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EDITOR'S RATTLE SPACE

FAREWELL TO A FRIBEND

It is now common knowledge that the Shock and Vibration Center (SVIC) was offi-
cially disestablished on 1 October 1986 after forty yecars of service to the shock and
vibration community. This service included the organization of Shock and Vibration
Symposia and the publication of the Shock and Vibration Bulletin, the Shock and
Vibration Digest, and a monograph series. SVIC acted as a repository and clearing
house for technical information on vibration and shock associated with a wide vari-
ety of equipment and environments. It is unfortunate that an important group of
this type was disestablished when the exchange of technical information is so impot-
tant to save time, resources, and money. While some of these services will be
continued, given the present economic conditions, it is unlikely that a single focal
point of the nature of the SVIC can be established again -- particularly within the
government,

The Vibration Institute will continue the publication of the Shock and Vibration
Digest in the same form without interruption. Since the Institute has prepared the
DIGEST for SVIC for the past eleven years, similar service can be continued with
ease, The continuation of the other functions present more of a challenge. Meet-
ings at the recent 57th Shock and Vibration Symposium indicate that many persons
are very interested in the continuation of the services provided by SVIC. As a
result, efforts are now undetway to find a means of continuation of some or all of
SVIC's services. Unfortunately while some or many of these services may be rein-
stituted, the tradition and focal point of SVIC will be lost.

From a personal view, it is wich regret that I say farewell to a friend -- SVIC, As
the technical editor of the DIGEST, I have been closely associated with the SVIC

for the naet sichtesan vears The DIGEST offered me a race opoomtunity o siow in

~we P ues SemAitv Lir JLuive Aws lll\, G lﬂl‘- Vyyvnu-unt, \V 5.\’" Ads
the technical world., 1 wish to thank the SVIC personnel present and past for their
cooperation, sponsorship, contributions. It was always a pleasant task working with
the SVIC personnel -- four of the five ditectors: Drs. Mutch and Belsheim, Henry
Pusey, and Gordan Showalter; Rudy Volin who served on the SVIC staff during my
entire tenure on the DIGEST; and Elizabeth McLaughlin who maintained the office.
While my activity with the DIGEST will continue, the association with the SVIC
personnel will be missed.
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MECHANICAL SIGNATURE ANALYSIS

M.S. Hundal*

Abstract. Literatute on mechanical signature
analysis (MSA) for 1983-85 is reviewed. MSA
applications discussed include anpalytical and
experimental methods, programs, and systems for
machinery and process monitoring and diagnosis.

A previous article [40] that reviewed literature
on mechanical signal analysis (MSA) up to the
end of 1982 included analytical and experimental
studies, monitoring, and diagnostics of machines.
Since that time the use of sophisticated instru-
mentation and systems for data acquisition and
processing has become well established, and new
analytical techniques have been developed.

MSA includes a number of applications [8]: 1)
monitoring, 2) diagnostics, 3) system identifica-
tion, and 4) testing. These can further be clas-
sified active and passive insofar as the
external stimuli applied to the system by the
user (see the figure). Thec aims of MSA include
improved system design, noise and vibration
attenuation, and help in developing control strate-
gies,

[ T “System [
'Mcmitoring Diagnostics Identifi—|.‘e.r1ir'.r_4
L cation B
<« Passive Active —>

MSA Applications.

Becruse the published literature on MSA is so
cxtensive, only applications to wmonitoring and
diagnostics are covered in this paper. This lit-
eratute is divided into the following groups:
general monitoring and diagnostics; monitoring
and diagnostic systems; specific machine ele-
ments; analytical techniques; sound, ultrasound,
and acoustic cmission applications; and special
applications and techniques.

GENERAL MONITORING
AND DIAGNOSTICS

For the novice in MSA scveral papers provide a
good introduction to the subject. Eshleman [25]

and Mitchell [72] discuss diagnostic capabilities
of FFT analyzers. Other papers contain evalua-
tions of data, location and types of measure-
ments [77], high-frequency bearing monitoring
[35], current trends in diagnosis and economics
of monitoring [87], and different types of spec-
trta used for diagnostics [55]1. Mitchell [70]
examines issues in establishing a monitoring
program and provides a sutvey of methods.

Eshleman [26] and Buehler [10] give examples
of typical vibration signals and spectra associated
with different types of machinery faults. Cost-
effective predictive maintenance of noncritical
rotating equipment [58], factots other than
machine deterioration that cause changes in
vibration signature [16], and engine torque and
speed fcr condition monitoring [46] have been
presented. Fox [29] and Fuchs [31] discuss
measurement of absolute and relative motion and
effect of mass of system components.

Effects of misalignment in couplings and its
causes and identification have been presented
[23,52,80]. Ghosh [33] has presented effects of
balancing, generator excitation, loading, and
rebuilding on hydraulic tutbine vibration signa-
tures. The problems of identifying and diagnos-
ing problems in vertical pumps [89], steam
turbine fan system [73], freight car bearings
[48], electric motors [11,12,34], and rotary
blowers {44] i.ave been discussed. Eshleman
and Jones [27] bhave presented the use of test
dita and a computer model to reduce vibration
in a iutbine with thermal bow. A monitoting
system for gas turbine cases has been given by
Kidd [47].

MONITORING AND DIAGNOSTIC SYSTEMS

The developments in instrumentation for mea-
surement and analysis of mechanical signals have
led to research in and design of complete sys-
tems for monitoring and diagnosis. Papers in
this area describe design aspects, operating
experience, and philosophy behind such systems
[7]; systems for improving machine availability
and reducing maintenance costs [5,71]; a program
to schedule monitoring activities [83]; and a

. Depanmc;; of Mechanical Engineem, University of Vermont, Burlington, Vermont 05405
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diagnostic system containing spectrum, balance,
and predictive maintenance analyzers [67].

Remote monitoring and control systems have
been discussed for gas turbines [28,32] and
offshore gas turbine fatigue life prediction [98].
Such systems have been applied to a diesel
engine to infer behavior of pressure and forces
from vibration signal [57], to self-aligning thrust
bearings in steam turbines [100], and to piping
systems to determine maximum stress [84]. A
portable system for data acquisition, analysis, and
carly diagnosis for power plants [13] and diag-
nostic functions of a turbomachinery system [2]
have been presented.

Reseatch projects on torsional fatigue life and
development of statistics for making conclusions
and recommendations on system operations have
been described [103]. Systems with satellite
stations at each component, communication
networks, and required computer hardware and
software have been presented [19,38].

Application of expert systems for monitoring and
providing data for use by management has been
discussed [90,91]. A system to maintain data
records, compute statistical data, and prepare
teports for management [20] as well as software
fot using stored diagnostic files for fault diagno-
sis as part of an expert system [14] have been
described.

MACHINE ELEMENTS

Bearings. Bearings are by far the most common
elements monitored for machinery condition.
Although most papers deal with rolling element
bearings, a paper by Conway-Jones [18] dis-
cusses the measurement of oil-film pressure and
journal displacement for monitoring engines.

Methods to locate defects in ball bearings with
single or multiple dents have been presented by
Igatashi [42,43]. Effects on vibration signals
gencrated by defects in raceways, rolling ele-
ments, excessive clearance, and lack of lubrica-
tion have been discussed [3]. In a series of
reports McFadden and Smith [61,62,64-66] have

described models, experimental methods, and
high-frequency tesonance techniques used to
detect single and multiple defects in rolling

element bearings. A study to detect incipient
failure has been presented [60]; links among
metallography, ttibology, noise, and vibration
analysis [102] have been explored. Use of eddy
current sensors for bearing monitoring has been
discussed [37,88].
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General papers on monitoring gearbox
vibrations deal with fault identificati sn [4,93].
Milenkovic [69] has discussed « methodology for
measuring vibrations in axle carriers outside a

Gears.

vehicle. A method for predicting tooth surface
failure [101] and detecting shaft misalignment,
eccentricity, and profile errors from noise and
vibration signatures [50] has been presented.
Jacobs [45] has given a case history of a
monitoring program that failed to detect a major
fault in a gear reducer.

ANALYTICAL TECHNIQUES

A number of papers describe new analytical
techniques or the application of existing tech-
niques to new applications in MSA. The random
decrement method has been used by Yang [106,
107] to inspect offshore structures. Ranking of
noise sources and disturbances has been discussed
[9,99]. Tanaka [94] giv:s classification factors
for detectability of blade vibrations. A method
for finding parameters of a multi-frequency
signal [36] and synthesis of periodic signals to
provide improved speciral response data [79]
have been presented.

Powell [78] has described a method capable of
sepatating multiple input force signals in the
presence of reverberated signals; the method
involves constructing a pseudo-inverse transfer
matrix. Signal recovery in reverberent structures
to reveal developing faults has been given by
Lyon [56]. Pavic [75,76] has developed tela-
tionships between inertial and elastic properties
to detect vibrations by strain measurements. A
method for tracking the progress of fracture by
observing changes in mass, stiffness, and damp-
ing matrices has been discussed [108]. Cempel
[171 has described a model that combines wear,
vibration, and acoustic processes to predict

machine condition and estimate breakdown time.

Algoritbhms for fault identification from vibration
signatures by a method of elimination [51] and
time dependent processing to enhance dynamic
test data [95] have been presenied. Use of
redundant measurement systems with adaptive
filcering, use of fault detection, and isolation
methodology have been described by Ray [82].

Davies [21] has discussed three patametric
methods -- prony series, recursive least s-juares,
and insttumental variable analysis -- and com-

pated them with Fourier methods. A frequency
domain technique for fault diagnosis and com-
puter language that reduces software cost and
compiexity have been given by Hitchcock [39],
Real time programs that can indicate a 0.1
percent change in rotor unhalance are available

[86]. A method for simulating an impulsive
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fault signal buried in background noise and
modeling various stagrs of incipient failure have
been given by White [104].

SOUND, ULTRASOUND, AND
ACOUSTIC EMISSION SIGNALS

Although most MSA applications involve monitor-
ing only vibration signals, in some cases both
sound and vibration signals are used for diagnos-
tics [42,43,101]. Hundal [41] has described the
use of acoustic and vibration signatures of a
power plant ash conveyor to solve a community
noise problem. A sound intensity measuring
technique for machinery diagnostics [81] and
ultrasonic signals for detecting rolling bearing
defects [15] have been presented. Armor [1]
has given a progress report of on-line de::ction
of shaft cracks using vibracion signature analysis,
acoustic emission (AE), and eddy current sensor
monitoring.

