the modified Bessel and Struve functions. Consider now the integral

o e—ikv
N(u)=/ ———dv  v=1/2,3/2,5/2,...
’ ATERRE

= Ng,(u) +iN;, () (8.22)

where

o k
Ng (u) = /; %—%dv

oo : k
Ni() = —/u [—illjr(v—'z’])vdv

(8.23)

In the integrals depicted in Eqgs. (8.22) and (8.23), we consider k as a constant,
nonnegative parameter, and we notice that it is sufficient to consider only non-
negative values of the arguments u, because of the symmetry properties of the
arguments, and it can be easily shown that

22
Np,(—u) = m(k/-?)"Ku(k) — Ng,(u)

Np(—u) = Ny (u) w=01,2,...

(8.24)

where K, (1) is the modified Bessel function of the second kind and the order p.
Now using Poisson-Basset?® and Nicholson-Watson?! integrals, the functions in
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Eq. (8.23) for u = O read

[ costkv) ! o Kulk)
Ng,(0) = /0 o = T2 (8.252)
_eosinky) 1w (k) — L, (k)
M0 == [T R = - ooy
p=2=1_ 012 (8.25b)

where 1, (k) is the modified Bessel function of the first kind and the order (i, and
L, (k) is the modified Struve function of the order (. We now define a function

F,(u)as
F,(u) = Ng, (u)sin(ku) + Ny, (u)cos(ku) (8.26)
Through differentiation of Eq. (8.26), we obtain
Fj(u) = k [ Ng,(u)cos(ku) — Ny, (u)sin(ku)] (8.27)
and
F)(w)+ K*F,(u) = Kk (8.28)
’ [1+ w2

The boundary conditions on the differential Eq. (8.28) can be obtained from
Eqgs. (8.27), (8.28), and (8.25) and read

1

F,(0) = —%51’(1 =)k /2Y* 1= (k) — L, (k)] (8.29)

and

1

T2
F(0) = —(k/2D*kK  (k 8.30
»(0) F(v)(/) (k) (8.30)
Furthermore, Egs. (8.26) and (8.27) can be inverted to read

Ng, = Fy(u)sin(ku) + %F,j(u)cos(ku)
(8.31)

N;, = F,(u)cos(ku) — %Fu’(u)sin(ku)

We notice that the problem of the evolution of the integrals given in Eq. (8.22)
is now transformed to the solution of the differential Eq. (8.28), subjected to the
boundary conditions in Egs. (8.29) and (8.30). The integrals are then obtained from
Eq. (8.31).
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Recurrence relations of the functions N, (u) and F,(u). Recurrence re-
lations of the functions N,(#) and F,(u4) can be obtained through integrating
Eq. (8.23) and making use of Egs. (8.26) and (8.27) to read
4v(1 +v)Ng, (1) = kzNRv(u) +2vQ2v + DNg,,, (1)

ksin(ku)  2vu cos(ku)
(] + u2)v (1 + u2)v+1

dv(l+v)Ny, ,(u) = K2N; (u)+2v(2v + DNy, (1)

kcostku) 2vusin(ku) (8.32)
(1 + u2)v (1 + u2)v+1
k
4v(1 4+ V) Fopa(u) = k2 Fy(u) +2v2v + D Fyppy (0) + ————
(14 u2y
) 5 002 7 2vuk
A+ V)FH() =k F () +2v2v + DF) () — (1 + u2y+1

Integral representation of the function F,(u). The Laplace transform of
the differential Eq. (8.28) reads

—Su

2 2 _ ’ _ m*e
(s2+ k2 F,(s) = sF,(0) + F'(0) k/o T 3 (8.33)

Consider now the Lipschitz—Hankel-Gegenbaur integral?

i
24T (v)

o0 1
" —ut —_ —_—
/0 1, (e dr = e Re(u) > —1/2  (8.34)

and, for the case treated here, u = 0, 1,2, 3,.... Using now Egs. (8.33) and
(8.34), we obtain

ki [ thJ,(1)

24 k2)F,(s) = sF,(0) + F/(0) — 8.35
(5° + k) F,(s) = s F,(0) + F(0) T0) Jo T ts] (8.35)
Applying the Laplace transform, we obtain
Fo) = kmi o % h), (e w2 sintku) [ 141 ,(1) i
WOETSTD s T Rtk 2T0) Jy PR
k3 cos(ku) [ tAJ,(t F’ sin(k
72 cos(ku) w0 g Bosin®) | p 0ycostin) (8.36)

WTW) Jo 2+ k
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Now making use of the Hankel-Nicholson integrals?

R /
| S0 a1 = 216 - Lath)
0

® tJ
f ho) g 20 - L]
0

124+ k?
(8.37)
= 1Jo(r)
[ 5= ko
12Ji(t)
/0 g = ko)

and using the recurrence relations F,(x) and the recurrence relations of the Bessel
functions, we finally obtain an integral representation for the function F,(u) as

ki [T (e

dt
e“T'(v) Jo 124k

Fyu)=—

(8.38)
2v—-1

W= =0,1,2,3,...

Furthermore, examination of Egs. (8.28) and (8.38) shows that

/°° tHJu(t) dr — _F(v)F(l — v)kH!
0

2rreo T 3 U_pk)=L_,(k)]  (8.39)

and

o putl g (t
| e -k
0
(8.40)
2l 6123
I'L_ 2 T Y Ay Sy Ty e

s0 that the upper limitation on the Hankel-Nicholson integral, 1.e., —1/2 < u <
5/2 for Eq. (8.39) and —1 < pu < 3/2 for Eq. (8.40) (e.g., Refs. 23-26) are now
liberated as given by Eqgs. (8.39) and (8.40). Obviously, the present case treats only
nonnegative integers for the values of .

Evaluation of the function F,{u) Solution foru>1. Consider the integral
representation of the function Fy/2(u)

[os] —utJ o] —uktJ k
Fia(u) = —k / £ 0 g / IR G (84
0 0

24+ k? t2+1
Expanding the Bessel function in Eq. (8.41) in its ascending power series, we get
=3 2n 0 21 ,—ukt
k/2) / 12 eH
Fip(u) =— =) dt 8.42
121 ,:20.1( el Al o (8.42)
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Through Laplace transform, the first term of Eq. (8.42) can be integrated and is
given by

o0 e-—ukt
/0 g = fw (8.43)

where f(ku) is the first auxiliary function of the trigonometric integral functions.
Applying Laplace transform differentiating rule for the other terms of Eq. (8.42),
we obtain

e, k2P @ (k)
Fipp(u) = ;(—) o i (8.44)

Deriving, we get

k/2)*" (2 2
R =~ - 3 &L [f( >+Z( Lo )] (8450

n)2
n=1 )

Fipp(u) = — fkw)Io(k) + Z

(=)' 2m)! i (k/2)"+!
(2uyn! [(n +m+ DI

] (8.45b)

m=0

Applying the Cauchy ratio test for the series given in Eqgs. (8.45), it can be
shown that the series are convergent for all values of k and u > 1. We notice that
for high values of k the series in Eq. (8.45a) is highly convergent since the series
coefficient terms are the asymptotic expansion of f(ku). Furthermore, for low
values of k, the coefficient of the series in Eq. (8.45b) tends rapidly to zero. For
numerical computation of the function Fj,,(u), only very few terms will be needed
for attaining a desired accuracy using the series in Eq. (8.45). This subject will
be treated in detail below. Applying the same procedure as given above for the
integral representation of the function F3;»(u), we obtain

(k/2) 2L (—)"(2m — 2)!
Faja(u) =k Z Py [f(ku) + ’; W} (8.46)
and

_ = ()" 2n)! | & (k/2)y*"
Fyp(u) = kf (k) (k) —k ; Gt l;;) TETSIETE Dl:l (8.47)

with the same consideration on the convergence as stated above for Fj,(u). Having
obtained Fy/2(u) and F3,5(u), a higher order of F,(u) can be obtained from the
recurrence relation in Eq. (8.32).

Solution for u < 1. Consider again the integral representation of the function

Fro(u)

d (8.48)

o0 ,—ukt
Pty = - [ ot

2+1
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Expanding the exponential term in its ascending power series, we obtain

N [ G % okt
F1/2(u)——§( ) [ — UO Eaaaly (8.49)

Now using the recurrence relations of the Bessel and Struve functions and Eqs.
(8.39) and (8.40), it can be shown that

Cmpke) A\ ,
/0 t—2+—1-dt—(—) (M) (/DK™ I_pm(k) — L_m(K)]]  (8.50)

and

o] lzm+1.]0(kt) B d \" .
fo —tz—“—dz_(m) K™K, (k)] (8.51)

Equations (8.50) and (8.51) can be considered as operation transforms for the
Hankel functions for powers of z. The derivatives of the modified Bessel functions
in Egs. (8.50) and (8.51) are readily available?* and are given by

d " m —_ m-—n
(F&Z) K" L (k)] = K777 Ly (k) (8.52)
and
d " m _ npm—n
(m) K" Kn(K)] = (=)' K" " Kp_n(k) (8.53)

Furthermore, using the recurrence relations for the modified Struve function
and through successive differentiation, the following derivative operation on the
modified Struve function is obtained

d \" 2 &
— ) 'L, 0] =Lok)+ = ¢, 8.54
(kdk) [ ) o()+an (8.54)
where
i 2m —3)2Q2m — 5)%- .- 3212
ey = P ) (8.55)
m=1
and
4 m[k'”“L ()] = kL (k)—zic (8.56)
kdk - - w e '
where

" Cm—=1D2m -3 C2m—-57-.-3%1?

P (8.57)

Cp =
m=1

Notice that the relation in Eq. (8.54) will be used for the evaluation of Fy2(x) and
the relation in Eq. (8.56) for the evaluation of F3/,(u). Furthermore, generalization
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for a higher power of F,(u) is straightforward. Using now the relations in Eqs.
(8.50-8.55) in Eq. (8.49) and grouping terms, we obtain

X k 2
i) = = 1n(k) = Lok costl) + KosinGha) + Y =S,
n=1 °
(8.58)
where
" 2m =32 02m—5)72-.-3212
¢, = Zl( m—3) (kn21m—l ) (8.59)

Notice that the coefficients ¢, in Eq. (8.58) are the asymptotic terms of (7/2)
x [Io(k) — Lo(k)]. Applying the Cauchy ratio test for the series given in Eq. (8.58),
it can be shown that the series are convergent for all values of X and u < 1.
Furthermore, the computation of Fj,»(u) using Eq. (8.58) is highly convergent,
and few terms are needed for a desired accuracy for its range of application. Again
the subject is discussed in detail in the next sections. Following the same procedure
given above, a series representation for F3, (i) convergent for all values of k and
u < 1, with the same considerations on convergence, is obtained and reads

k (V2
Fapw) = '”7 [-1(k) — L_y(k)] cos(ku) + kK, (K)sin(ku) + ) o )(z(n;) i
n=1 ’
(8.60)
where
- - Z3Y2(2m —572-.. 3212
e =Z(2m D@2m —3)"(2m —5) 341 8.61)
m=1

f2m—1

Notice that the coefficients c, in Eq. (8.61) are the asymptotic terms of (wk/2)
x [I_(k) — L _y(k)]. Having obtained F,>(u) and F3/,(u), a higher order of F,(u)
can be obtained from the recurrence relation in Eq. (8.32).

Solution convergent for all values of u. A power series expansion convergent
for all values of k£ and u for the function F,(u) can be obtained from Eq. (8.26)
through the expansion of the trigonometric functions of Ng and N, and integration
term by term. The results are given by

Fip2(u) = [Ko(k) — V In(k) + Bo] sin(ku)

- [%{Io(k) — TLok)} — Co] cos(ku) (8.62)

and

F3pp(u) = [Ky(k) — VI (k) — Bi]k sin(ku)

+ [g{ll (k) — TL_1(k)} — Cle cos(ku) (8.63)
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where
T=+ud)?  V=k[l+u)+u]

2 2m (0 1\2
B, —uTZ( )'"[((;‘) an;)? ]b,_m i=0,1

Tkt &S, [@/2)*Qm+1)! .
- L [y e im0
i (k/2)2m+2n+1

—[m+n+ DI

ot (k/2)2m+2n+1
by =
" ;(m+n+])!(m+n)!

A Qe (m 4 0+ DI
- Z [(2m + 2n + 3)1)?

n=0

_ LS @R 4 n 4 DI
Z < 2m + 2n + 2)I2m + 21 + 3)!

The series given by Egs. (8.62) and (8.63) when used in Eq. (8.26) bear similarity
with the Laschka’s series.!! Hence, their convergence is very slow. Their practical
use is therefore limited to small values of the arguments & and u.

Asymptotic expansion for large values of k.  Asymptotic expansion for large
values of k for Fj(u)and Fzs(u) can be obtained from Egs. (8.58) and (8.60),
respectively, through successive derivations, making use of the differential Eq.
(8.28). Performing these operations after three steps, we obtain

Fia(w) = =(3) Uk = Lo(blcosku) + Kokysinku)

1 1 —2u? 3(3 — 24u* + 8u%)
k(1 + u2): k2(1 4 u2)? k(1 + uy

1+1+321
kK3 k3

uk2{1 1 321 52.32.1}
+

-5 iz (8.64)

ittt e T

If more steps are performed, each of the algebraic terms will be increased by one
more element for each step. We notice that, for large values of , the series terms
are the asymptotic terms of (7w /2)[Io(k) — Lo (k)] so that they cancel the first term in
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Eq. (8.64). Furthermore, for large values of &, the modified Bessel function Ko(k)
tends to zero much more rapidly than the remaining terms so that we can write

- 2—u? +3(3—24u2+8u4)
k(1 + u?): k2(1 + u?)y? K41+ u?)*

Following the same procedure, we obtain an asymptotic expansion for large
values of k for the function Fz;,(u) as

1 3. 1%(1 — 4u?)
7! 2 232
k(1 4 u?): k*(1 4 u?)y

FipW) = — + :l (8.65)

Fip(u) = —

(8.66)

5-32.12(1 — 1242 + 8u*) 4
kA1 + u?)y*

The relations given by Egs. (8.65) and (8.66) can be used efficiently for the

calculation of the functions for large values of k and u. Notice that if Eq. (8.66)

and its derivative are used in Eq. (8.31), the asymptotic relations for Ng3/2 and N3,

given by Ueda!® are recovered. Furthermore, for u = 0, Egs. (8.65) and (8.66) give
the asymptotic relations for (w/2)[Io(k) — Lo(k)] and (wk/2)[1_1(k) — L_1(k)],

respectively.
Numerical integration. Consider the integral representation of the function
Fipa(u)
% Jo(t)e ™
F = —k ————dt 8.67
1/2(u) /0 P (8.67)

Using the Laguerre integration scheme, we write

tJo(x)e 0
F]/z(u) —kale 0( ) +R,,

x; 24 k2
" gie v
=—k)_ o +R, (8.68)

where x; are the ith zeros of the Laguerre polynomials L,(x) and w; are the weight
functions given by

(n!)*x;
i m (8.69)
and the remainder R, is given by
®? o)1
n (2n)'f ¢) 0=<¢f=<o0 f(S)—W (8.70)

and

a; = w;e"" JQ(X,') (871)
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Similarly, for the function F3;,{(u), we write

i tJl(t)e_"'
F. = —k —dt
3/2(1) /0 R

X hMe s /°° h(ne™
= —k ——dr+k —dt
/0 t - o Ht2+k?)

—k[(1 +uD)7 —u] + i fo ti_ltng—;@) dt (8.72)

It is beneficial to use the second form in Eq. (8.72) for numerical integration rather
than working directly on the first form, since this will enhance the convergence.
Using now the Laguerre scheme, we obtain

Fapp(u) = —k[(1 + u®)? — u] +k3z +k2 + R, (8.73)

where
et Ji(x;
b = wie™ Ji(xi) (8.74)
Xi
The abscissa x; and the weight function w; are as given before, and the remainder
is given by
Ji(§)ef =0
52 + k2

(ﬂ!)2 2n
= 76 O0=sf<o0 fO= (8.75)

" 2n)! =
Examining the remainders given by Eqgs. (8.70) and (8.75), we observe that
the accuracy of the approximation is not only a function of the number of terms
used but is also dependent on f2*(£), which is a function of the arguments k
and u. Furthermore, for k less than 1 and u less than 0.5, it can be easily shown
that many terms are needed for obtaining a reasonable accuracy. However, the
numerical integration can be explored outside this region, and this is where the
series solutions need many terms for convergence.

A scheme for the numerical evaluation of the function F,(u). In this
section, a numerical scheme is given for evaluating the functions Fj»(u) and
F3;5(u); Tormulas for their derivatives are also given for completeness. These
functions are well-behaved functions and are plotted in Figs. 8.4 and 8.5 for a wide
range of the arguments k and u. In what follows, the scheme given preserves an
accuracy of six digits; if more precision is required, one should increase the number
of terms in the related formulas and/or subdivide the region of the application of
the formulas into smaller regions. In the scheme presented, we first divide the
region of 0 < k£ < 20 into three subregions, namely, 0 <u < 0.5,05 <u <20,
and 2.0 < u < 00, and then the asymptotic relations are used for the computation
of the functions for £ > 20 and all values of «.
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u=0

Fig. 8.5 The function F3;(u).
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Fip(u) for0 <k <20and 0 <u<0.5. Werearrange Eq. (8.58) and write it

in the form
2
Fipa(u) = Ko(k)sin(ku) — k[uV — T +1] — a[l - (k;) }
6 2n+2
B ol (ku)" ¢, 3
;( e Tl =556 10 (8.76)
and
F/
%(u) = Ko(k)cos(ku) — V + auk
_ T 7
Z( e Tt 2)' +le[ <170 x 10 8.77)
where

=L[+ud)+u] T=0+ud):

" @2m =32 02m—=5?%...3212
=S U~ Lok)] o =a- an )(,:Zm_])

m=1

Notice that the second term in Eq. (8.76) is the summation of the last terms in the
series coefficients. This has been done to enhance the computation. Furthermore,
for k = 0, the function Fy 2(u) equals —7 /2.

Fipp(u) for0 <k <20and0.5 <u<20. Fortherange 0 <k < 2.0, use Eq.
(8.62) with eight terms; this will give an error less than or equal to 5.04 x 107",
An efficient way to compute the coefficients is given below

&/ kD k)27

bor="gne * or T op
(k/2)"
bO.n—lzbo.n+W n=76,...,1
Iy(k) =boo+1
(8.78)

_ QRSB (2k)'8(91)?
7= e (19172
_ ey

CO.n—]'—‘CO‘n'i‘m n=17,6...,1

Lo(k) = (2k/m)[co0 + 1]

Notice that Ip(k) and Lo(k) need not be evaluated because they are calculated
while computing the coefficients of the series. The derivative of the function is
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Table 8.1 Numerical values of x;, a;, and b;
i Xi a; b,‘
1 0.093307812017 0.23905 69913 45 0.11965 87667 94
2 0.49269 17403 02 0.52662 26292 37 0.27163 8327527
3 1.21559 5412071 0.5883799267 46 0.36647 62188 37
4 2.26994 95262 04 0.08791 10490 84 0.29384 44207 34
5 3.667622721751 —0.6254812307 17 2.887428331350E-2
6 5.425336627414 —0.063143024251 —0.123547029747
7 7.56591 62266 13 0.60151 60522 86 4.68073 69972 70E—02
8 10.120228568019 —0.691708609113 3.65190 79983 40E -3
9  13.130282482176 0.697580540960 —1.048306295040E—-2
10 16.654407708330 —0.735262042641 —8.160254297940E—3
11 20.77647 88994 49  — 3.44468 02171 BOE—-2
12 25.623894226729  — —8.94957 6852020E£ -3
given by

Fi »(u) = [Ko(k) — VIo(k) + Bolcos(ku) + [%[lo(k) — TLo(k)} + Co] sin(ku)
(8.79)

For the range 2 < k < 20, use the Laguerre integration scheme with 10 terms and
the following formulas:

10 —ux;
aje _
Fipwy=-) 5 + le] <2.18 x 1076 (8.80)
i=1 xl k7
and
10 —ux;
F} () = Z xfj_ - T e < 1.47 x 107 (8.81)

The numerical values of a; and x; are given in Table §8.1.

