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List of moreimportant symbols

ax —auxiliary value (0 - 1)

A — vibration amplitude, m

At) —signal envelope

C — viscous damping coefficient for compression, NI§m; for torsion,
Nmh(g/rad

Cx —critical damping coefficient, N[§/m or Nm(g/rad

C(7) — stochastic process cepstrum

d — diameter, m; or gear contact path length, m

e — eccentricity, m or gearing involute error, m

Ex — system kinetic energy, joule

E —Young's modulus, MPa

E(aer,ra) —gearing error function with parameters
f — vibration frequency

fow — frequency of ball passage over damaged place on inner bearing race, Hz
foz — frequency of ball passage over damaged place on outer bearing race, Hz
fo — frequency of contact of damaged place on ball with race,

fo — bearing cage revolutions frequency, Hz

frac(zlz,)  —fraction part of two numbersratio

F —force, N

F — cross-sectional area, m?; or intertooth elagticity force, N

Fq —damping force, N

F(t) — exciting force function, N

Fo —force amplitude, N

G —modulus of transverserigidity, MPa

H(f) —diagnostic signal flow transmittance,

I — mass moment of inertia, kgh?

Iy — geometrical moment of inertia, m*

ls — motor rotor mass moment of inertia, kgm12

k — stiffness for compression, N/m; for torsion, Nih/rad

k. — gearing stiffness, N/m

k. — period multiplication factor,

Kg —dynamical coefficient of teeth overload

ECD — excavator-belt conveyor-dumping machine

I —cylinder or element length, m
l; —random variable,
lo — number of tool cutting edges
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Iy — intertooth clearance, m

Ly, Lo —machine element life, h

Lo —90% life of bearing, h; or inload change cycles

m —mass, kg

M — moment of force, moment of stiffness, N

My, — moment of viscous damping, N

M — electric motor torque, N

M(t) — external load moment time function, N

Ms(@,) — motor torgque characteristic function, NI

M, — rated motor torque, NIm.

M; — external load torque, NI

M — moment of friction in gearing, NI

M. — instantaneous power of friction in gearing, W

Ms(var) — characteristic of motor with changing driving torque at starting

Mg(const) — characteristic of motor with constant starting torque

M (w,r,pw,rp,kr) — external load torque with parameters

n — exponent; rotational speed, rev./min

N — motor power, W

Ny — friction loss power, W

NDT — Non-Destructive Testing

Pw — coefficient defining instant of maximum load entry (0-1)

p(s) — stochastic process probability density function

P —stiffnessforce, N

Py —normal forcein gearing, N

P(t) — external load force time function, N

r — coefficient of random external load change range (0-1), or radius of

cylinder or circle, m

la — coefficient representing random changes in position of gearing error
maximum values

s(t) —any time function of diagnostic signal

S — eladticity force, N

S —damping force, N

S X) — function defining friction force direction, assuming values (1, O, -1)

t —time, s

T — vibration period, s; friction force, N; duration of diagnostic signal reali-
zation, s

T, — period of external load variation, s

Ty — period of damped vibration, s

u —gear ratio

w — external load variation coefficient >=0

Wi, W, — machine eement load, N
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W(T) — function of stochastic process spectral concentration,

W(a,b) — local wave transform

X — displacement, m

X —velocity, m/s

X — acceleration, m/s”

X — vibration amplitude,

y — vertical displacement, m

y —vertical velocity of belt vibration

y — vertical acceleration of belt vibration

z — number of teeth of gear wheel

Z(t) —analytical time signal

(Zs, K) —wear and corrosion products

(Zs, K, Zy) —wear and corrosion products and impurities

Y, — linear velocity, m/s

Vp —dipping velocity, m/s

a — gearing pressure angle, degree, belt rotation angle due to sag or tota
angle of belt wrap around belt conveyor drum, rad

70) — function of stochastic process coherence

Wf1, T2) — function of stochastic process bicoherence

Aw — range of angular frequency, rad/s

£ —angular acceleration, rad/s

n — efficiency coefficient

K [S(1)] — Hilbert transform

u — coefficient of friction

Us — average value of stochastic process run

T —time, s

¢ —angle of rotation, rad

() —angular velocity, rad/s

) — angular acceleration, rad/s®

[0 — phase angle, rad

o’ — stochastic process variance

W? —signal rms value

Y(1) — autocorrelation function of stochastic signal

w —angular velocity, rad/s

wh — eigenfrequency, rad/s

Wy — damped vibration frequency, rad/s



Book’s aim and scope

This book is intended primarily for mining faculty students attending lectures on
technological diagnostics within the Operation of Mining Machinery speciality but
also as an auxiliary textbook supplementing lectures on: Mining Machinery for Earth
Resources Management speciality students and Mechanical Engineering Fundamen-
tals for students of al engineering specidities. It can be helpful for PhD students do-
ing research in technological diagnostics and serve as a basis for further study for the
engineering personnel of strip mines.

The book is devoted mainly to the assessment of condition of machinery and
equipment used in surface mining for which the Mining Faculty of Wroctaw Univer-
sity of Technology educates engineering personnel. But it can be used in other indus-
tries and by students studying machine operation management. Providing an introduc-
tion to the relatively new field of computer simulation, which enhances the diagnosti-
cian’s knowledge about the dynamical properties of the investigated object and the
properties of the diagnostic signal, the book can be useful for both beginners and ac-
complished diagnosticians, using technological diagnostics to a different degree in
their engineering practice. It also treats extensively problems relating to the analysis of
the products of wear of machine kinematic pairs.

In chapter 1 the role of diagnosticsin the rational maintenance of machines, based
on the knowledge acquired through monitoring their condition and diagnostic infer-
ence, is discussed. The links between diagnostics and related fields such as non-
destructive testing and condition monitoring are highlighted. The subject of techno-
logical diagnostics and the extent to which it is covered in this book are described. Ex-
amples of applications of machine condition monitoring are given. Different tests per-
formed on machine elements and subassemblies are described.

In chapter 2 some basic terminology used in machine diagnostics and other essen-
tial terms are explained.

In chapter 3 principal methods of machine maintenance are presented and the ad-
vantages of machine maintenance based on monitoring and technologica diagnostics
are highlighted.

In chapter 4 the principles of modelling the dynamics of mechanical objects are
described. The basics of the dynamics and mechanical vibration of objects, needed to
better understand the phenomena accompanying changes in the condition of machines
and making for better diagnogtic inference, are presented. The relationship between
the condition of machines and their dynamical state (vibration measurements serve as
the basis for the diagnosis of the condition) is described. The principles of construct-
ing models for computer simulation enabling the acquisition of experience needed for
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diagnostic inference are explained in detail. The physical quantitiesin machine motion
equations are described and the principles of writing such equations are given. As an
example, the dynamics of a simple machine system are analyzed. The causes of the
excitation of vibration by machines, such as unbalance and changes in the external
load of the machine are discussed. In other words, this chapter introduces the student
to computer simulation, which makes it possible to study the influence of design,
technological and operational (motion) factors and changes in the condition of ma-
chines. The results of simulations are presented in the form of time plots and fre-
guency plots (derived from time plots). In this way the dynamic characteristic of the
investigated object are obtained. Together with the experience gained from industria
practice they represent substantial knowledge about the properties of a machine and
provide the basis for a correct diagnosis of its condition (mechanical vibration pa-
rameters are symptoms of the condition).

In chapter 5 a simplified model of power transmission system dynamics, in the
form of equations of mation, is described and computer simulation results showing the
basic dynamica properties of the power transmission system are presented as time
plots of different physical quantities such as angular velocity, power, torque and effi-
ciency.

Chapter 6 deals with the modelling of the gearing properties of gears. Details of
the modelling of different factors contributing to the generation of vibration by the
gear are given in anaytical notation. A model of a gear operating in a power transmis-
sion system is presented. Friction in the gear and causes of changes in the gear’s stiff-
ness are analyzed. The model also includes intertooth clearance and gearing involute
faults caused by improper manufacturing and changes in the condition of the gearing
and the bearings. Results of computer simulations of the intertooth forces (for under-
resonance, resonance and over-resonance operation of the gear), referred to the actua
intertooth force measurements are presented. Good agreement between them becomes
apparent. The causes of the unstable operation of the gear at resonance and the unsta-
bility arising when intermeshing errors exceed the boundary value are discussed. The
computer simulation results made it possible to describe the influence of design, tech-
nological, operational and change-of-condition factors on the pattern of the intertooth
forces. Also computer ssimulation results showing the relationship between the inter-
tooth forces and the vibration accelerations (constituting the gearing condition signal)
are discussed.

In chapter 7 the kinematics, velocity distributions and angular relationships be-
tween the elements of the rolling bearing are presented. Formulas for the frequency of
vibration excitation by a damaged rolling bearing are derived. A simple model of the
dynamics of therolling bearing is described.

In chapter 8 a conventional model of the belt conveyor is described. The model
makes it possible to determine the axial forcesin the belt and the velocity in the direc-
tion in which winning is conveyed. A new model of a belt conveyor route section,
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which enables the analysis of the vertical vibrations of the belt and the runners, is pre-
sented. Illustrative computer ssimulation results in the form of time vibration velocity
plots for the frame and the middle of the belt between runners in the belt conveyor’'s
driving and driven strands are given.

In chapter 9 the main forms of wear of the surface of machine elements constitut-
ing kinematic pairs are presented. Among others, running-in and seizing of the de-
ments are described.

In chapter 10 processes (not purposeful) which accompany machine operation and
make up the machine condition signal are described. The fundamentals of vibroacous-
tic signal description are explained. A classification of vibroacoustic signals, their rep-
resentations and correlations between the representations (signal estimators) are pre-
sented. Some vibroacoustic signal estimators used in technologica diagnosis are de-
scribed. The wear products formed as a result of kinematic pair interaction, their clas-
sification and their identification by means of analytical ferrography are presented.
The equipment used for analytical ferrography is described and ferrograms of different
wear products are shown. Different methods of continuous monitoring the particles
generated by a machine are presented. The thermal phenomena, which accompany
machine operation, ultrasounds, acoustic emission and corrosion monitoring are de-
scribed.

Chapter 11 is devoted to diagnostic inferring on the basis of the vibroacoustic sig-
nal, with the focus on the signal spectrum. The relationship between spectral compo-
nents and machine condition is described. Gear signal spectra obtained by computer
simulation are shown. The identification of spectra components and their linkage to
the condition of kinematic pairs belongs to the key problems of technological diag-
nostics.

Chapter 12 deds with integrated diagnostic inference based on different diagnos-
tic symptoms which describe the condition of a particular kinematic pair. A complex
of such symptoms constitutes a syndrome of the kinematic pair’ s condition.

In chapter 13 the problem of normalization and classification of machine condi-
tion is discussed. Different classifications used in vibroacoustic diagnostics are pre-
sented. The relationship between life and the contamination class (the size and number
of particles of impuritiesin ail) is described.

Chapter 14 deals with the diagnostics of gears. The relationship between the con-
dition of a gearing, its state of load and its life is described. It is shown that a change
in the condition of a gearing causes a change in its state of load and as a result reduces
itslife, which leads to a failure of the gear. Different ways of identifying the condition
of gearing by means of appropriate diagnostic signal estimators are presented. The vi-
bration signal generated by a gear in relation to the latter’s condition is described. Vi-
bration signal plots for different types of gear condition (a partially broken or fatigue
cracked tooth and a compl etely broken tooth) are shown. Forms of the vibration signal
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for different random intermeshing errors are distinguished. The effect of random
changes in the load on the form of the vibration signal is described.

In chapter 15 methods of diagnosing rolling bearings are presented. Illustrative
applications of spectral analysis to the identification of rolling bearing condition are
given. The Shock Pulse Method (SPM) for determining the thickness of the rolling
bearing lubricant filmis described.

Chapter 16 deas with the diagnostics of belt conveyors — one of the links in the
technological system of the strip mine. The main components of the belt conveyor are
described. A vibrational method of diagnosing gears, the interpretation of gear condi-
tion classes and classifications of: gearing condition, high-speed shaft operation con-
dition and rolling bearing condition are presented. In addition, classifications of:
gearing condition and rolling bearing condition for the ferrographic method are given.
The possihilities of applying the thermovision method and the vibrational method to
the assessment of the condition of runners are discussed. The latest method of assess-
ing the condition of conveyor belt with steel cablesis presented. Using as an example
the vibrational method of diagnosis, the benefits stemming from gear diagnostics are
demonstrated.

Chapter 17 deds with the diagnostics of bucket wheel excavators and stackers.
The basic structural components of the BWE are shown. The diagnosis of the bucket
wheel drive’s gear by means of the vibrational method and the ferrographic method is
described. A computer system for the assessment of the condition of the bucket wheel
drive gear is presented. The gear condition signals are the vibration signal envelope
signals. The structure of the power transmission systems of the bucket wheel boom’s
hoisting gearsis described. A diagnostic method for assessing the condition of gearing
in the boom'’s hoisting gears is proposed. The diagnostics of steel ropes in the BWE's
hoisting systems is discussed. Examples of hydraulic systems used in bucket wheel
excavators are given and methods consisting in the analysis of wear products and im-
purities are proposed for the assessment of their condition. Tria applications of fer-
rographic diagnostics to the assessment of the condition of the loader-stacker’ s bucket
wheel drive hydraulic system are presented. Ferrographic diagnostics is proposed for
the assessment of the purity of the medium lubricating the principal bearings of the
turn-table of the BWE or the stacker.

In chapter 18 selected problems related to the use of expert systems and artificial
neural networks in the diagnostics of machinery are discussed.

Chapter 19 deals with diagnostic systems and subsystems for the strip mine. A di-
agnostic subsystem for gears used in the drives of belt conveyors is presented. The
elements of a system for introducing the technological diagnostics method into the
strip mine are described. A belt conveyor maintenance subsystem is presented.



1. Roleof engineering diagnostics and testing in mainte-

nance of surface mining machines

1.1. Introduction

The use of engineering diagnostics in the operation of mining machines is an es-
sential element of their rational maintenance. And yet in the case of surface mining
machinery engineering diagnostics is applied only to a small extent. The reason is lack
of proper knowledge of diagnostic methods on the part of both engineering and main-
tenance personnel responsible for the operation of such machines. This makes the
spread of diagnostic methods impossible. Also mining faculty graduates need some
basic knowledge of diagnostics. The rational management of a mine requires data on
the current condition of its machinery. This condition is a dynamic factor which
changes in time. Modern information transfer means enable the monitoring of this
condition. The obtained data should be exploited to increase the mine’s productivity,
reduce production costs and prevent failures which may result in situations as the ones
shown in figs 1.1 and 1.2. (Courtesy of [1.1]). Fig. 1.1 shows a “wrenched off” drive
shaft of an SchRs1200 excavator's bucket wheel and the consequences of it. Another
failure of an SchRs1200 bucket wheel excavator isshownin fig. 1.2.

The subject of engineering diagnostics in this book are surface mining machines. A
general view of a surface mine with machinery is shown in fig. 1.3. A machine is de-
fined as atechnica device containing a mechanism or an assembly of mechanismsin a
common housing, used to convert energy or perform specified mechanical work — a
working machine. From the energy point of view machines may generate mechanical
energy (at the expense of another energy) — these are motors or they may consume en-
ergy — working machines. A machine as a structure may consist of several machines —
energy converters.

A mechanism is a system of interconnected machine elements able to perform
specified motions as aresult of the consumption of mechanical energy.
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Fig. 1.2. Failure of SchRs1200 bucket wheel excavator [1.1].
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16 1. Roleof engineering diagnostics and testing in maintenance of surface mining machines

Fig. 1.3. General view of surface mine.

A machine element is an integral component of a machine, e.g. a shaft, a bolt, a
ball, an inner ring, an outer ring, a cage; the last four elements make up a rolling
bearing. We sometimes say that a rolling bearing as a whole constitutes a machine
element. From the engineering diagnostics point of view it is essential that the bearing
is regarded as an assembly of machine elements forming kinematic pairs, e.g. the
bearing race and the ball make up a kinematic pair. To understand engineering diag-
nostic methods, one must consider them in the context of kinematic pairs. It is pre-
cisdly this approach to engineering diagnostics that the present book represents. A
diametrically opposite approach would be to consider a machine as a “black box”
about which we do not know what there isinside it but we receive certain signals from
it, which we analyze and on this basis we identify the machine’s condition.

The subject of the diagnostics of surface mining machines are machines which in
the structure sense constitute wholes, e.g.

» abucket wheel excavator,

* abelt conveyor,

* adumping machine.

The three machines make up, in the technological sense, the so-called ECD system
showninfig. 1.3.
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The subject of the diagnostics of surface mining machines are machines in the
structure or design sense, whose reliability depends on the reliability of the constituent
kinematic pairs.

The reliability of machines is their ability to perform tasks in a given environment.
The environment here is the surface mine’'s environment. A notion connected with re-
liability is the durability of a machine. The durability of an object or a machineis its
ability to operate, expressed by a number of work cycles, mileage and time. When we
say reliability, we mean reliability for an assumed durability. The durability of ma-
chine elements depends on the state of load and for a toothed gear meshing or arolling
bearing the relationship between durability and load can be written as

L1/L2=(W2/W1)n (1.1)

where: L, —durability for load W,
L, —durability for load W,
n — an exponent whichis
n = 6 for atoothed gear meshing,
n = 3 for ball bearings,
n = 10/3 for roller bearings.

The reliability of a machine is assured mainly through a proper choice of design
features at the design stage. Operating practice shows that the maintenance of the as-
sumed reliability depends on the upkeep of machines. It is the duty of the mine’'s ma-
chine maintenance service to prevent breakdowns leading to production losses. If en-
gineering diagnostic methods are used, mine machinery maintenance services have an
influence on both the failure rate and the costs of repairs and a machine is diagnosed
asin need of repair on the basis of specific criteria expressed by measurable parame-
ters (symptoms). In other words, a decision is made to have a machine repaired when
its condition warrants it. As a result the costs of repair and thus the total machinery
operating costs are kept to a minimum. A breakdown is defined as serious damage to a
machine which makes its further operation impossible. Three basic machinery mainte-
nance strategies are distinguished:

. operation until afailure,

e planned-preventive maintenance,

. maintenance dependent on a machine's condition, condition based mainte-

nance.

Engineering diagnostics is associated mainly with the condition based maintenance
strategy. Thus engineering diagnostics is understood as the identification of a ma-
chine's condition from the symptoms which accompany its operation. A machine's
condition is the totality of factors characteristic of the machine and influencing the
interaction of its kinematic pairs. Examples of such symptoms are physical quantities
which describe mechanical vibration, quantities which describe wear products (wear
derbies particles), a temperature distribution on a machine's surface, etc. An increase
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in vibration intensity in one or severa components of a vibration spectrum is
asymptom of a change in the condition of a particular kinematic pair. In an extreme
case this may be a symptom of the loss of load-carrying ability by a particular kine-
matic pair, which is tantamount to the failure of the machine. In the traditional mode
of maintaining machinery (the planned-preventive maintenance strategy) we learn
about the condition of many kinematic pairs only after the machines designated for
repair are disassembled.

A repair means actions aimed at recovering a machine’s operability through the
detection and removal of any malfunctions or damage incurred in service. The
planned-preventive maintenance strategy inevitably leads to an expected number
of breakdowns. Moreover, machines which do not need repair are repaired. This hap-
pens because of the criterion used for designating machinery for repair such as being
in service for a certain number of hours, a certain output in tons or cubic meters, etc.
Thus losses are incurred due to money spent on repairs of machines which arein satis-
factory condition. A ssmple example of a rolling bearing provides a good illustration
of the problem. Fig. 1.4 shows a relationship between rdiability, expressed by the
probability of fulfilling a given life requirement, and durability expressed in millions
of revolutions of the rolling bearing. Such a bearing was chosen that durability Ly is
500000 rev. 10 means that at a durability of 500000 rev. 10% of the bearings have
lower reliability, i.e. the probability of meeting the specified life Ly, requirement is
90%, which means that the reliability is 90%. It follows from fig. 1.4 that about 10%
of the rolling bearings have durability 20L,,. ?f a planned-preventive maintenance
strategy is used, machines whose condition is so bad that high expenditures would be
incurred in order to bring them back to their origina condition [1, 2] (sometimes this
iseven impossible).

1 | 1 i 1 1 H L

; -
0 1 2 3 4 5 6 7 8 § 10106 vev

Fig. 1.4. Bearing's reliability
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The surface mine environment is a peculiar one (differing much from a typical in-
dustrial environment) and it affects considerably the durability and reliability of ma-
chines which operateinit. This effect is arandom one and so it isimpossible to take it
fully into account in the design of a machine. Also the machine's state of load has
random character. Therefore it is necessary to monitor (track) the machine’s condition
and its state of load. In mines condition monitoring is usualy done not by means of
any technical devices but through subjective assessment based on sensory impres-
sions. In addition, all kinds of surveys are conducted. These are periodical, subjective
and limited in their extent due to lack of access to some kinematic pairs. Engineering
diagnostics recommends monitoring using technical means which measure physica
guantities, i.e. symptoms of the machine's condition. Practical experience shows that
despite the fact that the condition is identified indirectly, the accuracy of the diagnosis
may be as high as 100%.

1.2. Engineering diagnostics and related disciplines

Engineering diagnostics is understood as the identification of a machine’'s mal-
functions on the basis of symptoms. A complex of symptoms constitutes a syndrome
which is characteristic of the machine's condition. Diagnosis requires a skill in identi-
fying a machine's malfunctions from symptoms. In other words, the term diagnosisis
understood here similarly as in medicine where diseases are identified from symptoms
or acomplex of symptoms constituting a syndrome characteristic of a disease.

Nondestructive testing, and monitoring are disciplines related to engineering diag-
nostics. Monitoring is closely connected with diagnostics. The condition of a machine
can be diagnosed only on the basis of monitored signals (symptoms).

Monitoring (supervision, tracking) can be the tracking of a machine's condition or
amachine’ swork process, using technical means or without them by means of senses.

Symptom is a carrier of information about a machin€e's condition, perceived or ob-
served by instruments by a person who makes a diagnosis and indicates a malfunction
of the machine.

Besides physical quantities needed to assess a machine's condition, physical quan-
tities which specify the relative positions of machine assemblies are monitored to
avoid collisions of the latter. Power consumption is monitored in order not to exceed
loads permissible for mining machines. One can distinguish monitoring:

»  for diagnostic purposes,

o for machine operation safety purposes,

e for machine s process parameters and its operation.

The terms monitoring and diagnostics are often used interchangeably, e.g. as im-
plied by the name of the Condition Monitoring Conference organized by the Univer-
sity College of Swansea, the Department of Mechanical Engineering. This conference
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deals with engineering diagnostics problems, i.e. with monitoring and inferring from
symptoms, i.e. diagnosing.

| Primary, secondary, motion factors|

‘ Design features ‘ ‘ Wear H Motion parameters ‘
[
[ | ‘
Seizing Load
Geometric Material Pitting rotational speed
Other Other
I
[ \
Macrogeometrical Microgeometrical Moduli of elasticity
Other
Structural form
Admissible Tolerances Condition
Shape errors of surface
Other

Fig. 1.1. Factors affecting diagnostic signal [1.4].

Certain separateness of the two terms is implied by the name of the Condition
Monitoring and Diagnostic Engineering Management (COMADEM) Conference initi-
ated by the COMADEM. This conference has been held in different centresin the UK
and abroad (India 1994, Canada 1995, Sheffield 1996, Finland 1997, Australia 1998,
UK 1999, USA 2000, UK 2001).

The conference’s aims are defined as the use of condition monitoring, diagnostics
and management to abtain the most effective solutions for the multifaceted problem of
maintenance, reliability, quality, safety and energy saving, associated with the upkeep
of an enterprise’s fixed assets to satisfy the needs of its customers and employees.

In the present book the relationship between monitoring and diagnostics is seen as
follows. to make a diagnosis one needs monitored physical quantities corresponding to
machine condition symptoms. By engineering diagnostics we understand a field of
knowledge which combines machine condition monitoring with diagnosing from
symptoms. To diagnose a machine's condition one needs to monitor symptoms and
have knowledge about the relation between symptoms and condition, expressed by
design factors, a change in the condition (wear) and motion parameters (operational
factors), which during the operation of the machine are converted into machine condi-
tion symptoms. It leads to ‘'Design, Production Technology, Operation, Condition
Change, factors based diagnostics’ (DPTOCC factors based diagnostics). In [1.3]
these factors are called primary, secondary and motion factors. The parameters which
make them up are presented schematically, according to[1.4], in fig. 1.5.
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1.2.1. Monitoring of machine condition

As mentioned earlier, the monitoring of a machine's condition includes measure-
ments of physical quantities used for “tracking” the course of the work process. This
ensures the proper operation of the machine, its safety and the safety of the machine's
users. Points at which sensors are attached to ensure the proper and safe operation of a
wheel excavator are shown in fig. 1.6, after [1.5]. One cannot see there any sensors
that would enable the tracking of changes in the machine's condition. No physical
guantities on the basis of which the condition could be diagnosed are measured. All
the functions performed by the particular sensors attached to the wheel excavator are
described in detail in [1.5]. In this chapter only some elements of monitoring are pre-
sented.

Hydrodynamic couplings are used to protect the toothed gear of the bucket wheel’s
drive against overloading. As the load exceeds a prescribed load that the coupling can
carry, slip occurs on it. Excessive dlip results in excessive heat release. The aim of
monitoring is to track the rotational speeds of the coupling’ s two parts (active and pas-
sive). If the speed difference exceeds a prescribed value, the bucket wheel’s drive is
switched off. If the monitoring system were damaged, the oil would heat up too much,
the protective stopper would melt and the oil would escape from the hydrodynamic
coupling. Two non-contact rotational speed transducers are used for the monitoring.
Rotational speeds can be watched on the meters installed in the wheel excavator op-
erator’s cabin. As the speed difference limit is exceeded, the darm is activated, and
then the machine is switched off. The place where sensors “tracking” the angular ve-
locities of the coupling’ s el ements are attached are denoted by numeral 1infig. 1.6.

Also the temperature of the oil in the hydrodynamic coupling is monitored (3). If
the temperature exceeds 140°C, the drive is switched off. The bucket wheel overload
is monitored via the intensity of the current drawn by the electric motor. The current
intensity is a measure of the power consumption by the electric motor that drives the
bucket whedl. When current intensity goes beyond a value corresponding to the ex-
ceeding of power consumption by 50%, the drive is switched off. (The hydrodynamic
coupling is switched off when the gearing load torque exceeds the nominal torque by
60%). Also the excavator’'s duing drives are protected, e.g. by a magnetic particle
coupling (fig. 1.6, item 27). When 3% dip is exceeded, the drives are switched off.
Numeral 9 indicates the place where the magnitude of belt dlip relative to a belt con-
veyor's driving drum is monitored. When slip exceeds 30%, the machine is switched
off. The rotationa speed of the excavator’s sluing mechanism is monitored by speed-
ometer (26). In fig. 1.6 also the limit switches are marked (with numbers). For some
motions two sensors for one constraint are used. To protect the excavator against ex-
cessive external forces, the tension in the winches carrying ropes (30) is monitored.
The other protection functions are described in [1.5].
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Fig. 1.1. Arrangement of safety sensors (1-42) for monitoring wheel excavator’s operating parameters and condition [1.5].
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Devices used to monitor the condition of a belt conveyor are shown schematically
in fig. 1.7. The rate of belt travel, belt run-off, belt wear and the drum’s rotational
speed are monitored. Metal elements in the transported winning are detected. Drum
slip, which above a certain value may be dangerous for the belt, can be determined on
the basis of the drum’ s rotational speed and the velocity of a belt.

The above examples shed some light on the concept of monitoring the operating
condition of mining machinery. Such monitoring, however, is not the subject of this
work. The principles of monitoring described in this chapter had to be understood by
the designer when making a choice of machine design features.

Fig. 1.2. Arrangement of devices for monitoring operating parameters and condition of belt conveyor:
1 —impulse sensor, 2 — drum rotational speed monitor, 3 — belt run-off monitor, 4 — meta detector,
5 —belt wear monitor, 6 — rope tension monitor, 7 — belt speed monitor, 8 — belt run-off monitor,

9 —signalling device

One should add that a designer of a mining machine should make such a selection
of machine design features which takes into account machine condition assessment
through engineering diagnostics means.

1.2.2. Destructive and nondestructive testing

To ensure reliable operation of machines, more precisely operation with specified
reliability, destructive and nondestructive tests are conducted.

Destructive tests of materials are conducted on specimens. As an example of such
testing, tests on materials for wheel excavator turntable rolling bearing races (figs 17.1
and 17.19) are described, after [1.5]. The tests were carried out on a test stand shown
in fig. 1.8. The stand consists of the following main components. bottom beam (1)
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with bottom race, top beam (2) with top race, middie beam (3) — movable. Beam (3) is
put in (to-and-fro motion) plane-reverse motion by arm (5) with a connecting-rod
mechanism driven by a motor via a toothed gear. There are tested balls between the

Fig. 1.1. Stand for testing materials for wheel excavator turntable rolling bearing races [1.5]:
1 — bottom beam with bottom beam, 2 — top beam with top race, 3 — middle beam (movable),
4 —driving gearbox, connecting-rod arm

Steel Ck45N (as denoted in [1.5]), for which the races did not show significant
damage, proved to be the most suitable material.

Typical destructive tests are tests carried out on materials to determine their static
or fatigue strength. For a static load a stress-strain diagram is obtained from the test.
To determine the fatigue strength, stress cycles relationship (a Wohler diagram) is de-
termined.

To establish guidelines for the selection of design features for surface mining ma-
chines, ensuring the latter's reliable operation, special test stands (figs 1.9 and 1.10,
after [1.6]) are built. The stands are designated: STS — static test stand and DTS — dy-
namic test stand.
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Fig. 1.2. Static test stand (STS) for testing pipe conveyor belt [1.6]:
1 —tested belt, 2 — drum, 3 — set of rollers, 4 — belt-tightening mechanism, A-A to F-F — places
of belt cross-sections shown in figs 1.11 and 1.12

Fig. 1.3. Dynamic test stand (DTS) for testing pipe conveyor [1.6]:
1 —reverse drum, 2 — pipe conveyor’s top strand, 3 —driving drum, 4 — pipe conveyor’ s bottom strand,
5 — conveyor support system frame, 6 — platform, 7 — belt’ s transitional section (output unloading),
8 — support tower

The shape obtained by conveyor belts (with a core of different design), in the pipe
conveyor's belt cross-section in transitional section, was studied on the stand shown
infig. 1.9. The different cross-sectiona forms are shownin fig. 1.11.
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Fig. 1.4. Belt cross-sections in transitional section (D =300 mm, L,=5.5m, F=30kN, e=0):
a—beltno. 1, b—belt no. 2[1.6]

To study the deformations of the transitional section a nondestructive test — a pho-
toelagtic analysis — was applied. The obtained belt stress patterns are shown in fig.
1.12.

. 60 cables ¢ 4mm

15 cables ¢ 6 mm
D

2 . s 6 8 10 12' '14‘ No. of cables

Fig. 1.5. Belt stress patternsin transitional section near conveyor’s drum;
a—belt’s cross-section, b —transitiona section of length L = 7.5 m, ¢ —transitional section of length
L=55m.

Through destructive and nondestructive tests one can determine the ability of ma-
chine assemblies or subassemblies to perform specific operating functions. Destructive
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tests are conducted on material specimens (in accordance with appropriate standards),
machine subassemblies (mechanisms) or whole machines — testing of prototypes. If
destructive tests are to fulfil their purpose — the provision of material data — different
load change patterns, corresponding to the actual changes in the service load, should
be applied. This condition is largely satisfied in many practical cases since the use of
appropriate material data and calculation procedures ensures the required reliability
for assumed low factors of safety. But in the case of mining machines the results are
not fully satisfactory since it is difficult to determine their state of load and the effect
of the mine environment. Thisload should correspond to the service load.

Another problem in prototype testing is shortening of time, i.e. the use of relation
(1.2). It is impossible for the prototype testing time to be as long as the machine's
service time, i.e. itslife L [h]. Therefore increased loads are substituted for the actua
loads.

The main disadvantage of machine prototype testing is that the tested machines are
often destroyed in the process. And its limitation is the fact that only a small number
of machines can be tested.

Nondestructive tests have no such limitations. They can be conducted even on new
machines and after testing sold.

To ensure high reliability of machines and to reduce losses due to lost operating
ability appropriate maintenance measures are used. To support the maintenance of
machines, nondestructive testing and diagnostic examination are applied. The subject
of this book is diagnostic examinations. One should also mention here a rig/stand
testing on which diagnostic methods are based. For example, the meshing condition
tests presented in [1.3] constitute a basis for a search for a suitable method of diag-
nosing the condition of a gearbox meshing. An example of a test stand used for such
testsisshowninfig. 1.13.

Results obtained from mathematical modelling and computer simulation, forming a
basis for explaining the dynamic processes which occur when the condition of the
kinematic pairs of a machine changes and for selecting diagnostic signal processing
techniques, are presented in chap. 14.

A test-rig for investigating the relationship between diagnostic signals received di-
rectly from a gear and signals received from different points on the gearing wall is
shown in fig. 1.13. The relationship was studied by means of an analogue testing
equipment setup (fig. 1.14) for measuring a coherence function (formula 10.49).

Using the measurements, a diagnostic method of assessing the condition of agear's
meshing was developed. The basics of this method are presented in chap. 10.1. Gear
wheels of different quality, modified gear wheels and gear wheels damaged by pitting
were investigated. The condition of meshing of gear wheels severely damaged by pit-
ting is shown in fig. 1.15. Meshing condition vectors for gear wheels in different
guality and condition are shown in fig. 1.16. A more accurate description of a quality
and condition vector is given in chap. 10.1.
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Fig. 1.6. Test stand for testing condition of gear wheels[1.3].

o

Fig. 1.7. Equipment setup for diagnostic meshing condit measurements [1.3].

Tests on which another diagnostic method is based are described in [1.7]. Fig. 1.17
shows a railway wheel set which was made to vibrate and the resulting sonic effect
was used to assess the negative allowance joint between the wheel centre and the rim.
An objective method of assessing the condition of such joints on the basis of a sound
fading curve has been used to assess the negative alowance joint between the wheel

centre and the rim.
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Fig. 1.8. Condition of meshing of gear damaged by pitting.
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Fig. 1.9. Output (diagnostic) signal vectors for wheels with simple modified and unmodified teeth: W, 1,
2 —modified wheels, 3, 4, 5—unmodified wheels (class 8, PS), 6, 7, 8 — unmodified wheels (class 7, PS),
9 —unmodified wheels (class 6, PS) [1.3], PS - Polish Standard similar to SO
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Fig. 1.10. Whed set during testing [1.7]: 1 — axle, 2 —whed centre, 3—rim, 4 — clamping ring,
5 —steel ball, 6 — measuring set with microphone

Sound fading curves for joints in proper condition — curve a and in improper con-
dition — curve b are shown in fig. 1.18. It has been established that the sound emitted
by the excited wheel set characterizes the degree of “adhesion” between the elements
(the wheedl centre, the rim and the clamping ring). And the sound fading curves (sonic
characteristics) are related to the height of irregularities on the joined surfaces and to
the wheel centre and rim shape errors, which result in uneven pressures between the
joined surfaces. The characteristics do not specify the magnitude of negative allow-
ance —a difference between the eements’ diameters before they are joined.
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Fig. 1.11. Sound fading characteristic curves: a— exemplary sound fading characteristic for standard
wheel, b — sound fading for wheel with improper quality of joint, ¢ —limits of variation of sound fading
curve deviation (x) for confidence level of 0.98 [1.7].

The provided examples of tests used for developing diagnostic methods indicate
what engineering diagnostics as a field of knowledge deals with. Diagnostic tests be-
long to nondestructive tests and their principle feature is the testing of the condition of
amachine during its operation. It is only when the machine is running that signals for
diagnostic analysis are generated.

1.2.3. Nondestructivetesting (NDT)

Nondestructive testing is defined as a field of knowledge which includes methods
of identifying or measuring properties, abilities to function (operate) and characteris-
tics of materials of which machine elements, assemblies or loadbearing structures are
made, which do not entail any loss of the assemblies (mechanisms’) or subassem-
blies ahility to function. According to this definition, nondestructive tests, as opposed
to destructive tests, do not lead to the destruction of the tested elements, assemblies or
loadbearing systems. NDT and the associated field of knowledge appeared at the same
time as engineering diagnostics developed and so the latter and NDT have much in
common. Hence some authors classify a certain method as diagnostic while othersin-
clude it among nondestructive tests. A common feature of the two classes is nonde-
structiveness. The difference is that signals in diagnostic testing are symptoms that
appear during normal operation (within certain limitations) whereas NDT is usually
conducted when a machine is idle and it focuses on material properties. The identifi-
cation of kinds of damage and material condition by nondestructive testsis limited. In
most cases, the material properties of tested objects are determined by nondestructive
tests indirectly. Generally, NDT gives a qualitative assessment of condition, whereas
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destructive testing supplies quantitative valuations. Examples of nondestructive tests
are ultrasonic tests, magnetic particle inspections, etc.

NDT plays (should play) a maor role in identifying the condition of surface min-
ing machines. In [1.8] it is proposed to apply nondestructive, magnetic and ultrasonic
testing methods to the testing of the nodes in the KWK 1400 excavator's carrying
structure (fig. 1.19). The tested nodes are denoted by numbers in the figure and the
proposed tests are compiled in table 1.1. Different types of nodes are shown in fig.
20af.
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Fig. 1.1. Diagram of KWK 1400 excavator with marked elements of nodes: (I-X1V) (methods of testing
nodes are compiled in table 1.1) [1.8]

Tabela 1.1. Nondestructive methods of testing node elements of KWK 1400 excavator (nodes shown in

fig. 1.19) [1.8]
nll:lr%(tjair Tested elements of node m;eki d
1,11, 1V, VI, XI a) welded node MM and MU
VII, I1X, X b) bolt MU
I, Vil a) welded node MM and MU
b) screws MM and MU
V, VI a) welded node MM and MU
b) axle MU
XII a) riveted node MM and MU
X1l a) welded node MM and MU
b) riveted joints MM and MU
XV a) welded node MM and MU

MM — magnetic method, UM — ultrasonic method

Magnetic methods are based on the phenomenon of magnetic field dissipation or a
change in magnetic permeability at places where defects occur. There are different
ways of detecting dissipated magnetic fields. In on-site conditions a magnetic-particle
method is widely used. It is suitable for detecting all kinds of cracks and other surface
and subsurface crack-like defects, but only in ferromagnetic substances. In nonde-
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structive testing also penetration methods, consisting in the penetration of a liquid
(penetrant) into a defect, are used. Excess liquid is removed so that liquid remains
only in the cracks. Penetration methods are used to detect material surface disconti-
nuities in the form of open surface defects (all kinds of cracks, porosities, pitting, de-
lamination, lapping).

Fig. 1.2. Examples of node designs: a— welded node with bolt, b — node with riveted joints, ¢ — node with
screw joints, d — access to cable wheels, e — access to bolt, f — fragment of welded node with marked
spots where nondestructive magnetic and ultrasonic tests are carried out.
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1.2.4. Recapitulation

It follows from the above considerations that tests performed on machines can be
divided into destructive and nondestructive tests. Destructive testing is applied to:

materias,

subassemblies and

machines.

Nondestructive testing includes:
nondestructive tests and

diagnostic tests.

Depending on its aim diagnostic testing can be divided into:
identification of the class of a condition,
identification of the condition.

The following conditions are identified:
the current condition,

the quality/workmanship,

how the technological process proceeds,
if the choice of design featuresis proper.

In this book the basics of diagnostics as applied to the identification of the class of
amachine's condition and to the current assessment of changes in a machine’s condi-
tion caused by operation are presented.

Monitoring as regards its purpose can be classified as monitoring of:

[11]
[12]

[1.3]

[1.4]

symptoms,

process parameters,
safety parameters,
operation parameters.
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2. Somebasicterms

The definitions provided are in many cases in a restricted form in view of the con-
sidered subject: the machine.

2.1. Basictermsin machine diagnostics

Attribute—asignificant and essential feature of an object, here of a machine.

Engineering diagnostics — the identification of a machine’s malfunctions on the
basis of symptoms. The art of diagnosisis a skill of identifying a machine’s malfunc-
tions on the basis of symptoms. The term diagnostics is understood here as in medi-
cine, i.e. the identification of a disease from symptoms.

Diagnosing —inferring from symptoms.

Information — each factor owing to which a receiving object (a human, a living
organism, an organization, an automatic system) can improve its knowledge of the
environment and perform its purposeful actions more efficiently.

Classification — adigoint and exhaustive division of a set into subsets according to
afixed criterion.

Monitoring (supervision, tracking) —the tracking of a machine's condition or a
working process by means of technical devices or without them — by means of
Senses.

Parameter — a physical quantity playing a significant role in a given process, a
guantity characteristic of a machine.

Process — changes occurring in subsequent stages of development; a series of
changes occurring in matter leading to its transformation.

Condition — the totality of factors affecting the mating of a machine's kinematic
pairs (machine elements).

Symptom — a carrier of information about a machine's condition, perceived by a
person making a diagnosis and indicating a malfunction in the machine; one can dis-
tinguish subjective symptoms perceived by the diagnostician and objective symptoms
determined by measuring physical quantities.

Syndrome — a complex of symptoms describing the state of meshing of kinematic
pairs (machine elements).

System — an internally ordered assemblage of elements, having specific structure.
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Subsystem — an assemblage of functionally interdependent elements but not
forming a separate whole when a product is assembled (e.g. a machine tool’ s hydrau-
lic system, acar’s braking system).

Information system — an organised set of means (e.g. computers, memory devices,
software, transmission devices) for the acquisition, processing and transferring of in-
formation.

The definitions of the terms: attribute, parameter and symptom indicate that
these notions have a common feature — they are expressed by physical quantities,
sometimes by using our senses. The three terms are used interchangeably in this book
and in the author’ s opinion they may facilitate understanding this text.

2.2. Basictermsin machinereéliability

Breakdown (failure) — serious damage to a machine restricting its operation or
making its further operation impossible.

A machin€e sreliability is variously understood.

A machine' srdiability [2.1] is the probability of fulfilling by the machine the re-
guirements imposed on it.

A Machine's rdiability is understood as a characteristic of its ability to fulfil
functions in a specific environment.

According to [2.2], a machine's reiability is understood as the probability that
the object will fulfil® its function® in assumed conditions® for a specified time®.
According to this definition, the following five notions are associated with reliability:

1. function,

2. fulfilment,
3. condition,
4. probability,
5. time.

In order to determine the reliability of an object, it is necessary to consider these
five characteristics of itsreliability.

Durability (life) — an object’s ability to function if properly serviced; the service
includes all kinds of repairs, surveys, adjustments and the replacement of elements.
An object’ s durability can be measured by the amount of performed work which can
be expressed in physical work units, work cycles, mileage or time.
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2.3. Basic termsin machine maintenance

Exploitation — the winning and utilisation of natural resources.

Operation — the management and use of machines and equipment in working
places.

Repair — actions taken to restore machines and equipment to operational readiness
by detecting and removing any malfunctions or failures which occurred in service.

M achine maintenance strategies— three basi ¢ strategies are distinguished:

—operation until afailure,

— planned-preventive maintenance,

— maintenance dependent on a machine’ s condition, condition based maintenance.

2.4. Other basicterms

Design features[2.3]

Geometric design features determine the boundaries of the area occupied by the
material and thus they determine the geometric structure.

Material design features determine the internal properties of structure.

Dynamic design features make it possible to determine initial l1oads as a materia
state.

Mechanical vibration — changing in time quantities, characteristic of the motion, of
a mechanical system during which they become alternately larger and smaller than a
certain average or reference value.

Element of a machine — an inseparable part of the latter, e.g. a shaft, a bolt, a ball,
an interna ring, an external ring and a cage; the last four elements make up arolling
bearing.

Machine — an apparatus containing a mechanism or an assembly of mechanismsin
a common casing, designed for converting energy or performing specific mechanical
work — a working machine. Form the energy point of view, machines can generate
mechanica energy (at the expense of another kind of energy) — such machines are
motors. Working machines consume energy. A machine in a structural sense can con-
Sist of severa energy converting machines.

Mechanism — a system of interconnected machine elements which can execute spe-
cific motions as a result of the consumption of mechanical energy.

Kinematic pair — machine elements connected together in respect of motion. Roll-
ing motion or dliding motion or the two motions simultaneously may occur between
machine elements. The latter may be in point, linear or surface contact.

Physical quantity — a phenomenon’s feature occurring in a machine, which is
measurable, has a numerical value and a unit of measure, e.g. 10 m/s.
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3. Machine maintenance procedures

Three basic machine maintenance procedures, which follow from operation modes,
are distinguished:

e operation until afailure,

e planned-preventive maintenance,

e maintenance dependent on a machine’'s condition, condition based mainte-

nance.

An analysis of the three basic machine maintenance procedures can be found in
[3.1]. Two of them are referred to as traditional maintenance procedures. Maintenance
dependent on a machine's condition makes it possible to apply techniques of engi-
neering diagnostics and condition monitoring.

Thefirst (from failure to failure) machine maintenance procedure is applied to ma-
chines which are of secondary importance in a manufacturing process or when thereis
afailure, areserve (duplicate) machine is used. This procedure can be used only when
afailure of amachine does not cause any hazard. Under this procedureit is possible to
apply diagnostic techniques to assess the condition of machines. On this basis the
cause of afailure can be determined and appropriate € ements necessary for the repair
of a machine can be ordered in advance. Under the considered procedure one should
also take into account the degradation of a machine during its service, which may lead
to afailure. In some cases, a machine may be worn-out so much that the costs of re-
pair will be very high or it will not be possible to renovate the machine fully. This
problem is discussed in [3.2]. In the light of it, one cannot agree with the arguments
put forward in [3.1] that during operation until a failure the full service potentia of a
machine’s elementsis used. The potential of the elements can be used fully only when
a change in the condition of one of the machine' s elements does not affect the operat-
ing conditions of its other elements.