The AE technique has been used in the past
mainly to detect faults in structures, It is being
used in machine monitoring. AE applications for
rolling bearing monitoring at low speeds [63]
and for diagnosis of friction change in mating
slides [92] have been given. Yoshioka [110] has
described the principle of an AE source-locating
system for rolling bearings, Manufacturing
applications of AE have been presented in the
context of grinding [24] and wood cutting [54].
More traditional applications of AE technique
have also been discussed: internally lesking
parallel piping in spacecraft [105], operational
monitor for a towed cable system [53], and
glass reinfoiced cemposites [6].

SPECIAL APPLICATIONS AND TECHNIQUES

Some applications and techniques in MSA do not
fall under any of the previous categories. An
instrument to detect looseness of a screw in a
gearbox asscmbly [49] and vibration monitoring
of high-volume transfer machines in an automo-
tive cngine plant [97] have been presented.
Timpeiley [96] has presented a method for
incipient failure dotection in rotating machines
with EMI monitotiig. Use of burst random
excitation to eliminate leakage errors and distor-
tion of frequency response [74] and the use of a
Laser doppler sensor for turbine generator vibra-
tions [59] have been described.

Freestone [30] used Fourier analysis of a crank-
shaft waveform as a diagnostic tool to estimate
the power contribution of each cylinder of an
engine, Use of pattern recognition techniques to
distinguish waveforms from damage-related and
extraneous sources has been discussed [85].

Monitoring a machine tool with strain gauges
[68]); investigation of lubricant action in cutting
[22]; and a system for predicting imminent
failure of workpiece, tool, or worn tool [109]
have been described for manufacturing applica-
tions.

CONCLUSIONS

In the past three years the field of MSA has
matured significantly. This is evidenced not only
by the large number of published articles on
monitoring and diagnostics, but also by literature
ip analytical and expcrimental modal analysis. In
addition, new journals devoted exclusively to
modal and signal analysis are now being pub-
lished. In the last review of MSA [40] a
number of areas of future wotk were postulated.
It is satisfying to note that most of these areas
have seen significant activity, At this time it
appears that the following topics will be impor-
tant in the next few years:

e Combination of modal analysis with
monitoring and diagnostics systems

o Ideatification of measures of system
degradations and prediction of failure

® Time domain analysis as aid in
diagnostics and failure prediction

® Combination of techniques; e.g.
vibration, sound, ultrasound, and AE
in diagnostic systems

® Expert systems and Al
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survey and analysis

LITERATURE REVIEW: g sheck ena,

Tt e monthly vicerature Review, a subjective critique and summary of the literature,
consists of two to four reviews each month, 3,000 to 4,000 words in length. The
purpose of this section is to presen: a "digest" of literature over a period of three
years. Planred 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 proceed-
ings. Fach article also contains a minor tutorial of the technical area under discus-
sion, a survey and evaluation of the new literature, and recommendations. Review
articles are written by experts in the shock and vibration field.
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FRACTURE ANALYSIS — A REVIEW

D. Broek*

Abstract. This article is a review of practical
methods for fracture mechanics analysis. Linear
elastic methods can yield useful results. Elas-
tic-plastic methods are becoming useful with the
development of simple expressions for ] that
contain only one geometry factor. Present limi-
tations are due only to limited availability of
geometry factors.

Fracture mechanics analysis based on linear
elastic concepts developed in the 1960s has
become established during the last decade as a
practical analytic method for studying structutal
fracture. Its use has become institutionalized by
damage tolerance teguirements implemented in
the late 1970s for both military and civil air-
planes. Fracture analysis is also prescribed in
the ASME boiler and pressure vessel code.
During the last decade a fracture analysis
method based on elastic-plastic concepts has
emerged and become practical because simple
expressions containing only one geometry pa-
rameter can be used for the fracture parameter.

This teview emphasizes fracture analysis methods
that are useful for predicting structural fracture;
other developments are mentioned but not dis-
cussed in detail. The bases for the practical
methods are presented with sufficient detail to
enable the reader to appreciate similarities and
differences. Because all fracture analysis,
whether elastic or elastic-plastic, must be com-
bined with collapse analysis, the latter is dis-
cussed first, Results and examples of the
accuracy of the methods ate presented after the
discussion of concepts.
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Figute 1, Maximum Load Carrying Capacity
Reached at Net Section Yield for Ideally Plastic
Material,

FRACTURE CONCEPTS

Collapse.

Although given a new name and a slightdy dif-
ferent interpretation, collapse is the same as the
classical limit load concept [1]. The limit load
is reached when the average stress in the small-
est section exceeds the yield stress. The con-
cept is trivial for an ideally plastic material and
a center crack as shown in Figure 1. After the
stress equals the yield stress of the material,
o,  the limit load, Py, of a plate of widta
W and thickness B with a center crack of size
2a is:

. '_’a)lia"s
(1)

The limit load is the highest load a panel can
sustain under any circumstances; hence, the limit
load is the absolute maximum failure load.

At the limit load the nominal stress in a panel is
o = Plm/WB, so that the absolute maximum
failure stress is:
W2
Ofmar = W Y.

(2)

Note that for a center crack the failure stress
depends lineatly upon crack size, as illustrated in

¢  FractuREscarch Inc., 9049 Cupstone Drive, Galena, Ohio 43021
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Figure 2. For other geometries and other load-
ing the limit load can be calculated just as
casily.
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Figure 2. Net Section Yield and Net Section
Collapse.

a. Stress at net section yield for panel
of width W and crack 2a.

b. Net secticn collapse in stainless
steel [1].

For materials with slighdy rising stress-strain
curves the use of the yield stress in equation (2)
is slightly conservative [2,3]. Materials that can
be treated with linear elastic fracture mechanics
usually belong in this category. No fracture
mechanics analysis is complete without evaluation
of the limit load. If the analysis indicates a
fracture stress higher than the stress calculated
by cquations (2), failure will occur by collapse.
The actual failure stress is the lower of the
values calculated for fracture stress and stress
at collapse by equation (2),

It was originally proposed [2] that fracture
stress applied only in plane stress, but it also
applies in plane strain. No matter how low the
toughness, the calculated fracture stress for very
small cracks will be higher than the yield. In
such a case failure occurs by collapse. The
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regime js similar for very large cracks. If a
structure is very small, failure always almost
occurs by collapse even if the toughness is low
[2,3].

In the case of materials with considerable work
hardening -- that is, for cases in which a lacge
difference exists between yield stress and uli-
mate tensile stress -- equation (2) is too conser-
vative. Thus, 1t has been proposed [1] that
collapse load should be defined as the load at
which the average ..ot section stress is the col-
lapse stress o , which is higher than the
yield stress but less than the ultimate tensile
strength.  Although the value of the collapse
stress can be measured readily in a test [1], it
is ofte.: arbitrarily taken as equal to the average
of the yield stress and the ultimate tensile stress

[4].

Using collapse stress means that equation (1) and
equation (2) become

(“ '_)..I)I‘U‘_”"

»
| hmeollaps

3)
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Tle collapse load is the absolute highest load a
structure can sustain regardless of any fracture
mechanics, be it elastic or elastic-plastic. The
stress at collapse o is the nominal stress
at the collapsc loacs 9ol is the average
net section stress at collapse. Collapse load and
stress at collapse must be evaluated in any
fracture analysis. The actual failure stress is
the lower of the values for calculated fracture
stress and stress at collapse. Omission of this
trivial step is one of the reasons why fracture
predictions are often not conservative.

Lincar elastic concept based on stress. The
elastic stress distribution at the tip of an arbi-
trary crack in an arbitrary body subjected to
arbitrary crack opening loading by tension ot
bending is given as [5].

N2
J 3my (s)

where « 1s the tensile stress on the section
through the crack, and x the distance f{rom the
crack front (Figure 3). The stresses in othet
directions can be described in a similar mannet,
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Figute 3, Crack Tip Stresses.

Because equation (5) is for an arbitrary case, it
is valid for any and all crack tips. Crack tip
stress a; parently depends only on the parameter
K, called the stress intensity factor. Equation
(5) is for elastic stress; hence o, must be
proportional to the applied stress "o Crack tip
stress also depends upon crack size. For equa-
tion (5) to have the proper dimension, v, must
depend upon the square root of crack size.
Without any analysis it can readily be seen that

. N o/
ANAS N N
so that
N Co/a

(6)

The numerical factor C depends upon geometry.
Because equation (6) shows C as dimensionless, C
can depend upon geometry only as C = f(a/L). L
is a characteristic length parameter., It has
become common practice to replace C by g,
with 8 (// 7w , This leads to equation (7).

N - Bos ma with § f(a/l)

(7)

From equation (6) and equation (?) the crack tip
stresses are known completely if gis known for
the geometry at hand. Handbooks [6-8] for §
exist; any of many procedures [9] can be used
to determine § for new geometries.

The fracture criterion in linear elastic fracture
mechanics (LEFM) states that fracture occurs
when the crack tip stress field becomes critical.
For o in equation (6) to exceed a critical
value, K must exceed a critical value. (This
condition holds when a small amount of plastic
deformation occurs at the crack tip [3].) If the
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critical value of K is called Kp the fracture
criterion is that fracture occurs 1if

K>-h

¢

(8)

The critical value K_ is called the toughness of
the material. Toughness depends upon the crack
tip state of stress (plane stress or plane strain)
[3]. Toughness is lowest for the case of plane
strain and is generally denoted K ¢-. K¢ denotes
toughness in non-plane strain conditions. LEFM
applies in the same manner in both cases.

The fracture criterion of equation (8) can be
rewritten

[30|-J Ma |\(‘

&)
where o is the applied stress. Thus, the
stress at fracture is

K,
0f= o
6\/ fa (10)

The fracture condition is given by equation (10)
whether or not the fracture toughness K. is
known. If the toughness is not known, fracture
stress o can be measured in a test and the
toughness determined with equation (9). (Any
specimen will suffice; there is no need to use a
standard [10] specimen. If such a need existed
the result would be useless for fracture predic-
tions other than for that specimen.) If the
toughness is known, the fracture stress of any
sttucture with a crack follows from equation
(10). The actual failure stress is the lower value
of the stresses calculated by equation (2) and
equation (10).

Linear elastic concept based on strain energy.
Energy consetvation requires that no energy is
lost when a body is loaded. Therefore, the work
F done by a load must equal the strain enetgy U
in the body.