Fijo(u) for0 <k <20and2.0 <u < oo. Fortherange 0 < k < 2.0, use Eq.
(8.45) with six terms; this will give an error less than or equal to 2.85 x 1077, An
efficient way to compute the coefficients is as follows:

o &) k/2)
ST e T 1y
k/2 (8.82)
Cpn—1 =Cn(k/2)2+(n—!)5 =5,4,. ,1

Iotk) = cok/2)+ 1
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and

S (=y@n+ D,

F{p(u) = kgku)lotk) =2 +le] <374 x 1077
n=0

(2u)2n+2
(8.83)
For the range 2 < k < 10.0, use Eq. (8.45) with seven terms
6 2n
(k/2)y"cy 7
Fipo(u) = — z:: G + le| <4.03x 10 (8.84)
where
co = fku)
(=Y'@2n —2)!
Cn=Cn_1+W~ n=12...,6
and the derivative is given by
F{/z<u> "~ (k/2)"d, -
— Z i le] < 1.67 x 10 (8.85)
where
dy = glku)
=Y'2n - 1)!
n=dn— — . =1,2,...,7
d 1+ ) n

For the range 10 < k < 20, use the asymptotic expansion given in Eq. (8.65);
this will give an error less than or equal to 6.96 x 1078, and the derivative is
given by

u (3 —2u%) 325215 — 40u* — 8u*)
k(1 + u2)% 3k2(1 + u?)? 15k4(1 + u?)*

F ) = ] (8.86)

The error in the calculation using Eq. (8.86) is less than or equal to 1.54 x 1073,
Fi/o(u) fork > 20 and 0 <u < oo. Use the asymptotic expansion given by
Egq. (8.65). For the computation of Fy,,(u); the error will be less than or equal to
2.04 x 1077, For the derivative, use Eq. (8.86); this will give an error less than or
equal to 2.80 x 1075,
F3/o(w) for 0 <k <20and 0 <u < 0.5. We rearrange Eq. (8.60) and write it

in the form
. 204 (ku)z
Fap(u) = kKi(k)sin(ku) —k[(1 +u®)? = 1] + o |1 — 5
+ Z( R — (kuyr +lel < 1.94 x 1077 (8.87)

(2n +2)'
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and

F/
B2k docosteu) — [—l—} — ok
k (1+u?)2

+Z( ' (fz o = 2), +le| < 2.68 x 107 (8.88)

where

@2m — D2m —3)*@m — 5)%- .- 3212
k2m—-l

cp =+

m

k

Notice that, for k = 0, we have F3/» = 0 and F3,(u) = 1 —u/(1 + w2,

F30(u) for 0 <k <20and 0.5 <u < 2.0. We use Eq. (8.63) with nine terms
for the range of 0 < k < 2; this will give an error less than or equal to 3.29 x 1077
for the computation of F32(u) and F; /z(u) /k. An efficient way to compute the
coefficients is given below

&/ (k/2)"

bis=gor T S
b].n_1=b1.n+% n=8,7,...,1
hik) =bio
QK)BON?  (2k)P(101? (8.59)
e = (l/k){ 181197 T 201211 }

(k" (n1)?
n—-1= n = — == 8, 7, e, 1
Ca-t =t st "

L_i(k) = Q2/m)lkero+1]

Notice that I;(k) and L_;(k) need not be evaluated because they are obtained
while computing the coefficients of the series. The formula for the derivative is
given by

F3pu) = —_u"f + [K1(k) + VI;(k) — B;]cos(ku)
(1 + u?)h

¥ [%[11(10 ~TL_, (0] + c]} sin(ku) (8.90)
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For the range 2 < k < 20, use the Laguerre integration scheme with 12 terms
and the following formulas:

e~

F3pp(u) = —k[(1+u2)2—u]+k3z 2‘ +le] <2.39%x 1078 (8.91)

k2
and
F3’/2(u) u x;bje "%
SE/EANAN | - k? ! +le] <1.96x 107°
k [ (1+u2)2] Z x4k et =

(8.92)
The values of b; and x; are given in Table 8.1.
Fap(u) for0 <k <20and 2.0 <u < co. Fortherange 0 <k < 2.0, use Eq.
(8.46) written in the form

4
Fy(u) = —k[(1 + ud — u] +kf Gl —k 3 EL G
n=0

(2u)2n+1
(8.93)
+]e] <4.84 x 1077
and
Fj p(u) y > (=)"2n + Dle,
2 = - ———— kgt () +2)
P [ (Huz)%}r glku) I (k) + Z;o RS
(8.94)
+lel <231 x 1077
where

/27 | (k/2)* | (k/2)°
= om T 7m0

_ 2 v
i = (k/2) [cn + T 1)!]

Ii(k) = [co + 11(k/2)
For the range 2 < k < 10.0, use Eq. (8.46) with seven terms

7 2n—1
k/2 Cn -
F3/2(u) = —k E (n'/(n)——-l)' +le] < 7.36 x 10 7 (8.95)
= n !

where
1
¢ = fku)— ™

(=)"@2n =2
Cn=Cn_1+W— n=2,3,...,7



e Word's Feumér dsmpon Lodedip. - PUrChiased from American Institute of Aeronautics and Astronautics

212 STRUCTURAL DYNAMICS IN AERONAUTICAL ENGINEERING

and the derivative is given by

F3),(u) 5 (k/2)*d, S
—— _kzm + || < 6.68 x 10 (8.96)

n=1

where

1
dy = —glku) + e

(=) *'@2n - 1)
dy =dy + ———75—— =2,3,...,7
1+ (ku)Zn n
For the range 10 < k < 20, use the asymptotic expansion given by Eq. (8.66);
this will give an error less than or equal to 1.31 x 1077, and the derivative is given
by

, 3u 53 —4u?) 7-5-3-(5-20u% - 8uY
Fp(u) =

R+ ui L R0+ u2? KA1+ ud)?

The error in the derivative calculation using Eq. (8.97) is less than or equal to
1.03 x 1077,

F3/2(u) for k < 20 and 0 < u < oo. Use the asymptotic expansion given by
Eq. (8.66). For the computation of F3,,(u), the error will be less than or equal to
1.50 x 1078, For the derivative, use Eq. (8.97); this will give an error less than or
equal to 1.64 x 1078,

] (8.97)

8.3.3 Evaluation of the Kernel Function in Supersonic Flows

The integral equation relating the incremental pressure difference and the nor-
malwash distribution in unsteady potential flows [Eq. (8.5)] is valid whether the
flow is subsonic or supersonic.?’ The difference between the two regimes lies in
the Kernel function of the integral equation. For both regimes, the nonelementary
part of the Kernel can be written as

Uy e—ikv
I (ul, uz) = f —dv (898)
’ o (L2

The limits of the integration in Eq. (8.98) read as follows:
For the subsonic case

u; = (MR — xo)/B*r (8.99)
and

(8.100)

I
8

Uz
For the supersonic case

uy = (xo — MR)/B*r (8.101)
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and
uy = (xo+ MR)/B*r (8.102)

where 8 = (1—M?)"/2and B = (M? —1)!/2, and other notations are as previously
defined. The extension of the subsonic case!” to the supersonic case was presented
in Ref. 28 and is summarized below. In a supersonic regime, the disturbances are
restricted to the region of their aft cone so that x is always positive and xq > Br.
Therefore, in the limits of integrations of Eqs. (8.101) and (8.102), u, is always
positive, whereas u; can be positive or negative. For values of xo < Br, there is
no disturbance; hence the Kernel is null. Writing now for the supersonic case, use
Eq. (8.98) in the following form:

00 e—ikv 0 e—ikv
L, u)= | ———dv— [ ———dv 8.103
W, ) / (1 + vy / (1 +v2)y (8.103)

and define?®
Yro(u) = F.(u) + IF\;/k

(8.104)
Yi(u) = F,(u)—iF)/k
After several algebraic manipulations, it can be shown that
L(uy, up) = ie ™y () —ie ™ 2y* () uy >0 (8.105)

and

omt . .
Ly, up) = % h/2 K (k) + i g (ur ) — i youz)  wy < 0

(8.106)

Equations (8.105) and (8.106) give a simple and direct way for the evaluation of
the nonelementary part of the supersonic Kernel in terms of the real function F,(u).

Simple and direct expressions for the evaluation of the nonelementary part of the
Kernel function of the integral equation relating the pressure and the normalwash
distribution in subsonic and supersonic nonstationary flow have been detailed
above. The expressions provided represent an exact solution of the problem, i.e.,
the expressions can be obtained to any desired accuracy. The details have been given
for two reasons. First, they are not available elsewhere; second, they constitute the
bases of numerical methods for obtaining the nonstationary airloads needed for
acroelastic stability and response problems. Therefore, these expressions must
be calculated with a higher degree of precision since they are used in further
approximations and numerical processes in subsequent aeroelastic and response
problems.

8.4 Modal Transformation

Once the aerodynamic matrices have been calculated, we can use Eq. (8.14) to
relate the pressure distribution and the normalwash distribution, and we write

1
{Fa} = —{pia;} = 7 oU%[a;][A] [—(u]i} (8.107)
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where [a; | is adiagonal matrix composed of the area of the respective aecrodynamic
elements and {F,4} is the vector of the resulting incremental acrodynamic loads
assumed to act at the control point of the aerodynamic elements. Other symbols
are as defined before. The normalwash vector {w/U} is related to the surface
deflection vector {z} for a small disturbance theory by the following equation:

w 1§o 0z
—t=—1— Ui{— 8.108
{U} U{at{Z}+ {Bx}} (8.108)
The modal transformation can now be used, and we write {z} in terms of the
modal amplitude {n} as

{z} = [¢){n} (8.109)

where [¢] is the modal matrix with columns composed of the modal values at
aerodynamic control points. Special techniques must be used for surface interpo-
lation of the modal values at aerodynamic control points from the finite element
structural nodal points results. Using now Eqs. (8.107) and (8.108), we obtain

w 1 ,
[T = Fi@n + vig.aany (8.110)

Finally, the system’s equations of motion read

U
[ul{n”} + (B0t + Ty {n} = —%[ai][A]{[fbl{n'} + Ulpxlin}}  (@.111)

8.5 Solution of the Aeroelastic Stability Equations

In this section the various methods of the solution of the aeroelastic stability
equations are discussed. Basically these methods can be classified into three main
groups, namely the p methods, the £ methods, and the p—k methods.

8.5.1 The p Methods

In many cases of aeroelastic stability formulation, the aerodynamic incremental
nonstationary airloads matrix assumes the form

[A] = [Ai]lpa; + [Aolaz (8.112)

where [A1] and [ Ag] are constant real matrices; a; and a, are parameters that are in
general functions of the unperturbated flow velocity, density, and Mach number;
and p is the aeroelastic eigenvalue. This occurs for instance when quasistatic,
quasisteady, or simple forms of unsteady aerodynamic loads are assumed in the
formulation. The matrix [A;] represents the aecrodynamic damping effect, and
the matrix [Ap] represents the aerodynamic stiffness effect. We first consider the
structural undamped case, when the quasistatic aerodynamic theory is used in the
analysis. In such a case, the equation of aeroelastic stability [Eq. (8.111)] can be
written as

([l p* + Ty] + alAoll{n} =0 (8.113)

Tha limite ~f tha intaceatinan in Ba (Q QR vand ac fallawie:
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Notice that it is not necessary to use the modal base formulation for the solution
of the problem; however, if this is done the solution of the problem is greatly
simplified. We observe that the matrices in Eq. (8.113) are real; therefore, the
eigenvalue roots are real, or if complex they appear in pairs of complex conjugate
roots. Because of the exponential nature of the solution assumed, the borderline of
the stability will be at the coalescence of two eigenvalues just before presenting the
first pair of complex conjugate roots. This type of aeroelastic stability is known
as flutter due to coalescence of modes. The lowest value of a, for which the
first coalescence of modes takes place will determine the critical flutter speed of
the problem. Traditionally, the problem solution is made by numerically tracing
the problem eigenvalues vs the velocity and observing numerically the point of the
modes’s coalescence. This will require the solution of an eigenvalue problem at
each iterative step. The method presented in Ref. 29 permits us to obtain directly
the stability points without the need for the iterative eigenvalue solution. This
method of solution is given in the following section.

Equation (8.113) represents a parametric eigenvalue problem, with p being the
eigenvalue and a; considered as the parameter of the problem. We observe that not
all the modes of Eq. (8.113) can contribute to a fluttering condition. Flutter occurs
physically due to the interaction between at least two degrees of freedom. Mathe-
matically, this is expressed through the coupling of terms of the matrix [Ag] of Eq.
(8.113). Therefore, the problem can be simplified by eliminating from Eq. (8.113)
all individual modes having null columns and/or rows except for a nonzero diag-
onal element. These modes do not contribute to or affect the fluttering condition.
They can only give rise to static divergences, and these can easily be treated through
the solution of their individual single-degree-of-freedom equations. The remaining
modes are then separated into groups that interact aerodynamically. Each of these
groups represents a system of equations similar to Eq. (8.113), but of a reduced
order, and can be treated separately for the examination of the aeroelastic stability.

We next examine under what conditions each of these smaller systems are flutter
prone. As the value of a, increases, the roots of the reduced characteristic equation
change until reaching a point where complex conjugate roots appear. Under such
conditions, one of the root pairs will give an unstable motion. The borderline
of stability will be obtained at the point of coalescence of two roots. Now, the
characteristic equation of each reduced system can be written as

ptap ot t o, =0 (8.114)

where n is the number of modes with aerodynamic interaction. The coefficients of
the characteristic equation read

Cl=T1
1
¢ = —7[01-_17’1 +ejah+ -+ aTi +T] (8.115)
j=2,3,...,n

where T are the traces of the power j of the reduced [y + a; Ap] matrix. Let the
roots of Eq. (8.114) be u;, wherei =1, 2, ..., n.Using now the Encke notation,*
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the coefficients in Eq. (8.115) are written as

c; =[ui] (8.116)
On the borderline of stability, Eq. (8.114) has a pair of repeated roots. Let this
pair of roots be A and denote the rest of the roots by v;andi =1, 2, ..., n — 2.

Doing so, the coefficients of Eq. (8.116) read
¢j = A2+ 2alv! T + V] (8.117)

where again the Encke notation has been used, with [vio] and [vl.j ]=0forj <0
and j > n—2.Equation (8.117) represents a system of n equations in n unknowns,
namely, &, a,, and the n — 2 Encke roots. Eliminating the Encke roots [v,.’ ] from
these equations, we obtain

(——)H'l[i + l]kj Cpmic1 =0 (8.118)

n—1
Cph—1 —

1

i

and
n—l . .
e = (MM i =0 (8.119)
i—1

This represents two equations in two unknowns, A and a,. Their solution deter-
mines the fluttering parameters of the aeroelastic problem, namely, A ; and a; f;.
As a numerical application, we consider the supersonic flutter of a simply sup-
ported flat plate. Using the quasistatic aerodynamic theory, applying the Galerkin
method for the problem formulation, and taking the free vibration modes as trial
functions, we can write the equation of motion as

(wlIT+ [v]+ AlAl{g} =0 (8.120)

The matrices in Eq. (8.120) are given by
[v] = [(m* + n*p%)]
[A] = [E—(l—zl-i—j-z—)] fori+ j=3,5,7, ... and = 0 otherwise
and
u = w?pha*/Dr*
A = 16a3q/7*D[M? — 1]}
B=a/b

For the numerical application, we consider the case of a square plate. Taking a
two-mode approximation in the Galerkin formulation, withn = landm =1, 2,
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and applying Egs. (8.118) and (8.119), we obtain
A= +y)/2=-1450
A =30 —y2)/2=3150

For a four-mode Galerkin formulation, with n = 1 and m = 1, 2, 3, 4, the
coefficients c; are given by

cp = —418

¢y = 40,281 + 1.223387A2
(8.121)
¢3 = —877,000 — 172.23056A2

¢4 = 2,890,000 + 3745.1849A% + 0.1337469 A4

Notice that the calculation of these coefficients is made only once at the be-
ginning of the computations, and the computation effort required is less than that
required for the computation of a single eigenvalue iteration step using the classical
methods of solution. Having obtained the coefficients, we apply again Eqs. (8.118)
and (8.119) to obtain two equations in A and A, and these are solved numerically.
The results obtained for various modes using the Galerkin formulation are shown
in Table 8.2. In this table, only the first coalescence is given since higher coales-
cences produce higher values of A and thus have no practical use. Furthermore,
notice that modes of different n are uncoupled aerodynamically.

A similar solution for the case of quasisteady aerodynamic loads, i.e., when the
aerodynamic damping is considered in the analysis, was presented in Ref. 31. This
solution is summarized in the following. In such a case, the equations of motion
can be written as

[—p* )+ [E%1 — A [Ao] — iyp [A1]l{go) (8.122)

where solutions in the form {g} = {go}e'“’ have been assumed and the mode
shapes have been normalized to a unit generalized mass value. This has been done
to simplify the exposition. Again, Eq. (8.122) represents a parametric eigenvalue
problem, with p considered as the problem eigenvalue. The characteristics of
Eq. (8.122) can be written as

PP Hicip e ep i 4 =0 (8.123)
Table 8.2 Flutter solution of a square flat

simply supported plate in the presence of a
supersonic flow

n m —A A

1 2 14.50 31.50
1 4 18.71 4158
1 6 18.84 42.04
1 8 18.94 42.00
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where n is the order of the system. Because the matrices in Eq. (8.122) are all
real, it follows that the coefficients of Eq. (8.123) are real and are functions of the
aerodynamic parameter A and the damping factor y. Now, on the borderline of
stability, the roots p of Eq. (8.123) are real so that we can separate Eq. (8.123)
into two equations for the real and the imaginary parts to read

K" 4+ k24 4y =0 (8.124)
kN 4 ek 4 b gk =0 (8.125)

where k is real. The static divergence condition is obtained from Eq. (8.124) as
cwm =0 (8.126)

The flutter condition is then obtained by solving Egs. (8.124) and (8.125) for
k # 0, giving two equations in two unknowns, namely, the flutter velocity Vg
and the flutter frequency wr. The coefficients ¢; of Eqgs. (8.124) and (8.125) often
assume simple forms, and this will be shown in the application presented in the
sequel.

We also consider in this section the problem of aeroelasticity of plates and
shells with rectangular planform freely supported on all edges. In such cases, an
exact solution for the free vibration analysis is available. The aeroelastic stability
equation for the case at hand can be written as

[—K*[I1+ [E%] — A[A] — irgk [I1){go} = O (8.127)

where A and g are the dynamic pressure and the aerodynamic damping parameters
and the mode shape has been normalized to obtain a unit generalized mass matrix.
It can be shown by expansion that the coefficients of Egs. (8.124) and (8.125) can
be expressed as

dim rgl’
cm ~Z—( nolgle; (8.128)
where
2
j=0,2,4,... and L=% for m even
1
i=1,35 .. ad L=ﬁ—;ﬁ— for m odd
and

L @n+2i—m—j)
for j=1,2,3,...
D 5 or j

il

1 forj=0 (8.129)

The coefficients d; in Eq. (8.128) are obtained from the characteristic equation
coefficients when only in-quadrature aerodynamic loads are considered, which
have been treated in the previous section. As a numerical application, we consider
a simply supported flat square plate of dimension a, thickness A, material mass
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density p, and flexural rigidity D. The dynamic pressure parameter X and the
aerodynamic damping parameter g are given by

. 804°
Dr4(M? —1)2

_m*—2x [D
8= M2 1 vay oh

and the aeroelastic eigenvalue k is related to the flutter frequency w through the
relation

(8.130)

pha*
k= [:DNA'](UZ (8.131)

Using a four-mode solution with a half-sine wave in the cross stream direc-
tion and a number of half-sine waves equal to 1, 2, 3, and 4 in the streamwise
direction, the coefficient ¢; can be determined in terms of g and A. The flutter con-
dition can then be obtained by solving Egs. (8.124) and (8.125) simultaneously
for different values of the damping factor. Notice the simplification introduced
by the present formulation, where all the flutter velocities and flutter frequencies
are obtained directly from the solution of these two equations. Furthermore, the
present formulation can provide first the least instability, i.e., the first flutter ve-
locity, if this is the prime factor of the analysis. Figure 8.6 gives the results of
the numerical calculations performed for different values of the damping factor
g. From these curves, it can be observed that the inclusion of the aerodynamic

A

A
2 4
000 second instability
1500 |
1000 i
first instability
500 il

T T T

0.01 0.02 0.03 g’

Fig.8.6 Flutter dynamic pressure vs aerodynamic damping parameter of a flat plate.
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damping for this type of problem is always conservative. Moreover, for high val-
ues of damping, higher modes can be more critical than the first ones, even for
this simple problem, and therefore a convergence study of the solution must be
made by including more modes in the analysis when high values of aerodynamic
damping are present. Finally, it is to be observed that practical values of g2 range
between 0 and 0.03.

8.5.2 The k Methods

The aerodynamic matrix cannot always be put in the form previously given in Eq.
(8.112). In general, the aerodynamic matrix elements are complicated functions of
the reduced frequency k and the Mach number M . In such cases, iterative methods
of solution must be used. The k methods of solution are the most widely used
methods in such cases. In this section, this is briefly discussed. The equation of
aeroelastic stability in the modal base can be written as

[Tulp®+ [Blp +[v) — 3 pU?[A]]{q} = {0} (8.132)

where the aerodynamic matrix is composed, in general, of complex element func-
tions of the reduced frequency and Mach number.

