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Preface

This book is a sequel to the previous book “Vibrations of Rotating Machinery
Volume 1. Basic Rotordynamics: Introduction to Practical Vibration Analysis.”
Volume 1 used simplified models and mathematical expressions to give succinct
explanations of various vibration phenomena occurring in rotating machinery.
“Volume 2. Advanced Rotordynamics: Applications of Analysis, Troubleshooting
and Diagnosis” provides actual vibration problems and fundamental key techniques
for troubleshooting the problems by measurement, analysis, and diagnosis of the
vibrations.

The v_BASE databook provides a database of vibration problems of actual
machinery experienced by industry. The latest edition, published in 2011 March,
includes 790 cases in total, and more than a half of them are involved with rotating
machinery. A wide variety of vibration problems experienced are described,
together with elaborate troubleshooting of the problems. For example, when a
vibration problem is found in commissioning a rotating machine, full-power
operation and/orfull-speed operation cannot be completed until the problem is
solved. The same or similar vibration problems occur repeatedly in the field. This
book aims to assist engineers in troubleshooting the problems effectively.

Rotating shafts are supported by various types of bearings. Chapters 2—4 describe
the dynamical properties of oil film bearings, unbalance vibration of rotors supported
by the bearings, and self-excited vibrations of rotors caused by the destabilizing
action of bearing oil films or seal films, respectively. Chapter 5 describes the
vibration diagnosis methods for rotors supported by rolling element bearings.
Chapter 6 describes the mechanical and dynamical properties of active magnetic
bearings (AMBs) and the rotor vibration control action available from AMBs. The
related ISO information and case studies are introduced to accelerate the familiar-
ization of AMB technologies. Chapters 7 and 8 give actual examples of forced
vibration of rotors and self-excited vibration of rotors selected from the v_BASE
databook, respectively.

The chapters mentioned above deal with the rotor lateral vibrations of whirling
modes in a shaft axial rotational plane. In addition, Chapter 9 treats torsional
vibration analysis of a turbo-rotor train system, together with shaft-blade coupled
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torsional resonances in turbine generator sets. Chapter 10 explains the rotor
vibration signal processing based on the Fast Fourier transformation (FFT). The
same signal processing is so specialized for the combination with rotor whirling
motion that it could be convenient for other vibration diagnoses. Chapter 11 deals
with our latest topics on modeling techniques and is recommended mainly for
system reduction. It also enables prediction of the onset speed of oil film-induced
instability without the need for eigenvalue evaluation and explains how to model
the complete form of coupled vibration analysis between shafting and blading.
Chapter 12, the final chapter, offers 100 selected questions and answers, referring to
the ISO curriculum. We hope that they will be effective to re-affirm the knowledge
stated in our books for vibration diagnosis.

This book is intended to help design engineers of rotating machinery to prevent
the recurrence of the problems reported and also to help candidates pass the ISO
machine condition monitoring and diagnosis examination. The target readers of this
book also include graduate students, practicing engineers, and research scientists
who can utilize methods of analysis, the mathematical approach, and the references
cited.

While the authors have endeavored to eliminate errors and avoid bias, critical
comments from readers are welcome. The authors are grateful to the authors of the
literature cited in this book, especially Dr Ronald L. Eshleman (VI, USA). Special
thanks are also due to Prof Hiroyuki Fujiwara (National Defense Academy of
Japan), Mr Hisayuki Motoi (Deputy General Manager, IHI, Japan), and Dr
Hidetomo Komura (3DIM, Japan) for providing valuable comments for the 100
Q&A list of Chapter 12. The authors deeply thank Mr Fumito Shinkawa, President
of Shinkawa Electric Co., Ltd., for his support for our authoring.

The authors wish to thank Springer for its support in publishing this work.

Yokosuka, Japan Osami Matsushita
August 2018
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Chapter 1 ®)
An Overview of Vibration Problems Guca i
in Rotating Machinery

Abstract This book aims to explain various phenomena and mechanisms of vibra-
tions in rotating machinery based on theory and field experiences. It also aims to
help engineers in carrying out diagnosis and in implementing countermeasures for
various vibration problems in the field. It is normally easy to know the condition
of machinery by means of measurement of vibrations and/or noise. However, it is
rather difficult to interpret the observed phenomena correctly, derive real causes of the
problems, and ascertain effective countermeasures, because a sufficient knowledge
of case studies is needed. This chapter provides an overview of vibration problems in
rotating machinery and general approaches for the countermeasures, and is intended
to be helpful in solving vibration problems at the front line. Condition monitoring of
a machine and vibration diagnostics including relevant ISO standards are illustrated.
Case studies of vibration problems and the countermeasures in excess of 1000 cases,
which have been collected until now by the Vibration Database (v_BASE) Commit-
tee under the Japan Society of Mechanical Engineers (JSME), are also referred to in
this chapter.