F-U 0
(11)

The equation holds when a body is cracked. But,
if the crack propagates, a new energy term
comes into play; namely the work of fracture W.
If crack size equals a, fracture over a distance
da would requite a small quantity of energy dW.
This energy musi be deliveted by another
source, either F or U. In the process of frac-
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ture over da, the work done by the load is dF,

and the change in strain energy is dU. Energy
consetvation requires that [3,11]
oy
(k1 Wy 0
da
(12)
or
d 1A\
[
aw T
(13)
Equation (13) is a fracture criterion. Fracture

over da will occur when equation (13) can be
satisfied; i.c., if enough energy can be delivered
to provide dW. If not enough energy is deliv-
ered, equation (11) remains in effect. Assigning
different symbols to the terms in equation (13),
allows the cquation to be written in the form:

G =R
(14)
G is the released cnergy (energy release rate); R
is the fracture resistance. Fracture will occur

according to equation (14) when the released
energy G is sufficient to deliver the required

energy R. It can be shown [3] that the released
energy is G = K2/E, where E is Young's modu-
lus.  Equation (J4) thus means that fractuce
occurs if
K? ,
L
(15)
ot
S
(16)

In order for equation (16) to be the same as
equation (9), R must equal K '/E. The work of
fracture is thus equal to the square of the tough-
ness divided by the modulus.

R depends upon the amount of crack extension
A a [3). The energy for fracture increases as
fracture progresses. The conclusion is that
fracture can be stable or unstable (uncontrolla-
ble). An uncontrollable fracture occurs when

de il

da da
(17)
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The rising fracture resistance R is referred to as
the R-curve. Fractu:e analysis based on equa-
tion (16) and equation (17) is referred to as the
encrgy method, or the R-curve method. Its
principles were established as eatly as 1960.
Almost all material under all circumstances
exhibit a rising R-curve; in cases of low tough-

ness, the rise is so small that the curve is
essentially flat,
Because G = h'/FE fo’m/k , the

condition of equation (17) is the point of tan-
gency between the G curve and the R curve.
The G-line is straight and is a function of a
when B = 1, The slope of the line depends
upon the stress. For the case shown in Figure
4a fracture begins at ¢ ¢i | proceeds stably
from a; to a., and becomes unstable at o, . If
the R-curve rises gently, as is often the case in
plane strain, instability is immediate, so that the
rise of the R-curve may go unnoticed.

022,’
"’a l'
e 912.'?“
ORI } |
= —
3 Aa
Figure 4. Energy Conservation Criterion for
Fracture,

a. R-curve and G-lines
b. Instability points

Because Young's modulus can be divided out of

equation (16), equation (16) and equation (17) can
be rewritten

N hy

NN

da ifa

(18)
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Kg is the same as J/ER. The procedure does

not change.

Elastic-plastic concept.

The most useful elastic-plastic fracture mechan-
ics (EPFM) concept developed thus far is based
on the energy conservation concept of equation
(13) and cquation (17). Unfortunately, the energy
quantities involved have been given diifetent
names. The new name for G is ], and the new
name for R is Jp. Thus, equation (14) becomes
cquation (19). Fracture occuts if

J =)
: a9

With the usual rising R-curve (now Jp-curve)
equation (18) becomes:

4 g
da ' «l:l

(20)

Because of the original definition [12] the
quantity ] is known as the J-integral. However,
it can be shown [3,12] that ] is essentially the
energy release rate. Equation (19) and equation
(20) are valid for materials with nonlinear
stress-strain curves and ate therefore useful for
EPFM,

The various mathematical expressions for ] in
approximate form are called estimation schemes.
The most elegant solution is obtained when the
plastic strain of a material can be expressed as

(21)

in which n is known as the strain hardening
exponent; and F is a plastic modulus. Note that
for n = 1 and F = E the ecquation reduces to
Hooke's law, for which the energy equation for
fracture is G = R, It is written

gt 2 0t
B @ Hurﬁ 0' i R

(22)

A similar expression is obtained when n is not
In that case

equal to 1 and F is not equal to E,

(23)

H is a geomettic parameter similar to g , but H
also depends on n.

Indeed, equation (23) is the plastic fracture crite-
tion [3]. Unfortunately, instead of using equa-
tion (23) the developers of the geometric
functions [13,14] elected to wtite equation (21)
as

€ (0.
€o (00)

(24)
Wherte o0, is called the flow stress and
€ = 0p/ . The stress 0o is only a refer-

ence stress that can be chosen arbitrarily at any
value so long as ¢ =gy /F and

ml
c.
-

(25)

Thus, calling o, the flow stress suggests in-
correctly that this arbittary reference stress
should have physical significance.

This new definition of the stress-strain curve also
changes the fracture equation from equation (23)

into
" p ntl |
Xgg€pc 5 3
0€oC l<l’0> IR

Compare equation (23) and equation (26); it
appeats that crack size a is replaced by the
uncracked ligament ¢ and that the geometric
function H is replaced by h;, Stress is re-
placed by load P; load P, is introduced. Py is
the limit load if 6, were the collapse stress,
but, because o, 1is atbitrary, Py is a fictitious
limit load. It is trivial that c, Py, and P are
related to a, o, , and o by geometric func-
tions. Equation (25) can be used to reduce
fracture equation (26) readily [15] to equation
(23).

(26)

Equation (26) raises the false expectation that
fracture stress depends upon collapse load. The
collapse load is indeed the limiting condition, but
this condition must be evaluated separately.
Equation (26) does not account for collapse load

17
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because it is equivalent to equation (23). Artifi-
cial introduction of a limit load to equation (26)
dous not make the fracture stress dependent upon
this limit load [15].

Equation (20) and equation (23) can be used if
elastic deformations can be neglected. Otherwise
the eclastic energy release must be included.
Fracture thus occurs if

eV A (27)

Equation (27) requites combination of equation
(16) and equation (23) or equation (26).

In EPFM the toughness is given by Jp, which is
a rising curve as a function of the amount of
crack extension a, o just as the R-curve dis-
cussed previously, This toughness can be ob-
tained from a test that involves measuring the
fracture stress to evaluate equation (23) to obtain
Jr. After Jp is known, equation (23) can be
used to calcull:te the fracture stress of a struc-
ture for which H (h)) is known [13,14]. Note
that the actual failure stress is still the lower
value of the stress calculated from equation (4)
and equation (23). Failure occurs by collapse if
the collapse stress on the net section is reached
before the fracture condition. Collapse is still
the limiting condition and must be evaluated
sepatately,

Another estimation scheme is generally used [16]
to obtain ] in a test. Because ] is the energy
release rate, Jp equals the energy release rate
at fracture. Energy release can be expressed as
the change in strain energy; strain energy can be
related to the load-displacement cutve. Appro-
priate simplifications and assumption can be used
to obtain directly an approximate value for ]
from the load-displacement diagram, provided the
displacement is due only to the crack. If a
compact tension specimen is used, virtually all
displacement is due to the crack. Thus, Jp is
obtained from the area under the load-displace-
ment diagram, Attempts have been made to use
the reverse procedure to predict structural frac-
ture [17]; the results are debatable however,
because grossly simplifying assumption must be
made to obtain the displacement-due-to-the-
crack-only of a cracked structure.

Variations on the theme.

The most commonly used alternative criteria for
fracture are based upon crack (tip) opening
displacement [18] or crack opening angle [19];
that is, fracture occurs when the crack opening
displacement exceeds a critical value., These

18

criteria are not really different from those
discussed above. Both quantities can be ex-
pressed directly [13,14] in G or J; the critical
values of these quantities can be directly ex-
pressed in R or jp by the same mathematical
relation. Therefore, the fracture criteria are
identical to equation (10) and equation (23). The
criteria chosen are a matter of personal prefer-
ence unless certain ones can be more ecasily
measured in a test,

Crack tip opening quantities can be measured
directly; R and JR must be obtained by mathe-
matical manipulation from other measurements.
Ditect measurement may be useful for obtaining
the material property that represents toughness
(e.g., critical COD). Alternative criteria do not
provide anything new ot make anything easier. If
the criteria discussed in previous sections work,
those based on crack tip opening will work.

Other alternative approaches often introduce an
artificial second parameter [3,20]. A cleverly
selected second parameter can eliminate some
anomalies but usually introduces new ones. One
of the oldest parameters is the so-called plastic
zone cotrection [3]. The crack size a is artifi-
cially increased to a + Tps D is the plastic zone
at fracture given by
K¢

r o Y =
P bind’

(28)

Substitution of a + r_ for a in equation (9) gives
as the fracture condition

Bo/@ki/iinad) K,

(29)

Although this equation seemingly solves a prob-
lern, it introduces a new anomaly: if a - 0 the
predicted fracture stress is bo /§ . To obtain
a fracture stress ecqual to "o, the ultimate
tensile strength at a = 0 (Gf 8 = 1) is

o »/(a;l—(-?,/rro“l)- ke

(30)

Equation (28) and equation (29) are two-parame-~
ter fracture criteria. Many more can be created



in a similar manner, Some will work; however,
most will not because they are artificially con-
sttucted and mistepresent the problem,

The tearing modulus concept seems to be a new
approach but is the same as equation (17), which
was established in the late 1950s. The quantities
in the equation are made dimensionless by multi-
plication of both sides by F/o}

&/ )(dl Dday > (1 /o )(dl,{/da)

(31)

The quantities in the equation are then given new
symbols

="

material

(32)

where T is called the tearing modulus. Equation
(32) is nothing more than another form of equa-
tion (17).

The so-called R6 approach is not a new ap-
proach. The concept was originally proposed in
England [21] and is now being suggested [22]
as an alternative fracture criterion, which it is
not. The concept merely recognizes that frac-
ture occurs when K = K. or that collapse occurs
when net section strcss equals collapse stress.
The result is the fracture locus shown in Figure
5. The curved part of the fracture locus cannot
be defined other than by a plastic fracture crite-
rion. In the R6 approach the cutved part is
defined on the basis of Jp. The curve is then
(with some modifications) used to predict frac-
ture, If the criteria based on K and ], as
discussed in the previous sections, are applica-
ble, the R6 approach is useful, If the R6
approach lcads to different answers, it is because
the material properties vsed as input are differ-
ent (which they should not be) or simplifications
or errors were introduced,

Other fracture problems.

The fracture criteria discussed above have been
developed to the point of practical application,
For some time tescarch has been in progress in
applying these criteria to nonstructural materials
such as rocks and eye glasses and to structural
materials of the future such as ceramics and
composite materials. Applications to brittle and
semi-brittle materials are relatively straight
forward; applications to composite materials are
not.
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Figure 5. Fracture analysis Diagram [21].
a. Fracture locus
b. Normalized diagram

Reseatch on fracture mechanics of composites
has not yet passed the point of testing and
material characterization., The meaning of test
results is often not understood; the criteria used
are often primitive [23].

