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DIRECTOR NOTES

The February 1977 issue of the Journal of the Acoustical Society of America
contains a series of papers on the history of American Acoustics. The Society in
general, and the authors in particular, are to be commended for an excellent contri-
bution to our literature. | firmly believe that “the past is prologue’’ and that
the history of science and technology has a strong influence on our present and
future research. In this vein, as | looked at this fine journal, | wondered about the
origin of scientific journals and how they have grown. Professor John Ziman, FRS,
of the University of Bristol provided some interesting answers. *

It all began with the *‘Philosophical Transactions of the Royal Society’’ in 1665
which covered all branches of learning. As new learned societies were formed,
each would start its own journal. By 1750 there were about 10 different scientific
journals; in 1825 the number had grown to 300. Science was growing so rapidly
at this point that researchers could not hope to scan all the literature and the
first abstract journal was born. By 1950 there were 300 abstract journals covering
material from more than 50,000 scientific journals. According to Professor Ziman,
the number of journals is not the only indicator of strain on the system of com-
munication since the bulk of each of these journals seems to double every 10 years.
How can we continue to cope with this massive problem?

I agree with two statements in Prof. Ziman’s book; **. . . the ‘aLstract journal '
where summaries of all new scientific papers are published under carefully clas-
sified headings, is quite an old device that is not easily improvr+ on. . ."" -- part
of the contribution of our DIGEST is in this area. “Much mcre deliberate attention
to writing of treatises and critical review articles would alsu help in opening up the
archives and finding the nuggets of gold among the dross’* -- our literature review
section, as yet imperfect, is approaching the problem along these lines. It is hoped
that in our field we will have a measure of success.

*John Ziman, FRS, The Force of Knowledge - The Scientific Dimension of Society,

Cambridge University Press, 1976.
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EDITORS RATTLE SPACE

VIBRATION “POLLUTION”

Most engineers have been concerned with vibration as it pertains to the function
and life of machines, vehicles, or structures. To date, little attention has been given
to the effects of vibration on man. Men who work with vibrating hand tools and on
ships can testify to the physiological and psychological effects of vibration . Al-
though such physiological problems as pneumatic hammer disease and “‘dead fin-
ger” (Raynaud’s phenomenon) have been recognized for some time, little effort
has been made to establish the relationship between stimulus and effect. No at-
tempt has been made thus far to assess the psychological effects of vibration on
man, but environmentalists have stimulated interest in the matter.

Noise and vibration pollution are analogous. The physical effects of noise are
evident as hearing loss; the physical effects of vibration “pollution’’ are probably
less obvious, perhaps causing problems that are not immediately evident. The two
types of pollution are of course connected: much airborne noise is attributable to
mechanical vibration. If the vibration can be stopped, the noise stops. Excessive
noise is often controlled by inserting barriers in the sound path -- the noise level
drops, but the vibration continues. Such a solution is fine in situations in whica
men are not exposed to the vibrating object. In cases in which men are involved,
however, the basic vibration prohlems remain. If environmental standards pertain-
ing to vibration are eventually established, therefore, these problems will have to be
dealt with again.

The public forced legislation to control noise pollution. Unfortunately, lack of
coordination of efforts at all levels of government resulted in conflicting require-
ments. Voluntary standardization of noise levels was largely ignored by industry
until the laws were in effect. As a result, both effort and money were wasted in
superficial and temporary solutions aimed at complying with the various regula-
tions. Wiil the same chaotic situation develop if vibratiori “pollution’ regulations
must be established?

The question of whether or not vibration “‘pollution’’ will have to be reguiated has
yet to be answered. A few voluntary programs at the national level (A.N.S.1.-S2)
and the international level (1ISO TC108) have been initiated by users in attempts
to develop procedures and criteria for controlling vibration effects on man. To my
knowledge no machinery manufacturers have attempted to incorporate human
factors into machine design. Perhaps they are not yet aware of any problems.
In my opinion it is time for manufacturers, as well as more users, to become in-
volved in standardizing vibration “pollution.” A strong voluntary effort in the near
future might help us avoid possible regulatory confusion.

K. L. E.




—r -

D W I

e

i

DAMPING CAPACITY OF STRUCTURAL MATERIALS

J. Robert Birchak*

Abstract - Damping devices are frequently added to
structures to prevent unwanted vibrations. Alterna-
tively, structural materials with high internal friction
sometimes provide sufficient damping. This review
article surveys damping mechanisms that produce
significant internal friction in structural materials.
Damping capacity is presented as a function of vibra-
tional stress amplitude for selected materials. Data
from available literature are used to compare the
relative dissipation of various mechanisms: visco-
elastic relaxation, dislocation motion, two-phase
interface slip, and magnetomechanical damping.
These mechanisms have been used to reduce objec-
tional vibrations in automotive disc brakes and in
turbine blades.

The energy of unwanted structural vibrations can be
damped by internal friction within structural mate-
rials or by damping devices that contribute little to
the load-carrying capacity of the structure [1, 2].
High-strength structural materials usually have rela-
tively small internal friction; dampers are usually
added to systems containing such materials to reduce
objectionable vibrations. Certain high strength
materials, however, have relatively high internal
friction that can reduce vibrations. The purpose of
this discussion is to review internal friction as a func-
tion of vibrational stress amplitude for a variety of
structural materials. These data can be used in struc-
tural design to determine if internal friction will
provide sufficient damping or if dampers must be
added to control vibrations.

The references chosen from the exiensive literature
[3-6] on damping identify phenomenological mech-
anisms that contribute to the internal friction of
structural materials. Some of the materials are already
used to control vibrations...for example, graphite
flakes are used in gray cast irons to eliminate “‘squeal”
in automotive disc brakes [7], and magnetomechani-
cal damping of nickel-cobalt alloys reduces vibrations
in turbine blades (8] . The microstructure of mangan-
ese-copper alloys provides significant damping in

“Babcock and Wilcox, Lynchburg Research Center, Lynch-
burg, Virginia 24505

selected applications [9, 10]. Damping in these
examples is provided by internal friction within the
load-carrying structural member.

