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ABSTRACT

Rotor dynamics has become an integral part in the analysis and design of industrial
turbomachinery. Rotor dynamics deals predominantly with the evaluation of the stability
and damped critical speeds, and the response to an unbalance excitation, of
turbomachinery. The majority of the industries which deal with rotor dynamics use the
conventional and proven transfer matrix methods to solve the dynamics. However, the
recent advances in computer technology and the distinct advantages of the finite element
method make it an attractive tool to model complex rotor bearing systems.

This research has developed a PC-based finite element analysis program capable of
modeling rotors supported not only on fluid film bearings, but also on Active Magnetic
Bearings (AMB). Methods are described by which the non-synchronous bearing properties
can be used to evaluate the stability of the rotors supported on AMB. The effect of sensor
noncollocation on general elliptic orbit response and stability has also been studied, as
compared to the circular response of the existing programs. A design procedure for the
stability of rotors supported on squeeze film dampers has been outlined. The unbalance
response of rotors supported on squeeze film dampers can be predicted using the new
iterative solution method which accounts for the nonlinear behavior of the damper.

Multilevel analysis, essential for systems such as aircraft jet engines and certain other



classes of turbomachinery, can be performed using this new computer program. A post-
processor for viewing/animating the damped mode-shapes and forced response of a rotor,
in 3-dimensions, has been developed. This ability to view the animated complex modes of
forward, backward, and mixed forward-backward whirl of the rotor adds a new dimension

in understanding the dynamics of rotating machinery.

With the increasing demand for more accurately predicting the dynamic response
and stability of high performance critical path turbomachinery, it is essential to develop
advanced capability computer programs. The new PC-based finite element program
developed in this research has the advanced capabilities required to model such complex

rotating machinery.
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CHAPTER 1

INTRODUCTION AND LITERATURE REVIEW

1.1 Introduction

The goal in the modern petrochemical and aerospace industries has been towards
higher operating speeds and higher power output. This growing trend necessitates that the
power/weight ratio of the machinery be kept to a maximum. However this reduction in the
weight of the machinery may result in a more flexible system which in turn, could lead to
higher vibration amplitudes of the rotating machinery. Rotor dynamics involves in the
calculation of response to unbalance excitation and prediction of stability of rotating
machinery. In a broader sense, rotor dynamics also can involve the modeling of rotor-
bearing systems for non-linear transient analysis. However, this research work involves
only the steady-state analyses of rotor-bearing systems. The steady-state analysis results in
. (a) the evaluation of the eigenvalues of the system and (b) the response of the system to
an unbalance excitation. The real part of the eigenvalue gives the stability of the
machinery, expressed as the growth factor or the logarithmic decrement, and the
imaginary part of the eigenvalue gives the damped critical speed for each mode.

The components of a typical rotor system, for example, a multi-stage compressor
typical of an industrial application, are the impellers, disks, balance drum, bearings, seals

and the shaft on which these are mounted. With the advent of modern technology, the

1.0 Introduction and Literature Review 1



rotor system has become increasingly complex, and more powerful tools are required to
analyze the rotor systems. For example, magnetic bearings are being used as an alternate
means of supporting rotors. The analytical method used for modé].ing the rotors must be
capable of including the characteristics of magnetic bearings -- viz., the positions of the
sensors and the frequency dependent bearing characteristics.

The most common model used in rotor dynamics to study the basic lateral
vibration of a rotating shaft is the Jeffcott rotor, named after H.H. Jeffcott. This model
consists of a massless elastic rotor supported at the ends, and has a rigid disk located at
the midspan. Jeffcott (1) concluded that the amplitude of the lateral vibration increases till
the critical speed and then decreases after that point. Since then this simple but effective

model has been used to understand the behavior of simple systems.

1.2 Literature Review

The dynamic analysis of a rotor-bearing systems involves deriving the equations of
motion of the system, beginning with the physical model. The two most popular analytical
methods used in rotor dynamics are the transfer matrix method and the finite element
method.

The transfer matrix methods have been used quite extensively in rotor dynamics,
well before the finite element method. In principle, the shaft is treated as a beam and the
rotor system is divided into small beams. A relationship is obtained for the forces,
moments, slopes and deflections of one end of the beam section in terms of the parameters
at the other end. This set of variables forms the state variables for the rotor system. Thus,
by progressively moving from one end of the rotor to the other, a relationship is obtained

between the state variables at the two ends of the rotor. Appropriate boundary conditions
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are used on the state variables and the system of equations is solved for the critical speeds

and/or unbalance response.

1.2.1 Finite Element Modeling in Rotor Dynamics

The finite element method originated primarily from the analysis of structures, and
dates back to the late 1950°s. With the advent of computers, the finite element method
developed as a very powerful mathematical tool for design and analysis of not only
structures, but also in the areas of fluid dynamics, heat transfer and structural dynamics.
Huebner (2) summarizes the origin and applications of this powerful mathematical tool.
Though this method has been in existence for quite long, its application in the area of rotor
dynamics has been recent. In recent times, the finite element method has been used quite
widely in rotor dynamics mainly due to the ability of the method to be able to model
complex system relatively easily. The growth of the application of finite element method is
partly due to the advent of computers.