Keywords Rotor - Bearing + Stator - Vibration model + Vibration problems + Case
study - Forced vibration - Self-excited vibration - ISO Standard + Condition
monitoring - Vibration diagnostics + Causal relationship matrix + v_BASE database

1.1 Structure and Feature of Rotating Machinery

Figure 1.1 shows a schematic of a turbocharger for application in automotive engines.
In this machine, exhaust gas from an internal-combustion engine drives the turbine
wheel that in turn drives the compressor wheel via a shaft fixed coaxially. Thus,
much more air can be supplied to the combustion chambers and power output can
be increased compared with a naturally aspirated engine.

This machine consists of three parts, that are, (1) a rotating shaft with two wheels
(rotors), (2) a stationary casing or housing (stator), and (3) bearings and seals (in-
between connection parts).

© Springer Japan KK, part of Springer Nature 2019 1
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Fig. 1.1 Configuration of
vehicular turbocharger

Casing (Stator) Bearing Seal

Ring seal

Compressor
impeller

Turbine shaft
Y
Rotating shaft (Rotor)

Low pressure rotor (LP rotor)
(Inside)

1 (Outside)
High pressure rotor (HP rotor)

Fig. 1.2 Rotor configuration of aircraft engine (provided by Japanese Aero Engines Corporation)

Figure 1.2 shows a cutaway of aircraft gas turbine engine with a double spool
arrangement, that is, the long LP rotor is placed inside the hollow HP rotor. This
structure is complicated, but is the same as a turbocharger from a basic viewpoint.

Theoretical modeling of actual rotating machinery is not always easy. In the case
of torsional vibration of a rotor in its rotational degree of freedom, the modeling of the
rotor only is sufficient because bearing forces and seal forces do not adversely affect
the vibration. On the other hand, in the case of rotor bending vibration, the dynamic
characteristics of bearings and seals must be incorporated in the model because they
exert significant influence on the analytical results. Furthermore, modeling with the
dynamic characteristics of a soft casing needs to be incorporated when the critical
speeds of the system are influenced by them and come near to or within the operating
speed range.

From the perspective of a vibrating system, a rotating machine is special and differs
widely from a general structure. First, the largest differences in a rotating machine
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are associated with the dynamic characteristics of the bearings and seals, which are
specific to rotating machines. These dynamic characteristics may have sufficiently
large influences to characterize the whole system. Consequently, this book intends
to explain the features of bearings in detail, focusing on oil film bearings, rolling
element bearings, and active magnetic bearings.

The dynamic characteristics of bearings and seals change significantly with oper-
ating conditions such as rotating speeds, loads, or pressures, and are represented in
two-dimensional whirling degrees of freedom (x, y). Stiffness and damping coeffi-
cients are expressed with associated (2 x 2) matrices. Sometimes, the magnitudes
of cross-coupled stiffnesses (xy and yx components) become much larger than those
of diagonal stiffnesses (xx and yy components). In such cases, the rotor-bearing sys-
tem can become unstable, resulting in self-excited vibration known as oil whip, for
example.

Other significant differences in a rotating machine are gyroscopic moments acting
on a rotor (e.g., giving rise to the standing up effect of a spinning top) that change
in magnitude in proportion to rotating speed. As a result, vibrations in the x and
y directions become coupled. The gyroscopic moments can be expressed using a
skew-symmetric matrix.

From these differences, standard general-purpose finite element method (FEM)
software, which is based on symmetric matrix calculation, is not applicable for a
rotating machine. This is a reason why vibration analysis software specialized for
rotordynamics, such as MyROT as described in R1_Chap. 12, plays an important
role in this field.

Bearing characteristics sometimes cause self-excited vibration, but the damping
coefficient of an oil film bearing or a squeeze film damper is much larger relatively
than material or structural damping considered in a general structure. Therefore, it can
be said for rotating machines that there are many stabilizing elements, yet also many
destabilizing elements. It is important for rotating machinery to attain rotational
stability throughout the operational range. For this reason, a complex eigenvalue
analysis, which calculates not only natural frequencies but also damping ratios, is
performed commonly for rotordynamic assessment.