If no reserve in the form of a duplicate is available and an unexpected failure may
cause considerable production losses, so-called planned-preventive maintenance is
usually used. This means that after a specific time, in which a machine executed its
task, it is sent for repair regardless of its condition. It is known from operating practice
that a machine’ s time of operation until afailure is arandom variable characterised by
a specific statistical distribution which, if known, can be used to determine the time
after which the machine should be sent for repair. Thistime is calculated under an as-
sumption that a certain percentage of machines may break down in a shorter time than
the assumed one. But a considerable number of the machines could be in service for a
longer time than the one determined from the maintenance policy referred to as



3.1. References 41

planned-preventive maintenance. This policy is not very economical and may result in
losses due to the fact that some of the machines sent for repair are in good condition
and could still be in service. This problem is illustrated for the roller bearing in fig.
1.4. The example shows that some of the bearings will be damaged in a shorter time
than the assumed life and some of them will have alonger life than the assumed one.
If a“good” machine is repaired, its serviceability may worsen as a result. Any intru-
sion into a machine in good condition lowers its serviceability. The question arises:
“Can a machine's condition be identified without intruding into the machine?’. Ac-
cording to the present knowledge, the answer to this question is yes. a machine's con-
dition can be identified from symptoms by means of diagnostic methods supplemented
with non-destructive tests. Diagnostic and non-destructive testing enables condition
based maintenance, maintenance dependent on a machine's condition. A machine is
designated for repair if its condition identified from symptoms is improper. By sys-
tematically monitoring a machine' s condition one can estimate changes in this condi-
tion and determine the right moment for sending the machine for repair and thus keep
the operating costs and the machine standstill losses to a minimum (see fig. 16.23 and
chap. 16).
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4. Introduction to mechanical vibration

4.1. Basic notionsrelating to vibration

Any system which has mass and dagticity is capable of vibration. Mechanica vi-
brations are changing in time quantities characteristic of a mechanical system’s mo-
tion during which they become alternately larger or smaller than a certain average or
reference value. Such characteristic quantities are, for example, displacements, veloci-
ties and accelerations of a mass as well as changing internal forces in a system, e.g.
stiffness force. A case of a mechanica vibrating system in the form of a mass sus-
pended from a spring (fig. 4.1) is considered.

LLLLA

Fig. 4.1. Mass-elasticity system: 1 — length of mass-less spring, 2 — length of spring in state of static
equilibrium.

Stiffness is understood as a ratio of forces S[N] to deformation x [m], i.e. k = I,
[N/m]. The motion of afreely suspended mass (fig. 4.1) can be described by an equa-
tion of motion based on Newton's second law according to which inertial force mX is
equal to the sum of al forces F, both internal and external, acting on the mass:

mx=F 4.1)
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where: X —mass acceleration, m/s”;
m— mass, Kg;
F —sum of forces, N.

For asystemasinfig. 4.1.

mx= S—k(A+x) = S-kA-kx 4.2)
where: S—gravity force, N;
A — static deformation under gravity force S m.

Since S= kA, the equation of motion becomes

mx= - kx (4.3)
Expression
w = (kkm)"*rad/s (4.4)

specifies the eigenfrequency/natural frequency, i.e. equation of motion (4.3) as-
sumes thisform

X =- (4.5)
The solution of the equation of maotion is the following function
x=Asn(wt), m (4.6)
de/dt = X= w A cos(wt) = w A sin(wt + 17/2), m/s 4.7)
ddZ = X = - w? A sn(wt) = WA sn(wt + 1T), /'S (4.8)

where A isthe amplitude of mass deflection, m.

The motion described above is caled harmonic motion. Quantities: X, X,X are

shown in fig. 4.2. The plots shown in the figure are periodic functions with period T
and the following relation holds for them

X)) = x(t+T) (4.9
Fig. 4.2.
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Fig. 4.2.Basic physical quantities describing
harmonic vibration of a mass suspended from

spring.
Period T can be determined from relationship «wrl = 277 i.€.
T=2n/w (4.10)
Theinverse of the period is called frequency
f=UT, Us (4.11)

If period T = 1 s, the object vibrates at a frequency of 1 Hz. The relationship be-
tween angular frequency and frequency is expressed by relationship w = 27, rad/s.
Then for the system in fig. 4.1 we get

f= w /2m = (Km)*4(2m), Us (4.12)
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4.2. Basic physical quantitiesin equations of machine motion

In most cases, models of the motion of a machine are based on considerations of its
rotary motion. The simplest case of rotary motion is a system consisting of one mass
withinertial [kgm?.

The moment of inertiafor ahomogenous cylinder is

| = mr?/2 (4.13)
where: m—the cylinder’ s mass;
r —the cylinder’ s outside radius, m.

If torque M [Nm] acts on the cylinder and the vector of the torque is directed along
the cylinder’s axis, the equation of motion assumes this form

¢1=M.,Nm (4.14)
where: ¢ — acceleration, rad/s’;
M —torque, Nm.

Torque M can be a function of time or angular velocity ¢ [rad/s]. The mass mo-

ment of inertiafor the cylinder relative to axis z (fig. 4.3) can be calculated as follows:
the inertia of an elementary cylinder is

M2 (4.15)

where: m, — the elementary cylinder’ s mass, kg;
ri —the elementary cylinder’ s radius, m.

Fig. 4.1 Quantities for calculation of solid

cylinder’ s mass moment of inertia
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The elementary cylinder’ s mass can be expressed as follows
Me= 27T Al p (4.16)

where: A, —an e ementary increment in the radius, m;
p —the cylinder’s density, kg/m®,
| —the cylinder’slength, m.

The total moment of inertiais equal to the sum of elementary moments of inertia. If
the moment of inertia is expressed in the form of infinitely small increments dr, the
value of the total moment of inertia can be expressed by this integral:

| = J’271pr3dr (4.17)
0
Il =2ml pr4 (4.18)
Since the cylinder’ stotal massis:
m= 11’ p (4.19)
then:
| = mr?/2 (4.20)

This formulais often used since many machine elements subject to rotary motion
are in the shape of a solid cylinder or a deeve (a hollow cylinder) for which it is easy
to calculate the mass moment of inertia as a difference between the moments of iner-
tia

42.1. Stiffness of machine dements

Machine elements are subject to deformation, e.g. under a torsiona moment they
undergo torsion. If acylinder of length | [m] and diameter d [m] is twisted by torsional
moment M [Nm], then the value of the torsiona deflection angle by [4.1] is

¢ = MI/(Gl,), rad (4.22)
where: G — a shear modulus; for steel it is 8.05 [10* MPa;
|, — the geometrical moment of inertia of the cylinder’s cross-section, m*.

The moment of inertia of the circular cross-section is determined from the follow-
ing formula[4.1]

l,= md¥32, m' (4.22)
The expression for the torsional angle can be transformed to thisform
¢ = M/(Gll) = M/Kk, rad; k= Gly/I, NmVrad (4.23)
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where kistorsional stiffnessin Nm/rad.
The value of torsiona moment M can be expressed as
M=k¢,Nm (4.24)

For the assumed shape of the element (fig. 4.4), consisting of severa joined cylin-
ders twisted by torsional moment M, the torsiona angles of the element’s segments
can be determined:

¢ 1= M/kl, ¢ 2= M/k2 (425)

. Fig. 4.1. Element with two diameters.

Thetotd torsiona angleis

O =¢.+ ¢, (4.26)
If anotion of resultant torsional stiffness k,, isintroduced, the total torsional angleis
¢ = M/ky (4.27)
then:
¢ = M/k, = M/ky + M/k, (4.28)
From the above eguation one can calculate the value of resultant coefficient k,,
ko= L(Uky+ k) (4.29)
For any number of cylinder segments the resultant rigidity
ko= 1/(Uky+ ko + ... + 1/k,) (4.30)

where nisanumber of diameters.

4.2.2. Coefficient of longitudinal stiffness

The value of the deformation of a machine element under tension is calculated
from thisformula [4.1]

x = PI/(EF), m. (4.31)
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where: P —the force tensioning the element/bar, N;

| —the considered element’ s length, m;

F —the element’ s cross-section, m%

E —alongitudinal modulus of elasticity; for stedl it is 2.06 [110°> MPa.
The expression for elongation can have thisform

x = PI(EF/l) = P/k, m.; where k = EF/l, N/m. (4.32)

where k[N/m] is a coefficient of longitudina stiffness.
The magnitude of the force can be represented as follows:

P= k¢ N (4.33)

4.3. Damping of vibration

Mechanical systems which vibrate as a result of excitation are characterised by
stiffness, but also by interna damping. The latter is described by a damping-
coefficient-dependent damping force. The equation of motion for the system shown in
fig. 4.5, when the motion is excited by force F(t) and force Fisafunction of timet, is:

mX + Fq+ kx = F(f) (4.34)

Fy= CX

where: Fq—adamping force, N;
C —adamping coefficient, Ns/m.

X

[——>

£t Fig. 4.1. Diagram of system with viscous damping
and elasticity.

It follows from the theory of differential equations [4.2] that the genera solution of
the above eguation is a sum of its particular solution and the general solution of
the homogenous equation. If F(t) = O, the following homogenous differential equation
is obtained

mX + CX+ kx=0 (4.35)

Assuming the solution of the equation [4.2] as
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x= e (4.36)
where sis aconstant, we get
(ms” + Cs+ K)e* =0 (4.37)
The above expression is equal to zero for al valuest when
&+ Csm+ kim.=0

The above equality is caled a characteristic equation. The characteristic equation
has the following solutions

Si2= - C2m* J(C/(2m))2 —k/m (4.39)
The genera solution of the homogenous differential equation hasthisform

X = Aexp(sit) + Bexp(s:t) (4.39)

where A and B are constants dependent on initial conditions x(0), X(O).
After substitution into the expression for x we get

x = @@t (A + Be™) (4.40)
where
b=+/(C/(2m))% —k/m (4.41)
The expression
glcemx (4.42)

decreases exponentialy.

The term in brackets depends on the root value, and it may be positive, equal to
zero or negative. If the expression with damping (C/(2m))? is greater than k/m, the in-
dex exponent is areal number and no vibration occurs and the damping is referred to
as over-damped (C/(2m))? > k/m. If (C/(2m))® < k/m, index exponents b are imaginary
numbers

“iyk/m=(C/(2m))? t (4.43)

Henceforward the root expression will be denoted by a. Since
exp(."at) = cos(at) ." isin(at) (4.44)

the expression in the bracket (4.40) is a periodic function in time and vibration oc-
curs. Then the damping is referred to as under-damped.

Critical damping demarcates the boundary between the under-damped and over-dam-
ped damping. It occurs when the root expression is equal to zero, i.e.
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(Cl(2m))* = Km) = w2 (4.45)

When the above equality holds, damping C corresponding to critical damping is
denoted by C,. If the above relation is used, we get

Cll(4nt) = kim. = w,? (4.46)

hence
Ce=2km (4.47)
Cll(4m) = w .’ (4.48)

hence
C=2mw, (4.49)

It is convenient to represent the damping value in relation to critical damping, i.e.

&= CIC, (4.50)

The expression when divided by 2m assumes this form
C/l2m)= éCJ(2m) = & w, (4.51)

If the above relations are substituted in the roots of the characteristic equation, we
get

s12= (&N o= (£ i 1-87)w, (452)

The solution of the equation of vibration for & < 1 (under-damped damping) as-
sumes the following form

x = exp(-& wt)(Aexp(idw qt) + Bexp(-idw qt)) 4.53)
where
d=1-¢&2 (4.54)

and so the frequency of damped vibration is

Wa= Woy1-E2 (4.55)
The expression for x can be also presented in the following form
X=Xexp(-& wqt)sin(dwt+ D) (4.56)
hence the frequency of damped vibrationis
wye= wd (4.57)
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The plot of value x is shown in fig. 4.6.
So far the solution of equation of motion (4.34) for F(t) =0 has been presented.

Considerations relating to the solution of the analytical non-homogenous equation
F(t) > 0 arecontinued in chap. 4.7.

4.3.1. Logarithmic decrement

The plot of xin fig. 4.7 shows that the notion of alogarithmic decrement should be
introduced. The plot in fig. 4.7 has the following analytical form

X=Xexp(-& wqt)sn(wgt + P) (4.58)
ford=0

oam

Fig. 4.1. Plot of vibration for system shown in Fig. 4.2. Plot of vibration with amplitudes x; and xs.
Fig. 4.5.

A logarithmic decrement is defined as

0 = In(Xa/Xo) (4.59)
Putting values x; and x, into expressions for & we get

0=¢ w,Ty (4.60)

Ta= 2T/ Wy (4.61)
hence

d=2m & (4.62)

If values x;, X, and T4 are known from the plot, then damping coefficient C can be
determined on their basis; from (4.60) we calculate & and substitute expression (4.59)
for &
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¢ = 0 l(wnTy) = In(xa/X2) (W Ty) 4.63)
knowing & we calculate C
C=£&C (4.64)
Cy iscaculated from formulas (4.47) or (4.49).
The appropriate values for formula (4.63) are obtained from the graph in fig. 4.7. It
is also necessary to calculate eigenfrequency w,. The damping coefficient is calculated

aso from the relations given below by introducing the notion of a time constant
whereby it is not necessary to know the eigenfrequency:

T,= 2m/C (4.65)
Since
IN(X2/%2) = & W, Tg= CICkw Ty (4.66)
After putting in C, = 2ma, and transformations we get:

IN(Xa/%2 ) = C/(2m) T,
T = Tol In(Xa/%2) (4.67)

hence
C=2m/T, (4.68)

The appropriate values to be put in (4.67) are obtained from fig. 4.7. Belt damping
coefficient C can be determined without knowing stiffness coefficient k.

4.3.2. Investigation of damping coefficient

A system such as the one shown in fig. 4.8 can be used to investigate the damping
coefficient. There are two masses my and m, for which the gravity forces are:

S = (M + my)g (4.69)
Po = myg (4.70)
where g = 9.81 m/s’ is gravitational acceleration.
V7
311 J 15#
my Fig. 4.1. Diagram of system for testing belt
xl_ properties (damping).
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The system is initially loaded with gravity force S, then mass m, detaches itself
and the system is excited to vibration accompanying the transition from the state of
initial equilibrium to a state in which the system isloaded with gravity force S—P,.

If it we assume that the initial state lasts for t<1 s, due to the system'’s elagticity the
specimen will deform by x = S/k. The equation of maotion for the system for t <1 sis
asfollows

(M + M) X= S — (S + Sy) 4.70)
S = kx 4.72)
Sy=CX 4.73)

The system will bein a state of equilibrium, no motion will occur since § = §; and
if thereis no motion, S; = 0. For t>1 the equation of motion has thisform

My X= S —Po- (S + Sy) (4.74)

Since the gravity forces and force S; which was originally generated (for t<1 s) do
not balance, the system will be excited to vibration if damping is below critical. For
specific data: k = 1.767 [110°, my = 581 kg, the value of critical dampingis

Ci = 2(kmy)“? = 2(1.767 10° 581)"? = 6.4082 10*, Ng/m. (4.75)
For the assumed parameters the critical damping is C, = 6.4082 [110*.
Computer simulations of the system’s behaviour were run for different damping

values. C = 6.4082E4, 5000, 200000 Ns/m. The results of the simulations are pre-
sented in figures:

Fig. 4.9 shows plots of the system gravity force; the cause of vibration: ajump in the
force (a change in force § by P,) is visible. The change in the gravity
force results from the cut off of mass m,.

Fig. 4.10. shows the deflection (vibration) of the mass at damping coefficient C =
5000 Ns/m, i.e. for under-damped damping.

Figs 4.11 a and b show the deflection of the mass for critica damping C = 6.4082E4
Ns/m.

Fig. 4.11 b shows the plot for an extended time scale.

Fig. 4.12. shows the plot of damped vibration when damping C exceeds considerably
the value of critica damping, C = 200000 Ns/m.

Fig. 4.13 shows no damped vibration, C = 0.
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i
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812

Fig. 4.4. System response to abrupt excitation at critical damping: time scalein fig. (b) extended relative
tothat infig. (a).

Fig. 4.5. System response at over-damped damping. Fig. 4.6. System response at no damping (free
vibration).
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4.3.3. Freevibration of suspended mass

The deflections of the mass at free vibration C = 0 are shown in fig. 4.13. Fig. 4.14
shows aplot for 1 sinarange of 1-2 s and figs 14a, b and ¢ show respectively plots of
deflection, velocity and mass acceleration. The accel eration which the mass undergoes
fort=1sis

- Po = mga (476)
hence
a= - P/my = -2000/580 = -3.45 m/s’ (4.77)

Fig. 4.1. Comparison of plots of basic physical quantities for free vibration: a— mass displacement,
b — mass velocity, ¢ — mass acceleration.

The calculated acceleration istheinitial acceleration and since the vibration is free,
the absolute value of this acceleration is an amplitude of changes in acceleration as
shown in fig. 4.14c. Fig. 4.14 shows aso phase shifts between the particular plots of
the physical quantities, which is expressed by formulas (4.6), (4.7) and (4.8).
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4.4. Introduction to equations of machine motion

The system which a machine constitutes is characterised by elaticity and mass so
it vibrate. Thus the system shown in fig. 4.15 loaded with variable moment M(t) exe-
cutes rotational motion with vibration. Equations of motion for such a system are as
follows

lig 1= M(t) =M, (4.78)

lig2= M, (4.79)

Fig. 4.1. System in rotational motion for two
inertias joined by stiffness.

The shaft inner torsional moment is
Mi=k(@1- ¢2) (4.80)
where: k — acoefficient of torsiond stiffness, Nm/rad, calculated from relation (4.23);

¢3 1 ¢ » —angular acceleration of mass 1 and 2, rad/s*;

¢1, ¢ —torsiona angle of the masses, rad.
The above applies aso to the system shown in fig. 4.16 (the system executes
trandational motion). The equations of motion for a system executing translational
motion and vibrating are as follows:

myx= P(t) - S (4.81)

mx=S (4.82)

where: P(t) —an external force moving the system, N;
my, m, — the moved masses, kg.
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X¢ S Xz

Fig. 4.2. Two-mass vibratory trandational
A L) m m motion system with its masses
1 2 . .
joined by elasticity.

Force Scan be determined from the following relation
S= k(X]_ - X2) (483)

where: k—longitudinal coefficient of stiffness, N/m, calculated from relation (4.32).

Mechanical systems have a vibration damping ability (this was discussed in chap.
4.3). Viscous damping is proportiona to vibration velocity. A coefficient of viscous
damping is defined as a ratio of a force necessary for a displacement to the velocity
produced by thisforce.

C=S/x (4.84)
The damping forcein asystem asin fig. 4.17 is determined from this relation

S=C(X1- X2) (4.85)
where Cis aviscous damping coefficient, N [&/m.
X1 Si Xa
—_— - ——P —
c
/N - m Fig. 4.3. Two-mass vibratory system
z joined by damping and elastic element.
k
-

N

Equations of motion for a more complex system are shown in fig. 4.18. They are as
follow

My x1= P(H) —(S+ S) (4.86)

M x,=S+S (4.87)

where Sand S are as given above.
The equations of motion for a more complex system are shown in fig. 4.18. They
are asfollows:
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My X1 = Pt) - (S + S (4.88)
M X2 = (S+ S~ (S + S) (4.89)
Myx3= S+ S (4.90)
] C,
w ]
: X Fig. 4.4. Three-mass vibratory
M, ’ A, : LS B system joined by elastic and
Sti Sg2

damping elements.

The elagtic forces and the damping forces are as follows:

S = k(X —x2) (4.91)
S = k(X2 —X3) (4.92)
Su= Cu(X:1- Xa) (4.93)
S = Cyf xz - Xs) (4.9339)

Besides viscous damping, dry friction forces may occur in a mechanical system,
damping its vibration. A system in which a friction force occurs besides an stiffness
force and viscous damping is shown in fig. 4.19. The equation of vibration for the
system can be given the following form

mx = F(t) —=S—S - T(X) (4.94)
St X .
{ Fli) Fig. 4.5. One-mass vibratory system with
* $ — - viscoelastic properties and dry-friction damping.
—VWW— L
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Thedastic forceis

S= kx (4.95)
The viscous damping force is
S=Cx (4.96)
Thedry friction forceis
T=puPkP,= pumg (4.97)

where: 1 —acoefficient of friction,
P, —anormal to motion direction force originating from the body’ s weight, N,
g — gravitational acceleration, m/s”.
The friction force is oppositely directed to the motion. To take this phenomenon
into account, function S(X) having these properties:

if x>0, then §(X) = 1

ifX=0, then (X) = 0 (4.98)

ifx <0, then (X) = - 1

was introduced.

Fig. 4.6. Traces of diplacemet amplitud reduction for dry friction damping: a) friction force T = 5N,
b) friction force T = 3N

If the system shown in fig. 4.19 is excited to vibration and friction damping of the
vibration occurs, then the physical quantities describing the vibration will decay as
shown in fig. 4.20 where plots of mass deflection for different friction force values are
presented. The decrease in amplitude in time for dry friction damping of vibration is
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linear. The magnitude of a change in vibration amplitude per one period can be deter-
mined from the energy conservation law. The energy contained in the spring at its

maximum deflection is E, = kX ?/2, the velocity of the mass at the maximum de-
flection is equa to zero (fig. 4.2) and the system’s kinetic energy is equal to zero.

During the damping of vibration the amplitude changes in the middie of the period
from X; to X4, as shown in fig. 4.20. A change in the system’s energy after half of pe-

riod T [g] is k(X{ — X?)/2. The energy change is used up for friction work that

amounts to T(X, + X_;) where T [N] is the friction force. A comparison of the
change in potential energy in the spring with the friction work shows that the change
in amplitude in the middle of the vibration period is X, —X_, =2T/k, i.e the
change in vibration amplitude in the whole period is twice larger and it amounts to
X, =X, =4T /K (fig. 4.20aand b).

When vibration is damped by viscous friction, the vibration amplitude decay is
non-linear (fig. 4.21a and b). A plot of mass deflection and a plot of forces S+ S are
shown respectively in fig. 4.21a and fig. 4.21b. Impulse force F (t) = 1000 N was ap-
plied to excite the vibration, the force action time was 0.01 s, coefficient of stiffness k
= 1000 N/m, mass m = 10 kg, friction force T=5 N or 3 N, damping coefficient C=0
(fig. 4.20aandb) or T=0and C= 15N [Em (fig. 4.21).
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Fig. 4.7. Viscous-friction damping of vibration: a— displacement, b — sum of stiffness forces and

damping.

4.5. Analysisof dynamics of simple machine system

Correct diagnostic inference from a vibration signal requires knowledge of the dy-
namic properties of the diagnosed objects. The basic properties of a mechanica sys-
tem excited to vibration and damped were presented in chap. 4.1-4.4. According to
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[4.3], [4.4], [4.5], the dynamic properties of machines are determined by four groups
of factors:

e design factors,

e production technological factors,

e operating (motion) factors,

» condition change factors.

The factors are presented in detail in fig. 1.5. and they are discussed in the different
chapters.

The dynamic range of the properties describing an object depends on the mathe-
matical model used. In this chapter a simple physical model of the machine and a
mathematical model (based on the physical model) for computer simulation are used.
The physical model is shown in fig. 4.22. It consists of two inertias joined by torsional
elasticity k [Nm/rad] and viscous damping C [Nmg/rad]; one can say that it is a two-
parameter (k, C) model.

Fig. 4.1. Elementary physica model of machine.

The inertia of the motor’s rotor is represented by |;. The inertia of the other ma-
chine elements executing rotational motion is reduced to inertia |,. Depending on the
dynamic model’ s configuration, it becomes necessary to reduce the masses from rota-
tional motion to trand ational motion and vice versa and to reduce the inertias rotating
at different angular velocities w. When modelling belt conveyors, the inertias of the
{idlers}runners (in rotational motion) are reduced to trandational motion and to the
runners' reduced mass and then added to the mass of the belt and the winning. The
new dynamical system resulting from the mass reduction must be equivalent to the
original system. Two mechanical systems are equivalent when their energy does not
change as a result of the conversion from one system to the other. If the runner rotates
at angular velocity w, itskinetic energy is

Ec= lew?/2 (4.100)

where: | —the mass moment of runner inertia, kg ?,
w—arunner angular velocity, rad/s;
Ex —arunner kinetic energy, J.
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If the belt moves at velocity v [m/g], the sought runner reduced mass has the fol-
lowing kinetic energy
Ex = muV/2 (4.102)
By comparing the kinetic energy of rotational motion and that of trandational mo-
tion one can determine the sought reduced mass. After putting in relation v = wr we
get
Mg = lr? (4.102)
After units are put in the expression we get:
my[kgm®/m?] = m.g[kg]
which means that, as expected, the sought quantity has a mass dimension.
Another example of the reduction of masses is the system shown in fig. 4.23. The
denotations of the mass moments of inertia of the elements are given in fig. 4.23. The

equality of the kinetic energy of the reduced system and that of the system before re-
duction is expressed by this formula

lew12= (i + w2+ lsw?’ + laws)2 (4.103)
hence

z= (|1w12+ |2a)22+ |3w22+ I4w32)/ Ot)l2 (4.104)

Fig. 4.2. Schematic of two-stage gear.

A simplified characterisation of the motor was adopted for simulation tests. Mg
stands for the dectric motor’s driving torque which is a function of rotational speed

¢1, i.e. the torque supplied by the electric motor can be written as Ms(cp ); this quan-

tity describes a motor characteristic whose simplified model is shown in fig. 5.3c. The
simplified characteristic can be expressed analytically as follows: if n1 = 980 rev./min.
and the synchronous rotational speed is ns = 1000 rev./min., then the corresponding
angular velocities are
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$,=m98/3; ¢, =m00/3 (4.105)
If it is further assumed that the motor’s maximum torque is twice as high as the
rated torque, then Ms(ébl) ininterval [0, q'bl] is
MS (¢ 1) = ZMII (4106)
and for ¢ > (i;l

M (@) = 2M,(m100/3- ¢ )3/(2m) (4.107)

As mentioned before, the system which a machine constitutes can be reduced to a
system shown in fig. 4.22. According to the principles given in chap. 4.4, the equa-
tions of motion for the system are as follows (the same notation asin fig. 4.22):

11}131 = MS(ci;l) -M,-M, (4.108)
L, =M, +M, -M, (4.109)
My =k(g,=9,) (4.110)

M, =C@,~$,) (4.111)

M; isthe machine's external load torque.

45.1. Effect of changesin external load

The operating (motion) factors include the effect of an external load, particularly
that of changes in externa load M,. The function of changes in the external load is
shown in fig. 4.24. The function is periodic. A relative value of the period was as-
sumed in an interval of [0, 1]. Function M; (fig. 4.24) can be written in the form of lin-
ear functionsin two intervals. According to fig. 4.24, ininterval [0, pu]

M, = Mw/py aux; + M, = My(W/p,, aux, + 1) (4.112)

where: w — an overload factor for the external load, (0 —1);
pw — a maximum load entrance coefficient,
aux; —an auxiliary value.
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Fig. 4.1. Machine's external load
originating from its cutting tool.

The auxiliary value can be determined in the following way:
aux ; = frac(¢ /okr) (4.113)

okr = 2711/1, (4.114)

where: |, —anumber of, e.g., cutting edgesin atoal;
¢ —an angle of rotation of the tool, rad.

Ininterval (py, 1]
M; = Mw(aux; — 1)/(1 —py) + M= Mp(1 - w(aux; —1)/(1 ) (4.115)

Coefficients: w, p, pw describing the variation of the load can be given a random
character. The variation of coefficient w can be defined as follows

w(variable) = [1—r(1-1)]w (4.116)

where: w —a maximum variation value, range w(0 —1);

r —avariation range coefficient, range r(0 — 1);

l; —arandom value, range (0 — 1).

For example, if i =1 and r = 1, then w (variable) = [1 - 1(1 — 1)]w; when |; = 0 and

r = 1, then w(variable) = [1 — 1(1 — 0)]w = 0. This means that w(variable) varies from
Otolforr =1;inthecasewhenr = 0.5, w (variable) assumes values from w(variable)
=05to 1, whenw = 1. Vaue |; is selected once per a load variation period. Coeffi-
cient p,, can be given asimilar random character

puw(variable) = [1—rp(1—1;)] pw (4.117)

An exemplary plot of the variable load is shown in figs 4.24, 4.25 and 4.26a. The
plot was obtained for w =1, r = 0.5, p, = 0.9 (fig. 4.26a). To describe the variation of
the externa load, the following symbolic notation: M.(w;r, pw; rp, k) was used [4.6].
The particular coefficients were defined above, except for coefficient k. Coefficient k.
=T/T where T, isaload variation period and T is an error repetition period for a diag-
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nosed element. For the plots presented in figs 4.24 and 4.26a the symbolic notation for
changes in the external load is as follows: M.(1; 0; 0.9; 0; 0); M(1; 0.5; 0.9; 0; 0).
Vaue k amounts to zero when this coefficient is not taken into account.

2.0 ; ; ‘ : : i ;

-

0.0 R

Fig. 4.2. Plot of relative external load torque.

Fig. 4.3. a—fragment of load plot, b — fragment of angular velocity plot.

The properties of the dynamical system were investigated by means of computer
simulation. The synchronous angular velocity for a system with ratings such as those
of the motor was w, =¢, =104.7 rad/s. The plot of motor angular velocity @,

variation in a range of 0-110 rad/s is shown in fig. 4.27. The motor operates |oaded
with only inertial forces for 0-1.8 s, it runsidleintimeranget = 1.8 — 2.2 s, then the
rotational speed decreasesinranget = 2.2 —2.8 sand for t>2.8 s the motor runs loaded
with torque M,(1; 0; 0.9; O; 0) — in brackets the load described by parameters (w; py),
w = 1; py = 0.9 is given. The fluctuation of the electric motor’s rotational speed (iner-
tial,) isshowninfig. 4.28.



66 4. Introduction to mechanical vibration

Fig. 4.4. Plot of driving motor rotor angular
velocity.

| wsy 210456 radfs

Fig. 4.5. Rotor angular velocity fluctuation due to
regular variation in load.

The simulation covers 0.1 s and an angular velocity fluctuation range of about 0.12
rad/s. Fig. 4.25 shows a plot of load increment with fluctuations (a fragment of the
external load plot for the fixed parameters). Fig. 4.24 isfor t > 2.8 s. Variation in load
M; when r = 0.5 is shown in fig. 4.26a and the rotor angular velocity fluctuation (the
fluctuation range is 0.23 rad/s) under these load conditions is shown in fig. 4.26b.

4.6. Unbalanceforces, principles of balancing

Unbalance in rotating machines is frequently a source of vibration. The dynamics
of motion of a system in which an unbalance occurs will be considered for the system
shown in fig. 4.29. Vibration limited to the vertical direction is assumed. An unbal-
ance is caused by unbalance mass m [kg] shifted by value e [m] relative to the centre
of rotation. Mass m on arm e rotates at constant angular velocity w [rad/s]. If x isa

displacement of a no rotating part of mass M from the position of static equilibrium,
then the displacement of mass mis

X+ esin(wt) (4.118)
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The equation of motion assumes thisform

(M —m) X+ md¥dt¥(x +esin(wt)) = - kx - CX (4.119)

where: kx —a stiffness force, N;
C x —aviscous damping force, N /m.
After transformations we get

MX = mew?sin(wt) - kx- CX (4.120)

The amplitude of the unbalance force is F,, = mew?. The force changes periodi-
cally with frequency w.

To eliminate the unbalance, mass m; equa to the unbalance mass should be fixed
on the opposite side on arm e; equal to arm e. Then unbalance forces originating from
mass m and my shall balance each other. In practice the magnitude of the unbalance
mass, its action arm and its position are unknown. Only the effects (vibration) pro-
duced by the force resulting from the unbalance can be determined. Since the force is
periodic with frequency w, it produces vibration which can be measured via displace-
ment vibration amplitude, velocity and acceleration. A phase shift occurs between
these physical quantities (fig. 4.2) and their amplitudes are proportional to one another
— expressions (4.6) to (4.8). They are aso proportional to the unbaance force. By
measuring one of the physical quantities which describe the vibration one can deter-
mine the quantity proportional to the unbalance force value.

The balancing procedures described below are applied only when there is no other
possibility of balancing, e.g. by means of a balancing machine. Balancing will take
placein the disk’s or the rotor’s bearings. To determine the value of the mass counter-
balancing, the unbalance force and its location, one can use the Siebert diagram (fig.
4.30), courtesy of [4.7]. To draw the diagram, a measurement of, e.g. vibration dis-
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placement amplitude V,, is made. An instrument with a turn-able filter, set to vibration
frequency f = w/(2m), can be used for this purpose.

1

vy =24,8um
Vy =33,8um
V, =40,3um
V;=105um

Fig. 4.2. Diagram for determining
equilibrant of forces (Siebert diagram):
V, — primary value,

V, — value after addition of mass for 0°,
V, — vaue after addition of mass m, for
120°,

V3 — vaue after addition of mass my, for
240°.

Three positions spaced at every 120° are marked on a prescribed radius on the un-
balanced disk. The positions are denoted as 1, 2, 3 in fig. 4.30. They are located on a
circle proportional to vibration displacement value V.. Three measurements of the am-
plitude of the vibration caused by the primary unbalance and test mass m, located in
three consecutive places spaced at every 120° at a constant distance from the axis of
rotation are needed to determine the value of the corrective mass. Vibration displace-
ment amplitudes, denoted respectively as Vi, Vs, V3, can be determined for three con-
secutive mass positions and three consecutive runs. On the chart in fig. 4.30 arcs pro-
portiona to the given values are drawn and a common point of their intersection is
found. The point specifies the length of the unbalance vector resulting from the action
of test mass m,. Vectors Vi, V,, V3 are sums of the vectors originating from the pri-
mary imbalance V, and unbalance vector Vr resulting from the action of the test mass,
as shown in fig. 4.30. If the values of the test mass and vectors V, and Vr are known,
the corrective mass value can be calculated from

M= MyVo/Vy (4.121)

The place where the corrective mass should be attached is specified by angle @ (fig.
4.30). The corrective mass will produce an unbalance force oppositely directed (and
equal) to the primary unbalance force, as shown in fig. 4.30. Four amplitude value
measurements for four runs were needed to determine the test mass and its position.

In practice another method of measurement is used. To balance a disk in situ, a
stroboscopic tube, a turn-able band-pass filter set to the disk’s revolution frequency
and a meter for measuring vibration (the amplitude of displacement, velocity or accel-
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eration) and the phase angle are employed. The phase angle can be measured by af-
fixing an angular scale to the balanced element. The scale is lighted by the strobo-
scope actuated by a filtered vibration signal. If the meter can measure the phase, a
non-contact tachometer sensor, which can be actuated by any point marked on the bal-
anced disk, is used. The procedure of searching for the corrective mass value and the
point of application of the mass consists of the following operations. Vibration am-
plitude V, and phase angle a, (relative to any fixed point on the object) are measured.
The principle of determining the value of corrective mass my illustrates fig.4.31 made
in scale, based on [4.7]. In this way vibration amplitude V, = 15 mm/s and phase shift
ao = 55° were measured relative to the reference point. The second measurement was
made for test mass m,. Again the disk was set into rotational motion at the same an-
gular velocity. Amplitude V; and angle a; amounted to respectively 18 mm/s and
170°. Then vector V, was subtracted from vector V; and vector V; was obtained. The
latter represents the reaction from test mass m,. The angle (read out from the figure) at
which this vector is situated relative to the reference point is 198°. To balance the ini-
tial unbalance, vector Vr was additionally rotated by an angle of 37° (fig. 4.31). Then
vectors V, and V¢ aligned but were oppositely directed. In order to achieve balance,
the vectors' lengths must be so matched that the vectors are equal. The compensating
vector will be produced by a compensating mass whose value can be calculated from
formula (4.19).

15mm/s £55°
Yo

VotVr

fomA L Fig. 4.3. Auxiliary diagram for

determining balancing force.

Veoup

This procedure can be applied to the dynamic balancing of disks. Rotors must be
balanced dynamically in two planes. An amplitude and phase measuring system is
used for this purpose. The amplitude is measured at two points on the rolling bearings
supports. The vibration velocity amplitudes representing the origina state of unbal-
ance, vectors V1 and Vo and the corresponding angles of phase shift relative to the
reference points are measured. The vectors are shown in fig. 4.32. Then test mass my;
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is attached at any place in plane 1 and influence vectors of the combined action of un-
balance and test mass my;: V10 in plane 1 and V, are obtained. The vectors, including
the direction of their influence, are marked in fig. 4.32. After second test mass my; is
attached, the combined action of the unbalance mass and test mass m, in plane 1 —
vector Vi and in plane 2 — vector V,, is measured. The vectors of these influences are
shown in fig. 4.32 where vectors of the following vector differences can be read out:

V11—V10—thevector of influence of mass my, at measuring point 1;
V12—V10—thevector of influence of mass my, at measuring point 1;
V21— V2o —the vector of influence of mass my, at measuring point 2;
V2, — V2o —the vector of influence of mass my, at measuring point 2.

The origina unbalance mass influence vectors and the influence vectors for the test
masses are shown separately in fig. 4.32. To achieve balance, the corrective mass val-
ues must be matched and located in such places that the test mass unbalance vectors
coincide with the direction of the original unbalance vector.

a)

71.1'\710
Vi

Vig

Vu 'Vz.a
Yo
Vap

\

Via

V2

VY.Z -Vlﬂ

V2= Vig

Vag

Vz,r - Vz.a

Vn'vz.n

Fig. 4.4. Force diagrams for determining
balancing forcesin two planes:

1-planel,
2—plane 2,
a—test massin plane 1,
b —test massin plane 2,

¢ —resultant influencein plane 1 and 2.

The corrective mass values for plane 1 and 2 are calculated from the following

formulas:;

Ma = Vio/Vi1—Vio+ VigMyp/Vizo- Vig

(4.122)
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Mo = Voo/ Vo1 — Voo + Voo Myp/Vao —Vag

To recapitulate, the balancing of rigid elements includes: the balancing of disks
(fig. 4.334) and the balancing of rotors where the unbalance forces form a couple of
forces (fig. 4.33b). The unbalance forces reduce themselves to two oppositely directed
forces acting in two planes perpendicular to the axis of rotation and the axis of inertia
passes through the system’ s centre of gravity. In general (fig. 4.33c), the influences of
the two forces are arbitrarily directed in the two planes and the axis of inertia does not
pass through the system’ s centre of gravity.

2z
Fil= 1R/
LF 180" LFy

Fig. 4.5. Kinds of unbalance: a— static, b — couple of forces, ¢c — dynamic, 1 — geometric axis,
2 —axisof inertia.

4.7. Forced vibration

There are different causes of forced vibration. In mining machines one of the
common causes of forced vibration is the mass unbaance of their rotating elements
(the problem of unbalance is considered in chap. 4.6.). The variable load generated by
the machine's cutting tool can be another cause of forced vibration (chap. 4.5). Toin-
vestigate the behaviour of a mechanical system in which forced vibration was gener-
ated by a variable periodic force, a system shown in fig. 4.29 was considered. As
proved in chap. 4.6, the equation of motion for such a system is (after transforma-

tions):
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MX+ kx+ CX= mew’sin(wt) (4.123)

Phase shifts 172 and 1t occur respectively between displacements x, velocities X
and accelerations X (chap. 4.1). The same phase shift will occur between the forces
expressed by equation (4.123). These forces can be represented geometricaly as
shown in fig. 4.34 if the exciting force amplitude meas is denoted as F, and the vi-
brating mass amplitude as X. For different frequencies of exciting force w, phase shift
@ will differ depending on ratio «/ay, where ay, is the eigenfrequency for a system
with one degree of freedom, (4.4). On the basis of fig. 4.34athe following relation can
be written

Fo = (k- mw?)>C + CCw?X* (4.124)
a) whwy<<1 b) whwn=1 ¢) wiw>>1
ot ‘ﬂu’m* tuj* *
Ay 0° Y
, yj\ F 0 Q < g' ¥ 6 'f\
% *

Fig. 4.1. Distributions of forces at vibration depending on ratio of exciting force frequency to
eigenfrequency.

Using relation (4.124) the value of amplitude X can be calculated:
X = FJ/KI{[1—(w/w)?+ (28 wlw,)]}? (4.125)

This result can be obtained by using relations (4.4), (4.49) and (4.50). If (4.125) is
reduced to a non-dimensional form, the above relation can be expressed asin fig. 4.35.
As mentioned in chap. 4.3, the solution of differentia equation (4.123) consists of a
sum of solutions, i.e. the particular solution of the equation for which the vibration
amplitude is given by (4.125) and the general solution of homogenous equation (4.56).
Thus the solution of non-homogenous equation (4.123) can be written as follows

X(t) = Folksin(wt- ®Y{[1- (w/wn)?*+ (2 wlw) "+
Xiexp(-€ wat)sin(wn1-E2t+ Py) (4.126)
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If the system is excited by a harmonically variable force and relation ww = 1
holds, the system is in resonance and the vibration amplitude for under-critical damp-
ing is larger than the amplitude which excites the vibration.

180°
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Fig. 4.2. Curves representing change in value of force xk in relation to amplitude of force F, as function
of relative frequency; phase shift diagrams.

The system shown in fig. 4.5 was excited by the following force

F(t) = P + Pdsin(a,27T) (4.127)

where: P —an exciting force, N;
d — acoefficient of variation of force (0-1);
a, — an auxiliary value given by thisformula

aw = frac(¢ /121) (4.128)

where frac stands for the fractional part of the expression in brackets.
Quantity
¢ =et2 (4.129)
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where: & — has the dimension of angular acceleration, rad/s’;
¢ —angle of rotation, rad.

As aresult, function F(t) with a frequency-variable excitation component was ob-
tained (fig. 4.36). Variation function ¢ is shown in fig. 4.37. Figs 4.38-4.39 show re-
spectively: aplot of the sum of the stiffness force and the damping force in the system,
aplot of the displacement of mass x and a plot of the velocity of mass X. These are
actually the beginnings of the plots for the generd solution of the homogenous differ-
ential equation. This can be seen in more detail in fig. 4.40 where the plots exhibit ei-
genvibration. After 8 s from the beginning of excitation to vibration only the effect of
forced vibration (at variable frequency) is visible. When the excitation frequency be-
comes equal to the eigenfrequency, resonance occurs. During the resonance the am-
plitude of the forces, the deflections and the vel ocities increases to the maximum.

15000741
Ni

I

200007
rad |.

t I |
‘s 2000

Fig. 4.3. Plot of exciting force with variable Fig. 4.4. Plot of angular displacement.
excitation frequency.

Fig. 4.5. Plot of sum of elastic force and
viscous damping at changing exciting
frequency; passage through resonance.
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"s 2000

Fig. 4.6. Plot of deflection (a) and velocity (b) of mass of system excited by force with varying excitation
frequency.

§6:40,é 20 b “3:4,05
Fig. 4.7. Plot of sum of elastic and damping forces within: a—40s, b—4s.

The plots are periodic during resonance (fig. 4.41). As the system goes through
resonance the amplitudes depend on &, i.e. on ratio C/Cy; when ca. C = 0.5C,, the vi-
bration plots will be as shown in fig. 4.42. Excitations generated by changes in the
machine’ s condition may be a step excitation.

5000,0'

L 1000
s 1040
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Fig. 4.8. Plots of elastic and damping forces (a) and mass deflection (b) as exciting force frequency goes
through system resonance.

su0.0 N

) T ‘

08 | 1 i
T T T 1
-5000.0 S 2000

Fig. 4.9. Plots of sum of forces (a) and mass deflection (b) at increased damping.

An exemplary plot of step excitations is shown in fig. 4.43 and the system response
to such excitations is shown in fig. 4.44 for mass deflection and in fig. 4.45 for vibra-
tion velocity.

16000 N

‘ i . :
T g 0
0.0 1 T T T T PRy

Fig. 4.10. Plot of two step excitations. Fig. 4.11. Plot of mass deflection of system excited
by step excitations asin fig. 4.43.
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Fig. 4.12. Plot of velocity of system excited by step excitation asin fig. 4.43.

In a machine, such step excitations can occur as aresult of an error in the mating of
its parts, but these will not be step excitations with zero rise and decline time. The ex-
citations are due to the mating of faulty parts and also to changes in the condition of
machine parts. These problems will be discussed in the chapters devoted to the causes
of vibration in the meshing of gearings and rolling bearings. The step excitation of vi-
bration occursin an audio frequency range up to 20 kHz (chap. 6, 7, 14, 15) aswell as
at ultrasonic frequencies and acoustic emission (chap. 10.4). The vibration carries di-
agnostic information and the utilisation of the latter will be discussed in chap. 6 and
other chapters. Excitations of this kind are a primary source of information about the
condition of machines.
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5. Modédling of power transmission system dynamics

A physical model of a one-step power transmission system is shown in fig. 5.1.
The model isdescribed in [5.1], [5.2] and its further expansion in chap. 6. The system
in fig. 5.1 consists of an inertia which represents motor rotor inertia |, a toothed gear
consisting of two gear wheels represented by two inertias I, and I, and a working
machine represented by reduced inertia | . The reduction principles for the system are

presented in chap. 4.5. The motor’s characteristic is M (¢,) where ¢, is the motor's

angular velocity. The other quantities characteristic of the system in fig. 5.1 will be
described as the system is represented by equations of motion. The principle of deter-
mining the inter-tooth force is illustrated in fig. 5.2 where meshing is represented by
only one parameter — stiffness. If it is assumed that the meshing has stiffness k;,, the
inter-tooth forcesis

F = k(X1 —%) (5.1)

where: k, —meshing rigidity, N/m;
X1, X, — tooth deflections under moments M, and M,, m.
Since the deformation of the teeth is slight in comparison with radii r; and r,, the
following relations can be written

X1 = r1¢ 1 (52)
Xo = r2¢ (53)

Fig. 5.1. Physical model of power transmission Fig. 5.2. Physical gear model for determining
system with motor and one-step toothed gear. stiffness force.

hence the inter-tooth force is determined from relation
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F=k{rigp1-r2¢2) (5.4)

where: rq, ro —radii of the base circles, m;
$1, ¢ —angles of rotation of the gear wheels, rad.
If it is assumed that the inter-tooth film oil dampens vibration as a result of viscous
friction, then the damping force is determined from this formula

Fi= CArigp1—12¢2) (5.5

where: C, — aviscous damping coefficient, Ng/m;
$,,9, —theangular velocity of the respective gear wheels, rad/s.
Taking into account forces F and F;, the meshing will be described by two pa-
rameters: stiffness k, [N/m] and viscous damping C, [NS/m].