Another area of rescarch, dynamic fracture, is
of special interest with regard to armor and
weapons penectration. Considerable progress has
been made [24]. In essence the fracture condi-
tion of equation (13) is modified to account for
another energy term, the kinetic energy. The
fracture resistance Jp or R is different; it

-accounts for strain tatc sensitivity of the mate-

rial.
APPLICATIONS

The usefulness of LEFM for structural fracture
predictions is well established. Fracture of a
cracked structure can be predicted on the basis
of equation (10). The geometric factor for
the structural crack must be obtained first.
Among vatious procedures for obtaining , the
most common and simple one is superposition
and compounding of solutions compiled in hand-
books [6-8]. For a certain crack size the frac-
ture stress follows from ecquation (10). Solving
the equation for a range «f crack sizes provides
a residual strength diagram; i.c., the remaining
structural strength in the presence of a crack as
a function of crack size.
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Care should be taken that the collapse or limit
load condition is also evaluated. The actual
failure stress is the lower of the value calculated
for fracture stress und (he stress at collapse. In
many cases the collapse condition prevails; e.g.,
Figure 6. Failure to assess collapse is one of
the reasons LEFM is claimed to have limited
use; but combination of collapse analysis and
LEFM can solve many fracture problems with
accuracy. Figure 7 compares predicted fracture
stresses for cracks at holes with actual test data
[25].

"
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Figure 6. Cases of Elastic Fracture and Col-

lapse.
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Figure 7. Predictions of Fracture Stress for
Cracks at Holes and Test Data [25].

Fracture prediction by EPFM requires solution of
equation (23) or equation (26)., The geometric
factor H (or h 1} must be known., If the use of
EPFM is sall son.cwhat limited, it is because
geometric factors are available for only a few
geometries [13,14]. Extensive applications will
require the generation of many more geometric
factors. At present only problems for which H
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i1s available can be solved; e.g. cracks in cylin-
ders. A siunple method for estimating H on the
basis of 3 has been proposed [15]. In the case
of EPFM the failure stress is the lower value of
the stress calculated at collapse and the pre-
dicted fracture stress. Failure stress can then be
predicted with reascnable accuracy [4,15] as
shown in Figure 8 and Figure 9. The collapse
load is sometimes inaccurate because the ¢nl-
lapse stress was not measured; rather, it was
arbitrarily assumed to be equal to the average of
yield stress and ultimate tensile stress.
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Figure 8. Elastic-Plastic Fracture Predictions

[15] and T2st Results [4].
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Figure 9. Failute by Collapse of Cracked Stain-
less Steel Pipe [1].

a. Collapse analysis model
b. Predicted curves and test data
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Typical JR cutves are shown in Figure 10. |
can vary, depending on the way the test is
evaluated. Consider equation (23); a slight errot
in stress or load calculation has a very large
effect on Jp. That is when n = 9 an error of
5% in stress leads to an error of (1.05)10 = 1.63
of 63% in Jp. (Similar errors occur with other
estimation schemes for the same reason; namely
the gentle slope of the load-displacement curve.)
On the other hand, if these Jg values are used
to predict a fracture stress, an error of 63% 1n
the toughness JR would cause an error of only
5% in fracture stress if n = 10. Thus, EPFM is
very forgiving. Reasonable results can be ob-
tained even with approximate values,

R omNn

DELTA o (MW

Figure 10. JR-Curves for Stainless Steel.

Other fracture criterias, if they are applied
correctly, should give the same answers. The
criteria based on crack tip displacements are
identical for the J-criterion. Thus, different
results are due to interpretations of tests used to
obtain material parameters, use of approxima-
tions, or errors in any of the procedures used.
That different J-estimation schemes may lead to
different results is an indication of the accuracy
of a ] estimate, not of a fracture analysis.

Fracture analysis is an inherently inaccurate
process because of scatter in material properties.
Yield stress an’' ultimate tensile strength are
measured for the bulk of the test coupon (inte-
grated over the coupon). On the other hand,
fracture properties are only for the small
amount of matcaial that happens to be at the
crack tip at the time of fracture. Thus, the lack
of homogeneity of the material plays a much
larger role in determining scatter. Fracture in
the structure is affected. LEFM toughness
values typically scatter by 15%. Therefore the
fracture stress prediction can be off by 15%.
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This 1s not a shortcoming of {racture mechanics
but is due to less-than-ideal material behavior.
In this respect EPFM is an advantage because
the method is forgiving.

CONCLUSION

Progress in fracture analysis during the last
decade has been in the consolidation of linear
elastic methods (LEFM). LEFM in combination
with collapse analysis provides answers to most
sttuctural fracture problems. A usable elastic-
plastic method (EPFM), which must be used in
combination with collapse analysis, has also been
developed. EPFM has become useful in a prac-
tical sense due to the development of a J-esti-
mation scheme that permits an expression for ]
with only onc geometric parameter, as in the
case of K. Present limitations are due to lim-
ited availability of geometry factors. Fracture
analysis methods not based on K or ] are essen-
tially equivaient to geometric factors and should
give the same results unless errors are made in
interpretation or simplitication, Fracture analysis
of metals and ceramics yields useful results
considering the inherent inaccuracy of fracture
analysis due to scatter in material behavior.
Fracture analysis procedures of composites are
nonexistent; research in this area is in the
material-characterization stage.
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BOOK REVIEWS

PROBLEMS IN PERTURBATION

Ali H. Nayfeh
John Wiley & Sons, New York, NY
556 pages + xi, 1985

The development of the theory of nonlincar
differential equations has promoted the study of
several engincering problems that were regarded
difficult in the past. The theory helped engi-
neers to understand complex system characteris-
tics that could not be explained within the
framework of the lincar theory of differential
equations. The importance of nonlinear theoty
has been realized by several schools that cur-
rently offer courses in nonlinear vibrations ot
nonlinear differential equations. Although there
are several books on nonlineat oscillations and
differential equations, students and researchers
frequentdy encounter difficulties concerning the
applicability of existing theories of perturbation
techniques. Professor Nayfeh is an authority in
perturbation methods and his book Problems in
Perturbation contains detailed solutions of all the
problems in his earlier book Introduction to
Perturbatiop Techniques (John Wiley & Sons,
1973), The book contains 15 chapters; each
chapter is followed by a number of solved prob-
lems and an equal number of unsolved supple-
mentary problems.

The first four chapters contain a mathematical
background of basic concepts and methods for
solving nonlin:ar differential equations. Chapter
1 presents definitions of parameter and coordi-
nate perturbations, gauge functions, order sym-
bols, asymptotic series and expansions, and
nonuniform expansion. Chapter 2 summarizes a
number of methods for solving algebraic and
transcendental equations. Differential equations,
the solution of which is represented in the form
of integrals, are outlined in chapter 3. They
include asymptotic expansions of functions de-
fined by definite integrals, expansions of inte-
grands, integration by parts, Laplace's method,
method of stationary phase, and the method of
steepest descent, Several integrals encountered
in differential equations are given as exercises.
Chapter 4 treats nonlincar differential equations
of conservative systems. Applications of the
Lindstedt-Poincate method, the method of re-
normalization, the method of multiple scales, and

the method of avetaging are well demonstrated
with a number of solved problems.

Chapters 5 and 6 deal with free oscillations of
nonlinear systems with sources of positive and
negative damping respectively, Although both the
Lindstedt-Poincare technique and the method of
renormalization account for the shift in fre-
quency caused by the pertutbation, they do not
adequately provide approximations to the tran-
sient response for the problems because neither
accounts for variations in amplitude. In con-
trast, both the method of multiple scales and the
method of averaging provide uniform expansions
for the transient response., Chapter 7 considers
the free oscillations of undamped systems with
quadratic and cubic stiffness nonlinearities. For
these systems the Lindstedt-Poincare technique,
the method of renormalization, the method of
multiple scales, the generalized method of aver-
aging, or the Krylov-Bogoliubov method can be
used to derive approximate solutions,

Chapters 9 through 11 deal with the responses of
nonlinear systems when subjected to different
types of external excitations. Extetnal harmonic
excitations are considered in chapter 9, multi-
frequency excitations are treated in chapter 10,
and parametric excitations are analyzed in chap-
ter 11. In chapter 9 the method of multiple
scales is used for solving systems with quadratic
nonlinearity; the methods of averaging and multi-
ple scales are used to treat systems with cubic
nonlinearity. Systems with quartic nonlinearity
are solved using the straightforward expansion,
the method of multiple scales, and the averaging
method. In chapter 10 on multi-frequency exci-
tations the author introduces possible resonance
conditions that depend on the number of excita-
tion components and the order of nonlinearity.
Methods of multiple scales, averaging, or Krylov-
Bogoliubov are used to determine amplitude and
phase of the response. For paiametric excita-
tions (chapter 11) the method of strained pa-
tameters and Whittaker's technique are used to
determine the stability regions of linear systems.
When nonlinearity is included, Flouqet theory
fails to predict the response limit cycle. In this
casc the author recommends the methods of
multiple scales, averaging, ot Krylov-Bogoliubov
to determine uniform expansions for linear as
well as nonlincar systems with periodic and
non-periodic coefficients.

23

‘-":4-

I .7' -, -"
g n."'- T x*'- . *ﬂf;[ _\C'f e

- ’f'n
"‘n‘\.\-



m‘mn“""".www"""v.‘,,“““...ﬁ._...w__.,_,

[ T U U W et

" 2 M s & e m ovams

« 31 2

Chapter 12 deals with a different class of dif-
ferential equations known as boundary-layer
problems. These problems arte described by
lineac or nonlinear differential equations with
variable coefficients; the highest derivative 1is
muldplied by a small parameter. The differen-
tial equations are usually handled by fast, magni-
fied, or stretched scales. The mathematical
techniques used with these problems include the
method of matched asymptotic expansions, the
method of composite expansions, and the method
of multiple scales. Because of the versatility
and effectiveness of the method of matched
asymptotic expansions, the author briefly outlines
this method and demonstrates its application to a
number of solved problems the solutions to which
are also obtained by other methods.

The asymptotic solutions of linear ordinary dif-
ferential equations with variable coefficients in
the ncighborhood cf a given finite point are
analyzed in chapter 13. The conditions under
which asymptotic solutions are developed are
outlined in terms of the nature of the point in
questions and its relation to the coefficients of
the differential equation. Chapter 14 treats
approximate solutions of differential equations
with a large parameter. The Liouville problem
is selected as a model for demonstrating the
WKB method and the Langer transformation.

Chapter 15 deals with essential solvability condi-
tions in perturbation techniques. The origin of
these conditions is due mainly to the presence of
secular or tesonance terms that appear in high-
er-order perturbational equations. In other
cases, such as boundary value problems, the
perturbational equations may not possess solutions
unless certain conditions are satisfied. The
solvability conditions for vibration and bound-
aty-value problems are well demonstrated with a
number of solved problems. This chapter is the
cotner-stone of perturbation techniques; the
solved problems serve several engineering appli-
cations.