1.2 Vibration Problems in Rotating Machinery
and Countermeasures

Unexpected vibration problems often become evident at a stage of developing
machinery for higher speed, higher load, and higher efficiency. If the causes of the
phenomena are known, countermeasures are straightforward. In cases of phenomena
not previously encountered, there may be great difficulties to elucidate the causes.
However, the efforts to solve these problems will certainly contribute to the progress
of machine technology.
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Historically, in the field of structural vibration engineering, bridge design for
wind-resistant stability progressed greatly after the famous problem of the Tacoma
Narrows Bridge. Also, airfoil flutter technologies began with the development of
high-speed aircraft. In rotordynamics, a typical example is oil whip, a self-excited
vibration first reported in 1925, which was encountered in the development of a high-
speed rotor supported by oil film bearings. The technology advanced by elucidating
the instability mechanism. In this manner, vibration engineering has been making
progress in tandem with machine performance.

For these reasons, in order to design high-performance machines without rep-
etition of previously experienced problems, it is essential to know what types of
vibration phenomena have occurred and also to know what countermeasures have
been taken.

Figure 1.3 shows a survey of results relating to problematic modes in some rotat-
ing machines. In this case “abnormal vibration” 29%, “abnormal sound” 11%, and
“fatigue” 8%, these vibration-related cases account for 48% in total. Also, “wear”
or “crack” issues often arise due to vibration; therefore, more than half of problems
can be attributed to vibrations in rotating machinery.

As this survey shows, a rotating machine is commonly associated with vibration
phenomena. There are some causes of resulting vibration. A prompt investigation
of these causes and remedies would be required for the benefit of the organization.
Usually, troubleshooting is carried out with the following process steps shown below.

(1) Understanding of machine structure and mechanisms, and collection of infor-
mation
At first, it is essential to know the structure and understand how the machine
functions. Viewing drawings and reports from engineers commonly form this
process step. Design difficulties concerning vibration technologies should be
assessed using proper engineering judgment. It is also important to derive first-
hand information from operators and maintenance engineers on-site.

(2) Vibration measurement and investigation

Fig. 1.3 Problematic case ) ~_ Insulation deterioration
classifications in rotating b Ma‘erllal deterioration
machinery bnorma teleperature Rest

Oil deterioration 8%

Leakage

Erosion Abnormal vibration
Looseness K 29%
Fatigue
8%

Crack
9%
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Next, measurements are usually taken in order to comprehend the phenomena.
In the case of a machine, measurements are necessary to evaluate the existing
problematic conditions. For some reason, if a vibration level is high as a result,
measurements should not necessarily be restricted to the vibration alone. Other
possible causes, such as operational condition (pressure or temperature and
so on) should be measured. It is also important to monitor the changes with
variation of rotational speed.

It may seem better to gather more data, but final decisive data usually form
only a relatively small subset from which to comprehend the phenomena and
to identify the causes. Gathering data is not a final target, but it is important to
identify the decisive data as early as possible.

Estimation of the causes

When an approximate understanding of the phenomena becomes apparent, the
next step is to estimate the cause. Study of relevant precedents and the simu-
lation of simple models will take place in order to clarify the mechanism. It
may also include large-scale analysis. Table 1.1 shows the approximately clas-
sified vibration phenomena and the causes in rotating machinery. We can see
that vibration phenomena are separated into forced vibration and self-excited
vibration.

Implementing countermeasures

The next stage involves the implementation of countermeasures. At this stage,
the real cause of the vibration may not be ascertained, but the solution process
will be urgent. After building up a hypothesis about the mechanism, counter-
measures are implemented. If the results coincide with the expectations, the
hypothesis may be considered to be proven. At the end of this stage, it is impor-
tant to file the result of the troubleshooting as a causal relationship for future
use.