If Newton's second law is applied, the equations of motion for the system shown in
fig. 5.1 areasfollows:

s 1= Mo(@ 1) — (My + M) (5.6)
lpd 2= My + My —ry(F + F) (5.7)
lpp 3= roF+ F) =M, (5.8)
Imgp 4= M2 — M, (5.9)

The forces and the torque moments are:

Mi= k(- ¢2) (5.10)
M2 =Ko s- ¢ ) (5.11)
My= C{(¢1- ¢2) (5.12)
F=kf(rigp2—ra¢ 3 (5.13)
Fo= CAri@ =120 3) (5.14)

where: ¢,¢,¢ —an angle of rotation [rad], angular velocity [rad/s| and angular accel-
eration [rad/s], respectively;
ki, ko, —torsional stiffness of the shafts, Nm/rad;
k., C, — coefficients of rigidity [N/m] and a damping coefficient [Ns/m] for the
meshing;
C; — aviscous damping coefficient for the coupling linking the motor with the
gear, Nmg/rad.
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The driving asynchronous motor’s characteristic is shown in fig. 5.3a. To model
dynamic phenomena, one can also use simplified characteristics (figs 5.3b and c). In
further considerations a shortened, symbolic notation of the load characteristic, i.e. Ms
(const/var), is used. This means that if the motor’s characteristic is as that shown in
fig. 5.3c, then the driving torque during starting (motion acceleration) will be denoted
as Ms (congt.).
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Fig. 5.3. Models of electric motor characteristics: a— actual characteristic of asynchronous electric motor,
b — simplified model of asynchronous electric motor characteristic, c — model of electric motor with
constant starting torque.

If the motor’s characteristic is as shown in fig. 5.3b, then the driving torgue during
starting is Mg (var). Figs 5.4-5.19 show plots of the physical quantities (characteristics
describing the power transmission system). The shape of the characteristics depends
on the type of driving motor denoted as M; (const/var), the external load and the con-
dition of the system. The externa load can be described as M,(w; r, pw, p; k). This
symbolic description of the load is presented in chap. 4.5. The relative load versus
nominal motor torque M is shown in fig. 5.14.

The plot of the driving torque at Ms (const.) and M, (0; O; O; 0; 0) is shown in fig.
5.4; in symbolic notation M;, zero values mean that in the fourth period of operation
(fig. 5.5) the system runs under a constant external load. Four periods can be distin-
guished in the motor driving torque plot:

1 — starting for Mg (const.),

2 —free motion of the system,

3 —running under alinearly increasing external load,

4 —running under external load M; (0; 0; O; 0; 0).
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Fig. 5.4. Plot of electric motor torque for motor Fig. 5.5. Plot of relative machine load torque:
characteristic shown in fig. 5.3c: 1 + 4 periodsin 3 + 4 periodsin system operation.
system operation.

In the first period at M (const.) the motor’s torque overcomes the inertia of the
power transmission system and the friction forces in the meshing (the meshing friction
factor y = 0.02). In the second period there is no resistance to motion. In the third pe-
riod the external load increases linearly from O to the rated value (fig. 5.5) and the
fourth period appliesto a case when the external load to nominal load ratio is 1. A plot
of the relative externa load is shown in fig. 5.5. A plot of the angular velocity under
the assumptions made for M (const.) and M, (0; O; O; O; 0) is shown in fig. 5.6. A plot
of the power consumption as a product of instantaneous values Ms and @, (fig. 5.1) is

showninfig. 5.7.
N=M{$)hi, W (5.15)

where: Ms(d) 1) —the motor’ s torque, Nm;
¢, —the motor’ s angular velocity, rad/s;

. radfs i ool W
- AT
/
/ .
! ¢ +3 —4.
4 S
VAR A e e .
7 S S T
I.l.o ;:D

Fig. 5.6. Plot of motor angular velocity: 1+ 4  Fig. 5.7. Plot of power consumption by motor:
asinfig. 5.4. 1+4asinfig. 5.4.
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Plots of the power of the losses in the meshing for y = 0.02 are shown in fig. 5.8.
Fig. 5.9 shows plots of instantaneous efficiency values defined as

1 = (Ns—Nar)/Ns (5.16)

where: Ns— the motor’ s power, W,
Ngr — the power of the losses due to friction in the meshing, W.

Plots of the above parameters when the gear is properly lubricated and the fric-
tional resistance is defined by friction factor u = 0.02 are shown in figs 5.8 and 5.9.
For comparison, plots of the power of the losses and efficiency plots for u = 0.1 are
shown in figs 5.10 and 5.11. As it follows from fig. 5.9, efficiency is in a range of
0.098-1 and at 1 = 0.1 it ranges from 0.98 to 1 (fig. 5.11). A comparison of fig. 5.8
and 5.10 shows that for steady running (period 4) at u varying from 0.02to 0.1, i.e. at
afivefold increase in the value of the friction factor, the losses are respectively Ngy =
38 W and 195 W and hence the loss ratio is 195/38 = 5. Thus the fivefold increase in
the friction factor corresponds to the fivefold increase in the power of the frictional
losses.
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Fig. 5.8. Plot of power of system losses due to Fig. 5.9. Plot of instantaneous efficiency values
friction in meshing for ;= 0.02: 1+ 4 asinfig. 5.4. for u=0.02.

After the fivefold increase in the friction factor (fig. 5.11) the oscillations of effi-
ciency coefficient n become more pronounced. The oscillations occur at the frequency
of meshing. This corresponds to meshing period T. To get a closer look at n, it was
plotted for a shorter time interval (fig. 5.12) whereby another cause of the variation
became apparent: defects in the meshing. A simulation run is shown for meshing error
E (0.5; 10; O; 0), where 0.5 is a parameter characterising the shape of a resultant
meshing error, 10 is the maximum value of the error (in um). The other zero valuesin
the symbolic notation will be described in chap. 6. Defects in meshing result in the
impul se excitation of the system to eigenvibration as shown in fig. 5.12 (vibration pe-
riod T,). A study of a mechanical system subjected to step excitation is presented in



5. Modelling of power transmission system dynamics 83

chap. 4.3. In the cases of both step and impulse excitation the system is excited to vi-
bration at a natural frequency.

b | ; N
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Fig. 5.10. Plot of power of system losses due to Fig. 5.11. Plot of instantaneous efficiency
friction in meshing for ¢ =0.1. valuesfor u=0.1.
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Fig. 5.12. Plot of instantaneous efficiency values Fig. 5.13. Plot of electric motor torque for
within timeinterval of 0.005 s. motor characteristic asin fig. 5.3c and
external load asinfig. 5.14: 1 + 4 asinfig. 5.4

A plot of the eectric motor’s driving torque for Ms (const.) and M (1; 0; 0.9; O; 8)
isshowninfig. 5.13. A plot of the relative torque for the external load is shown in figs
5.14 and 5.15. Oscillations in torque in period 4, due to oscillations in external load
torque (fig. 5.14), are visible in fig. 5.13 (variation period T,). Fig. 5.15 is a close-up
of the plot of arelative external load increment from zero to a value corresponding to
steady running. Oscillations in electric motor torque, whose period corresponds to ex-
ternal load variation period T,, are shown in fig. 5.16 where a load averaging effect
caused by the inertia of the eectric motor’s rotor is visible. The maximum external
load torque value reduced to the shaft is 190 N Om and for r = 1 it ranges from 95 to
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190 N Om. The corresponding e ectric motor torque (for steady running) is about 172
N [m (figs 5.13 and 5.16).
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Fig. 5.14. Plot of relative variation in external load.  Fig. 5.15. Plot of relative increment in external
load torque.
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Fig. 5.16. Close-up of electric motor torque plot. Fig. 5.17. Electric motor torque for
characteristicasin fig. 5.3b: 1 + 4 asin
fig. 5.4.

Plots of the power transmission system’s basic quantities for Mg (var) are shown in
figs 5.17, 5.18 and 5.19. It appears that the motor’s characteristic is as that shown in
fig. 5.3b. The motor’s driving torque during starting is not constant but changes non-
linearly (period 1 in fig. 5.17). Figs 5.17, 5.18 and 5.19 represent the previously de-
scribed periods. The externa load is as shown in figs 5.14 and 5.15. A characteristic
feature of this power transmission system is that M(t), @,(t) and N(t) increase non-

linearly in the first running period when the motor overcomes the forces of inertia
Plots of n defined by expression ( 6.16) are shownin figs 5.9, 5.11 and 5.12. The plots
exhibit periodicity related to the meshing period. The amplitude of the changes de-
pends on the meshing condition expressed by coefficient u. The plots have diagnostic
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properties of the meshing condition. They represent away of describing vibrationin a
dimensionless system and thus broaden the definition of vibration given in chap. 4.1.

WO radfs w0 Nt .

Fig. 5.18. Plot of motor rotational speed for driving Fig. 5.19. Motor power consumption for
motor whose characteristic is shown in fig. 5.3b: characteristic shown in fig. 5.3b.
1+4asinfig. 5.4.
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6. Modeling of gear meshing dynamic behaviour

6.1. Introduction

To model the dynamics of gear meshing one needs some knowledge of gear
meshing kinematics and of how friction forces and moments of friction arise during
meshing. In chap. 5 the influence of a friction coefficient on the power of losses in
gear meshing was considered but without getting to the core of the problem (its theo-
retical basis). Some principles of toothed gear modelling were presented in chap. 5
when discussing the dynamic properties of a power transmission system. In this chap-
ter, further possibilities of modelling the state of gear intermeshing are presented. In-
termeshing gear teeth are pictured in fig. 6.1. The geometric locus of consecutive
points of contact between the teeth is a segment (denoted as N3, N, in the figure) of
the line tangent to the two base circles. It follows from the properties of an involute
gearing that when the involutes of both circles are ideal, the direction of the engage-
ment line is constant in space. The friction forces are directed perpendicular to the en-
gagement line determined for points from Ny to N.
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Fig. 6.1. Meshing of gear wheels
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6.2. Distribution of velocities at point of instantaneous contact be-

tween two meshing teeth

The geometric locus of the points of contact between meshing teeth is a straight
line tangent to the two basic circles. The velocity components for a contact point can
be determined from the law of motion of arigid body. The peripheral speed of any
point of a body rotating with angular velocity o is

V= ry, (6.1)

wherer, is the distance of the peripheral speed vector from axis of rotation, m.
The velocity distribution for point A is shown schematicaly in fig. 6.2. The linear
velocities of point A for the first wheel — 1 and the second wheel — 2 are

Vi =T (62)

Vo =Ty Wo (63)

Fig. 6.1.Linear velocity distribution in intermeshing zone: a— at instantaneous contact point A,
b — at instantaneous contact points A, B, C.
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The velocities v; and v, can be decomposed into two components: one in the direc-
tion tangent to and the other in the direction normal to the tooth profile. According to
fig. 6.2. tangential component v, perpendicular to engagement lineis

Vit = ViSINY = g, sing (6.4)
Sincery, sin @ is equal to distance (N, A) denoted as py,
W= P11 (65)

The above equation expresses one of the laws of motion of arigid body, according
to which the velocity of any point, perpendicular to a segment joining the considered
point with a point relative to which the velocity is calculated, is a product of the dis-
tance between the two points and the angular velocity. This means that the tangent
velocity of any point on the engagement line for both circles can be determined from
thisrelation

Vu= P1W1 V= P2W2= PoW/u (6.6)
where uisthe gear ratio.

It follows from the above relations that the tangent velocities spread linearly: ve-
locity vy = O for point N; and velocity vi, = 0 for point No.

The decomposition of the velocities into directions tangent and normal to the en-
gagement line is shown for three points (A, B, C) in fig. 6.2b. The velocities normal to
the tooth profile when the continuity of meshing is preserved (no teeth separation) are
the same at each contact point

VN = VN2 = WN (67)

On the basis of fig. 6.2b one can plot the tangent velocities aong the engagement
line (fig. 6.3).
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Fig. 6.2. Graph of tangent velocities at points of instantaneous contact (a) and plot of instantaneous values
of meshing efficiency (b).
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For point C velocities v; and v, are equa since
Fxa = Ty N2 = Mz (6.8)
hence
Mg W1= lypW:? (6.9)

where v is the periphera speed of the gear wheels, m/s. This means that projections of
velocity v onto the perpendicular to the contact line are the same and so the tangent
velocity is the same for both gear wheels. At point C no linear relative motion of the
contact points occurs and there is no dip, as shown by the tangent velocity graph (fig.
6.3). Since there are differences between the tangent velocities at the other points of
meshing contact, dip occurs between the tooth profiles and friction forces arise. The
difference in the velocity between the points of contact is called slipping velocity v,
(seefig. 6.4). The contact force (the intertooth force) acting along the engagement line
(N1, Np) and the relative motion in the direction tangent to meshing produce a friction
force acting in tangent direction T — T. It follows from fig. 6.5 that at point A, lying
before rolling point C, driven tooth tangent velocity v, is higher than v, (Slip occurs)
for driving wheel tooth 1 and driven wheel tooth 2. The friction force is directed as
showninfig. 6.5.

Fig. 6.3. Graph of dlipping velocity at points of instantaneous contact
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Fig. 6.4. Friction forces
in meshing along
contact line:
a—at point A,

b — at point B.

6.3. Friction forcesand moment of friction in meshing

The friction force is denoted by T, for driving gear wheel 1 and by T, for driven
gear wheel 2. The equations of equilibrium of the moments for point A are asfollows:

M;—Pyri+ T101=0 (6.10)

-Mz+ Pir2 =T, 0,=0
if the second equation is multiplied by — 1, we get:
M, -Pira+ To P2 =0 (611)
Ti=T= UP, (6.12)
After substituting T, and T,, we get for point A

M1 —=P,rq + I,an p1=0 (613)

M, - Pyro + i P, P2 =0 (614)
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After substituting T, and T,, we get for point B:
M1 =Py - upn p]_:O (615)

-Ma+ Paro+ uP, p,=0
after multiplying the second equation by — 1, we get:
Mz - Pur2- UPy p2=0 (6.16)

The moment of friction is a product of the friction force and distances pi, po. It
follows from fig. 6.4 that friction forces T; and T, change their direction as a result of
the change in the direction of the dlipping velocity at midpoint C. Graphs of friction
moment variation are shown in fig. 6.6.
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Fig. 6.1. Graphs of friction moments in meshing: a— moment of friction for first gear wheel, b — moment
of friction for second gear wheel.

6.3.1. Friction power

The friction power is equal to a product of the slipping velocity and the friction
force. The dipping velocity can be calculated as an absolute value of the difference
between the tangent vel ocities

Vp= Vip —Viu (6.16)
The instantaneous friction power is
Mo = v U Py (6.17)

Plots of instantaneous friction loss are shown in figs 5.8 and 5.10 for different fric-
tion coefficient values: p=0.02 and 0.1.
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6.4. Analytical description of changesin meshing stiffness, moments
of friction, tooth errors, intertooth backlash, gear intertooth

forces

A plot of changes in meshing stiffness in one period of relative length (0-1) is
shown in fig. 6.7. The stiffness change values were calculated according to the princi-
ple given in [6.1] and [6.2], taking into account the defection of the teeth and their
contact deformations. A simplified stiffness characteristic for a pair of helical gear
wheels (fig. 6.7) was selected on the basis of computer calculations [6.2].

1360009 Nm

\ ! Fig. 6.1. Plot of changesin meshing
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This characteristic is repeated on the toothed wheel’ s circumference as many times
asthere are teeth. The wheel’ s arc corresponding to aone-period plot is

Oy =27T/24 (6.18)

where z; isanumber of teeth in the driving whed!.
When the wheels mesh, the position of the wheel on relative length (0-1) can be
determined as follows

frac(¢ /o) = aw (6.19)

where a, isan auxiliary variable ranging from O to 1.

Function frac stands for a fractional part from ratio ¢/o,, where @ is the total angle
of rotation of the wheel in arc measure.

Assuming maximum tooth stiffness k, (fig. 6.7), meshing stiffness k,(a) within
interval [0, a] is
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k@) = k{1 —Q) (6.20)

where: kj(a,,) — describes meshing stiffness as a function of value a,

g —arelative value of stiffness change, g < 1;
for segment [a, b] (taking into account the fact that the straight line passes through
point (b, k,)):

k(auw) = gkd/(b—a)(awx—b) + ky) = ki1 + g(ax —b)/(b—a)] (6.21)
for segment [b, c]:
k(aw) =k, (6.22)
for segment (c, 1] the straight line passes through point (c, k)
ky(auw) = - gk{aw —C)/(1—c) + k; = k1 —g(aw — c)/(1 —C) (6.23)

6.4.1. Analytical description of changesin moments of friction

Relative length (O, 1) was used to describe changes in the moments of friction
shown in fig. 6.6. Denoting the length of the path of contact as (N1, N,) = d and as-
suming that approximately

d= 27Trw_l/21 = 27'[r1/21 (624)

where:
Iy — the radius of thefirst rolling wheel,
r; —the radius of the first base circle (fig. 6.8),

Fig. 6.1. Diagram aiding in division of contact
line.




94 6. Modelling of gear meshing dynamic behaviour

one can calcul ate the maximum friction moment whichis

Mi=dUu(F+ Fy (6.25)
According to fig. 6.8:

U= ryplfoa = Tafr (6.26)

NiC=ru S|n(a W) (627)

N.C = ryz Sin(a v)
By dividing by sides, we get

N]_C/NzC = Twlwe = 1/u (628)
N]_C + N2C = N1N2 (629)
and substituting
N;C = N2C/U (630)
NoC/u + NL,C = N;N, (631)
N,C = N1N2/(1 + 1/U) (632)
if
N1N2 =1 (633)
where 1 istherdative length of the path of contact, then we get
N,C = u/(u+ 1) (6.34)
and
N:C=1/(u+ 1) (6.35)

The linear function of changes in moments of friction, shown in fig. 6.6, for whedl 1
can be written in interval [0,1/(1 + u)] as

My = Mg ay (6.36)
ininterval [ /(1 + u), 1] as
My = - M, au (6.37)
for drivingwhed 2 ininterval [0, /(1 + u)] as
M = - Mt(ay—1) = Mt(1 - aw) (6.38)

ininterval [1/(1 + u), 1] as
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Me = - Mt(1 - aw) (6.39)

6.4.2. Analytical description of intertooth forcewith intertooth backlash taken
into account

The intertooth force value is equal to a product of meshing stiffness coefficient k,
and tooth deflection values which amount to

Pari- @or (6.40)
According to 5.2, the intertooth force is equal to
F= kz(¢ 1l - ¢ 2r2) (641)

A function illustrating changes in the values of the forces depending on relative
wheel rotation @ir; — @r» in the case when there is backlash |, in meshing is shown in
fig. 6.9. If we denote

X= ¢ 1l - ¢ oo (642)

%F

Fig. 6.1. Graph of changesin
meshing stiffness with inter-

-
tooth backlash
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the equation of the forcefor x = 0 isasfollows

F=k(X=1)= k(@ ar1- @ara—1,) (6.43)
for valuex <0
F=kIXx—(-1)] = k(@ 1r1- @ora+ 1) (6.44)

For the computer ssimulation of the above relationsit is necessary to define the fol-
lowing functions which will be written in Pascal as
FUNCTION min (a, b: real) : redl;
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BEGIN
IFa<b THEN min:=aELSEmin:=b
END;
FUNCTION max (a, b : real) : redl;
BEGIN
IF a>b THEN max: =a EL SE max: =b
END;

If the above functions are used, the intertooth force can be written as follows
F = k(aw)max(P ir1- @ oro— Iy ,min(@ 1r1- @ oro + 1,,0)) (6.45)

where: ky(au) — the stiffness change function described above,

@r; — @r, — |, — the equation of the stiffness characteristic for a positive intertooth
force value,

@r; — @r; + |, — the equation of the stiffness characteristic for a negative intertooth
force value.

6.4.3. Interpretation of intertooth force function notation

If @iri-¢@ar—1,>0
then min=0, since a>b
and max(¢ 1r1- ¢ oro—1,,0)
thenmax = ¢ iry- @ oro—1y
if @ari-@oro+1,<0
a<b
thenmin ¢ ir1- @+ 1,

thenmax(@ 1r1- @ ora-ly, @ars- @ ora+1y)
max= @ r- @oro+ 1y
since a<b

6.4.4. Analytical notation of error function
Theerror function is shown in fig. 6.10. It can be written analytically in interval [0,
g asfollows

Er(aw) = €/aa (6.46)
and ininterval [a, 1]:

E(aw) = - &(Pom—1)/(1-a) = &(1 - a,)/(1-a) (6.47)
where eisthe maximum error value.
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Fig. 6.1. Plots of gearing error function: a— constant plot of error function E(0.5; 10; 0; 0), b —
random plot of error function E(0.5; 10; 0.3; 0).

For individua pairs of teeth, error values can be random; this randomness can be
taken into account as follows

e(random) = [1-r(1-1)]e (6.48)

where: e —the maximum gearing error value;
r —an error range coefficient, range (0 — 1);
l; —arandom number, range (0 —1).

The variation of gearing errors is written symbolically as E(a; €; r). The meaning
of the parameters given in brackets, including that of parameter a specifying the posi-
tion of the maximum value of error e, isexplained in fig. 6.10a. An illustrative plot for
E(0.5; 10; 0.3) isshown in fig. 6.10b.

The value of the force for the joint impact of meshing stiffness variation, intertooth
backlash and gearing errors when the max., min. functions are used is:
follows

F = kfawymax(@ ir1- @ oro—ly+ Ef(aw) min(@ ari- ¢ oro+ 1, + E(aw),0)) (6.483)

Both eadtic forces and damping forces act in meshing and so the total forceis F +
F..

It follows from the above that many factors affect the dynamics of a system incor-
porating atoothed gear. As mentioned (after [6.3], [6.4], [6.5]) in chap. 4.5, the factors
can be divided into four groups:

e designfactors—D.F.,

e production technological factors— PT.F., limit
e operationa (motion) factors— O.F.,

» change-of-condition factors— C.C.
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Using the symbols that were used to describe the gear dynamics model, D.F. are
represented by Ipla Ip2’ kZ! CS! Cha kl’ k21 IS! Im’ 1, 2, Qimy &, Iulim’ Hiim where Sim Iulim’
Lim — a permissible/limit gearing error, backlash, friction coefficient value.

T.F. specify if the adopted design factors (e < &im, lu < luim) Were or were not ful-
filled when producing a given toothed gear.

O.F. arerepresented by: My, M,, @, M;.

C.C. arerepresented by e > eim, 4> Lim, lu > luim.

The listed above factors gives possibility for understanding the role of influence of
design, technology, operation and the change of condition factors on condition moni-
toring signals. It leads to ‘’Design, Production Technology, Operation, Condition
Change, factors based diagnostics’ (DPTOCC factors based diagnostics).

6.5. Dynamical model of toothed gear

This chapter summarises the considerations relating to a dynamical model of a gear
consisting of two toothed wheels separated from a machine system (fig. 6.11) or con-
stituting a self-contained system (fig. 5.1). In the dynamical model of a gear consisting
of two toothed wheels, meshing is represented by stiffness k, [N/m] (the arrow indi-
cates that the stiffness is variable) which is anaytically described by expressons
(6.20), (6.21), (6.22), (6.23) and shown in fig. 6.7. Also damping parameter C, [Ns/m]
represents the meshing properties. The inter-tooth force is a sum of stiffness force
(6.48) and damping force (5.5). The stiffness force includes variable meshing stiff-
ness, intertooth backlash and changes of gearing error modes.

Fig. 6.1. Dynamica model of
toothed gear.
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Also friction force T, which produces moment of friction My; and M, respectively
on the first and second whedl, and the direction in which the friction force acts when
the meshing teeth are in contact at point A (fig. 6.5a8) are marked in fig. 6.11.
The moments of friction are the functions shown in fig. 6.6. A full description of the
equations of motion for the two gear wheelsis asfollows

o 1= My —11(F + F) + Mg (6.49)

lop 2= r(F+ F)—Mz- Mg

A mathematical model formed by the above equations describes the behaviour of
the dynamical system consisting of the pair of gear wheels shown in fig. 6.11. This
model was applied to the self-contained system (fig. 5.1) and used for computer
simulations. The computer simulation results are presented in severa chapters of this
book and in many papers by the author [6.6]-[6.10]. The model can be also used to
model multistage gears as described in papers [6.11], [6.12].

6.6. Inter-tooth forcesand dynamical overload factor

The model shown in fig. 5.1, with the moments of friction acting in meshing (fig.
6.11) taken into account, was used for the simulation of intertooth forces and dynami-
cal tooth overload factor Ky. The obtained results were compared with the experimen-
tal ones presented in [6.13]. The intertooth forces are represented by overload factor
Kq defining the degree of tooth overload over the rated load specified in the design
assumptions for the gear. Simulations of factors K4 were run assuming: M(const.),
gearing errors E (0.5; 10; 0; 0) and externa load M,(0; O; O; 0). These are reference
parameters and they are not mentioned again when interpreting results unless this is
needed to elucidate the text. The gear is driven by a motor whose characteristic is
shown in fig. 5.3c. The gearing error function is shown in fig. 6.10a and the external
load function —in fig. 5.5. A plot of Ky in the four gear meshing periods, as described
in chap. 5 (fig. 5.4), isshown infig. 6.12.
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Fig. 6.1. Plot of factor Kg; 1 + 4 gear meshing periods.

Zooms of Ky plots for the fourth gear meshing period in two time intervals At = 0.1
and 0.005 and a plot of coefficient Ky for a selected pair of teeth (meshing period T
[s]) are shown infig. 6.13.

The results obtained on the test stand described in [6.13] are presented in fig. 6.14.
They are for the fourth gear meshing period and for gear operation a a meshing fre-
guency: below gear resonance, egqual to gear resonance and above gear resonance. The
results presented in figs 6.12 and 6.13 are for gear operation below resonance. A com-
parison of the resultsin fig. 6.13b with those in fig. 6.14 (gear operation below reso-
nance represented by a solid line) shows that test-stand results agree with the simula-
tion results.

3.0 ;
0.0 ' ' T

Fig. 6.2. Plot of coefficient Kyintimeinterval: a—0.1s, b—0.005s.
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Fig. 6.3. Plot of coefficient K4 along contact line expressed in per cent, according to [6.13]: a—
two-pair contact, b — one-pair contact, ¢ — two-pair contact, 1 — above resonance, 2 — below
resonance, 3 — at resonance.

As aready mentioned, computer simulation results are influenced by such design
factors as clutch damping C; [Nmg/rad]. The simulation studies of gear operation at
the resonant velocity were conducted without damping, Cs = 0 and with damping
Cs=1000 Nms/rad. The influence of the system’s free vibration on the intertooth
forcesisillustrated infig. 6.15.

Fig. 6.4. Plot of coefficient Ky at gear
subresonant rotational speed intime
interval 0.005 s, 990 rev./min.,

E (0.1; 10; 0; 0).

Natural period T, can be read out from the figure and used to calculate a gear speed
at which T, = T, i.e. the meshing period is equal to the natural period of the gearing.
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When the gear reaches its full rotational speed, it will run at resonance. Plots K, for Cs
=0 are shown in figs 6.16 and 6.17 and for Cs = 1000 Nmg/rad — in fig. 6.18. Thein-
fluence of clutch damping on the plot of K, is visible in the figures. A comparison of
fig. 6.14, fig. 6.17 and fig. 6.18b shows agreement between the experimental results
and the smulations.
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Fig. 6.5. Plots of coefficient Ky at gear resonant  Fig. 6.6. Plots of coefficient Ky at gear resonant
rotational speed. rotational speed intime interval of 0.002 s.

Figs 6.18-6.20 are for gear above resonance operation, fig. 6.19 for Cs = 0 and figs
6.18 and 6.20 for C; = 1000 Nmg/rad. The above investigations are described in [6.7].
Further simulations were run to study the influence of the error function’s form on
the dynamic forces. The modes of errors are described as follows:
a) E(0.1; € 0; 0),
b) E(0.5; € 0; 0),
C) E(0.5; —; 0; 0).

o0

Fig. 6.7. Plot of coefficient Ky at gear over-resonance rotational speed: a— gear train with clutch
damping of 1000 Nms, 6000 rev./resonant; b —in time interval of 0.002 s, 6000 rev./min.
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Fig. 6.8. Plot of coefficient Kq at gear above resonance rotational speed: a— 6000 rev./min.,
b —intimeinterval of 0.002 s, 6000 rev./min.
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Fig. 6.9. Plot of coefficient Ky at gear over-resonance rotational speed: a— gear train with clutch
damping of 1000 Nms, 6000 rev./min., b —intimeinterval of 0.002 s, 6000 rev./min.

The three error modes and error e [um] as the variable factor were assumed in the
simulations. Plots of the functions for e = 10 pm are shown in fig. 6.21a, b, c. Then it
was assumed that the described errors apply to a new gear — a), arun-in gear — b) and
a gear damaged by pitting — ¢). Fig. 6.15 illustrates how coefficient a ( a change of a
from 0.5 to 0.1) affects the intertooth force plot. This is due to "sharp meshing" re-
sulting in the stronger excitation of the gear to free vibration.
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Fig. 6.10. Plot of gearing error function
for:

a— error mode E(0.1; 10; O; 0),
b — error mode E (0.5; 10; 0; 0),
¢ —for error mode E(0.5-15; 0; 0).
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Max. K4 versus error e and versus error mode E (error modes @), b), ¢) in fig. 6.21)
is shown in fig. 6.22a and b. One can see that Ky increases linearly upto Ky =2 as e
increases. At 2 ajump occurs — a symptom of the unstable operation of the gearing. As
fig. 6.22 shows, the linear increase in Ky occurs at different dopes of the straight line.
Kg increases most rapidly for error type a). This error mode occurs when the gearing is
new or one of its rolling bearings is damaged and the contact between the teeth is un-
even, which is accompanied by an increase in the value of e as compared with a new
gearing. The effect of the uneven contact between the teeth on the diagnostic accel-
eration signal is shown in fig. 16.10 after [6.14], where alinear increase in vibration is
visible (the measurements were taken in industria conditions). In some cases the
gear's operation became unstable (due to a gearing error) when the load increased.
Thisis another corroboration of the results obtained by computer simulation.
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Fig. 6.11. Plot of maximum values of coefficient K, versus error e for error modes:
a) 1-E(0.1; g 0; 0), 2—E(0.5; € 0; 0); b) 3—-E(0.5; —; 0; 0).

6.7. Normalization of dynamic meshing forces

While determining dynamic force coefficient Ky the dynamic meshing forces were
normalized relative to the value of nominal force F, calculated from the rated moment
transmitted by the toothed gear. Instantaneous force values can also be presented
against other quantities. The aim of the normalization is to eliminate the effect of an
external load on diagnostic signal plots which should reflect only the influence of de-
sign factors and of a change in condition on the diagnostic signal, excluding the si-
multaneous influence of load variation — an operating factor. Computer simulations
were run assuming Mg(const); E(0.5; 10; 0; 0); M(1; 0; 0.9; 0; 8). The externa load
plots are shown in fig. 5.14. As coefficient k, = 8 indicates, the external load changes
periodically: period T, = 8T (T, — a period of load variation, T — a meshing period).
The computer simulation results are for the steady (fourth period) running of the gear
(fig. 5.4). Thefollowing additional quantities describing normalization are defined:

Ka = FO)/Fa(t) (6.50)

where: F(t) —acurrent intertooth force,
F.(t) — aforce twisting the first shaft, produced by torque M; + My, (fig. 5.1).

Ka = F(t)/F(t) (6.51)
where: F(t) —aforce changing in agreement with the external load
Kas = F(t)/F4(t) (6.52)

F,(t) — areduced-to-first-shaft force generated by the torsion of the shaft by torque M,
(fig. 5.2).
Kas = F(t)/F1) (6.53)

Fs(t) — aforce produced by averaged torque supplied by the electric motor (fig. 5.16).
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The simulation results for the different normalizing forces are presented in figs
6.23-6.24. The influence of periodicity T, in the signal (due to external load variation)
is the dightest in fig. 6.24a. The gear overload values in fig. 6.23 are overrated, as
compared with the average load supplied by the eectric motor, since the normaliza-
tion was performed relative to the nominal force.

25Ky ..

Fig. 6.1. Plot of coefficient Ky at under
resonance rotational speed of gear in
timeinterval of 0.1 s, 990 rev./min.,

E(0.5; 10; 0; 0) and plot of external
load M,(1; 0; 0.9; 0; 8).

0o A T e s 37
Fig. 6.2. Plots of coefficients: a— Ky, b — Kgp, € — Kgs, d — Kys @ under resonance rotational
speed of gear intimeinterval of 0.1 s, 990 rev./min., E(0.5; 10; 0; 0 and plot of external load

M(1; 0; 0.9; O; 8).
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The shown K takes into account the joint effects of: the external load and factors
related to the meshing properties. In gearing design/cal culations these effects are sepa-
rated by introducing two coefficients K, and Kg, and their joint impact is defined as
product K Kq [6.15]. The overload value in relation to the torque supplied by the mo-
tor is given by coefficient Ky (fig. 6.24d). From the diagnostic point of view a defini-
tion of Ky, is interesting. According to this definition, the vibration caused by the ex-
ternal load has the slightest influence on the course of this function.

6.8. Effect of changesin meshing stiffness and that of friction coeffi-
cient on meshing dynamics

Changes in meshing stiffness belong to design factors and they are described by
coefficient g and other parameters (see fig. 6.7). A change in the meshing friction
factor is caused by a change in the gearing condition or by improper lubrication. The
influence of g and u was studied under the following assumptions. M (const); E(O; O;
0; 0) and M; (0O; O; O; 0; 0) — elements describing quantities invariable during a simu-
lation. The variable elements are g and ... Plots of driving wheel friction moments My,
and driven whed friction moments M, are shown in fig. 6.6. Plots of M; and M, for u
=0.02 and g = 0, obtained by computer simulation for E and M, as assumed above, are
shown in fig. 6.25a and b, respectively. The plots are for the steady running (4™ pe-
riod) of the gear (fig. 5.4). Plots of moments My, and My, for y= 0.1 and g = 0 are
shown in figs 6.25c and d which illustrate only the influence of coefficient u on the
course of friction moments. Moments of friction My and My, additionally influenced
by gearing errors E(0.5; 10; 0; 0) and u = 0.02 (g = 0) are shown infig. 6.26.

The effect of changes in stiffness on coefficient Ky under the above assumptions
and for u=0,g=0.06 (gisfor agear with helical teeth) isillustrated in fig. 6.27. The
variation of meshing stiffness for g = 0.06 is shown in fig. 6.28. A plot of K4 for a
combined effect of stiffness variation g = 0.06 and friction factor ¢ = 0.1 is shown in
fig. 6.29. A comparison of fig. 6.27 with fig. 6.29 shows that friction forces have a
slight influence on the plot of coefficient K.
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Fig. 6.1. Plots of friction moments for: a—pinion p = 0.02, b —wheel = 0.02,
c—pinion u=0.1, d—wheel u=0.1.

Fig. 6.2. Plots of friction moments for: a—pinion ¢ = 0.02 at E(0.5; 10; O; 0),
b —whee ©=0.02 at E(0.5; 10; O; 0).



6.8. Effect of changes in meshing stiffness and that of friction coefficient on meshing dynamics 109

12 Kyt B . A Lo N

- — e 2 S R R
os ! 4 * 5 ams LB + $ t T = e
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Fig. 6.5. Plot of coefficient Ky for influence of exclusively: a— meshing stiffness variation
coefficient g = 0.06 and friction factor ¢ = 0.1, b —friction factor = 0.5, g = 0.0.

One should bear in mind that ¢ = 0.1 corresponds to dry friction of steel against
sted. If gear seizing occurs then = 0.5, g = 0.0 is assumed to describe it. The com-
puter simulation result is shown fig. 6.29b. The whole K4 plot for = 0.5 and g = 0.4,
where g is as for a spur gearing, is shown in fig. 6.30. The four gear operation stages
(denoted 1 — 4) are marked in the figure. The intermeshing of the gearing for selected
time intervals during the starting of the gear is described in detail in fig. 6.31a, b, c, d.
The dynamic effect of the applied (during starting) motor driving torque double the
value of the rated torque is shown in fig. 6.31a. Also the system’s response to the
abrupt application of a driving torque (cf. figs 4.10, 4.44 and 4.45) and period T de-
creasing with increasing rotational speed are visible. Fig. 6.30 shows that the total ef-
fect of stiffness variation g = 0.4 (for a spur gearing) and u = 0.5 (representing the in-
termeshing of the gears in seizing conditions) is a 25% increase (as compared to the
rated load) in the intertooth forces (the fourth gear meshing period). The intermeshing
of the gears for g = 0.06 and coefficient 1 = 0.5 (4™ meshing period) is illustrated in
fig. 6.32.
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Fig. 6.6. Plot of coefficient K for influence of meshing stiffness variation coefficient g = 0.4 alone and

friction factor u = 0.5 aone; 1+4 gear meshing periods.
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Fig. 6.7. Plot of coeffici ent Kq for influence of meshing stiffness variation coefficient g = 0.4
aone and friction factor u = 0.5 donein starting time interval: a—0+0.3s, b—-0.3+0.5s,

c—1+11s d-1+0.1s.

The plot is shown for a time interval of 0.005 s. Since the principa factor influ-
encing intermeshing is a high coefficient of friction — u = 0.05, the plot is similar to
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those for friction moment variation (fig. 6.25c, d). Figs 6.32-6.34 show plots of K4 and
Ky for y=05and g=0.4.
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Fig. 6.8. Plot of coefficients: a— Ky, b — Ky, for influence of meshing stiffness variation
coefficient g = 0.06 alone and friction factor respectively 1= 0.5and u= 0.1 alonein time
interval of 0.005 s.
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Fig. 6.9. Plot of coefficient Ky, f‘or influence of meshing stiffness variation coefficient g= 0.4
aone and friction factor : a— = 0.0, b— u=0.5aoneintimeinterval of 0.005s.
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Fig. 6.10. Plot of coefficient K4 for influence of meshing stiffness variation coefficient g = 0.4
alone and friction factor: a— ¢t = 0.0, b— 1= 0.5 alone in timeinterval of 0.005 s.
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For Kq; in fig. 6.33a and fig. 6.33b the combined effect of x4 = 0.5 and g = 0.4 can
be distinguished from that of ;=0 and g = 0.4. This effect cannot be distinguished for
Kqinfigs6.34aand b. In thisway Ky again has proved to be more useful.

6.9. Relationship between intertooth for ces and relative acceleration

of gear wheels

So far intertooth forces being a direct measure of the condition of intermeshing
have been considered. It is intertooth forces which determine the durability of a gear-
ing. It is very difficult, sometimes impossible, to assess the condition of a gearing di-
rectly. Accelerations are measured in order to diagnose gears. Accelerations can be
measured directly on gear wheels, but this is rather difficult to do. In diagnostic prac-
tice, vibration accel erations are measured on the gearbox wall.

In this section the relationship between intertooth forces and relative accelerations
of gear wheels is presented. This relationship can be determined by tests described in
chap. 1 (fig. 1.13 — the test stand). The accelerations are transmitted to the gearbox
wall via the rolling bearings. Since very good agreement between the test results and
the computer ssimulation results had been found (chap. 6.5), computer simulation was
used to determine the relationships between intertooth forces and gear wheel accelera-
tions. The simulations were run for the following conditions E(0.5; 10; O; 0); M, (0; O;
0; 0; 0); My(congt). The effect of viscous damping (a design factor) in clutch C; on the
above relationship was investigated. For the first few simulations it was assumed that
the system shown in fig. 5.1 incorporates a clutch for which Cs = 1000 Nms/rad. A
plot of intertooth forces F + F for the above conditions defined by E; M, and Ms is
showninfig. 6.35.
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: Fig. 6.1. Plot of intertooth forces
...... vandiianiinnna .....:... ..E.....y...:...v.....E.......,.. (&Jm Of dﬂic ar]d darnpi ng forces):
1+4 gear meshing periods.
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A zoom of the plot of intertooth forces for the same conditions is shown in fig.
6.36a. This fragment is for the fourth gear meshing period — the gearing operates un-

der arated steady load. A zoom of the wheel acceleration difference ¢, —¢@, plot is
shown in fig. 6.36b. Acceleration ¢, corresponds to the angular acceleration of the
driven wheel and ¢, to the angular acceleration of the driving wheel.

Fig. 6.2. Plot of intertooth forces (sum of elastic and damping forces) (a) and accel erations of
torsional vibration of gear wheels (b) for timeinterval of 0.005 s.

A comparison of fig. 6.36a and fig. 6.36b shows a similarity between the plots of
these physical quantities; the average value of the acceleration plot is equal to zero.
But this similarity is not full. A plot of accelerations in the four meshing periods (de-
scribed in chap. 6.5) is shown in fig. 6.37. Plots of the intertooth forces and those of
the acceleration difference for increasing rotational speed of the gear (the first period)
are shown respectively in fig. 6.38a and b. As one can see in fig. 6.38b, the accelera-
tion plot differs from the intertooth force plot. The acceleration difference changes
with a frequency corresponding to half of the meshing period (1/2T). Changes associ-
ated with the frequency of the free vibration of the gearing and a variation in the in-
tertooth force plot are clearly visible. Variation period T = 0.00368 s corresponds to a
rotational speed of 9.713 rev./s for t = 1 s from the moment when the system starts
spinning. Figs 6.39a and b illustrate the intertooth forces and the acceleration differ-
encefor E(0.1; 10; 0; 0); M, (0; O; O; 0; 0) — parameter a changed from 0.5t0 0.1. This
change of parameter a can be due to a change in the condition of the rolling bearing
resulting in edgewise intermeshing. A zoom of the intertooth force plot and a zoom of

the acceleration difference ¢, — ¢, plot for this condition of the gear for atime inter-
val of 0.005 s are shown respectively in fig. 6.40aand fig. 6.40b.
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Fig. 6.3. Plot of acceleration of gear wheel
torsional vibration: 1+4 gear meshing
periods.
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Fig. 6.4. Plot of intertooth forces (sum of elastic and damping forces) (a) and gear wheel
torsional vibration acceleration plot (b), for timeinterval of (1+1.01 s).
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Fig. 6.5. Plot of intertooth forces (sum of elastic and damping forcec)' (a) and gear whee
torsional vibration acceleration plot (b), for E(0.1; 10; 0; 0)
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Fig. 6.6. Plot of intertooth forces (sum of elastic and damping forces) (a) and gear wheel
torsional vibration acceleration plot (b), for E(0.1; 10; 0; 0) and time interval of 0.005 s.
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Fig. 6.7. Plot of intertooth forces (sum of elastic and damping forces) (a) and gear wheel
torsional vibration acceleration plot (b), for E(0.1; 10; 0; 0) and time interval of (1-1.01 s).

Good agreement (close similarity) between the plots is observed. This means that
vibration accelerations faithfully reflect the state of intermeshing. Simulations were
run for Cs = 1000 Nmg/rad. The intertooth force plot and the gear wheel acceleration
difference plot after the first second of gear running are shown respectively in fig.
6.41a and b. The acceleration plot is only to some degree similar to the intertooth
force plot. The differences are probably due to, among others, the influence of the
clutch, i.e. to the C; value. In further smulations Cs = 0 was assumed. The full accel-
eration and intertooth force plots are shown in figs 6.42 and 6.43 for the four gear
meshing periods.
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Fig. 6.8. Plot of gear wheel torsional vibration Fig. 6.9. Plot of coefficient K, for
acceleration for E(0.5; 10; 0; 0) for system E(0.5; 10; 0; 0).
incorporating clutch with damping of
1000 Nms.

Zooms of the plotsin atime interval of 0.005 s are shown in figs 6.44a (accelera-
tion difference) and b (intertooth forces). Plot of Kg is shown in fig. 6.45a. A strong
similarity between the forces and the accelerations, stronger than the similarity be-
tween figs 6.36a and b when the gear was operating at the same parameters E and M,
but with a clutch characterized by damping Cs = 1000 Nms/rad., can be seen in figs
6.45b and c. This means that the degree of similarity between the intertooth force plot
and the acceleration plot depends on the damping in the clutch and it is the greater, the
better the condition of the gearing. Plots of Ky after the first second of gearing opera-
tion are shown in figs 6.45b and c. The intertooth forces do not change with period T
but with period T, which is about 4 times longer than period T (the simulation was run
for Cs = 0). The stiffness of the clutch has an influence on the obtained result.
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Fig. 6.10. Gear wheel torsional vibration acceleration plot (a) and plot of intertooth forces (sum
of elastic and damping forces) (b) for E(0.5; 10; 0; 0) and time interval of 0.005 s.
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Fig. 6.11. Plot of coefficient K, for:
a—E(0.5; 10; 0; 0) and time interval of
0.005 s,

b —E(0.5; 10; 0; 0) and time interval of
1-1.01s,
c—E(0.5; 10; 0; 0) and time interval of
1-1.03s.