SPECIFIC DAMPING CAPACITY

The term damping coefficient must be defined before
the internal friction from various phenomenological
mechanisms can be compared. Damping is usually
defined in terms of parameters that can be con-
veniently measured with a particular experimental
apparatus. The definition is frequently based on the
complex modulus of a damped harmonic oscillator
that has coefficients independent of amplitude [11].
When internal friction is amplitude dependent, how-
ever, the complex modulus is not rigorously correct.
Non-uniform stresses in the specimen make the inter-
pretation even more difficult [1,12].

For materials with amplitude-dependent damping, it
is corivenient to select a specific damping capacity,
Y. The specific damping capacity is defined as the
fraction of energy lost per cycle in a body having a
uniform distribution of stresses. If AU is the energy
per unit volume dissipated per cycle and U is the
maximum stored energy per unit volume,

¥y =AU/ (1)

Computer techniques have been developed for
deriving Y for bodies with non-uniform stresses [12] .

For damping independent of vibrational stress ampli-
tude, ¥ can be related to the complex modulus. The
two damping coefficients are related by the equation

¥ =201 E,/E, (2)

Eq and Ep are the real and imaginary modulii res-
pectively. Equation (1) is used in the remainder of
this discussion.
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DAMPING MECHANISMS

General Categories

Damping mechanisms are frequently classed in one of
two categories: relaxation phenomena and irreversible
phenomena [1, 11]. The stress-strain cycle in both
groups forms a hysteretic loop, the area of which is
proportional to the energy lost per cycle. Relaxation
phenomena generally involve rate-dependent dissipa-
tion of the energy, an example is resonant absorption.
In resonant absorption the strain is out of phase with
cyclic stress because of viscodrag. Viscodrag can be
represented by a complex modulus [11]. Damping
due to relaxation phenomena is usually frequency-
and temperature-dependent; it is independent of
amplitude, however. Because the effect is viscous in
nature, the material relaxes to the original length
when the stress is removed.

In contrast, a material that undergoes irreversible
damping is permanently deformed after an applied
stress is removed. A trace of residual strain remains
after the stress is removed (1, 13, 14]. For cyclic
stresses, the width of the hysteretic loop is deter-
mined from the residual strain. Damping due to
irreversible phenomena is usually amplitude depen-
dent and may be relatively independent of frequency
and temperature.

A large number of damping mechanisms fall into one
of these two categories. Many of the most extensively
investigated mechanisms have only a small damping
capacity. Electronic damping mechanisms, for exam-
ple, produce only a small amount of damping and are
of interest only at very low temperatures. However,
the dissipation of vibrational energy in superconduc-
tors has been studied extensively to verify the exis-
tence of electron pairs proposed in the Bardeen-
Cooper-Schieffer theory of superconductivity [15,
16] . Dissipation resulting from damping decreases as
more pairs form because elastic waves are scattered
by normal electrons but not by superconducting
electron pairs. Because large amounts of damping
are required to significantly reduce structural damp-
ing, the discussion below is limited to mechanisms
that have a large damping capacity at typical oper-
ating temperatures.

Dislocations

Dislocations are disruptions of the orderly arrange-
ments of molecules in materials and can be moved by
applying stress [17-20]. Such stress-induced motion
is dissipative; that is, energy is lost in the form of
heat and elastic waves. Two types of motion occur;
the dislocation is either pinned at its ends, and bends
like a vibrating string, or breaks loose at the ends.
The bending dislocation is a resonance motion that
produces relaxation damping; the damping is depen-
dent on temperature and frequency and independent
of amplitude. The other type of dislocation produces
a permanent residual strain; damping is relatively
independent of temperature and frequency but
dependent on amplitude. At high stress amplitudes,
such irreversible damping can be a major source of
damping in structural materials. Because the disloca-
tion process depends on the microstructure of the
material, materials must be carefully prepared to
optimize damping.

Interface Slip

Materials comprised of two phases having dissimilar
elastic properties can have damping due to slip
(sliding of adjacent surfaces) at the interfaces be-
tween the phases. This sliding is irreversible and
creates residual strains. In the damping of gray cast
iron [7, 21, 22], for example, flakes of graphite
precipitate in a matrix of metal. When gray iron is
subjected to vibrational stresses, energy is dissipated
at the interfaces between the graphite and the metal.
Although damping increases with increasing concen-
trations of silicon and carbon in large flakes, the
large flakes lower the strength of the iron. The
composition of gray iron thus depends upon the
specific application -- that is, whether or not damping
or strength is most important.

Phase-Related Phenomena

Certain muiltiphasic materials other than gray iron,
such as manganese-copper alloys [9, 10, 23], exhibit
high damping capacities. The phenomenological
origin of this damping is currently being investigated.
Experiments have shown that these materials must
specially treated with heat before their capacity for
damping increases. For manganese copper, a high-
temperature annealing process must be followed by
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qguenching and then aging at an intermediate tempera-
ture. This series of processes partially transforms the
material into a tetragonal crystalline phase with a
large damping capacity at room temperature. At
elevated operational temperatures, both the damping
and the amount of tetragonal phase decrease.

High Temperature Phenomena

Many materials develop a large damping capacity
when the temperature approaches the softening
temperature (24, 26]. The origin of such damping
is attributed to various effects , including grain
boundary motion, vacancy diffusion, and dislocation
motion. Regardless of the origin, however, it is
important to recognize that the damping at elevated
temperatures may be significantly different from that
at room temperature. Investigations by Postinikov
[24] have shown that a variety of metals and alloys
exhibit higher damping at elevated temperatures than
at room temperatures.

Diffusion

The stress-induced diffusion of point defects (solute
atoms, interstitials, and vacancies) produces relaxa-
tion damping [17, 26, 27]. Such damping is depen-
dent upon temperature and frequency. Carbon and
nitrogen in iron, for example, give damping maxima
at temperatures of 22°C and 40°C at a vibrational
frequency of 1 Hz. Wert [27] has found damping
peaks as large as Y = 0.1 for this diffusion damping
in iron. Diffusion damping is usually not important
in structural applications because it depends on heat
treatment, decreases with age, and is often small.
Diffusion damping has been investigated extensively,
however, because it provides information on the
atomic behavior of materials.

