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1
Introduction

At its basic roots, the subject matter of rotary wing structural dynamics
and aeroelasticity is concerned with the following problem: How can structural
integrity and passenger comfort be attained in the vibratory environment pecu-
liar to rotary wing aircraft? From this broad problem definition has evolved the
two principal areas of concern in rotary wing structural dynamics: vibrations and
aeroelastic stability. The emphasis is currently on vibration reduction, but with
close attention being paid, nonetheless, to the fact that rotors are subject to a
variety of potentially unstable response phenomena. The advent of new rotor con-
cepts increases the probability of an otherwise benign characteristic rotor response
becoming a major aeroelastic instability issue. In any practical design the insta-
bilities must be well understood, and ways must be found to suppress them in all
conceivable flight conditions. Last, it should be noted that one area of concern
that closely relates to structural dynamics and aeroelasticity is that of noise. The
high degree of noise characteristic of most rotorcraft has spawned the growing
technical areas of rotor far-field noise acoustics and structure-borne interior noise
acoustoelasticity. Although both these subjects are important and timely, this text
is limited to considerations of only vibrations and aeromechanical and aeroelastic
instabilities.

1.1

The agenda for structural dynamics and aeroelasticity of rotorcraft is distin-
guished from that of fixed wings and/or airborne spacecraft in a variety of ways.
First, vibration is a major problem with rotorcraft in all forward-flight conditions,
both steady and maneuvering flight. However, this vibration is not broadband;
rather, it occurs at discrete frequencies related to the main and tail rotor rotational
frequencies. Indeed, the principal driver of the rotorcraft vibration problem is the
essentially unsteady aerodynamics of the main rotor even in steady forward flight.

Second, not only is the aerodynamic environment of the rotor unsteady, but at the
same time it is also nonlinear, governed by non-infinitesimal motion and periodicity
in conditions traditionally held constant with fixed wing applications. Presently,
the understanding of rotorcraft acrodynamics is a slowly growing technology, and
despite its key role in analyzing rotorcraft vibration and aeroelastic stability, it still
requires much more work for practical analysis.

In addition to the problems directly arising from unsteady aerodynamics are
those related to the fact that the rotor blades of contemporary helicopter rotors
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are “structural lightweights” compared with their fixed wing counterparts. They
achieve a large measure of their stiffening from the tension induced by the rota-
tional centrifugal force field. The rotational environment of the rotor blades also
gives rise to a host of rotation-related phenomena: gyroscopic characteristics,
Coriolis forces, and a variety of nonlinear inertial loadings. While still governed
principally by linear operators, the resulting aeroelastic description of rotor blade
elastic responses is consequently fraught with nonlinearities that modify the results
obtained using only linear analysis.

The relatively high degree of rotor flexibility also drives the significant interac-
tion occurring between the rotor and the also flexible rotorcraft airframe. At present,
the stubbornness of typical modern-day helicopter airframes to yield to accurate
dynamic analysis continues to pose a very important challenge to the rotorcraft
structural dynamist. Furthermore, contrary to the case of fixed wing aircraft, where
aeroelastic stability characteristics are the priority issue, the dynamic analysis of
rotorcraft airframes must be relatively much more accurate to enable a reasonably
accurate calculation of the vibration characteristics.

1.2 Methodology

Stated in the context of an engineering solution, the structural dynamics problem
of rotorcraft entails three general concurrent avenues of approach: 1) Knowledge
of the vibratory environment of the rotorcraft must be acquired. Principally, this
means knowing the essentially unsteady aerodynamic characteristics of rotorcraft.
2) The extent to which the structure responds to the environment must be calcu-
lated. 3) The resulting responses must be judged for acceptability; if they are not
acceptable, ways must be found to make them so.

1.2.1 Knowledge of the Environment

To know the vibratory environment requires that many of the concepts relating
to frequency-domain analysis be brought to bear. An understanding of unsteady
aerodynamic loadings is required, as are ways of formulating these loadings in both
the frequency domain (for both vibration and instability problems) and the time
domain (for transient responses involving nonlinearity problems). Also, knowledge
of the “real-world” characteristics of the dynamic components used in rotorcraft
is a continuing challenge. Elastomeric devices and composites structures are see-
ing increased usage, and their characteristics are often unique and either deviate
to a degree from completely linear descriptions or present new linear coupling
relationships.

1.2.2 Calculating the Responses

Calculating the dynamic responses of structures to their environment requires
the idealizations that linear differential equations of motion provide. In some cases
linear systems are insufficient for an accurate formulation, and non-linear differ-
ential equations must be used. In general, two types of responses command our
attention almost exclusively: resonant responses and unstable responses. Exam-
ples of resonant responses are the once per rotor rev accelerations imparted to a
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helicopter fuselage by an unbalanced rotor, and the (number of blades) per rev
accelerations resulting in the fuselage from a periodic main rotor wake impinge-
ment on the horizontal stabilizer. An example of an unstable response is the flutter
of a wing or rotor blade. Customarily, a resonant response is ideally thought of
as the excitation of a structure at one or more of its natural frequencies by an
external energy source, whereas an unstable response is thought of as a structure
driving itself from an internal energy source. It is a complication with rotorcraft
that, in practice, it is often difficult to ascertain which of these responses is in fact
occurring. This is because both types of response can exhibit measured behavior
that “blossoms” for periods of time, and furthermore, both types can exhibit limit
amplitudes of sinusoidal motion.