A physical model and a mathematical model of a gear incorporated into a power
transmission system (fig. 5.1) were presented in this chapter. Results of computer
simulations were reported and shown to be in agreement with test-stand results [6.13]
and industrial test results [6.14]. Computer simulations revealed the basic dynamic
properties of the investigated systems. The considered example of a power transmis-
sion system with a toothed gear showed that simulations can be used to determine the
relationship between design factors, changes in condition (wear) and motion parame-
ters (operating factors), which in the course of the operation of a machine become
symptoms of the machine' s condition. From these symptoms the condition of the ma-
chine can be diagnosed. Various other relationships between the above factors and the
form of the diagnostic signal are presented in the next chapters. It became obvious that
the problems involved in the analysis of the relationship between the condition of a
machine and signals —symptoms of this condition — are complex. To facilitate the use
of methods of engineering diagnostics, expert systems are being developed. The latest
expert systemsincorporate neural networks. Thiswill be discussed in chap. 19.
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7. Moddling of kinematics and dynamics of rolling

bearings

One of the key components of mining machines is the rolling bearing. In engi-
neering diagnostics the rolling bearing is treated as an assembly of elements (an outer
ring, an inner ring, arolling element and a cage).

Roalling bearings are subject to all forms of bearing capacity loss[7.1]. One form of
this kind of loss is a fatigue failure, which is initiated by a single hollow/cavity in the
race or in the rolling element. The rolling element as it passes over such a defect gen-
erates damped vibration of natural frequency. A plot of the vibration is shown in fig.
4.21. The frequency with which the rolling element passes over a damaged spot or the
frequency with which the damaged ball contacts the race can be determined from the
kinematics of the reciprocal motions of the bearing’s components assuming that the
defect occurs in the inner race — the fixed race. The distribution of instantaneous ve-
locitiesisshowninfig. 7.1.

Y
V |

I

qm Fig. 7.1. Distribution of
‘”1 velocitiesin rolling bearing

with fixed inner ring.

This situation corresponds to the kinematics of a bearing mounted on the axle of a
belt conveyor roller. The velocity of the belt corresponding to the tangential velocity
of the roller shell is denoted by . It is assumed that no slip occurs between the com-
ponents shown in fig. 7.1. If velocity v is known, actual velocity v, of the contact be-
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tween the rolling element (ball) and the bearing outer race as well as roller angular
velocity w can be determined. If the roller angular velocity is known, tangential ve-
locity v, can be calculated from this formula

v= w(rg + 1), mis (7.1)

where: rg —an average radius, m (fig. 7.1);
r —the radius of the ball, m.

It follows from fig. 7.1 that the peripheral speed of the cage's centreis

Vi = VA2 (7.2)
and the angular velocity of the cageis
Wi = Vills = VA (2rg), radls (7.3)
Putting v, into the above formula we get:
W= W(rg+r)/(2rg) (7.4)
If the bearing has | balls, then after each revolution of the cage by thisangle
¢p=2m/k (7.5)

a ball passes over the damaged spot causing vibration. There is the following relation-
ship between the angular velocity and the cage revolution frequency

Wyo= 2T o= 27T Ty (76)

where Ty, isaperiod of one cage revolution, s.
The period corresponding to the passage of a ball over the damaged spot in the inner
raceis

Tp = T/l = ZN/(Ikwko) (77)
Thus the frequency of passage over the damaged spot in the fixed inner raceis
fow = UTp = ko (2TT) = Ik (1 + 1)/ (4TTrg) (7.8)

Since w = 271, where f is the frequency of the revolutions of the bearing in the
roller, then

fow= (T + 1YI2TTr4) = LE(L + rdreo)/2 (7.9)

Taking into account the contact angle of the bearing, the ball contacts the race on
radiusrs (fig. 7.2), i.e. the frequency of its passage over the damaged spot is

fow = I(1 + ri/rcosq )/2 (7.10)
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¥ ’II; Fig. 7.2. Contact angle of
rolling bearing.

The distribution of velocities for the kinematic pairs of the bearing in a case when
the inner ring rotates, which corresponds to the operation of a bearing in a gearbox, is
shown infig. 7.3a. If it is assumed that the outer ring is damaged (the damaged spot is
consistent with the direction of the force acting on the bearing), then on the basis of
fig. 7.3a one can write the following relations

Vo= W (rg —ry) (7.12)
Vio = Vu/2 (7.12)
w ko = Vk0/(2rrs) (713)

b)

Fig. 7.3. Distribution of velocitiesin rolling bearing:
a—for fixed outer ring,

b — for movable inner and outer rings.
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Putting (7.11) into expression (7.13) we get
V= W(rg —r)/(2r:s) (7.19)
Similar reasoning as above leads to a formula for the frequency of passage over a
damaged spot in the outer race when the inner race revolves

for = I(L = 1drg)/2 (7.15)

Taking into account the contact angle of the bearing, we get
foz = I f(L —ri/rgcosa )/2 (7.16)

where | is anumber of rolling elements in the bearing.

To take into account the effect of a bearing defect on the generation of a diagnostic
signal, a relation describing angles of rotation ¢ between the components of a rolling
bearing is needed. If the inner race is damaged (the bearing works in a belt conveyor

roller), then by putting w,, =d¢,,/dt and cw=d¢/dt into relation (7.10) we get

do /dt = d@ /dt (rg —r)/(2r.s) (7.17)
Hence after integration by sides we get
ko = ¢ (rsr — rk)/(zrrs) (7-18)

If the inner ring revolves, the following relationship between the angles of rotation
is obtained:

Pro= ¢ (re + rdl(2res) (7.19)

Also the angular velocities of the ball can be determined from figs 7.1 and 7.3a
And so when the outer ring revolves (asin the case of araller), we get

W= VJ(2r) = w(rg + r)/(2r) (7.20)
Therelation for the angles of rotation is as follows
P= @ (re +1rd/(2r) (7.21)

Similar relations for the case when the inner ring revolves (fig. 7.3a) are asfollows

W= Vl/(2r) = w(rg-r)/(2ry) (7.22)
and for the angles of rotation
Pu=¢ (rs-rd/(2ry (7.23)

In some cases both races can revolve — as shown in fig. 7.3b. The absolute vel ocity of
the cageis

Viko = (Vz + VW)/Z = Wpkol s (724)
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hence
Wpko = (Vz + Vw)/(zrsr) (725)
The peripheral speed of the cage rdative to theinner ring is
Vako = (V2 —=V)2 = Av,/2 (7.26)

where Av, isthe velocity of the outer ring relative to that to the inner ring.

Therelative velocity of the outer ring can also be calculated from this relation
Av,= Aw(rg +1y) (7.27)

Therelative angular velocity of the cage is
Woo = AVI(2rg) = A w(rg + 1) /(2rg) (7.28)

Taking into account Aw = 27 , the frequency of passage over a damaged spot in
theinner raceis

fow= I AF(L+ ridrg)/2 (7.29)

where |, isanumber of e ements.

Also the frequency at which the system is excited to vibration when a ball is damaged
can be determined. The length of the line of the vibration-producing contact between
the ball and the inner ring is equal to the ball’ s circumference, i.e.

D polrss = 1) = 27T 1 (7.30)

The relationship between the angle of rotation of the cage and that of the bearing is
expressed by

Poo=@p(rs + 1) I(2rs) (7.32)
according to (7.19). After putting the above into (7.30) we get
Gp(rs+1e)/(2rg ) (re —ri) =27T1 (7.32)
From (7.32) one can calculate
Qo= ATrasl(r’s —r%) (7.33)

The number of impulses per one revolution of the bearing is

2119 , = (FPe —r2)I(2rirs) (7.34)
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If the bearing rotates at f [rev./s], then the frequency with which the ball comes in
contact with theraceis

fo = fi(2rds) (s —1%) (7.35)
Taking into account the contact angle of the bearing, we get
f, = fi(2rars) (rPs —rcos’a) = f12rd rg) (1 - r’s I r3cos’a ) (7.36)

A dynamical model of the rolling bearing is essential for the proper understanding
of the engineering diagnostics of rolling bearings. A mathematical model in the form
of differential equations is adopted to describe the motion of the rolling bearing. The
rotary motion of the bearing is described by the following equation of rotary motion

g = ML@) (7.37)

where: |, —amass moment of inertia, kg ?;
¢ —theangular velocity of the rolling bearing, rad/s;

¢ — the angular acceleration of the bearing, rad/s’;
M. (@) —thetorque driving the rolling bearing, N Chn.

The point of contact of the two rolling bearing elements (the ring and the ball) is
characterised by rigidity k [N/m]. As a result of a defect the system having mass my
vibrates as the rolling bearing rotates (7.37). The second equation of motion for this
systemis

mey = - k(y - E) (7.38)

where: m — the system’ s mass, kg;
y — avariable describing the displacement of the mass, m;
E — afunction describing the plot of the race damage.
One period of the former function, having relative length (0-1), is described (ac-
cording to fig. 7.4) by the following relations:
for interval (0, b)

E = (g/b)ax (7.39)

where: g —the depth of the damage, m;
b — half of the damage width, m;
for interval (b, 1-b)

E=g¢g (7.40)
forinterval (1-b, 1)
E=-(gb)(ax—1) (7.41)



7. Modelling of kinematics and dynamics of rolling bearings 125

Auxiliary value a is calculated from the formula given below and the graph of the
function is shown in fig. 7.5. The driving system characteristics for torque M (¢)

and ¢ (t) areshowninfigs7.6and 7.7.

Loone 71 . o
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Fig. 7.4. Plot of rolling bearing damage function. Fig. 7.5. Plot of auxiliary function.

Fig. 7.6. Plot of starting torque. Fig. 7.7. Plot of angular velocities.

To model the effect of a bearing defect on the diagnostic signal one must know the
relationship between the angle of rotation of the bearing's shaft and the angle of rota-
tion of the bearing's cage. When the outer ring revolves, the latter is (according to

(7.19)
Pro=¢ (rs + rdl(2ry) (7.42)
where: ¢y, —the angle of rotation of the cage, rad;

¢ — the angle of rotation of the bearing.
Vaue a, is calculated from the following formula

aw = frac(@ l/(21T)) (7.43)

where: |, —the number of ballsin the bearing,
frac — the fractional part of the expression in brackets.
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Ilustrative plots of bearing force S = k(y — E) are shown in fig. 7.8a and b. Fig.
7.8a shows the whole plot from the moment of starting and fig. 7.8b is a zoom of the
plot for the steady running of the bearing. Characteristic traces of the impulses gener-
ated by the passage of a ball over the damaged spot are shown in fig. 7.8b.

a) b

md N ‘ 100 N

Fig. 7.8. Plot of forces between rolling element and rolling bearing race (a)
and zoom of plot (b).

Having an appropriate mathematical model of the rolling bearing one can study the
effect of design factors, operating factors and change-of-condition factors on the form
of the diagnostic signal — as demonstrated for a gearing in chap. 6.

7.1. References

[7.1] Bartelemus W.: Choice of Design Feaures for Large-Size Rim Bearings,
Gornictwo Odkrywkowe, No. 6, 1987.



8. Modelling of belt conveyors

8.1. Modelling of forcesin belt

Mathematical modelling and computer smulation are used to get a better insight
into the dynamic phenomena which occur in the belt conveyor. The traditional model-
ling of the dynamic phenomena occurring in the belt conveyor focuses mainly on the
effect of the motion factors involved in the starting and braking of the belt conveyor.
For computer-aided diagnostics a new mathematical model describing in more detail
(for the particular rollers) the dynamic phenomena is needed (see sect. 8.2). Never-
theless, to better understand the modelling of dynamic phenomena which occur in the
belt conveyor a mathematical model representing the traditional approach (e.g. [8.1])
is presented in this section.

A model of the belt conveyor is assumed as a system consisting of a driving drum
and areturn drum — actually there may be several driving drums but they are reduced
to one drum and a power transmission system (consisting of a motor and a gearbox) is
reduced to this drum. The conveyor’s top and bottom belts are substituted by concen-
trated masses. Ten masses are assumed for the (driving) top strand and six masses for
the (driven) bottom strand. Also a two-parameter model of the belt, consisting of stiff-
ness k [N/m] and damping C [Ns/m] is assumed. Dynamic modulus of elasticity Eq =
2.1 [10° N/m is assumed for the belt.

The following relation holds for the two-parameter model of the belt:

O=Ef€ + TE) (8.1)

where: o—the stressin the belt, N/m;
e—relative strain;
T—relaxation time, s (1= 2 sisassumed for calculations);

&’ —therate of relative strain.
The notation used for the forcesis shown in fig. 8.1. The equation of motion for the
driving drum assumes this form:

$1= (M{(@ 1)+ (-S.—Su+ Sis + Sie)o— S(P )Mow)/lz (8.2)
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If
Sus= (-S—Si+ Sis+ Sis)
then
3ty
50 ft
g

$p+51t m S3+8a¢

Sr2*Ses

Fig. 8.1. Physical model of belt conveyor

¢“’ 1= (Ms(¢ 1)+ Sus rb—3(¢ DMa1)/ 1

Function S (¢,) fulfilsthefollowing conditions:
If ¢ =0, then S(¢ 1) =0
If ¢.>0,then S(¢ 1) =1 (8.3)
If ¢,<0 thenS(p)=-1

The values of the particular damping and elastic forces can be calculated from the
following relations:

S=k(@piro—x)+S (8.4)
S = Cl(¢ 1lp - Xz)

where: @, —angular acceleration, rad/s’;
¢ —angular velocity, rad/s;
M. (¢,) —afunction describing the characteristic of the motor reduced to the drum’s

shaft (asimplified characteristic of the motor isshown in fig. 8.2);

S, Sie —respectively the elastic force and the damping force running onto the drum, N;

Sis, Sist — respectively the elastic force and the damping force running off the drum, N;

r, —the drum’ s radius, m;

S (¢,) — afunction describing the direction of the friction force depending on the
value and direction of the velocity (the function assumes the values given above);
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Mo1: — the moment of friction resistance on the driving drum, Nm;
Iy, — the mass moment of inertia of the driving drum, kgm?
S —the pre-tensioning force, N.

)
&
=
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! |
= | Fig. 8.2. Characteristic of
- o | motor driving belt conveyor.
° |
} |
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The equation of motion for first mass my, in the driving strand is as follows:

X2= (S+ Si—S — S — S(X2) S — Soag)/ Mt (8.5)
If we denote
S2a=S+ S-S - (8.6)
then
X2 = (Siza — S(X2)Soat — Suag)/ My 8.7
where S, S;; as above and
S=k(X—X)+ S (8.8)
Sk = Cz(xz'xs) (8.9

X, —the linear acceleration of the first mass, m/s”;
X, — X; —thelinear velocity of respectively the first and second mass, nvs;

St —thefriction force produced by the resistance of the rollers, N;
my: —the mass of the first belt section, kg;
For example, the equation of motion for tenth mass my;o assumes this form

;( 1= (Sonn —&( Xll)S)lOt — So10g)/My10 (8.10)
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where:
Si011 = S0+ St — S — S (8.11)
Sio = k(X0 —X11) + S (8.12)
St = Cro( X10- X11) (8.13)
Su = Kia(Xa1 - o 12) (8.19)
1= Cua( X1 - Foh 12) (8.15)

(the same notation as above).
The equation of motion for the return drumis

¢“’ 12= (Suw - S(¢ 12)Moat — Mogg)/ 12 (8.16)
where:
S = Sit S-S+ S (8.17)

and forces Sy1, Sixt, Si2, Six @s above

Motz — the reduced moment of resistance to motion on the return drum, Nm;

Mog2 — the reduced-to-the-return-drum gravitational force for the rectilinear segment of
the belt conveyor, Nm;

l,2 —the moment of inertia of the return drum, kgmz.

A simplified model of the driving motor’s characteristic is shown in fig. 8.2. Since
the drive is reduced to the drum’s shaft, the drum moment increases by the transmis-
sion ratio and the revolutions appropriately decrease by this ratio.

Let us model the possibility of slip on the driving drum between the drum and the belt.
If we denote
Pi= S+ Si (8.18)

P2= S+ S (8.19)

the condition of possible transmission of limit forces between the driving strand and
the driven strand can be written as follows

If the circumferential force in the belt is denoted by P, slip will occur when
(P2+ Po)/P; > exp( a') (8.21)
P, = MJry, (8.22)

After transformations we get the following slip occurrence condition
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P2 < MJ[ro(exp( i @) — 1)] (8.23)
which means that the torque val ue transposed from the motor to the drumis
Ms = roP> (exp( 1 ) — 1) (8.24)

This condition was introduced into the equations of motion of the belt conveyor.
The computer simulation results are shown in fig. 8.3a and b. The plots of driving

drum angular velocity (rad/s) ¢, and return drum angular velocity ¢,, and a plot of
linear velocity X; for the fourth massin the driving strand of the belt are shown in fig.

8.3a. The belt conveyor was loaded up to 60% of its rated power. The plots represent
the starting and braking of the belt conveyor. The plots of running-onto-drum force P,
and running-off-drum force P, and the plot of electric motor driving torque Mg are
showninfig. 8.3b.

5.0 m[s

Fig. 8.3. Plots of driving and return drum velocities and fourth top-strand mass (@) and plots of driving-
drum tightening and running-off forces and driving torque (b), for starting and braking at 60% loading of
belt conveyor.

8.2. Dynamical model of belt conveyor route section

In sect. 8.1 a conventional model describing the dynamical properties of the belt
conveyor was presented. Here a new dynamical model of a belt conveyor route sec-
tion, which can be used to study the influence of the condition of the belt conveyor’s
elements (design factors and change-of-condition factors) on the vibration of the belt
conveyor, isintroduced [8.2], [8.3].

To determine the interactions between the rollers and the belt, taking into account
the frame and the transported winning, a new physica model (fig. 8.4) has been de-
veloped. A corresponding mathematical model is described by equations of motion.
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Fig. 8.1. Physical model of conveyor belt route section.

The motion dynamics of the model are described by 36 variables denoted as: x —
horizontal displacements, y — vertical displacements and ¢ — revolutions. It is assumed
that the system is driven by a motor with known driving torque characteristic M ((¢,)

where @, is the angular velocity of the driving drum (fig. 8.2). Using the symbols
from fig. 8.4, the equations of motion for the particular masses and inertias are as fol-
lows:

logp 1= M 1) — ro(P1 — Pao) —0.3S(¢) )M, (8.25)
lggp 2= rg(PL—P2) (8.26)
myx= P,—Ps (8.27)

where: ¢, X — respectively angular acceleration (rad/sz) and linear acceleration (n1/s2);
I, — the moment of inertia of the drum, kg ?;

P1, Pxo, P>, Ps —thetensioning forcesin the belt, N;

I'n, Iq—the drum’s radius and the top roller’ s radius, m;

M, —the resistance-to-motion moment, N Cmn;
with 0.3 of the resistance motion value concentrated on the first drum and 0.7 on the

second drum.
Function S (¢) isdefined asfollows:

If ¢ =0,thenS(¢)=0
If ¢ >0,thenS(¢)=1 (8.28)
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If ¢ <0, thenS(p)=-1

The further equations are;

%(94_1/296 =-(Pa 1+ P30 ) (8.29)
(lg+ Mg) @ 5= re(Ps—Py) (8.30)
Mg 96 =3Fut+ P+ Pias—Sp (8.31)

where: y —vertical accelerations of the belt, m/s*;

my — the mass of the belt section and winning between two rollers, kg;

Mg, Mg —the mass of the top roller and the mass of the moving part of the top
roller, kg;

e, —the shift of aroller’ s centre of gravity relative to the axis of rotation, m;

F.,—forces due to the unbalance of aroller, N.

My X7 = Ps—Ps (8.32)

Mol Ya—(Yio+ V2Ye- Vo))l = - (Paars+ Psar ) (8.33)
(Ig+ Myes) P o = ro(Ps— Pe) (8.34)

Mgy 10= 3Fua+ Ps@ 4+ PsOl 6 —Sp (8.35)

My X11 = Ps—P7 (8.36)

Only the first 11 differential equations describing eleven variables and only a part
of the mathematical model are written above. The possibilities of using the mathe-
matical model to study the effect of various design factors on the magnitude of vibra-
tion are presented in [8.3].

The computer simulation results are shown in figs 8.5-8.13. They illustrate the ef-
fect of different design factors on the vibration velocity for the steady motion of the
belt conveyor running at a speed of 5.75 m/s. Run-out and unbalance of the rollers af-
fect the vibration of the belt conveyor’s elements. In the simulations a run-out of 0.9
mm and 1.6 mm was assumed for respectively the top and bottom rollers. An identical
gravity-centre shift of 0.8 mm was assumed for al the rollers. The obtained simulation
results are shown in figs 8.5-8.7. Then complex non-circularity of the rollers, causing
50 and 30 Hz vibration, was assumed. The two frequencies are the eigenfrequencies of
the bottom and top rollers, respectively. The simulation results under this assumption
are shown in figs 8.8-8.10.
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Fig. 8.2. Plot of vibration variation rate for Fig. 8.3. Plot of vibration velocity for middle of
frame at point of support of top roller belt between two top rollers
(variable y0), gsb. (variable y;,), gsb.

Fig. 8.4. Plot of vibration variation rate for Fig. 8.5. Plot of vibration variation rate for frame
frame at point of support of bottom roller at point of support of top roller
(variable ), gsS. (variable yio), gs7

These are plots of the actual conveyor element vibration velocity values for differ-
ent variables describing the vibration (the variables are denoted in fig. 8.4). A plot of
vibration velocity for variable y;, being a measure of the impact of the roller on the
belt conveyor’s frame, is shown in fig. 8.5. One component with frequency f = 50 Hz
features in the plot which is sightly modulated by a component having the roller
revolutions frequency. A plot of the velocity for the middlie of the belt under the rated
load is shown in fig. 8.6. The plot features two vibration components having approxi-
mate frequencies: 10 and 50 Hz. The effect of the roller on its bottom suspension is
illustrated by the plot of velocity for variable y, in fig. 8.7. The plot features mainly
vibration with a frequency of 30 Hz caused by the free vibration of the support. A
dlight influence of the vibration of the belt isvisible. A plot of vibration velocity when
the excitation due to top roller non-circularity was 50 Hz is shown in fig. 8.8. Thisre-
sulted in a complex form of vibration featuring: a 50 Hz component — a resonant com-
ponent coinciding with the excitation frequency, a 10 Hz component due to roller run-
out and a 5 Hz component due to the vibration of the bottom section belt. The plot of
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velocity in fig. 8.9 features 30 Hz components originating from the free vibration ex-
cited by the 30 Hz roller non-circularity component. Also the effect of the vibration of
the bottom section of the belt is visible —the frequency of 2.5 Hz. A hypothetical noise
spectrum with marked selected low-frequency vibration components: 5, 30 and 50 Hz
and high-frequency components: 800, 1000, 1200 and 1500 Hz is shown in fig. 8.11.
The frequencies of 800 and 1000 Hz are shown with side modulating components
originating from the low freguencies.
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Fig. 8.6. Plot of vibration variation rate for Fig. 8.7. Plot of vibration velocity for middle
frame at point of support of bottom roller of belt between two bottom rollers
(variable yq), gs7. (variable ys), gs7.
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Fig. 8.8. Structure of noise spectrum for section of belt conveyor.
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Fig. 8.11 is only an approximate representation of the structure of the noise emitted
by the belt conveyor. The probable cause of the generation of high-frequency vibra-
tions are surface irregularities of the belt or the variation in its stiffness. A plot of vi-
bration velocity when the vibration (1000 Hz) is excited by periodic belt surface ir-
regularities (amplitude of irregularities b = 0.1 mm) is shown in fig. 8.12a.
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Fig. 8.9. Plot of vibration velocity (variabley,,) for belt midpoint and amplitude of surface irregularities
b= 0.1 mm (&) and zoom of plot (b).
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Fig. 8.10. Plot of vibration velocity
(variable y;,) for belt midpoint and
amplitude of surfaceirregularitiesb = 0.5
mm:a—A=1sb-A=01sc-A=001
s (zoom of plot).
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This figure features a 50 Hz component and a high-frequency (1000 Hz) compo-
nent. To identify the latter a zoom of the vibration velocity plot is shown in fig. 8.12b.
The plots are for variable yi,, i.e. for the vibration of the conveyor belt midpoint. The
vibration plots for variable y;, when the amplitude of belt surface irregularities is in-
creased to 0.5 mm are shown in fig. 8.13aand b. The plot in fig. 8.13ais for time in-
terval A = 1s, the onein fig. 8.13b for interval A = 0.1 s and the one in fig. 8.13c for
interval A = 0.01 s. The figures show a complex form of vibration excited by periodic
belt surfaceirregularities.

This chapter does not cover all the factors influencing belt conveyor vibration. This
would require a very extensive treatment, e.g. to take into account the condition of the
rolling bearings it would be necessary to modify the model of the belt conveyor route
section and incorporate the rolling bearing model presented in chap. 7 into it.
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9. Formsof wear of mining machine elements

Changes in the condition of machines are due to the wear of their elements which
make up kinematic pairs or joints. The following forms of wear of machine e ements
can be distinguished: abrasive wear, adhesion, pitting, seizing, corrosion, fretting and
erosion. The forms of wear vary depending on the loading, the kind of kinematic pair
and the environment in which the machine operates. In the considered case the strip
mine is the operating environment. Area, linear and point contacts and diding, rolling
and concurrent diding and rolling motions occur between the elements of kinematic
pairs. The classification of kinematic pairsin the theory of mechanismsis based on the
kind of motion and the kind of contact between kinematic pair elements. For example,
rolling maotion occurs when a rolling element mates with the races of arolling bearing,
concurrent rolling and sliding motions occur in a meshing toothed gearing. The distri-
bution of motion velocities at a point of instantaneous contact between two meshing
teeth is shown in sect. 6.2. Theintermeshing of a pair of gear teeth can be compared to
the mating (rolling and sliding) of two rolls with changing radii p; and p- (fig. 6.2). If
sliding motion occurs between the elements of a kinematic pair, then also friction oc-
curs between them. The magnitude of the frictional resistance depends on the condi-
tion of the surfaces (the height of surface irregularities), the kind of material and the
loading determined by design and operating factors. An illustrative plot of the mo-
ments of friction arising during meshing is shown in fig. 6.6a and b. To reduce fric-
tional resistance a lubricating medium (grease, oil) is introduced between the mating
surfaces of a kinematic pair. The lubricant separates the mating elements and reduces
the frictional resistance. The mating elements of a kinematic pair are separated to a
different degree. Hence different forms of friction are distinguished:

» fluid friction — the elements of a kinematic pair are separated by a film of lu-
bricant,

e semi-fluid friction — the elements of a kinematic pair are partially separated,

e dry friction — the elements of a kinematic pair are not separated by a lubricat-
ing medium.

The kind of friction can be determined by diagnostic methods, e.g. by the SPM
(Shock Pulse Method) method described in chap. 15. The basics of this method are
presented in figs 15.8-15.11. The conditions for the occurrence of fluid friction are
described by the hydrodynamic theory of lubrication [9.1]. The occurrence of fluid
friction depends on design and operating factors (determining the relative velocities of
the elements), the loading and the condition of the mating surfaces. Also the environ-
ment influences the condition of a machine since impurities: solid (sand) particles and
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water get into the lubricating medium from it. The kinds of particles which may get
into the lubricating medium are described in chap. 10.2. As aresult of the reciprocal
motion of the elements of a kinematic pair the irregularities of their surface are trun-
cated, particularly during running in. A new surface obtained by grinding and the
same surface after running in are shown in fig. 9.1 (after [9.1]) and fig. 9.2 (after
[9.1]), respectively. If they are not lubricated, the surfaces after running in may un-
dergo adhesion during starting. Adhesion will occur depending on the state of lubrica-
tion and the machine's state of operation (starting). Once certain limit values deter-
mined by the design and operating (motion) factors are exceeded, the mating surfaces
start seizing. An image of a surface (after [9.1]) on which seizing began is shown in
fig. 9.3.

. : = ==a) 3 bt 3 .
Fig. 9.2. Electron mi croscope image of ground and
surface, magnification of 1000x [9.1]. run in (through mating of kinematic pair el ements)
surface, magnification of 1000x [9.1].

Fig. 9.1. Electron microscope image of ground

Fig. 9.3. Electron microscope image of surface Fig. 9.4. Image of surface damaged by gear tooth
damaged by seizing (initsinitial stage), seizing (resulting from out-of-parallel meshing of
magnification of 1000x [9.1]. teeth) [9.2].
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An image of severe damage (visible to the naked eye) resulting from seizing is
shown in fig. 9.4. The seizing was caused by a secondary factor: a change in the con-
dition due to the improper mounting of the motor relative to the gearbox. A similar
image will be obtained if damage to one of the rolling bearings in a gear resultsin the
nonaxial operation of the gear whedls' teeth (fig. 9.4 after [9.2]. Highly intensive
seizing may occur in the case of tooth interference. An image of this condition is
shown infig. 9.5 after [9.2].

— o

Fig. 9.5. Image of intensi'\'/;e wear of géar teeth due to their seizing [9.2].

Tooth interference may be due to mismatched design features or to the influence of
technological factors (improperly cut teeth of the gear wheels). The surface of the
mating elements of kinematic pairs may also be damaged as a result of metal surface
fatigue. The wear of and damage to gear teeth are described in standard [9.3]. Changes
in the condition of gearing caused by surface fatigue manifest themselves initially as
stains (which may be transitory) on the surface of the teeth. The latter may be dam-
aged severely by destructive pitting as shown in figs 1.15 and 10.20. Tempering chips
and other kinds of damage may also occur on the tooth surface (more information can
be found in standard [9.3]). When friction occurs in a corrosive environment, chemical
reaction proceed on the surfaces of the mating elements of kinematic pairs. The prod-
ucts of the chemical reactions are generally weakly bound with the base and as aresult
of friction they are removed from it. A form of abrasive-corrosive wear is fretting
which occurs when the surfaces of the contacting elements execute small oscillatory
motions. Fretting may occur in thermocompression, bolted and riveted joints. It is a
form of adhesion wear combined with corrosion.

To sum up, the occurrence of one or severa of the phenomena described above is
understood to congtitute a change in the condition of the machine due to wear.

Erosion is defined as the destruction of a surface, accompanied by materia loss, as
a result of the flow of a solid-particles-carrying liquid or a gas around the surface.
Cavitation is a form of erosion. Cavitation occurs in liquids in which bubbles filled
with the vapour of the liquid form. Close to the walls the bubbles burst under the pres-
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as carrier of information about its condition

sure of the liquid. The implosion of the bubbles results in local high-velocity micro-
jets hitting the inner walls of the machine's elements and removing material particles
from their surface. The aim of engineering diagnostics is to detect such phenomena
through the measurement of the physical quantities which reflect the corresponding
changes in the condition. If physical quantities being symptoms of a change in the
condition are measured, then methods of engineering diagnostics are applied to deter-
mine the changes in the condition. The phenomena described above generate charac-
teristic wear particles which are identified and on this basis the condition of the ma-
chine is determined. More information about forms of wear can be found in, for ex-
ample, [9.1].

9.1. References

[9.1] Barwell F.T.: Bearing Systems, Principles and Practice, Oxford University Press, 1979.

[9.2] Kress D.F.: The Good Girth Guide, World Mining Equipment, Vol. 21, No. 3, 1997.

[9.3] Polish Standard PN-67/M-88506 Toothed Gears, Wear and Damage, Names and Definitions (in
Polish).



10. Description of secondary processes accompanying
operation of machineascarrier of information about its

condition

10.1. Basic description of vibroacoustic signal

Functions describing dynamic variables can be presented in different forms, i.e.
versus different independent variables. Sinusoidal plots of physica quantities, de-
scribing instantaneous values of displacement, velocity, and vibration acceleration are
shown in fig. 4.2. For a particular physical quantity such functions can be character-
ized by period T [g] or its inverse, i.e. frequency f [HZz], amplitude X (for different
physical quantities) and phase shift ¢ [rad.]. A signal can be also visualized as a spec-
trum. A sinusoidal plot and its spectrum (as a function of frequency) are shown in fig.
10. Sinusoidal functions can be out of phase which means that beside an amplitude
spectrum one needs a phase spectrum to describe asignal fully.
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Fig. 10.1. Plot of sinusoidal signal and its spectrum.

Any periodic signal can be presented in the form of a spectrum. Examples of com-
plex periodic signalsin the time form and in the spectrum form are shown in fig. 10.2.
The signals are determinate since their value can be determined at any instant. Not al
signals are periodic. A classification of determinate signals, according to [10.1], is
presented in fig. 10.3. A spectrum of a polyharmonic signa and that of an almost peri-
odic signal are shown in figs 10.4 and 10.5, respectively. A periodic signal can be de-



10.1. Basic description of vibroacoustic signal

143

composed into simple sinusoidal components by applying the Fourier transform. If a
signal as afunction of timeis denoted by x(t) then by applying the Fourier seriesit can

be expressed as
X(t) = % 2+ 3 (, COS2I1) b, SN (20 (10.1)
where: )
1
f,=— (10.2)
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Fig. 10.2. Examples of polyharmonic signals and their spectra: a— signal in time domain,

b —signal in frequency domain.

Determinate signals

Periodic signals Aperiodic signals

Harminic signals Polyharmonic signals Almost periodic signals Transent signals

Fig. 10.3. Classification of determinate signals[10.1].
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Fig. 10.4. Spectrum of polyharmonic signal. Fig. 10.5. Spectrum of almost periodic signal.
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2" :
a, T_ J’ x(t) cos(2rmf,t)dt , n= 0,1,2,3,... (10.3)
0
2 "
b, == !x(t)gn(szlt)dt, n=0,123,.. (10.4)
p

where T, is the fundamental period of the signal.
Another kind of notation can be used for the Fourier series in the case of a poly-
harmonic signal:

X(t) = X, + Z X, cos(2mft -6,) (10.5)
where:
1
X, = 5 (10.6)
X =, a?+b? n=123,. (10.7)
6, =ar cth— n=123,.. (10.8)

n

As mentioned above, if values X, are expressed as functions with discrete domain
fin, a signal spectrum is obtained; if phases 6, are also expressed as functions in do-
main fin, a signal phase spectrum is obtained. The amplitude spectra of signals are
often described in the form of dB levels. A dB leve is expressed as follows

2
L= 10Iogm%% = 20|0910E§E (109)
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where: a —the amplitude of a signal (acceleration, velocity, displacement) for a given
frequency f, Hz;
a — areference amplitude according to 1SO1683.
Thelevels of amplitudes according to 1SO1683 are as follows:
for accelerations — 10° ms?,
for velocities— 10° ms™,
for displacements— 10" m.

Transients form an important class of signals. Examples of such signals with their
mathematical description are shown in fig. 10.6. Transients a and b can describe the
response of a system to step excitations (see figs 4.10 and 4.11). One can aso find
spectra for transients. Unlike periodic signals, the spectra are continuous (see fig.
10.7). The actual traces of physical quantities are only approximately determinate. In
engineering diagnostics we deal with signals which are a “sum” of determinate and
random signals. A classification of random signals according to [10.1] is presented in
fig. 10.8. lllustrative time plots of arandom signal are shown in fig. 10.9. The signals
are thermal noise signals.
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g Fig. 10.6. Examples of transients: a— fading
A . signal, b —fading periodic signal, c —impulse
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Analyses of diagnostic signals show that rolling bearings in good condition gener-
ate vibration which can be described by broadband noise. A defect of arolling bearing
results in the generation of periodic signals caused by impulse excitation (fig. 7.8). A
periodic signal providing information about a change in condition is masked by a
broadband noise signal.
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Fig. 10.7. Spectra of transients (fig. 10.6): a— spectrum of fading signal, b — spectrum of fading periodic
signal, ¢ — spectrum of impulse signal.

Random signals

Stationary signals Nonstationary signals

Ergodic signals Nonergodic signals Special nonstationary signals varieties

Fig. 10.8. Classification of random signals[10.2].

Hence engineering diagnostics deals with methods of detecting signalsin noise. In
some cases it is assumed that the diagnostic signal is a random signal to which sto-
chastic signal analysis methods are applicable. Stochastic signals are described by es-
timators.

Vibroacoustic signal description estimators will be discussed assuming signal er-
godicity [10.1].

An ergodic signal can be described uniguely on the basis of one process redlization,
which in the case of vibroacoustic processes is random function in time domain s(t). A
random process is described by nonrandom parameters (referred to as process charac-
teristics). Theoretical parameters are calculated for realization s(t) of infinite duration,
i.e. T - oo. A parameter calculated for finite T is called an estimator of this parameter
or in short: estimator. The accuracy with which the estimator is calculated depends on,
among others, duration T. Besides the above limitation of signals to ergodic ones, an-
other constraint isintroduced: to describe fully a stochastic processit is enough to find
statistic moments of the first and second kind. The above nonrandom parameters and
estimators of diagnostic signal can be described in time domain T [9], frequency do-
main f [Hz] or amplitude domain s [mm], [mm/s], [mm/s”] depending on a physical
quantity.
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Fig. 10.9. Realizations of output signals of thermal noise generators

Under the above constraints imposed on the description of a stochastic processit is
enough to find the parameter (or its estimator) of: the autocorrelation function and the

related signal power spectra density function or the probability density function.
The basic stochastic process parameters under the above constraints imposed on

the kind (class) of a stochastic process are presented below.
The sguare mean valueis

17
2 = |im=(s?(t)dt 10.1
s Tl{QTls (t) (10.10)

where: §(t) —a stochastic process realization,;
T —redlization duration, s,
t—time, s.

The mean valueis

= I|m— ‘!s(t)dt (10.11)

for considered machine wall vibration s =
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The process variance is

2
ol =li m%i[s(t) ~p] dt (10.12)
The following relation holds
ol=W2-pu? (10.13)
If for the considered processes s = 0, then
ol=w? (10.14)
The probability density function is
N
p(s) = lim — Oim=0 (10.15)

*°45H. TH

where: AS—the width of the amplitude change window,
Ts—residence time at given level swithin limits AS (fig. 10.10). There are the follow-
ing relationships between the estimators:

U = }sp(s) ds (10.16)
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Fig. 10.10. lllustration of probability Fig. 10.11. Illustration of autocorrelation
measurement. measurement.

W = [s"p(s)ds (10.17)

The signal autocorrelation function (fig. 10.11) has the following form
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1
= lim= [s(t)s(t —7)dt
Y(1) TI{[}TJO’S()S( 7)
and function yi(t) has the following properties

Y (1) =g (1)

Ys(0) = (1) foral .
The following relations hold:

Mg =W ()

WS =y, (0)
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(10.18)

(10.19)

(10.20)

(10.21)

Illustrative autocorrelation functions for different signals are shown in fig. 10.12.
As mentioned above, a spectrum is used to describe signals, whereas random signals

are described by a spectral power density function.
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Fig. 10.12. Plots of autocorrelation function for: a— sinusoidal signal, b — sinusoidal signal with random

noise, ¢ — narrowband random noise, d — broadband random noise.
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The spectral power density function (unilateral) is as follows
il

I N N
W, (f) _lmﬁﬁum?‘!s (t, .40 )dt (10.22)

H

where Af isabandwidth in Hz, St f, Af) is afrequency of function s(t) for any fre-
guency f and in its neighbourhood Af. A spectral signal power density function is

showninfig. 10.13.
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_,/ \'\ Fig. 10.13. Plots of spectral power density
5 % 7 function for:
¢ , a—sinusoidal signal,
W J‘rf c) b — sinusoidal signal with random noise,
¢ — narrowband random noise,
d — broadband random noise
-
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The following relations hold:
W, (f)= 2J’L,U(r)e‘j")”f dr

+0
u, = / st( f)df (10.24)

W2 = ‘!Ws(f)df (10.25)

Besides the above parameters for one process, it is also essential to know the joint
parameters for the two processes. The main parameters for a class of ergodic processes

(10.23)

are given below.
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Thejoint probability density functionis

. 1. T
p(s.,s,) = & ASAS, lim = (10.26)

AS, -0

the denotations asin fig. 10.14.
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Fig. 10.14. lllustration of joint probability measurement.
If the processes are stochastically independent, the following relation holds
P(s1,S,) = P(s) P(s,) (10.27)

for probability functions p(s;, s;) and p(sy), p(s).

Yoo (1) = ”mlj'sl(t)sz(t”)df (10.28)

Toow T !

This function has the following properties:
W, (-T) =W, (T) (10.29)
W, (f )\2 <y, (0, (0) (10.30)

Plots of two functions s(t) and s(t + 1) are shownin fig. 10.15.
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For an analysis of the interdependences between two signals the following recipro-
cal spectral density function is defined

W, (f)=C.. (f)=iQ.. (f) (10.31)

«int

Fig. 10.15. lllustration of intercorrelation measurement

where; i =+/-1,
1
C, () :l!%llmmlsl(t, f,Af)s, (t, f,Af)dt (10.32)
R B .
Q. (f) = Alf'm'mﬁ.([sl(t’ f,Af)s, (t, f,Af)dt (10.33)

Function szm(f L, Af ) is shifted by Ya period: T =% f . Function Wge(f) is a com-
plex function.

The relationship between functions Wg«(f) and  4(7) is as follows (also a re-
verse relation holds)
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W, (f)= stﬁ (r)e™?™dr (10.34)

To determine the interrelations between signal's one can aso use a coherence func-
tion. Its squareis given by thisformula

2
M (10.35)

Vos, (F) =
2 W, (F)W, ()

The numerical parameters are given by formulas: (10.10)-(10.12), (10.14), (10.16),
(10.17), (10.20), (10.21), (10.25). The functional parameters are given by: (10.15),
(10.18), (10.22), (10.23), (10.26), (10.28), (10.31)-(10.35). The numerical parameters
of a process are represented by one number. The process functional parameters are
written as functions in the amplitude domain (10.15), (10.26), the time domain
(10.18), (10.28) and the frequency domain (10.22), (10.23), (10.31)-(10.35).

Practicaly only parameter estimators or derivative parameter estimators can be
found. A derivative parameter or its estimator is defined as a parameter or an estimator
subjected to a smple mathematical operation, such as squaring or extraction of a
roots.

10.1.1. Processestimatorsand their application to vibroacoustic diagnostics

Vibroacoustic process { S(t, 0)} is represented by its realization s(t, 0) (thisis possi-
ble under the above constraints). It isafunction of current time (measurement time) in
neighbourhood t, in which diagnosis is being made and of machine's lifetime ©
(service time). A vibroacoustic process for variable time © is nongationary and thus
nonergodic. In our considerations © = const. Thus the redlizations are represented by

(V).
M ean value estimator

[Dl = Tl dt=0
= (s(t)dt = 10.36
S -I-O () ( )

The length of time T is finite and it depends on the accuracy with which a given
estimator denoted by ” should be calcul ated.
Quadratic mean estimator

2 T

t?) =% s%(t) (10.37)
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W2 =glZif u, =0

Absolute mean estimator

O
Hs

. % [Isoer (10.39)

Root-mean-squar e value estimator (derivative estimator)

0o 1T )
W, = W/ﬂ[s ) (10.39)

From the above examples of humerical and derivative estimators one can infer how
to effect atransition from a parameter to a parameter estimator.

As mentioned above, the accuracy with which numerical estimators are calculated
depends on redlization time T. In the case of functional estimators, the accuracy with
which they are calculated is aso affected by: bandwidth Af or “window” width As.
The longer the readlization time T, the higher the accuracy of estimation of point pa-
rameters, whereas for functional estimators: the higher the product AfT or AsT, the
higher the accuracy.

Cepstrum power function estimator

The cepstrum function was defined in [10.2]. Power cepstrum is defined as the
power density of logarithmic signal s(t) power spectrum. It is a “quefrequency” func-
tion — a number of cycles/Hz, i.e. afunction in the time domain. To explicate this, the
mathematical operations leading to the cepstrum power function are described below.

The realization of process s(t) determinate in interval 0 <t < T is used to find this
Fourier transform

T
F.(f)= ‘!'s(t)e“ 21 it (10.40)
The transform is used to find the following power density function
W, (f)= 2%[Fs(f)]2 (10.41)

The cespstrum power function is expressed by this formula
2

C(r) = (10.42)

.
J’IogWS( f)e ™ dt
0
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It has been proved that the cepstrum power function is a function of time having
the same physical meaning as the time in the autocorrelation function. The proof isin
[10.2] where one can learn how the phase shift between original signa s(t) and its
echo shifted by 1, and amplified or attenuated, which can be written as s(t — 1), can be
found on the basi s of the cepstrum power function.

The usefulness of the cepstrum power estimator can be presented as follows:

X(t) —asignal emitted in the signal source,

y(t) —asigna received in the machine swall,

h(t) —asignal transition impulse function — a function describing the properties of the
signal transition path.

Between the spectra of the signals one can find the following relationship:

W, (f)=H?2(f)W,(f) (10.43)

H(f) is transmittance, i.e. a Fourier transform of function h(t). After finding the
logarithm (10.43) (see [10.3], we get

logW, (f) =2logH (f)+logW,(f) (10.44)

Instead of product H(f)PW,(f) we obtain a logarithmic sum. If functions H(f) and
W, (f) have different frequency ranges, i.e. function H(f) has a frequency range nar-
rower than that of function Wy(f), then the two functions become separated in the time
domain on the graph of the cepstrum power function [10.3] and thus the influence of
H(f) on the result of the diagnosis, reflected by spectrum Wi(f), is eliminated.