The book succeeds in meeting its main objec-
tives: to provide researchers and graduate
students with an excellent ac count of perturbation
techniques and an extensive numbert of supporting
solved problems.

R.A. Ibrahim

Professor of Mechanical Engincering
Texas Tech University

Department of Mechanical Engineering
Lubbock, Texas 79409
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EARTHQUAKE DESIGN OF
CONCRETE MASONRY BUILDINGS --

VOL. 1

R.E. Englekirk, G.C, Hart, and Concrete

Masonry Assoc. of California and Nevada

Prentice Hall, Inc., Englewood Cliffs, N]
1982, 144 pp

This book is the first in a threc-volume set for
the earthquake design of concrete masonty build-
ings. It presents the background material re-
quired to calculate earthquake loads on buildings
by means of response specttum analysis. The
authors have taken care to present this material
in a simple, understandable form., The reader is
not expected to have a knowledge of structural
dynamics or a familiarity of carthquake termi-
nology or design codes. The book is brief,
consisting of six chapters and only 144 pages.

The six chapters provide 1) a brief overview of
the concepts of carthquake design; 2) a limited
introduction to common tetms used in earthquake
engincering, including an introduction to earth-
quake <cesponse spectrum; 3) the ecarthquake
desizn approach used in the Uniform Building
Code; 4) methods used to obtain a simple stiff-
ness and mass model of shear wall buildings; 5)
the elastic analysis of a simple system using
clastic response spectra; and 6) the inelastic
analysis of a simple system using inelastic re-
sponse spectra. The two Appendices provide a
description of a geotechnical consultant's role in
carthquake design and an intreduction to mul-
ti-degree-of-freedom response spectra analysis.

Several well-chosen examples provide clear
demonstrations of the techniques. This book
should be well received by those who desire a
working knowledge of simplified methods of
earthquake analyses.

S.E. Benzley

Professor of Civil Engineering
Brigham Young University
Provo, Utah 84602
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SHORT COURSES

1987

JANUARY

VIBRATION DAMPING TECHNOLOGY

Dates: January, 1987
Place: Clearwater, Florida
Objective: Basics of theory and application of

viscoelastic and other damping techniques for
vibration control. The courses will concentrate
on behavior of damping materials and their
effect on response of damped systems, linear
and nonlinear, and emphasize learning through
small group exercises. Attendance will be
strictly limited to ensure individual attention.

Contact: David I. Jones, Damping Technology
Information Services, Box 565, Centerville
Branch USPO, Dayton, OH 45459-9998 - (513)
434-6893.

FEBRUARY

RANDOM VIBRATION IN PERSPECTIVE - AN
INTRODUCTION TO RANDOM VIBRATION AND
SHOCK, TESTING, MEASUREMENT, ANALY-
SIS, AND CALIBRATION, WITH EMPHASIS ON
STRESS SCREENING

Dates: Fcbruary 2-6, 1987
Place: Santa Barbara, CA
Dates: March 9-13, 1987
Place: Washington, D.C.
Dates: April 6-19, 1987
Place: Ottawa, Ontario
Dates: June 1-5, 1987
Place: Santa Barbara, CA
Dates: August 17-21, 1987
Place: Santa Barbara, CA
Dates: October 19-23, 1987
Place: Copenhagen, Denmark
Objective: To show the superiority (for most

applications) of random over the older sine
vibration testing.  Topics include tesonance,
accelerometer selection, fragility, shaker types,
fixture design and fabrication, acceleration/
power spectral density measurement, analog vs
digital controls, environmental stress screening
(ESS) of electronics production, acoustic (intense
noise) testing, shock measurement and testing.

L ™
Y

This course will concentrate on equipment and
techniques, ratiher than on mathematics and
theory. The 1984 text, "Random Vibration in
Perspective," by Tustin and Mercado, will be
used,

Contact: Wayne Tustin, 22 East Los Olivos St.,
Santa Bartbara, CA 93105 - (805) 682-7171,

ROTATING MACHINERY VIBRATIONS

Dates: February 9-11, 1987

Place: Orlando, Florida

Objective: This course provides participants
with an understanding of the principles and
practices of rotating machinery vibrations and
the application of these principles to practical
problems. Some of the topics to be discussed
ate: theory of applied vibration engineering
applied to rotating machinery; vibrational
stresses and component fatigue; engineering
instrumentation measurements; test data acquisi-
tion and diagnosis; fundamentals of rotor
dynamics theoy; bearing static and dynamic
properties; system analysis; blading-bearing
dynamics examples and case histories; rotor
balancing theory; balancing of rotors in beat-
ings; rotor signature analysis and diagnosis; and
rotor-bearing failurte prevention.

Contact: Dr. Ronald L. Eshleman, Director,
The Vibration Institute, 55th and Holmes, Clar-
endon Hills, IL 60514 - (312) 654-2254.

APPLIED VIBRATION ENGINEERING

Dates: February 9-11, 1987

Place: Orlando, Florida

Objective: This intensive coutse is designed
for specialists, engineers and scientists involved
with design against w:oration ot solving of
existing vibration probles.,, This course pro-
vides participants with an undetrstanding of the
principles of vibration and the application of
these principles to practical problems of vibra-
tion reduction or isolation, Some of the topics
to be discussed are: fundamentals of vibration
engineering; component vibration stresses and
fatigue; instrumentation and measurement engi-
neering; test data acquisition and diagnosis;
applied spectrum analysis techniques; spectral
analysis techniques for preventive maintenance;
signal analysis for machinety diagnostics;
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random vibrations and processes; spectral den-
sity functions; modal analysis using graphic CRT
display; damping and stiffness techniques for
vibration control; sensor techniques for machin-
ery diagnostics; transient response concepts and
test procedures; field application of modal
analysis for large systems; several sessions on
case histories in vibration engineering; applied
vibration enginecering state-of-the-art.

Contact: Dr. Ronald L. Eshleman, Director,
The Vibration Institute, 55th and Holmes, Clar-
endon Hills, IL 60514 - (312) 654-2254

MACHINERY VIBRATION ANALYSIS I

Dates: February 24-27, 1987

Place: San Diego, California

Dates: August 18-21, 1987

Place: Nashville, Tennessee

Dates: November 17-20, 1987

Place: Oak Brook, Illinois

Objective: This course emphasizes the role of

vibrations in mechanical equipment insttumenta-
tion for vibration measurement, techniques for
vibration analysis and control, and vibration
correction and criteria. Examples and case his-
tories from actual vibration problems in the
petroleum, process, chemical, power, paper, and
pharmaceutical industries are used to illustrate
techniques, Participants have the opportunity to
become familiar with these techniques during
the wortkshops. Lecture topics include: spec-
trum, time domain, modal, and orbital analysis;
determination of natural frequency, resonance,
and critical speed; vibration analysis of specific
mechanical components, equipment, and equip-
ment trains; identification of machine forces
and frequencies; basic rotor dynamics including
fluid-film bearing characteristics, instabilities,
and response to mass unbalance; vibration cor-
tection including balancing; vibration control
including isolation and damping of installed
equipment; seleciion and use of instrumentation;
equipment evaluation techniques; shop testing;
and plant predictive and preventive mainte-
nance. This coutse will be of interest to plant
engineers and technicians who must identify and
correct faults in machinery.

Contact: Dr. Ronald L. Eshleman, Director,
The Vibration Institute, 101 West 55th Street,
Suite 206, Clarendon Hills, IL 60514 - (312)
654-2254.

MARCH

MEASUREMENT  SYSTEMS ENGINEERING
SHORT COURSE
Dates: March 9-13, 1987

Place: Phoenix, Atizona

26
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Objective: Electtical measurements of me-
chanical and thermal quantixics are presented
through the new and uniquc Unified Approach
to the Epgincering of Measuremens Systems.
Test tequestors, designers, theoretical analysts,
managers, and experimental groups are the
audience for which these programs have been
designed. Cost-effective, valid data in the field
and in the laboratory, ate emphasized. Not
only how to do that job, but how to tell when
it's been done right.

5602 East
(602)

Ditector,
85018 -

Contact Peter K. Stein,
Monte Rosa, Phoenix, AZ
945-4603 and (602) 947-6333.

MEASUREMENT SYSTEMS DYNAMICS SHORT
COURSE

Dates: March 16-20, 1987

Place: Phoenix, Arizona

Objective: Electrical measurements of me-
chanical and thermal quantmcs are presented
through the new and unique Unified Approach
to the Engincering of Measurement Systems.
Test requestors, designers, theoretical analysts,
managers, and experimental groups are the
audience for which these programs have been
designed. Cost-cffective, valid data in the field
and in the laboratory, are emphasized. Not
only how to do that job, but how to tell when
it's been done right.

Contact Peter K. Stein, Director, 5602 Earst
Monte Rosa, Phoen’x, AZ 85018 - (602)
945-4603 and (602) 947-6333.

MAY

ROTOR DYNAMICS & BALANCING

Dates: May 4-8, 1987
Place: Syria, Virginia
Objective: The role of rotor/bearing technology

in the design, development and diagnostics of
industrizl machinery will be elaborated. The

fundamentals of rotor dynamics; fluid-film
bearings; and measurement, analytical, and
computational techniques will be presented.

The computation and measurement of critical
speeds vibration response, and stability of ro-
tor/bearing systems will be discussed in detail.
Finite elements and transfer mattix modeling
will be related to computation on mainframe
computers, minicomputers, and microprocessors.
Meodeling and computation of transient rotor
behavior and nonlii:ear fluid-film  bearing
behavior will be described. Sessions will be
devoted to flexible rotor balancing, including




turbogenerator rotors, bow behavior, squeeze-
film dampers for turbomachinery, advanced
concepts in troubleshooting and insttumentation,
and case histories involving the power and
petrochemical industries,

Contact: Dt. Ronald L. Eshleman, Director,

The Vibration Institute, 55th and Holmes, Clar-
endon Hills, IL 60514 - (312) 654-2254

NOVEMBER

VIBRATIONS OF RECIPROCATING MACHIN-
ERY AND PIPING

Dates: November 10-13, 1987
Place: Oak Brook, Ilinois
Objective: This course on vibrations of reci-

procating machinery includes piping and founda-
tions, Equipment that will be addressed
includes reciprocating compressors and pumps
as well as engines of all types. Engineering
problems will be discussed from the point of
view of computation and measurement. Basic
pulsation theory -- including pulsations in reci-
procating compressors and piping systems -- will
be described.  Acoustic simulation in piping
will be reviewed. Calculations of piping vibra-
tion and stress will be illustrated with examples
and case histories. Torsional vibrations of
systems containing engines and pumps, compres-
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sors, and generators, including gearboxes and
fluid drives, will be covered. Factors that
should be consideted during the design and
analysis of foundations for engines and com-
pressors will be discussed. Practical aspects of
the vibrations of reciprocating machinety will
be emphasized. Case histoties and examples
will be presented to illustrate techniques.