1.2.3 Evaluation and Modification

To pass engineering judgment on any given structural configuration, acceptable
limits of response must be defined in an appropriate quantitative sense. Such
limits are typically defined by the primary considerations of structural integrity
and passenger comfort. If the structure is stressed too high, static failure of the
material will occur. If the structure is dynamically stressed too high, too often, it
fails in a fatigue mode. Furthermore, failure by instability may be precipitated by
a partial failure or weakening in a subsidiary structure. Ultimately the structural
integrity problem is one of achieving a configuration that is both fail-safe and has
an acceptable component life. Whereas the structural problem has an objectively
measurable solution (structure either is or is not fail-safe, or has the required
x number of hours of minimum useful life), the problem of achieving passenger
comfort is measured only relatively. Certainly a reasonable goal is to achieve cabin
acceleration levels that are less than those of the last ship built, or, better yet, that
are “jet smooth.” Present goals are to achieve vibratory levels that are generally
less than 0.05 g in all components.

Perhaps of most importance to the engineering judgment aspect of the broad
problem is the ability to change the structure to achieve a desired improvement
in the dynamic responses of the structure. As yet, this ability is still somewhat
of a craft involving educated trial and error. However, this situation is rapidly
changing, due to the emergence of a variety of powerful analysis tools and their
increasingly more efficient and cost-effective implementations on computers (both
large mainframe machines and personal computers).

1.2.4 Organization of the Text

After an initial three chapters covering basic concepts needed for all aspects of
rotorcraft structural dynamics, this text is divided into three main sections. The
first two sections reflect the emphasis on the two main problem areas: vibration
and aeroelastic stability. Chapters 5 through 8 are specifically devoted to vibra-
tion issues, with an emphasis on methods for structural modification for achieving
vibration reduction. Chapters 9 through 14 are devoted to mechanical, aerome-
chanical, and aeroelastic stability issues. In addition to presenting expositions
of well-established instability phenomena of rotors, techniques are presented for
analyzing the stability of general multiple degree-of-freedom systems. For both of
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these problem areas, i.c., vibration and aeroelastic stability, chapters are presented
dealing with appropriate experimental procedures.

The third section of the text consists of Chapters 15 through 18, which deal with
material that has special applications to both of the two main areas. Chapter 15
presents material relating to elastomeric devices, as these have found a permanent
niche in rotorcraft structural dynamics applications. Chapter 16 presents specifics
for characterizing the blade section with an emphasis on the application of compos-
ite materials. Chapter 17 describes instances of cross-over interactions of “outside”
dynamics-related material with the more standard material of rotorcraft structural
dynamics covered in the previous chapters. Finally, Chapter 18 presents some
concluding thoughts together with an abbreviated description of key milestones in
the development of rotary wing structural dynamics and aeroelasticity.

It is to be hoped that this text will provide an in-depth introduction to the subject
material as well as a useful reference resource both for actual formulations and
bibliographies. The theory of linear differential equations is the primary requisite
mathematical discipline employed in this text; most of the analytical formulations
involve only the integrating of a handful of basic, relatively simple concepts.



3
Rotating Beams

Because of the aerodynamic performance gains achievable, current helicopter
rotor blades have evolved into relatively high-aspect-ratio structures. From a struc-
tural dynamics standpoint such a structure is a simplification in that rotor blades
can then be treated as one dimensional, that is, their elastic characteristics can
be specified as functions of only the radius. A further consequence of this one
dimensionality is that we need define the elastic deflections of rotor blades only
in terms of bending deformations transverse to the blade, torsion, and, in some
special cases, axial elongation and cross-sectional warping.

In this chapter the basic concepts relating to blade vibration characteristics are
developed. These concepts include theory for and practical schemes for obtaining
natural frequencies and mode shapes in both in-plane and out-of-plane bending
and in torsion for relatively simple blades, that is, blades that have no pitch,
twist, or preconing. Such simplified blade configurations produce what we will
refer to as uncoupled mode characteristics. The uncoupled modal responses are
characterized as having, for any one mode, a// of the motion in either the in-plane,
out-of-plane, or torsional degrees of freedom. In reality, rotor blades do have
all of these complicating characteristics (pitch, twist, and precone), and material
is therefore presented explaining how the basic uncoupled characteristics for the
simplified blade are modified or coupled by these additional considerations.

3.1

The principal characteristics of rotating beams that distinguish them from con-
ventional beams are that they function in a tension field that is variable with span
and that they have additional dynamic loadings accruing from the rotational field.
Because of the one dimensionality of the beam, the appropriate starting point is to
take an infinitesimal spanwise element of the beam and then form the equilibrium
conditions governing it.