The separability of the spectrum can be illustrated by the following example. If a
signal is recorded at two different measuring points (fig. 10.14), then this signal isin-
fluenced by transition function (transmittance function) h(t) reflecting this signal
spectrum (fig. 10.16), but the form of C(7) remains unaffected (see fig. 10.16) (ac-
cording to [10.3]).

Synchronous summation function spectrum

By applying synchronous summation one can “filter off” a determinate or coherent
signal from the incoherent noise background. This operation is represented by the
following expression

Ws(f)=|H(f)|2WX(f)+%|H(f)|2Wn (10.45)

where: m—anumber of full summation cycles,
W,(f) —an incoherent signal density spectrum.
If mis sufficiently large, the term with spectrum W,(f) decreases and an amplified
spectrum of signal x(t) is obtained. In the case of synchronous summation the signal is
2totalled in time with the rotary motion of the machine.
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Examples of synchronous and asynchronous summation are shown in fig. 10.17.
Depending on what is to be the information signal one can perform synchronous
summation and obtain the picture shown in fig. 10.17a or perform asynchronous
summation and obtain the picture shown in fig. 10.17b.
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A statistical moment of the third order is the base of the bispectrum function. For
Gaussian noise this moment is equal to zero and in the case of a sum of signals con-
sigting of a determinate process and Gaussian noise, it is different from zero. The
bispectrum can be treated as a discriminator of a determinate process hidden in Gaus-
Sian noise.

Bicoherence functions are written as

y(f, f,)= B(f,, f2)

[Vvs( fl)Ws( f2)Ws( fl + f2)]

where B,(f;, f,) isabispectrum.

The bispectral function was employed to assess the condition of gear meshing
[10.4]. The way in which the function can be used is shown in fig. 10.18.
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Fig. 10.3. Bicoherence values as function of gear loading and condition [10.4]: a— light load,
b —normal operation, ¢ —wear of teeth.

Coherence function

Theoretical considerations and research on the use of the coherence function in
gear meshing diagnostics are treated extensively in [10.5]. The condition of gear
meshing is assessed on the basis of the reception of asignal from several points on the
gear's walls (fig. 1.13). The coherence function’s narrowband components are deter-
mined for characteristic frequencies. It is assumed that the signals received from sev-
era points on the gear’s wall consist of broadband incoherent noise and coherent
components generated in the bands with characteristic frequencies.
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The principle of diagnostic inference says. by measuring signals the difference
between them can be determined as differentiating process z(t). Thus signals s(t) and
S(t) received from two points on the wall of a machine consist of a correlated (coher-
ent) part of the processes, which are denoted by y;(t), y»(t) and differentiating part z(t).
Signals si(t) and s,(t) can be written as:

(1) = Y1 (1), 8, = y, (1) + (1) (10.47)

The spectra of signals (10.47) are described by the following formulas (signals
yi(t), yo(t) are assumed to be correl ated):

W (f) =W, (f)
W (F) =W, (f)

W (f) =W, (f)+W, (10.48)
By putting formula (10.48) into formula (10.35) we get:
2
W, (1)
(10.49)
[W,,, (f) + W, ()W, , (f)
If WA(f) = 0, then yZ,(f)=1, since W, (f)[F=W,y,,(fF)W,,,(f) when
signalsyi(t), y»(t) are correlated. However, if
W, (f) =0, then y2,(f)=0

yszlsz(f) =

W,,(f)>0, then 0<y’,(f)<1 (10.50)

Relations (10.50) show how values y2,(f) can change with the condition of gear

meshing. The share of the process which differentiates the two processes received
from the gear’s wall is the larger, the better the condition of the machine. And vice
versa, for condition regarded to be poor , the differentiation process's share is the
smaller, the poorer the machine' s condition. Condition parameters range from 0 to 1.

Illustrative spectrum components after [10.5] are shown in fig. 10.19. The compo-
nents denoted 1-6 correspond to the gear meshing harmonic frequencies. The picture
shown in fig. 1.16 was obtained by considering the components as the components of
avector and determining its length and angle ¢ relative to the vector whose length was
shortest. To determine the angle and the length of the vectors the following formulas
are used:
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(10.51)

M‘ = \/z [y (f,,Af,)]° —the module of the basic vector ~ (10.52)

M = \/Z [y?(f.,Af,)]* —the module of the vector for agiven pair of wheels (10.53)
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[y (f,,Af, )] —the components of the basic vector (i=1,2 ... 6) (10.54)

[y?(f,,Af,)]—the components of the vector for agiven pair of wheels (10.55)

Damage to gear wheels caused by pitting is shown in fig. 10.20, the gear meshing
condition components — in fig. 10.19d and the influence of design features on the
length and angle of the signal vector in fig. 1.16. In the case of gear wheels damaged
by pitting, angle ¢ increases and ranges from 37 to 48°. Angle ¢ for modified wheels
is about 10° and for unmodified but damaged by pitting wheels it amounts to about
42°. Thisis mainly due to an increase in the share of higher-frequency components.

Fig. 10.5. Picture of fatigue
pitting for 57 (M), 5p (M) .

Envelope spectrum
To obtain an envel ope spectrum, the Hilbert transform is used:

XS] =500 =+ ) > dr (1056)
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To obtain asignal envelope, the notion of an analytical signal isintroduced
z(t) = s(t) +is(t) (10.57)
which can aso be written as
z(t) = A(t)e'v® (10.58)

where A(t) is called asignal envelope and @(t) — an instantaneous signal phase.
In order to obtain a signa envelope spectrum, the analytical signal is subjected to
the Fourier transform according to [10.40]. Signal envelope A(t) is calculated as the

positive root of this expression
At) = /X7 (t) + X% (1) (10.59)

Function @(t) is referred to as a signal of instantaneous values of the phase which is
calculated from thisformula
L X(t
@(t) =tg 1[ﬁ (10.60)
X(t)

[llustrative forms of signals x(t), X(t) and A(t) are shownin fig. 10.21.

e~!% cos (2rigt) eI sin (2afyt) ait

Fig. 10.6. Conversion of signal into envelope.

Gabor transform, Gabor spectrum

The disadvantage of the Fourier transform is that information in the time domain
may be determined for the whole length of signa s(t). This is due to the fact that the
spectrum is obtained on the basis of an integra calculated in an interval from —o to
+c0. The acquired information is averaged in the whole interval of length of signal s(t).
If at any signal time local vibration occurs which provides specia information, the
latter will influence the Fourier transform, but its location on the time (t) axis will be
lost because of the operation of the Fourier transform. There is no way of detecting if
particular component f in the Fourier transform stems from the components occurring
in the whole period of function s(t) or it originates from one or several selected peri-
ods. This inconvenience can be avoided by applying the Gabor transform or the
wavelet transform [10.6]. The Gabor transform consists in the application of the Fou-
rier transform jointly with an appropriate time window imposed on the considered
fragment of the signal. The window’ s shape corresponds to the Gaussian function.
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The Gabor spectrum for function s(t) is defined in the time domain and the fre-
guency is given by thisformula

G(f,t)= }s(r)g* (1 —t)exp(-2rfT)dr (10.61)

where: g“(t) isaconjugate function of Gaussian window g(t) in the following form

o

g(t) = In

exp(-5°%t?) (10.62)

where g is aconstant.
The Gabor spectrum circumscribes the Fourier transform of signal s(t) around timett.

Wavelet transform
The wavelet transform of signal s(t) can be written as

W(a,b) = % }s(t)h* E};@k (10.63)

where a and b are an extension and a shift of transform kernel h(t). Coefficient
%/5 is used to normalize the signal. Shift b specifies the location of the kerndl in

time and extension a (a > 0) defines the kerndl’s width and scale. Thus the result of
local transform W(a, b) can be considered in atime domain (scal€) in which short-
duration but high-frequency events are on a small scale and long-duration and low-
frequency events are on a large scale. The properties of the loca transform can be ex-
ploited by selecting a kernel suitable for a particular problem.

10.2. Wear products assignal of machine’'s condition

The causes for which machine elements are replaced are shown in fig. 10.22
([10.7]) according to which 70% of the cases represent damage to the surface of the
mating elements, 50% of which is due to wear and 20% due to corrosion. Wear results
from abrasion, adhesion, fatigue and erosion (chap. 9). The changesin the condition of
the surface are accompanied by the generation of characteristic wear and corrosion
products (Z,, K). An illustrative classification of wear products, corrosion products
and impurities (Z,, K, Zy) is shown in fig. 10.23 after [10.8]. Particles (Z,, K, Z5) can
be characterized by: shape, colour, density/porosity, index of refraction, edge sharp-
ness or roundness, hardness, structure, volume and chemical composition.
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Ageing Surface Failure
15% damage 70% 15%
—
Wear Corrosion
50% 20%
[
I [ [ |
Abrasion | [ Adhesion Fatigue Erosion

Fig. 10.1. Causes for replacement of machine elements[10.7].

&

6.1 6.2

Fig. 10.2. Formsof particles (Z,, K, Z,): 1 —normal wear particles: flat, smooth surface,
dimensions 0.5-5 um; 2 — abraded particles: chips, dimensions 25+100 um; 3 — spherical
particles: dimensions 1+5 um; 4 — surface fatigue (pitting) particles: rough surfaces and edges,
dimensions > 20 um; 5 — interference particles: rough surfaces (surface irregularities running in
parald), dimensions > 20 um; 6 — other particles: 6.1. — sand, 6.2 — plastic, 6.3 — rust.

The condition of a machine can be determined on the basis of the above measur-
able characteristics. Much information can be gained from analytical ferrography
[10.9]-[1.16]. This method enables the separation of wear products/particles (Z,, K,
Z,) from the oil, which are then distributed depending on their size on a transparent
base (e.g. glass) and observed under an optica or eectron microscope. The machine
element wear products on a transparent base become distributed under the action of a
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strong electromagnetic field. The anaytic ferrographic equipment manufactured by
Foxboro was used for the first time to assess the condition of machinesin 1972 [10.9].
Thus ferromagnetic diagnostics makes it possible to determine the condition of a ma-
chine through the monitoring of the products of wear of its elements, which reflect the
mechanism of the wear. The probability of a failure depends on the form of wear of
the surfaces of the mating elements (fig. 10.24). On the basis of the experience in the
use of analytical ferrography simplified ferrographic methods have been developed
[10.12]. They make it possible to assess the concentration of machine element wear
products/particles (Z,, K, Z) in the oil. The simplified ferrography is used to continu-
ously monitor the concentration of wear products represented by numerical values
[10.13].

Loss of load
capacity

/Time

rd \I\&damage arises
[ {
4 VA damage |n|t|at|nn
’ initial / /
condition

10 1’000
Size of partlcles_.,ﬂm

Rate of particles generation

Fig. 10.3. Rate of particles generation.

Analytical ferrography apparatus and method

The basic unit of the apparatus is aferromagnetic analyzer (fig. 10.25 after [10.12])
which consists of a magnet and a casing in which a transparent base — a plate with de-
posited element wear products, i.e. particles (Zy, K, Zy) circulating in the oil —is se-
cured. A sample of diluted oil isfed by a pump onto the plate fixed on a dant whereby
the ail trickles down along the plate. The delivery of the pump is aslow as 0.2 ml/min
to enable the settling of wear products in the form of metallic (mainly magnetic) parti-
cles (iron, nickel, cobalt) or nonmetallic particles. The rate of flow of oil through the
magnetic field is such that the particles settle beginning with the largest (at oil inflow)
to smallest (at oil outflow). The particles range from a few to a few hundred mi-
crometers in size. After the sample has been pumped through, the particles are rinsed
and the remaining oil is washed away. The particles adhere to the plate. The washing
liquid evaporates rapidly and the plate with the adhering particles becomes dry.
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Fig. 10.4. Diagram of analytic ferrograph:
1 —trickle of il in magnetic field,
2 —ferrogram plate,
3 —magnet casing,
4 — il inflow.

The time needed for the pumping through of the oil sampleis 5 min and the rinsing
of the particles and their adhering to the plate take from 5 to 10 min. The particles
firmly adhere to the plate. A typical 3 ml oil sample is mixed with 1 ml of a sticking
substance. If the concentration of wear products in the sample is high, the sample is
diluted with pure oil of the same type.

Ferrographic examinations are made using a dichromatic microscope called a fer-
riscope (fig. 10.26). The ferriscope has two independent light sources. Light beams
from one of the light sources pass through a red filter and the light is directed, via a
lens with magnifications similar to those of a metallographic microscope, towards a
ferrogram.

Light from the second light source passes through the green filter and lights the fer-
rogram from below. The use of two contrasting colours makes it possible to distin-
guish the light passing through the ferrogram from the reflected light. Non-transparent
particles reflect light and they are seen as red. Particles which to a certain degree
dampen light are seen as different shades of yellow and green. The microscope can be
equipped with a reader enabling readouts of the density of particles on the ferrogram
and thus the determination of the percentage of the area covered with particles. The
particles in the ferrogram can also be observed with an el ectron microscope.

To sum up, a set of apparatus and ferrographic diagnostic (analytic ferrography)
aids should include:

e ananaytica ferrograph,

e adichromatic microscope (ferriscope) (green light passed through, red light
reflected) optionaly with an attachment for taking colour photographs and an
attachment for measuring the density of particles,

e acataogue of typical forms of wear (according to current views, a separate
catal ogue should be compiled for each device),

e aids for taking oil samples, e.g. syringes, bottles made of transparent glass
with appropriate stoppersinsoluble in ail, transparent plates for ferrograms.
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Fig. 10.5.
Diagram of dichromatic microscope —
ferriscope:
L4, L, —light sources,
M4, M, —mirrors,
F,, F, —filters,
S—sample.

Principles of sampling

During the normal operation of alubrication system or a hydraulic system, the con-
centration of machine element wear products in the oil reaches an equilibrium for
given operating parameters of the machine. Since the wear products are continuously
generated in an operating mechanical system, the equilibrium of particle concentration
implies that the particles are removed in the same amount as they are generated. The
known and presumable losses of particles are due to (according to [10.13]):

filtration,

deposition,

adhesion to stationary walls,

crushing during repeated passage through the zone of contact between ele-
ments,

chemical action,

oil loss.

Having in mind the above principle of particle concentration, when taking oil sam-
ples the following rules should be observed:



10.2. Wear products as signal of machine's condition 167

»  samples should be taken from one place in the system (different parts of the
system may have different particle concentration);

e oneshould try to take samples at a location before ail filtration in the lubrica-
tion system,

» if samples are taken during the operation of the machine, they should be taken
at comparable operating parameters (operating/motion factors) of the ma
chine

» if samples are taken after the machine has been turned off, then the particle
settling rate should be taken into account;

»  taken samples should be placed in glass bottles with at least 15 ml volume;

*  experience shows that a high percentage of failures occurs during the starting
of a new machine, therefore the frequency of sampling in this period should
be increased (acc. to [10.10] it is recommended to take samples at every few
hours);

e after wear (running-in) products stabilize, the following oil sampling rates are
recommended:

0 aircraft gasturbines: every 10+200 h,

0 aircraft hydraulic systems: every 20+200 h,
0 Diesd engines: every 100+500 h,

0 heavy transmissions. every 100+500 h,

0 other hydraulic systems: every 50+500 h.

Application of ferrography towear products monitoring

Experiments presented in paper [10.14] prove that the wear products/particles (Zy,
K, Z,) deposited on the ferrogram reflect the wear mechanism occurring on the surface
of mating machine elements. A surface damaged by micropitting is shown in fig.
10.27. One can see that the surface is covered with elements in the shape of flat
“tongues’. The ferrogram of this area shows the particles to be dightly different (fig.
10.28). Ferrography makes it possible to trace the development of wear products and
to compare microscopic images with known images contained in a catalogue of possi-
ble forms of wear. A failure hazard is assigned to the particular forms of wear. The
amount and distribution of wear products are determined by optica measurements.
When the wear product density readouts from consecutive oil samples are constant
values this means that the machine operates normally and wear products are produced
at aconstant rate.

A sudden increase in the rate of production of wear products, particularly an in-
crease in the ratio of large to small particles indicates dangerous element wear leading
to afailure.

Metal particles even as small as 1 um reflect red light. Particles generated by fric-
tion and particles resulting from adhesion which are found in the oil of a machine have
the shape of flakes and they are an indicator of normal, allowable wear of the machine
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elements (fig. 10.28). Micropitting wear products can reach a size of 50 um and a
thickness of 0.25-0.5um. According to [10.15] and [10.16] such particles are similar to
wear products referred to as rubbing wear particles. Particles as they are rubbed off or
sheared (10.29) assume the shape of miniature spirals, loops or bent wires.

csonm e onm R e b
Fig. 10.6. Surface of gear wheel tooth damaged Fig. 10.7. Micropitting particlesin form of
by micropitting [10.11]. flakes[10.15].

| 1.?:9‘1':'."__._.1——5[ CN 9, ”m ... ~ £
Fig. 10.8. Sheared products of wear of mating  Fig. 10.9. Particles originating from worn out
surfaces [10.15]. rolling bearing [10.15] (visible characteristic

spherical element).

Their occurrence and degree of concentration indicate a dangerous abrasive form
of wear of the elements and a sudden increase in their concentration should be treated
as a warning signal of an impending failure. Spherical steel particles in the case of
rolling contact (rolling bearings) are characteristic of the development of a fatigue
fracture. A concentration of spherical elements is a sign of the development of a fa-
tigue crack (fig. 10.30).



10.2. Wear products as signal of machine's condition 169

Also the products of wear of a dide bearing can be observed. In fig. 10.31 one can
see particles of a copper-tin aloy with an antimony addition and characteristic wear
products in the form of balls. The occurrence of spherical elements in a microscopic
image is not always a reflection of the condition of arolling bearing or a slide bearing
—in fig. 10.32 one can see dust particles which were present around the revolving
shaft.

AR — ! - e " JJomm | )
Fig. 10.10. Partlclafrom wear of dide bearing Fig. 10.11. Microscopic i |mage of dust partlcles
(particles of copper-tin alloy with antimony around revolving shaft.
addition) [10.15].

Electron microscope images of wear products are shown in figs 10.28-10.33. In
practice, a microscope, called a ferriscope, with a resolution similar to a metal-
lographic microscope is used for such observation.

F|g 1012 Image of gearing damage (scuffing)  Fig. 10.13. Ferrogram of ear products from
particles[10.15]. toothed gear after 1678 h of operation.
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Fig. 10.14. Ferrogram of wear products from
gear after 3669 h of operation.

Friction products with polymer inclusions and a ferrogram of products of wear of
toothed gear operating for 1678 h are shown in figs 10.33 and 10.34, respectively. A
ferrogram of products of wear of a toothed gear operating for 3669 h, including wear
products with polymer inclusions, is shown in fig. 10.35 (the size of the largest parti-
clesis10-15 um.

Other methods of detecting particles(Z,, K, Z5)

The following methods are used to detect particles (Z,, K, Zy):

The measurement of the variation in the electrical resistance of the flow of particles
(Zu, K, Z,) through athroat (fig. 10.36a). The volume of a particle can be determined
in this way when it flows through a throat and the electric resistance of the liquid in
the throat changes.

The measurement of electroacoustic properties (fig. 10.36b). The liquid is sub-
jected to the action of a changing electric field whose frequency changes (the fre-
guency band in MHZz). The size of a particle is determined on the basis of the meas-
ured angle of diffraction of the waves generated by the particles. Measurements at a
high concentration of particles—from 0.5 to 40% — are possible [10.17].

»  The measurement of the pressure drop caused by the settling of particles (Z,,
K, Zj) on afilter (fig. 10.36¢).Severd filtration membranes of different poros-
ity can be used to determine the particle size.

* The measurement of inductance (fig. 10.36d). A working medium flows
through a coil whose inductance changes when the liquid with particles flows
through it. The sensitivity of the method depends on electrical interference
screening.

e The measurement of changes in the magnetic flux due to the settling of parti-
cles (fig. 10.36€). Only ferromagnetic particles can induce changes in the
magnetic flux.

* The measurement of optical quantities — by measuring Fraunhofer rings (fig.
10.36f). It is possible to detect particles from 0.1 um up. Several detectors
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placed in alight flux receive deflected light beams depending on the particle
size —the smaller the particle, the larger the deflection.

»  The measurement of the degree to which particle (Z,, K, Zy) screens light —
fig. 10.369.

*  The measurement involving the use of a spinning light flux —fig. 10.36h.
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piezoelectric
detector
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pressure drop

resistance
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Fig. 10.15. Methods of detecting particles: a— resistance method, b — electroacoustic method,
¢ — pressure drop method, d — induction method, e — magnetic method, f — Fraunhofer lines
method, g — optical method, i — Fulmer resistance method [10.21].

10.3. Thermal effects as signals of machine’'s condition

Some of the energy supplied to the machineislost — converted into thermal energy.
This is one of the processes which accompany the operation of the machine. How
much energy islost depends on the condition of the machine. The energy islost dueto
friction. Asaresult the efficiency of the machine decreases.

The problem of friction in gear meshing was considered in chap. 5 (figs 5.8, 5.9,
5.10 and 5.11) and in chap. 6 in which expression (6.17) gives the instantaneous val-
ues of power lost (converted into heat) through friction. How much energy is lost
through friction in a gear depends on the lubrication of the kinematic pairs (gear
meshing, the rolling element-the bearing race, the shaft—the seal). How much energy
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islost in the kinematic pairs depends on the mating of the elements, i.e. on the quality
of lubrication, which in turn, is determined by the condition of the mating surfaces
(the height of the surface irregularities) alowing an oil wedge to form between the
elements. A damage to the bearing results in edgewise intermeshing. As the loca
pressures increase, the continuity of the ail film in the gearing is disrupted, the friction
factor increases and so do the losses in the form of the emitted heat and the tempera-
ture of the mating elements rises. As a result of the abnormal mating of the elements
the oil heats up. However, the assessment of the condition of meshing based on the
rise of the temperature of the ail in the gear box is highly imprecise since other fac-
tors, such as the condition of the mating of the rolling bearings and the condition of
the seal, may contribute to the temperature rise through the generation of heat as are-
sult of the rubbing of the shaft against the seal. The released heat causes an increasein
the temperature of the bearing casing at the places where the shafts and the seal mate
(the inlet and outlet of the gear transmission shafts). This may happen aso in the case
of other subassemblies, such as pumps, electric motors, runners and so on. The tem-
perature of the elements or its distribution can be monitored by a contact or noncontact
method. For contact monitoring it is necessary to install a temperature sensor in a
place where the temperature will be representative for the condition of the mating of a
given kinematic pair or to use a portable temperature gauge. Thermography can be
applied to determine the temperature distribution. As they heat up, the machine's ele-
ments emit heat in the form of visible- and invisible-range waves. The invisible heat
radiation is called infrared radiation. The temperature distribution monitored by ther-
mographic devices is displayed in the form of a two-dimensional colour image. Ther-
mography is used to assess the condition of the bearings of conveyor belt rollers,
which is described in sect. 16.3.

10.4. Ultrasounds and acoustic emission as machine condition signal

10.4.1. Ultrasounds

Ultrasounds are sounds whose frequency in an interval of 20kHz-100kHz. Vibra-
tions within this range are referred to as ultrasound vibrations. The latter are exploited
in rolling bearing diagnostics as presented in [10.18] and described in more detail in
chap. 15. A vibration band around 32 kHz was chosen for rolling bearing diagnostics.
Vibrations emitted by a damaged or improperly lubricated rolling bearings are called
shock pulses (SP). Sensors which measure the condition of rolling bearings bear sym-
bol SPM (Shock Pulse Method).

The above mentioned states of machines can be monitored by means of only one
measuring instrument to which different diagnostic signal receivers can be attached.
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Ultraprobeld 2000 manufactured by UE Systems INC. is an example of such a versa-
tile diagnostic instrument. Typical recommended frequencies to which the instrument
is set depending on the diagnosed kinematic pair or a machine subassembly are given
in tab. 10.1 in [10.19]. For some applications it is recommended to use a constant fre-
guency or tune to a specified frequency. As it follows from tab. 10.1. ultrasounds or
ultrasound frequency range vibrations can be used to determine the condition of

e steamtraps,

e valves,

e compressor valves,

» rolling bearings,

» leakagein pressure and underpressure vessels,

» electric arcing in electric equipment,

*  gear wheel meshing,

*  pump cavitation,

* pipeline leaktightness,

» condensers,

* heat exchangers.

The flow of an air stream from a vessel to the environment when there is overpres-
sure or underpressure in the vessdl is shown respectively in figs 10.37a and 10.37b. As
a stream of gas or liquid flows in or out ultrasounds are generated. The wave genera-
tion frequency depends on the width of the port. Ultrasounds are characterized by di-
rectivity whereby it is easy to locate the origin of an ultrasonic wave. Most of the di-
agnostic instruments employ a heterodyne to convert the signal by converting its fre-
guency, i.e. the high-frequency signal is converted into a signal in the audible fre-
guency range. The converted signals are received by a headset. The Ultraprobel] 2000
instrument includes an indicator, a heterodyne and a headset.

a) b)
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Fig. 10.1. Turbulences generating ultrasounds: a— during outlfow of gas to environment, b — during
inflow of gasto subpressure vessel.

One of important applications of ultrasonic vibration is the assessment of the leak-
proofness of valves (fig. 10.38). For this purpose an instrument with a contact probeis
used. Ultrasonic vibration is also exploited to assess the operation of the valves in
COMPressors.
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Constant Freguency range

frequency 20kHz 25kHz 28kHz 32kHz 40kHz 50kHz 60kHz 100kHz
1 - X - - - X - -
2 X - X - - - - X X
3 X - - X X - - -
4 X - - - X - - -
5 X - - - - X - - -
6 - X X - - - - - -
7 X X X - - - - - -
8 X X - - - X - - -
9 X - - - - X - - -
10 X - - - - - - - -

Fig. 10.2. Recommended frequencies of ultrasonic signal reception: 1 — valves, 2 — compressors (valves),
3 —rolling bearings, 4 —leaks, 5 — electric breakdowns, 6 — gear meshing, 7 — pumps (cavitation), 8 —
pipework, 9 — condensers, 10 — heat exchangers; [10.19].
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Fig. 10.3. Valve condition signal: a—normal operation of valve, b — abnormal operation of valve.

The closing and opening of valves is accompanied by vibration impulses whose
plots are shown in fig. 10.39. The norma operation of the valve is shown in fig.
10.39a, whereas its abnormal operation is shown in fig. 10.39b.

10.4.2. Acoustic emission

Acoustic emission (AE) is sometimes referred to as stress wave emission (SWE).
As the energy accumulated in machine elements is released elastic waves are gener-
ated. The sources of acoustic emission can be put into four categories:

1. didocationsinthe crysta structure (defectsin the crystd lattice),
2. phase changes,

3. friction mechanisms,

4. appearance of fatigue cracks and their propagation.
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The generated signals can be roughly grouped into:
. continuous and
. transient.

Continuous signals have the character of broadband noise. Transient signals are
fading sinusoidal signals generated by resonances in the system and in the converters.
Images of similar signals are shown in figs 4.10, 4.20, 4.21, 4.45 and 10.6. The energy
liberated by displacements in the crystal lattice caused by structural defects and the
generated acoustic emission are too low to be detected by the existing instruments for
measuring acoustic emission (AE). Many defects (didocations) in the crystal structure
produce the domino effect and generate a continuous emission signal. A typica
martensite transformation in carbon steel produces atransient signal every time a steel
grain undergoes transformation. Fatigue cracks on the surface of a material and inside
it generate transient signals which are partly transformed into an AE signal. Fracturing
is also accompanied by friction phenomenawhich emit asignal of the transient type.

Propagation of acoustic emission waves

A source of acoustic emission can be compared to a radio antenna with specific ra-
diation for different (shearing, compressive) waves, but the particular properties of the
AE signal are described only for specid cases. If the source emits a spherical wave it
will propagate unimpeded only in a homogenous isotropic medium infinite in size and
having perfectly elastic properties. In a true medium (machine element) the propaga-
tion of waves will be affected by the surface limitation resulting in the reflection of
waves and the formation of surface (Rayleigh, Lamb) waves. The inhomogeneities
due to the welds will also produce reflections and interference in the wave front.

Such factors make it very difficult to investigate the mechanisms of the propaga-
tion of the AE signal. The formation of a wave caused by a micro-crack and the asso-
ciated formation of a surface wave are shown schematically in fig. 10.40.
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Fig. 10.1. Propagation of stress waves. 1 — micro-crack, 2 — stress wave, 3 — surface wave;
AE signal reception transducer.

Fig. 10.41 illustrates, after [10.20], methods of assessing the intensity of AE signal
impulses. The methods are:
a) the measurement of the size of the surface areas demarcated within the as-
sumed level;
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b) the measurement of the sum of the surface areas between the marked levels;
this quantity is called a weighted total;
c) the determination of the number of times a given level is exceeded.

Fig. 10.2. Methods of assessing AE signal intensity: 1 — measured surface area, 2 — exceeded levels,
3—-1'+5 —number of timeslevel is exceeded.

The measurements of the AE signal generated by a specimen during a tension test
are shown in fig. 10.42, after [10.20]. The tested specimen was a metal aloy with a
60% Cu and 40% Zn content. The tensile force, the peak values of the particular im-
pulses (fig. 10.424) and the weighted sum (fig. 10.42b) were registered in accordance
with the adopted principle of measurement (fig. 10.41.b). As the figures show, no AE
signal is emitted when stress passes the yield point.
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Fig. 10.3. Plot of tensile force and AE signal (a) and plot of total weighted value (b): 1 —tensileforcein
time, 2 — AE signal, 3 —weighted value according to fig. 10.41b.
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10.5. Corrosion monitoring

The mine environment and the fluids used in machines cause corrosion of their
elements. In some cases corrosion may lead to irreparable damage to the machine (fig.
1.2). Different electrical methods are used to monitor corrosion, such as.

The resistance method in which a thin wire is introduced into the fluid. As
the wire corrodes, its cross-section decreases and its electric resistance in-
creases. This resistance can be measured by a bridge system and continuously
monitored. The obtained results are a measure of the fluid’s corrosivity.

The polarization method. Corrosion is an electrochemical reaction. Thereisa
relation which expresses the reaction rate through the slope of a curve repre-
senting a function between the applied potential and the current intensity.

The potential method. The electric potential between the monitored machine
and areference electrode is a measure of the corrosion rate.

The very simple weight method consists in the periodic weighing of atester (a steel
coupon) kept in the same environment as the monitored element. On the basis of the
changes in the weight of the tester one can indirectly determine the corrosion induced
changes in the monitored eement’s thickness. Corrosion induced changes in the
thickness of machine el ements can also be determined by means of ultrasonic waves.
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11. Diagnostic inference from vibroacoustic signal

So far severa examples of the relation between the machine condition and the gener-
ated signal have been given. Signals were presented versus time as in, e.g., figs 6.36-
6.45. Signals can be transformed as described in chap. 10.1 or represented as a func-
tion of frequency f [Hz]. Certain frequencies characteristic of the relationship between
the machine condition and the intensity of the vibration signal can be distinguished in
the spectral frequency ranges. The relationship between the diagnostic signal and the
vibration frequencies is described by different authors (cited tab. 11.1 from [11.1]). To
make a diagnosis, a proper component must be detected in the spectrum and the haz-
ard must be determined. This is specified in proper standards and classifications, e.g.
standard [11.2] discussed in chap. 13. It is aso necessary to monitor the trends of
physical quantities/symptoms. A continuous increase in vibration as shown in fig. 11.1
can be taken as the first approximation. It was mentioned in chap. 6 that in certain
meshing states instability occurs and vibration increases rapidly up to a certain limit
after which no upward tendency is observed (fig. 6.22a and b). This is one of the
symptoms indicating that the condition of the gearing should be checked.
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Fig. 11.1. Diagnostic signal trend in time @ and frequency f
Table 11.1 shows that frequency fo occurs most often. It is calculated from this rela-
tion:
fo=n/60 Hz (11.2)

where: f, —afundamental frequency, Hz;
n —arotational speed, rpm, rev./min.
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Tab. 11.1. Characteristic vibration frequencies.

Defect description Vibration frequency | Direction Notes
of vibra-
tion
1 2 3 4
unbalance of rotating radial common cause of vibration in machines,
element amplitude proportional to unbalance
shaft nonalignment or radial if amplitude of component 2f, (axial) ex-
bending usualy axial ceeds 75% of component f, (radial), such
damage may cause machine failure
damaged rolling impulses with frequen- |  radial impul se frequencies associated with defect:
bearing el ement ciesf associated with and <f3 —contact angle
rotation and kind of axia n —number of rolling elements,

damaged element;
also vibration in high
frequency band (20 +
100 kHz)

f, — relative revolutions frequency of bear-
ing race in Hz (inner to outer race)

o
Y

o — contact angle of bearing,
d — diameter of rolling bearing element
D — pitch diameter
defect of outer race
f=n/2f,(1-d/Dcosq )
defect of inner race
f=n/2f,(1+d/Dcos( )
defect of onerolling element
f= D/df,(1-(d/D)%cos’ A )
cage run-out, slackness
f=1/2f,(1-d/Dcos )
race or shaft run-out f = f;

slackness iq bearing | — 141, Y 1, rotation radial sgch slackness appears only at certain rota-
mounting subharmonics tion and temperaturt(e;r(se.g. in turbogenera-
instability of oil filter | from 0.42%t0 0.48% | mainly always below Y21,
in dide bearing radial often occursin high-speed turbines
damaged or worn out n 1, radial sidebands around meshing frequency indi-
gears harmonics and cate eccentricity of gear whedls (detectable
n —number of teeth axial only by Af = const. narrowband analysis)
slacknessin couples -2, radial usually combined with unbalance and non-
of rotations or alignment (3fg)
axial
damaged driving belt 1 [, of belt pulley radial damage easily detectable in stroboscopic

2 [, of belt pulley
3 [, of belt pulley
4 [, of belt pulley

light




11. Diagnostic inference from vibroacoustic signal 181

1 2 3 4
unbalance forces and 10, mainly | inseparably associated with machine opera-
moments in to-and-fro | and higher harmonics radial tion, can only be reduced through changes
motion dependent on unbal- in design or vibration insulation
ance magnitude
working medium pul- | fo—number of blades, radia if coincide with structure resonances, can
sations cylinders, etc. and cause serious damage
and higher harmonics axial
vibrations of a.c. ma- 1or2—mainsfre- radial should disappear after current is switched
chines guency and off
axia

The gearing shaft rotation/revolution frequency is calculated from this formula:
fol = n1/60, Hz (112)

fo = M,/60 = Ny/(60U), Hz (11.3)

where: fy1, oo — respectively the driving and driven shaft frequency, Hz;
n;, N, — respectively the driving and driven shaft rotational speed, rev./min.,
u= ny/n,—agear ratio.
The meshing frequency is calculated from this formula:

f, = nz/60 =nz,/60 = nz,/60 = fyz, = f,2, HZ (11.4)

where: f, — the meshing frequency, Hz,
z—the number of teeth,
7, Z, — respectively the driving and driven wheel tooth number.
Components fqy, fo2 0ccur aso as modulation components f, + fo, f, —fo, f, + 2o, f, —
2 fo, etc. in the signal spectrum. A narrowband spectroscopic analysis (zoom) reveals
also other side components (in the gearing spectrum); their origin can be traced as
follows. each entrance into tooth contact results in an excitation the system responses
to which are shown as coefficient Ky in fig. 14.16 and depending on a gearing error —
in fig. 14.14. One may ask a question: after how many rotations do the same teeth
meet producing a similar excitation? If this number is denoted by N and multiplied by
number of teeth z;, then the number of excitations after which the excitation cycle will
be repeated is obtained. Number N corresponds to the number of revolutions of the
pinion after which the same teeth will meet again. It is calculated from ratio z/z, e.g.
38/50, and after the elimination of common divisors aratio of 19/25, where N = 25, is
obtained. Thus the same teeth meet after 25 revolutions of the pinion. The duration of
one excitation is

T,=1f,=60/(Mmz), s (11.5)

Meshing generates a sequence of recurrent excitations with period
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Tp =T 1NZ]_ - 60N/n1, S (116)
A sequence of excitations forms a function whose repetition rate is
fo = 1T, = n/(60N), Hz (12.7)

A zoom of a sequence of impulsesis shown in fig. 14.16. If a signal spectrum for
this function is found, then components if, (where i — an integer larger or equal to 1)
together with a complex structure of modulation components dependent on the distri-
bution of errors on the particular teeth will be obtained. An increase in the nonunifor-
mity of error distribution in meshing is a measure of wear of the gear teeth. In tab.
11.1. one can also find relations which can be used to determine the frequencies asso-
ciated with damage to the race, to arolling element of a bearing. The principle of de-
termining the frequencies is described in chap. 7. To determine the condition of kine-
matic pairsit is necessary to know the component frequencies and their intensity. The
degree of danger is specified in proper condition classes the interpretation of which is
givenin chap. 13.1.

In the diagnostics of machines used in surface minesit is essential to determine the
meshing rate for planetary gears. The latter are used in bucket wheel drives and to
drive caterpillar undercarriages (fig. 17.7). A diagram of a one-stage planetary gear
used in surface mine machinery drives is shown in fig. 11.2. The gear consists of
three gear wheels denoted as 1, 2 and 3. Wheels 1 and 2 are external and wheel 3 —
internal gears. Whed 1 is called amiddle wheel or a solar (sun) whedl and whed 2 —a
satellite wheel. Driving power is transmitted from the engine to wheel 1 and via
wheels 2 and 3 to the yoke. Wheel 1 rotates with rotational speed n, [rev./min.], wheel
2 —with rotational speed n, and the yoke — with rotational speed n;. The distribution of
instantaneous rotational speed values for the gear is shown in fig. 11.2 for inner wheel
tangentia velocity n; = 0. Knowing rotational speed n; one can calculate angular ve-
locity oy = my/30. If angular velocity wy is known, then the tangentia velocity of
whedl 1is

Fig. 11.2. Schematic of planetary gear
-3 nj showing distribution of peripheral
velocities.

Vi = C()ll‘l (118)

wherer, isthe radius of rolling wheel 1, m.
From the distribution of instantaneous peripheral velocity values we get the fol-
lowing periphera velocity of the centre of whedl 2:
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Vs = Vif2 (11.9)

Velocity vs is equal to the peripheral velocity of the yoke on radiusr;. The yoke an-
gular velocity is

W, = vdr; = vi/(2r;) = Whr/(2r)) (11.10)

The gear ratio of the planetary gear shown in fig. 11.2 isaratio of angular velocity
wy to angular velocity wy and it can be calculated from (11.10)

u= W/ ;= 2rr, (11.11)

The planetary gear ratio expressed by formula (11.11) can be rearranged to a form
with gear wheel tooth numbers. The radii of the gear wheels can be calculated on the
basis of the modulus and the number of teeth as follows:

ri=zm?2, r,=2zm?2; r;= zzm2 (11.12)

Sinceradiusr;=r; —r, and r, = (r; —r1)/2 after putting these termsin (11.11) we get
the following expression for the planetary gear ratio

u=1+r3ri=1+ z/z, (11.13)

To determine the rate of meshing for a pair of wheels 1 and 2 one must determine
the angular velocities relative the yoke. The latter are:

wlj = W, - a)“ ij = W, - a)j (11.14)

By dividing the angular velocity values by 21t we get the rates of rotation of the
wheels relative to the yoke. The spectral frequency originating from the meshing of
the kinematic pair of wheels1and 2 is

f12 = Z]_( wl - w1r1/(2r1)) = n1/6021(1 - r1/(2l'1)) = n1/6021 ((I‘l + 2I'2)/2(I’1 + rz)) =

N./60z4(zs/(zz+ 7)) (11.15)

We can also find that the rate of meshing between wheels 2 and 3 which generates
system vibrations is i, = fys.

In this way additional frequencies, which should be monitored to determine
changes in the condition of planetary gears, are obtained. The frequencies are not in-
cluded intable 11.1. Meshing frequency (11.4) and its harmonics occur in the meshing
signal spectrum. An illustrative spectrum for a gearing vibration acceleration signal,
obtained by computer simulation, is shown in figs 11.3aand b. The signal is generated
by gear meshing. A plot of the signal is shown in fig. 6.36b and the meshing error
function —in fig. 6.10a. The coefficient of meshing stiffnhess variation for spiral tooth
meshing is g = 0.06. The cause of the generation of vibration are gearing production
errors represented by an error function, as shown, e.g., in fig. 6.10a. Thus the gearing
in the mechanical system of a machine converts the error function into a diagnostic
signal. The conversion is affected by the machine properties described by design fea-
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tures (chap. 6.4). The diagnostic signal can be represented as aplot (e.g. fig. 6.36) or a
spectrum. An error spectrum corresponds to a given error function. An illustrative er-
ror spectrum (for the error function in fig. 6.10a) is shown in figs 11.4a and b. In the
latter figure (a zoom of the error spectrum with only ten first harmonics) odd harmon-
icsare clearly visible. A spectrum in arange of 0-50 000 Hz is shown in fig. 11.2a. A
zoom of this spectrum up to 3000 Hz is shown in fig. 11.3b. The meshing frequency is
about 460 Hz. As one can seein figs 11.3a and b, the fifth harmonic is the dominant
component — due to its proximity to the meshing eigenfrequency. If only the error
function is subject to spectrum conversion, then the first harmonic dominates (figs
13.4aand b). If the rotational speed of the gear is changed so that the third harmonic is
close to the meshing eigenfrequency, then the third harmonic is dominant (figs 11.6a
and b). This spectra pattern confirms the effect of eigenfrequency on the intensity of
spectral meshing components.
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Odd components dominate in the spectrum (fig.. 11.3b) — due to the effect of the
error function shape.

Also a change in the gearing stiffness (fig. 6.7) affects the diagnostic signal
trace/plot. The change may contribute to the intensification of the odd components in
the spectrum. It has been shown so far that gearing production errors e have a domi-
nant effect on the diagnostic signa (cf. fig.6.36 and fig. 6.40). In the literature on
gearing dynamics, changes in gearing stiffness are mentioned as having a significant
effect on the diagnostic signal. Gearing stiffness changes most in spur gears. The
change can be described by coefficient g (the effect of g on changes in gearing stiff-
ness is described in chap. 6.6) which for a spur gearing is about 0.4. A plot of accel-
erations for agearing for which g = 0.4 is shown in fig. 11.7 and a gearing production
error function is plotted in fig. 6.10a. A comparison of the maximum acceleration am-
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plitudes — figs 6.36 and 11.7 shows that the amplitudes are nearly identica and they
amount to about 83 nVs”. Thus the effect of a change from g = 0.06 to 0.4 did not
manifest itself in the maximum value amplitude but the trace/plot changed (cf. fig.
6.36 and fig. 11.7). Also the accderation signal spectrum changed dlightly (when g =
0.4 and the error function as shown in fig. 6.10a) — see fig. 11.8. A comparison of the
spectrum in fig. 11.3b and the one in fig. 11.8 reveals an effect of changes in stiffness
g = 0.4 in the even spectra components, which confirms the prediction of this effect.
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Fig. 11.7. Plot of signal (a) and its zoom (b) at increased stiffness change coefficient g= 0.4 and
E(0.5,10,0,0).

A trace/plot of the acceleration signal when one tooth of the driving whesel is bro-
ken is shown in fig. 11.9a and b. A spectrum corresponding to this signal is shown in
fig. 11.10a and b. It follows from the figures that the vibration intensity increased sig-
nificantly in the fifth harmonic which is within the gear resonance. Only the first, third
and fifth spectral components are clearly visible — the other components are hidden in
the background of the vibration spectrum. The intensity of the spectrum background
increased notably in comparison with the spectrum for the gearing without a broken
tooth (fig. 11.8).

Besides the frequency and intensity of the spectral components also monitoring of
the increment in signal intensity aimed at determining the trend is used (fig. 11.1).
One should consider a possibility of the occurrence of discontinuities in the trend of
physical quantities (fig. 6.22a and b). A method of representing signal as a plot ob-
tained by synchronous summation of the vibration signal is highly promising. This
will be described in chap. 14.
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Fig. 11.10. Signal spectrum for gearing with broken tooth () and its zoom (b); signal obtained by
computer simulation.
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Components originating from gearing runout may occur in the gear signal. A plot
of the acceleration signal for a gear which both wheels are mounted slightly eccentri-
caly is shown in fig. 11.11a Zooms of the signal for the steady running of the gear
are shown in fig. 11.11b, c and d. They are for decreasing time intervals: 0.5 s, 0.05 s
and 0.005 s. The effect of the runout of the two gear wheels can be noticed. It follows
from fig. 11.11d that the intermeshing of individual pairs of teeth is similar to that for
agearing without runout. A signal spectrum for this gear isshown in fig. 11.12aand b.

_____ b

—

Fig. 11.11. Plot of signal for gear with eccentrically mounted teeth (a): intimeinterval of 0.5s, c—in
timeinterval of 0.05sand d—intimeinterval of 0.005s.

Gearing meshing components (the first harmonic of 456 Hz is shown separately in
fig. 11.3) and modulation components with gearing runout frequencies are visible in
the spectrum. All the components are modulated. The modulation of the fifth har-
monic is shown in fig. 11.14. The frequency of the modulation components is calcu-
lated from (11.2) and (11.3).
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Fig. 11.12. Spectrum of gear for plot shown in fig. 11.11 (a) and its zoom (b).
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Fig. 11.13. Spectral component 456 Hz together with modulation components for spectrum in fig. 11.12.

=7eg 00 Ho 210

0’ 1 1 L 1 g L 1
400 470 440 450 480 H_ 00 2200

Fig. 11.14. Fifth harmonic and gearing runout modulation components (11.2) and (11.3).
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11.1. References

[11.1] Cempd C.: Fundamentals of Machine Vibroacoustic Diagnostics, Warsaw, WNT, 1982.
[11.2] 1SO 3945 — 1997: Mechanical Vibration of Large Rotating Machines with Speed Range from
10-200 rev/s., Measurement and Evaluation of Vibration Severity in Site.