Magnetomechanical Damping

The stress-induced motion of magnetic domain walls
produces irreversible damping [8, 12-14,28-34] . The
movement of magnetic domain walls in ferromagnetic
materials occurs as a result of magnetoelastic inter-
actions during the application of stress. The frac-
tional energy lost per cycle has been related to the
distribution of pinning centers that act as barriers to
domain wall motion [32-34] . The resulting damping
is dependent on vibrational stress amplitude and is
influenced by magnetic field strength, static stress,
temperature, and material microstructure. In a satur-
ation magnetic field the domain walls, and hence

magnetomechanical damping, disappear. The magnet-
omechanical contribution in this case can be iden-
tified independently of other damping mechanisms
by subtracting the damping of the specimen in the
saturation field from the damping in the demag-
netized state. Magnetomechanical damping is also
prevented by large static stresses that lock magnetic
domains. Temperature dependence results from
temperature-dependent magnetostrictive and mag-
netization constants. The effect disappears above the
Curie temperature, which is the upper limit for
ferromagnetism. Magnetomechanical damping, like
most other damping mechanisms, is sensitive to
microstructure and tends to be larger for annealed
than for cold-worked materials.

DAMPING OF SELECTED MATERIALS

The relative effectiveness of damping mechanisms can
be determined from the damping capacity of selected
materials. Based on the definition in equation (1), the
specific damping capacity, ¥, has been plotted against
vibrational stress amplitude for various structural
materials. The damping curves in Figure 1 are num-
bered for different materials. The properties of each
material are identified by number in Table 1. Al-
though the predominant mechanism for some mate-
rials with small damping capacity has not been
identified in the referenced literature, these materials
are presented to demonstrate the range of damping
in structural materials. Most materials with a large
damping capacity -- such as plastics, magnesium, and
gray iron -- have relatively low tensile strength.
Manganese-copper alloys, however, have relatively
large damping capacity and high tensile strength.

Materials that exhibit magnetomechanical damping
can also have relatively large damping capacity and
high tensile strength. The damping curves in Figure 2
are numbered for materials having properties iden-
tified by numbers in Table 2. Curves labeled with a
number followed by the letter 'S show damping
in a saturated magnetic field. The magnetomechanical
contribution is calculated by subtracting damping in
a saturation field from damping in a zero field. Note
that magnetomechanical damping has a maximum at
a specific stress amplitude. The largest maxima are
obtained for highly annealed specimens. Cold worked
specimens have smaller maxima, but neaks occur at a
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Table 1. Material Identification and Physical Properties for Damping Specimens

Sample Tensile Strength Reference
Number Material (psi x 1073) Damping Mechanism Number
1 Plexiglass 7-10 Viscoelastic 3
2 Polystryene Not available Viscoelastic 3 3
3 Cast magnesium 10 Dislocation 20, 35
99 9% pure i
4 Mg -0.6% Zn 21.6 Dislocation 20
5 Mg - 0.9% Mn 135 Dislocation 20
6 Mg - 8% A1,0.5% Zn 52 Dislocation 20
0.2% Mn
7 Austenitic steel, Oil 130 Dislocation 19

quenched from
1000°C, 16 hrs. 650°C

8 Pearlitic gray cast iron 17.3 Graphite flake 7
3.63%C, 3.39% Si,
0.54% Mn

9 Pearlitic gray cast iron 41 Graphite flake 7
3.01%C, 2.49% Si,
0.53 Mn

] 10 Pearlitic nodular 88 Graphite nodules 7
cast iron

11 Mn - 35.9% Cu, a5 Two phase material 9
0.24% Fe, Heat 1 hr.
790°C, quench - 2 hr.
450°C

PN N

12 N-155 Alloy, Fe - 119(room temp.) High temperature 25
21.7%Cr, 19% W, Damping (1500°F)
0.15% C, 19.4% Ni,
1.74% Mn, 19% Co,
0.76 Cb, 2.76% Mo,
0.37% Si quenched,
aged
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Table 1. Continued

Sample Tensile Strength Reference
Number Material (psi x 1077} Damping Mechanism Number
13 Stellite 92 6(room temp.) High temperature 25

Co -0.45% C,1.4% Fe, damping (1500°F)
0.42% Mn, 24 8% Cr,
093% Si, 10.4% Ni,
7.26% W as cast
14 Ti-39% Al, 4.3% 152(room temp.) High temperature 25
Mn, 0.1% C annealed damping (600°F)
15 Sandvik Steel 204 Not available 25
Fe - 1% Cr,0.2% Si,
1% C,0.26% Mn,
0.24% Mo, quenched,
tempered
16 Free cutting brass 55 Not available 20
Cu-35% Zn, 3% Pb
17 A1 -55% Cu 53 Not available 20
0.5% Pb, 0.5% Bi
18 A1l -4% Cu,05% Mg 62 Not available 20
0.5% Mn
19 Naval brass 69 Not available 20
Cu-39% Zn, 1% Sn
8




Table 2$laterial Identification and Physical Properties
of Specimens Having Magnetomechanical Damping

Sample Tensile Strength Reference
Number Material (psi x oE) Damping Mechanism Number
1 Fe -3.3% Si 78 Magnetomechanical 12

anneal 5.5 hr @ 1200°C

1S Sample 1 - Saturation
Magnetic Field

2 Pure Nickel 50-80 Magnetomechanical 13,18, 3%

28 Sample 2 - Saturation
Magnetic Field

3 NIVCO Not available Magnetomechanical 1,8,25
735% Co, 22.5% Ni,
1.8% Ti, 1.1% Zr

E 4 403 Steel Alloy 129 Magnetomechanical 4
1 Fe - 12% Cr, 5% Ni

5 Mild steel Not available Magnetomechanical 14
0.28% C,0.2% Si.

E 0.79% Mn, 0.12% Cu,

1 0.14% Ni, 0.1% Cr,

annealed 18 hrs at

625°C

5S Sample 5 - Saturation
k Magnetic Field

! 6 Carbon steel Not available Magnetomechanical 14
0.42% C,0.32% Si,

£ 0.99% Mn, 0.09% Ni,

0.06 Cr, normalized

6S Sample 6 - Saturation
Magnetic Field
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larger vibrational stress amplitude. Damping can be
optimized, therefore, by selecting a heat treatment
that produces damping maxima at the anticipated
vibrational stress amplitude.