In the & method of solution, an artificial structural damping igy is added to the
equation of aeroelastic stability [Eq. (8.132)] to read

[Tlp?+1Blp+ (A +ig)lv] — 3 pUAl]{g} = {0}  (8.133)

and a pure harmonic solution is sought for the system in Eq. (8.133). In such a case,
physically the only points that are correct are when the damping in the system is
zero. This gives the flutter points. Thus, for Eq. (8.133) solutions in the form

{q} = {qo}e'™” (8.134)

where w is assumed real, multiplying Eq. (8.133) by (1 + ig) and grouping terms,
we obtain

p /2 w? iw .

where the term [ 8] has been multiplied by (1+ig)'/?, which s valid only at the flut-
ter point, i.e., for g = 0, and c is the reference length used for nondimensionalizing
the reduced frequency. The problem solution then proceeds as follows:

1) For fixed given values of p, M, and k, compute the aerodynamic matrix [A].

2) Solve the eigenvalue problem, with w?/[1 + ig] regarded as the eigenvalue
of the problem.

3) For each mode used in the analysis, compute the frequency, damping, and
velocity.

4) Repeat steps 2) and 3) for different values of the reduced frequency £.

5) Numerically trace the frequency and damping vs the velocity.

6) Flutter instabilities are obtained at the points when a damping curve crosses
the zero line.

7) Static divergence instabilities are obtained at the points when a frequency
curve crosses the zero line.
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8) Repeat steps 1) to 7) for different values of Mach number.

9) Obtain a matching between the velocity and the Mach number for the flut-
tering conditions.

10) Repeat the complete algorithm for different altitudes.

The disadvantage of the & method, described above, is that no interpretation
about the system damping can be obtained because the solution is only valid for a
pure harmonic motion, i.e., at the flutter condition. On the other hand, for a given
set of k—M—p, all the modal values are obtained from a single eigenvalue solution.

8.5.3 The p—k Methods

In the p-k methods of solution, we separate the acrodynamic matrix into a real
matrix and an imaginary matrix and write the equation of aeroelastic stability in
the form

1% V2
o 1= 5 ) -2 )it

Where A and A; are the real and imaginary parts of the aerodynamic matrix; p
is the problem eigenvalue and is considered complex. The problem solution then
proceeds as follows:

1) For fixed given values of p, begin the calculation for a fixed value of a velocity
V and therefore a Mach number M.

2) Assume for the first mode a root p; = §; + ik;.

3) Compute the aerodynamic matrix for this k; value.

4) Solve the eigenvalue problem and obtain the computed first root as p; =
8 + iky.

5) Repeat steps 3) and 4) until a desired accuracy is achieved.

7) Repeat this process for all the modes.

8) Repeat the algorithm for all the required velocities.

The great advantage of the method resides in the fact that the damping calculated
is a true damping value and can be used for comparison with experimental values.
Furthermore, the matching of velocity and Mach number is avoided. The big
disadvantage of the method is that it is a time-consuming process due to the
lengthy iterations required.

8.6 Applications

8.6.1 Flutter Analysis of a 15-deg Swept-Wing Model

We consider the 15-deg swept untapered wing model previously analyzed in
Chapter 3 for free vibration. This wing model has been tested in the tunnel, and
the experimental results are given in Ref. 32.

For the aeroelastic analysis of this model, we use the doublet lattice method
and a regular mesh of 4 elements chordwise and 10 elements spanwise. The first
three modes obtained in Chapter 3 are used in the aeroelastic analysis. These
mode shapes are surface splinned to produce modal deflections and slopes at the
3/4 points of the elements of the doublet lattice model. The analysis is performed
using a Mach number equal to 0.45. The k£ method of solution is used for the
aeroelastic problem solution. The results of the analysis in terms of frequency
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Fig. 8.7 Theoretical aeroelastic analysis for a 15-deg swept-wing model using the
doublet lattice and £ method of solution.

and damping vs the velocity are given in Fig. 8.7. From this figure, we obtain the
calculated flutter velocity as 6400 in./s, and the corresponding flutter frequency is
120 Hz. The corresponding measured values of Ref. 32 are 6100 in./s and 121 Hz,
respectively. From these results, it can be concluded that good agreement has been
achieved between measured and calculated values.

8.6.2 Hypersonic Flutter of a Cantilever Wing

As a second example, we consider the hypersonic flutter of the cantilever wing
studied in Ref. 33 and reported in Ref. 5. The same example has been analyzed
in detail in Refs. 29 and 31 using the direct methods of solution given in these
references. The results of these analyses are summarized in the following. All the
analyses have been performed for the first three modes of free vibration, namely the
first bending, the first torsion, and the first chordwise modes, based on experimental
measurements of these. Aerodynamic piston theory was used in all the analyses.
As was given in Ref. 29, we first omit the aerodynamic damping from the analysis,
and, using the data of Ref. 5, we write the equations of aeroelastic stability as

[ulI]+ v+ AlAlg} =0 (8.137)
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where
i = —(w/w)’
Vi = @} /w;
A = (U/bwy)
and

0 —0.0425 —0.00668625
[A]=]|0 —0.0075 —0.05517185 (8.138)
0 0 ~0.01125

The frequencies are nondimensionalized for the torsional natural frequency w;,
and other notations are as defined before. The analysis reported in Ref. 33 was
done for several values of the chordwise frequency ratio Ay = w3 /w,. Examining
the aerodynamic matrix [A] given in Eq. (8.138), we conclude that, based on the
frequency coalescence theory, no flutter can take place for these data because there
is no aerodynamic coupling among the modes. Only static divergence can occur,
and these conditions of static divergence can be obtained by solving the following
individual equations for p = 0:

—pu+02195=0
—u+1-0.0075A =0 (8.139)
—p+ A2 —0.01125A =0

From the first equation, we conclude that the bending mode has no contribution
to static divergence. From the second and the third equations, we obtain the values
of the static divergence for the torsion and chordwise modes, and we observe that
they act individually. These results obtained in Ref. 29 coincide with those of Ref.
5 using the solution of the eigenvalue problem. Now, if we consider the damping
effect, but omit the damping due to curvature, we will have to add to the system
of Eq. (8.137) the following imaginary term:

{90} (8.140)

S = O
- o O

1
[A;] = 0.03125i(Ap)? | O
0

Again, no flutter condition can take place because there is no aerodynamic
coupling among the modes. Only static divergence can happen, and the effect of
such damping when present alone is merely a frequency shift. Now, if the damping
due to curvature is considered, the following imaginary term is further added to
the equation of aeroelastic stability:

1 0.00339 0
[Ay] =i(Ap)? | 0.00509 0  0.001974 | {go} (8.141)
0 0.0065 0
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Now we have aerodynamic coupling between modes 1 and 2 and modes 2 and 3.
These are the types of flutter reported in Ref. 5 and can be explained only through
the damping due to curvature.

For the first type of flutter (bending—torsion), this is a mild type of flutter, i.e.,
the damping curve crosses the zero line twice, or even decreases, then increases
again without crossing the zero line, depending on the value of A3 used in the
analysis. This type of flutter is typical of secondary effects and can be attributed
to damping due to curvature.

The second mode of flutter is a violent one due to the coupling between the
torsion and chordwise modes. This type of flutter cannot be explained only due to
the inclusion of the damping effect due to curvature. Now, if we examine the mode
shapes of Ref. 5, we observe that the chordwise mode has been approximated by
a mode with two nodal lines that run parallel to the leading edge. This was done
to preserve orthogonality and approximate measured values. It is known that the
first chordwise mode (two nodes in the chordwise direction) of a cantilever ho-
mogeneous square plate does not have such nodal lines. The nodal lines of this
mode approach the leading and trailing edges at the root and leave these edges
while moving spanwise. Furthermore, exact symmetry of nodal lines in relation
to midchord position is preserved only if the plate is theoretically homogeneous.
The measured values of the frequencies of Ref. 33 reveal that the plate was not
homogeneous; its chordwise frequency is much less than that theoretically pre-
dicted for a square plate; it approaches the value of a plate with an aspect ratio
of 1:2. To examine whether this mode is prone to flutter when coupling with the
torsion mode, small disturbances in the aerodynamic stiffness matrix were made in
Ref. 29. These disturbances were done by introducing to the aerodynamic stiffness
matrix a value for the element (3,2) equal to a negative percentage of the element
(2,3). The percentage used in Ref. 29 ranged from 1 to 20%. Notice that a 10%
disturbance would be equivalent to moving the nodal lines only 1% in a forward
chordwise position and introducing an assymmetry of 5% to the deflection of the
trailing edge in relation to the leading edge. This disturbance has a much smaller
effect on the frequency and mode shape than those revealed in the measurements
of Ref. 33. The results of the analysis of Ref. 29 using these disturbances showed
that the violent flutter type of that model was then evident even for a value of
disturbance of 1% without the inclusion of any damping in the analysis.

This classical example has been analyzed in Ref. 29 in detail to show the impor-
tance in the accuracy in the mode shapes, especially if these are measured values,
when used in flutter analyses, and to show the adequacy of the mode coalescence
theory to predict the violent types of flutter when present. All the analyses of
Ref. 29 were made using the p method and the direct method previously given in
Section 8.5.1. The pioneering and now classical work of Ref. 33, made well be-
fore the advent of high computational devices, was performed using the classical &
method of flutter analysis. In Ref. 31, the same example using the direct p method
of analysis, including the damping effect, was reexamined. The main purpose of
this reexamination was to show that the traditional V—g—w plots using the k or p—k
methods can miss some mild mode instabilities since the solution is made at discrete
values of reduced frequencies or velocities. In Ref. 31, the analysis was made for a
value of As (the ratio of the chordwise to torsion frequency) equal to 1.833. From
this analysis, it was shown that the problem presents two critical modes, the first
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one being a mild bending~torsion flutter mode, while the second presents a violent
torsion—chordwise flutter mode. The analysis of Ref. 31 shows that the first insta-
bility occurs for the mild mode at a value of the velocity parameter U /bw, =9.72
and a flutter frequency ratio of @/w; = 0.7058. This mode becomes stable again at
a value of U /bw, = 12.92 and a flutter frequency ratio of w/w> = 0.643. The sec-
ond mode becomes unstable at a value of U/bw, = 12.97 and a flutter frequency
ratio of w/w, = 1.273. The analysis of Ref. 33 made for discrete values of reduced
frequency jumps the first instability and detects only the second one.

8.7 Optimization to Satisfy Flutter Requirements

Optimal design programs to satisfy strength requirements are now well devel-
oped and are commonly applied in the aerospace industry for preliminary structural
design. Advances made during the last three decades in finite element structural
dynamic analysis, nonstationary aerodynamics, and research provide useful and
systematic optimization algorithms, provided the necessary means to apply the
structural optimization process to satisfy flutter requirements. In this section, a
brief account of the main achievements made in optimization techniques to satisfy
flutter requirements are given.

The first reported results of aeroelastic optimization of lifting surfaces using
variational methods were made by Turner,> and an application to a semi-infinite
flat sandwich panel to satisfy supersonic flutter requirements subject to a minimum
weight constraint was studied using the finite element method. In 1971, comput-
erized preliminary design programs with flutter considerations were developed
and reported in Refs. 35 and 36. Rudsill and Bhatia®’ developed search procedure
techniques using gradient methods for flutter optimization. Later, they used the
second partial derivatives of the eigenvalues of the flutter equation with respect to
the structural parameter to develop expressions for the step size in a projected gra-
dient search algorithm.3® Applications were made to minimize the mass of a box
beam that supports a lifting surface. Pierson® in 1972 presented a survey on opti-
mal structural design under dynamic constraints. Weisshaar*® presented a solution
for a least weight skin thickness distribution of a one-dimensional flutter problem
in supersonic flow. Simodynes*' presented an optimization method by updating
the gradient total weight of the structural components restrained to a fixed flutter
speed. Gwin and Taylor*? presented an optimization algorithm using the feasible
directions method together with an efficient numerical procedure for the calcula-
tion of the gradient vectors for flutter optimization. Pines and Newman** used the
finite element method and the quasistatic acrodynamic theory for the analysis part
of a weight minimization variational method for flutter constraint velocity. Opti-
mization applications to complex aeronautical structures to satisfy static, dynamic,
and aeroelastic requirements were studied by Rao.** Numerous research papers
and doctoral dissertations were generated during the 1970s at Stanford University
in California under the supervision of Professor H. Ashley (see Refs. 45, 46, and
47) in the area of structural optimization with complex constraints such as flutter
and dynamic response. A historical review on advances made in optimization for
strength and aeroelastic requirements up to 1977 was given in Ref. 48. Librescu
and Beiner® in 1986 presented a review paper on weight minimization of panels
subjected to flutter speed constraints.
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Optimal design of large-scale realistic stuctures with aeroelastic constraints are
characterized by an increase in the analysis part requirements compared with static
constraints. The methods proposed in Refs. 29 and 31 present an attempt to reduce
the effort spent in the aeroelastic problem solution and can be used efficiently in
acroelastic optimal design programs.
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Aeroelasticity of Plates and Shells

9.1 Introduction

The problem of aeroelasticity of plates and shells was recognized to be an im-
portant aspect of the design of high-speed vehicles when Jordan' observed that
a number of the early V-2 rocket failures were due to flutter of their panels. Since
then, extensive analytical and experimental research on the subject has been per-
formed. In the 1970s, two books*?* devoted entirely to the subject were published.
Several survey and review papers on the subject are available*~® in which the the-
oretical aspects and developments attained in the field were presented. Since the
1950s and until recently, current aeroelastic analyses have normally been made in
a modal base, using measured frequencies and mode shapes, or based on approxi-
mate calculations of these. The finite element method can be used to predict more
accurate calculations of frequencies and mode shapes needed for the aeroelasticity
modal analysis. On the other hand, the method can be applied directly to some
aeroelastic problems, avoiding thus the modal representation. One of the fields of
aeroclasticity where this application can be performed directly is the aeroelasticity
of plates and shells.

9.2 Flat Plates

Consider a thin isotropic rectangular flat plate of dimensions a and b and uniform
thickness # mounted on rigid wall as shown in Fig. 9.1. The plate is subjected to
an initial state of membrane direct and shear stresses as shown in Fig. 9.1.

The upper surface of the plate is exposed to a high supersonic airflow at zero
angle of attack and parallel to its side edges. Beneath the plate, still air is present.
In the presence of some disturbances, the plate can start to perform a perturbed
motion with transverse deflection w(x, y, t). We are interested in the study of the
stability of the plate due to such motion. We further assume that initial in-plane
stresses have not reached their critical buckling values, and we limit our analysis
to the linear case. The theoretical formulation of the problem can be performed
employing an energy approach using Hamilton’s principle. The related principle
for the problem at hand can be stated as

I 151

/ 6(T—U—U,~)dt+/ sWdt =0 ©.1)
Iy 1]

where T is the kinetic energy, U is the bending strain energy due to small de-

formations, U; is the strain energy due to prestress, W is the work done by the
external acrodynamic load, ¢ is the time, and § is the variational operator. The

229
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Fig. 9.1 Flat rectangular panel subjected to a state of initial membrane stresses in
the presence of a supersonic flow.

kinetic energy T, neglecting in-plane and rotary inertia, reads

T—lf L 2dA (9.2)
=2/, 5 '

where p,, is the plate material density. The bending strain energy U, due to small
deformations for isotropic thin plates, can be expressed as

_ / ’ (32"’ 2+2 Pw dhw oy (L Taa
N ax2 dy? Bx2 3y2 dxdy

(9.3)

where D = Eh*/12(1 — v?) is the plate flexural rigidity, v is Poisson’s ratio, and
E is Young’s modulus. The strain energy due to the initial membrane state of stress
was treated in Chapter 4 Eq. (4.71) and reads

1 dw\? w2 Jw sw
U = 3 /A [Nxx (5}—) + Nyy <§> + 2Ny — Py ]dA 9.4)

Using a first-order high Mach number approximation to the linear potential flow
theory,?3 the work done by external aerodynamic forces reads

20 (. dw  M*—2 dw
w=- [ Z(vXZ dA 9.5
/Av,8< 8x+M2—18)w ®-3)

where Q = pV?/2 and is the free stream dynamic pressure, 8 = (M2 —1)1/2, V is
the free stream velocity, M is the free stream Mach number, and p is the free stream
air density. For sufficiently high Mach number, Eq. (9.5) can be approximated by

—_ [ (*Qdw 20 3w
= /(M ER 3t>wdA (9.6)
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The expression of the aerodynamic load given in Eq. (9.5) is known in the
literature as the quasisteady case. Furthermore, if the aerodynamic damping, i.e.,
the term proportional to the velocity in Eq. (9.6) is neglected, we get the quasistatic

Ackeret’s expression
2 d
W=-/—Q Y wda ©.7)
A M ox

We notice that the loading in Eq. (9.7) is assumed to be that resulting from a flow
over a stationary surface with the shape the same as that of the deflected plate at that
instant of time. Substituting Egs. (9.2), (9.3), and (9.7) into Hamilton’s principle,
integrating the kinetic energy by parts, applying the conditions of vanishing of the
variations at ¢ = #, and ¢ = #;, and minimizing with respect to the field variable
w, we obtain the Euler-Lagrange equation governing the problem for the case of
no initial stress and using the quasistatic acrodynamic theory as

*w 3w 3*w 9w 20 dw
D —+4+2 ——— 4+ — h—Ft ———— =0 9.8
[Gx“ + dx29y? * 8y4J  om ar? * [M2—1]3 8x ©8)
The variation operation gives the forced boundary conditions as
b
w=0 %: onx =0andonx =aq
aZ; 9.9)
w=0 — =0 ony=0andony=16
dy
and the natural or free boundary conditions as
D 3w +201 ) Pw 0 0 D 9w n 92w M 0
—_— — Vv = x = —— V—— = =
ax3 dxdy? ax? ay? *
onx=0andon x =a (9.10a)
and
3w w 8w 3w
Dl —+2(1 - =0,=90 D|— — | =M, =0
|:8y3 T2 =) ayaxJ 9 [ay2 Y 8x2} )
ony=0andony=2»% (9.10b)

For the four-edges simply supported case, a closed-form solution of the differ-
ential [Eq. (9.8)] can be obtained using the method of separation of variables and
assuming solutions in the form of half-sine waves in the cross stream direction.
Thus, write w as

w(x, y, 1) = W(x)sin[nmy/ble” (9.11)
and substituting Eq. (9.11) into Eq. (9.8), we obtain

d‘w nr\*&W  [nm\* 20 dW
Dl — 2= ) —+(—=] W whw? — =
lidx“ (b) dx? +<b> o hwW+(M2_1]% dx 0

(9.12)
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and the boundary conditions read
W)= W) =W(0)=Wa)=0 (9.13)

Equation (9.12) and the boundary conditions in Eq. (9.13) can be put in a
nondimensionalized form through introduction of the variable £ = x/a, and we

obtain

d*w d*w dw

—_— —+A—+BW =0 9.14

iz + g2 + T + ( )
and

WOy =W =W =W({1)=0 (9.15)
where

A = =2n*n%[a/b)?

B = k> + n*n*[a/b]*

1 (9.16)

A =2Qa’/D[M? — 1]z
k* = [pmha®/ D] *

Equation (9.14) represents a parametric eigenvalue problem with B considered
as the eigenvalue and A being the parameter of the problem. Thus, writing solutions
in the form

W(E) = Wye?* 9.17)
we obtain the characteristic equation of the problem as
p*+Ap*+ip+B=0 (9.18)

Now, because A is a real positive quantity and A is a real negative quantity, it can
be shown that the roots of Eq. (9.18) can be written in the form

p2=—e+xd pra=¢etic 9.19)
where
d* = [r/4e] — [e* + A/2]
¢ =[r/4e) + [ + A/2] (9.20)
B = —[Ar/d4e]® + [26% + A/2]?

Using the boundary conditions in Eq. (9.15), we obtain

I 1 1 1 W, 0
pt P K p Woz 0
= ©.21)
epl epZ 8173 ep4 W03 O
0

2 2,p 2,p 2,p
plepl pzeIZ p3el3 p4e[4 W04
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Fig. 9.2 Stability boundary.

For a nontrivial solution, the determinant in Eq. (9.21) must be equal to zero, and
we get

[(c? 4+ d?) + 48%(c? — d*)]sincsinhd — 8¢%cd [coshd cosc — cosh2e] =0
9.22)

The solution of the problem will proceed as follows: for given values of A and
A, we vary ¢ until Eq. (9.22) is satisfied; having obtained &, the value of B is
then determined from the third relation in Eq. (9.20). The results are drawn in
the A — B plane as schematically shown in Fig. 9.2. When A =0, the values of B
are proportional to the squares of the free vibration frequencies of the plate; with
the increase of A, the values of the frequencies change until reaching a value of
Ao Where two modes coalesce. Increasing further A, a pair of complex conjugate
eigenvalues is obtained, and in view of Eq. (9.11) an unstable motion is obtained.
The value of A, will thus determine the borderline of the stability. A plotof &, vs
A = A/n? is shown in Fig. 9.3. For the case when the two side edges are simply
supported and the trailing and leading edges have any other boundary conditions, an
analytical solution can be obtained in a similar manner. Other boundary conditions
do not have analytical solutions, and the problem must be solved using numerical
methods.