Table 1.1 Vibration phenomena and cause

Forced vibration

Excessive unbalance Electromagnetic force
Thermal unbalance Ball bearing force
. Force by
Rotor deformation ) Gear force
Unbalance o mechanism AN
vibration Misalignment Cross (Hooke's) joint
Cracked rotor Mechanism (cam /link)
Bowed rotor
Foundation defect , .
Self-excited vibration
Unbalance resonance Surge
Resonance Ha@onic, Sub-harmonic resonance Friction whip
Torsional resonance Internal damping /
Selective resonance hysteresis whip
Rotating stall Oil whirl /whip
itati t hirl
Fluid force Cav1tat1?n o S eamAw ir A
Organ pipe vibration Labyrinth whirl
Combustion vibration Impeller shroud force
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Fig. 1.4 Ratio of the
categorized cause of Bearing failure
vibration

Unbalance
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21%
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Figure 1.4 shows the causes of vibration problems for a specific machine. Another
chart would be presented for a different machine. In this case, the effects concern-
ing forced vibration such as unbalanced resonance are experienced in a significant
number of cases, and the effects concerning self-excited vibration are unexpectedly
a few (10%).

Note: 1 Preventive maintenance of rotating machinery Machinery maintenance
can be divided broadly into two categories. One is breakdown maintenance (BM),
which implements maintenance work after a breakdown event. Another is preventive
maintenance (PM), which implements maintenance work before breakdowns occur.

One of the PM categories is time-based maintenance (TBM) that repeats inspec-
tions, repairs, and component replacement at regular time intervals. With TBM
applied, machinery needs to be shut down after operating for a preset time dura-
tion, even if it is running smoothly, and some machine components are replaced
even when not necessary. Consequently, TBM tends to result in costly maintenance.
Furthermore, it may lead to a higher risk of initial failure at the restart of operation.

The other PM category is condition-based maintenance (CBM) or predictive main-
tenance, which improves the possible shortcomings of TBM. Figure 1.5 illustrates
the differences between TBM and CBM. With CBM applied, maintenance work is
implemented before any predicted breakdown time, based on condition monitoring
data obtained and analyzed. Machines are shut down when some representative mea-
surements exceed preset limit values. The vibration amplitudes of bearing housings
or rotating shafts are typically used in the monitoring. When vibration data alone are
not sufficient to make a decision, data from wear particle sensors, acoustic emission
(AE) sensor signals, and infrared thermography may be combined.

Note: 2 Online and offline condition monitoring Figure 1.6 shows a typical online
condition monitoring system by means of permanently installed and continuously
working sensing equipment. It is costly, but can monitor the system condition con-
tinuously. Consequently, this system is applied to machinery that is categorized as of
high value and is risk critical. It is implemented in risk-based maintenance (RBM),
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Fig. 1.5 Comparison of maintenance cycle between TBM and CBM
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which uses the product of probability of failure and resulting damage as an evaluation
index.

On the other hand, Fig. 1.7 shows an offline monitoring system to collect data
by means of handheld vibration measurement device at specified time intervals, for
example, once per day. It is applied to lower risk machinery. Terminal boxes are used
for a machine with difficult human access.
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1.3 Guidelines for Health Evaluation

The health condition of rotating machinery is often evaluated based on bearing or
shaft vibration signals. Bearing vibration is measured as an absolute vibration (RMS
value of vibration velocity) by means of electrodynamic vibration velocimeters or
piezoelectric vibration accelerometers, both fixed on stationary bearing pedestals.
Shaft vibration is measured as a relative vibration (vibration amplitude of shaft
displacement) from stationary casings using displacement transducers.

Machinery manufacturers and users often have different criteria in categorizing
measured vibration as normal or abnormal. Therefore, mutual agreements are needed
in advance to evaluate health condition, inclusive of allowable vibration criteria. For
this agreement, the ISO (International Organization for Standardization [1]) estab-
lishes and disseminates internationally unified standards for such agreements. Major
international standards concerning vibrations of rotating machinery are presented in
the following sections.

1.3.1 International Standards on Vibrations of Rotating
Machinery

ISO consists of more than 200 Technical Committees (TCs), each TC consists of
Sub-Committees (SCs), and each SC consists of Working Groups (WGs). Mechan-
ical vibrations are treated in TC108 (mechanical vibrations, shock and condition
monitoring). The following are the main SCs and WGs operated by TC108 concern-
ing rotating machinery.
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SC1 Balancing (currently WG31 under SC2)
SC2 Measurement and evaluation of mechanical vibration and shock as applied to
machines, vehicles, and structures

/WG1 Rotordynamics and vibration of machines

/WGT7 Vibration of machines with active magnetic bearings
/WG9 Vibration of pumps

/WG10 Basic techniques for vibration diagnostics

SC5 Condition monitoring and diagnostics of machine systems

/WGT Training and accreditation in the field of condition monitoring and diag-
nostics