SUMMARY

Data from available literature show that structural
materials can have significant internal damping
capacity. Dislocation motion, two phase effects, and
magnetomechanical damping give fractional energy
lost per cycle as great as 0.5 or larger. The damping,
however, depends on metallurgical microstructure;
materials must be carefully prepared to obtain
optimum performance.
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The monthly Literature Review, a subjective critique and summary of the litera-
ture, consists of two to four review articles each month, 3,000 to 4,000 words in
length. The purpose of this section is to present a “digest” of literature over a
period of three years. Planned by the Technical Editor, this section provides the
DIGEST reader with up-to-date insights into current technology in more than
150 topic areas. Review articles include technical information from articles, reports,
and unpublished proceedings. Each article also contains a minor tutorial of the
technical area under discussion, a survey and evaluation of the new literature, and
recommendations. Review articles are written by experts in the shock and vibration

field. T

This iSSUmI\GEST contains the first parts of two serial articles. Professors
Jensen and Madsen of the Department of Ocean Engineering of the Technical
University of Denmark review the analytical and numerical tools for calculation of
ship hull vibrations.

Dr. Chen and Dr. Pierucci begin to review underwater fluid-structure interaction
technology.
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A REVIEW OF SHIP HULL VIBRATION
PART I: MATHEMATICAL MODELS

J. Juncher Jensen and Niels F1. Madsen*

Abstract - This paper is a review of the analytical and
numerical tools used to calculate hull vibrations.
Mathematical Models are described in the first part.
The second part on Modeling of Physical Phenomena
contains descriptions of mathematical models of the
hull. Numerical determination of the equations of
motion is discussed in the third part -- Methods of
Solution. The fourth part, Comparison of Beam
Models, is a review of methods used to solve the
equations of motion, an example problem illustrates
various principles.

Vibration is a serious problem in engine-powered
ships. Vibrations of the hull are due to unbalanced
moments and forces from the engine, the passage of
the propeller through the irregular flow field, and
wave-induced forces. Excessive hull vibrations give
rise to local vibrations and noise, and may cause
fatigue damage and operational problems in equip-
ment or inconvenience to crew members and pas-
sengers.

The significance of hull vibrations is reflected in
organizations and literature. Since its first meeting in
1961, the International Ship Structures Congress has
had a subcommittee on ship vibration. The sub-
committee publishes a literature review and a discus-
sion of trends every three years [39-43]. Other
reviews of various topics pertaining to ship vibration
have been published [5, 7, 50, 69, 106, 115, 117],
and a bibliography has been compiled [51]. Two
books (91, 127] provide a thorough introduction to
the subject and to the methods available up to
about 1960.

Accurate determinations of the lower modes of ship
hull vibrations can be made by modeling the hull as
a single beam. The reason is that the length of a
conventional ship is much greater than its linear
cross section. Beam modes of vibrations can be
divided into two types: coupled vertical-longitudinal
modes and coupled horizontal-torsional mades. For
higher modes of vibration, however, the single beam
model is inadequate because distortions of the hull

*Department of Ocean Engineering, The Technical University
of Denmark, 2800 Lyngby, Denmark

occur. Models suggested for analyzing higher mades
range from two coupled beams to three-dimensional
finite element models.

VERTICAL VIBRATIONS

Vertical vibrations are usually more important than
longitudinal ones because the vertical components of
the exciting forces predominate. The coupling be-
tween vertical and longitudinal hull vibrations is
usually neglected. Longitudinal vibrations play no
significant role in either stress amplitudes or human
discomfort.

The first mathematical treatment of the vertical vibra-
tions of a ship hull was published by Schlick [113] in
1884. He modeled the hull as a Bernoulli-Euler beam
with free-free boundary conditions and determined
the fundamental two-node natural frequency. During
the next 50 years the following phenomena were
incorporated into the Timoshenko beam formulation
[56] expressed in equation (1): virtual added mass of
water [82, 124], shear deflection and rotatory
inertia [17, 89, 105, 125], and damping [56, 125] .

> 2 20 o
éT[EIVH‘*T]W) ax] +k,GA(T+v it )

2
(2 -g)-u, 2=
3 4 5 (1)
E[kaA (140 57) ¢ ¢)] -
%y ay
(PA +uy) 5 Olg'—
Ely and kyGA are the vertical bending and shear
rigidities respectively, ¢ is the slope due to bending,
y is the total deflection, n and v are internal viscous
damping coefficients, and a is an external viscous
damping coefficient; pA, u, Jy, f, and m are respec-
tively the hull mass, the added mass of water, the
mass moment of inertia, the external force and the
external couple..all expressed per unit length. That
equation (1) is suitable for the calculation of vertical
vibrations with four to eight nodes, depending upon

=
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the type of ship, has been verified in comparisons
with full-scale measurements; see, for example,
[3.90,95].

Single beam models have been used to derive semi-
empirical formulas for determining natural frequen-
cies. Formulas by Schlick [113] and Todd [126]
have been used to calculate the fundamental mode
for conventional ships. Accuracy improves with
correction for distribution of loads and for hull
stiffness variation [55, 61, 105], for shear deflections
and rotatory inertia [54, 105], and for the effect
of reduced water depth [105]. The importance of
these formulas is decreasing, however, because digital
computers are now used to obtain accurate solutions
to equation (1).

Single beam models do not provide satisfactory de-
scriptions of vibrations involving more than eight
nodes because of local vibrations and shear lag
effects. Local vibrations occur in such parts as bot-
tom panels, side shells, longitudinal bulkheads, super-
structures, and the shaft system; see, for example
[60, 97, 107, 122] . The importance of the shear lag
effect in horizontal members of the hull increases as
the number of nodes increases [35, 36, 125] .