9.2.1 Rayleigh-Ritz Solution
In the Rayleigh—Ritz method, we write approximate solutions in the form

W(xvyvt)zd)m(x‘y)Qm(l) m=l,2,3,... (923)

where ¢,,(x, y) are arbitrary functions that satisfy the geometric boundary condi-
tions of the field variable w and ¢,,(¢) are the generalized coordinates.

Substituting the approximate solutions in Eq. (9.23) into Hamilton’s principle
and minimizing with respect to the generalized coordinates ¢,,(f), we obtain the
following matrix equation

[MHq"} + [KNq} + A[Al{g} = {0} (9.24)
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Fig. 9.3 Analytical exact solution of A\, for four-edges-simply-supported flat rectan-
gular panels where A = A/n? = —2n*[a /b1, \* = 2qa® /DIM? — 1}'/2,

where the elements of the matrices in Eq. (9.24) are given by

M., =/pmh¢m¢n dxdy
A

K =fD 3P 02y | 3’y 070, v82¢m 3y
e 9x? 9x? ayz dy? 0x2 3y?

pm %0, %P 9%¢n
2(1 — dxd 9.25
t ay? 9x? 21 =) dxdy 8x8yi| ey 9:25)
a
Apy = / P i dxdy
A ox
%
(M2 — 1]z

The matrices [M], [ K], and [A] are called the mass, the stiffness, and the aerody-
namic matrices, respectively. Furthermore, as has been demonstrated in Chapter 3,
the stiffness and mass matrices are diagonal matrices if the trial functions ¢,
are taken as the natural mode shapes of free vibration. The system in Eq. (9.24)
assumes solutions in the form

{q} = {g0} e” (9.26)

Substituting Eq. (9.26) into Eq. (9.24), we obtain the following parametric eigen-
value problem

[[K +AA] + &’ [M1] {0} = {0} 9.27)

where w? is the eigenvalue and A is the parameter of the problem. When A = 0, »?
are real negative values and correspond to the negative squares of the natural free
vibration frequencies of the plate. With the increase of A, some pairs of the eigen-
values coalesce and become complex conjugates. The first coalescence determines
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the borderline of the stability as stated before. As an application, we consider the
case of a four-edges-rectangular simply supported plate, and we assume solutions

in the form
mwx i

sin ) mon=1,2,3, ... (9.28)
a b
which satisfy the geometric boundary conditions. Furthermore, as shown in
Chapter 3, they are the mode shapes of free vibration. Using these trial functions

in Eq. (9.25), we obtain

[[qu.rs] + )"[qu,rs] + w2[Mpq,r.\‘]] {gors} = {0} p.qg.rns=123, ...
9.29)

Pmn = sin

where
M,y s = [phabl/4 p=r q=s
Mpgrs =0 pPFr q#s

Dr* ab a2 ?
[2+q2(5)] p=r g=s  (930)

Koor =27
Kpgrs =0 pFEFr gF#s
bpr
(p?—r3
Apgrs =0 otherwise

Apgrs = g=s p+r odd

Thus, we can write Eq. (9.29) as
4)*
[kzm +11P* +¢°@/b’ Pl + —lal + wZ[M,,(,.MJ}

x{qors} =10}  p.g,r,s=1,2,3, ... (9.31)
with
Qpgrs = pr/lP?+p1  qg=s p+r odd
=0 otherwise
= [pnhw?a*l/[ D" 9.32)
A* = 2ga®/DIM?* — 1]z

As an application, we consider a two-mode approximation with n=1 and
m=1,2. Usmg Eq. (9.31), we obtain

[1+(a/b)"P 0
0 [4+ (a/byT
4 0 =2/3 au{ 0
+ - [2/3 0 :H {6]12}—{0} (9.33)
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Expanding the determinant, we obtain

64
k“+(a+ﬂ)k2+aﬁ+ﬁx2=o (9.34)
where
a=[1+@a/by’)  B=I[4+(a/b)V (9.35)
Solving Eq. (9.34), we get
2, _le+8l] [ — BIT° 6412
k2 = > j:\/[ > ] o (9.36)

Examining Eq. (9.36), we observe that, when [a — B1?/4 > 641*2/978, the
motion is stable since the roots are negative real values; when [o — B]?/4 <
641*2 /978, the motion is unstable because one of the roots will have a positive
real exponential. On the borderline of stability, we have

9t al?
TS [5 + 2[5} } 9.37)

The results obtained using a two-mode approximation are given in Table 9.1
and are compared with the closed-form solution of the previous section. Taking
now a four-mode approximation with n = 1 and m = 1, 2, 3, 4, we obtain

[+ P
[4 + ul?
K21+
L] [9+ ul?
(25 + u)? |
“ 0 -2/3 0 —4/15 an 0
441 2/3 0 -6/5 0 qa| _]O 9.38
T o 6/5 0 —12/7 g [ =)0 ©-38)
415 0 1277 0 94 0

where = [a/b]?. The results obtained using a four-mode approximation are
given in Table 9.1 and are compared with the previous solutions. From the results
obtained, it can be concluded that the four-mode approximation is almost identical
with the closed-form solution, showing the rapid convergence of the Rayleigh-Ritz
solution for this kind of problem. Furthermore, it can be observed that the Rayleigh—
Ritz solution is always less than the closed-form solution, i.e., the Rayleigh—Ritz
solution is a conservative solution, and this can be always proven for this kind of
problem, based on energy considerations.

9.2.2 Galerkin Solution

The Galerkin method is one of the weight residual techniques of obtaining
approximate solutions of boundary value problems. In the Galerkin method, the
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Table 9.1 )7 for simply supported rectangular plates

Closed-form Two-mode Four-mode
2(a/b)* solution R-R solution  R-R solution
0 343.34 273.96 340.00
1 426.01 328.76 421.40
2 512.65 383.55 505.10
3 603.06 438.34 591.60
4 697.10 493.13 680.25
5 794.59 547.93 770.80
6 895.42 602.72 862.69
7 999.48 657.51 955.59
8 1106.64 712.30 1049.18
9 1216.83 767.10 1143.16
10 1329.94 821.89 1237.29

weighting functions are taken as trial functions themselves. The advantage of the
weight residual methods over the Rayleigh—Ritz variational method is that they
work directly on the differential equations governing the problem without a need to
find a variational principle. However, the admissible functions must satisfy all the
boundary conditions, while in the variational methods only the forced boundary
conditions need be satisfied. Taking solutions in the form

Wx,y,8) = on(x, Y)gm(t) m=1,2,3, ... (9.39)

where ¢,,(x, y) are arbitrary functions that satisfy all the boundary conditions of
the differential equation governing the problem and g,,() are the generalized co-
ordinates. Substituting the approximate solutions to Eq. (9.39) into the differential
[Eg. (9.12)], multiplying by the trial functions, and integrating over the domain,
the following matrix equation is obtained

[M){q"} + [K{g} + A[Al{g} = {0} (9:40)

where the elements of the matrices in Eq. (9.40) are given by

My =/pmh¢m¢n dxdy
A

3¢y ey | ',
Kmn —/;D [¢m[ 8)(4 +28x28y2 + 3)74 } dxdy

3,
A = / on 2% 4y 9.41)
A ox
2

q

A= —
(M2 — 1}
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As an application, we consider again the case of a four-edges-rectangular simply
supported plate, and we assume solutions in the form
i sin% man=1273, ... (9.42)
which satisfy all the boundary conditions. Substituting the approximate solutions
to Eq. (9.42) into the differential [Eq. (9.12)] and applying the Galerkin method,
the same numerical results are obtained as in the Rayleigh—Ritz solution of the
previous section. The solution of the stability problem proceeds in the same manner
as previously given. It is to be observed that, once a variational principle exists
and the same trial functions are used in both the Rayleigh—Ritz method and the
Galerkin method, the same numerical solutions are obtained in both solutions.

. mm
Gmn = Sin

9.2.3 Finite Element Method Solution

Dividing the plate into finite elements and writing within each element expres-
stons for w in the form

w = [N1{g*) (9.43)

where {g¢} is the vector of the nodal degrees of freedom and [N] is the matrix
of the interpolation functions, substituting Eq. (9.43) into Hamilton’s principle,
and minimizing the functional, we obtain for each element the following matrix
equation

(kUa®) + [m*Hg™} + g[ailtg”) + A[as]{q°} = {0) ©.44)
where
g =20(M*~2)/V(M* - 1)i (9.45)
which is called the aerodynamic damping parameter and
A=20/(M* 1)z (9.46)

which is the dynamic pressure parameter. In Eq. (9.44), [k°] and {m*] are the ele-
ment stiffness and mass matrices, and [a{] and [a3] will be called the aecrodynamic
damping and the aerodynamic stiffness matrices, respectively, and are given by

[a{] = f [NT"[N1dA (9.47)
A
and
[a5] = f (N[N, ]1dA (9.48)
A

We notice that the acrodynamic damping matrix is proportional to the mass
matrix and can be written as

[4{] = 1m)/ o (9.49)

where p,, is the material mass density. Furthermore, the aerodynamic stiffness
matrix [a5] is nonsymmetric due to the nonconservative nature of the aerodynamic
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loading. For the entire structure, using the standard assembly technique of the finite
element method and applying the appropriate boundary conditions, we can write
for the whole structure the following matrix equation

[KH{q} + [M1{g"} + glA}g"} + A[A2l{g} = (0} (9-50)

where [K], [M], [A{], and [A;] are the system stiffness, mass, aerodynamic damp-
ing, and aerodynamic stiffness matrices and {g} is the vector of the nodal degree
of freedom of the system. The system in Eq. (9.50) assumes solutions in the form

{q} = ¢ {qo0} 9.51)
Substituting Eq. (9.51) into Eq. (9.50), we obtain
[[K1+ &’ [M] + gwlA] + A A2]]{g0} = {0} (9.52)

Again, when A = Oand thus g = 0, »? are real negative values and correspond to
the squares of the natural free vibration frequencies of the plate. If the aerodynamic
damping is neglected, we can write Eq. (9.52) as

[([K1] — «[M]] {g0} = (O} (9.53)

where [K1] =[K]+ A[A2] and @ = —w?. The matrix [K,] is real but is no more
symmetrical due to the aerodynamic contribution. With the increase of the dy-
namic pressure parameter A, the values of the frequencies change until a value
of A, is reached where two modes coalesce. Increasing further A, a pair of com-
plex conjugate frequencies is obtained, and in view of Eq. (9.51) an unstable
motion is obtained. The first attempt to apply the finite element method to the
supersonic flutter of panels was made by Olson.” The investigation was made for
two-dimensional plates, i.e., infinite span, using wide beam elements. Accurate
results were obtained compared to the analytical solution,? as shown in Table 9.2.
Later, Olson'? extended the application to three-dimensional plates (finite plates),
using the 12-degree-of-freedom and 16-degree-of-freedom plate bending rectan-
gular elements. Again, successful results were obtained (see Table 9.3). Explicit
numerical values for the aerodynamic matrices were given for the two rectangular
elements; however, for the 16-degree-of-freedom element, such matrices are more
concisely written using the development of Ref. 11. This formulation is summa-
rized below. For plate problems, using a finite element solution to have conver-
gence, we must have C' continuity at the element interfaces. Rectangular elements
possessing such properties can be derived using first-order Hermitian polynomials
with the following degrees of freedom at the elementcorners: w, w ¢, w,y,and w xy.

Table 9.2 Values of A}, = A-a® /D for two-dimensional
simply supported plates

FEM’ Exact

Aer 454 399 341 342 343
No. of elem. 1 2 3 4 _
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Table 9.3 Values of A% = A,a?/D for simply supported flat
square plates; the exact analytical solution?® is 512.22

Rect. Rect. Parallelo-  Comp. Rect.
12DOF 16 DOF  grammic Elem. 16 DOF
Mesh (Ref.10) (Ref.10) (Ref.12) (Ref.13) (Ref.14)

2x2 506 553 o 517.2 e
3x3 430 501

4x4 463 509 — 509.7 508
5x5 e e 518.22 —_— —_—
6x6 489 511.78 e 512.2 —_—

Thus, for arectangular flat plate element, we can write for the field variable w(x, y)
an expression in the form

2 2
w(x, y) =Y Y Hoi(x)Hoj(y)wij + Hii(x)Hoj (0w, + Hoi(x) Hi; (0w,
i=1 j=t

+ Hli(x)Hlj(y)w.xy,-j (954)

where the nodal points are designated by i, j as shown in Fig. 9.4. The first-order
Hermitian polynomials H;;(x) are given by

Hoi(§) = 8% — 382+ 1)
Hpy(§) = (—28° + 382)

Hi (&) = a(£® - 28 + &)
Hiy(E) = a(t® — &%)

where & =x/a. The first-order Hermitian polynomials H;;(y) are obtained by
replacing £ by » and a by b in Eq. (9.55) with n = y/b. The plate dimensions are
a and b as shown in Fig. 9.4. Substituting Eq. (9.54) into Hamilton’s principle,

(9.55)

A
y

@ (1.2 22 © T
O (1) e | @ l

Fig. 9.4 Nodal points notation for the rectangular 16-degree-of-freedom plate bend-
ing element.
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integrating, and maximizing, the elements of the stiffness matrix read
kij = D[k + ki + vk’ + 21 — vk (9.56)
where

ks.) = R1,(n;, nj)R24(m;, m;)

kP = R24(ni, nj)R1p(m;, m;)
9.57)
kg) = Sla(ni, n;)Sp(mj, mp) + Sla(nj, n;)S1p(m;, mj)

kg.‘) = R3,(n;, n;)R3,(m;, m;)

The {m} and {n} are index vectors and are given by
{n} = (1313;1313;2424;2424)" {m) = (1133;2244;2244;1133)T  (9.58)

The matrices in Eq. (9.57) are (4 x 4) matrices and read

12 12 6 6 7
peli S R
12 6 6
_ PE a2 a2
R1l, = 4 )
a a
4
sym -

L a |

[ 13a  9a 11a? 13a2 ]

35 70 210 420

13¢ 1342 —114°2
35 420 210
k2, = 3 3
a a

105 140
sym @

i y 105
(9.59)

6 6 1 17
Sa 5a 10 10
6 1 1
R3, = Sa 10 10
2a a
15 30
m 2a
S ——

L Y 5
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[ 6 6 1 17

"5¢ 54 10 10
6 6 1 1
5¢ Sa 10 10
11 1 2a a

10 10 15 30

1 11 a 2a

L7100 10 30 15

To obtain the b matrices, a is replaced by b in the matrices given in Eq. (9.59).
The elements of the mass matrix read

[mi ;] = pt{R2,(n;, n U R2p(m;, m )] Lj=1,2,...,16 (9.60)

s,

The elements of the aerodynamic matrices are given by

ay,; = R2,(n;, nj)R2p(m;, m;)

(9.61)
ay,; = S2u(ni, nj)R2p(m;, m )
where [S2] is given by
-1/2 -1/2  —af10 4a/10
(52,] = 1/2 1/2 a/10 —a/10 ©.62)

a/10 —a/10 0 a*/60
~a/10 a/l0  -a?/60 0

The standard assembly technique of the finite element method is then applied
to obtain the system matrix equations. The stability problem is solved in the
same way as previously mentioned. Several investigators analyzed the problem
using various finite element formulations. Kari-Appa and Somashekar’ used a
12-degree-of-freedom rectangular element and then extended their work to the
case of skew panels'® and included the effect of prestress and flow yawing'? using
parallelogrammic elements. Sander et al.'* used a purely conforming compound
quadrilateral element and considered the effect of initial prestress and the flow
yawing in their analysis. Rosettos and Tong'? used a hybrid rectangular element
in the formulation of the problem; however, the flutter solution was made using
the modal superposition technique. Ref. 14 treats the case of coupled plates using
the finite element method. Some of the results obtained are reported in Table 9.3,
for the case of simply supported square plates, using different finite element for-
mulation in the analysis. The review paper of Ref. 8 contains more details on the
application of the finite element method to the supersonic flutter of flat plates.

9.3 Effect of Prestress

We now proceed to study the effect of the initial prestress on the stability bound-
aries. The effect of in-plane stresses is particularly significant for the panels studied
because they are in-plane, stress-resistant elements of aircraft or missiles. It will
be assumed that the panel has reached a state of equilibrium due to the presence of
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the initial stresses, and the stability of the system will be examined at this position.
It is also assumed that the plate has not reached a buckled state. For the case at
hand, the equation of motion [Eq. (9.8)] reads

3w *w *w 9%w 20 dw 8w
Dl— 42— + — hee f —— N~
{aﬁ dx2dy? + 8y4] tomhga T [M2 —1]3 0x * 9x2
32 3?
—Nyoo — 2Ny ——— =0 (9.63)
ay? dxdy

and the boundary conditions are the same as given in Eq. (9.9). In the absence of
initial in-plane shearing loads and for simply supported end conditions, a closed-
form solution of the equation of motion [Eq. (9.63)] can be obtained by writing a
solution in the form

w(x, y, 1) = W(x)sinfnwy/ble” (9.64)
Substituting Eq. (9.64) into Eq. (9.63), we obtain

d*w 2dtw 4 2 aw
D[——2(E> +(ﬂ) W+ puhotw + —2 ¥

dx? b dx? b [M2—1]7 dx
d*w nm\?
~ N - M(T) W=0 (9.65)

and the boundary conditions read
W(0) = W(a) = W) = W(a)=0 (9.66)

Equation (9.65) and the boundary conditions in Eq. (9.66) can be put in a nondi-
mensionalized form through the introduction of the variable £ = x/a and we

obtain

d*w d*w dw

—t Ae— 4+ A —— 4+ BW =0 .

d§4+ d§2+ d§+ W (9.67)
and

WO =W =WwWO)=wW1)=0 (9.68)
where

A = =2n’7*a/b)? — Nya*/D

B = k% + n*z*la/b]* + n*n%{a/b)*Nya*/ D
(9.69)
A =2Qd%/D[M? - 1]2

k> = [pwha*/ D] w?

Comparing Eq. (9.67) with Eq. (9.14), we can make the following conclusions.
1) The solution of the problem will be obtained in exactly the same manner as
previously given for the case of no initial prestress.
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2) The cross stream, in-plane initial prestress N, has no effect on the flutter
boundary; in linear unbuckled flat plates, its only effect is a frequency shift, as can
be observed from the parameter B in Eq. (9.69).

3) The same graph for 1., against A is obtained as given in Fig. 9.3; however,
A is taken now as A = —2n%(a/b)> — Nya?/Dn? and the stabilizing effect of N,
in tension and its destabilizing effect in compression is thus evident.

Other conclusions of the effect of the initial prestress on the flutter boundary
will be discussed in the sequel, and we proceed now to obtain numerical solutions
for the general case since the closed-form exact solution exists only for the simply
supported case and in the absence of in-plane shear as stated before.