Basic Equations for Bending

3.1.1 Equilibrium of a Spanwise Element

Figure 3.1 shows a (rotating) cantilevered beam with a distributed axial loading
fx(x) [arising from centrifugal force and resulting in distributed tension 7'(x)] and
a distributed transverse loading f-(x, 1).

Te e 3%
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transverse load radial
Z N ! =
distribution, ( centrifugal )
[, (x,t) force field,
fx)
X

Fig. 3.1 Loading distributions of a rotating cantilevered beam.

Let us then consider an arbitrarily located spanwise element and construct a
a free-body diagram ; 4r B {& free-body diagram (see Fig. 3.2); note that we include the internal elastic loads
H (LA 3.2) and the external loadings, as defined in Fig. 3.1. The element is then equilibrated
S EAR ET R A B with respect to the axial and transverse forces and the moments:

M, B (3.1),
$F,=0; TF,=0; ZM=0 3.1)

3.1.2 #&Biss5 3.1.2 Basic Differential Equation for Transverse Bending

A The aforementioned conditions of equilibrium, when taken together with the
standard beam bending equation

2

a..
M(x,t) = El — z(x,1) 3.2)
ox
ZHR AR R Al 47 yield the following basic differential equation for the beam in tension:
E! ﬁ (3'3)0 2 7
0 9°z ad 0z
— EI—= | = —|T=| = £.(x, 33
ax2 [ axz:l ax [ Bx] R0 1) e
f,dx
/—]\/— S+ds
M(moment) T+dT
T(tension) ' M+dM
S(shear)
9 x + dx

Fig. 3.2 Free-body diagram for a spanwise element of a rotating beam.



CHAPTER 3 Rotating Beams

Boundary conditions. The appropriate boundary conditions for all rotating
beams are that they have zero deflection at the root and zero bending moment and
shear at the tip. These conditions are stated mathematically as

8%z 83z
(0,) = —(L,t) = —=(L,t) =0 3.4
2(0,1) ax2( ) 8x3( ) (3.4)
Additionally, a fourth boundary condition must be imposed at the beam root based

on the type of fixity at that point. If the beam represents an articulated rotor blade,
then the beam has the boundary condition appropriate to a hinge, and the bending
moment is taken to be zero:

32
Z0n=0

3
™ (3.5)

If the beam represents a hingeless rotor blade, then the beam root has the canti-
levered boundary condition, and the root slope is taken to be a constant equal to
some built-in coning value Bp:

dz
ox

Distributed tension. The tension in the beam arising from the centrifugal
force field can be obtained by integrating the axial load distribution f, (=m$22x):

L
T(x,1) = Q2 / mx; dx; (3.7)

3.1.3 Transverse Bending Motion

At this point none of the development given earlier takes account of the fact
that the beam is in (transverse) motion. The dynamics of this motion can then be
simulated using D’Alembert’s principle; the transverse inertial load distribution
resulting from beam transverse motion is included explicitly in f-.

Transverse load distribution. Regarding the out-of-plane z motion, the
transverse load distribution is also in the z direction:

fe(x, 1) = f2(x, 1) applied +fz (X, B)inertial (3.8)

external

Correspondingly, the transverse load distribution for the in-plane motion case is

in the y direction and is similarly interpreted. Thus, for out-of-plane and in-plane

motions z and y, respectively, the transverse loadings are given as follows:
Out-of-plane bending:

9%z

fz(xa Dinertial = —
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BHENE,
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articulated rotor blade ; &%
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hingeless rotor blade : FL& =
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D’Alembert’s principle : ik
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In-plane bending:

2

0
So(x, Dinertial = _m—y‘ + sz,V

v (3.9b)

The second term in the expression for the in-plane inertial load distribution arises
from the fact that the centrifugal force field is radial: hence, a component of this
force field will be in the direction of the in-plane deformation y.

3.1.4 Differential Equation for Out-of-Plane Bending

The reader can verify that all of the preceding formulations can then be com-
bined to yield the following differential equation for out-of-plane (transverse)
bending:

L 7
ms + [EE"] — Q2 [z' / mx, dXI] = fapp (%, 1) G.10
4

This equation can be seen to have the following properties:

1) The equation is linear, of fourth order in the spatial variable x, second order in
time t, and with spanwise variable coefficients.

2) The linearity of the equation allows a separation of variables solution scheme
combined with superposition:

o
2x,0) =) y()g;(r) 3.11)

J=1

where y;(x) is the jth natural mode shape (which satisfies the boundary
conditions) and ¢;(r) is the jth generalized coordinate or modal response
variable.

One mathematical significance of the y;(x) function is that it satisfies the
following orthogonality condition:

L
M"
[
0 5

Calculation of the normal mode shapes y; (eigenvectors) and the corresponding
natural frequencies w; (eigenvalues) defines the major computational task in analy-
zing rotating beams. Unfortunately, although the basic differential equation is
linear, general solutions do not exist even for spanwise constant properties, and
some form of numerical method must be employed. Two basic numerical methods
are presented in this chapter for obtaining these calculations, but first the basic
properties of the resulting solution for the free-vibration (eigenvalue) problem
must be addressed.

fork =

for k 2 (3.12)