Contact: Dr. Ronald L. Eshleman, Director,
The Vibration Institute, 55th and Holmes, Clar-
endon Hills, IL 60514 - (312) 654-2254

MODAL TESTING OF MACHINES AND STRUC-
TURES

Dates: November 17-20
Place: Oak Brook, Illinois
Objective: Vibration testing and analysis asso-

ciated with machines and structures wili be
discussed in detail. Practical examples will be
given to illustrate important concepts, Theory
and test philosophy of modal techniques, meth-
ods for mobility measurements, methods for
analy zing mobility data, mathematical modeling
from mobility data, and applications of modal
test results will be presented.

Contact: Dr. Ronald L. Eshleman, Director,
The Vibration Institute, 55th and Holmes, Clar-
endon Hills, IL 60514 - (312) 6542254
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REVIEWS OF MEETINGS

57¢th SHOCK AND VIBRATION SYMPOSIUM
14-16 October, 1986
Monteleone Hotel
New CQrleans, I ouisiana

The 57th Shock and Vibration Symposium, spon-
sored by the Shock and Vibration Information
Center (SVIC), was held in New Orleans in
October. It was liosted by the Defense Nuclear
Agency and the U.S. Army Engineer Waterways
Experiment Statior. The form.! technical pro-
gram consisted of more than 60 papers (see Vol.
18, No. 9 of the Digest for the complete pro-
gram; papers will be published in the Shock and
Vibration Bulletin), Plenary sessions were con-
ducted during the Symposiumn. Plenary A was
given on nondevelopment items from a n anaget's
point of view by Robert Ii. lLehnes of the U.S.
Army Communications-Electronics Comrand, Ft.
Monmouth, New Jersey. Plenary B was given by
Dt. Allen J. Curtis of Hughes Aircraft Company
titled "Dynamic Testing -~ Seven Years Later".
The talk of Dr. Curtis was referenced to an
assessment of the area seven years earlier. An
interesting session on short discussion topics
covering many areas of mechanical vibration and
shock was given on Thursday afternoon. A
comprehensive workshop on nondevelopment
items including methods and case histories was
given on Wednesday. Dr. ]J. Gordan Showalter,
Acting Director of SVIC, the members of the
SVIC staff, and the program committee ate to be
congratulated for the asscu.bly of an outstanding
program on shock and vibration technology.
Among the participants were representatives of
the federal government, industry, academic insti-
tutions, and foreign nationals. The combination
of formal and informal technical programs
effected a meaningful trinsfer of shock and
vibration technology. This Symposium was of
particular interest to many persons who attended
for years because of the uncertainty of its con-
tinuation (sce Rattlespace).

The Opening “ “ssion

An extended welcoming address was given by
Dt. Robert W. Whalin, Technical Director ¢f the
U.S. Army Engineer Watetways IIxperiment Sta-
tion (WES). In view of the fact that a site wvisit
was not practical, a detailed description of the
WES facility and its activities was previded by
Dr. Whalin, WES, one of four U.S. Army Corp
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of Enginects' laboratories, works for sponsors in
the military and civil areas. It is composed of
the Fnvironmental, Hydraulics, Information
Technology, Geotechnical, and Structures labora-
tories and the Coastal Engineering Research
Center. The Information Technology Laboratory
has a computer program library and does soft-
ware evaluation, The Environmental Laboratory
is involved in toxic and hazardous waste and
aquatic water plant research. The Hydraulic
Laboratoty performs structural math modeling,
flood control modeling, and ship and tow simula-
tion, The spectral wave genetator of the
Coastal Engineering Reseatch Center and 42 ton
dolos water breakers were described by Dr.
Cohalin. The Geotechnical Laboratoty of WES
does earthquake engineering studies as well as
vehicle wheel and track experiments, The Struc-
tures Laboratory is involved in modeling such
facilities 2s the Richard Russell Dam. Some of
the shock and vibration related research projects
currendy being performed at WES were de-
scribed. Defense Nucleat Agency research on
underwater cratering was described along with
numerical models of projectile impact and pene-
tration, Finally, hatdened silo component tests
were described by Dr. Whalen,

The keynote address was given by Dr. Eugene
Sevin of the Office of the Secretary of Defense
on "[CBM Modernization -- A Shock and Vibra-
tion Perspective”. In his background remarks on
the ICBM program, Dr. Sevin noted the political
and technological implications of this program --
to proviue protection within political bounds, He
noted that the MX-Peacekeeper, the largest
missile allowed by SALT II, has had many basing
scheuves -- from hatd underground structures to
mobile deployment. However, it has been found
that the public does not like missiles roving
around the countryside. Therefore the use of
public land was explored. Dr. Sevin discussed
the effect of overpressute on vulnerability and
the different results obtained from tests using
similar overpressures. As a result of uneven
test results a boundary layer effect was postu-
lated and a new test method evolved. Land
based hacdened missile launchers subjected to
tusting were shown to illustrate test tesults. The
dense pack concept of the early eighties and its
associated problems were describe i, He noted
that the super hard silos have been revived.
However, both super hard silos and hard mobile
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launchers have their problems. It is a tradeoff
between hardness and mobility. An alternative
would involve concealment of small missiles
among a large number of shelters. All these
concepts have important shock and vibration
considerations, Dr. Sevin showed the shock
isolation aspects of super hard silo cencepts
along with new stronger concrete materials --
properties that approach the strength and duct-
ibility of mild steel. Stress time behavior in the
silos where peak stress decays prior to bottom
silo loading was discussed with respect to mate-
rial properties and site geology. Missile shock
isolation solutions were discussed in detail. Ac-
celeration versus rattlespace is always a consid-
ecation, The rattlespace can be decreased by
using a canister which distributes the loads bet-
ter. Liquid springs have given way to foam and
crushable elements. The effect of backfill in
mitigating shock waves prior to reaching the silo
was discussed. This increases the shock isolation
system limit performarce.

Progress made since the 46th Symposium in
simulation of weapons effects was discussed.
The HEST tests are improved with greater pro-
gress in understanding the ait blast phenomenon
and the simulation of it. However, thermal
effects still need wotk, The improved new
techniques involve the gas dynamic and wall jet
physics of the event. \Use of lower molecular
weight gas to simulate nuclear event was dis-
cussed. Dr. Sevin showed an example of a test
setup in a 40 acre field.

In closing, he noted the desirability of a continu-
ing Shock and Vibration Symposium with a rotai-
ing sponsor system similar to the present
arrangement; and, he is looking forward to a
DNA-WES sponsored Symposium four years from
now.

The second invited speaker in the opening session
was Mr. Bob O. Benn of the U.S. Atmy Corps
of Engincers Military Research and Development
Programs. He gave an overview of their pro-
grams and laboratories. The activities of the
Cold Regions Research and Engineering Lab at
Hanover, New Hampshire, the Civil Engineering
Lab (CERL) at Champaign, Illinois, the Water-
ways Experiment Stations (WES) at Vicksburg,
Michigan, and the Engineering Topology Lab at
Ft. Belvoir, Virginia were described. The labs
at CERL and WES are of direct interest to the
shock and vibration community. At CERL instal-
lation and facility plannring, engineering materi-
als, envitonmental qualification, and construction
management are principal activities, Funding
telationships and customer services were dis-
cussed for the WES facility, which does military
and civil basic and applied research,
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The Plenary Sessions

Plenary Session A was chaired by Rudy Volin of
SVIC who commented on the motivations for the
plenary and subsequent wotkshop on nondevel-
opment items -- cost savings versus the qualifi-
cation of nordevelopment items.

The speaker for the plenary or nondevelopment
items was Robert H. Lehnes of the U.S. Army
Communications-Electronics Command, Ft. Mon-
mouth, New Jersey. He described the Mobile
Subscriber Equipment (MSE) communications pro-
gram which is nondevelopment based. He des-
cribed the bidding system, performance specifi-
cations, and encouragement to use commercial
equipment. ‘the standard acquisition life cycle
was compared to the MSE life cycle. The shock
and vibration requitements of the nondevelop-
ment items were discussed. He noted that this
method is not a panacea but costs and time can
be saved.

The second plenary presentation was given by
Dz. Allen ]J. Curtis of Hughes Aircraft Company
on dynamic testing. Dr. Curtis noted that seven
years ago at the Symposium he discussed three
limitations in test engineering -- low cost screen-
ing systems, multiplexible controllers, and on-line
response control testing. Advances have been
made in low cost screening. He noted that it is
best to have tests done in the manufacturing area
-~ people sce results immediately. Some pro-
gress has been made in multiplexible controllers;
however the need has evaporated since one test
at a time has become acceptable. No advances
have been made on on-line response control
testing. He noted that we still have over con-
servative testing which is costly, It is related to
inadequate analytical and experimental treatment
of impedance effects.

Dr. Curtis discussed new development in testing
specifications -- the issuance of MIL STD 810D,
flexibility of digital controllers, aud the maturing
of screening, TAAF, and CERT testing. We
have found that we do not have to combine
environments. There are problems with inconsis-
tent requirements -- qualification and reliability
tests. Screening should be separate from accep-
tance testing.

Dr. Curtis gave a preview of the results from a
study on screening. He showed relationships
between flaws remaining versus time which were
developed in the study -- after scrccmng field
failures are reduced. The screening test must be
accelerated -- otherwise failures follow normal
pattern.  He showed a graph of the ratio of
flaws out to in versus screening level -- thus
establishing an optimum level.
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Dr. Curtis described the innovative use of digital
controllers including some history of their use.
He showed a helicopter example and transient
testing to achieve different load factors in dif-
ferent parts of the equipment., He noted that the
tuned transient was quite practical when gener-
ated by a digital controller, Slewing in small
steps lets the controller maintain control,

In his concluding remarks Dr. Curtis, who gave
his first Symposium paper in 1956, thanked the
SVIC for its service to the shock and vibration
community and their role in the development of
shock and vibration technology.

The Technical Sessions

Technical sessions wete held on insttumentation,
shock analysis, structural dynamics, isolation and
damping, shock testing, vibration test criteria,
modal test and analysis and vibration analysis
and test. The instrumentation session contained
papers on accelerometer evaluation, random
vibration data, and sensor layouts. In the area
of shock analysis, papers on testing of plates,
panels, and structures were presented. Results
of 1n analysis of shock loading of a vessel by
an underwater explosion were compared to a full
scale test. In the acrea of structural dynamics,
two sessions were held. Papers on analyses of
reinforced concrete structures under blast and
shock analysis were presented. Other papers
were concerned with optimum design, model
validation, reliability, frequency response func-
tions of nonlinear structures, and in interactive-
graphics method for dynamic system modeling.