Again, in the Rayleigh—Ritz method, we write approximate solutions in the form

Wx,y, 1) = @nlx, y)gm(t) m=1,23,... 9.70)

where ¢,,(x, y) are arbitrary functions that satisfy the geometric boundary condi-
tions of the field variable w and g,,(#) are the generalized coordinates. Substituting
the approximate solutions to Eq. (9.70) into Hamilton’s principle and minimizing
with respect to the generalized coordinates ¢,,(¢), we obtain the following matrix
equation

[M]{q”} + [K + NxKNx + NyKNy + nyKny]{q} + )"[A]{q} = {O} (971)

where [M], [K1, [A], and A are as given in Eq. (9.25), and the elements of the
initial stress matrices are given by

A, 0
KN =f ﬂ O dxdy
A

dx 0Ox
3y, 9
Ky, = / 3m 3 4, ay (9.72)
a4 Oy 8y

0¢m 0¢n  IPm 3Py
Knym,.=/_(?'" ¢ +’£— ¢ dxdy

A O0x ay dy odx

As an application, we consider the case of a four-edges-rectangular simply
supported plate, and we assume solutions in the form

ad sinf%y- mon=1,273, ... 9.73)

. mm
Gmn = sin

which satisfy the geometric boundary conditions. Using these trial functions in
Eqgs. (9.71) and assuming exponential dependence of time of the field variable, we
obtain

[[K + Nx KNx + NyKNy + Nx)'KNx_v]pq.rs + )&[qu.r.\']
+&*Mpgr|{gors} =0} pog.rs=1,2,3, ... (9.74)



e Word's Feumér dsmpon Lodedip. - PUrChiased from American Institute of Aeronautics and Astronautics

AEROELASTICITY OF PLATES AND SHELLS 245

where My, 1y, K pg.rs, and A, s are given in Eq. (9.30), and the elements of the
initial stress matrices read

ab| pm 2
Ksen = 7[7]

=r qg=s
=0 otherwise
ab|gnm 2
KN)’pq,r.y = _4_[_[)—] =r g4g=s
(9.75)
=0 otherwise
8pqrs
Kny,,q,”- = [P2 _ r2][q2 Y p+r g+s odd
= {0 otherwise
Thus, we can write Eq. (9.74) as
[kz [1]+[1p* + ¢*(a/b’** + R p* + Ryq*(a/b)* 1] + [B]
41* )
+ 7T4 [(X]+CU [Mpq,lﬁ\'] {QOr\}={O} pqurys= 1) 2v 37 (976)
where
32R,y pqrs
.qu.r. 4 (a/ ) [P2 _ r2][q2 — S2] qg+s p+r o
=0 otherwise 9.77)
N.a? Nya? Nya?
B=Dxr B=pm Ro=pa

We notice that [8] is not a diagonal matrix, stemming from the fact that the
trial functions used are not the free vibration mode shapes in the presence of
initial in-plane shear loads. Furthermore, if the trial solutions are taken with a
single half-wave in the cross stream direction, i.e., g =5 =1, the elements of
[B] are zero. Hence, the effect of in-plane prestress shear is transparent in such
solutions. Inclusion of higher spanwise modes will induce nonzero elements in
the [8] matrix. Leaving for the moment the effect of N,, and considering as an
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application a two-mode approximation withn = 1 and m = 1, 2, we obtain
8A*
34

K2+ [4 + (a/b)** + 4R, + Ry(a/b)?

k% 4 [1 4 (a/bY*)* + R + Ry(a/b)? -

8A1*
374

x{Zil}:{g} (9.78)

Expanding the determinant, we obtain

4

K4+ Bk +ap + 56-7;5 A2 =0 9.79)
where

« = [14(a/b*1* + R, + R,(a/b)’] (9.80)

B =14+ (a/bl1* + 4R, + Ry(a/b)*V '
Solving Eq. (9.79), we get

_ 2 %2
k2=—[“‘;ﬂ]ﬁ:\/[[“2’3]] —6;1;8 9.81)

Examining Eq. (9.81), we observe that, when [e — B]*/4 > 641*?/978, the
motion is stable because the roots are negative real values; when [a — 8]2/4 <
641*2 /978, the motion is unstable because one of the roots will have a positive
real exponential. On the borderline of stability, we have

94 2
orit = Er [5 + 2[%} + Rx] (9.82)

again showing that the critical value of A* does not depend on R|, and this has only
a shift effect on the frequencies as can be concluded from Eq. (9.81). Furthermore,
the stabilizing effect of the initial prestress tension and the destabilizing effect of
the initial prestress compression are readily observed from Eq. (9.82).

In Ref. 18 the Galerkin method, which as stated before leads to the same nu-
merical results for the case at hand when using the same interpolation functions
in either formulation, has been used for plates with combined effect of in-plane
shear and axial prestress loads. The analysis of in-plane shear alone showed that
convergence in the solution was attained when a 16-term trigonometric trial func-
tion approximation, with p,q,r,s = 1, 2, 3, and 4, was used for the solution.
Furthermore, it was observed that the initial in-plane shear had a destabilizing
effect on the critical flutter value A*. Now, writing Eq. (9.71) as

[[K]+ @*[M]}{go} = {0} (9.83)

where [K] = [K] + [Kg] + A[A] it can be observed that the airstream has a
stabilizing effect on the static stability. For A = 0, at the prestress buckling load,
[K] is singular. For a postbuckling load and A # 0, the system still has positive
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Fig. 9.5 Stability boundaries with the effect of prestress.

values of w?. With the increase of A, we will reach a point on the borderline
of static stability where again [K] is singular, thus giving an in-plane buckling
load higher than the in vacuo value. For further increase of A, the system will be
statically and dynamically stable until reaching a higher value of A at which an
eigenvalue coalescence takes place, thus defining A, for the dynamic stability.
This is schematically shown in Fig. 9.5.

9.4 Curved Panels

Flutter characteristic determination of curved plates is of prime importance
in supersonic aircraft and launch vehicle designs. The first analytical research
on supersonic flutter of thin cylindrically curved panels was made by Voss,"
using Reissner’s shallow shell equations,?’ quasistatic acrodynamic theory, and the
Galerkin method for the solution of the freely supported ends boundary conditions.
Nonlinear panel flutter analysis of cylindrically curved panels was investigated by
Dowell?!:?? using the quasistatic aerodynamic theory and the Galerkin method
for the solution of the aeroelastic equations. Dowell’s investigations showed that
the in-plane edge restraints had a great influence on the flutter boundaries of the
cylindrically curved panels, and the reason was attributed to the frequency spectrum
of the shells analyzed. In Refs. 23 and 24, a finite element formulation based on
Reissner’s two field variable variational principle for the solution of the supersonic
flutter of cylindrically curved panels was presented. In the following, the analysis
presented in Refs. 23 and 24 is summarized, and the main conclusions obtained
in these references are reported. Consider the cylindrically curved shallow shell
shown in Fig. 9.6. The variational equation for the problem at hand, neglecting
in-plane inertias and considering the work done by the external nonstationary
aerodynamic load and the effect of the initial membrane prestresses shown in
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Fig. 9.6 Cylindrically curved thin shell panel subjected to an initial state of prestress
membrane loads in the presence of a supersonic external flow.

Fig. 9.6, can be expressed as®*

21 D
sn* =6/ “—] phw? dA — —f [w, + wz),), + 2VW x5 W yy
" 2 A . 2 4 . .

1
+2(1 — v)w?x},] dA + 357 . (F%, + F?y), —20F . F

21+ v)F2,Jaa -

w 1 ) 5
’ EF,XX dA — ) [Nexw? + Nyyw?,

+2Nyw w,|dA - / wAp dA}j| dr=0 (9.84)
A

The functions subjected to variation in Eq. (9.84) are the transverse displacement
w and the Airy stress function F. In Eq. (9.84), D = Eh3/12(1 — v?) is the shell
flexural rigidity; v is Poisson’s ratio; E is Young’s modulus; R is the shell radius;
h is the shell thickness; o is the material mass density per unit area; and Ny, N,,,
and Ny, are the initial membrane stresses. In Eq. (9.84), Ap is the nonstationary
aerodynamic pressure difference. Now, using the quasistatic aerodynamic theory,
the relationship between Ap and w can be written as

20

Ap = ————
P M? =1

3 3
cos A 22 fsina 22 (9.85)
dax ay

where Q = pV?/2 is the dynamic pressure, M is the free stream Mach number,
V is the free stream velocity of the external flow, and A is the angle between the
free stream direction and the x direction. Performing the variational operation,
grouping terms, and applying Green’s theorem and the minimization operation,
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we obtain the Euler-Lagrange equations governing the problem as**
DV'w 4+ £y — ——2—Q———[cos Aw e +sin Awy] — Ny o
R N . 3y .
—Nypw,yy —2Nyw ., =0 (9.86)
Eh

V4F - —R—w‘” =0

and the boundary conditions are as given in Ref. 24 and, on an edge, v = const is
given by

1) Clamped edges: w = w,, = 0 and at a corner F ,, = 0.

2) Free edges: F = F, = 0 and at a corner M ,, = 0 (i.e, w ,, = 0).

3) Simply supported edges: w = 0 and at a corner F,, = 0.

4) Freely supported edges: w = F = 0.

A finite element method for the solution of the problem at hand can be performed
using rectangular elements that preserve C! continuity by writing for the functions
w and F interpolation functions in terms of the nodal parameter as

2 2
206, ) = Y > [Ho(x)Hoj(3)zij + Hisx)Hoj ()z.x,
i=1 j=1

+ Hoi(x)H j(y)z2.y,, + Hii()Hij(3)2.xy, ] (9.87)
where z stands for w or F and H,,,, are first-order Hermitian polynomials previously
discussed in the derivation of the 16-degree-of-freedom plate bending element.
Using the standard finite element technique, we obtain for each element a set of
two equations cast in the form
k) (W} + ks A F) + [Nex [Kowee | + Nyy [k ] + Ny [k ]] (0}

+2lal{w} + [mi{w"} =0 (9.88)
terwl{w} + krr{F} =0

The element matrices have all been considered before. Using now the standard
finite element assembly technique and applying the boundary conditions, we obtain
for the whole structure the following two matrix equations
[M}{w"} + A[A] + [KuwHw} + 1Kwr {F} + [Nax [ Ky, ]

+ Nyy[KGyy, | + Ney[KGy ] {w} =0 (9.89)
[Krol{w}+ [Krrl{F} =0

We observe that the degree of freedom { F} can be eliminated using the compat-
ibility equation of the system of equations, i.e., the second equation of the system
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Fig. 9.7 Flutter dynamic pressure parameter vs shell rise for flow in the x direction
and all edges freely supported.

[Eq. (9.89)], to obtain

[Kegl{w} + IMI{w"} + AMANw} + [Nex[ K6y, ] + Nyy[ Ky |
+ Ny[Koy, ] J{w} =0 (9.90)

where
[Keq] = [wa] - [KwF][KFF]_][KFw] (991)

An examination of Eq. (9.90) reveals that the computational effort required
for the solution of the aeroelastic stability problem when the present formulation
is used is equivalent to that of a flat plate. Furthermore, the in-plane boundary
conditions are applied on F, F , F;, and F ,y and are all nodal degrees of freedom
of the finite element model. Figures 9.7-9.9 present some of the results obtained
using the present formulation. Figure 9.7 presents the critical flutter parameter
Acr vs the shell rise H/h, where H is the maximum shell height and 4 is the
shell thickness for different values of the panel aspect ratio a/b for rectangular
freely supported panels on all edges. The results are compared with the two-mode
Galerkin solution of Voss!® and Dowell’s solution.??

Dowell’s solution is a six-chordwise-mode Galerkin approximation with a half-
sine wave in the cross stream direction. Dowell’s solution practically coincides
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Fig. 9.8 Flutter dynamic pressure parameter vs shell rise for flow in the y direction
and all edges freely supported.

with the present finite element formulation for the part of the curve where n=1
are the critical modes for instability. Voss’s two-mode solution, despite being
conservative, shows the same trend as the finite element solution.

Figure 9.8 presents the results of freely supported panels with flow in the y
direction and for different aspect ratios of the panels. Figure 9.9 presents the
results for four-edge clamped panels with flow in the z direction.

Observing the results of Figs. 9.7-9.9, the following conclusions can be made:

1) When the curvature parameter is very small and therefore the panel approaches
the flat plate behavior and for flows in the x direction, the critical modes for flutter
are for n = 1 and are the first spanwise modes. In this region, the curvature effect
is stabilizing in the sense that the critical dynamic pressure increases with the
increase of the curvature. With further increase in the curvature, the panel passes
through a transition region characterized from a flat plate behavior to a deep shell
behavior. This region is characterized by the dips, knees, and cups observed in the
dynamic pressure parameter vs curvature effect and is explained by the coalescence
of successive higher modes to produce the first critical flutter condition. After this
transition region, with further increase in the curvature, the panel behaves as a deep
shell, and the critical flutter modes are those with an elevated number of waves in
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Fig. 9.9 Flutter dynamic pressure parameter vs shell rise for flow in the x direction
and all edges clamped.

the cross stream direction and the first streamwise modes. In this part, the shallow
shell theory is no longer adequate and deep shell theory should be used in the
analysis. The present shallow shell theory is therefore limited to the flat plate and
the transition part behavior of the curved panels.

2) For flow parallel to the y direction, the curvature effect is destabilizing, a
decrease of the flutter dynamic pressure with the increase of the curvature. Again,
this is explained by the frequency spectrum of the panel. In the transition region,
the panel is characterized by the same behavior demonstrated in the x direction
flow case, and coalescence of successive values of n., occurs.

3) For the clarity of the exposition, no damping effect, whether of structural or
aerodynamic nature, has been incorporated to the analysis. If a constant viscous-
type structural damping and/or aerodynamic damping term of the potential flow
theory is used in the analysis, it can be shown that the effect is always stabilizing,®
an increase of the critical dynamic pressure. The effect of such damping is small
in the flat plate and deep shell regions. In the transition region, such damping has
a greater influence on the panel stability and removes the sharp minimums or dips
observed in the critical dynamic pressure parameter, which are due to coalescence
of modes with nearly identical frequencies and small aerodynamic coupling.
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9.5 Laminated Fiber-Reinforced Shallow Shells

Laminated fiber-reinforced composite materials are being utilized increasingly
in the design of exposed skin construction of supersonic and reentry vehicles. In
general, such panels have greater strength-to-weight ratio than the conventional
isotropic panels and thus provide considerable weight savings. However, their
use in the design of aerospace vehicles introduces several complication factors
that are not present in the conventional isotropic panels. Such complications are
mainly due to the fiber orientation, which introduces a twisting—bending coupling,
and due to the number of layers and their stacking sequence, which introduces a
material stretching—bending coupling. A further complication is introduced by the
geometric stretching—bending coupling due to the shell curvature. All these factors
interact in a complicated manner on the free vibration frequency spectrum of the
shells and therefore affect their borderline of dynamic stability. An efficient use
of these modern material constructions needs therefore a good understanding of
their structural dynamic stability behavior under various loadings and boundary
conditions.

Since the earlier works on panel flutter, the complications introduced to the
design due to the use of composite materials were addressed by several investi-
gators.2 28 These pioneering works mainly concentrated on flat orthotropic pancls
and used the Rayleigh—Ritz and the Galerkin methods for the problem solution.
With the advent of high-speed computation devices and the efficient use of the
finite element method in structural dynamic stability problems, much research on
the aeroelasticity of fiber-reinforced composite material panels, using the finite
element method, was published.?*=33 In all these references, the total potential
energy functional was used for the finite element formulation of the problem.
Alternatively, the problem can be formulated using a two-field variable modified
functional with the transverse displacement w and Airy stress function F as the
field variables of the problem. Such formulation was proposed in Ref. 34, where a
C! continuity rectangular finite element was used for the problem solution. In the
following, the problem of fiber-reinforced doubly curved shallow shells subjected
to external nonconservative aerodynamic loads will be analyzed in detail starting
from the functional formulation. It is shown that the functional presented has no
explicit material bending—extension coupling terms.

These effects appear only in the equivalent material bending stiffness consti-
tutive constants. The solution of the problem is then made using a C! continuity
finite element method. It is shown that the computational effort, when the present
formulation is used, is equivalent to the effort required for an isotropic flat plate
solution. Numerical results are given, and the results obtained are discussed and
are compared with previous solutions, whenever available. The effect of material
extension-bending coupling, i.e., the number of layers and their stacking sequence;
the effect of the twisting-bending coupling, i.e., the fiber orientation; and the ef-
fect of geometric extension—bending coupling, i.e., the shell curvature, on the
borderline of the aeroelastic stability is examined in a detailed and conclusive
manner. For the clarity of the exposition, no damping effect, whether of structural
or acrodynamic nature, has been incorporated to the analysis. The damping effect
on the panel aeroelastic stability® is the same whether the shell is isotropic or of
fiber-reinforced composite material.
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9.5.1 Problem Formulation
35--37 ;

In this section, the classical laminated fiber-reinforced theory is used to ob-
tain material global constitutive relations. Some of these relationships, available in
the literature, are repeated in this section for completeness of the presentation and
for giving a formulation that completely avoids the factors 2 or 1/2 that are com-
monly used in this classical laminated fiber-reinforced theory3¢->” and present an
apparent asymmetry in material constitutive relations. The stress—strain relations
for a thin orthotropic lamina, lying in the x—y plane with major principal material
coordinates in the 1-1 direction, can be written as®’

Ey v By
oy £ I—vpvy  L=vpy &
oy ¢ =[Q]{& = vinEn Exn 0 & 9.92)
T12 Y12 1-— Vi2V2] 1 - Vi2V21 Yi2

0 0 Gy

where, in Eq. (9.92), the engineering contracted notation commonly used in the
laminated fiber-reinforced composite material literature®®37 has been used. Ac-
cording to this notation, the engineering strain y; is twice the shear strain com-
ponent &, of the strain tensor, i.e., ¥1; = 2¢€)3. The stress and strain components
can be written in terms of the reference coordinate system x—y using the law of
tensor coordinate transformation and read

o
(7] [02 ]
T2

P —

‘5‘ v,q S

N, !
Il

cos? sin? —2sinf cos 9 o
= sin? @ cos? g 2sinfcos@ { oy } (9.93)
sin@cos® —sinfcosd cos?O —sin?0 T12
and
£y 81
Exx €11
8)’ = { 8”. ] = [T] {822 } = [T] &2 (994)
Yoy Exy €12 Y2
2 2

where [T] is the tensorial transformation matrix for tensors of the second kind and
@ is the angle of the fiber orientation of the lamina measured from the x direction
to the major material principal direction. Using Eqs. (9.92-9.94) we can write the
stress—strain relations in the material reference coordinates x—y as

oy &y
[O‘y ] =[Q"] {8), } (9.95)
Txy Yxy
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where Q* is the constitutive material matrix of the lamina and is a symmetric
matrix with elements given by

Q% =1*Q1 +2°m*(Q12 +203) + m*Qxn
3, =m0y + 2Pm* (012 + 2033) + 140

1 =PmAQu+ Qi —403) + U+ mh) 0
(9.96)

Q% =Pm(Qn — Q12 —2033) + Im*(Q12 — Q2 +20Q33)
Q% = Im*(Q11 — Q12 — 203) + Pm(Q12 — O +2033)

Q% =I*m*( Q11 + Q2 — 201, —2033) + (* + m*) 0

where Q;; are obtained from Eq. 9.92, / = cos 6 and m = sinf. Consider now a
laminated fiber-reinforced composite material composed of # laminas, under the
assumption of Kirchhoff-Love hypothesis for thin plates and shells. We can write
the strains in the laminate in terms of the middle surface strains and curvatures as

Ex * Ky

ey t=13¢6 t+ziK 9.97)
: Ky

Vxy y;)) ‘ y

where z is measured from the middle surface of the laminate. Defining the internal
stress and moment resultants as

N 2 | Ox My w2 | O
N, =/ oy ¢ dz M, =/ oy ¢zdz (9.98)
Nyy 2 Tay M,y hf2 Tay

and using Egs. (9.95-9.98), we can write an expression for the stress and moment
resultants in terms of the middle surface strains and curvature as

N Al [B 0
{{ }}={[] []“{a}} 9.99)
{M]) (Bl [DI] | {x}
The global constitutive relationships [A], [B], and [ D] of the laminated fiber-
reinforced composite material are obtained from the laminas’s properties as**-¥’

Ajj = Z Q5 (h — hx—y)
k=1

1 n
By =32 Qi (hi— ki) 9.100)
k=1

=

1
Dij =3 Y05, (hi =)

k=1
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where # is the vectorial distance from the middle surface of the laminated composite
material to the upper surface of the lamina k and # is the total number of the laminas.
Inverting the first relation of Eq. (9.99), we obtain

{% } [ [A%] [—A"IB]:I {{N} }
= 9.101
{{M} (Ba~'1 (0] ]| e} ©-100
where [A*] =[A]~! and [ D*] =[D] —[B][A]~'[ B]. Defining an Airy stress func-
tion F as
9%F *F *F
Nxx = Ez— yy = Ex—z- xy = —axay (9102)

and neglecting the in-plane inertia terms, we can write the variational equation
of doubly curved shallow shells of laminated fiber-reinforced composite material,
considering the effect of the work done by external incremental nonstationary
airloads applied to the upper surface as

2l F Fyy
5(n*)=s/ —/phwz,dA—/w =+ 22 1dA
t 2 A ' A Rx R)'

1 *
T3 _/A [DTI w.zxx + D;Zw?)'y + 2D w s W yy + 4D33w.2xy

i
4D} W sy + 4D,y w sy ]AA 4+ 5 / [ALF2, + AL F,
A

+ 2ATZFJCX FJ‘)' + 4A§3 Fi) - 2A;3 F-XX F~X)' - 2AT3 F-)’)'EXY] dA

+/ wAp dA:l dt =0 (9.103)
A

where the functions subjected to variation are the transverse displacement w and
the Airy stress function F. Notice the simplicity of the present formulation where
we do not have explicit material bending—in-plane coupling terms; their effect
appears only in the equivalent constitutive elements Dj;. Using Eq. (9.103), the
Euler-Lagrange equations governing the problem are obtained and read

DYy w rxxx + Dopw,yyyy + 2(D7y + 2D3)W xeyy + 4D]3W xxxy

F F,
+4D3Ww 4y + —— + =2+ phw,, + Ap =0

R, ' R,
9.104)
A;ZF.XXXX + AT] F\’)’)’y + (ATZ + A;3)F.XX)’)’ - 2A;3 F.XXX)’

—2A% F oy — o — —= =0
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The boundary conditions are obtained as follows:

1) On x = const: w is prescribed or M, ; + 2My, ;, = 0, w , is prescribed or
M, =0, F is prescribed or u y, = 0, and F  is prescribed or v,y = 0.

2) On y = const: w is prescribed or My y + 2M,, , = 0, w ; is prescribed or
M, =0, F is prescribed or v, = 0, and F,,, is prescribed or u ;, = 0.