12. Integrated diagnostic inference from vibration signal
and wear products

Integrated inference is described in [12.1]. In chap. 11 a vibration signa trend was
mentioned. Three periods can be distinguished in the trend, as shown in fig. 12.1, i.e.
running-in, normal operation and intensive wear. Characteristic symptoms are associ-
ated with the periods. In the running-in period the intensity of vibration decreases, the
error characteristic changes and form a changesto b (fig. 6. 21aand b).

1
mys? | W ezgsteczekfom?

Fig. 12.1. Trend of condition
change; a- running-in, b -
normal operation, ¢ - intensive
wear

The generation of wear particles, intensive in this period, gradually diminishes. The
particles produced in the running-in period have small dimensions < 10 um. The parti-
cles are described in chap. 10.2 — fig. 10.23 item 1 and fig. 10.24. They are particles
resulting from the mutua running in of the elements and micropitting particles. The
period of normal and moderate wear is characterized by a very slow increase in the
number of generated particles; aso the intensity of vibrations increases but slowly.
Increments in vibration can be observed at certain frequencies or in certain frequency
bands. If external pollution is present, intensive wear of rolling bearings occur which
affects intermeshing and leads to a rapid increase in the level of vibration. The in-
crease may be even abrupt, particularly in areas of instability, due to the reasons de-
scribed in chap. 6 (fig. 6.22a and b). As aresult of interference also characteristic par-
ticles over 20 um in size are generated. The particles are described in chap. 10.2 —fig.
10.23 item 5 and can be seen in ferrographic images in chap. 17 — fig. 17.9b. Their
size can reach 50 um. The condition of the gearing’'s surface is shown in fig. 9.4. The
intensification in vibration is due to the impulse character of excitations generated by
intermeshing. Plots of the responses to the excitations caused by gearing execution
errors and changes in the gearing stiffness are shown in fig. 6.36 for normal inter-
meshing and in fig. 6.40 for abnormal intermeshing. The excited free vibrations, de-
scribed in chap. 4.3, have damped character. If a gear operates with a meshing fre-
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guency lower than the meshing resonance frequency, the pattern of impulsesis as that
shown in the figures mentioned above. As the intermeshing error increases, vibration
impulses and the excitation of vibration in the resonance frequency intensify (fig.
6.15). If vibration intensifies as a result of edge-wise intermeshing caused by a failure
of one of the bearings, then uniform impulses are generated which may cause un-
stable run the gear. If the gearing is being worn out nonuniformly, signal modulation
components are generated, which manifests itself in side components in the signal
spectrum (chap. 11) and in nonuniform vibration excitations given in the traces/plots
obtained by synchronous summation (chap. 14, fig. 14.18 and 14.20). The plots of the
response to the excitations may become distorted under the influence of the different
factors described in chap. 14.

The complex of symptoms described above can be defined as a gearing meshing
condition syndrome. Intermeshing is accompanied by heat release and an increase in
temperature — an additional gearing condition symptom in the gearing meshing syn-
drome. It is extremely difficult to exploit directly the phenomenon of an increase in
temperature resulting from a change in the gearing meshing condition.
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13. Standardization and classification of machine states

13.1. Introduction

To facilitate diagnostic inference, machine state parameters (symptoms) have been
standardized (assuming certain standard limits for states), classified and interpreted in
technical-economic terms. Asin [13.1], the parameters are divided into classes on the
basis of:

* appropriate permissible vibration and noise levels posing hazards to people
(users) [13.2]; the classes do not apply directly to machine diagnostics;

e permissible parameter values stemming from technical advisability [13.3],
determined from standard machine vibration data obtained from careful
observations conducted in accordance with technical documentation;

» technically and economically advisable, permissible parameter values tak-
ing into account faults during operation.

13.2. Standardization in vibration diagnostics

The most widely used classification in vibration diagnostics seems to be a classifi-
cation based on the 1SO 3945 recommendations [13.4] (fig. 13.1), according to which
the root-mean-square value of vibration velocity in the 10+-1000 Hz band is a diagnos-
tic measurement parameter. Machine states are termed: good, satisfactory, unsatisfac-
tory, im-permissible. A similar interpretation is given in IRD [13.5] where the catego-
ries are: exceptionally uniform, uniform, very good, permissible, rather dangerous,
dangerous and very dangerous. Classes of states for the mating of bearing elements are
interpreted in [13.6] similarly as above using such terms as. good, deteriorated and
bad mating conditions (the latter correspond to afailure of the bearing). The terms are
meant to reflect the operating conditions of the bearing such as: the arrangement of the
subassembliesin the machine, lubrication, the fitting of the bearing and a failure of the
bearing. A wide range of state interpretations can be found in [13.7]. The interpreta-
tions can be classified as stemming from technical and economic advisability, from
decision categories relating to the date of renovation or repair and from condition de-
scription categories. The particular state classes are denoted by letter symbols: AA, A
and D, where D — good condition and AA — condition dangerous for machine opera-
tion.
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impermissible, impermissible, impermissible, impermissible,
permissible, permissible, permissible, permissible,
satisfactory, satisfactory, satisfactory, satisfactory,

good — medium class

good — large machines

good — large, heavy ma-

good —small machines | machines: 15+75 kW or | onrigid and heavy foun- | chineswhose rotational
up to 15 kW up to 300 kW on special dation whose natural speeds exceed founda-
foundation frequency exceeds ma- tion natural frequency
chine rotational speed (e.g. turbine sets)
group K group M group G group T

Fig. 13.1. Classification of machine states [13.4].

Classification of vibration state for four turbomachines based on SO 3945
RMS value of vibration velocity amplitude mm/s
According to [13.7], the following terms based on economic advisability are adopted
for the particular classes:
AA —dangerous,
A — correction urgent,
B — correction profitable,
C — correction unprofitable,
D —faultless.
The terms which can be assigned to technical advisability are:
AA —danger,
A —acute fault,
B — some faullt,
D —no faullt.
The classes in decision categories relating to a date of correction are interpreted as
follows:
AA —danger, immediately put out of operation;
A —extreme fault, correction within 48 hours;
B — some fault, correction within 21 days,
C —minor fault, do not correct;
D —without fault, do not correct.
The physical interpretation of the classes given in [13.7] isasfollows:
AA — destroyed (unrecoverable) oil film, metallic contact between elements, seizing
of bearings, breaking of gear teeth possible at any instant;
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CONDITION DECISION
v' good v" regularly monitor vibration
v' profitable v' fix within next weeks
v permissible v' fix within next days
v' dangerous v immediately put out of operation
v’ catastrophic v' shut-down at once

The term profitable in classification [13.7] is not synonymous with that in [13.8].
Neither it isfully explained. Asaresult it is difficult to use the classifications.

The term profitable in [13.7] should probably be understood as follows: if
state parameters correspond to this class, correction should be made at appropriately
low expenditures. If state parameters correspond to the next states, then the machine
worktime will be only dightly longer but the expenditures on regeneration will be
high. In the classification given in [13.8], the term profitable should probably be un-
derstood as follows: if state parameters correspond to this class, then proper machine
durability and the related benefits are obtained.

Proper interpretation of the classes facilitates inference and making decision
on, e.g., whether a given object, despite a certain degree of danger, can continue oper-
ating, if it is necessary for production reasons. The physical interpretation of classes
given in [13.7] now can be validated by ferrographic methods. There are other classi-
fications besides the ones mentioned above, e.g. in [13.1] one can find a classification
and an interpretation of classes based on a coherence function (10.49). The possibility
of applying the coherence function to the assessment of gearing meshing condition is
presented in chap. 10. A classification and its interpretation for the assessment of
gearing meshing condition are given in chap. 16.2. A classification of the condition of
rolling bearings according to SKF is presented in chap. 15.

13.3. Diagnostics standar dization based on analysis of wear products

Wear products together with external pollution contaminate machine oil. This
problem is described in chap. 10.2. Degrees of oil contamination are classified ac-
cording to standard 1SO 4406. 28 levels are assumed. The standard applies mainly to
particles below 5 um. The classes, the levels and the corresponding numbers of parti-
clesare given in table 13.1. The minimum and maximum number of particles per 1 ml
of oil are given. It should be noted that the purity of oil, particularly oil used in hy-
draulic systems cannot be assessed with the naked eye since the human eye distin-
guishes particles above 40 um and faultsin hydraulic systems can generate particles as
large as 5+15 pm.
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Tab. 13.1. Classification of oil contamination according to 1SO 4406.

ISO code Minimum number of particles per [ml] Maximum number of particles per [ml]
1 0.01 0.02
2 0.02 0.04
3 0.04 0.08
4 0.08 0.16
5 0.16 0.32
6 0.32 0.64
7 0.64 13
8 13 25
9 25 5
10 5 10
11 10 20
12 20 40
13 40 80
14 80 160
15 160 320
16 320 640
17 640 1300
18 1300 2500
19 2500 5000
20 5000 10000
21 10000 20000
22 20000 40000
23 40000 80000
24 80000 160000
25 160000 320000
26 320000 640000
27 640000 1300000
28 1300000 2500000

Even 2um particles can cause a malfunction of a hydraulic system. By preserving
the purity of ail in hydraulic systems one increases their durability and that of other
systems. The relationship between durability and the number of particles specified by
ISO code numbers is illustrated in fig. 13.2 after [13.9]. The figure shows that if the
number of particles corresponds to code number 20 and their size is 15 um, then the
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predicted life is 100 h, but if the code number decreases from 20 to 5, then the dura-
bility increases to 10000 h, i.e. 100 times.
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Tab. 13.2. Average durability of machine versus particle size (Z,, K, Zp).
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14. Fundamentals of gear transmission diagnostics

14.1. Gear transmission loading and gearing condition, life of
gearing

A gear tooth loading plot for one cycle is shown [after 14.1] in fig. 6.14. Load cy-
cle plotsfor different gear transmission states (stemming from the design features) and
changes in condition caused by the wear of the bearings and the gearing are shown in
figs 6.15, 6.40. The gear transmission’s durability is affected mainly by its rolling
bearings and gear wheels (gearing) and so primarily these elements are subject to di-
agnostic assessment. The gearing is usualy assumed to have unlimited life as shown
intable 14.1 [14.2]. Thisis possible when the gearing isin proper condition and under
constant (constant-amplitude) externa loading. Unlimited durability can aso be
achieved at the narrow-band loading amplitude. If the gearing's life is limited, the
number of load cycles must be determined by identifying the changes in the load in
relation to the mean load.

Tab. 14.1. Relationship between form of loading and life.

External Gearing Gear Gearing Gearing
load load condition load lifetime
Stable Stable- Proper KoK <l Stable-amplitude Unlimited
amplitude
from zero oscillatory Improper KgK:>1m Stable-amplitude Limited
wide-band
pitting Limited
Variable Variable Proper KK <lm narrow-band Unlimited
narrow-band amplitude Limited
Improper KgK:>1m narrow-band Limited
pitting wide band
Variable Variable Proper KK <lm wide-band Limited
wide-band amplitude Improper KaKi>1m wide-band Limited
pitting wide-band Limited
"I = limit

A change in the load crossing the mean value line upwards and downwards repre-
sents one load cycle. Despite the fluctuations, the plot (full line) in fig. 6.14 can be
regarded as representing one load cycle. Whereas the plot in fig. 6.15 shows marked
changes in the load. The variation depends on the faults/errors in the produc-



14.2. Description of change in gear transmission condition and effect of design ... 199

tion/machining of the gearing and on their form (fig. 6.22). Considering the relation-
ship between the load and the durability of the gearing, the following states of 1oading
can be distinguished:

« constant-amplitude loading of the teeth (constant external loading of the gear
transmission) —the “aa’ form or loading with variable amplitude correspond-
ing to narrow-band noise (one load maximum per one crossing of the mean
value line by the load at the equivalent load [14.3] smaller than the load corre-
sponding to the limit fatigue strength — the material behaviour described by
broken lineainfig. 14.1);

e variable-amplitude (wide-band) loading — the “bb” form (more than one load
maximum per one crossing of the mean value line by the load — the material
behaviour described by straight line b in fig. 14.1);

» variable-amplitude loading as above (the “bb” form) and the gearing with a
notch caused by pitting or other damage (the behaviour of the material under
the load is described by straight line cinfig. 14.1).
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Fig. 14.1. Fatigue properties of gearing depending on its loading: & —factor of safety, N — number of load
cycles, Z —fatigue strength, Z, — fatigue strength for Ny load cycles.

The load forms corresponding to the above description are shown as intertooth
force plotsin figs 6.14, 6.15, 6.40 and 14.18.

Partial loss of load capacity by one of the rolling bearings may change the state of
gearing loading, mainly because of the nonuniform contact between the teeth. As a
result, the state of loading changes from “aa’ to “bb” (figs 6.15 and 6.40). The state of
loading may also change due to the nonuniform wear of the teeth (the form of loading
shown in fig. 14.18). The form of a change in loading, resulting from both a change in
the condition of the bearing and the nonuniform wear of the teeth, is shown in fig.
14.20. Besides the natural fatigue of the material, also the adverse effect of the strip-
mine environment contributes to a change in the condition of the rolling bearings in
gear transmissions.

Impurities get into the rolling bearings and accelerate the abrasive or fatigue wear
of their surfaces [14.4, 14.5]. This change in the condition of the bearings causes a
change in meshing and consequently, in the form of loading (compare fig. 6.13 with
fig. 6.15).
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So far thelife of rolling bearings has been assumed to be limited [14.5]. Recently it
has been reported [14.6] that it can be assumed to be unlimited. This is due to the use
of new, better materials, the meeting of the bearing hydrodynamic lubrication condi-
tion and the assumption that external factors do not affect the operation of the bear-
ings. If it is assumed that the life of the bearings in a gear transmission is limited, then
damage to a bearing affects meshing, changes the intertooth contact trace and so in-
creases the load intensity along the engagement line, which results in damage shown
in fig. 9.4. The nonuniformity of the tooth load along the flank line is expressed by
coefficient K, [14.7, 14.8]. Also dynamic coefficient Ky changes. Product K;, Ky (tab.
14.1) was assumed, according to [14.7, 14.8], as the measure of the combined effect of
the above factors. If this product exceeds a boundary value, the durability of the gear-
ing will become limited. The factors contributing to the limited life of the gearing are
detected by means of diagnostic methods. It is especially important to detect durability
limiting factors which act in conjunction, e.g. an increase in the intertooth load and a
change in the form of the load (transition from narrow-band to wide-band loading).

14.2. Description of changein gear transmission condition and effect
of design, technological and operational factorson form of signal

In adescription (tab. 14.2) of gear transmission condition and its effect on the form
of the signal one can distinguish: design, production technology and operational fac-
tors [14.9, 14.10] and a change in the condition of the gear transmission as a result of
its operation (fatigue of the materials, wear and the effect of the environment).

Tab. 14.1.Relationship between design, production technology, operation and change-of-condition factors
and form of signal.

Gear transmission condition Form of signal
Design factors (1,2); (2,2); (3,2); (6,2); (8,2) (1,2); (2,3); (3,3); (6,3)
Effect within permissible error limits
production technol- (5,2); (2,2); (3,2); (6,2); (8,2 (5.3); (2,3); (3,3); (6,3); (8,3)
ogy/manufacture factors Effect beyond permissible manufac-
ture error limits
Operational factors v — peripheral velocity of wheels 1,3
Av — changesin velocity (8,3
P —load 1,3
AP — changesin load (6,3
Change in gear transmission (3,1); (4,2); (7,2); (9,2); (10,2); (11,1) (3.3); (4,3); (7,2); (9,3);
condition as aresult of operation (10,3); (11,3)

(fatigue of materials, effect of
environment)
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The above factors are described in chap. 6. The interrelations between the factors,
the description of gear transmission condition and the form of the signal are repre-
sented in tab. 14.3. The design factors include: the stiffness of elements (4.23), par-
ticularly that of the gearing (fig. 6.7, formulas 6.20-6.23), the accuracy of elements
within permissible error limits; description of gearing errors (6.46) and (6.47). The
main production technol ogy/manufacture factor is afailure to stay within the accuracy
classes imposed by the design factors. Operational factors include: wheel peripheral
velocity v and Av and load P and AP (changes in the external load are described in
chap. 4.5, figs 4.24, 4.26a). In gear transmission calculations, design and operational
factors are taken into account through coefficient K representing the nonuniformity of
loading along the engagement line. The coefficient is a function of the condition de-
scribed intab. 14.3, i.e. K, = f [2, 2] where numerals (2, 2) stand for respectively: the
number of the row and the number of the column in table 14.3. Besides coefficient K,
also coefficient Ky = f[(2, 2]; (8, 2), V], where v is the tangential velocity of the gear
whesels, is taken into account. As mentioned above, the total effect of the design and
operational factors is taken into account as product K.Ky. When a change in condition
occurs as a result of operation, then KKy = f[(2, 2); (3, 2); (8, 2); (9, 2); V]. If this
product is greater than the boundary value, a change in condition will affect the dura-
bility of the gear transmission (tab. 14.1). In further considerations relating to com-
puter smulation results, the effect of the above factors is represented by one coeffi-
cient — Kg.

14.3. Vibroacoustic diagnostics, properties of vibroacoustic signal
generated by gear transmission; sour ces of gear transmission
vibroacoustic processes

As described in chap. 6 and 14.2, the operation of a gear transmission is accompa-
nied by mechanical vibration and noise, which together constitute the so-called vi-
broacoustic process. The source of vibration in a gear transmission are rolling or side
bearings and the gearing. If synchronous summation of the vibration signal is per-
formed (chap. 10.1), a synchronous signal in the time domain, as shown in fig. 6.44,
will be obtained. A comparison of fig. 6.44 with fig. 6.14 shows a explicit relationship
between the state of loading and the vibration signal. This means that changes in the
vibration pattern, when the loading conditions and the rotational speed of the gear
wheels remain unchanged, indicate a change in the condition of the gear transmission.
The relationship between the condition and the form of the signal is described in col-
umns 2 and 3 in tab. 14.3. The description of the signal in tab. 14.3 is for a constant
external load and a constant rotational speed. As figs 11.3 and 11.6 show, the gear
transmission generates a polyharmonic signal. Column 3 (rows 1, 2, 3, 4, 9) in tab.
14.3. illustrates how the form of the polyharmonic signal changes with gear transmis-
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sion condition. Changes in the condition also result in the modulation of the frequency
and amplitude of the signal [14.11, 14.12, 14.13]. Ways of detecting changes in con-
dition through the representation of the signal as: a cepstrum, an envelope spectrum, a
zoom and a synchronous summation are given in tab. 14.3. The above terms are de-
fined in chap. 10.1.
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Fig. 14.1. Spectraof signa generated by gearing:

a— polyharmonic signal with basic frequency f,,
b — polyharmonic signal at frequency or amplitude modulation
¢ — amplitude modulation caused by single damage to gearing.

A simplified spectrum of the signal generated by gearing is shown in fig. 14.2. The
actual polyharmonic signal is more complex as a result of the superimposition of the
different causes of signal generation. Thisis due to the simultaneous modulation of the
amplitude and the frequency and impulse modulation (phenomena that occur per
revolution of the gear wheel (cf. fig. 11.6 and fig. 11.10)). Modulation by periodic
signalsis shown in figs 11.13 and 11.14. Modulation caused by a signal generated by
single damage to a tooth is shown in fig. 11.10. A change in the load or in the rota-
tional speed during measurement causes additional amplitude or frequency modula-
tion. Random influences (resulting in amplitude and frequency modulation) which
may affect the form of the signa can be eliminated through signal sampling combined
with synchronous summation [14.13, 14.14]. The complexity of a signal spectrum in-
creases in the case of a multistage gear when the signal spectra generated by the par-
ticular stages overlap. According to [14.14], a plot for a given kinematic pair of gear
wheels, with the effects of the particular gear stages eliminated, can be obtained
through synchronous summation. This principle is illustrated in fig. 14.3. The syn-
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chronous summation picture may be disturbed by the occurrence of component f;,, re-
flecting the kinematic properties of the kinematic chain of the machine tool used for
the machining of the gear wheel (tab. 14.3 row 5 column 2) — this represents a tech-
nologica-factor influence. The component is shown in fig. 14.4a. It may occur in
close proximity to the meshing frequency and cause beating affecting the picture ob-
tained through synchronous summation and thus making it difficult to assess the con-
dition of the gearing (fig. 14.4aand b).

It is shown in [14.9, 14.15], by means of the coherence function (10.49) for deter-
mining the condition of intermeshing, that the power of the polyharmonic signal gen-
erated by a high-quality transmission is low in comparison with that of the noise gen-
erated by the gearing itself and by the rolling bearings (if the signal is analyzed in a
certain frequency band, e.g. 6% of the relative bandwidth).
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Fig. 14.2. Diagram illustrating principle of averaging gear transmission signal: 1 — piezoelectric
transducer, tachometric signal, 3 — electronic gear, 4 —signal averaging, 1', 2' ...N — number of averaged
signal samples, 19, 35 — number of gear wheel teeth.

If the condition changes and a persistent error occurs, intermeshing will deteriorate
and both the power of the polyharmonic component and the values of the coherence
function components will increase (10.49). The causes of this change in the condition
of the gear transmission are given in table 14.3. (items 2,2, 3,2 and 4,2). The power of
the polyharmonic signal may also increase if most of the teeth are damaged by pitting
(item 9,2 in tab. 14.3). Then the signal is narrowband noise and the coherence function
component increases (as shown in [14.9 and 14.15]). If bicoherence function (10.46) is
used to measure the condition of intermeshing, then, according to the interpretation
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given in [14.16], the random component is eliminated from the signal and the value of
the bicoherence function is close to unity (it ranges from 0 to 1). This happens when
the gear transmission operates under aload close to the nominal one and the polyhar-
monic signal predominates (the random signal has been removed by processing). If
most of the gear transmission’s teeth are damaged by pitting, the gear transmission
generates Gaussian noise and the bicoherence function’'s value decreases markedly in
relation to its value when the signal generated by the gearing was a determinate, peri-
odic, polyharmonic signal. According to [14.16], a change in condition corresponding
to item 9,2 in table 14.3 can be detected by means of the bicoherence function. In the
table, synchronous summation is listed as one of the ways of representing signals. In
the author’s opinion, it is one of the most important forms of representing the gear
transmission diagnostic signal.

Computer simulations (see chap. 6 and 14) can be helpful in interpreting the actual
gear transmission results.

This chapter has provided a summary of the relationship between the condition of
the gear transmission, the form of the signal generated by this condition and the dif-
ferent forms of the signal obtained through its transformation.

a1 1 T T 1
' I Mes ]
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L} | ||
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. 2y
|
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| I
o 50 w0o 50 100 Hz

Fig. 14.3. Synchronous summation signa and its spectrum [18]: a—initial condition, b — condition of
transmission before failure.
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14.3. Vibroacoustic diagnostics, properties of vibroacoustic signal generated by gear ...
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14.4. Unit damageto gearing

Unit damage to the teeth is a partial or tota fracture of atooth, a fatigue crack or
extensive damage to one of the teeth in a gear wheel. The application of synchronous
summation to the detection of tooth fractures in the gear transmission is described in
[14.14]. A signa obtained through synchronous summation is shown in fig. 14.5
[14.14]. The signal for a case when the gear transmission has al its teeth intact and for
acase when one of itsteeth is broken isshownin fig. 14.5a and 14.5b, respectively.

r 20.5¢
g 1
2.

T )

-4.008

B ) 3 EETEEREEN

{ ; ; : % ; '
.00 8.650 8109 L1075 Lm .00 .65 9.100 LS 107s s

Fig. 14.1. Gear transmission condition signal obtained through synchronous summation: a— undamaged
transmission, b — transmission with broken tooth [14.14], g — gravitational acceleration.

50 Ky

23
Fig. 14.2. Gearing condition signal in form of coefficient K4 (signal obtained by computer simulation) and
changesin gearing rigidity: a—t0 0.9 k,, b —t0 0.65 k,, ¢ —t0 0.32 k,, d —to 0.0 k, (broken tooth).
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To study the forms of the diagnostic signal more closely, simulations were run for
the following basic parameters: M,(0; 0; 0; 0); E(0.5; 10; 0; 20). The symbolic notation
for state of loading M, and for form of error E is given in chap. 4.5 and 6.4, respec-
tively. The influence of changes in the stiffness k, (6.20) to (6.23) of one of the teeth
until fracture (stiffness, k, = 0) was studied. The results of the computer smulations
are shown in fig. 14.6a, b, ¢ and d.

25 Kdt. . e - 15 Kar .

. ww W«m ﬁa; .ww@ B wmmﬁw TRRRSIARNS

0.0 ’ ' ' 5§ .41

00 ' ’ R

Fig. 14.3. Gearing condition signal in form of coefficient Ky, (signal obtained by computer simulation)
and changes in gearing rigidity: a—t0 0.65 k,, b —t0 0.32 k,, ¢ —t0 0.0 k, (broken tooth).

If k, denotes the total stiffness of the gearing, the results are, respectively, for the
following stiffness: 0.9 k,, 0.65 k,, 0.32 k, and 0.0 k, (a tooth missing). Plots of func-
tion Kg; (defined in chap. 6.7) when one of the teeth had rigidity 0.65 k,, 0.32 k, and
0.0 k;, respectively, and when M,(0; 0; 0; 0), E(0.5; 10; 0; 0) are shown in fig. 14.7.
Then simulations were run for a changing external load and the state of external load-
ing was described by M;(0.3; 0; 0.9; 0; 8) and M,(Z; 0; 0.9; O; 8). The signal was repre-
sented as function Ky, which, as shown in chap. 6.7, makes it possible to minimize the
influence of changes in the state of loading on the form of the signal. Function Ky, for
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load change coefficients w = 0.3 and w = 1, respectively, is shown fig. 14.8. A zoom
of plot Ky for atime interval of 0.005 s is shown in fig. 14.9. Plots Ky, for a case
when one of the teeth is damaged (by pitting), which is described by unit error on one
tooth e = -10 um, are shown in fig. 14.10. To eliminate the influence of changesin the
mean load on the results of the computer ssimulations for load M,(1; 0; 0.9; 0) aso

function Ky, (defined in chap. 6.7) was used.

25 Ky, I . R 23 Ky

bl

o e
W‘?‘WMMMWW ﬁ\’r’,,lqt\l“in"ﬁ,;""% 'fw"‘

a0 , .
[N . ’ ' ' : § L®:

Fig. 14.4. Gearing condition signal in form of coefficient Ky, (signal obtained by computer simulation)
for changing external load: a— M4(0.3; 0; 0.9; 0; 8), b—M,(1; 0; 0.9; O; 8).

25 Ky

§ 15

Fig. 14.5. Zoom of gearing condition signal in form Fig. 14.6. Gearing condition signal in form of

of coefficient Ky, (signal obtained by computer coefficient Ky, (signal obtained by computer
simulation) for changing external load M,(0.3; O; simulation) for changing external load M,(0.3; O;
0.9; 0; 8) and signal timeinterval of 0.005s. 0.9; 0; 8) and one tooth damaged by pitting

e=-10Um.
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e

0.0 ' : T ’ S 13

Fig. 14.7. Gearing condition signal in form of Fig. 14.8. Gearing condition signal in form of
coefficient Ky, (signal obtained by computer coefficient Ky, (signal obtained by computer
simulation) for invariable external loadw=0and simulation) for changing external load M,(1; 0; 0.9;

one tooth damaged by pitting e =-10 U m. 0; 8)and one tooth damaged by pitting e =-10 i m.

The influence of unit error e =-10 um for w = 0 was investigated. As shown in fig.
14.11 the error exerts a marked influence on the diagnostic signal. The signal for both
error e = -10 um and external load M,(1; O; 0.9; 0) (i.e. w = 1) is shown in fig. 14.12.
A comparison of figs 14.11 and 14.12 shows an influence of variability parameter w =
1 which may reduce the effect of error e = -10 um on the result of the computer simu-
lation, i.e. on a gearing condition assessment. Similar lowering of sensitivity to
changes in condition (e = -10 um) due to the influence of w =1 can be noticed if figs
14.10 and 14.13 are compared. Computer simulations show that a diagnostic signal
plot for gearing with atooth partially damaged by afatigue crack is similar to a signal
plot for a case when pitting occurs on one of the teeth — compare fig. 14.7a or b with
fig. 14.13. The influence of unit damage to gearing on the form of the signal is also
considered in [14.17] and [14.18].

25 Kgp
T :

Fig. 14.9. Gearing condition signal in form
of coefficient Ky (Signal obtained by
computer simulation) for invariable
externa load w = 0 and one tooth damaged
by pittinge=-10 U m.
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14.5. Influence of gearing error randomness and exter nal load
randomness on diagnostic signal

The influence of gearing manufacture/execution error randomness, changes in con-
dition and external load randomness on the form of the diagnostic signal is described
in [14.20]. The gearing manufacture error is given as E(a; ey; r; ry). Quantities a and
€1 have constant values for a given simulation experiment. Parameters r and r,, Speci-
fying the range of variation, are also constant. The error value for each successive pair
of teeth is different and given by formula (6.48) in chap. 6.4. The randomness of the
gearing error is specified by random variable |;. The variable is fitted to z; successive
teeth of the first (driving) gear wheel. An illustrative error function is shown in fig.
14.14 for E(0.5; 10; 0.3; 0), i.e. the maximum error values for r = 0.3 can vary by
30%. In the extreme case (for r = 1), the maximum error value varies by 100%. One
can assume approximate valuer = 0 for new gearing, r = 0.3 for accidental initial wear
of gearing and r = 1 for worn down gearing.

goooof m ) 2[5 MMy .
ﬂ‘ﬁ TR . |
fsa | . o - o
oo s 305 g0 s 31
Fig. 14.1. Form of gearing error for Fig. 14.2. Form of relative external load
E(0.5; 10; 0.3; 0). M,(Z; 0.3; 0.9; 0; 8).
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Fig. 14.3. Plot of coefficient: a— Ky, b — Kgy; for random form of gearing error E(0.5; 10; 0.3; 0) and
constant load M,(0; 0; O; 0).
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The external load was described as M (w; r; pw; I'p, k), Where parameters r and r,,
describe the limits of variation of respectively quantity w and p,. Thisis expressed by
formulas (4.116) and (4.117) in chap. 4.5. A plot of the relative value of changes in
the external load described by M,(1; 0.3, 0.9; O; 8), i.e. when increments in the exter-
nal load values vary by 30% for r = 0.3, isshown in fig. 14.15. According to chap. 6.7
and 14.4, the defined coefficients Ky and Ky, (definition (6.50) in chap. 6.7) should be
used for plotting the diagnostic signal. The results of investigations into the influence
of random gearing error values and random external load values on the signal are pre-
sented in the form of plots of Ky and Ky, versus timet [s]. The plot of Kq and Kg, for
the error form described by E(0.5; 10; 0.3; 0) (fig. 14.14) and that of Ky, are shown in
respectively fig. 14.16a and 14.16b. The load form is described by M,(0; O; O; O; 0),
i.e. the external load is fixed and the gear transmission operates in the 4™ period (fig.
6.12). A plot of gearing errors in the form of E(0.5; 10; 1; 0) and the corresponding
functions K4 and Ky, are shown in fig. 14.18. A new error form: E(0.1; 10; 1; 0) (pa-
rameter a has changed from 0.5 to 0.1) and the corresponding functions Kq and Ky, are
shown in fig. 14.19 and fig. 14.20, respectively. The above figures show a distinct re-
lationship between the form of the signal and the condition of the gearing. The simu-
lation results are shown in fig. 14.21 and they obtained under the random condition of
load change given in fig.14.21. No influence of the external load is visible. The influ-
ence of random changes in the load can be eliminated by choosing a proper fragment
of the diagnostic signal plot (this is the more difficult, the lower the value of coeffi-
cient k. = T,/T — see chap. 4.5). If thisis impossible, an attempt can be made to deter-
mine the relationship between the condition of the gearing and the diagnostic signal
for the case when the transmission operates without any external load and the over-
coming of the system’s inertia resistance congtitutes the only load (fig. 14.22). Fur-
ther figures show the relationship between the form of the error and the form of the
diagnostic signal described by function Ky (figs 14.23-14.28). The plots correspond to
the signal during the running up (one second after the latter begins) of the system (pe-
riod 1 in fig. 6.14). The influence of free vibration on the diagnostic signal plot is
shown in figs 14.24 and 14.26. This influence is the more marked, the higher the val-
ues of the impulses generated due to gearing errors and the steeper the error function
curve (compare figs 14.23 and 14.25 with figs 14.24 and 14.26).
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Fig. 14.4. Form of gearing error
E(0.5;10;1;0).
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Fig. 14.5. Plot of coefficient: @) Ky and b) Ky; for random gearing error E(0.5;10;1;0) and constant load
M1(0;0;0;0).
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Fig. 14.7. Plot of coefficient: @) Ky and b) Ky, for random gearing error E(0.1;10;1;0) and load
M1(1;1;0.9;0;8).
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Fig. 14.8. Plot of random external load
M;(1;1;0.9;0;8).
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Fig. 14.10. Random from of error E(0.5;10;1;0) in
three pairs of gearing teeth.
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Fig. 14.9. Plot of electric motor’s driving torque
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Fig. 14.11. Plot of coefficient Ky during starting of
gear transmission in timeinterval of 1-1.01 sfor
E(0.5;10;1;0) in fig. 14.23.
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Fig. 14.12. Random form of error E(0.1;10;1;0) in  Fig. 14.13. Plot of coefficient K, during starting of
three pairs of gearing teeth. gear transmission in timeinterval of 1-10.1 sfor
E(0.1;10;1;0) in fig. 14.25.
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Fig. 14.14. Random form of error E(0.1;10;1;0) in Fig. 14.15. Plot of coefficient during starting of
several pairs of gearing teeth. gear transmission in time interval of 1-1.03 sfor
E(0.1;10;1;0) infig. 14.27.
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15. Diagnostics of rolling bearings

As mentioned in chap. 7, damaged rolling bearings generate impul ses which cause
damped vibration of a structure. The impulses repeat themselves depending on the
frequency of rotations of the shaft on which the bearing rotates and on the rolling
bearings’ geometrical quantities — formulas in chap. 7 and tab. 11.1. The formulas are
used to determine the frequencies that indicate defective places: the outer race, the in-
ner race, a ball or the cage. The vibration components of the frequencies can be found
in the spectrum if the measurement is made in a wide dynamics range. The intensity of
the vibrations generated by a defective rolling bearing is low and so the vibrations
generated by the damage may be hidden in the general noise produced by the bearing.
The intensity of the vibrations generated by the gearing of a gear transmission is much
higher than that of the vibrations generated by the rolling bearing. Vibration accelera-
tions are measured to assess the condition of the rolling bearings. The measured vi-
brations are used to search for different measures of rolling bearing condition such as
RMS vibration and peak vibration. The two measures are characterized in fig. 15.1.
Also relative measures are used for the assessment of rolling bearing condition, i.e.
kurtosis expressed by the formula

K= } X*p(X)/(RMS) (15.1)

determined within a band of 5-15 kHz;

&
d8

Fig. 15.1. Trend in signd level variation depending on adopted rolling bearing condition symptom:
1 —peak value, 2 —RM S value, 3 — undamaged bearing, 4 — partially damaged bearing, 5 — damaged
bearing.

Bearing defect excite high-frequency vibrations (see fig. 16.6) corresponding to the
free vibration of the bearing’'s components. The measurement of RMS vibration in a
range of 3.5-10 kHz is described in paper [15.1]. This signa was further processed to
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increase the reliability of the diagnosis. The signal envel ope was sought in accordance
with the principles given in chap. 10.

The cepstrum function (chap. 10) is used to detect the vibration components origi-
nating from the vibration of the rolling bearings. Examples of the application of vibra-
tion analysis to the assessment of the condition of large rolling bearings similar to the
bearings used in the belt conveyor drums are given in [15.2]. A constant-percentage
vibration spectrum in which the frequencies corresponding to the frequency with
which the damaged ball passes around the damaged outer race (BPFO) have been
identified and the latter frequency’s 2™, 3" and 4™ harmonics are shown in fig. 15.2.
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Fig. 15.2. Modified third octave vibration spectrum Fig. 15.3. Defectiverolling bearing condition

reflecting rolling bearing condition [15.2]; spectrum against spectrum for new bearing [15.2];
BPFO — frequency with which ball passes over BPFO — frequency with which ball passes over
damaged place; 2', 3', 4 — harmonics, 1 — shaft damaged place and harmonics; 1 — reference

revolutions frequency, 2 — 1% and 2™ harmonic of spectrum, 2 — actual spectrum, 3 —increasein
gearing vibration level for high frequencies.

A constant-percentage spectrum means that for 6% of bandwith at filter midband
frequencies of 100 and 1000 Hz the filter bandwidth is respectively 6 and 60 Hz. The
vibration component originating from the rotational speed, and the meshing frequency
and its second component are also shown in the figure. The spectrum represents the
RMS vibration acceleration in dB. Fig. 15.3 shows a spectrum for a new bearing
against a spectrum for the same but defective bearing. Substantial increases in the
level of vibrations and harmonics within the BPFO (Ball Passing Frequency Outer
Race) range and increases in vibration at higher frequencies are visible. The next ex-
ampleis shown in fig. 15.4 which features a reference spectrum (new bearing) and the
actual spectrum, with marked harmonics of the frequency of passage over the dam-
aged outer race. The difference between the levels in the spectra is shown in the bot-
tom part of the figure. The signal cepstrum, the rahrmonics corresponding to the basic
BPFO rahmonic and the other rahmonics are shown in fig. 15.5. The notion of rahr-
monic was introduced to represent spectral components (being the inverse of fre-
guency) as afunction of time.
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Fig. 15.4. Actua (defective) rolling bearing Fig. 15.5. Cepstrum for condition of rolling bearing
condition against new bearing condition and with damaged outer race [15.2]; BPFO — frequency
spectrum of signal differences[15.2]; of ball passage over damaged place.
BPFO — frequency of ball passage over damaged
place, and harmonics; 1 — reference spectrum,
2 — actual spectrum, 3 — differential spectrum.

The increments in the spectrum in the period 25.01-8.02. 1988 are shown in fig.
15.6. As one can see, an increase in the intensity occurred in the 4™ harmonic. The
trend of the 4™ harmonic is showninfig. 15.7.

BPFO 4
a8 1 103-115 H;
10 |
.th : i
5 X o %
|| 8r2/88 . ‘\ " 3ras \ |
28/1/88 82188
:: n |8 W.HMUM_A'QL« 1/2/88 2 I\ i
" s’ - |
zg],__l'l v} Lol . 2ar1ses : e 257188
l: ' iy ol a0 ol m“’ 2501488 - 2 3
2 ] o 0 50 ‘.sz 200 s00 " \
-8
=10
BPFO 0 X

z‘ygoil‘rﬂfe

Fig. 15.6. Comparison of difference spectra for Fig. 15.7. 4" harmonic of frequency of ball passage
rolling bearing [15.2]; BPFO — frequency of ball over damaged place on outer race; 1 — frequency
passage over damaged place, 4 — 4™ harmonics. range, 2 — reference level, 3 —level after rolling
bearing replacement.

Also a method known as SPM (Shock Pulse Method), developed by the firm SKF
(aralling bearings manufacturer), is used in the diagnosis of rolling bearings.
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As it has been established, bearings generate high-frequency vibrations whose
range may extend up to 100 kHz. SKF used the measurement of vibrations in a fre-
guency band of 32 kHz. The signal in the 32 kHz band was amplified by the sensor’s
resonance and electronically. As shown in [15.3], the signal can be used to check if the
lubrication of the rolling bearing is proper. The quality of the lubrication can be as-
sessed by measuring the electric current passing through the rolling bearing. If thereis
no contact between metallic surfaces (they are separated by a lubricating film), hydro-
dynamic lubrication occurs and no electric current flows through the bearing. The re-
lationship (in percent) between the fraction of time in which there is no contact be-
tween metallic surfaces in the rolling bearing and the value of A which is ratio hy,/0,
where hy;, is the minimum thickness of the lubricating film at which the latter remains
unbroken and o is a the root of the sum sguare of the surface irregularities of the con-
tacting parts that are lubricated, is shown in fig. 15.8. The values of A can be deter-
mined by applying the theory of hydrodynamic lubrication. The relationship between a
drop in the level of the diagnostic signal in the 32 kHz band and the percentage of
bearing contact-free operation (no current flows through the bearing’s elements) for
determining the correctness of lubrication is given in fig. 15.9. The SKF meter for
measuring the correctness of lubrication gives lubricating film thickness hy, in code
numbers (fig. 15.10). The code number value is proportiona to the thickness of the
lubricating film. It has been proved that the code numbers are functions of the type of
rolling bearing. As it is shown in fig. 15.11, the higher the code number, the greater
the value of A, i.e. the greater the thickness of the lubricating film. According to fig.
15.11, better lubricating conditions can be obtained for roller bearings than ball bear-
ings. The components reflecting the damage on the outer race againgt the other com-

ponents (BPFI — Ball Passing Frequency Inner Race) are shown in fig. 15.12.
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Fig. 15.8. Relationship between coefficient A and Fig. 15.9. Relationship between drop in signal
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(rolling bearing elements separated by lubricating free of metallic contact.
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Different vibration components may be generated in the case of a simultaneous oc-
currence of damage to the inner and outer races and to a ball. In practice, it may be
difficult to identify the components when two faults occur simultaneously. Therefore
research aimed at improving the envelope signal method is under way [15.4].

As mentioned earlier, the signal envelope method consists in the filtration of the
signal to cut off low-frequency components arising from shaft runout and gear wheel
meshing. After filtration the signal is subjected to the Hilbert transformation (10.56)
and the envelope is found (chap. 10.1). Filtration can be performed for different fre-
guency ranges. The impulses arising from damage may excite the natural frequency of
the mechanica system or the signal receiver in arange up to 100 kHz. If severa ele-
ments fail simultaneoudly, e.g. the inner race, the outer race and the rolling element,
the faults may excite different resonance frequencies or one resonance frequency and
thusincrease the component density of the envelope spectrum.

1 2 3 4 fo: fi! fb! fc
50Hz B&K 8307(#1) 240N (#1) 100kHz 152.47,247.53,
B&K 4393(#2) 260N (#2) 198.52,19.06Hz
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Fig. 15.13. Signal of rolling bearing condition, frequency versus period (filtered signal, signal above 10
kHz was assumed): 1 — shaft revolutions frequency, 2 — kind of piezoelectric transducer, 3 — value of
applied radia force, 4 —signal sampling rate, 5 — frequency of ball passage over damage.

The method of assessing the condition of rolling bearings proposed for the case
when several faults occur simultaneously consists in the analysis of the envelope sig-
nal obtained through synchronous summation, with a proper signal band filtered off.
The spectrum is represented on a plane whose axes are functions of the synchronous
period and frequency. The intensity of the signal is represented by the proper intensity
of the colour filling the points, as shown in figs 15.13 and 15.14. The fault frequencies
calculated from the formulas given in table 11.1 are listed in the table in fig. 15.13.
The vibration periods corresponding to these frequencies are marked on the horizontal
axisin the figures. Signal synchronous summation was performed for the 100-107 ms
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range (fig. 15.13) and the 99-107 m. s range, passing the signal for frequencies higher
than 10kHz (fig. 15.13). The result of the analysis for the signal passed through the
filter within arange of 40-43 kHz is shown in fig. 15.14. After the filtering, signal en-
velopes were obtained which were subjected to synchronous summation with syn-
chronous periods within the ranges given in figs 15.13 and 15.14. As a result, the sig-
nal generated by a defective bearing was cleaned of broad-band noise.
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Fig. 15.14. Signal of rolling bearing condition, frequency versus period (filtered signal, signal from
40-43 kHz band was assumed).
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16. Diagnostics of belt conveyors

16.1. Introduction

A schematic representation of the technical means used to monitor the condition of
belt conveyorsis shown in fig. 1.7. The diagnostic tool is a belt condition assessment
gauge.

A belt conveyor (one of many designs) is shown schematically in fig. 16.1. The
following can be distinguished there:

a) driving drums,

b) areturn drum,

c) atightening drum,
d) aguiding drum.

i . 3 Fig. 16.1. Schematic of belt conveyor:
______._._—————:.' 1 —driving drum, 2 — return drum,
GZ:—@——"——_'—_'____—_ - 3 —tightening drum, 4 — guiding drum,
S if ' 5 —direction of belt movement.

The design of the driving drum and the guiding drum of a LEGMET belt conveyor
isshown in fig. 16.2a and fig. 16.2b, respectively. The kinematic pairs which are sub-
ject to diagnosis are: the rolling elements and the races (outer and inner) of the rolling
bearing. Also the balance of the drums (the balancing problem is presented in chap.
4.6) and their perpendicularity to the movement of the belt are diagnosed. The con-
veyor belt is supported by runners [16.1] in different arrangements (see fig. 16.3: the
active section — arrangements A and the passive section — arrangements B). An exem-
plary runner design is shown in fig. 16.4 [16.1]. The diagnostics of the runner covers
its rolling bearings, runout and unbalance.

Thedriving drum is driven by a power transmission system (fig. 16.5) consisting of
an electric motor whose flexible or hydrodynamic coupling drives a gear transmission.
The gear transmission’s function is to reduce the rotational speed and increase the
torque transmitted to the driving drum. The diagnosis covers the condition of the roll-
ing bearings in the electric motor and the gear transmission, the condition of the gear
transmission gearing, the balance of the coupling and the position of the gear trans-
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mission relative to the driving drum. The methods of diagnosing the above subassem-
blies are the subject of the subsections that follow.