Many standards related to rotating machinery vibrations have been authorized
and released by ISO, based on the discussions between international experts. Fur-
thermore, the IEC [2] (International Electrotechnical Commission, ISO Cooperation
Organization) and the API [3] (American Petroleum Institute) publish similar stan-
dards. The following standards are related to the content of this book:

e Basics
ISO 2041 Mechanical vibration, shock and condition monitoring— Vocabulary

e Unbalance and balancing

ISO 21940-11 (originated from 1940-1) Mechanical vibration — Rotor balancing —
Part 11: Procedures and tolerances for rotors with rigid behaviour

ISO 21940-12 (originated from 11342) Mechanical vibration — Rotor balancing —
Part 12: Procedures and tolerances for rotors with flexible behaviour

ISO 21940-31 (originated from 10814) Mechanical vibration — Rotor balancing —
Part 31: Susceptibility and sensitivity of machines to unbalance

e Measurement and evaluation of mechanical vibrations and shock

ISO 10816 Mechanical vibration—Evaluation of machine vibration by measure-
ments on non-rotating parts, Parts 1-7

ISO 7919 Mechanical vibration of non-reciprocating machines—Measurements
on rotating shafts and evaluation criteria, Parts 1-5

Note: Recently, some of ISO 10816 and ISO 7919 are now being unified to a new
ISO 20816 series. In this book, we mention them by their original series numbers.

ISO 8528 Reciprocating internal combustion engine driven alternating current
generating sets, Part 9: Measurement and evaluation of mechanical vibrations.
ISO 14839 Mechanical vibration—Vibration of rotating machinery equipped with
active magnetic bearings,

Part 1: Vocabulary,

Part 2: Evaluation of vibration,

Part 3: Evaluation of stability margin,

Part 4: Technical guidelines.
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ISO 22266 Mechanical vibration—Torsional vibration of rotating machinery

e Condition monitoring and diagnostics

ISO 13372 Condition monitoring and diagnostics of machines—Vocabulary
ISO 13373 Condition monitoring and diagnostics of machines—Vibration condi-
tion monitoring,

Part 1: General procedures,

Part 2: Processing, analysis and presentation of vibration data.

ISO 13374 Condition monitoring and diagnostics of machines—Data processing,
communication and presentation,

Part 1: General guidelines,

Part 2: Data processing,

Part 3: Communication.

ISO 13379 Condition monitoring and diagnostics of machines—General guide-
lines on data interpretation and diagnostics techniques
ISO 17359 Condition monitoring and diagnostics of machines—General guide-
lines
ISO 18436 Condition monitoring and diagnostics of machines—Requirements for
qualification and assessment of personnel,

Part 1: Requirements for certifying bodies and the certification process,

Part 2: Vibration condition monitoring and diagnostics,

Part 3: Requirements for training bodies and the training process,

Part 4: Field lubricant analysis.

e IEC Standards [2]
The following standards, defined according to ISO standards, are often used.

IEC 60034-14 Rotating electrical machines,
Part 14: Mechanical vibration of certain machines with shaft heights 56 mm
and higher—Measurement, evaluation and limits of vibration severity.
IEC 60994 Guide for field measurement of vibrations and pulsations in hydraulic
machines (turbines, storage pumps and pump-turbines).

e API Standards [3]

The machine-dependent standards establish incoming inspection criteria from the

viewpoint of users of rotating machinery.

API 610 Centrifugal Pumps for Petroleum, Petrochemical and Natural Gas
Industries,

API 616 Gas Turbines for Petroleum, Chemical, and Gas Industry Services,

API 617 Axial and Centrifugal Compressors and Expander-compressors,

API 677 General Purpose Gear Units for Petroleum, Chemical and Gas Industry
Services.
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1.3.2 Allowable Vibration Criteria

Among the ISO Standards described above, the following are the guidelines to deter-
mine allowable vibration criteria.

ey

@

Bearing vibrations

ISO 10816 (Mechanical vibration—Evaluation of machine vibration by mea-
surements on non-rotating parts) determines vibration evaluation criteria in
terms of vibration severity, based on RMS value of broadband vibration velocity
(normally 10 Hz—1 kHz) measured at non-rotating parts near bearing casings.

Note: As mentioned above, ISO 10816 and ISO 7919 series are now being
integrated to new ISO 20816 series.