The effect of bottom vibration is most pronounced
for bulk carriers and cargo liners. In a study of the
influence of bottom vibration on overall hull vibra-
tion, a model in which the bottom is treated as an
isotropic plate and the remaining part of the hull is
modeled as a shear beam was suggested [138]. The
plate is hinged to the main hull along the bilge lines.
In a refined version of this model [98] a Timoshenko
beam was coupled with an orthotropic plate; the
effect of the transverse bulkheads was included.
Calculated modes of vibration were in accordance
with full-scale measurements [98, 122]. Coupling
between bottom vibrations and overall vibrations has
also been analyzed with a two-beam model [115].
Another type of coupling is important in super
tankers. The relative vertical deflections between the
two longitudinal bulkheads and the. side shells
become significant with vertical vibrations having
more than four to six nodes. This effect can be
accounted for if the hull is modeled as two coupled
Timoshenko beams [97]; the beams represent the
side shells and the longitudinal bulkheads respec-
tively.

14

The influence of the shaft system on hull vibration
has been investigated [88]. The hull and the shaft
system were represented by a uniform Timoshenko
beam and a spring-mass system, respectively. The
results pertained to the coupling between longitudinal
and vertical hull vibration and shaft system vibration.
Another model consists of a two-dimensional assem-
blage of beam elements, springs, and concentrated
masses. An extensive parametric analysis using such
a model has been published [50] .

The disadvantage of two-dimensional beam and finite
element models at higher vertical modes is that
neither can account properly for the shear lag effect.
The influence of shear lag has been studied with a
simple rectangular box girder model [68, 104].
Although reliable results for higher modes are pos-
sible only with threedimensional models (28, 35, 36,
107], the large number of parameters required with
such models often destroys their usefulness.

HORIZONTAL-TORSIONAL VIBRATIONS

In conventional ships, the stiffnesses of the hull in
horizontal bending and torsion are higher than those
in vertical bending; furthermore, the forces that
excite the horizontal-torsional vibration modes are
relatively low. For these reasons horizontal-torsional
vibrations are often ignored in the design phase of a
ship. 'n _ups developed in recent years, such as
container ships and Ro-Ro ships, horizontal-torsional
vibrations are just as important as vertical vibrations.

The following coupled equations account for shear
[96] .

(Elpg") + kpGAly' - ¢) + w2y =0
(knGA(y' -¢)] + w? (pA +up)ly +s8) =0 (2

(GKO)' + (Jy +uy) w0 +
w?(pA+up)sly +s8) =0

The natural frequency is w. The natural modes are
described by the bending slope ¢, the athwartships
deflection y, and the torsion angle @, respectively;
all modes are taken with respect to the shear center.
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The distance between the shear center and the center
of mass is denoted by s. Differentiation with respect
to the lengitudinal coordinate is represented by ( ).
Comparison of results obtained with equation (2) and
with full-scale measurements reveal errors of ten
percent in the natural frequencies. In addition,
coupling between horizontal and torsional vibrations
is lower than predicted. The model has been im-
proved by accounting for warping rigidities and the
effect of the transverse bulkheads [48] . Uncertainty
as to the position of the shear center and the in-
fluence of the virutal added mass and mass moment
of inertia means that results are not quite accurate.
Forced vibrations have been treated with similar
models (104, 114] .
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UNDERWATER FLUID-STRUCTURE INTERACTION
PART L. INTRODUCTION AND SCOPE

L.H. Chen* and M. Pierucci**

Abstract - Fluid-structure interaction encompasses a
broad spectrum of technical areas of interest in engi
neering application. This discussion is limited to
“underwater’ applications and includes the following
topics. sound radiation and scattering, structural
vibration and shock response, flow-induced noise,
hydrodynamic divergence and flutter, boundary
layer stability, and propeller-induced forces. The
common thread linking these technologies, namely,
the interaction phenomenon, is stressed. An attempt
has been made to clarify some of the terminology
within these diverse technical areas.

This article focuses on the fluid-structure boundary
(interface), specifically, upon the way in which the
physically coupled phenomenon is being treated in
engineering analysis. Nonlinear theory is not con-
sidered. Linear or linearized structural and fluid
fields are implied.

The authors have taken advantage of several recently
published review papers. References are cited to the

‘extent necessary to support the text. Although many

important works have not been incfuded in the
reference list, most of the relevant work is adequately
covered in the review papers cited.

SCOPE OF REVIEW

A fluid-structure problem can be described by linear
partial differential equations of the form

Dg[Ww] = F(U) + P(W*) + Fp (1)
D¢[T] = F(U) + P(W*) (2)
W*=1 3)

Dg [ ] and D¢ [ ] are differential operators that
characterize the structure and the fluid medium
respectively. U denotes the velocity of a moving
medium. The vectors W, W*, and U denote respec-
tively the structural displacement, structural “‘par-
ticle” velocity at the fluid-structure interface. (Super-

* Manager of Technology Development
**Principal Engineer, General Dynamics Electric Boat Div.,
Groton, CT 06340

script * is used here to denote time derivatives.) The
force field is represented by a linear combination of
three components: F(U), which is due to the moving
medium; P(W*), which is the fluid interaction force
field, and Fp, which represents all known or pre-
scribed mechanical forces applied at the structure.

The complicating factor in a fluid-structure interac-
tion problem is the interaction foice field P(W*). In
this paper, the problems are placed in one of two
categories, depending on the way in which P(W?*) is
treated. Those methods which attempt to simul-
taneously satisfy equations (1) and (2) -- either
exactly or in some approximate fashion -- are called
formal or coupling, methods. Those methods which,
by virtue of certain assumptions, require only the
solution of either equation (1) or equation (2) are
called decoupling methods. This paper covers three
technical areas in terms of the nature of the applied
forces - either mechanical, acoustical, or hydro-
dynamic.