Fig. 16.3. Runner sets: A — runner sets supporting driving strand, 1 — two-runner set, 2 — three-runner set,
3 —five-runner set, B —runner set supporting driven strand, 1 — plain runnersin V arrangement, 2 —
runners with cleaning rubber ringsin VV arrangement.
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Fig. 16.4. Belt conveyor runner
o design:
! 1 —runner shell,
2 —rolling bearing casing,
3 —runner axis,
i [ | i 4 — connecting hole,
i B — 5 —outer sed,
b/ A’ 6 — outer labyrinth seal,

7 —inner sedl,

et 8-runnerbearing.
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Fig. 16.5. Belt conveyor power transmission system: 1 —motor, 2 — brake drum, 3 — flexible coupling,
4 — gear transmission.

16.2. Diagnostics of belt conveyor gear transmissions

The fundamentals of the diagnostics of gear transmissions which drive belt con-
veyors are presented in [16.2] + [16.6]. In this chapter an outline of the method, as it
relates to the parameter classifications recommended in standards [16.7] and [16.8], is
given.

Standard [16.7] (fig. 13.1) has the character of a general recommendation and it
can be applied to the classification of gear transmission condition parameter values.
The condition parameter is the wall vibration RMS value determined in the 10+-1000
Hz band. For gears (reducers) driven by motors with a rated speed of 750+1500
rev./min the high-speed shaft runout components and harmonics and the gearing com-
ponents and harmonics are in the 10~1000 Hz band. Some illustrative spectra are
shown in figs 11.3 and 11.8. By measuring the vibration RMS value in the 10+1000
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Hz band one cannot establish unequivocally the cause of achange in gear transmission
condition. Measurements show that gearing components (the first two gear transmis-
sion stages) dominate in their intensity over the components originating from the high-
speed shaft operating condition, i.e. the components generated by a defective bearing
(components in table 11.1) [16.6]. Canadian standard [16.8] recommends measuring
the RM S value of the gear transmission wall vibration velocity in arange of 10+-10000
Hz. For the assumptions about the rotational speed of electric motors made above, the
components linked to the causes and the resonance vibration components excited by
the impulses generated by defective rolling bearings are in this range. The above com-
ponents are different than the kinematic components associated with the frequency of
passage of arolling eement over a damaged place on arace (tab. 11.1). A classifica-
tion of gearing condition parameters corresponding to narrowband components can be
found in [16.9]. A condition classification method for signal parameters in the three
ranges: 10+1000 Hz, 100+3500 Hz, 3500+1000 Hz (tab. 16.1) is described in [16.2]-
[16.6].

Tab. 16.1. Conventional set of preferred physical quantities. 1 — frequency range, 2 — vibration velocity, 3
— vibration acceleration

1 2 3
1-100Hz +
100-3500Hz + +
3.5-10kHz +
mn;;f; ”a;/ 52

am/s?

[
=
T
=47
_36a=29
=69

o)

347 =8,

4
Jéa

=2 o

5
f 100 § 3500 10000H;

Fig. 16.1. Range of gear transmission condition symptoms values V' (10-100 Hz) mm/s, V' (100-3500
Hz) mm/s, & (100-3500) m/s%, a (3.5-10 kHz), mean value of set plus three standard deviations o.

Fig. 16.6 shows why it is necessary to divide the signal into the bands. The signal
in the 100+-3500 Hz dominates. Proper parameters are selected in the way described in
[16.10]. The method of determining whether a proper place for the reception of the
signal has been selected consists in comparing measurement histograms. The histo-
grams should show similar distributions. The similarity can be established by finding a
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match between the actual distributions and the theoretical ones (g — gamma, g, —
shifted gamma, |, — logarithmic-normal, |, — shifted logarithmic-normal). The degree
of fit (expressed by a confidence level) to the above distributionsis given in fig. 16.7.
If the confidence levels for the gamma distribution are compared between the four
signal reception pointsin fig. 16.8, one can notice a marked difference in paint 3.
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Fig. 16.2. Histograms of acceleration measurements for 3.5-10 kHz:
a— messuring point 1, b — measuring point 2, ¢ — measuring point 3, d — measuring point 4
Confidence levels for: g — gamma distribution, g, — shifted gamma distribution, 1, — logarithmic-normal

distribution, |nﬁ — shifted logarithmic-normal distribution. On axis of ordinates number of gear

transmissions
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Thisis caused by the no metal packing washer situated between the gear transmis-
sion casing and the cover on which the sensor was placed during the diagnostic meas-
urements. If the RMsS wall velocity and the RMS wall vibration acceleration (measured
in the proper frequency ranges) are denoted by respectively v [mnvs] and a [m/s7],
then the arithmetic mean of the measurements for the first points (the signal reception
points are marked in fig. 16.8) is denoted by V' @ . But the arithmetic mean should
not be determined directly.

3 points (1+5) on 1000 kW gear
transmission.

A ;
1 ]
’+§ Fig. 16.3. Diagnostic signal reception
3 e d

First the signal level in dB should be determined from expression (10.9), then the
mean in dB and the values of physical quantities V' [mm/s] and @ [m/s’] should be
calculated. The following parameters are recommended for the assessment of gear
transmission condition:

v/ parameter V in a frequency range of 10-100 Hz should be used to assess
the correctness of high-speed shaft operation,

v' parameters V and a determined in a frequency range of 100+-3500 Hz
should be used to assess the gearing condition,

v parameter a [m/s] determined for arange of 3.5 + 10 kHz should be used
to assess the condition of the rolling bearings in a given bearing joint.

The above arelisted in table 16.2.

Tab. 16.2. Set of preferred physical quantities for proposed diagnostic method of assessing condition of

belt conveyors gears.
1 5 QdorV 6 aorv
1-100Hz -2 +
100-3500Hz -3 +
35-10kHz -4 +
1 —freguency, element; 2 — high-speed shaft;
3 —gearing; 4 —rolling bearing,
5 —mean value, a— acceleration,

v —velocity,
a or V - mean value of acceleration or velocity.
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Gear transmission condition diagnostics system

In-service aear transmission diaonostics

New or renovated aear transmission diaanostics

m ~ - O Jimproper bearing operation, improper lubrication, failure possib c O Jhave defective gear transmission repaired
2w |25 205
.Wm_ m M improper bearing operation, improper lubrication 2 it is necessary to check if lubrication is proper
T 1 : :
S
.WM, .m m © |transitional bearing operating conditions, proper lubrication m @ lcontinue operating gear transmission, check if lubrication is proper
852
il &) < proper gearing operation and proper lubrication < |continue operating gear transmission
.,m replace gear transmission (danger of irreparable damage to gear trans- ,m o
B n o O |gearing life limited due to notch effect, extensive damage to bearings O Imission) 5> _
BL o 2)
cQ limited gearing life, failure of beari failure of gearin .m o
mn%m m & o g J ngs g 9 & |© |replace gear transmission (failure of gearing, failure of rolling bearings) H > _
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mm S ‘m @ liimited gearing life, improper gearing operation, possible failure of ‘m @ |replace gear transmission (possible gearing failure) g 5
g m m o limited life, poorly executed gearing or other elements, incipientf(5
oo <L |damage to bearings < |continue operating gear transmission, check if lubrication is proper
= ” M unlimited gearing life, good lubrication conditions M i i t .
8 N lcontinue operating gear transmission
58T E
m 3 m ,m S Am check motor setup relative to gear transmission, check coupling runout
F5S > m o |improper high-speed shaft operation (runout, deviation), gearingl|® |@ _ _
< 95| |2 S
55 85| |7 b7 g
T m m m < [oroper operation of high-speed shaft m < [continue operating gear transmission m N m m m
&l 8l 8] &=
; EEEE
have rolling bearings i t ision reset £l3
.m ~N - O limproper bearing operation, improper lubrication, failure possib s e roling Ings in gearsfransmision r o m m m 21 g
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Mum m M e improper bearing operation, improper lubrication ..m continue operating gear transmission m m
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DEQ < proper gearing operation and proper lubrication continue operating gear transmission
B 5o
[a) . . .
3 m e improper intermeshing, immediate failure possible replace gear ransmission, danger of itsfailure 8>
- o <o consi |83
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Fig. 16.4. Diagnostic inference algorithm of gear transmission condition diagnostics system.
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On the basis of [16.2] to [16.6] one can construct the gear transmission diagnostics
algorithm shown in fig. 16.9 [16.11]. In this algorithm of diagnostic inference about
gear transmission condition one can distinguish the diagnosis of a new or renovated
gear transmission and the diagnosis of a run-in gear transmission in service (see the
life curvein fig. 16.14). It was assumed that the first three measurements after the in-
stallation of a new or renovated gear transmission were to be analyzed according to
the new or renovated gear transmission diagnostics procedure (fig. 16.9). Also the
physical quantities (criteria) and symptoms involved, classified according to the pa-
rameter values, are shown in the figure. The classes are denoted by the letters of the
alphabet, where AA or A represents good (correct) condition and the next letters indi-
cate a change in condition or lower quality (the opposite of the notation presented in
chap. 13). The diagnostic inference algorithm leads to five classes of gear transmission
condition labelled as:

e lubrication of bearings,

e motor position adjustment,

e economical replacement,

e necessary replacement,

e danger of failure.
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Fig. 16.5. Effect of load on gear transmission condition symptom value, accelerationsin band
100-3500 Hz: A+D — gear transmission classes, a-d — gear transmission points
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The classification of gearing condition according to [16.3] for parameter (symp-
tom) a [m/s?] (1003500 Hz) and a histogram of the measured values are presented in
fig. 16.10. It follows from the classification that the parameter values are a function of
the load. To plot the parameter in time, its values should be reduced to one load (fig.
16.11 — measurements X, y were reduced to values a, b).
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Fig. 16.6. Nomogram for converting measurement data for average acceleration valuesin range
100-3500 Hz: A+D —classes of gear transmissions, illustrative conversion of data: xtoaandytob.

When taking an operational decision one should check if relation a = f(I/1,) holds,
where |/l is a relative value of driving motor current intensity (l,, — the rated current
value). The check consists in determining the slope of a straight line in the linear rela-
tion by calculating the coefficient

Y =(a,-a)l(li-1) m(sSA)

where &, a, — mean values calculated according to the above description for the

100+3500 Hz for respectively: aload of about 0.85I, and 0.51,; I4, I, — values corre-
sponding to the smaller and greater |oad, respectively. The calculated values of Y were
taken into account in the inference agorithm in fig. 16.9. The operating condition of
the high-speed shaft was divided into two classes A and B. The upper limit of class A
was determined from the formula

(16.1)

\_/Iim: \_/m. + 33/ (162)

where S, — the standard deviation (see fig. 16.6 where vii, = 5.5 m/s which is within
the ISO standard (fig. 13.1) and the condition is described as satisfactory (group T)).
Therefore it was assumed that all the gear transmissions for which parameter V differs
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much from the rest should be checked and the cause of the deviation should be deter-
mined (improper motor setup, coupling runout, etc.).

The classification of rolling bearings is shown in fig. 16.12. The values of parame-
ters (symptoms) a [m/s’] (3.5 - 10 kHz) are a function of nD, where n — rotational
speed [rev./min], D — the mean bearing diameter [m]. The upper limits of the classes
were determined from the formulas:

a) forclassAan+S,
b) for classB a, + 2S,
c) forclassCan,+ 3S.
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Fig. 16.7. Classification of rolling bearing condition for band 3.5-10 kHz: A+D — classes of gear
transmissions, n —rotational speed, D’ — the bearing diameter.
n’ for points 3 and 4
nD’ for points 1 and 2
rev./minlt

If a histogram is drawn, most of the measurements should be within the limits of
class A. When calculating parameters a,, and S, of a set, all the recorded measured
values should be taken into account.

A method of dividing the parameters (symptoms) into two classes, which according
to the above interpretation corresponds to the economical replacement level, is given
in [16.12]. In interpretation of gear transmission condition the interactions between
the gear transmission’s parts as shown in fig. 16.22 should be considered. Diagnostic
signal parameters are represented against machine operation time as trends in gear
transmission condition parameters (symptoms), as shown in figs 16.13 and 16.14. In
the plots one can distinguish a gear transmission running-in period, a normal operation
period and the beginning of a change in the condition. Figs 16.13a and b show plots
for cases when the gearing condition parameters exceeded the boundary values and the
gear transmissions were sent for repairs.

The condition of the gear transmissions was classified on the basis of experimental
[16.13] and literature data [16.14]-[16-19], using the ferrographic method. The wear
products were assigned the symbols of the existing classes and described as regards
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their largest dimensions: | — particle size and g — particle thickness. Planar and volu-
metric particles of the scuffing and pitting type were distinguished. Scuffing particles
were the result of intensive friction while pitting particles were the outcome of the fa-
tigue of the working surfaces of the gearing and the rolling bearings. In addition, ele-
ments in the form of wires, spirals and balls of very small diameters (1-5 um) were

distinguished.
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Fig. 16.8. Illustrative actual trend in
belt conveyor gear transmission
condition: examples (a) and (b),

AA-D — gear transmission classes.

The conditions described in standard [16.20] and reflected in ferrographic images
should correspond to the particular classes of gear transmission condition:
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Class AA — fine wear particles defined as wear products or micropitting, whose
sizeis not larger than 15 pum and thickness in the order of 0.25+0.5 pum — according to
[16.18], whereas according to [16.20], this corresponds to nonabrasive wear (super-
finish wear) (compare fig. 9.1 and fig. 9.2). According to [16.20], characteristic mi-
cropitting flakes form (thisis referred to as flaking).

Class A —temporary occurrence (at the beginning of service) of products resulting
from abrasion or insufficient lubrication and possible occurrence of intensive micro-
pitting (particles as large as 50 pm). According to [16.18], particles in the form of
wires and spirals occur. Scratches propagating in the direction of dlip (according to
[16.20Q]), the problem of dip in gearing are considered in chap. 6.2.

Class B — wear products appear as a result of intensive friction (scuffing according
to [16.18]) and pitting flakes with torn edges, much thicker than micropitting flakes
occur.

Class C — the intensity of the products described in class B increases (size over 50
pm) and volumetric products of wear occur.

Class D — condition as in C, aso large pitting damage occurs which is too large to
be observed by ferrography (one should look for it on magnetic collectors or filters),
this condition corresponds to destructive pitting. Also particles in the form of wires
and spirals (25-100 um) occur.

A concise description of the relationship between the form of a particle and the
classis provided below:

for gearing:

class AA — planar particles| < 15 um, g = 0.25+0.5 pum;

class A — planar particles| <50 ym, g = 0.25+0.5 um;

class B — volumetric particles, scuffing | = 20+-50 um, wires and spirals 25+100
pm;

class C — volumetric particles, scuffing | > 50 um, wires and spirals;

class D — volumetric particles, scuffing | > 50 um, pitting | >> 50 pm, wires and
spirals 25+100 pm;

for rolling bearings.

class A — planar particles| <5 pm;

class BC — planar particles| < 50 um, wires and spirals 25+100 um, balls 1-5 um;

class D — volumetric particles pitting | = 20+50 pm, pitting | >> 50 pum, wires and
spirals 25+100 pm, balls 1-5 pm;

More information on the interpretation of particles (Z,; K; Z,) is given in chap.
10.2. Summing up, a vibration diagnostics method which consists in the analysis of
the signal in wide bands 10+100 Hz; 100+-3500 Hz and 3.5+10 kHz has been pre-
sented here (chap. 16.2). Good results and a significant economic effect were achieved
by applying this method (chap. 16.5). The method's drawback is that fundamental
gearing components occur in the 100+3500 Hz band for the first and second stage. As
aresult it was impossible to determine whether a change in condition was taking place
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in the gear transmission’s first or second stage. On the whole, however, changes in
condition occurred mostly in the first stage (approximately at aratio of 100/1).

To separate the causes one should use the narrowband analysis (10.22) described in
chap. 11. Also synchronous summation can be used to determine the time plots (figs
10.17 and 14.5) and the synchronous spectrum (10.45). Many ways of interpreting the
plots of signas obtained by synchronous summation are presented in chap. 6.6-6.9 and
in chap. 14. The signals were obtained by computer simulation.
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Fig. 16.9. Trend in condition of gear transmission from its installation in belt conveyor driving station to
beginning of increase in condition parameters (@) and (b), AA+D — classes of gear transmissions.
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16.3. Diagnostics of runners

16.3.1. Application of thermovision to runner diagnostics

The thermal phenomena that occur in the machine are described in general in chap.
10.3. The application of thermography to the assessment of the condition of belt con-
veyor runners is described in [16.23] where the results of tests carried out on 10000
runners are discussed. The condition of the runners was assessed on the basis of their
temperature distributions near the rolling bearings. The increase in temperature above
the ambient temperature and the temperature trend were determined (fig. 16.15). The
following principle was adopted for condition assessment and repair policy formula-
tion: if the runner rise 5°C over the ambient temperature, the runner shows a tendency
towards a change in its condition and it should be replaced after three weeks (see fig.
16.15), the repair costs in this case amount to about 50% of the cost of a new runner;
when the temperature rises more than 15°C above the ambient temperature, the runner
isunreparable.

Fig. 16.1. Runner operating temperature trend
4 reflecting changes in runner condition.
a0k 1 —risein temperature above ambient
temperature,
2 —risein temperature for runner in suitable
condition,
3 —risein runner temperature caused by changein
condition — runner can be repaired,
10 3 4 —risein runner temperature caused by changein
5 2 / condition — runner cannot be restored to its
. origina condition,
e 1 2 3 4 5 6 § 5 —failure condition temperature range,
— 6 — number of weeks.

25k

20+ 4

15+

16.3.2. Useof vibration and noisefor assessment of runner condition

Also vibration and acoustic signals can be used in the diagnostics of runners. The
way in which vibration and acoustic signal data are processed is described in [16.24]
where measurements obtained from Dr G. Meltzer from the German Academy of Sci-
ences Ingtitute of Mechanics were subjected to a statistical analysis. The data related
to 55 rolling bearings and had the form of measured quantities referred to as runner
bearing condition symptoms. The symptoms were denoted by s;-s,. Symptoms s;-s4
were associated with noise, i.e.
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s, —thelevel of noise in afrequency range of 500+2000 Hz, dB;

s, —thelevel of noise in afrequency range of 4+16 kHz, dB;

$; — the acoustic pressure determined on the basis of s;, mP,

s; — the acoustic pressure determined on the basis of s,, mP.

Symptoms ss5-S;, Were associated with vibration accel erations mis, i.e.

s — vibration accelerations measured in the axia direction, frequency range 0.1+1
kHz, m/s”:

S — vibration accelerations measured in the axial direction, frequency range 1+11
kHz, m/s*;

s; — (vertical) vibration accelerations measured in the radial direction, frequency range
0.1+1 kHz, m/s’;

ss — (vertical) vibration accel erations measured in the radial direction, frequency range
1+11 kHz, m/s’;

S — (horizontal) vibration accelerations measured in the radia direction, frequency
range 0.1+1 kHz, m/s’;

si0 — (horizontal) vibration accelerations measured in the radia direction, frequency
range 1+11 kHz, m/s’;

S11 — resultant vibration accel erations as vector sum Ss + S; +Sg,

S12 — resultant vibration accel erations as vector sum S + Sg +Sqo.

It follows from the above vibration and noise frequency ranges that the only source
of vibration and noise over 100 Hz are the bearings in the runners. Runner runout and
unbalance may occur below 100 Hz.

The third octave spectrum of belt conveyor noiseis shown in fig. 16.16. One of the
symptoms (s,) is the noise level in the 5002000 Hz range which includes the third
octave components of highest intensity noise.
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Fig. 16.1. Third octave spectrum of belt conveyor noise at distance of 3 m and height of 1.2 m.
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A dynamic model of a section of a belt conveyor route is presented in chap. 9
where also the effect of runner runout and unbalance on the generation of vibrations
by belt conveyor runners is analyzed. According to [16.25] and [16.26], the possible
cause of the high intensity of noise in the 500+-2000 Hz band is excitation due to a
change in the belt’s stiffness or the unevenness of the belt’s surface — causes unrelated
to the condition of the rolling bearing. The noise components in the above band are
also modulated by the low-frequency components. This results in the spectrum shown
in fig. 8.11. Therefore one say that the noise in the 500+2000 Hz band has no relation
to the condition of rolling bearings. The vibration or noise components arising from
local damage to rolling element—race kinematic pairs do not occur in the 5002000 Hz
band. The frequencies of the components can be calculated from formulas (7.10),
(7.16) and (7.36) and in the considered case they are below 500 Hz. This raises doubts
about the results reported in [16.24] and the recommendations about the selection of
rolling bearing condition symptoms made there. The recommendations comprise many
different combinations of symptoms which include symptoms s, and s; that do not
carry information about rolling bearing condition. Since the diagnostics of the condi-
tion of runner rolling bearings arouses controversies, further research in this area is
under way, e.g. [16.25], [16.26] and [16.27].

16.4. Diagnostics of condition of conveyor beltswith steel cables

The structure of the conveyor belt which incorporates steel cables is shown in fig.
16.17. The belt consists of an upper and lower cover and a core with cord made of
sted cables seded in it. Structural details of different conveyor belts can be found in
[16.28].

TOP COVER—

BOTTOM COVER

Fig. 16.1. Structure of conveyor belt with steel cables

The diagnostics covers external and internal corrosion of the steel wires and splices
in the stedl cables (fig. 16.18). As a result of corrosion the wires may be broken with
their ends still being in contact (16.19a) or separated by a gap (fig. 16.19b). The diag-
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nostics also covers belt splices (the layout of steel cablesin a belt splice is shown in

fig. 16.20).
a
b

Fig. 16.2. Externa (1) and internal (2) corrosion of steel cables.

Fig. 16.3. Ends of broken steel cables: (a) being in contact and (b) separated by gap.
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The latest method of assessing the condition of a belt with steel cables, called
BELT C.A.T. (Cable Anomaly Tomography), is described in [16.29]. The method is
based on a recently patented measuring technique consisting in the measurement of
differential magnetic reluctance. In this way data on the condition of the steel cablesin
the belt are generated. The data are unaffected by fluctuations in belt velocity, belt
flutter (vertica vibrations), the structure of the residua magnetism in the belt, strong
external electromagnetic fields, the size of the wires in the cord or the pitch (the dis-
tance between the steel cables).
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Fig. 16.4. Structure of belt splice.

Assessments can be made for a fully loaded conveyor running at full belt speed.
Only one set of measuring heads mounted on one side of the belt is used. The BELT
C.A.T. method enabl es the accurate measurement of the condition of the splice and all
types of damage to the stedl cables with the precise location of damage along the
belt’ s length and width.

The conveyor belt monitoring method (C.B.N) developed by Harrison [16.30] has
been widely used in the world. However, as pointed out in [16.29], it has severa
limitations:

a) it issendtive to belt flutter — two sets of measuring heads on both sides of the
belt are needed to reduce this effect,

b) low sensitivity —small faults are undetectable,

¢) low accuracy in locating damage along the belt’ swidth,

d) the measured signal is recorded by an analog plotter and so low resolution be-
tween faults along the belt’ s length is obtained,

€) errors caused by the residual magnetism in the steel cables can occur.

The BELT C.A.T. method is free of the above limitations owing to the application
of modern digital methods of data processing. For example, 750000 measurement data
per second are recorded at a belt width of 2640 mm and a belt velocity of 7 m/s. The
same data are recorded on two independent disks: the data from one of the disks are
processed electronically to diagnose the condition of the belt while the other disk is
stored in an archive in case the data are lost prior to their processing. The data are
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processed to produce areport as shown in fig. 16.21 (the actual image is not black and
white but a multicolour one). Green indicates a mass decrement in belt damage, red —
amass increment in the steel cord skeleton.
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Fig. 16.5. Image obtained from diagnosis of belt with steel cables[16.29].

If corrosion occurs (fig. 16.21A), the image shows a series of green dots along the
belt. In the case of severe corrosion, the image shows a series of red dots situated
lengthwise. If the wires are damaged so that their ends become separated (fig. 16.21b),
the image will show red or green dots situated transversely to the direction in which
the belt runs. The colour depends on the degree of damage to single wires. the wider
the image in the transverse direction, the larger the number of damaged wires. Since
the black and white image does not alow full interpretation, fig. 16.21 will not be in-
terpreted. But it should be noted that fig. 16.21f shows an image of a belt splice, which
is used for the assessment of the quality of belt splice execution and the in-service
condition of the belt splice.

16.5. Benefits stemming from use of technological diagnostics

The benefits resulting from the use of technological diagnostics are shown by ap-
plying the diagnostic method presented in chap. 16.2 and the gear transmission diag-
nostics subsystems described in chap. 19.2. to the diagnosis of 1000 kW gear trans-
missions in belt conveyors. The belt conveyors transport overburden with a high sand
content. Fine sand particles are easily carried by wind and get into the gear transmis-
sions, causing abrasive wear of the rolling bearings. This leads to a change in the con-
dition of intermeshing, particularly that of the bevel gears. The interaction of the par-
ticular gear transmission elements is shown in fig. 16.22. Before the introduction of
the objective assessment of the condition of the gear transmissions, the condition had
been evaluated subjectively on the basis of auditory impressions and routine surveys
consisting in the indirect measurement of the gear transmission high-speed shaft clear-
ance (by shifting the shaft axidly and lifting it within the clearance limits). In prac-
tice, gear transmissions degraded beyond repair would often be sent for repairs.
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High speed shaft

-
condition j

Gearing condition

- SO—

Influence of environment

0

Bearings condition

Fig. 16.1. Interaction between gear transmission elements.

The gear transmissions are monitored mainly to avoid failures which may lead to
production losses or losses associated with the restoration of a gear transmission to its
origina condition (corresponding to a new gear transmission). Besides the avoidance
of failures, the use of the objective diagnostic method contributes towards the optimi-
zation of durability and areduction in the costs of repairs. Owing to the early detection
of a change in the condition of a gear transmission one can set a date for its repair
taking into account the production tasks (the decision taking problem is discussed in
chap. 19.2). The benefits which resulted from the introduction of technological diag-
nostics are listed in tables 16.3 and 16.4. The main objective was to avoid a gear
transmission failure which could lead to the stoppage of the technological process. In
table 16.3, > [h] stands for the total number of stoppage hours due to a gear transmis-
sion failure. The data are for the period of one year: 1984/85, 1985/86 and 1986/87,
respectively. As table 16.3 shows, the main objective was achieved: stoppages due to
gear transmission failures were eliminated. Also the life of the gear transmissions was
extended. Previoudly, the life of the gear transmissions had been estimated at 3.5
years. The mean life of the gear transmissions was cal culated as the ratio of number of
installed gear transmissions N, to number of gear transmissions sent for repairs N..
According to table 16.3, this ratio in the period 1984/85 was 2.8, i.e. the mean life of
the gear transmissions was 2.8 years. In the period 1985/86 it was only two years. N, =
160 was assumed in each of the periods and the installed new gear transmissions were
not taken into account. Before the diagnostic method was introduced the mean gear
transmission life had been 2.8 and showed downward tendency in comparison with the
original life of 3.5. It had been impossible to restore the gear transmissions to their
original condition because the decisions about sending them for repairs had been taken
on the basis of subjective evaluations (the gear transmissions had been highly de-
graded). According to table 16.3, in the second year after the introduction of techno-
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logical diagnostics the life increased to 5 years and was sustained in the following
years. Table 16.1 gives also the number of manhours spent on the repairs of the gear
transmissions. The table shows a marked decrease in manhours, which means a cost
reduction. The decrease in the costs of repairs is aso reflected in table 16.4 in which
the elements which were replaced during the repairs are listed and their number is

given.

Tab. 16.1. Effect from use of technological diagnostics for 1000 kW gear transmissions.

Before introduction of ) Second year (1986/87)
Specification diagnostic method u:érztf )é%r(]iisifﬁag d of use of diagnostic
(1984/85) method
Number of installed gear 160 200 200
transmissions
Number of gear trans- 57 8l 40
missions sent for repairs
>(h) 42.3 19 0
Total manhours spent on 27139 21579 7509
repairs, h
Total economic effect, z| 20017176PLN 31685416PLN

Tab. 16.2. Replaced gear transmission parts before and after introduction of diagnostic method.

Number of replaced
partsin second year of
use of diagnostic

Number of replaced
parts before introduction
of diagnostic method

Part name Difference (pieces)

method
Bearing 293332 85 61 24
Bearing22232 67 49 18
Bearing22252 W35 8 13 -5
Bearing23152 37 32 5
Bearing23152 W33 6 8 -2
Bearing23096 30 26 4
Bearing23096 W33 8 6 2
Bearing22332 124 80 44
Bronze seeve 12 8 4
Bevel toothed shaft 11 7 4
Bevel gear 3 1 2
Transverse shaft 3 1 2

The effects obtained by introducing technological diagnostics stem from optimiza-
tion, which covers expenditures on diagnostics, and the substantial costs of repairs of
gear transmissions (labour and materials costs, tables 16.3 and 16.4) and production
losses (table 16.3, 2[h]). The total costs involved in the maintenance of gear transmis-
sions have a certain optimum value illustrated in fig. 16.23. A reduction in the costs of
repairs and in production losses is obtained by increasing expenditures on diagnostics.
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Optimum expenditures on diagnostics should be determined in order to obtain opti-
mum expenditures on maintenance and diagnostics.

100%

0 _.':
I — >
1 4 2 s
8% 0% 5%
0% 60% 0%
0%

Fig. 16.2. Machine diagnostics and maintenance expenditures optimization curve.
1 —total costs of maintenance of machines; 2 — degree of commitment to maintenance of machines;
3 —no program of machines maintenance; 4 — economic commitment to machine maintenance;

5 — excessive commitment to machine maintenance; 7 — costs in case of no machine maintenance
strategy, operation until failure; 9 —total costs of machine maintenance; 10 — cost of excessive
commitment to machine maintenance; 11 — optimum level of machine maintenance costs; 12 — cost
components: 85% — repairing damage caused by unforeseen failure, 5% — repairing damage caused by
anticipated failures, 10% — other costs; 13 — cost components: 20% — cost reduction under planned
machine maintenance strategy, 10% — repairing damage caused by unforeseen failures, 60% — repairing
damage caused by anticipated failures, 10% — other costs; 14 — cost components: 5% — repairing damage
caused by unforeseen failures, 85% — repairing damage caused by anticipated failures, 10% — other costs.

16.6. Statistical analysis of diagnostic database

Such data as the mean value or the standard deviation which belong to the set of
diagnostic data are helpful in determining condition classes (16.2) on which diagnostic
decisions are based. In this chapter results of statistical analyses which may be useful
in the case of simple diagnostic methods are reported. The analyses of the results vali-
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date the method of gear transmission diagnosis presented in chap. 16.2. The gear
transmission measurement data were for two periods:. 1) the first year of use of the di-
agnostics described in chap. 16.2, which led to the elimination of the gear transmis-
sions being in improper condition and 2) the following year — in which the data were
analyzed and compared with the actual condition of the gear transmissions and on this
basis boundary values represented by condition classes (gearing condition classes re-
garded as most important for the assessment of gear transmission condition) were
adopted (fig. 16.11). The ranges of the data for gear transmissions being in good con-
dition are shown in fig. 16.6. Also the class limits shown in fig. 16.12, the mean val-
ues of the sets and the standard deviations were determined. Types of theoretical dis-
tributions were assigned to the obtained statistical data. Illustrative histograms of the
statistical data are shown in fig. 16.7. The gamma distribution, the shifted gamma dis-
tribution and the logarithmic-normal distribution showed the highest confidence levels
for statistical data assignment to theoretical distribution. It should be noted that the
economic factor, i.e. the costs of repair of the gear transmission, was taken into ac-
count when selecting the boundary values. The classes are separated by standard de-
viation values or their multiples (16.2). This means that condition boundary values are
determined in a somewhat subjective way since an expert or a team of experts ulti-
mately decides what gear transmission condition limits are adopted. To investigate the
parameters and the shape of the distribution more closely, the statistical analysis de-
scribed in [16.31] was carried out. Diagnostic measurements were made at every two
months as shown in fig. 6.14a and b. The next measurements for a given set of meas-
urements are referred to as: first, second, third, etc. For the respective sets of parame-
ters (firgt, fourth, fifth, sixth and seventh) the values of the distribution parameters, i.e.
the mean value (tab. 16.5) and the standard deviation (tab. 16.6) were calculated.

The table shows some variation in the values of the parameters, but on the whole
they remain pretty constant. Also the type of theoretical distribution which they can be
described by was determined. The distribution is the logarithmic-normal distribution.
In[16.32] away in which machine condition critical value could be determined on the
basis of the statistical distribution of data was sought. The data distribution is regarded
as a machine reliable operation probability density distribution. Since the data are
symptoms of machine condition, as their values increase, the probability of fulfilling
the tasks by the machine and hence its reliability decrease. Nevertheless, a small prob-
ability that it will fulfil its tasks still remains. Therefore a decison must be taken
whether the machineisin failure condition at a given value of symptom S,. Two errors
are possible:

1 btlhe machine is in good condition but is judged to be defective (probability —
P,
2. themachineis defective, but it is judged to be “good” (probability — P*).

S should be selected as optimum from the point of view of a certain criterion. The

Neyman-Pearson criterion P =const; P*? - min was adopted in [16.32].
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Tab. 16.1. Mean values of distribution parameters.

V(10 -100H2) 1.65 1.02 1.44 0.87 1.09
V(100 - 3500H?) 2.89 275 3.0 3.32 2.88
2.(100 - 3500H2) 9.26 9.23 11.77 8.81 10.10

1p. a(3.5 - 10kH2) 2.95 255 257 2.63 3.28
2p. a(3.5 - 10kHz) 2,50 2.38 2.67 2.70 2.75
3p. 3.5 - 10kHz) 151 1.18 1.19 1.29 1.45
4p. &(3.5 - 10kH2) 2.04 1.57 2.30 2.17 2.29

(1p.-4p. refersto points 1-4)

Tab. 16.2. Standard deviation values.

V(10 -100H?) 2.56 2.37 2.70 2.38 2.65
V(100 - 3500H?) 6.57 6.67 6.59 6.82 6.51
2100 - 3500H2) 16.89 17.52 17.38 17.65 18.33

1p. &(3.5 - 10kH2) 3.67 3.70 3.73 3.99 3.99
2p. &(3.5 - 10kH2) 3.97 3.81 4.20 4.46 4.56
3p. a(3.5 - 10kH2) 1.77 1.82 1.79 1.95 2.24
4p. (3.5 - 10kH2) 2.99 2.82 3.11 3.15 352

(1p.-4p. refersto points 1-4)
In [16.32] one can find the following equation for the critical value:

i p(s)ds= A/P, (16.3)

where: p(s) — adiagnostic symptom probability density distribution,
A — probability of doing unnecessary repairs,
Py —acoefficient of machine utilization.

Ratio A/Pgy includes a permissible risk of making error 1 (proposed values
0.02+0.05). The results of a satistical anaysis of the data contained in a gear trans-
mission database are reported in [16.33]. The diagnostic method which was used there
is described in chap. 16.2. It was found that most of the statistical data could be de-
scribed by the logarithmic-normal distribution. For this purpose, tests were carried out
to determine to what distributions they belonged. The Erlang distribution, the gamma
distribution, the logarithmic-normal distribution and the Weibull distribution were
considered. The results of the analysis conforming to [16.32] for the logarithmic-
normal distribution are presented in table 16.7 where values of the distribution pa-
rameters are given for the assumed error risk of 5% and 2%.
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Tab. 16.3. Analytica results for logarithmic-normal distribution.

Diagnostic parameter Distribution Value 5% Value 2% Used critical val-
parameter ues
Velocity v [mnm/s] 2.67 5.609 7.02 7
10-100Hz 1.57
Velocity v [mm/g] 7.56 14.98 18.29 13, 20, 25,30
100-3500Hz 3.923
Acceleration a [m/sz] 35.19 61.19 71.48 30, 45, 70, 90
100-3500Hz 13.88
Acceleration a[m/s7] 3.16 8.47 11.69 9.85, 16, 23
3.5-10kHz, pints 1, 2 2.93
Acceleration a [m/s7] 2.67 6.55 8.69 7.51,10.83, 14.95
3.5-10kHz, 2.09
Points 3, 4

The obtained results showed some agreement with the used boundary values. Ac-
cording to table 16.7, the boundary value for vibration velocity should be 7.02 mm/s
for 2% error 1. A boundary value of 7 mm/s is assumed according to (16.2) and the
parameters given in table 16.7. A gearing condition classification based on the vibra-
tion acceleration parameter is presented in fig. 16.11. According to this classification,
the upper vibration acceleration value is 70 m/s” for class B and the boundary value
(table 16.7) for a 2% error is 71.48 m/s”. The interpretation of gear transmission con-
dition classesin fig. 16.9 indicates that a class C gear transmission has a limited life —
the gearing and the rolling bearings are defective. According to figs. 16.9 and 19.7, the
gear transmission will be included in a group of gear transmissions which should be
replaced and sent for repairs.

The results of the statistical analysis presented in [16.33] as dtatistical distribution
parameters, i.e. the mean value and the standard deviation, show an increment in com-
parison with the previous results presented in fig. 16.6 and tables 16.5 and 16.6. The
obtained increase in the parameter values indicates that most of the gear transmissions
were sent for repairs when their condition had deteriorated much. This puts in doubt
the economic benefits gained in the first period of use of the diagnostics (see chap.
16.5).
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17. Diagnostics of bucket wheel excavators and stackers

17.1. Introduction

The bucket wheel excavator with the elements to be monitored to ensure its safety
isshown in fig.1.6. As aready mentioned, mainly the operating and safety parameters
are monitored. To devise condition monitoring for the kinematic pairs of BWE subas-
semblies one must know the structure of the excavator, including that of the kinematic
pairs which determine the reiability of its operation. The main parts of BWE are
shown (after [17.1]) infig. 17.1. These are: crawler travel gear (1), undercarriage (2),
turntable (3), slew load-bearing structure (4), boom (5), bucket wheel (6), hoisting
mechanism (7), discharge boom (8).

Main BWE components

Crawler travel gear
Undercarriage

Turntable

Slewable super structure

Ao e b —

Bucket wheel boom
6 Bucket wheel
Hoisting winch

8§  Discharge boom

Fig. 17.1. Main subassemblies of BWE:
1 — crawler travel gear, 2 — undercarriage, 3 — turntable, 4 — slewable superstructure, 5 — boom, 6 — bucket
wheel, 7 — hoisting winch, 8 — discharge boom.
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The main subassemblies which should be under diagnostic assessment are:

the gear transmission of the excavator BW drive;

the gear transmissions of the crawler travel gear drive;

the main bearing of the slewing unit;

the hydraulic system equalizing the load on the slewing unit;

the hydraulic system hoisting the excavator’s boom;

other hydraulic and lubrication systems;

the eectric motors of the BW drive, the crawler travel gear drive and the
slewing unit drive;

8. fixed and movable ropes.

Nogk~wdhpE

The principa kinematic pairsin the above subassemblies are: bearings with rolling
elements divided into ring-rolling element pairs, the gearing of the gear transmissions
and so on. The subassemblies are not present al at the same in every excavator. Their
presence is determined by the design of a particular excavator. The gear transmissions
in the bucket whed'’s drive have different designs depending on the excavator's ca-
pacity. The kinematic scheme of the drive of an SchRs 1200 excavator’ s bucket wheel
isshowninfig. 17.2.

N= 400 kW
2 n=980 obr/min
=l E O TR LT | S 5
|| — ,

|
=l

e

X

Fig. 17.2. Power transmission system of SchRs 1200 excavator’ s excavating mechanism: 1 — overload
clutch, 2 —brake, 3 —jointed shaft, 4 — hydrodynamic coupling with elastic support.
N =400 kW, n = 980 rev./min

The gear transmission during assembly is shown in fig. 1.3 [17.1] and a diagram of
atwo-path drive is shown in fig. 17.4 [17.1]. In the diagram one can see: gearbox (1),
fixing element (2) preventing the gearbox from revolving around bucket wheel axle
(3), electric driving motors (4), Cardan shafts (5) and hydrodynamic couplings (6). A
gear transmission driven by four motorsis shown in fig. 17.5[17.1]. In the figure one
can see: bucket wheel (1), BW drive gearbox (2), BW shaft (3) and driving motors (4).
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Structural details of the boom are shown in fig. 17.6 [17.1]. In the figure one can see:
right-handed truss (1), left-handed truss (2), lower bracing (3), upper bracing (4),
transverse brace behind BW (5), fixed BW shaft bearing (6), floating BW shaft bear-
ing (7) and structure for mounting BW drive motors (8). The crawler travel gear drive
isshown in fig. 17.7aand b. It is driven by motor (1) via Cardan shaft (2) and worm-
planetary gear (3); the other elements are: caterpillar chain (4), arm (5) preventing the
gear transmission from revolving, and tilting (max. tilt 1:10) crawler tread (6).

Fig. 17.3. Assembly of bucket wheel
excavator’s bucket wheel gearbox.
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Fig. 17.4. Power transmission system of BWE:
1-BW drive's gearbox; 2 — single-point support; 3 — BW shaft, two-point spport; 4 — driving motors,
5 — Cardan shafts; 6 - hydrodynamic clutch

Fig. 17.5. BW drive: 1 — bucket wheel, 2 — BW drive gear transmission, 3 — BW shaft, 4 — motors driving
bucket whesel.

L ubrication determines the proper operation of the gear transmission. A diagram of
the BW drive's pressure lubrication system is shown in fig. 17.8 [17.1]. The systems
consists of: pressure vessel (1), preliminary filter (2), oil pumps (3), excess pressure
gauge (monitor) (4), flowmeter (5), double filter (6), pressure gauge (7), wheel-side oil
injection nozzles (8), motor-side ail injection nozzles (9) and cutoff valve (10). Fur-
ther structural details of the subassemblies subject to diagnostic assessment are de-
scribed in the subsections that follow.
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0 \ \
6

Fig. 17.6. Boom structure of large BWE: 1 — right-hand truss, 2 — | eft-hand truss, 3 —lower bracing,
4 - upper bracing, 5 — transverse brace behind BW, 6 — fixed BW shaft bearing, 7 — floating BW shaft
bearing, 8 — support truss for mounting BW drive motors.

Fig. 17.7. Crawler travel gear drive's Wormﬁpl anetary gear:- 1 —drivi ng motor, 2 — Cardan shaft, 3—worm
gear, 4 — caterpillar chain, 5 —arm preventing gear transmission from revolving, 6 — tilting crawler tread
(1:10); in projectionsaand b.
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Fig. 17.8. Diagram of forced lubrication system used in BWE: 1 — oil tank, 2 — coarse filter, 3 — oil pump,
4 — excess pressure monitor, 5 — flowmeter, 6 — double filter, 7 — pressure monitor, 8 — oil injection
nozzles on BW side, 9 — ail injection nozzles on motor side, 10 — cutoff valve

17.2. Diagnostics of gear transmissions

To drive the various subassemblies of bucket wheel excavators and stackers, highly
complex gear transmissions are used (figs 17.2+17.5, 17.7). The bucket wheel’s gear
transmissions are particularly complex. They consist of a complicated gearing system
and a lubrication system (sometimes also complicated) (fig. 17.8). To determine the
condition of the systems, diagnosis based on the analysis of the wear products (chap.
10.2) and the vibration signal can be used. Results of ferrographic analyses of wear
products are reported in [17.2]. The gear transmissions of the bucket wheels of
SchRs4000, SchRs4600 and Srs2000 excavators were investigated. The aim was to
demonstrate the applicability of analytical ferrography to the assessment of the condi-
tion of gear transmissions and thus to enlarge the set of interpretation tools for the
condition classes presented in fig. 16.9. A concise interpretation of gearing and bear-
ing condition classes which facilitates the acquisition of data (information) about the
condition of gear transmissions can be found in chap. 16.2. A condition assessment
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based on the diagnostic inference scheme (fig. 16.9) can be validated by ferrographic
examinations. To illustrate this point, some ferrograms are presented.

: 5 r 5 4 v 4 w Epia 34 . g
Fig. 17.1. Examples of different ferrographic images of particles from BW drive gear transmission (a+d).

Fig. 17.9a shows a ferrographic image with visible numerous ferromagnetic parti-
clesup to 15 pm in size. Single nonferromagnetic particles about 40 um in size appear
at a distance of 1.2 cm from the beginning of the ferrogram. The latter comes from an
analysis of the particles on the BW drive of SRs2000 excavators. On the basis of this
and other ferrograms the condition of the four excavators was determined as belonging
to class A. Scuffing and seizing particles (figs 10.23 and 10.33) were detected in one
of the excavators. The gear transmission was placed in class B. Fig. 17.9b shows afer-
rogram with alarge number of particles up to 50 um in size, which is evidence of con-
siderable teeth interference (scuffing) during meshing. A single nonferromagnetic
particle of about 100 um in sizeis visible at a distance of 2 cm from the beginning of
the ferrogram at its bottom edge. The numerous ferromagnetic particles of about 40
pmin size visible at a distance of 0.5 cm from the beginning of the ferrogram indicate
scuffing.

The ferrograms were made using oil samples taken from the main drive gear
transmission of the SchRs4600 excavator. The gear transmission was placed in class
B. The oils samples were taken at about one month intervals. Large amounts of impu-
rities consisting of metal, coa and sand particles were observed to ?precipitate in the
samples. In a sample coming from one machine the impurities constituted 1/3 of the
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total volume. This is a sign of the improper operation of the gear transmission. The
fouling (especially with sand) of the oil and the excessive number of metallic particles
contribute to the intensive abrasive wear, particularly of rolling bearings.

Material losses due to abrasion in the bearings result in improper intermeshing
(scuffing). Scuffing manifested itself in the presence of particles on the ferrograms.