In principle, the finite element method involves discretizing (or dividing) the shaft
element into small beams and then deriving the stiffness and mass matrices for each beam
section. The stiffness and mass matrices for the entire system are obtained by assembling
the individual matrices and this results in the global stiffness and mass matrices. The
equations of motion are obtained and solved for the critical speeds and/or response. Ruhl
(3) compared some simple finite element formulations for rotor dynamics with the transfer
matrix methods. Ruhl and Booker (4) outlined a numerical procedure for the stability
analysis and unbalance response calculations based on distributed inertia and elasticity
_,_prpperties. This was based on an earlier work by Archer (5) who derived the mass and
stiffness matrices for structural analysis. Ruhl and Booker (4) compared the discrete and

distributed rotor representations and concluded that the discrete representation model was

1.0 Introduction and Literature Review 3



conservative in the prediction of the instability threshold. Nelson and McVaugh (6) came
up with a finite element formulation based on Ruhl’s work. This model was based on a
Bernoulli-Euler beam and included only the effects of translational and elastic bending
energies. The above formulation modeled the shaft (rotor) as beam elements with 2 nodes,
one at each end, and with 4 degrees of freedom per node. The 4 degrees of freedom were
the two translations in the lateral directions and two respective rotations. Zorzi and
Nelson (7,8) extended the above finite element model to include the effects of internal
damping, and later the effect of axial torque. Two linear damping mechanisms, the internal
viscous and hysteretic damping, were incorporated into the finite element model to study
their effects on the stability of the rotor system.

However, if the shaft has a low length/diameter ratio, then the effects of shear
deformations enter the picture and have to be included in the model. Beam elements
modeled to include the effects of shear deformation and rotatory inertia are called as
Timoshenko beams. This leads to the development of a few different types of Timoshenko
beam elements. Davis et al. (9) derived the stiffness and consistent mass matrices based on
the exact differential equations of an infinitesimal element in static equilibrium. Nickel and
Secor (10) developed two Timoshenko beams elements, one with 7 degrees of freedom
per element and the other with the number of degrees of freedom reduced to 4 using
constraint equations. They also studied the convergence of the newly developed
Timoshenko elements and compared the results to the other elements that were used.
Thomas et al. (11) gave an overview and comparison of the different Timoshenko beam
elements and also derived a new Timoshenko beam element with 3 degrees of freedom per
node (in one lateral plane). The nodal variables were the transverse displacement w, the

cross-section rotation 6 and shear y. Cowper (12) had derived expressions for the shear
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coefficient for a Timoshenko beam which is very widely used in Timoshenko beam
formulations.

The most widely used Timoshenko beam element consists of a beam element with
2 nodes, one at each end of the beam, and 4 degrees of freedom per node (two lateral
translations and two rotations). The effect of shear deformation is included in deriving the
stiffness and mass matrices. Nelson (13) developed this Timoshenko beam to include the
transverse shear deformation effects. This work also compared the finite element analysis
with the classical closed form solution developed by Eshleman and Eubanks (14).
Ozgiiven and Ozkan (15) developed a computer program which modeled the rotor-bearing
system including the effects of rotatory inertia, gyroscopic moments, internal viscous and
hysteretic damping and transverse shear deformations.

All the above formulations considered the axial cross-section of the element to be
cylindrical, which allows the area and inertia to be considered constant with respect to the
length. The modern turbomachines have geometry which is usually far from being uniform
as a function of the length. Usually the changes in cross-section are taken into account by
modeling the rotor as an assemblage of stepped cylinders. However, modeling conical
sections in the above manner may introduce error that may be quite large. Rouch and Kao
(16) developed a linearly tapered Timoshenko beam element for use in the area of rotor
dynamics. This was based on an earlier work by Thomas et al. (11), who had developed a
Timoshenko beam element. Rouch and Kao extended the earlier formulation by including
the gyroscopic effects and representing the area and inertia as second and fourth order
polynomials as a function of the radius. To (17) developed closed form polynomial mass
and stiffness expressions for a linearly tapered Timoshenko element using twelve degrees
of freedom per element. Greenhill, Bickford and Nelson (18) extended the linearly tapered

Timoshenko beam element to develop closed form polynomial expressions for element
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matrices suitable for use in finite element based rotor dynamics programs. Nelson and
Nataraj (19) developed an analytical procedure for modeling rotors with cracks, using the
finite element method. The rotating assembly was modeled using finite rotating elements
and the presence of a crack was taken into account by a rotating stiffness variation. The
stiffness variation was a function of the rotor's bending curvature at the location of the
crack, and was represented by a Fourier series expansion. The resulting nonlinear
parametrically excited system was analyzed using a perturbation method along with an
iteration procedure. Vest and Darlow (20) proposed a modified conical beam element.
They suggested a modification in the conical beam element, to be used in rotor dynamics.
The modification was made by altering the local value of the Young's modulus so that the
element produces a bending flexibility corresponding to that obtained using three

dimensional finite element models.

1.2.2 Stability and Response

The increase in the performance requirements of high-speed rotating machinery
poses the problem of designing the machinery capable of smooth operation under various
conditions of speed and load. In most of these applications the design operating speed is
often well beyond the rotor first critical speed, and under these conditions it is difficult to
maintain a stable low-level amplitude of the vibration of the rotor. The most common
cause of the vibration of the rotor is the unbalance present in the system. Apart from the
fact that it would be practically impossible to perfectly balance a rotor, it would be equally
difficult to maintain the balance condition at the same low level during the entire operating
life of the machine. The unbalance results in a synchronous response, proportional to the
running speed. Under certain high-speed operating conditions, above the first critical

speed, such influences as internal rotor friction, hydrodynamic bearing and seal forces, and
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