Mechanically-applied forces. The case of a structure
immersed in a stationary (U = 0) inviscid fluid me-
dium is considered; components W, wW*, and U normal
to the fluid-structure interface are denoted by w,
w*, and u respectively. The medium subjects the
structure to periodic forces. Such problems are of
interest in sound radiation and vibration of under-
water structures when one or more harmonic forces
is applied at any part of the structure. Equations
(1), (2),and (3) take the form of

Dglw] =p(w*) + Fp (4)
V2gp+K2=0 (5)
w*=u (6)

The interaction pressure p(w*) is interchangeable
with the force P(w*). Equation (5) is the fluid
reduced wave (steady-state Helmholtz) equation in
which ¢ is the potential; K = w/c the wave number;
w the angular frequency; and c the acoustic speed of
the fluid medium.
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p=-iwp¢ and u= —— (7)
an
In equation (7) the periodic time dependency of
e 1w s implied, p is the fluid density; and n is the
outward normal at the fluid-structure interface.

Although formal and decoupling methods are con-
sidered separately, there is, in principle, no dis-
tinction between the two problems when fluid-struc-
ture interaction is considered. Decoupling methods
have traditionally been employed almost exclusively
in naval architecture for studies of ship vibration.

Acoustically-applied forces. Formal methods include
both steady-state and transient cases; decoupling
methods are also described. Acoustic scattering is
essentially the ‘‘reciprocal” of sound radiation
problems, and the same methodology applies. The
two are considered separately primarily to emphasize
the different ways in which the force field is tradi-
tionally treated in the literature. The problem of
shock response, within the linear acoustic theory, is
the same as that of transient acoustic scattering
except that the response of the structure itself --
rather than the reflected or scattered acoustic field --
is of primary interest.

The steady-state case of acoustic scattering is gov-
erned by the same type of equations as that of sound
radiation, see equations (4) - (7). The force field,
however, may be conveniently separated into three
components. Equation (4) is modified by

IS s
Dglwl =p+p, +p,(w*) (8)

where E) represents the prescribed incident wave, i.e.,
the undisturbed wave that would be present if the
structure were not there. The term P, represents the
rigid scattering field, i.e. the induced acoustic field
if the structure were assumed rigid (w* = 0). The
remaining term p; (w*) denotes the elastic scattering
field that accounts for the vibratory motion of the
structure.

In the transient case of shock response, in which the

structural response is of primary interest, the force
field is usually broken up into two components.
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Thus, instead of equation (8), equation (9) applies.

| S
Dslw] =p+p(w*) 9)

. S . .
The interaction pressure p (w*) is sometimes called
the scattered or radiated pressure.

Hydrodynamically applied forces (moving medium).
Problems of interest are flow-induced noise, hydro-
dynamic divergence and flutter, boundary layer
stability, and propeller-induced forces. Equations
(1) - (3) take the form of equations (10) - (12).

Dglw] = F(U) + P(w*) (10)
D¢[T] = F(U) + P(W™) (1)
w*=1 (12)

The fluid equation, equation (11), represents the
linearized Navier-Stokes equation. The linearization
process is a perturbation about the mean flow field
velocity U. The linearization simplifies the nonlinear
convective momentum terms; the viscous terms can
be retained. The velocity-related forcing function
F(U) can be obtained either analytically (as in flutter
problems) or experimentally (as in turbulent bound-
ary layer pressure fluctuation). In either case, F(U)
is specified a priori, as is the case of Fp in equation
(4) or p in equations (8) and (9).




BOOK REVIEWS

DYNAMICAL SYSTEMS: STABILITY THEORY AND APPLICATIONS
N. P. Bhatia and G. P. Szego
Springer-Verlag (1967)

This book is based on the lecture notes of the authors
for courses meant for graduate students in mathe-
matics, physics, and systems theory. Engineers will
find the presentation somewhat abstract. Some
knowledge of functional analysis and topological
spaces is required. The format consists of defini-
tions, lemmas, theorems, and their proofs. Few
examples are included to illustrate the theorems, and
there are few exercises.

The book contains three chapters. The first chapter,
“Dynamical Systems in Euclidean Space,” deals
with the properties of elements constituting a dy-
namical system in Euclidean space...namely, trajec-
tories, motions, invariant and minimal sets, and pro-
longations and their limit sets. The behavior of
dynamical systems and stability concepts in the sense
of Lagrange, Poisson, and Lyapunov are also de-
scribed.

The second chapter, “Dynamical Systems in Metric
Spaces,”” is more advanced. Properties of the elements
comprising a dynamical system in metric space are
presented. The behavior of dynamical systems with
reference to stability in the sense of Lagrange, Pois-
son, and Lyapunov are described.

The last chapter, “The Second Method of Lyapunov
for Ordinary Differential Equations,’”” treats the
existence and uniqueness of solutions of ordinary
differential equations. Extensive results are given
on the nonuniqueness of solutions. Several theorems
on Lyapunov stability theory are stated and proved.
A detailed list of references and a bibliography are
given at the end of the book.

Engineers who have attempted to apply the Lya-
punov stability theory to investigations of the sta-
bility of engineering systems will appreciate the
enormous difficulties involved in determining suitable
Lyapunov functions. There is no method for genera-
ting a Lyapunov function, even for systems de-
scribed by linear ordinary differential equations,
with time-varying parameters. Hence, for the present
time at least, the theory has academic value only.

A. Frank D'Souza

Professor of Mechanical Engineering
Illinois Institute of Technology
Chicago, Illinois
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CONCEPTS AND APPLICATION OF FINITE ELEMENT ANALYSIS
R. D. Cook
John Wiley & Sons (1974)

This book bridges the gap between existing finite
element books, which emphasize basic theory, and
the production computer, which furnishes “answers."
The author states that his subject is analysis rather
than design; his work is thus slanted toward general
methods rather than special ones. Elenients discussed
in detail are based on an assumed displacement
field and thus are not restricted to special shapes
having no strain or curvature. Linear static analysis
is emphasized, as are isoparametric elements.

In the first two chapters, the following topics are
discussed: the basic elements of elasticity, plate
and shell theory, interpofation and representation of
curves applicable to grid meshes, Fourier representa-
tion of asymmetric loading conditions, and the
application of the stiffness method to the plane
truss. He also considers the assembling of matrices,
establishment of the relationship between modal
degrees of freedom, and a simple computer program
of the Gaussian elimination method.

The physical reason for using the finite element
method is to link small elements within a continuum.
In chapters |11 and IV the author shows the similarity
between finite difference and finite elements and
considers plane and eight and 20 node solid-element
isoparametric efements. He also establishes the valid-
ity of the isoparametric method and provides the
order of the Gauss quadrature required to determine
element stiffness.