A computer system for the diagnostics of the BW drive of a bucket whed excava-
tor of 100000 tons per 24 h is presented in [17.3]. Vibration signals about the condi-
tion of the gear transmission were received from 16 transducers located at different
places on it. In addition, 16 reference transducers were installed to check if the work-
ing transducer functioned properly. The correctness of the functioning of the former
transducers was checked periodically.

Transducers of this type (detect-method MicroTecGmbH) are used in the motor
vehicle industry. Signals from 16 or 32 transducers are sent to a multiplexer and then
via one line to an on-board computer situated in the operator's cab. The signas re-
ceived from the multiplexer were pre-processed to obtain envelopes of the 16 signals
representing gear transmission vibrations. The way in which the envelopeis formed is
described in chap. 10.1. Envelope signals are processed by an analog-to-digital con-
verter. Besides the signals coming from the vibrational transducers also the gear
transmission loads and rotational speeds are monitored. Signals from the on-board
computer are sent to a computer were analyses of gear transmission condition are per-
formed. The signals transmitted to the on-board computer are always received under
similar conditions determined by the operational factors (chap. 6.4), i.e. under a simi-
lar gear transmission loading and rotational speed. The recording of signalsis actuated
by the on-board computer. The traces of the numerical signals are subjected to fast
Fourier transformation (FFT) and a signal power spectrum is obtained (chap. 10.1).
Some freguencies which are directly linked with gear transmission condition, e.g. the
frequencies originating from faults in the races of the rolling bearings (7.10), (7.16) or
the balls (7.36) (see also table 11.1), are selected from the spectrum. An illustrative
vibrational signal envelope spectrum for a damaged rolling bearing is shown in fig.
15.12.

The authors of [17.3] plan to use an on-board computer for the full analysis of the
diagnostic signal and to use a diagnostic system similar to the one described above to
analyze the condition of belt conveyor drive gear transmissions. Only the diagnostics
of rolling bearings are presented in [17.3]. Rolling bearings represent an important
element of gear transmission operation condition, but the diagnostics of the gear
transmission should not be limited to only the diagnostics of the rolling bearings. In
the case of the intensive abrasive wear of the latter, a change in their condition will not
be indicated (as opposed to what is described in [17.3]) by a vibrational signa (asig-
nal envelope) reflecting the rolling bear condition. This kind of wear of the rolling
bearings in the gear transmissions of the BW drive may often occur in strip mine con-
ditions. Therefore the analysis of the diagnostic vibrational signal should be extended
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to cover the state of intermeshing. The most suitable would be signal analysis using
synchronous summation which makes it possible to represent the signal asin figs 6.36
and 6.40. The figures show a change in the signal, which can be anticipated in the case
of the uneven wear of the rolling bearings (see the commentary on changes in the form
of the diagnostic signal generated by the gearing when its condition changes, chapters
6 and 14).

17.3. Diagnostics of hoisting ropes

Fixed and movable ropes can be distinguished in bucket wheel excavators. Fixed
ropes make up the elastic suspension of the load-carrying system. They carry the static
loads and loads stemming from the vibrations of the system’s suspended masses, gen-
erated in reaction to excavation resistance. The ropes are subject to corrosion and fa-
tigue (caused by changing loads), particularly near the suspensions. Movable ropes are
installed in the hoisting and holding up mechanism of the excavator’s boom.

The hoisting ropes form two independent systems driven by two eectric motorsin
large excavators or by one motor in smaller excavators — figs 17.10 and 17.11. In fig.
17.10 one can see: A — rope system A, B — rope system B, Ga — drive unit A, Gg —
drive unit B, C —a holding brake, D — operating brake, Sy —winch drum system A, S
—winch drum system B. The load capacities of the ropes are such that they ensure the
needed suspension capacity with only one of the rope systems functioning. The safety
factor of one of the rope systems should be larger than 3. From one end the movable
ropes are attached to the hoisting mechanism’s drum (fig. 17.10). From the drum the
ropes pass through several rope pulleys/sheaves. The ropes are protected against
overloading.

During hoisting and lowering, different sections of the rope move at different rates
(relative to afixed point). The rate changes from the tangential velocity of the drum to
zero. Also the particular rope sections have different length. The longest rope section
starting from the hoisting mechanism drum moves at the tangential velocity of the
drum. Finally, the velocity of the ropes must be reduced to the boom’s hoisting veloc-
ity.

One of the main causes of the fatigue processes that occur in movable ropes is the
bending of the rope on the rollers. The rate at which the rope loses its fatigue strength
increases with increasing ratio d/D (d — the rope’ s diameter, D — the rope pulley’s di-
ameter). Another factor adversdly affecting the rope is contact stresses between the
rope and the groove of the pulley (made of steel or cast iron). Still another factor con-
tributing to the degradation of the rope is corrosion caused by the action of the open
pit environment.

To sum up, the above factors are responsible for the following degradation of the
hoisting ropes:
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» thewires of the rope lose their fatigue strength and break,
» thewires both on the surface and inside the rope are abraded,

e COrrosion.
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Fig. 17.1. Structure of double power transmission system of BWE boom hoist:
A —rope system —drive A;
B —rope system — drive B;
Gp —driveunit A;
Bg — drive unit B;
E — clutch, C —holding brake;
D — operating brake; Sy —winch drum of drive A; Sz —winch drum of drive B.

In the case of ropes being in partial linear contact, wire abrasion and corrosion are
the predominant forms of wear, whereas wire breakage due to fatigue is the main form
of wear for ropesin point contact.
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Fig. 17.2. Structure of one power transmission system of BWE boom hoist:
1 —driving motor, 2 — Cardan shaft, 3 —brake, 4 — gear transmission, 5a— pinion of drum A gear
transmission, 5b — pinion of drum B gear transmission, 6a— gear of drum A gear transmission, 6b — gear
of drum B gear transmission, 7a—rope drum A, 7b — rope drum B.

The wear of the ropes over their length is not uniform. An analysis [17.4] of dam-
age to the ropes of SchRs800, Srs800 and Schrs1200 excavators showed that the sec-
tion which runs from the drum through a set of pulleys is most susceptible to damage.
To assess the condition of a movable rope, the measuring head is installed in the sec-
tion with the highest risk of damage. The places at which the measuring head is in-
stalled are shown for the SchRs6300 excavator in fig. 17.12. An analysis of the rope
systems of bucket wheel excavators has shown that to monitor the condition of the
h0|st|ng ropes the equipment used should enable:

the assessment of ropes of up to 65 mmin diameter;

» the assessment of local damage such as. single broken wires, point corro-
sion, cuts, pits, damage distributed uniformly over longer lengths;

e measurements when the rope moves at rates higher than 0.1 m/s;

e the movement of the measuring head (equipped with an individual drive)
relative to the rope.
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Fig. 17.3. Arrangement of measuring heads for monitoring condition of wire ropes:
A — measuring point at drum, B —measuring point at multirunner system, C — point of head mounting on
stationary rope, D — location of movable head

17.3.1. Equipment for magnetic inspection of ropes— assessment of rope condi-
tion

The measuring head can magnetize the rope with a static magnetic field. The
source of the magnetic field are permanent magnets. The head also has sensors which
generate electric signals indicating rope faults. If changes in the rope's cross-section
are anticipated, then an induction gauge exploiting the Hall effect is used to detect
them. Rope inspection equipment is made (in Poland) by the Academy of Mining and
Metallurgy in Cracow.

Ilustrative traces of rope condition parameters are shown in fig. 17.13. Trace A
represents a time marker, trace B — the induction gauge signal (numeral 2 marks bro-
ken wires) and trace C — the signal from the Hall generator (1 — missing wire, 3 — 1%
rope mass decrement).
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Fig. 17.1. Picture representing wire rope condition: a— time marker, b — induction gauge signal, ¢ — Hall
generator signal, 1 — missing wire, 3 — decrement in rope diameter.
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17.4. Diagnostics of hydraulic systems

Exemplary subassemblies of hydraulic systems are shown in figs 17.14-17.17. The
BWE slewing unit supported by sets of double rollers on hydraulic propsis shown in
fig. 17.14. Structural details of the slewing unit are shown in fig. 17.15[17.1] and the

hydraulic steering system of the crawler travel gear is shown in figs 17.16 and 17.17
[17.1].
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Fig. 17.2. Hydraulicaly supported rollers: 1 —rail on substructure, 2 — packing layer, 3 — two-wheeled
bogie, 4 —rollers, 5 —diderails, 6 —spherical support, 7 —hydraulic cylinder, 8 — horizontal force stops.
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Fig. 17.3. Hydraulic system steering crawler travel gear turn: 1 — hydraulic turn cylinder, 2 — cylinder
mounting on undercarriage, 3 — oil feed tubes, 4 — seering tiller.

Sample ferrographic investigations of the power transmission system of the £L.ZKS
loader-stacker for three machines denoted as 1, 2 and 3 are presented in [17.2]. The
|loader-stacker is shown in fig. 17.17. The investigations were undertaken because of
the short life of the system’ s subassemblies, in particular that of the hydraulic engines.

-

Fig. 17.4. View of LZKS loader-stacker.
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Wear particles up to 60 pum in size were observed in the ferrographic images of the
hydraulic system of machine no. 1. This indicates that the particle size substantially
exceeds the boundary values for hydraulic systems. The particles should not be larger
than 5 um. The relationship between life and particle sizeisillustrated in fig. 13.2.

In the case of machine no. 2, ferrograms showed the presence of particles in the
form of chips up to 600 um in size and volumetric particles as large as 350 x 400 pum.
This particle size indicated a danger that the hydraulic engine would seize up. The fer-
rographic pictures are shown in fig. 17.18awhere one can see a particle in the form of
asingle chip (up to 600 um long). A 350 x 400 um volumetric particleis shown in fig.
17.18b. This state was attributed to the running in of the hydraulic engine (the latter
had just undergone repairs) since at later stages of its operation the particle size de-
creased. Nevertheless the durability of the systems remained unsatisfactory and so fer-
rographic investigations were undertaken.

Fig. 17.5. Examples of errograohic images of parti cles (Zu, K, Z,) from hydraulic system of loader-
stacker BW drive.

The ferrograms for machine no. 3, shown in figs 17.18c and d, revealed single
chips up to 300 um long. Since the system was not in the running-in stage the hydrau-
lic engine might seize up.

The probable causes of the short life of the hydraulic engines are impurities (parti-
clesup to 60 um in size) in the oil in the hydraulic systems and parts not manufactured
by the original producer put in during repairs. The parts do not interact properly with
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the other elements in the hydraulic engine whereby particles of size as for machine no.
2 are produced.

Taking into account the above, it becomes necessary to employ technological diag-
nostics, systematically monitor particle size and change ail regularly in the hydraulic
system to clean the latter. 60 um particles shortened the life of the engine considerably
and made it difficult to repair it. The improperly done repair shortened the engine's
life even more and the costs of maintaining the machines increased enormously.

Wear products as the signal of the condition of a machine are described in detail in
chap. 10.2. Also methods of monitoring the condition of hydraulic systems (fig. 10.36)
are presented there. However, no experience with the use of these methods in surface
mining machinesis available. It is expected that in the nearest future the methods will
be used to monitor the condition of hew machines. The signals about the condition of
the machines (bucket wheel excavators, stackers, loader-stackers) will be sent to the
operator’s cabin). As the mining process becomes fully automated, systems monitor-
ing the condition of the particular kinematic pairs will become a necessary element
ensuring reliable, continuous operation of the technological systems. Signals about
their condition will be transmitted by radio to a dispatcher computer. In reference to
chap. 10.2, one should also take into account the places of taking samples of particles
(Zu, K, Zy) in the ail cycle or in the tank to make sure that the samples are representa-
tive of the condition of the system’'s elements. It is recommended to take samples at
places where turbulence occurs, i.e. where the hydraulic medium undergoes mixing.
Samples should not be taken at “dead” places where the hydraulic medium stagnates.
In pipes, release valves should be situated in their sides, not their bottom where parti-
cles settle. If hydraulic medium samples are to be taken from the tank, they should be
taken 30 minutes after starting the machine. The medium should have an average tem-
perature.

17.5. Diagnostics of slewing unit’s principal bearing

An example of a design of the slewing unit’s principal bearing, including the lubri-
cation system, is shown in fig. 17.19 [17.1]. The durability of the Slewing unit’s prin-
cipal bearing is determined by the continuity of lubrication and the purity of the lubri-
cant during the operation of the bearing. In strip mine conditions, particles (Z,, K, Z3)
(described in chap. 10.2) get into the lubricant, lowering the durability of the rolling
bearing.

The relationship between durability and particle (Z,, K, Z,) sizeisillustrated in fig.
13.2 in chap. 13.3. If the lubricant is kept suitably pure, the life of the principal bear-
ing can be extended as shown in fig. 17.20 where the relationship between the dura-
bility of the bearing and the total wear isillustrated [17.5]. By monitoring the impuri-
ties one could extend the life of the bearing. The diagnostic methods described in
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chap. 10.2 can be used to analyze the particles occurring in the lubricant. Besides the
mentioned above excavator assemblies and kinematic pairs, also the ball bearing,
showninfig. 17.21 [17.1], which transmits the load between the truck-gear assemblies
and the lower part of the load-bearing structure supporting the balls of the sewing
unit’ s bearing should be subjected to diagnostic monitoring

Fig. 17.1. Structure of lubrication system of excavator slewing unit principal bearing.
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Fig. 17.2. Life of principal bearing versus cleaning Fig. 17.3. Schematic of ball bearing between
for stacker: 1 — permissible wear limit, 2 — wear crawler travel gear and slewing unit: 1 — oil
curve for bearing which is not cleaned, 3 —wear filters, 2 —seal and retaining ring [17.1].

curve for bearing cleaned every two years[17.5].
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17. Diagnostics of bucket wheel excavators and stackers
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18. Expert systemsin technological diagnostics

18.1. Expert system

The fundamentals of diagnostic inference are interspersed throughout this book.
The diagnostician must have wide knowledge in many fields. To facilitate the process
of diagnostic inference, computer expert systems are introduced. An expert system
uses a heuristic approach in contrast to ordinary programs with their algorithmic ap-
proach. In an algorithm there is a specified number of steps leading to the solution of a
problem. An expert solves a problem on the basis of data from many sources, assesses
the weight of different possible solutions and suggests a final conclusion to be drawn.
The way which best describes, in the expert’s opinion, the solution to the problem is
adopted, while the other ways are rejected. This is a heuristic approach which com-
puter expert systems use.

The solution of a problem in technological diagnostics has the form of a diagnosis
of the condition of atechnical object — a machine. The accuracy of the diagnosis de-
pends on the range of knowledge which the expert has at hisher disposal. Thus the
knowledge stored in the database determines the correctness of the solution of a prob-
lem. Expert systems consists of the following components:

e adatabase (knowledge base) for a certain limited range of technica ob-
jects, e.g. rolling bearings, toothed gears, shafts, sted cables, hydraulic
systems, load-bearing systems and conveyor belts, necessary to assess the
condition of machinery in strip mines;

* adiagnogtic reference engine;

* input and output devices for entering: data enriching the database, data on
the machine to be diagnosed and diagnosis results to form a basis for
drawing conclusions about the technical condition;

Expert systems solve problems according to diagnostic inference rules IF THEN,
e.g. rule 1: if the first vibration harmonic for rotary motion, then unba ance of the ro-
tating element.

Recently, besides conventional expert systems inferring according to rules, systems
of machine condition recognition employing systems patterned on the behaviour of
human neurons are being developed. Such machine condition recognition systems are
called neural networks.
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18.2. Expert systems based on neural networks

Expert systems based on neural networks are one of the latest ways of solving the
machine condition assessment problem. This way is closest to the inference by an ex-
pert diagnostician. Exact knowledge contained in rules of diagnostic inference is re-
quired in atraditional expert system, whereas an expert system based on a neura net-
work needs knowledge in the form of specific facts or features which are classified
and generalized. A neural network imitates the biological neural network of the human
brain. The latter contains about 50100 hillion nerve cells (neurons) which form
groups called networks. Each network includes severa thousand of interconnected
neurons, each of which performs specialized functions. The brain exploits the multiple
parallelism between neurons and their networks. It can recognize pictures (e.g. char-
acter recognition), classify (differentiate between animals, plants, mineras) and gen-
erdize (e.g. | know that | know nothing).

One should not jump to conclusions about the capabilities of the artificia neura
network just because there is an affinity between it and the biological neural network.
According to [18.1], in one extreme interpretation the artificial neural network is re-
garded as a class of mathematical algorithms yielding solutions for many specific
problems and in another extreme interpretation, as a network emulating the biological
neura network. Thefirst interpretation is closer to reality. An artificial neural network
consists of repeated elements arranged in layers. The input layer distributes signal
features throughout the network. The output layer generates a suitable response. The
intermediate (hidden) layers function as a detector of recognition features. Each de-
tector seeks a characteristic feature in the output signal and it gets strongly excited
when it identifies a feature it has found. The occurrence or non-occurrence of charac-
teristic features is recognized through weights. Weights make up the relative value of
input signals. Weights are created on the basis of the features of a set of input signals
and they constitute the memory of the neural network. They form during the learning
of the neural network. Owing to this approach a neural-network based expert systemis
continuously modified on the basis of a set of current facts. This enhances its ability to
recognize features without programming the alterations and restructuring the inference
rules.

18.3. Reference
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19. System of technological diagnosticsfor strip mine

19.1. Introduction

The system of technological diagnostics must be incorporated into the strip ming's
general information system which should reflect the current trends towards complete
automation of deposit mining. Such possibilities appeared when it became possible to
determine precisely the position of a machine in the strip mine. The machine's posi-
tion is determined using the Global Positioning System (GPS). It should be noted,
however, that autonomous GPS alone is not enough since its positioning accuracy is
far too low for this purpose. The accuracy of positioning was improved by employing
Differential GPS (DGPS) and it is now 5 cm. The positioning is relative to a reference
point located on the strip mine site. An even higher positioning accuracy was achieved
by introducing the Real Time Kinematic (RTK) system which allows one to determine
the position of objects (machines) in motion with an accuracy of 2 cm. The mining of
the deposit can be fully automated if an appropriately high degree of reliability of the
machinery is ensured. As made evident in chap.1, one of the ways of maintaining a
high degree of reliability of machines is to operate them depending on their condition
(chap. 3). Therefore the mine's information system must include a system of techno-
logical diagnostics. A computer-aided system of technological diagnostics consists of
subsystems. The division into subsystems may be based on the use, e.g. the subsystem
of gear transmission diagnostics described in chap. 19.2. The system of technol ogical
diagnostics may constitute a subsystem of a computer system, machinery maintenance
management system. An example of a belt conveyor maintenance subsystem is pro-
vided in chap. 19.3. It does not include, however, condition based maintenance or the
problems connected with the technologica diagnostics of belt conveyors described in
chap. 16.4. In chap. 3 three methods of maintaining machines were distinguished. The
subsystem described in chap. 19.3 is for the planned-preventive maintenance of con-
veyor belts. A machine management subsystem which includes technological diag-
nostics elements is described below.

The computer management of machine maintenance comprises:
» the management of ordersfor servicing and (routine or damage) repairs,
* the management of spare parts,
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* adatabase of suppliers,

* adatabase of machines,

» adatabase of the history of servicing and repairs,

» the management of reports on machinery condition and on the performance
of servicing and repair tasks,

e graphic analysis.

Reports on the condition of the machinery are supplied by the diagnostic subsys-
tems. Task execution orders, describing the type of machine, the measuring points, the
state of load and the measurement conditions, are made out to monitor the condition of
the machines. As mentioned in chap. 16.2, diagnostic measurements consisting in the
measurement of vibration parameters should be made at the gear transmission load
corresponding to at least 40% of the power consumed by the gear transmission during
normal running. If ferrographic diagnostics is used, certain conditions connected with
the taking of oil samples for the assessment of the condition of a machine must be ful-
filled (chap. 10.2 and 17.4). In the case of greater computer support, machine condi-
tion signals can be transmitted to the operator and the load conditions during diagnos-
tic measurements are stored automatically by a computer system of direct data acqui-
sition. Such a subsystem for the diagnosis of the drive of the wheel excavator’s bucket
wheel is described in chap. 17.2. Then there is no need to make out orders for diag-
nostic measurements. After they are recorded, measurements are entered into a system
of diagnostic data analysis and the diagnostician determines the condition of the ma-
chine. The signals can also be analyzed by an expert system (chap. 18) and in critical
cases the diagnostician accepts or rejects the computer diagnosis. The diagnostician
can aso use mathematical models enabling computer simulation whose result may
have a bearing on the diagnosis.

The fundamentals of the development of mathematical models are given in chap. 4,
those of gear transmission modelling — in chap. 6, those of rolling bearing modelling —
in chap. 7 and those of belt conveyor route section modelling — in chap. 8. Results of
computer simulations for gear transmissions are presented in chap. 6 and 14. The sub-
system monitoring the condition of the gear transmission of the BW drive, described
in chap. 17.2, can send both a diagnostic analysis and information to the operation su-
pervision dispatcher. Thus it can be used in the fully automated mining of the deposit
in a strip mine. The machine maintenance management system’s computer graphic
analysis component can represent the operating costs, the costs of spare parts and the
production losses due to stoppages of the excavator-conveyor-stacker systems.
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19.2. Gear transmission diagnostics subsystem

An algorithm of diagnostic inference for gear transmissions [after 19.1, 19.2] is
shown in fig. 16.9. A computer system aiding the inference and diagnostic data acqui-
sition was developed on the basis of this agorithm. The system is also presented in
[19.3, 19.4]. An application for an IBM PC or XT compatible microcomputer (mini-
mum requirements. CPU with primary memory of 640 KB RAM, a Hercules graphics
adapter, a 20 MB hard disk, a matrix printer with 80 characters per row, a mono-
chrome monitor, operating system DOS 3) was developed. The computer system en-
ables data acquisition for 500 gear transmissions in a period of three years. Besides
data selection according to the classifications given in fig. 16.9, it enables the repre-
sentation of the condition parameters as a function of time for 12 measuring points.
The system generates reports about the condition of gear transmissions for a particular
production process or a specific group of gear transmissions. The menu of the diag-
nostic software is shown in figs 19.1-19.6.

|| DIAGNOSTIC PROGRAM ||

Poltegor v.1.89

MAIN MENU —

Measurements input

Measurements analysis (and deletion).
Statistical data

Schedule

Repair (and object data deletion).

Check measurement. Condition indicator

Quit

NouoprwNE ||

Select function number

Fig. 19.1. Main folder menu of gear transmission diagnostics system.
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|| DIAGNOSTIC PROGRAM ||

Poltegor v.1.89

— MAIN MENU _I
. Measurements input |

1
2. Measurementsanalysis (¢ \|EASUREMENTS INPUT
3. Satistical data —_—
4., Schedule o _
5. Repair (and object|[ * Gear transmission routine measurements
6. Check measuremeld| 2 Gear transmission idle run measurements.
7. Quit 3 Motor measurements.
4 Return to main menu

Sdlect function number

Fig. 19.2. “Measurements input” folder menu against main folder of gear transmission diagnostics

system.
|| DIAGNOSTIC PROGRAM ||
Poltegor v.1.89
—= MAIN MENU =||

1. Measurementsinput —p—= MENU ANALYSIS
2. Measurements analysis
3. Satistical data 1. Diagnosis
4. Schedule . 2. Analysisof gear measurements.
5. Repair (and object data|| 3.  Analysisof gear measurementsin desired train
6.  Check measurement. Cd| 4.  Analysis of gear measurements under no load
7. Quit 5. Representation of object description

6. Analysisof motor measurements

7. Returnto main menu

Select function number

Fig. 19.3. “Analysis’ folder menu against main folder of gear transmission diagnostics system.
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Nouh~wdNpE ||

|| DIAGNOSTIC PROGRAM ||

Poltegor v.1.89

MAIN MENU _I
Measurements input |

Measurementsanalysis (e STATISTICAL DATA MENU
Satistical data

Schedule

Repair (and object|| 1  Listof object for type.
Check measure 2 Histogramsfor type.
Quit 3 Repair for type.

4 Returnto main menu

Select function number

275

Fig. 19.4. “Statistical data’ file menu against main folder of gear transmission diagnostics system.

NooAWNE

|| DIAGNOSTIC PROGRAM ||

Poltegor v.1.89

MAIN MENU _I
Measurementsinput |
Measurements analysis (¢ SCHEDULE MENU
Statistical data =
Schedule
Repair (and object]] 1 ~ Schedule of measurements for given object.
Check measuremedf]l 2 List of dates of routine measurements.
Quit 3 Lig of dates of idle run measurements.

4  Lig of dates of motors measurements.

5 End

Select function number

Fig. 19.5. “Schedul€’ file menu against main folder of gear transmission diagnostics system.
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|| DIAGNOSTIC PROGRAM ||

Poltegor v.1.89
— MAIN MENU _I
1. Measurementsinput |
2. Measurementsanalysis (2 REPAIR MENU
3. Satistical data
4.  Schedule
5. Repair (and object 1 List of objectsunder repair.
6. Check measur 2 Repaired object description input.
7.  Quit 3 Provision of selected repaired object description.
4 Cancellation of selected object measurements.
5  Returnto main menu.
1l
Select function number

Fig. 19.6. “Repair” file menu against main folder of gear transmission diagnostics system.

Sysiem of gearbox
diagnostics
|
z - ] tics ofgearbox
Diognostics of new p:ognasf_
I;' repaired gearbox ’?Sfﬁﬁfﬂc’ 'g?naﬂ”
[ | [ |
high-speadshafl |gearings | |bearings | [nizh-speedshah | gearings bearings
10 = 100Hy 100- 3500H, 3,5-10kHe 10 - 100H; 100~ 3500H, 3,5- 10 kHe
7L mmys] gLmmiey alm/s’] ||Vimmys] | [TLmmiy] al m/s']
classi classr. | classi. classi. class/. | classi.
A8 A[8]c]p Al [c AlB alelclp |alB]c
decrsion decis/on clecision deci s.rnr{ |decision |deci'sion
confir.* | cenfir®
Y a[%
report
tubricaotion of N
bearings
[ [ motor positioning
ecanomic
> replace ment L —— oot = — ool
necessary
replacement o i
s faiflure
& confirmatlion hazords

Fig. 19.7. Schematic diagram of diagnostic inference.
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The principle of diagnostic inference is presented in the form of ablock diagram in
fig. 19.7. The block diagram according to which the diagnostic system operates is
shown in fig. 19.8 [19.5]. Diagnostic inference algorithm, routine measurements (6

signal reception points were assumed)
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Fig. 19.8 Diagnostic inference algorithm.
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To understand better the principle on which the inference system is based a ssimpli-
fied version of the Geardiag program [after 19.3] is shown in fig. 19.9. The simplified
program was written in Pascal. It incorporates the basic principles of gear transmission
condition classification. To simplify our considerations it is assumed that gear trans-
mission condition signals are received from four points (denoted as npoint = 4 in the
program). Boundary values {1} (fig. 19.9) are denoted: for the shaft as s, for gearing
as g, for vibration velocity as v and for vibration acceleration as a. Physical quantities
form an ARRAY table of values. A table of readouts (measurements) was fixed for a
given gear transmission for appropriate measuring points. Boundary values {2} for
rolling bearing condition are given as afunction of rolling bearing pitch circle tangen-
tial velocity. They are shown in fig. 16.2. Readouts and parameters {3} are described
by numbers of teeth: z, z, z, z, for a two-stage gear transmissions. The outside and
inside bearing diameter is entered as Dz and Dw. The actual program {4} begins with
an insert procedure. Bearing mean diameter tangential velocity {5} is calculated for
rolling bearings 1 and 2. The condition of bearings 1 and 2 and bearings 3 and 4 is
determined on the basis of vol, measure [1] [4], measure [2] [4] and FUNCTION data
boundary values {2}, using PROCEDURE class (1, 2). Then the values of attributes
{6} for the high-speed shaft — atrvl and gearing attributes atrv2 and atra2 are calcu-
lated and attributes { 7} are normalized. The normalization consists in the referring of
the measured values to one load value. The principle of normalization isillustrated in
fig. 16.11. Attributes are classified according to {8} .

The diagnostic system whose menu is shown in figs 19.1-19.6 operates as follows.
As the first item (Measurements input) in the main file is selected, the table shown in
fig. 19.10 appears. Also illustrative values measured when the signa was received
from four measuring points (there are zero values for point 5 since originaly 5 points
had been declared) are given in thisfigure.

According to the table in fig. 19.10 one can declare up to 12 points. If main file
item 2 is selected, a screen as shown in fig. 19.3 will appear on the monitor. If item 2
in the analysis file is selected, the system will prompt us to mark the object either by
its current location or by its inventory number. Once object data are entered, a diagno-
sis as shown in fig. 19.11 will appear. The diagnosisis for the gear transmission de-
noted by number 1RP and it reveals that the high-speed shaft functions properly (class
A), the gearing functions improperly (class D) and the condition of the bearings as-
sessed at 1+4 is proper (class A).

To make a diagnosis about the condition of an object, one must enter the basic ob-
ject data as shown in fig. 19.12. The data given in the table inform us, for example,
that the gear transmission is installed in production process line Z3. The gear trans-
mission of type KA16 operates on belt conveyor 62.06B, where B stands for the lo-
cation in a drive consisting of four gear transmissions A, B, C and D. To characterize
the gearing contact trace on the gear transmission’s bevel stage, the degree of contact
can be expressed as a percentage in the height and width of the teeth.
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PROGRAM geardiag;
USES
Crt,Printer;
CONST
Nvalue=4;
Npoint=4
Asl1=7;Aglv=20;Bglv=25;Cglv=30;Agla=45;Bgla=70;Cgla=90;
TYPE
value=1..nvalue;
points=1..npoint;
phisquant=ARRAY [value] OF redl;
object=ARRAY [points] OF phisguant;
VAR measure: obj ect;
nov:value,
nop:points,
nl,n2,n3,z1,z2,z3,z4,D0z1,Dw1,Dz2,Dw2,Dz3,Dw3,Dz4,Dw4,:red;
vol,vo2,vo3,A1,B1,v,sum,load,atrvl,atrv2,atra2:real
be,en:integer;
FUNCTION limitbA(v:rea):redl;
BEGIN
limitbA:=2* (v-225)/125+10;
END;
FUNCTION limitbB(v:real):red;
BEGIN
LimitbB:=7.5* (v-225)/125+24;
END;
PROCEDURE insert;
VAR
nov:value;
nop:points,
BEGIN
writeln(‘insert readings);
FOR nop:=1 TO npoint DO
FOR nov:=1 TO nvalue DO
read(measure[npo][nov));
writeln(‘insert n1");
read(nl);
writeln(‘insert diameters);
writeln('Dz1,Dw1l);
read('Dz1,Dw1);
writeln('Dz2,Dw2";
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read('Dz2,Dw2";
writeln('Dz3,Dw3’); {3}
read('Dz3,Dw3);
writeln('Dz4,Dw4’);
read('Dz4,Dw4);
writeln(‘insert load);
read('load);
END;
PROCEDURE class(be,en):integer;
VAR
nov:value;
nop:points,
BEGIN
nov:=4
AlL:=limitbA(v);
BEGIN
FOR nop:=be TO en DO
IF(measure[ nop][nov]<A1) THEN
writeln(‘classA’);
END;
B1:=limitbB(v);
BEGIN
FOR nop:=be TO en DO
IF(measure[ nop][nov]>A1) AND (measure[nop][nov]<=B1) THEN
writeln('classB");
END;
FOR nop:=be TO en DO
IF(measure[nop][nov]>B1) THEN
writeln(‘classC);
END;
{actua program} {4}
BEGIN
insert;
writeln('bearingl and 2";
vol:=n1*(Dz1+Dw1)/2; {5}
v:=vol;
class(1,2);
writeln(‘bearing3 and 4Y);
vol:=nl*(Dz2+Dw?2)/2;
Vi=v0o2;

class(3,4);
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{ condition of gearing and shaft}
{ attribute of shaft}
nov:=1,;
sum:=0.0;
BEGIN
FOR nop:1 TO4 DO
sum:=sum-+measure{nop][nov]; {6}
atrvl:=sum/4;
END;
nov:=2;
sum:=0.0;
BEGIN
FOR nop:1TO4 DO
sum:=sum-+measure{nop][nov];
atrv2:=sum/4;
END;
nov:=3;
sum:=0.0;
BEGIN
FORnop:1TO4 DO
sum:=sum-+measure{nop][nov];
atral:=sum/4;
END;
IF atra2>14 THEN
{normalisation}
atra2:=(atra2-14)+88/(load-12)+14; {7}
{inferring}
writeln('shaft classification’);
IF atrvl<=Asl THEN
writeln(‘classA")
ELSE
writeln('classB’);
writeln(‘gear-classification’);
IF (atrv2<=Aglv) THEN
writeln(‘classAv');
IF (atrv2>Aglv) AND (atrv2<=Bglv) THEN
writeln('classBv');
IF (atrv2>Bglv) AND (atrv2<=Cglv) THEN
writeln('classCv");
IF atrv2>Cglv THEN
writeln(‘classDV");
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IF atra?<Agla THEN

writeln('classAa);

IF (atra2>Agla) AND (atra2<=Bgla) THEN

writeln(‘classBa);

IF (atra2>Bgla) AND (atra2<=Cgla) THEN

writeln(‘classCa);
ELSE

writeln(‘classDa);
END.
Fig. 19.9. Smplified program “gearing”.

ROUTINE MEASUR. 559/F2 TYPEK16 Conv.6.06AN Date90.12.11 Load 85.0
M| 10-100H=z| 100-3500Hz 3500-10000| |M  10-100H 100-3500H= 3500-10000
WI vimm/s]|vimm/s] al(m/sZ] alm/sz2] ' vimm/s]|vimm/s] alm/sz2] afm/s2]
1 1.9 11.0 55.0 11.0 7
2 2.1 6.6 31.0 12.0 8
3 1.2 13.0 22.0 2.0 9
4 1.8 7.0 30.0 6.5 10
5 0.0 0.0 0.0 0.0 11
6 12

Annotation

Fig. 19.10. Table for entering measurement data.

Gear 599/F2 Date of last measurement88.03.10
Within 10-100Hz v-av.in cl.A.

Range II pnt3-cl.A:

Within 100-3500Hz a-av..v-av.in cl.A.

Range III:
Pnt.1 in cl.A
Pnt.2 wel A
Pnt.3 - cl.A
Pnt.4 - cl.B
Pnt.5 - ¢l.A

Check lubrication of bearing.a4-cl.B:

Is it to be printed out?(Y/N)

Fig. 19.11. Exemplary diagnosis of gear transmission condition.
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DESCRIPTION GEAR NO. 559/F2

TR. Z3 TYPE Klé CONV.NO 6.06A T.CONV N RAT.1000 LOAD RT 118.0
CHARACTERISTIC OF ADHESION TRACE height % width %

NUMBER OF MEASURING POINTS 5

NUMBER OF PNT. TO BE AVERAGED 4

nl{r/m] 985

DIAMETERS Dz, Dw BEARINGS and no.of cor.ROT.SPEED for msng.points:

2.2 p3 p4 p5 pé p7 p8 pe plo pll plz2
Dz 0.29 0.29 0.44 0.44 0.70

Dw 0.16 0.16 0.26 0.26 0.47

nii-o)1 1 2 2 3
NUM.of TEETH: Z1 z2 Z3 24 Z5 Z6 Z7 z8 Z9 Z10
22 g9 44 155
CPi—printout Ur-updating <Cr-change of inven.no. {E>-end v

Fig. 19.12. Table for entering gear transmission data.

Five measuring points were declared but data were averaged only for points 1-4 to
obtain @ and V. Dz and Dw were specified for respectively the inside and outside
diameter of the rolling bearings. The values are used to calculate mean bearing di-
ameter D and product nD, where n is the rotational speed of the shaft on which the
rolling bearing operates. To calculate values n1-n6, high-speed shaft rotational speed
nl and number of gear whedl teeth z1 to z10 was given. The particular measuring
points must be located in the vicinity of therolling bearings. Thisis denoted by 1, 2, 3,
etc., where 1 corresponds to rotational speed nl, 2 to rotational speed n2 = n1z2/z1 and
so on. If item 3 from the main folder is selected, then a histogram of the measured
values can be displayed to compare them visually in order to determine (see chap. 16.2
(fig. 16.7)) if the place for the reception of the diagnostic signal and the diagnostic pa-
rametersis proper. If item 4 (schedule) in the main folder is selected, alist of objects
for a given production line process can be obtained to determine the dates of, for ex-
ample, the last measurements, etc. If item 5 in the main folder is selected, the “repair”
folder, which contains a list of objects under repair, the condition of the objects prior
to repair and the cancellation of a given object’ s measurements, is displayed. Item 6 in
the main folder is used to support diagnostic decisions about objects. If it is selected,
screen 19.13 appears in which states are distinguished according to fig.19.7. The first
two items are related to prevention and indicate the beginnings of improper operation
of the bearings and the necessity of correcting the position of the motor relative to the
gear transmission. The next operational decisions relate to the replacement of objects
to be repaired. The other three items inform us that a particular object should be sent
for repairs at the economical replacement level (fig. 19.7) to keep the costs at a mini-
mum. If the object must be |eft in operation, then it can be operated up to the parame-
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ter level indicating a danger of failure. A list of objects at any of the five gear trans-
mission condition parameter level can be printed (fig. 19.14). The printout can be for a
particular production process or for all the gear transmissions.

1l Lubrication of bearings. ..

Z Positioning motor-gear, coupling run-out. ..
3 Economic replacement. ..

4 Necessary replacement. ..
5

Failure hazard. ..

Select type of hazard: o

Fig. 19.13. Gear transmission states.

"FAILURE HAZARD..."
62.06B 1.RP 88.03.08 — occurred 2 time(s)
Range II pnt3-cl.D:Range II- a,v cl.D;

88.03.08 — previous msr.
Range II pnt3-cl.D;Range II- a,v cl.D;

62068 1.RP 88.03.08 — occurred 1l time(s)
II zakr.— a,v kl1.D;

Fig. 19.14. List of gear transmissions with risk f improper lubrication.

19.3. Stepsto betaken into account when introducing technological
diagnostics method

The steps to be taken when introducing technological diagnostics are illustrated in
the block diagram in fig. 19.15 [19.6]. These steps are to be considered when intro-
ducing the diagnostic method for a given object —a machine.
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) i Diagnostic knowledge
> Failures of diagnosed
object

v
> Diagnostic <
method

v

Diagnostic
N
means < 4

v

Diagnostic
experiment

v

Acquisition of diagnostic
data

v

Statistical analysis of
data

v

Reduction of number of

diagnostic parameters

v

Classification of

condition parameters,

inference

Fig. 19.1. Stepsto be taken when introducing (in collaboration with aresearch unit) technological
diagnostics.
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The choice of a suitable diagnostic method is of key importance. The method is
chosen considering: the features of the diagnosed object and the existing diagnostic
knowledge. At the same time diagnostic means are selected. The chosen diagnostic
method and the diagnostic means are validated and diagnostic experiments are per-
formed. The results of the diagnostic experiments are taken into account in the valida-
tion of the diagnostic method and the diagnostic means. This process is represented by
feedback arrows in fig.19.15. As the diagnostic method is being put into practice, di-
agnostic data are stored in databases. The data are subjected to statistical anaysis
(chap. 16.6) as a result of which the number of parameters is reduced and the most
essential parameters (symptoms) are chosen. The statistical analysisis also a basis for
the classification of diagnostic parameters and diagnostic inference methods. The re-
duction in the number of diagnostic parameters and the verification of the classifica-
tion of the parameters result in the improvement of the diagnostic method.

Now a dlightly modified approach is possible. As shown in fig. 19.15, a diagnostic
method is selected on the basis of the features of the machine to be diagnosed. These
are the features of the individual kinematic pairs of which the machine is made up.
The behaviour of the features should be considered in the context of the whole dy-
namic system of the machine. For this purpose physical and mathematical models (see
chap. 4.5, 5, 6.2-6.4, 7 and 8) are constructed. Having a proper mathematical model of
the machine one can simulate the latter’ s behaviour on a computer and investigate the
factors which affect this behaviour (represented as diagnostic signals). A computer
simulation of the behaviour of a machine may have a significant influence on the
choice of a diagnostic method and the interpretation of the results (signals) of the di-
agnosis. Modelling and computer simulation are used to generate diagnostic signals
which are processed similarly as the signal received from the actua object (machine).
Computer simulation considerably reduces the number of diagnostic experiments per-
formed on the actual object. Results of computer simulations are presented in many
chapters (chap. 4, 5, 6, 8 and 14) of this book and processed signals obtained by com-
puter smulation are shown in chap. 11.

19.4. Example of machines oper ation subsystem

Information system SZEPT aiding the belt conveyor transport operation manage-
ment system [19.7, 19.8] is an example of a machine's operation subsystem. The op-
eration management system consists of a decision system and an information system
which supports it. The latter includes a system of acquiring, storing, processing, re-
trieving and making available information on the processes proceeding in the in the
operation realization system (using, maintaining and delivering the fixed assets which
make up the belt conveyor transport system (BCTS). The information system’s func-
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tion is to reduce the uncertainty in decision taking by furnishing the user with accu-
rate, timely and useful information [19.9]. The belt conveyor transport operation in-
formation system covers:

the inventory of transport system objects (belt conveyors, winning receiv-
ing points, feeders and storage reservoirs);

the documenting and viewing of objects’ and subassemblies’ technical data
(the belt can be a subassembly);

the recording, viewing and analysis of worktime and the quantity of con-
veyed winning for objects and subassemblies as well as the causes and du-
rations of standgtills of objects;

the documenting, viewing and analysis of replacements, unserviceabilities,
failures, periodic maintenance and repairs of subassemblies;

the planning of preventive maintenance,

the documenting, analysis and planning of supply management for essen-
tial materials and parts of subassemblies;

the recording of the persona details of employees and the control of the
expiration dates of professional authorizations.

Information system SZEPT aiding the belt conveyor transport operation manage-
ment system includes:
1. A system of coding operation objects.

2.

4.

A uniform classification of technological objects being part of BCTS (con-
veyors, winning receiving points, feeders and storage reservoirs) has been de-
veloped and implemented. Each object is uniquely located in the structure of
the transport system [19.10]. For al the kinds of objects a structural expansion
comprising all aternative object designs was defined. A subassembly is a ba-
sic element of the object. A subassembly is subject to service, repairs and re-
placement. The principles of identifying objects and subassemblies were de-
fined. The identification of spare parts and materials is identical as the one
used in the material s management system.

Classification of states and operationa events.

For inventory control and machine use analysis, operationa states of objects
(investment, operation, permanent usel essness, superfluousness, disposal) and
subassemblies were defined. The systematics of stoppages of transport objects
and principles of evaluating the use of their available time were introduced.
Formalization of operational tasks.

Three main groups of operationa tasks (activities): replacements, routine
maintenance and repairs of subassemblies were distinguished. A uniform
system of reports documenting the subject, range and labour consumption of
the performed tasks was created.

Organization of local materials management.
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Starting from the adopted materials management documentation principles,
elements of planning, inventory taking and stock control for spare parts and
materials essential for the operation of the belt conveyor transport system
were devel oped.

5. System of preventive maintenance.
The preventive maintenance system includes:

0 the documentation of the worktime of belt conveyor transport objects
and the quantity of winning conveyed by them;

0 the specification of routine maintenance for transport object subas-
semblies (the range of maintenance and the overhaul life are speci-
fied);

0 the current documentation of performed services and repairs,

0 therecording of scheduled stoppages of transport objects;

The above data enable the planning of preventive maintenance for belt con-
veyor transport objects. It should be noted that the user has current informa-
tion on the materials stock level in the mine section store.
The following objects can be stored in the information system’ s database:
» stocks of conveyor belts, materials for belt repairs and splices;
» conveyor distribution complex;
* beltsinstalled on belt conveyors;
* gplices made;
» removed belts and splices.
The information system should perform the following functions:
e document the stock management of belts and materials for belt repairs and
splices,
e generate and update data on belt conveyors and belts operated in the mine;
e supply information selected by the user and carry out statistical analyses of
belt conveyors, belts and splices taking into account the risks involved,;
e acquire data for statistical studies, including analyses of the mean life of belts
and splices working in different conditions.

The system is easy to operate and does not require any information science train-
ing. The messages displayed by the system facilitate work and ensure operational use
comfort. Multilevel protection when creating and updating a database (e.g. keyboard
redefinition, checking the range of entered data, forced acknowledgment of the cor-
rectness of entered data) makes the system resistant to unintended errors made by the
user and to accidents. For better and faster orientation, the monitor’ screen is divided
into fixed areas in which information supplied by the system is displayed, data are
entered and printouts are produced. At each program level the user has a choice of
several paths described in the menu.
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The SUFLER system consists of five programs. STORE, STRUCTURE,
UPDATING, BROWSING AND HISTORY . Each of them is an autonomous unit and
performs functions implied by its name. UPDATING is used for updating the current
condition of conveyors, belts and splices. This can be done through the description of
belt or splice replacements or the modification of the previously entered data.

BROWSING makes it possible to view the acquired information about the belt
conveyors and the belts and the splices according to:

e any browsing key,
* asdected standard.

The user can select the kind of description (brief, extended and other) and the out-
put device (the screen or a printer).

HISTORY performs the same functions as BROWSING but for removed belts and
splices. Browsing here is augmented by the statistical analysis of the mean worktime
of belts and splices.

The SUFLER system is based on time-preventive operation of machines, which is
its drawback. It is necessary to modify the system so that the whole belt conveyor is
operated depending on its technical condition. The basic principles of operation de-
pending on condition are given in chap. 3. The whole book gives the background to
condition based maintenance
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