3) At a corner (discontinuity in C): M,; = 0 (equivalent to w ,, = 0), if w is
not prescribed, and F;, = 0, if F is not prescribed.

The first conditions are the forced or geometrical conditions, and the second
ones are the free or natural conditions. When using a variational formulation for a
boundary value problem, the admissible functions should satisfy only the forced
boundary conditions. Therefore, using the above conditions, we can write the
classical boundary conditions on an edge © = const, where u stands for x or y
and 7 is taken as the normal direction to u as follows:

Clamped edge: w = w , = 0 and ata corner F ,, =0

Freeedge: F = F, =0Oand atacorner M ,, = 0(i.e, w,, =0) (9.105)
Simply supported edge: w = 0 and at a corner F,;, =0 '

Freely supported edge: w = F =0

Using the quasistatic aecrodynamic theory, the relationship between the incre-
mental nonstationary aerodynamic pressure Ap and the transverse displacement
w can be written as

20w

_—(MZ mym P (9.106)

Ap = —

where Q = pV2/2 is the dynamic pressure and M and V are the free stream Mach
number and velocity, respectively. Now, a finite element solution for the problem
at hand can be performed using rectangular elements preserving C' continuity,
based on the functional given in Eq. (9.103). Thus, we can write

§(X:)’)=Z ‘

i=1 j

+ Hoi () Hy j(3)¢.y + Hii () Hy () x| (9.107)

[ Hoi(x)Hoj(y)&i; + Hii(x)Ho;(¥)¢.,

2
=1

where ¢ stands for w or F and H,,, are first-order Hermitian polynomials. Using
the standard finite element technique, we obtain for each element a set of two
equations cast in the form below

[kwwl{w} + hwr{F} + [m){@} + Alal{w]} = {0} (9.108)
and

lerwl{w} + krrl{F} = {0} (9.109)
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The element stiffness matrix [&,,], the compatibility matrix [kgr], the coupling

matrix [k, ], and its transposed [k, ] read

[kww] = D5 kD] + D3 [k®] + D3 [k®] + 4D3 [k @]

+2D; [k(s)] +2D% [k(6)]

kel = A[KO] + AT (k2] + AT[KO] + A3 (k9]

— A5[kV] - A [,

1 1
kwr) = 2= [k7] + 2 [«®]

X y

(9.110a)

(9.110b)

(9.110c)

The elements of the matrices [k)] fori = 1—4 have been treated in the previous
sections. The remaining matrices, using the same concise notation of Refs. 11 and
24, read

ki ® = S3,(n;, n)S2p(m;, m ;) + S34(nj, n)S2(m;, m;)  (9.111a)
kif© = S3,0m;, m)S24(ni, 1) + S3p(mj, m)S2u(nj, n;)  (9.111b)
kij " = S14(nj, ni)R2y(mi, m ) 9.111c)
kij® = S1y(m;, m)R2(n;, nj) (9.1114d)

and

0 0 1/a —1/a

0 0 —1/a 1/a
—1fa 1/a -—-1/2 -—-1/2
l/a —1/a 1/2 1/2
where the same notation of Refs. 11 and 24 has been used and the remaining sub-
matrices, the mass matrix and the aerodynamic, are the same as given in previous

sections. Using the finite element standard assembly technique and applying the
appropriate boundary conditions, the matrix equations for the whole structure read

[Kpwl{w} + [Kwrl{F} + [M{0} + A[A{w} = {0} (0.113)

[$3.] = (9.112)

and
(Krol{w} + [KrrH{F} = {0} (9.114)

Now, the degrees of freedom { F} can be eliminated using the compatibility Eq.
(9.114), and the solution of the problem is reduced to

[KegHw} + A[AH{w} 4+ [M]{w} = {0} (9.115)
where
[Key] = [Kuw] = [KurllKprl ™ [Kpw] (9.116)

An examination of Eq. (9.116) reveals that the computational effort required for
the solution of the stability problem is equivalent to that of a flat plate problem when
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the present formulation is used. Furthermore, the in-plane boundary conditions are
applied for F, F, F, and F, and are all nodal degrees of freedom. It is to be
observed that the boundary conditions on F and its partial derivatives are performed
on Eq. (9.114) before the application of the static condensation procedure.

9.5.2 Numerical Results

The problem of vibration and flutter of doubly curved laminated fiber-reinforce-
ment composite material shells presents several complication factors. The fiber
orientation, the number of layers, and their stacking sequence introduce extension—
bending, twisting-bending, and extension-shear couplings. The shell geometric
curvature presents a further extension-bending interaction effect. The transverse
and in-plane boundary condition affect the natural vibration frequency spectrum
and therefore the borderline of the flutter stability of the shell. To study the effect
and the trend of these parameters on the stability of the shell in a systematic and
organized manner, several examples are presented in this section. These exam-
ples address one or more parameters at a time to determine their effect on the
borderline of the flutter stability of the shell. The results obtained in this section
are discussed and compared with alternative solutions available in the literature,
whenever possible, to show the efficiency and validity of the present formulation.

The first examples presented are flutter solutions of flat single-layer orthotropic
rectangular panels with the four edges clamped or simply supported. This prob-
lem was addressed by several investigators; one can mention the earlier works
of Calligeros and Dugundgi,?>?° Ketter,?” and Sawyer?® who used the Rayleigh—
Ritz and the Galerkin methods for the solution of the problem and the finite ele-
ment method solutions of Pidaparti and Yang,*? Gray and Mei,*® and Lin et al.*®
The present numerical calculations were performed for a = 400 in., A = 2 in,,
E; = 13.5 x 10° psi, E; = 2.7 x 10°% psi, v = 0.3, Gj; = 0.945 x 10° psi,
and p = 0.192 x 107* Ib-s?/in.* These dimensions and material properties have
been used to compare the present analysis with the results available in the literature
where the same properties have been used. For these material and geometrical prop-
erties, we observe that there is no material bending—extension coupling since only
one layer is considered (B;; =0) and no geometric bending—extension coupling
since the panel is flat. The only coupling present is that due to twisting-bending
when the fiber orientation angle is not aligned with the plate reference axis. The
results of the present analysis for a square planform using a finite element mesh
of 4 x 4 elements are shown in Fig. 9.10 and are plotted for a nondimensional
critical pressure parameter A%, = A.,a’/Eyh® against the variation of the fiber
orientation angle 6 and are compared with the results of Refs. 30 and 32. Both
references (30 and 32) use the finite element method for the problem solution.
Reference 32 uses compatible displacement rectangular shell finite element with
48 degrees of freedom that reduces to a 16-degree-of-freedom element for the case
of a single-layer flat plate, and Ref. 30 uses a compatible flat 18-degree-of-freedom
triangular element. It can be seen from the results of Fig. 9.10 that the present finite
element solution coincides with the solutions of Refs. 30 and 32. From the results
presented, it can be seen that the clamped boundary condition presents higher flut-
ter dynamic pressure compared to the simply supported case. Furthermore, for the
case analyzed, a square planform, the maximum dynamic pressure parameter is
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Fig.9.10 Nondimensional aerodynamic critical pressure parameter A, = A4’/ E;h®
vs variation of the fiber orientation angle 8 degrees for a single-layer flat orthotropic
plate a/b = 1, and E; = 2.7 X 10° psi, E;/E; = 5, G2 = 0.35 E, v = 0.3, and p =
0.192 x 1073 1b-s%/in.* Present analysis (O clamped and + simply supported) compared
with the results of Refs. 30 and 32.

attained when the orthotropicity angle is zero, i.e., when the 1-axis of the material
coincides with reference x-axis of the plate, which in turn coincides with the flow
direction, and reaches a minimum value when § =90 deg. However, this fact is
only for a square planform; it has been demonstrated in earlier works on flutter of
orthotropic plates?>2%?7 that, for plates with aspect ratios, different from one, a
local maximum for the dynamic pressure parameter is reached at an orthotropicity
angle between 0 and 90 deg. This fact is evidenced in the results shown in Fig.
9.11, where the same calculations were repeated for a/b = 3. From the results of
Fig. 9.11, it can be observed that the maximum dynamic pressure parameter value
isreached at a fiber orientation angle in the vicinity of 30 deg for both simply sup-
ported and clamped boundary conditions. These first series of calculations aimed
to study the effect of the bending—twisting parameter (i.e., the fiber orientation
angle), the panel aspect ratio effect, and the general trend of the influence of the
transverse boundary condition on the flutter behavior of fiber-reinforced composite
material panels.

In the sequel, the effect of the number of layers and their stacking sequence on the
borderline of the flutter stability of laminated fiber-reinforced composite panels is
examined. Two examples are presented and are a flutter analysis of laminated fiber-
reinforced boron-epoxy square plates clamped on all edges. In the first case, the
plate is composed of eight symmetrically disposed layers [0/90],. The dimensions
used in the analysis are 400 x 400 in. and a thickness of 8 in. The material properties
considered in the analysis are E; = 31 x 10° psi, E, = 2.7 x 10° psi, G}, =
0.75x 108 psi, vy, = 0.28,and p = 0.192x 1073 Ib-s*/in.* Again, these dimensions
and material properties have been used to compare the present analysis with the
results available in the literature where the same properties have been used. It
is to be observed that, in the present example, there is no material or geometric
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Fig.9.11 Nondimensional aerodynamic critical pressure parameter A}, = Ao @’ ) E;h?
vs variation of the fiber orientation angle 8 degrees for a single-layer flat orthotropic
plate a/b = 3, and E; = 2.7 x 10° psi, Ey/E; =5, G2 = 035 Ej, v12 =03, and p =
0.192 x 1073 Ib-s?/in.* Present analysis (O clamped and + simply supported).

bending—stretching coupling nor bending—twisting coupling, i.e., only the effect
of orthotropicity is evidenced.

Table 9.4 shows the results obtained using the present formulation and the com-
parison with the results of the same problem using different methods of solution
available in the literature. In the second example, the same material properties and
geometry as in the first example are used except for the number of layers of their
disposition about the plate middle surface. In this second example, the laminate
has two layers stacked as [0/90]. In this case, a bending—stretching coupling exists
due to the asymmetric disposition of the layers. The results of the analysis are
given in Table 9.5 and are compared with other methods of solution available in
the literature.

From the results shown in Tables 9.4 and 9.5, it can be observed that favor-
able agreement exists between the different methods of analysis. Furthermore,
comparing the results of Tables 9.4 and 9.5, it can be observed that the material

Table $.4 Flutter boundary, X!, = \,a’/ E;h* and w?, = w,,(@*/ h)(E/p)'/?,
for a squared laminated boron-epoxy composite with eight layers symmetri-
cally arranged [0/90],, clamped-on-all-edges flat plate, a = b = 400 in.,
h=8in., E; = 31 x 10° psi, E; = 2.7 x 10° psi, G1; = 0.75 x 10° psi,
vy; =0.28, and p = 0.192 x 1073 Ib-s/in.?

Source A% wy,

Finite elements triangular (mesh 8 x 8) (Ref. 31) 471.00 46.89
Finite elements rectangular (mesh 6 x 6) (Ref. 32) 472.00 46.80
Series solution (Ref. 29) 474.60 47.19
Integral equations method (Ref. 29) 446.36 46.09

Finite elements present (mesh 4 x 4) 452.54 46.09
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Table 9.5 Flutter boundary, A%, = X,a’/E;h* and W%, = w,, (@*h)(E/p)'/?,
for a squared laminated boron-epoxy composite material with two layers
[0/90], clamped-on-all-edges flat plate,a =b =400 in., 4 = 8 in.,

E; =31 x 10° psi, E; = 2.7 x 10° psi, G, = 0.75 X 10° psi,

v =0.28,and p = 0.192 x 1073 Ib.s*/in.*

Source A w?,
Finite elements rectangular (mesh 6 x 6) (Ref. 32) 194.00 31.46
Series solution (Ref, 29) 173.31 29.79
Integral equations method (Ref. 29) 163.23 28.99
Finite elements present (mesh 4 x 4)
First flutter point 168.29 21.48
Second flutter point 201.00 30.42

bending—stretching coupling has a big influence on the flutter boundary and is
destabilizing. The flutter dynamic pressure parameter for the symmetric stacking
arrangement is more than twice the value for the asymmetric arrangement. Fur-
thermore, comparing the present results with those of Ref. 32, it can be observed
the solution given in Ref. 32 coincides with the present formulation for the second
flutter point, while Ref. 32 misses the first flutter point.

In the previous examples, the effects of the bending—twisting coupling (fiber ori-
entation) and the material bending—-stretching coupling (number of layers and their
disposition) on the borderline of the flutter stability of laminated fiber-reinforced
composite materials have been examined. In the sequel, the effect of the bending—
stretching coupling due to the gcometric curvature on the borderline of flutter
stability will be studied in detail. First, a series of free vibration results are given
and compared with previous solutions available in the literature; aeroelastic results
are then presented. The first case considered in this series of calculations is a free
vibration analysis of cross-ply [0/90] shallow spherically and cylindrically curved
shells. The numerical calculations were performed fora = b = 10in., 2 = 0.1 in,,
E, = 21 x 10% psi, E, = 1.4 x 10° psi, v = 0.3, Gj» = 0.6 x 10° psi, and
o = 0.1475 x 1073 |b-s?/in.* For this example, there is no bending—twisting mate-
rial coupling since D}; = Dj; = 0; however, a high degree of material extension—
bending coupling is present together with a geometric extension—-bending coupling
due to the shell curvature. The present analyses were performed using a 4 x 4 fi-
nite element mesh for different R /a values and for clamped boundary conditions
on all edges. The results of the analyses for the fundamental natural frequency
are shown in Table 9.6 and compared with the finite element results obtained in
Ref. 38, which used a 20-degree-of-freedom rectangular element. The results ob-
tained using the present formulation agree favorably with the results of Ref. 38.
Furthermore, the effect of the curvature coupling is shown to increase the fun-
damental frequency. However, the geometric curvature, as will be shown in the
sequel, interacts in a complicated manner on the frequency spectrum and mode
shapes of the shell and therefore has a complicated effect on the flutter bound-
aries of the shell. The next example presented is again a free vibration problem
of shallow spherically curved fiber-reinforced composite material with four layers
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Table 9.6 Fundamental natural frequency of clamped spherical
and cylindrical cross-ply [0/90] shells; @ =b = 10 in., £ = 0.1 in.,
E, =21 X% 106 pSi, E;=14X 106 pSi, v=03G;;,=06 X 106
psi, and p = 0.1475 x 107* Ib-s%/in.?

Fundamental natural frequency f, Hz

Clamped spherical shell Clamped cylindrical shell

R/a Ref. 38 Present Ref. 38 Present
20 380.27 380.00 331.54 328.59

40 303.84 303.67 289.74 288.31

50 293.29 293.13 284.19 283.04
oo (plate)  273.48 273.35 273.48 273.35

disposed in a symmetric arrangement [0,90,90,0]. The numerical calculations were
performed fora = b = 100in., 2 = lin., E; = 21 x 10% psi, E; = 0.84 x 10° psi,
Gy = 0.42 x 10% psi, v, = 0.25, and p = 1 Ib-s?/in.* The analysis was per-
formed for a finite element mesh of 4 x 4 elements and for freely supported
boundary conditions on the four edges of the shell. For this example, there is no
material bending—extension coupling since the disposition of the layers is symmet-
ric. The only coupling present is due to the shell geometric curvature. The results
of the analyses are shown in Table 9.7 for the fundamental natural frequency and
for different shell curvature. The present results are compared with the previously
mentioned finite element solution of Ref. 38 and the closed-form analytical solu-
tion of Ref. 39. The results show good agreement among the various methods of
solution, and again the effect of the curvature coupling is shown to increase the
fundamental frequency.

The final series of calculations presented are flutter solutions of doubly curved
laminated fiber-reinforced composite material shallow shells. The material

Table 9.7 Comparison of the fundamental nondimensional
natural frequency, w* = wa’(p/E;h)'/?, of freely supported
spherical four-layer [0/90/90/0] shells; a = b = 100 in.,

h =1in., Ey =21 x 10° psi, E; = 0.84 x 10° psi,

G; = 0.42x10° psi, vy, = 0.25, and p = 11b-s*/in.?

R/a Ref. 38 Ref. 39 Present
2 68.498 68.294 69.87
3 47.553 47415 47.94
4 37.184 37.082 37.34
5 31.159 31.079 31.24
10 20.417 20.380 20.44

o< (plate) 15.195 15.184 15.23
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Fig.9.12 Nondimensional aerodynamic critical pressure parameter ', = A,,a®/ E;h®
vs variation of cross stream curvature parameter ¢/R, for spherical shells O,
paraboloidal shells +, and cylindrical shells x, of fiber-reinforced laminated composite
material, having square planform and freely supported boundary conditions on the
four edges.

properties common to all these calculations are E; = 21 x 10 psi, E; = 0.84 x
106 psi, Gy = 0.42 x 10° psi, v;, = 0.25, and four-layer [0/90/90/0].

The shells analyzed are all square planforms of dimensions 100 x 100 in. and
a thickness of 1 in. The calculations were performed for cylindrical, paraboloidal,
and spherical shells. The boundary conditions considered are freely supported
boundary conditions on the four edges. All the analyses were performed using a
finite element mesh of 4 x 4 elements. The results of the analyses are summa-
rized in Fig. 9.12. The results presented are plotted for the variation of the critical
dynamic pressure parameter AY, = A.a*/E2h* vs a variation of a curvature pa-
rameter ¢/ R. In these calculations, R; was considered as the radius of curvature
in the cross stream direction and is common for all the types of shells analyzed.
In the streamwise direction, R; is infinity for the cylindrical shells, R, = Ry for
the spherical shells, and R, was taken as 2R, for the paraboloidal shells. For these
shells analyzed, there is no material extension~bending coupling since the stacking
disposition of the material laminate is symmetric. Therefore, the only extension—
bending coupling considered is due to the geometric curvature. From the results
of the analyses, it can be concluded that the streamwise curvature is destabilizing,
i.e., for the same cross stream curvature the cylindrical shell is more stable than
the paraboloidal shell, and this is more stable than the spherical shell. The effect of
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cross stream curvature is similar to the case of isotropic shallow shells previously
analyzed in Refs. 23 and 24. For very small curvature, the critical flutter modes are
the first modes, and A%, is practically the same as for a flat panel. With the increase
of curvature, higher modes coalesce first, and the coalescence is characterized by
the decrease or increase in the critical dynamic pressure parameter. In the region
of the flat plate behavior, the curvature effect is stabilizing. With the increase of
curvature, the shell passes through a transition region, characterized by successive
waves of successive higher modes’s coalescence. After this transition region, the
panel behaves as a deep shell, and 17, is for an elevated number of waves in the
cross stream direction and for the first spanwise modes.

9.6 Shelis of Revolution

In this section, the aeroelasticity of axisymmetric shells of revolution is studied.
Namely, we will be concerned with the solution of the problem of aeroelasticity of
circular cylindrical and conical shells. General shells of revolution will be briefly
discussed.

9.6.1 Circular Cylindrical Shells

The Hamilton principle for the problem at hand can be written as

4] b
/5(T—U1—U,-)dt+j Wdt =0 (9.117)

1 4

where the functional T, Uy, and U; are given in Section 4.4,1 and W is the work
done by the external aerodynamic load and reads

L/R p2m
W= [ / ApwR?dé ds 9.118)
0 0

where Ap is the aerodynamic pressure. In the following, a first-order high Mach
number approximation will be used for the representation of the aerodynamic

pressure term, which can be written as?40
2 3 M*-2) 8
Ap=-—22 [_w L M=) dw _w_] ©.119)
(M2—=1): LR3s  V(M2—1) 03t 2RM2— 1)
Substituting Eq. (9.119) into Eq. (9.118), we obtain
20R LIk p2m T3 R(M*-2)d
W—Q //[w WD w w]stde
_1)2 V(M=—1) 3t 2M?2—1):

(9.120)

where Q = p,V?/2 is the dynamic free stream pressure, p, is the free stream
density, V is the free stream velocity, M is the free stream Mach number, and other
notations are as defined previously. Through application of Hamilton’s principle,
the following Euler-Lagrange equations are obtained

[[Lo] + k[L111{g} = {0} 9.121)
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where [Lg] is the differential operator according to Donnell-Mushtari’s theory,
[L,] is the differential operator incorporated according to the modified shell the-
ory used, and {g} = [u v w]T. The Donnell-Mushtari operator for the case at hand

reads
2 1—v 32 1—v2 82 1—2 32
L _ - 27 0 NO -
W=t T e PTE RKae amn et No)gg
1+v 82  1— 32
Ly, = - N + NOY—
Oz 2 05360  4Eh (N2e + Nog) 369s
3
L()13 Va—s
(1 —v) 8? 9% 1—v? ;3% 1-v?
L022 = ) an? R P
2 352 ' 962 E 312 4Eh

(9.122)

[i R(M2—2)_8__ 1 }
s VIME—1)3dr M2 — 1)z

M _NO_?_z__ 032__
Eh 90 552 90 362

LO,-,- = Loﬂ i,j=12,3

+

The modified oprator [L;], according to the various modified shell theories, is as
given before in Section 4.4.1.