Part 1 General guidelines,

Part 2 Land-based steam turbines and generators in excess of 50 MW with
normal operating speeds of 1500, 1800, 3000, and 3600 r/min,

Part 3 Industrial machines with nominal power above 15 kW and nominal
speeds between 120 and 15 000 r/min when measured in situ,

Part 4 Gas turbine sets with fluid-film bearings,

Part 5 Machine sets in hydraulic power generating and pumping plants,

Part 6 Reciprocating machines with power ratings above 100 kW,

Part 7 Rotodynamic pumps for industrial application, including measurements
on rotating shafts.

Part 7, published in 2009, includes the evaluation criteria of shaft vibration,
corresponding to ISO 7919.

Shaft vibration

ISO 7919 (Mechanical vibration of non-reciprocating machines—Measure-

ments on rotating shafts and evaluation criteria) determines evaluation criteria

of shaft vibration displacement measured by means of non-contacting sensors

(contact-type sensors may also be applicable),

Part 1 General guidelines,

Part 2 Land-based steam turbines and generators in excess of 50 MW with
normal operating speeds of 1500, 1800, 3000 and 3600 r/min,

Part 3 Coupled industrial machines,

Part 4 Gas turbine sets with fluid-film bearings,

Part 5 Machines set in hydraulic power generating and pumping plants.

These internationally agreed standards present allowable vibration values determined
from past field experiences. Design engineers and operation managers need to know
the content of the standards fully since they are important to judge machine vibrations
as normal or abnormal.
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1.3.3 Condition Monitoring of Machines and Certification
System of Vibration Diagnostics Engineers

TC108/SC2/WG10 (Prof. Aly El-Shafei as convenor, Professor at Cairo Univer-
sity, Egypt) focuses its activities mainly on ISO 13373 that prescribes condition
monitoring and diagnostic techniques of mechanical vibrations. TC108/SC5/WG7
(Dr. Eshlemann as convenor, President of Vibration Institute, USA) established ISO
18436 in 2003, defining an international training system for vibration diagnostics
engineers, and also a certification system.

In accordance with the ISO requirements above, the Japan Society of Mechanical
Engineers (JSME) started the certification business for professional engineers quali-
fied for condition monitoring and diagnostics of mechanical vibrations in 2004. The
qualification examination is staged twice per year, with more than 100 applicants
at each time. The examination is explained in detail on the pages of Qualification
and Certification in the JSME website [4]. Figure 1.8 shows a wide variety of the
industrial fields (manufacturers and users) of the applicants up to the year of 2008.

The qualifications are needed to be able to carry out acceptance testing and vibra-
tion troubleshooting. The certified qualifications are classified into four categories,
Ito IV (highest). According to ISO 18436-2, each category is structured broadly as
outlined by the following:

Category 1

Being qualified to perform a range of a simple single-channel machinery vibration
condition monitoring and diagnostics of machinery activities, in accordance with ISO
17359 and ISO 13373-1. However, it does not qualify the person to be responsible,
for example, for the choice of sensor/transducer or for any analysis to be conducted,
nor for the assessment of test results, and other judgment.

Fig. 1.8 Industrial fields of Automobile and tire
applicants for ISO vibration Steel and metal

analyst for condition 2.7%

monitoring and diagnostics

of machines Petroleum and plant

Measurement Engineering and
maintenance

30.1%

Electrical and
Electronics

Heavy industry Electric power
and Machinery and Gas
19.4% 20.1%

Japan Society of Mechanical Engineers' data (statistics from 2008)
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Category 11

Being qualified to perform industrial machinery vibration measurements and basic
vibration analysis using single-channel measurements according to established and
recognized procedures, and also being qualified to recommend minor corrective
actions, and others.

Category 111

Being qualified to perform and/or direct and/or establish programmes for vibration
condition monitoring and diagnostics of machines in accordance with ISO 17359
and ISO 13373-1. Also qualified to measure and perform diagnosis of single-channel
frequency spectra, as well as waveforms and orbits, to establish vibration monitoring
programmes, to recommend field corrective actions, and to report to management
personnel regarding programme objectives, budgets, cost justification and personnel
development, and other associated procedures.

Category IV

Being qualified to perform and/or direct vibration condition monitoring and diag-
nostics of machines in accordance with ISO 17359 and ISO 13373-1, and all types
of machinery vibration measurements and analyses. Also being qualified to apply
vibration theory and techniques, to recommend corrective actions and/or design mod-
ifications, to provide technical guidance to vibration trainees and to interpret and
evaluate published ISO codes of practice, International Standards and specifications.