The topic of chapters VI and VII is isoparametric
elements, which behave poorly under bending.
The author describes parasitic shear at the Gauss
points. The situation with bending is improved by
adding internal nodes and then condensing them
before assembling the elements. This is important
in three-dimensional eight-node brick elements.
Incompatible modes have little effect on torsion and
should be excluded for highly skewed elements.
Solids of revolution under axisymmetric loading are
two dimensional. The Fourier series is used for
bending and torsion with such problems. The iso-
parametric relationship is useful for many types of
asymmetric loading problems. The author describes
specific and general cases for nonsymmetric loading.
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In chapters VIII and IX the author describes an axi-
symmetric shell finite element program. He derives
the stress-strain relationships and utilizes a curved ele-
ment to formulate a segment of an element. He also
derives a thin element for a flat plate. With regard to
thick element (eight and 20 node) isoparametric
elements, Gauss points are considered, the author
recommends a 2 x 2 quadrature.

In chapter X on shell elements, the author recom-
mends the 20 node element. A discussion of the
advantages of the 2 x 2 quadration rule, which
results in four upper and four lower Gauss points,
is included.

Chapter X| contains a short description of coordinate
transformation. The technique is used to apply
material or element properties in different sets of
coordinates and is important in orthotropic and
isotropic shelis. A short discussion of substructuring
should have had greater emphasis.

Chapter XI| considers dynamics and vibration. The
eigenvalue problem, the Sturm sequence method,
eigenvalue economizer, Gauss elimination method,
and effective combinations of the methods are
described. The SOLID SAP program is an example.

Chapters XIIl through XV contain information
about the stability of beam and plates; geometric
stiffness matrix, nonlinearity behavior and large
displacement of structures; deformed systems;
and the Newton-Raphson method of iteration.

The final chapters contain information about hybrid,
skew, triangular, and annular elements.

The reviewer considers this book outstanding but
would have liked a more extensive discussion of
dynamics, of geometrical stiffness applied to blades
rotating in a centrifugal field, of mesh generation,
and also a discussion of interaction graphics. The
book contains an excellent bibliography.

H. Saunders
General Efectric Co.- LSTGD
Schenectady, NY 12345
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NEWS BRIEFS

MECHANICAL FAILURES PREVENTION GROUP
SYMPOSIUM ON
DETECTION, DIAGNOSIS, AND PROGNOSIS
May 17-19, 1977

The 26th Meeting of MFPG will be held at IIT
Research Institute, Chicago, Illinois on May 17-19,
1977 under the sponsorship of the National Bureau
of Standards, Office of Naval Research, Naval Air
Development Center, Frankford Arsenal, Federal
Aviation Administration, and the Energy Research
and Development Administration, NASA, and hosted
by the DD&P Technical Committee and I[ITRI.

The purpose of this symposium is to aid communica-
tions between those involved with the reduction of
mechanical failures through detection, diagnosis,
and prognosis with a basic theme of “DD&P Pay-
Off”. The meeting will consist of five technical
sessions addressing (1) Oil Analysis Revisited, (2)
Signature Analysis Techniques, (3) New DD&P
Techniques and Equipment, (4) Railroad System
Diagnostics, and (5) Land Vehicle Diagnostics.

General inquiries regarding the 26th meeting program
should be directed to:

Mr. Henry H. Hegner, Program Chairman, GARD,
INC., 7449 North Natchez Avenue, Niles, |L 60648
(312) 647-9000 or Mr. Robert M. Whittier, Public-
ity Chairman, Endevco, Rancho Viejo Road, San
Juan Capistrano, CA 92675, (714) 493-8181

news on current
and Future Shock and
Vibration activities and events

ENGINEERING FOUNDATION TO HOLD
CONFERENCE ON “APPLICATION OF NEW
SIGNATURE ANALYSIS TECHNOLOGY*
July 24-29, 1977

The Engineering Foundation will hold a conference
on the Application of New Signature Analysis Tech-
nology at Franklin Pierce College, Rindge, New
Hampshire, July 24-29, 1977. This conference will be
co-sponsored by the Vibration Institute. The program
includes both panel discussions and formal paper
sessions. Topics to be discussed include selecting a
signature analysis system, application of new and
novel techniques, future user’s needs, industrial and
OEM application of signature analysis, how to get
started in monitoring machinery with signature analy-
sis, and troubles and realities of signature analysis.

For more information contact Dr. Sanford S. Cole,
Director Engineering Foundation Conferences, 345
E. 47th St., New York, NY 10017, (212) 644-7835
or Dr. Larry D. Mitchell, Chairman, Engineering
Foundation Conference - Signature Analysis, Dept.
of Mechanical Engineering, Virginia Polytechnic
Institute and State University, Blacksburg, VA 24061
(703) 951-6750
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CALL FOR PAPERS

48th SHOCK AND VIBRATION SYMPOSIUM*

The 48th Shock and Vibration Symposium will be held at
the Von Braun Civic Center, Huntsville, Alabama on 18,19,
and 20 October 1977. The U.S. Army Missile Research and
Development Command, Huntsville, Alabama is the host for
this meeting.

SUBMISSION QF PAPERS

Those wishing to offer formal full-length papers for the
symposium should carefully follow the instructions on the
reverse side of the SUMMARY COVER SHEET. Papers may
be offered either for presentation at the Symposium, or
publication in the Bulletin, or both. Summaries of papers
accepted for presentation will be published and distributed
prior to the Symposium. Six copies of the two page (approx-
imately 600 words) summary should be sumbitted. No
figures should be included in the summary. Prospective
authors are encouraged to submit supplemental figures
and additional information which the program committee
can use to evaluate the paper, but this material should not
be referenced in the summary which will be published if
accepted. Authors are required to furnish such a surnmary
even if the complete paper is submitted. In general, unclas-
sified-unlimited distribution summaries of classified papers
are requested. If this is impossible, a classified summary may
be submitted, but this will not be published. Deadline for
receipt of summaries is 30 June 1977.