Now, if the analysis is limited to the Donnell-Mushtari theory, the in-plane
inertia terms and initial in-plane stress terms in # and v are neglected. It can
be shown (see for example Ref. 41) that the problem is governed by a single
differential equation in w and can be written as

8 2 9 24 0 82 0 82 32
DV + ERR® 5 + R*V* 1 =N ~ Noyggs ) + Phss

89952 ar?
2 _
LR,[iJrR(M 23 _ ! ,]”w:() (9.123)
(M2 —1)2Lds  UM2-1Dadr M?-1):

Most of the aeroelastic stability analyses of circular cylindrical shells have been
solved using the simplified differential equation of motion [Eq. (9.123)] coupled
with the classical Galerkin method for the case of freely supported end conditions.
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In the following, the main contributions to the problem’s solution are briefly dis-
cussed. The first attempts to obtain a solution of the problem were made by Leonard
and Hedgepeth*? and Miles,** who treated the problem of infinitely long cylinders
and assumed the solution in the form of traveling waves. The solution of finite
length cylinder was then presented by Holt and Strack** using Goldenweizer shell
theory and applying the Laplace transformation to obtain the generalized aero-
dynamic forces. Voss'® used the Goldenweizer shell theory with in-plane inertias
retained and quasisteady aerodynamic theory for expressing aerodynamic loads.
The problem was solved using the Galerkin method. The effect of initial prestress
was included in the analysis. However, there were missing terms in the formula-
tion compared to the derivation exposed above for initial prestress and included
unsymmetric terms. The numerical calculations performed in his analysis did not
include prestress cases and, for the typical shell geometry used, showed that there
were two values for A.,, one with a large number of nodes in the axial direction
and zero nodes in the circumferential direction and the other with many circum-
ferential nodes (of the order of 18 for the shell considered) and with m =1 in
the axial direction. Kobayashi*> used the simplified Donnell-Mushtari equations
and the quasisteady aerodynamic theory coupled with a Galerkin solution. For a
two-mode Galerkin solution, he obtained a simple expression for the solution as

3 16a o 2
A= @k -1 +k)? - 34,
i 16”(+) A+0+ s~ q]
122 @R (R s :
Ye @GR (ke DT
(9.124)
where
3 2
pe o 2010 kz[zg]
Dr4(M? —1)2 TR

o = [12(1 — v¥)/7*][L?/n*R?]
gx = Ny, L*/m*D gy = NgpL?/7*D

y _m-2 pLr |
. =
M> =1 | ph(M? - 1)

Notice that y. is the effect of the aerodynamic damping. Thus, the solution
to Eq. (9.124) is made iteratively if such damping is included in the analysis.
Furthermore, n is a parameter of the problem, and the minimum value of A7, must
be determined while varying n. Notice further that, if the aecrodynamic damping
is neglected, the solution is independent of Ny, i.e., the internal pressure has no
effect in such a solution. In 1966, Dowell and Widnall*$ presented a method for
calculating the generalized acrodynamic forces based on the linearized potential
flow theory. Johns*’ examined the case of large n, using Donnell’s equations, piston
theory, and a two-mode Galerkin solution, obtaining simple expressions for n.,
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R\? 12R? g
Rer = [Sﬂz(z) (1"’"2) h2 i' (9125)

1

1 3
Q. = {0.91(,13,%) ﬂ (M* —1)3E (9.126)

and Q. given by

and

Olson and Fung*® presented a linear and a nonlinear analysis for the problem
at hand. For the linear case, they used Donnell’s equation and a Galerkin solution.
The aerodynamic part was made using the piston theory and a linearized poten-
tial theory. The results were compared with experimental findings. For no axial
forces, it was shown that both theories presented discrepancies compared to the
experimental values as functions of the internal pressure. Typical results obtained
in their investigations are shown in Fig. 9.13. Carter and Stearman*® presented a
nonlinear analysis using Donnell’s equation and a first-order high Mach number
approximation to the linear potential flow theory. The numerical results obtained
showed the same trends as those of Olson and Fung.*® In an attempt to explain the
discrepancies between theory and experiments, Barr and Stearman® included the
effect of initial imperfections in the analysis in the form of streamwise sinusoidal
imperfections. Donnell’s equation was used, coupled with a Galerkin solution. The
stability was studied from the initial imperfections state of deformation. The anal-
ysis with imperfections correlated better with experimental values (see Fig. 9.13).

potentiai
cr theory

]

Fig. 9.13 Flutter boundary of cylindrical shells.
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Table 9.8 Values of « as functions of L/R for use in Egs. (9.127) and (9.128)

L/R 0 0.75 1 2 4 6 10

o 347.7 1408 1190 40.41 4.063 1.844 0.723

Librescu and Malaiu®' treated the orthotropic cylinder using the Galerkin so-
lution. In Ref, 52, Dixon and Hudson made various numerical calculations using
Donnell’s equation, no initial prestress, quasisteady aerodynamic theory, and up to
a 24-mode Galerkin solution. Parametric studies were made for various R/ h and
L/R, and an empirical formula was obtained by fitting the results to get a quick
prediction of the flutter condition of unstressed freely supported cylinders. The
formula was deduced to obtain a better estimation than that given in Eq. (9.124)
using a two-mode solution. The semiempirical formula reads

her = a(l —v(R/hY¥  forL/R > 1 (9.127)
and
rer = (1 —vR/HY(R/LY  forL/R <1 (9.128)

where x = tan 2(L/2R) and « is a parameter depending on L/ R and is furnished
in Table 9.8.

In Ref. 53, the problem of shells of revolution in general, but with a slight
deviation from the cylinder, was studied. The aerodynamic theory used was a
full linearized potential flow theory, and the problem was solved by applying the
Galerkin method to both the equations of motion and the aerodynamic equation
using expressions that satisfy exactly the boundary conditions of the flow and the
equations of motion. The in-plane inertia was conserved in the analysis. Numerical
calculations were performed for an elliptic shell of revolution, where it was shown
that the curvature has a stabilizing effect on the stability boundary and .., decreases
with the increase of the curvature. For the limiting case of the cylinder, the results
approached those of Olson and Fung*® and Carter and Stearman.* It was shown
that a curvature parameter of H/Rnyax > 0.05 completely stabilizes the shell (see
Fig. 9.14). Dowell and Voss in Ref. 54 give a review of the problem, and Parthan
and Johns in Ref. 55 compare various aerodynamic theories used, coupled with
the Galerkin method of solution.

InRef. 56, afinite element solution was presented for the solution of the problem.
In-plane inertia was retained, and the effects of internal pressure and axial loads
were included in a consistent formulation using Eq. (9.122). The element used
was the conical frustum element specialized for the case of circular cylinders. The
element stiffness, mass, initial stiffness, and aerodynamic matrices are given in
Ref. 56. Various numerical results were performed and the results obtained agree
well with those of other investigators.

9.6.2 Conical Shells

Thin conical shells have been used extensively as adapter sections in rockets,
supersonic aircraft, and reentry vehicles. Thus, a knowledge of their aeroelastic
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Fig. 9.14 Stability boundary of an elliptic shell of revolution § = Hyy,y /7.

behavior is required. In this section, the problem formulation will be based on
Novozhilov’s theory of thin shelis,’” here specialized for the case of a frustum of a
cone as shown in Fig. 9.15. The analysis will be limited to the use of the first-order
high Mach number approximation to the linear potential flow theory for express-
ing the aerodynamic pressure. The effects of internal pressure and axial loads are
discussed. Hamilton’s principle for the problem at hand can be expressed as

) 1

f 8(T—U—U,»)dt+/ sWdr=0 (9.129)
) to

where the functionals U, T, and U; have been treated in Chapter 4. The work done

by the aerodynamic load reads

2 $2
W= / / Apwr dfds (9.130)
0 RN

where Ap is the aerodynamic pressure. Using a first-order high Mach number
approximation to the linear potential flow theory and including the effect of the
curvature term, we can write

20 [aw (M*=2) dw w
Ap =—

_——_—t — - 9.131
M2—-1)s Lds  V(M2—-1)3r 2r(M2-— 1)%] ( )
where M is the local Mach number.

If the in-plane inertia terms are neglected, the analysis is limited to Donnell’s
simplified theory; the terms in 4 and v in the initial stress energy functional are
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Fig. 9.15 Conical shell notations.

neglected, and defining an Airy stress function F as

1 9*F 10F 3%F
N.\'s=_"_'“"—"+"— N99=-—2
as

s2sin¢ 3602 s 3s
N Noo — 1 18F *F
0 = os = ssing | s 06 309s

9.132)

it can be shown that the differential equation governing the problem reduces to

%w 1 a2 10
DV*w 4 ViF = ph—-I—N0 +N09 l:—_w w:|

¥ as? an2¢392+s8s
20 Bw (M- —=2) ow w ©9.133)
(M2 = 1)1 VIM2=1) 81 2p(M? — 1)} '
V4F —EhVzw =0
where D = Eh3/12(1 — v?) and
R LS
T 35?2 s s s2sin?¢ 062
9.134)
, 1
2 =

stand)?}?
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Table 9.9 Dynamic pressure parameter
A =2qr3 /D(M? — 1)'/2 for a conical

shell
Source Aer Rer
Galerkin
Two terms (Ref. 3) © 448 5
Four terms (Ref. 58) 669 6
Eight terms (Ref. 58) 558 5
Twelve Terms (Ref. 58) 590 5
FEM solution (Ref. 60)
Al 670
A; 662 6
As 702 6
FEM solution (Ref. 61)
Ten elements 700 6
Twenty elements 609 5

The initial prestress loads are related to the internal pressure p,, and the external
applied axial load p, (positive for traction) through the relations

Px Pm
=+ Tt
27 r sin ¢ cos ¢ + 2 stan ¢

N(?O = 0gph = stanPp,,

N,O, = oyh
(9.135)

We notice that the first part of Eq. (9.133) is an equation of motion in the radial
direction, while the second equation is an equation of compatibility. Most available
analytical solutions of the problem were made using Eq. (9.133) coupled with the
Galerkin method of solution. In Ref. 58, the approximate Galerkin modes were put
in the second part of Eq. (9.133) to obtain F in terms of the assumed modes, and
this in turn was substituted in the first part of Eq. (9.133), and the Galerkin method
was then applied. In Ref. 3, the Galerkin method was applied directly to both parts
of Eq. (9.133). In Refs. 59 and 60, a finite element method formulation for the
problem was presented using Novozhilov’s theory of thin shell. The formulation
of the element acrodynamic matrices follows the same procedure as was made for
the case of circular cylindrical shells and is given in Ref. 60. In the formulation of
such matrices of the conical frustum element, numerical integration is preferable;
otherwise, we will be faced with a huge amount of analytical formulas that are
difficult to manipulate and verify.

In Refs. 61 and 62, finite element formulation for the problem at hand was
made using Donnell-Mushtari thin shell theory. Some of the results obtained in
these analyses are shown in Table 9.9 and are compared with other analytical
solutions. The following parameters were used in the calculations: Young’s mod-
ulus E =6.5 x 10° Ib/in.2, Poisson’s ratio v = 0.29, material density p =8.33 x
10~* Ib-s%/in.%, shell thickness # = 0.051 in., cone semivertex ¢ = S deg, My =3,
Too =288.15K, puco = 14.696 1b/in.%, r/ h = 148, and L/r; = 8.13. The finite el-
ement results of Refs. 59 and 60 were made using a mesh of 10 elements. In these
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analyses, three sets of computations were performed and are labeled A{, A,, and
As in Table 9.9. The calculations labeled A| were done neglecting the damping
and effect of curvature in the formulation of aerodynamic loads. The calculations
labeled A, were performed with the inclusion of the curvature term. The third
case, labeled A3, includes both damping and curvature effects. From these limited
results, it can be shown that, for the case treated here, the curvature effect has a
small effect on the stability boundary, while the damping effect has a greater in-
fluence and is stabilizing. In these analyses, Novozhilov’s theory of thin shell was
used, and the in-plane inertia terms were retained in the analysis. The analytical
solution of Table 9.9 and the finite element solution of Ref. 61 use the simplified
Donnell-Mushtari theory. Furthermore, the finite element solution of Ref. 62 uses
the static condensation technique in the flutter solution and neglects the in-plane in-
ertia terms. The static condensation technique for the complicated problem treated
here is not recommended because it relies on intuition (see Ref. 63).

9.7 Damping in Aeroelasticity of Plates and Shells

In this section, an attempt is made to assess and discuss the effect of damping
in panel flutter analysis. The sources of damping in aeroelasticity of plates and
shells are of aerodynamic and structural nature. The aerodynamic damping enters
in the formulation through the term proportional to the velocity in the aerodynamic
surface loading expression. If a first-order high Mach number approximation to the
linear potential flow theory is used as has been exposed in the previous sections,
the aerodynamic damping is a mass proportional type and has always a stabiliz-
ing effect, i.e., the critical dynamic pressure parameter with acrodynamic damping
considered is greater than the critical dynamic pressure parameter when damping is
not considered. In general, for the practical range of the parameters inolved in the
aerodynamic damping estimation, its effect on the stability boundary is small. Ex-
ceptions to this general rule are cases when the critical flutter modes present nearly
identical natural frequencies associated with weak aerodynamic coupling. Exam-
ples of these situations are stressed flat panels with aspect ratios greater than one*
and circular cylindrical shells with large length-to-radius ratios where the critical
modes are higher axial modes with a low circumferential number of nodes.*3-1:63
Extreme cases are when pairs of natural frequencies coincide or at a buckling
prestress of the panel; in such cases a zero critical dynamic pressure is observed
with no inclusion of aerodynamic damping. The aerodynamic damping effect in
such cases has a greater influence on the stability of the panels and removes the
sharp minimums or dips observed in curves of critical dynamic pressure parameter
vs prestress loads when damping is not considered. The second source of damp-
ing is of a structural nature. Ellen® provides a useful classification of the different
types of damping by representing their effect in the equations of motion by terms
written in the form

an+1w
darox”

where g is a structural damping coefficient and x is any spatial coordinate on the
surface. When g is a constant, the structural damping is a viscous-type damp-
ing. Furthermore, when # is zero, the viscous damping is of the same type of the

g (9.136)
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aerodynamic damping previously considered and its effect is cumulative and al-
ways conservative in the sense previously discussed. This type of viscous damping
is extensively used in the literature. When n is different from zero, a viscoelastic
damping type is considered, which is strain dependent (and thus stress dependent)
in general. The effect of such damping when considered alone can be stabilizing or
destabilizing depending on the way of interaction with the structure, i.e., if it dis-
sipates or supplies energy to the system. In fact, a viscous damping proportional to
the restoring membrane stress but in phase with the velocity is destabilizing to the
membrane flutter.®5-6” Another type of structural damping that has been considered
in the aeroelasticity of plate and shell analysis is a hysteretic-type damping. This
can bgéincorporated by writing in the equations of motion a damping term in the
form,

g an+lw
w dtdx"

where w is the modulus of the complex frequency response and g is a constant.
Again, for n different from zero, the incorporation of such damping alone can
stabilize or destabilize the system. A formulation well adapted for aeroelastic
discrete system equations (e.g., finite element, Rayleigh—Ritz, Galerkin methods,
etc.) for the incorporation of a constant viscous damping effect in the analysis
was proposed in Refs. 68 and 69. The various methods proposed in these two
references reconstruct a viscous damping matrix [c], knowing the modal damping
ratio & (measured or assumed) of a number of natural modes of vibration. A
similar method to those proposed in Refs. 68 and 69 to reconstruct a viscous
damping matrix [c] from the knowledge or the assumption of the modal damping
ratio &; of a number of natural modes can be written as

-1
[c] = [[«pl [H [¢JT] 9.138)

where [¢ ], 1s the mode shape matrix of the m modes considered with damping,
n is the total number of degrees of freedom of the dynamic system, and [8;] is
a diagonal matrix with 8; = 2&w;it;, where w; and p; are the natural frequency
and the generalized mass of the mode in consideration. This formulation, despite
leading to a full matrix [c], has the advantage of attributing different modal damping
ratio values to an individual number of modes and can be used in a parametric way
to study the effect of variation of damping for one or more modes on the system
stability. Finally, it should be emphasized that structural damping is a complex
physical problem and simple mathematical models to represent it must be validated
by experimental evidence.

(9.137)

9.8 Nonlinear Models
The material presented in this section is based on Ref. 70.

9.8.1 Flat Plate Models

In this section, we will use the von Kdrmdan nonlinear plate theory for the prob-
lem formulation, which is a subset of the general nonlinear theory of elasticity.
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For more details on the theory, the reader is referred to the classic textbooks on
the subject, e.g., Refs. 71-74. The derivation assumes large displacements, but the
rotations and strains are assumed to be small compared to unity, so that the changes
in the geometry in the definition of the stresses and the integrations are neglected.
Furthermore, use is made of Kirchoff’s assumption, i.e., planes normal to the un-
deformed middle surface remain plane and normal to the deformed middle surface.
Under such assumptions, the strain displacement relations can be written as

ou 1Tow]® 8w
dx

b =9y T2 T
v 1[awr 3w

y=—t | —
ey ay 2| ay Zayz

Ex =&y =10 (9.139)

110u dv 3w 10w dw
Exy 5

gy Tox  oxay| 2x ay

1w L Lfow :
== |— ==
“ 2 ax 2| dy
where we have neglected the transverse shear deformations and Cartesian coordi-
nates have been used; with x—y being the plate midplane, u and v are the displace-

ments of the middle surface in the x—y directions, w is the transverse displacement
in the z direction, and ¢ is the strain tensor. The stress—strain relations are given by

Oxx = [exx +v 3)')']

(I—v?)

E
Oyy = m—)[&‘).y + V{;‘Xx] (9140)
Oxy = 2Geyy 0y, =2Gey,, =0 0y, =2Ge, =0 0, =0
where we have assumed that the plate is thin (o,, = 0) and isotropic with E, G,

and v being Young’s modulus, shear modulus (= E/2[1 4-v]), and Poisson’s ratio,
respectively. The strain energy of small deformations reads

1
U= 5 / [Oxx€xx + OyyEyy + UX)'8X)'] dx dy dz =Uu,v,w) (9.141)
v

where the quantities subjected to variation are the displacements «, v, and w and
Eqgs. (9.139) and (9.140) are to be used in Eq. (9.141). Now, defining the in-plane
stress resultants as

/2 hy2 h2
Ny = / o, dz Ny = / oy, dz Ny = / oxydz (9.142)
—h)2 —h)2 k2
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where h is the plate thickness and introducing an Airy stress function F, which
satisfies the in-plane equilibrium and is related to the in-plane stress resultants as
3*F *F 3*F
Nu=g7 M=3z M35

it can then be shown that Eq. (9.141) can be written as
. 1 P2F\>  (2F\® . 8*F 3°F
U= ——— —} =) " 2v——
2ER J4| \ 0x2 0y? dx? 3y?
3w 2
dA + = e
5 e 2 LG (5
8w 3%w w
2v — dA
e R I E 3y)}

2,,\ 2 52 2,,\ 252 2
+1f [(_a_w) Or (3_w> Y _pwiwdF ] dA  (9.144)
241\ 0x2) 3y? ay?r J ox? dx dy dxdy
where D = Eh*/12(1 — v?). The quantities subject to variation in Eq. (9.144) are
F and w and have been reduced to two due to the introduction of the Airy stress
function and the in-plane equilibrium is automatically satisfied. Note further that
the thickness A has been assumed constant in the functional of Eq. (9.144). More-
over, the functional in Eq. (9.144) contains lower order terms compared to the
functional in Eq. (9.141) and possesses similarity in F and w, a fact that facilitates

the problem formulation when using numerical methods for the problem solution.
If the in-plane and rotary inertias are neglected, the kinetic energy expression reads

T—lf h awsz (9.145)
=2/, % '

where p,, is the plate density. Using now the simple Ackeret’s expression to relate
the aerodynamic external pressure to the plate motion, we can write the work done
by the aerodynamic load as

(9.143)

+2(1 + )(

W=/prdA (9.146)
A

where

2g ow
M2 1 0x
where g = pV?/2 is the free stream dynamic pressure, V is the free stream velo-
city, and M is the free stream Mach number. The flow is assumed to act only on
the upper surface and to be in the x direction. Assuming further that the plate is

subjected to a prestress state of in-plane stress resultants, N° , N? yy and NE), the
strain energy due to prestress reads

1 Jw Jw Jw dw
U = N?, NO 2NC — dA (9.148
2 l: (ax ) + (By ) 2N dx dy :l ( )

Ap=— (9.147)
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Hamilton’s principle for the problem at hand can be written as

t 5
f 8(T—U—U,~)dt+/ SWdr=0 (9.149)
Iy Iy

where Egs. (9.141), (9.145), (9.146), and (9.148) are to be used in Eq. (9.149) and
the quantities subjected to variation are «, v, and w. Applying the variational opera-
tion, Eq. (9.149) will furnish one equation of motion in w and two equations of equi-
librium in # and v as the Euler-Lagrange equations governing the problem together
with the boundary conditions. Alternatively the problem can be formulated using
the functional in Eq. (9.144) to obtain a modified variational principle written as

f h
f 5(T—U*—U,-)dt+/ SWdr=0 (9.150)
o to

where the quantities subjected to variation are w and F. Applying the variational
operation, Eq. (9.150) will furnish one equation of motion in w and an equation
of compatibility in F as the Euler-Lagrange equations governing the problem
together with the boundary conditions. It can be easily shown that the related
equations for this case are

_?Fd’w | 9 F*w  9°F d*w 0 2w o 0%w

DViw=22% 220 97 LAk VL lid
Y 8y? + ay? 9x?  9xdy dxdy +ax dx? Ny ay?
32w 82w 2g  dw
AN —— — pph— — ——— — 9.151
T Vogxay T T o ax 20
and
1 2w\ 8w o2
—vip= () _CWoY (9.152)
Eh dxdy 9x2 3y?