Individuals trying to get certification of Category III or IV are required to possess
the certificates of the lower categories.

1.4 Vibrations in Rotating Machinery and Diagnosis

Figure 1.9 shows the classification of mechanical vibrations, based on ISO/TC108.
The vibrations are classified primarily as deterministic or random. The former is
classified further as periodic or aperiodic. For example, vibrations synchronous with
shaftrotating frequency are classified as periodic, and cavitation vibration, as random.
This classification is based on recording and analyzing time-series waveform of
vibration.

From the practical viewpoint of rotating machinery, typical vibrations of rotors
are classified as follows:

(1) Shaft bending vibration (lateral vibration)
This vibration corresponds to shaft center whirling in the shaft rotational plane,
showing the mode of shaft deflection as it varies in the axial direction. Rigid
mode whirling is inclusive. This bending vibration is the most typical in rotating
machinery.
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. 1.9 Classification of vibrations (ISO 2041:1990 vocabulary)

Shaft torsional vibration

This vibration corresponds to torsional relative deflection oscillating with time
between each neighboring shaft element in the axial direction. Although rotating
machinery has few inherent factors causing torsional shaft vibration compared
to reciprocating machinery, oscillation of the electromagnetic torques of electric
motors may lead to torsional vibration.

Shaft longitudinal (axial) vibration

This vibration usually does not have importance because longitudinal stiffness
of shaft is relatively high. However, rigid mode vibration or local resonance
may cause contacts with stationary parts or excessive dynamic loading on thrust
bearings.

Rotating structure vibration

Turbine blades or impellers of pumps or compressors may cause vibration prob-
lems. Eigen frequencies and resonance amplitudes are calculated precisely by
means of 3D FEM applied to real configurations of the structures, and in con-
sideration of the stiffness increase due to the centrifugal field effect.

The vibration types mentioned above are classified in terms of vibration direc-

tion or of vibrating parts. Each specific vibration can take place alone, but coupled
vibrations may also occur.

Vibration arises in response to causes. To reduce vibration, it is important to find

out the cause. To investigate vibration problems and to probe the causes is referred
to as vibration diagnosis.

1.4.1 Causal Relationship Matrix

ISO 13372 classifies equipment diagnosis procedure into two missions, that is, condi-
tion monitoring and diagnostics. Condition monitoring is defined as judging whether
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the vibration is normal or abnormal, based on the trend against allowable vibration
levels. Diagnostics involve determining or estimating the probable causes from var-
ious vibration data of the equipment in abnormal situations. These diagnostics are
the essentially same as undertaken by medical doctors to identify diseases of patients
when examined from various bodily conditions obtained.

Many causal relationships between vibration phenomena and causes have been
made clear up to now, and one can estimate causes from the vibration signatures
on the basis of a causal relationship matrix. Table 1.2 shows an example of such a
matrix based on related research achievements and field experiences. Double circles
represent strong relationships between vibration phenomena and causes. Double
circles and single circles are found in both cells of stabilization and destabilization
depending on some phenomena. For instance, in the case of hysteresis whip, internal

Table 1.2 An example of cause-and-effect matrix
(O: strong relation, O: medium relation, /\: low relation)

Self-excited vibration Forced vibration
Phenomena / Special (Natural frequency) (Excitation frequenc-y)
Mechsnism term " | Rotsion | "to roraion.
Stabilize | Destabilize component vO
component

Unbalance (@)
Nonlinear bearing O O
External damping (@)
Internal damping Hysteresis whip O (@)
Fluid film bearing O%l wh%p @ @

Qil whirl (@) (@)
Unsymmetrical shaft | Asymmetric rotor (@) O
Crack Cracked rotor O (@)
Gravity Secondary critical speed O
Blade passing Blade passing frequency (BPF) O
Electromagnetic force O O
Gear Mesh frequency O (@)
Shaft bending Bowed rotor (@)
Rotating stall yAN O
Rubbing Th.chnal ber.1ding O

Friction whip (@) O O
Ball bearing O (@)
Misalignment O O O
Cross joint, Joint yAN O O
Non-contact seal Labyrinth whirl (@)
Impeller shroud (@)
Fluid containing Fluid trapped rotor (@) A O
Turbine impeller Thomas force (@)