CLASSIFIED SESSIONS

The Shock and Vibration Symposium provides a special
platform and publication medium for authors of classified
papers up to SECRET. To simplify problems of paper release,
SVIC policy for the 48th Symposium is that attendance at
classified sessions will be limited to U.S. citizens having the
required clearance and need-to-know. Limited distribution
papers which are accepted will probably be programmed in
the classified sessions.

SHORT DISCUSSION TOPICS

Because of continued interest, a session will once again be
programmed covering progress reports on current research
efforts and unique ideas, hints and kinks on instrumentation,
fixtures, testing, analytical short cuts and so forth. It is in-
tended to provide a means for up-to-the-minute coverage of
research programs and a forum for the discussion of useful
ideas and techniques considered too short for a full-blown
paper. These discussions will not be published. Pres~: tation
of a short discussion at this meeting will not prevent later
publication of the final results in SVIC publications or other
journals. Accepted speakers will have 5 minutes for presen-
tation and 5 minutes for discussion. Only unclassified-unlim-
ited distribution discussions will be programmed for this

*Forms enclosed in this issue of the DIGEST
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session. Those interested only need to submit a short sum-

mary due at SVIC on 12 September 1977.
SUGGESTED TOPIC AREAS

Papers from all areas of shock and vibration technology will
be considered. The following are possible topics for discus-
sion based upon suggestions from the shock and vibration
community.

Ground Motion

Ship Shock and Vibration Problems
Numerical Methods in Structural Dynamics
Reliability Testing and Field Failures
Dynamic Testing and Environments
Shock and Vibration Software
Transportation & Packaging
Instrumentation & Data Analysis
Biomechanics

Structural Response Analysis

Rotor Dynamics & Balancing
Vehicular Crashworthiness

CRITERIA FOR ACCEPTANCE

Papers will be evaluated on technical merit. They should
describe work that advances the technology and which has
not been published previously. Papers with a commercial
flavor will not be accepted, however technical submissions
from vendor employees will be judged without bias and on
the same basis as those of other prospective authors.

PUBLICATIONS

For your scheduling, if your paper is offered for publication,
three review copies of the complete paper, neatly typed in
your own format, must be in this office by 12 September
1977. If the paper is accepted for publication, an author's
kit will be provided for final copy preparation. Acceptance
for publication in the 48th Bulletin depends upon favorable
referee review.

LADIES PROGRAM
Arrangements are once again being made for outside activ-

ities for the ladies in Huntsville. Details will be included
with the Advance Program.

PROGRAM
The advance program for the Symposium will be distributed

in September, together with hotel, security clearance, and
registration information.
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SHORT COURSES

MAY

TURBOMACHINERY BLADING SEMINAR
Dates: May 3 -5, 1977
Place: Rochester Institute of Technology

Rochester, New York

Objective: To introduce the vibration technology
involved in the design and operation of turboma-
chinery blades. Methods and instrumentation used to
measure and analyze blade vibration will be de-
scribed. Industrial experts and consultants will
present theoretical background material and case
histories. Panel sessions dealing with gas and steam
turbine blading problems and their solutions will
also be conducted.

Contact: Dr. R. L. Eshleman, Director, Vibration

Institute, Suite 206, 101 W. 55th St., Clarendon Hills,
IL 60514 Tele. (312) 654-2254/654-2053

FINITE ELEMENT METHOD

AND NASTRAN USAGE
Dates: May 16 - June 9, 1977
Place: Washington, D.C.

Objective: A sequence of three professional develop-
ment courses will be presented to provide an under-
standing of the technological content in general
purpose finite element programs; and to provide
training in the use of NASTRAN. The courses and
dates are:

e Theory of Finite Elements, May 16-20, 1977

e Static Structural Analysis using NASTRAN,
May 23 - 26,1977

e Dynamics and Nonlinear Structural Analysis
using NASTRAN, June 6 -9, 1977

Contact: Dr. H. Schaeffer, Schaeffer Analysis,
P. O. Box 761, Berwyn Station, College Park, MD
20740 Tele. (301) 721-3788

JULY

THIRD INTERNATIONAL OCEAN
ENGINEERING AND MANAGEMENT COURSE

Dates: July 11 -22, 1977

Place: UCLA Campus, Los Angeles, California
Objective: To provide an annual educational forum
for technology transfer between engineering and
management working in the field of ocean tech-
nology development.

Contact: Ocean Engineering and Management

Course, 6266 Boelter Hall, UCLA Extension, Los
Angeles, CA 90024 Tele. (213) 825-3858

INSTRUMENTATION FOR

MECHANICAL ANALYSIS
Dates: July 26 - 29,1977
Place: University of Michigan, Ann Arbor, Ml

Objective: Emphasis is on the use of instruments
by non-electrical engineers to analyze systems.
Attendees wili use a wide range of transducers and
associated instrumentation. Morning lectures are
devoted to theory and afternoons to various appli-
cations in the laboratory. Previous instrumentation
experience is not required.

Contact Engineering Summer Conferences, 200

Chrysler Center, North Campus, The University of
Michigan, Ann Arbor, Ml 48109
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ANALYSIS AND DESIGN

ANALYTICAL METHODS
77-648
Vibration of Branched Torsional Systems with
Multiple Junctions

S. Mahalingam

Dept. of Mech. Engrg., Univ. of Sri Lanka, Pera-
deniya, Sri Lanka, J. Sound Vib., 49 (2), pp 195-
214 (Nov 22, 1976) 4 figs, 11 refs

Key Words: Branched systems, Torsional vibration

The displacement excitation method is used to investigate the
vibration characteristics of branched torsional systems with
multiple junctions. Among the special features of the paper
are the employment of the product form of receptances as
an analytical tool and the use of overlapping subsystems in
synthesis. The distribution of natural frequencies and the
effects of changes in some of the parameters are discussed.
A detailed numerical analysis is given for free and forced
vibration of a two-junction system in which three of the
natural frequencies are equal.
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A Simultaneous Iteration Algorithm for Symmetric
Eigenvalue Problems
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A FORTRAN IV algorithm is presented for determining
sets of dominant eigenvalues and corresponding eigenvectors
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