Itis to be observed that, when the inertia and the aerodynamic terms are neglected
in Eq. (9.151), Egs. (9.151) and (9.152) reduce to the celebrated nonlinear von
Kédrman equations. Furthermore, the variational operation leads to the following
boundary conditions:

1 [8%F  8*F 1 /dw\? oF
— =t (=) |s({—])=0
Eh | an2 952 2\ 3s on

1 {33F »PF dw 92
[——{W+(2+v) ] w—w}w:o

anas? |~ on as?

8w 3w ow
D{— —13t|8l— 1} =0
l: {8n2+v8s2}] (an)

33 93 dw 3 F  dw *F
{D{ Y r@2-v) “’} wer o Sw=0

(9.153)

o3 dnds2 | 9n 9s2 ' Bs onds

where, in Eq. (9.153), n and s denote the normal and the tangential directions,
respectively, on the boundary.
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Problem Solution. Almost all the analytical solutions of the nonlinear aero-
elastic problems of plates have been made using the von Kdrmén equations coupled
with the Galerkin approximate method of solution since no exact solutions of
differential Eqs. (9.151) and (9.152) exist. Such solutions lead to a set of nonlinear
ordinary differential equations whose solution is made using various techniques. In
the following, these methods are presented and their relative merits are discussed.
A Rayleigh-Ritz solution can be made using the modified variational principle in
Eg. (9.150) with the admissible functions satisfying the forced boundary conditions
or a Galerkin solution can be formulated with the admissible functions satisfying
all the boundary conditions of the problem. In both cases, the solution is made by
writing for the field variables w and F, expressions in the form

w(x, y,0) =Y Yn(¥, ¥)qn?) (9.154)

and

F(x,y,0) =) ¢:(x, »a, ) (9.155)

The trial functions v, and ¢, must satisfy only the geometric boundary condi-
tions in the Rayleigh—Ritz solution or all the boundary conditions in the Galerkin
solution. The substitution of Egs. (9.154) and (9.155) in the related variational
principle or in the von Kdrmén equations and the application of the minimization
process will lead to the following set of ordinary nonlinear differential equations

(MI{g"} + (k1 + A[A]} (g} = {c1} (9.156)
and
[HH{a} = {c2} (9.157)

In Egs. (9.156) and (9.157), the matrices [M], [k], [A], and [H] are the linear
mass, stiffness, aerodynamic, and compatibility matrices, respectively, and {c;}
and {c,} are the nonlinear contributions and are given by

{a} =aillilg} + alLal{g} + - + @[l g} = [Z a[[Li]{q}] (9.158)
i=1

and

{e2} = [{a} [Bilg}] (9.159)

The matrices [L;] and [B;] are linear matrices obtained from the integrations
of the trial functions over the domain. It is to be observed that Eq. (9.159) is an
algebraic equation, so that the vector {a} can be written as

{a} = [H] '{c2} (9.160)
Substitution of Eq. (9.160) into Eq. (9.158) gives
IMUq"} + k] + A Al {g} = {c} 9.161)
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The vector {c} is the nonlinear contribution with elements given by

¢ = Xm: Zm: zm: Cirstqrqsqr (9.162)

r=1 s=1 t=1

where ¢ are constants. Equation (9.161) represents a set of nonlinear ordinary
differential equations where {c¢} contributes to the nonlinear part. When {c} = {0},
the problem is reduced to the linear aeroelasticity problem. Furthermore, we notice
that the contribution of an aerodynamic damping or a structural damping in the
problem formulation will lead to an augmented term function of the velocity, i.e.,
[Gl{g'} in the right-hand side. Thus the general procedure of the solution will be
the same. Moreover, the matrix [k] includes both the linear stiffness matrix and
the initial stiffness matrix due to prestress. The solution of Eq. (9.161) has been
made by various authors using various techniques and these are discussed in the
following.

Dowell”>76 uses the direct numerical integration technique for the solution of
Eq. (9.161). Because only the steady-state solution is of interest, the solution can
be started from any initial condition, {go} and {g,}. Thus, the solution proceeds as
follows. Given a value A > X., where A, is the linear critical dynamic pressure,
and fixing a value for the amplitude level, (w/ h)max, the equations of motion are
numerically integrated and the permanent state solution is obtained as a function
of time, If this solution is stable, i.e., decaying with time, the value of (w/ h)yax 18
augmented until a limit cycle is obtained, from which the frequency of vibration
and the amplitude are calculated for the predefined value of A. The whole process is
then repeated for another A, to obtain a graph of (w/ h)max vs A. Dowell”>7¢ did not
discuss the stability of the plate when the limit cycle is reached. Small perturbations
about the limit cycle oscillations were discussed by Eastep and McIntosh”” and
Evenson and Olson’® to study the stability of the solution when the limit cycle
is obtained. In these references, the method used for the numerical integration
was not given. However, any stable algorithm, e.g., the Newmark method with
limitation on the time interval Az can be used. Furthermore, enhancement of the
accuracy and a reduction in the time spent in the numerical integration methods
can be achieved, using the method of Ref. 79.

Morino® used the perturbation techniques for solving the nonlinear aeroelastic
problem. For details of the perturbation methods of solution of the autonomous
ordinary nonlinear differential equations, the reader is referred to textbooks on
the subject (see for instance Ref. 81). In the following, the method proposed by
Morino® is given without proof. For the solution of Eq. (9.161) ata value A > A,
we write

A=A+ + 0" (9.163)
and
g} =2{q"} +e' g} + 06 (9.164)
For the values of A and ¢ and for the frequency, we write

w = w. + 2w + 0(eh) (9.165)
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and we define
T = wr = (W + 20t = w1 + 2wt =T+ Ty (9.166)

so that
d 0 0

dt " 9% on
where ¢ is a small quantity. Substituting Egs. (9.163-9.166) into the equation
of motion [Eq. (9.161)] and applying the perturbation technique, i.e., balancing
terms of equal power of &, Morino®® obtained for the terms ¢ and &* the following

equations
anl
[M]{ }+ [K1{g'} + Ac[Al{g"} = {0} 9.167)
and
32q3
(M) {F} + [K)g*} + A [ANq")
70

2 m

ot [A]} @'Y =Y 2" cinpatndpds (9.168)

n=1 p=1g=I

d
= [2[M]8r0

Equation (9.167) represents the linear solution from which the values of A, and
w, can be determined. The linear solution vector can be written as

{g'} = Real S{u}e'™ (9.169)

where S is in general complex and corresponds to the amplitude at the fluttering
condition w, and {u} is the eigenvector of the linear eigenvalue problem. Substi-
tuting Eq. (9.169) into Eq. (9.168), we obtain

32q3

2
a1,

[M] { } +[KHg*} + A [ANG?) = —{Z"}e' ™ + {ZP}e¥ ™ (9.170)

where

{Z"} = Sliw M1+ [A]] {u}

>

n=lp

=
=

ci,,,,q(u,,u,,uz -l-u,,u";,uq +u§u,,u,,)SzS* 9.171)
1

lg

and

= i i i CinpqUnlh plig S 9.172)

n=1 p=I g=1

In Eq. (9.171), the values denoted with asterisks are the conjugates of the corre-
sponding variables. We notice that the solution {g?} is not needed if the analysis
is limited to the terms O(e3). Now, because {u} is a solution of the homogeneous
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Eq. (9.170), then to avoid the secular terms in the solution, using the perturbation
methods, {Z'} must be orthogonal to {u*}, where {u’} is the left eigenvector of
the linear solution. Thus, we can write

{W"H{z"V =0 9.173)
Morino®? obtained this condition as
S
9——+ﬂS+y525* =0 (9.174)
3‘[2
where
1
B = —{u"}"[Al{u} ©9.175)
o
and

M=

1

if

1 m m
y = —{uk)7 . [ZZ c,-,,,,q(u,,u,,uz + unu;uq + u:‘,u,,uq)] 9.176)
o n=1 p=lg¢
where o = iw{ul}" [M1{u}. The stability of the limit cycle is determined from
the sign of the real part of y, i.e., the solution is stable for values of yz > 0. The
amplitude and the frequency of the limit cycle are obtained for T — oo and read

w L Br 1| &
hu, ¥, 1) = 201 — A,)2 (*;) n;unqsn(x, o ©0.177)
and
(51~ 52n)
Wr oo = W — (A — Xp) 161 - =Y (9.178)
YR

The solution of the problem will proceed as follows: A, w,, {#}, and {u’} are
determined from the linear solution of Eq. (9.167). These are used in Egs. (9.175)
and (9.176) to obtain the values of 8 and y, and these in turn are used to determine
the amplitude and the frequency for a given value of A > A.. The reduction in the
computational time is thus evident compared to the direct numerical integration.

Wind-tunnel experiments? and results of direct numerical integration methods
showed that periodic vibrations exist once the critical dynamic pressure is ex-
ceeded. This led some authors to use the harmonic balance technique to solve the
nonlinear flutter problem. This was first made by Fung®? and Kobayashi%® using
the two-mode Galerkin solution and was then generalized by Morino®® for n
Galerkin terms. The solution of Eq. (9.161) proceeds as follows: we write {g} as

{g) = {a,} sinwt + {b,} cos wt (9.179)

where w is the frequency of vibration for A > A.. Substituting Eq. (9.179) into Eq.
(9.161) and separating the terms in sin wt and cos wt, since the solution is valid for
any wt, we obtain a set of 2N equations for the 2N unknowns {a,b; . ..a,b,}. Two
of these variables are fixed for a given value of w/ A, i.e., fixing the amplitude level,
and are replaced as unknowns by A and w; the solution then proceeds to obtain
the 2N unknowns, namely, {w A ay b, ... a, b,}, using any suitable method for the
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solution of a set of nonlinear algebraic equations. The stability of the solution can
be made by making small perturbations about the solution obtained.

A further method for the solution of the nonlinear flutter problem is the Lyapunov
stability criteria. Such a method has been discussed by Bolotin,Librescu,® and
Parks.®’ However, the difficulty of the Lyapunov method in the nonlinear case is to
find a Lyapunov functional for the stability criteria; more details on the Lyapunov
method are given in Ref. 81.

Limit cycle amplitude two-dimensional panel flutter using the finite element
method was studied by Mei and Rogers,®® Mei,?” and Rao and Rao.%® Finite element
solutions of the three-dimensional nonlinear panel flutter were investigated by Mei
and Weidman,®® Han and Yang,”® and Mei and Wang.?! Large amplitude two-"2 and
three-dimensional hypersonic panel flutter®® were studied using the finite element
method. Structural nonlinearity using the finite element method for composite
materials was analyzed in Refs. 32, 93, and 94.

In all of these finite element solutions, the nonlinear part was solved using the
direct numerical integration method or the energy balance technique. The structural
part of the problem was formulated using the von Kdrmén large deflection plate
theory with u, v, and w taken as the field variables. In addition to the structure
nonlinearity, Ref. 33 considers also aerodynamic nonlinearity using a third-order
hypersonic piston theory where it is shown that the effect of the acrodynamic
nonlinearity was very small on the stability boundaries for the cases analyzed. The
finite element method has been applied to the problem of nonlinear supersonic
flutter suppresion using adaptive materials actuators in Refs. 95 and 96.

9.8.2 Curved Panel Models

In this section, the aeroelastic problem of large deformations of curved panels
is considered. Again, the von Kédrman large deformation theory is used for the
problem formulation. The analysis is limited to cylindrically curved plates and to
Kirchoff’s assumption. Consider a cylindrically curved plate with a rectangular
base and a curvature in the y direction. The strain—displacement relationships can
be written as

au  1[ow]® 9w
S P S [y B el

ax ax?
po o Qv _w 10w 2 9w
WES TR0y T2
(9.180)
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The stress—strain relationships are the same as given by Eq. (9.140) and the
strain energy of deformation reads

1
U = —2~ / [OxxExx + OyyEyy + nyé‘xy] dxdydz = U(u,v, w) (9.181)
Vv

Now, introducing an Airy stress function as was made in the previous section,
which satisfies the in-plane equilibrium, we obtain the following modified func-
tional

1 2F\?  [92F\? 32F 32F
Uf = ——— ) () —wi i
2ER J4 | \ 0x2 ay? dx? 9y?
8°F 0w\’
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(9.182)

where the same notation has been used as in the previous section. The kinetic
energy functional, the strain energy functional due to prestress, and the work done
by the external aerodynamic loads are the same as given by Eqs. (9.145), (9.148),
and (9.146), respectively. Using these functionals, a modified variational principle
is obtained and reads

H] 131
/ 8(T~U*—Ui)dt+f SWdt =0 (9.183)
ty y

where the quantities subjected to variation are w and F. Performing the variational
operation, the Euler-Lagrange equations governing the problem are obtained as
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and
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Again, Eq. (9.184) is an equation of motion in the normal direction and Eq. (9.185)
is a compatibility equation. Furthermore, the variational operation leads to the
following boundary conditions:

1 [82F  3°F 1 /8w\? BF)
— =yl (=) |s({=])=0
Eh | on? as? 2\ 3s on

1 [9*F 3*F dw 32w
[———{ + Q2+ ) s2} - JSF 0

Eh | 9nd on ds?

o5 T (5) -0

83 3 2 2F
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(9.186)

ands? on 0s2 ds dnds

where the geometric conditions are given by the variational terms and the free
boundary conditions are given by the expressions between brackets, respectively.

Problem Solution. The same procedures of solution as discussed for the flat plate
problem can be applied for the present case. The problem of nonlinear flutter of
curved panels, freely supported on all edges, has been treated by Dowell?!-?? using
Eqgs. (9.184) and (9.185) coupled with the Galerkin method of solution. The limit
cycle amplitude problem has been solved using the numerical integration process.
Further, cylindrical curvature in the streamwise direction was also treated. Dowell’s
investigations showed that the in-plane edge restraints had a great influence on the
flutter boundaries and this was attributed to the frequency spectrum of the shells
analyzed.

Linear models have been analyzed in Refs. 23 and 24 using the finite element
method and the two field variable variational principle given by Eq. (9.183). The
two field variable variational principle with the transverse displacement and Airy
stress function taken as the field variables represents an efficient alternative for the
treatment of shallow shell problems. In spite of the simplifications it introduces,
Reissner’s principle is scarcely used in the finite element formulation. The main
reason is attributed to the difficulties encountered when applying the boundary
conditions on Airy stress function. In Ref. 97, starting from Reissner’s variational
equation for the free vibration of cylindrically curved panels, the Euler-Lagrange
equations and the boundary conditions of the problem were deduced. It was shown
that the boundary conditions on the Airy stress function are as simple and direct
to apply as on the transverse displacements. The variational principle was used
to derive C! continuity rectangular finite elements using the concise formulation
of Ref. 11. The formulation was then extended to the buckling analysis of cylin-
drically curved panels,”® supersonic panel flutter,?>* the problem of stability of
cylindrically curved panels in the presence of nonconservative follower forces,”
and free vibration'® and aeroelasticity®* of composite material doubly curved
shallow shells. The results of these investigations showed that the in-plane bound-
ary conditions have an important effect on the stability boundaries of the shells,
principally in the transition region as the curvature increases and the shell departs
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from the flat plate behavior to a deep shell behavior. Extending the formulation to
nonlinearity using modern materials, optimization to satisfy flutter requirements
using the direct methods of stability of Refs. 101 and 102 and the problem of
nonlinear supersonic panel flutter suppression using adaptive materials actuators
are directly applicable.
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Aeroelasticity, flight vehicles, 189-228
aerodynamic influence coefficient
matrix, 194-195
flutter analysis, 221-222
hypersonic flutter of cantilever wing,
222-225
incremental nonstationary aerodynam-
ic loads, 191-194
Kernel function in subsonic flows,
195-212
Kernel function in supersonic flows,
212-213
modal transformation, 213-214
optimization to satisfy flutter require-
ments, 225-226
problem formulation, 189-190
stability equations, 214-221
Aeroelasticity, plates and shells, 229-289
circular cylindrical shells, 265-269
conical shells, 269-273
curved panels, 247-252
damping, 273-274
finite element method, 238-242
flat plates, 229-242
Galerkin solution, 236-238
laminated fiber-reinforced shallow
shells, 253-265
nonlinear models, 274285
prestress effect, 242-247
Rayleigh-Ritz solution, 233-236
Aeroelasticity, typical section, 161-188
extension to three-dimensional lifting
surfaces, 179-181
parametric studies, 177-179
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single-degree-of-freedom stability,
161164

Theodorsen solution, 176-177

unsteady linearized potential theory,
174-181

with control surface, 181187

C
Choleski—Crout method, 16-17

D

Determinantal solution, 20
Dynamics of continuous elastic bodies,
93-118
flat plates, 103—-106
response to external excitations,
116-117
response to initial conditions, 115-116
shell structures, 107-114
slender beams, 93-103

E

Eigenvalues, 19-20
iteration method, 23-25
Equations of motion
multidegree-of-freedom linear sys-
tems, 53
response to externally applied load,
60-66
single-degree-of-freedom linear sys-
tems, 27

F

Flight vehicles. See Aeroelasticity, flight
vehicles
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Fourier series
response to periodic excitation,
45-46
Fourier transform
response to aperiodic excitation,
47-48

G

Galerkin solution, 132-133, 236-238
Gauss method, 15-16

H

Harmonic excitation, 32-36

|

Impulsive excitation, 41-44
Inverse iteration method, 22-23

L

Lagrange equations, 56
Laplace transform, 48-49

M

Matrices
addition and subtraction, 3
algebra and techniques, 1-26
definite positive, 8
definition, 1
differentiation and integration, 9
equality, 3
multiplication, 3—4
negative power, 5
partitioned, 7-8
rotation, 11-12
square, inverse, 4-5
square, positive power, 4
transformations, 9-10
translation, 10
types, 1-3
Modal superposition technique, 6061
numerical methods, 61-66
Multidegree-of-freedom linear systems,
53-91
damped systems, 59-60
damping effect, 66-67

INDEX

dissipation function, expression,
55-56

equations of motion, 5356

free vibration, 56-59, 8§2-88

kinetic energy functional, 54

Lagrange equations, 56

modal superposition technique,
60-61

position vector, 53

strain energy functional, 54--55

velocity vector, 53

Multidegree-of-freedom nonlinear sys-
tems, 137-138

N

Nonlinear systems, 119-138
Duffing method, 129-132
Galerkin method, 132-133
nonlinear viscous damping, 121
physical properties, 121-126
Rayleigh-Ritz method, 133-135
simple pendulum, 119
solutions of equations of motion,

127-137
systems with nonlinear spring charac-
teristics, 119-120

P

Plates and shells. See Aeroelasticity,
plates and shells

R

Random vibrations, 139-159
autocorrelation function, 144-145
ergodic random processes, 141-142
multidegree-of-freedom systems,
152-158

power spectral density function,
145-147

probability distribution and density
functions, 142-144

single-degree-of-freedom response,
148-151

stationary random processes, 139-141

white noise, 147148, 151-152



Rayleigh-Ritz solution, 133-135,
233-236
Reversal law
in transposed and reversal products,
67

S

Single-degree-of-freedom linear systems,

27-51

aperiodic excitation (Fourier trans-
form), 47-48

complex frequency response function,
3940

equation of motion, 27

free vibration, 27-32

harmonic excitation, 32-36

harmonic oscillation of base, 37-39

impulsive excitation, 4144

Laplace transform (transfer function),
48

periodic excitation (Fourier series),
45-46

step excitation, 4445
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transmissibility factor, 36-37

Square root method, 17-18

Step excitation, 44-45

Symmetric Choleski decomposition. See
Square root method

T

Transformation of matrices, 9-10

Triangularization, 13-15

Tridiagonal systems, 18-19

Two-degree-of-freedom mechanical sys-
tem, 67-72

U
Undampened free vibration, 56-59

\Y

von Mises power method, 21-22

W

Winglike structure, dynamic properties,
72-82
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