A session on isolation and damping included
papers on liquid spring design and applications, a
free decay damping test and design and test of a
spacecraft insttument shock isolator. In the area
of shock testing, a basic study on impact was
reported along with rocket sled tests, pyrotechnic
shock measurements and data analysis, and a
microcomputer used in shock testing.

Papers on vibration test criteria included papers
on dynamic environments, the development of
laboratory vibration test schedules, and proposed
techniques for ground vehicle packaged loose
cargo vibration simulation. In the area of modal
testing and analysis, a paper on vibration of
sttuctures through modal testing coupled with
component mode synthesis was given. Papers on
hardware modal tests with analytical validation
were presented. Finally an approach for modal
testing using multiple input sine excitations was
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given. A session on vibration analysis and test
contained papers on vibration specifications for
acoustic environments, fatigue effects of a sine
sweep test, flow excitation in piping systems,
analysis of clipped random signals, rotor unbal-
ance, and three dimensional sine testing.

Conclusion

The fifty-seventh Shock and Vibration Symposium
was both technically informative and interesting
yielding a large number of excellent papers,
Again the opening and plenary sessions with their
overviews and philosophical insights added
incomprehensible value to the meeting for new
and experienced engineers. The workshop on
nondevelopment items was a successful addition
to the program yielding insight and experience
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for those who participated. The Shock and
Vibration Symposium remains the major annual
event in the field. Even as it was on its last
days SVIC can be congratulated for their contin-
ued maintenance of the quality of the technical
presentations. It is hoped that this important
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forum for the discussion of shock and vibration
technology will be continued. The Symposium
papers will be published in the 57th Shock and
Vibration Bulletin.

R.L.E.
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AVAILABILITY OF PUBLICATIONS ABSTRAC(ED

None of the publications are available at SVIC or at the Vibration Institute, except
those generated by cither organization.

Periodical articles, society papers, and papers presented at conferences may be
obtained at the Engineering Societies Library, 345 East 47th Street, New York, NY
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MECHANICAL SYSTEMS

ROTATING MACHINES

86-2369

Random Vibration of Rotating Machines Under
Earthquake Bxcitation

KiBong D. Kim

Geotge Washington Univ,, Washington, DC

351 pp (1986) DAB604768
KEY WORDS: Rotating Seismic
tesponse, Randoin vibration

machinery,

Random vibration of rotating machines subjected
to seismic excitations is analyzed in which the
six-component carthquake ground motions are
modeled as nonstationary random processes. The
six-component earthquake inputs, including the
rotational components of base excitations, result
in not only nonhomcgencous excitations but also
patametric excitations -- the classical spectral
analysis of random vibration is not applicable.
The method of Monte Carlo simulation is used to
simulate sample functions of six-component
seismic base motions, and a step-by-step numeri-
cal integration is performed to obtain the dy-
namic response of the rotorbearing system. By
simulating sufficient number of sample function,
meaningful statistics of the system response are
obtained. The random parametric excitations
tesult from the three-component earthquake base
rotations. Hence, by neglecting the earthquake
ground rotations the spectral analysis of random
vibtation is performed to determine the system
tesponse statistics, The results of the spectral
analysis serve as a basis for determining the
number of sample functions required for the
method of Monte Carlo simulation,

86-2370

Dynamic Analysis of Latge Rotor — Fluid Film
Bearing — Elastic Foundation Systems Using
Component Mode Synthesis
Zhao-chang Zheng, Kui-yuan Ding,
Zhang

Tsinghua Univ., Peking, China

Intl. Modal Analysis Conf., Proc. of the 4th, Los
Angeles, CA, Feb 3-6, 1986, Vol. 2, pp 1540-
1546, 5 figs, 2 tables, 8 refs

Ruo-jing

FKEY WORDS: Expetimental modal analysis,
Rotors, Fluid-film bearings, Elastic foundations,
Component mode synthesis

A method of component mode synthesis used in
the dynamic analysis of rototbearing foundation

34

systems is presented. In contrast to the classical
method of component mode synthesis, the flu-
id-film bearing is treated separately as a con-
nector, not associated with any substructures. The
gyroscopic terms are neglected in the rotating
substructives. Because of the influence of the
fluid-film bearings, the stiffness matrix and the
damping matrix in the equations of motion of a
complete system are nonsymmetric and depend-
ent on the shaft speed. The damped and un-
damped critical speeds ate discussed. As a
numerical example, the undamped critical speeds
of a (1:10) model of a 300MW turbogenerator are
calculated and compared with the experimental

results.

86-2371

The Dynamic Analysis of Rotor-Bearing Systems
Using Bxperimental Bearing Support Compliance
Data

L.E. Barrett, J.C. Nicholas, D. Dhar

Univ. of Virginia, Charlottesville, VA

Intl. Modal Analysis Conf., Proc. of the 4th, Los
Angeles, CA, Feb 3-6, 1986, Vol. 2, pp 1531-
1535, 6 figs, 16 refs

KEY WORDS: Experimental modal analysis,
Rotors, Steam turbines, Stiffness coefficients,
Damping coefficients

The results of computer analyses of the response
of an industrial steam turtbine to unbalance exci-
tation are described. To account for the flexi-
bility of the bearing supports, compliance FRF
data were experimentally obtained by impact
testing during customer acceptance tests. The
FRF data was used to modify the calculated
tilting pad bearing stiffness and damping coeffi-
cients. The modified bearing coefficients were
used in a response analysis program. Compari-
son ~f the calculated rotor response to vibration
data measured during acceptance test runs are
presented and the method used to modify the
bearing stiffness and damping coefficients is
presented. This method may be easily incorpo-
rated into forced response trotordynamics pro-
grams that do not include effects of support
structures.

86-2372

On Transient Dynsmics of Rotors with Asymmet-
ric Cross-Section Supported on Fluid Film Bear-
ings

J.S. Rao, K.V. Bhaskara

Embassy of India, Washington, DC

Intl. Modal Analysis Conf., Proc. of the 4th, Los
Angeles, CA, Feb 3-6, 1986, Vol. 2, pp 1110~
1116, 7 figs, 12 refs
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KEY WORDS: Rotors, Fluid-film bearings, Ex-
perimental modal analysis

Power plant turbcgenerator rotors ate asymmetric
in cross-section having unequal stiffnesses caus-
ing parametric instabilities. A Jeffcott rotot
model of the generator taking into account the
asymmetty and modal damping is considered to
obtain the transient orbital analysis or rotors at
difierent speeds. Fluid film bearings with linear
parameters (eight coefficients) are considered.
The coupled differential equations of motion with
variable coefficients ate solved by a modified
Euler's method using a time marching technique
to obtain the whirl orbits of an asymmetric rotot
taking into account both unbalance and gravity
effects. Under stable operating conditions the
final orbit is shown to be in good agreement
with the closed form solution. A major feature
of this analysis is to predict the possible maxi-
mum whirl amplitudes under unstable conditions
of operation. The influence of lizicar fluid film
bearings on the orbital motion is also discussed.

86-2373

Determination of Modal Parameters of Rotors
Supported on Hydrodynamic Bearings through
Experimental Modal Analysis

R. Subbiah, R.B. Bhat, T.S. Sankar

Concordia Univ.,, Montreal, Quebec, Canada
Intl, Modal Analysis Conf., Proc. of the 4th, Los
Angeles, CA, Feb 3-6, 1986, Vol. 2, pp 1450-
1456, 11 figs, 5 tables, 6 refs

analysis,

KEY WORDS: Experimental modal

Rotots, Fluid-film bearings

Modal parameters of a single disk rotor, sup-
ported on hydrodynamic bearings at the two
ends, are identified by modal testing. The
experimentally measured frequency response
functions of the rotor are used to extract the
left and the right eigenvectors in addition to the
eigenvalues and damping ratios, in order to
construct the modal model of such a nonsyu-
metrical system. Two different configurations of
the rotor system ate studied and the natural
frequencies obtained by modal analysis are
compared with those obtained by the extraction
techniques.

86-2374

Vibzations of Roturs, Noise of Measurement,
Cizcularity and Coaxiality

R. Bigret
Materiaux et
France

de la Construction, Mecanique,
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Intl. Modal Analysis Conf., Proc. of the 4th, Los
Angeles, CA, Feb 3-6, 1986, Vol. 2, pp 1388-
1392, 15 figs, 2 refs

KEY WORDS: Experimental modal analysis,
Rotors, Vibration measurement, Error analysis,
Critical speeds

Defects of citcularity and coaxiality, noises of
clectric, and magnetic origin influence the
measurements which express the vibratory behav-
iots of rotors of rotating machinery.,  Their
supervision, balan-iig, behavior, and modal
analysis require that the basic signals rough data
be clarified to faciiitate the interpretations.
Examples are given wh -h show results for the
determination of critical speeds (maximum values
of the vibration amplitudes) and the modal analy-
sis (transient state). Systems which enable the
management of measured signals are also stud-
ied.

86-2375

Predicted Bffect of Aerodymamic Detuning on
Coupled Bending-Torsion Unstalled Supersonic
Flutter

D. Hoyniak, S. Fleeter

NASA Lewis Res. Ctr., Cleveland, OH

Rept. No. NASA-TM-87240, 30 pp (1986) (31st
Intl. Gas Turbine Conf., Dusseldorf, W. Ger-
many, June 8-12, 1986, spon. by ASME) N86-
21513/4/GAR

KEY WORDS: Tutbomachinery, Flutter, Aerody-
namic stability, Tuning

A mathematical model is developed to predict
the enhanced coupled bending-torsion unstalled
supersonic flutter stability due to alternate cir-
cumferential spacing aerodynamic detuning of a
turbomachine rotor. The translational and tot-
sional unsteady aerodynamic coefficients are
developed in terms of influence coefficients, with
the coupled bending-torsion stability analysis
developed by considering the courled equations
of motion together with the uniteady aerody-
namic loading. The effect of this aerodynamic
detuning on coupled bending-torsion unstalled
supersonic flutter as well as the verification of
the modeling are then demonstrated by consider-
ing an unstable 12 bladed rotor, with Verdon's
uniformly spaced Cascade B flow geometry as a
baseline. For both uniform and nonuniform cit-
cumferentially space rotors, a single-degree-of-
freedom torsion mode analysis was shown to be
appropriate for values of the bending-torsion
natural frequency ratio lower than 0.6 and higher
than 1.2. When the elastic axis and centet of
gravity are not coincident, the effect of detuning
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on cascade stability was found to be very sensi-
tive to the location of the center of gravity
with respect to the elastic axis. In addition, it
was determined that when the center of gravity
was forward of an elastic axis location at
midchord, a single-degree-of-freedom torsion
model did not accurately predict cascade stabil-

ity.

86-2376

Internal Resonance in a Rotating Shaft System
(The Coincidence of Two Critical Speeds for
Subbharmonic Oscillation of the Order 1/2 and
Synchronous Backward Precession)

Yukio Ishida, Takashi lkeda, Toshio Yamamoto,
Tetsuyoshi Akita

Nagoya Univ,, Chikusaku, Nagoya-city, Japan
Bull. JSME, 29 (251), pp 1564-1571 (May 1986) 7
figs, 16 refs

KEY WORDS: Shafts, Critical speeds, Subhar-
monic oscillations, Internal resonance

Vibration phenomena due to an internal resonance
in a symmetrical rotating shaft system with
nonlinear spring characteristics is discussed, The
coincidence of critical speeds of subharmonic
oscillation of the order 1/2 and synchronous
backward precession is investigated. It is re-
vealed that these oscillations are coupled by
nonlinear components expressed by polar coordi-
nates and that unique shapes of resonance curves
appear due to internal resonance.

86-2377

Dynamic Stress Analysis of Hollow Rotating
Discs

S. Amada

Ship R:s. Institute, Tokyo, Japan

Bull. JSME, 29 (251), pp 1381-1395 (May 1986)
12 figs, 3 tables, 11 refs

KEY WORDS: Disks, Shafts, Rotating structures

Dynamic radial and circumferential stresses are
analyzed for hollow rotating disks which rotate
at arbitrarily varying speeds, the inner boundary
of which is fixed on a rigid shaft, The problem
is solved by using the Laplace transform, the
convolution and Cauchy's integral theorems. The
numerical computations are carried out for the
disks which rotate with a constant angular accel-
eration up to N=10,000 rpm, and keep their
rotation thereafter. The dynamic stresses give
rise to the cyclic variations with respect to time
in a constant rotating process. The obtained
results are compared with the quasi-static
stresses,
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86-2378

Types of Rotors Fit and the Gyroscopic Moments
Effect on Multi Disc Rotor Supported on Several
Bearing

E.M. Badawy, H.M. Metwally, F.K. Salman
Alexandria Univ,, Alexandria, Egypt

Intl. Modal Analysis Conf., Proc. of the 4th, Los
Angeles, CA, Feb 3-6, 1986, Vol. 2, pp 1382-
1387, 6 figs, 10 refs

KEY WORDS: Shafts, Whirling, Supports, Damp-
ing effects

A calculation method incorporating the transfer
matrix method and the characteristic vector locus
method has been developed for stability analysis
of the self-excited vibration of a rotating shaft
system with many bearings and disks. The
analysts is made for a rigid and elastic bearing
mass, relatively large damping forces due to
types of rotors fit, anistropic foundation and
rotcts gyroscopic effect. A two rotors-model is
presented to show the influence of rotor and its
gyroscopic action, support stiffness characteristic,
internal and external damping on stability, A
computer solution of the transfer matrix method
shows the rotor stability improved by damped
support. Comparison of the rotor types fit,
support types and its gyroscopic action are ob-
tained.

86-2379

Modal Testing and Parameter Identification of
Rotating Shaft/Fluid Lubricated Bearing System
D.E. BRentley, A, Muszynska

Bently Rotor Dynamics Rescarch Cotrp., Minden,
NV

Intl. Modal Analysis Conf., Proc. of the 4th, Los
Angeles, CA, Feb 3-6, 1986, Vol. 2, pp 1393-
1402, 15 figs, 34 refs

KEY WORDS: Shafts, Fluid-film bearings, Ex-
perimental modal analysis, Parameter identifica-
tion technique

Specific aspects of the application of modal
analysis to rotating machines are discussed. For
lowest mode analysis, the circular-force pertur-
bation testing and dynamic stiffness method give
the best results. An example of the application
is presented. It yields identified parameters for
the whirl mode (solid/fluid interaction mode) and
whip mode (first bending mode of the shaft) and

establishes a simple rotor/bearing system model.

86-2380

Modifications to a Timoshenko Beam-Shaft Finite
Element to Include Internal Disks and Changes in
Cross-Section

S. Akella, A. Craggs
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Univ. of Alberta, Fdmonton, Alberta, Canada
J. Sound Vib., 106 (2), pp 227-239 (Apr 22,
1986) 14 figs, 2 tables, 17 refs

KEY WORDS: Shafts, Beams, Timoshenko, Finite
element technique

A high order Timoshenko beam-shaft element is
modified to include the effect as disks within its
length, The method leads to a great reduction in
the system mateix, without loss of accuracy of
the results when compared to the «classical
method of lumping the disks at nodal points. A
stepped element is also formulated which in-
cludes the variation in inertia and stiffness terms
due to the changes in the cross-section of an
axially discontinuous shaft. The stepped element
performs better than the linearly tapered element
in representing shaft discontinuities.

86-2381

Damping of Subsynchronous Resonance Usiag a
Load Commutated Inverter Synchronous Motor
Drive

Soebagio

Ph.D. Thesis, Univ, of Wisconsin, Madison, WI,
165 pp (1985) DA8601124

KEY WORDS: Shafts, Subsynchronous vibration,
Damping effect, Resonant response

Subsynchronous resonance (SSR) has been consid-
ered a serious problem since 1970 when inci-
dents of severe generator shaft damage occurred
at a generating station in southern Nevada. This
problem is caused by inserting a series capacitot
in transmission lines for the purpose of raising
line capacity to transmit very huge amounts of
power over long distances. The installation of
the series capacitor in the lines may cause oscil-
lation due to the light damping in the electrical
or mechanical system. If there is a small per-
tutbation in the accelerating torque of the gen-
erator, this pecturbation will introduce negative
damping to the mechanical system, so that the
system becomes unstable., This research pro-
poses a method using a load com mutated inverter
(LCD synchronous motor drive. The advantage
of the proposed method is that an inducter
converter unit is used which is already available
as part of a LCI synchronous motor drive to
operate a variable speed induced fan or com-
pressor for cooling putposes.

86-2382

Sensor for Torque Measuring on the Basis of
Amorphous Metals (Sensor zur Drehmoment-
messung mit amotphen Mctallen)

D. Juckenack, ]. Molnar

Fraunhofer-Institut, Frieburg, Fed. Rep. Germany
Techn. Messen-TM, 53 (6), pp 242-248 (June
1986) 13 figs, 18 refs (in German)

KEY WORDS: Shafts, Torque, Measurement
techniques

With the help of amorphous metals mounted on a
rotating shaft and a coil system fixed in a hous-
ing, the static and dynamic torque is detected
without any signal transmission parts and with
good sensitivity.

86-2383

Response of a Rigid Disc Mounted on a Flexible
Shaft Undet Non-Linecar Excitations

V. Steffen, Jr., F.P. Lepore N., E.B, Teodoro
Fed. Univ. of Uberlandia, Uberlandia, Lrazil
Intl. Modal Analysis Conf., Proc. of the <th, Los
Angeles, CA, Feb 3-6, 1986, Vol. 2, pp 1536-
1539, 6 figs, 1 table, 7 refs

KEY WORDS: Fxperimental modal analysis,
Disks, Flexible shafts, Ball bearings

A mathematical model of a rigid disk mounted
on a flexible shaft supported by ball bearings is
presented. The disk is excited by a magnetic
force. The equations of motion are integrated
using a Runge-Kutta technique and the frequency
response is obtained by an FFT technique. The
tesponse of the system is discussed for different
situations.

86-2384

Coupled Bending Vibrational Characteristics of an
Idealized Vertical Pump Model

Jang Moo Lee, Chan-Gi Pak, Jin Sun Hong
Seoul National Univ., Seoul, Korea

Intl, Modal Analysis Conf., Proc. of the 4th, Los
Angeles, CA, Feb 3-6, 1986, Vol. 2, pp 877-883,
12 figs, 7 tables, 10 refs

KEY WORDS: Pumps, Rigid foundations, Flexural
vibrations, Experimental modal analysis

Coupled bending vibrational characteristics of a
vertical pump due to foundation stiffness are
investigated through the vibration analysis of an
idealized vertical pump model. The model
assumes the upper motor casing and the lower
water lifting pipe as uniform beams, the motor
and the pump impeller as concentrated masses,
the dischatging pipe as a translational spring and
the foundation stiffness as a rotational spring.
The equations of motion corresponding to each
portion of the pump are solved simultaneously
with the matching boundaty conditions. The
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eigenvalues and cigenvectors are computed as
dimensionless design variables and the effects of
foundations stiffness are discussed. The validity
of the analysis results is checked through com-
parison with the results of previous studies and
impulse modal testing.

RECIPROCATING MACHINES

86-2385

Bffect of Entrained Air on Dynamic Characteris-
tics of Hydraulic Servosystem with Asymmetric
Linear Motor

B.N. Datta, A.S.R., Murty, G.L. Sinha

B.E. College, Howrah, India

Meccanica, 21 (1), pp 51-57 (Mar 1986) 7 figs, 6
refs

KEY WORDS: Hydraulic systems, Setvomech-
anisms, Stiffness coefficients, Damping coeffi-
cients, Natural frequencies

A theoretical investigation into the effect of
entrained air on dynamic behavior of a hydraulic
servosystem is made. The nonlinear system
cquation developed in dimensionless form is
linearized to obtain stiffness, damping ratio and
natural frequency in generalized dimensionless
form that includes the effectc of underlap,
leakage, area ratio, per cent air content and the
process of change of state of ait. A nomogram
is developed that helps in quick determination of
the dynamic properties directly without any
computation. The analysis shows that a deccease
in area ratio or an increase in the amount of air
enttained into the system reduces both damping
ratio and natural frequencr.

POWER TRANSMISSION SYSTEMS

86-2386

A Study or Forced Torsional Vibration of Auto-
mobile Pewer Train

Wang Zhi un, Wu Huile

Shanghai Univ. of Engrg. Science, Shanghai,
China

Intl. Modal Analysis Conf., Proc. of the 4th, Los
Angeles, CA, Feb 3-6, 1986, Vol. 2, pp 972-978,
5 figs, 2 tables, 6 refs

KEY WORDS: Driveline vibrations, Automobiles,
Torsional vibrations

A theoretical study based on the forced vibration

theory and a new complete experimental method
are used to reveal the torsional vibravion behav-
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