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JAN KIC]ŃSKtl

State-of-the-art investigations and contemporary challenges in
machine construction and exploitation

In the PaPer Presented has been authors subjective opirrion regarding contemporary trends in deve-
loPment of machine construction_and exploitation. These rimarks aie pal,ticularly ieferring to integration
terrdencies in the area of applied research tools as well as in the arei of tladitlonally uńd explóration
Ł"9b Ę9"h as: diagnostics, tribology or safety and retiability. Development ofilrtegrated coniputei systen§
CADlCAMICAE as well as of tlre concepts of widely understood concul,rent Óesigrr and'rneclrairorrics
requires a different focus on the issue of machine construction and exploitation. In iuch context there is
an increasing roie of machine exploitation as a reffection of the product maintenance starting frorrr its
design stage through manufacturing up to its decommissioning.

1. Introductory remarks

A raPid development of computer systems in mach,ine construction and expjo-
itation forced the author of tlre plesent work to ask a question whether it is
Possible to outline the development tendencies of widely ulrderctood computeri-
Sation in that branch of knowledge or, in otłrer words, wlrich directiorr are we
aiming at with a continuous development of hardware and software? Will that
fact influence the integration of traditiona] scientific disciplines and the way of
thinking about the final product? This task is extlemely difficult because com-
Puterisation in machine construction and exploitation refers to tlre design and
solid modelling systems (CAD), manufactuling and technology (CAM) ańd also
calculations and optimisation (CAE). This is additionally supplementecl by inte-
glated Software pacl€ges for complex manufactuling computerisation (industrial
databases, pTocess-tracing systems, visualisation software) and specific software
connected with object exploitation according to their state (for example expert
SyStemS).

Presented in t}re work opinions ale a result of authors subjective reflections
and obviously are subject to argument.

llnstitute of Fluid-Flow Machinery, PASci, Centre for Mechanics of Machines, Fiszera 14,
80-952 Gdańsk, Poland
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2. Integration and compatibility of CAD/CAM/CAE systems

For some time now foreign companies offer on our nrarket different systems
conrrected witłr design, prodtrction and engineering analysis. Tracing their deve-
lopment -we can observe tendencies of combination of various functions srrch as
design (CAD) with the manufacturing and technology function (CAN{) and en-
gineering analysis (CAE). In such way realised is a principle of virtual design:

design ------+ analyse 
-+correct 

----+manufacture

DEVELOPMENT OF COMPUTER SYSTEMS

Spatial design and modelling

o AutoCAD 2000

. Genlu§ De§ktop 3

o SolidlYorks 98 Plus

Spatial design and modelling *
Production nnd technology

2D and 3D surface modeling for the purposes of
młterial processing (turning, milling, engraving)

Automatlc formation of cuts (for €xample metal
she€ts)

o SolidWorks + AlphaCAM - firmy Licom Systems Ltd

CAI)
+

cAM
+

CAE

§patial design and modelling ł
Production and technology +

Calculations and computer analysis

Hybryd modelling, conc€pt of yirtual design in the name of the
principle: design and correct
- Integration of parametric modelling, modelling brsed on

con§truction features and classical geometrical modelling
- Simulation of operatlon - kinematical, dynamical, thermal

analysis, etc.

. Unigraphlcs - (CAD/CAM/CAX,)

. CATIA - (CAD/CAX,) - Simulation Driven Design -
CADSI

- Advanced computer simulation
- Identilication ofcritical parameters in design process

Fig, 1, Integration tendencies in CAD/CAM/CAE systems in machine constructiorr and exploitation.
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Tlrere is observed an irrcreased role of computer sinrulatiotr (Sirnulatiori Dr.i-
ven Design), arrcl particrrlarly of kirrernatic, clynanric alrd tłrcrural atralysis irr tll,e
design process.

In Fig, 1 schenraticaily are presented integlatiorr tetrdencies of conrputer sys_
tenrs and tabulated are conpalries regarded as rvor]d lcaclers in tlr:rt area.

Lets returrr to the problems corrnected u,itlr enginecring analysis (CAtr). In
Fig. 2 Presented are directions of possible development of such systens iir tlre irear
future. Precisely speakirrg, plesetried łrere tendctrcies could be observccl ea_rlier. It
is c]raracteristic, that tlre systcnrs of CAE type arc more ancl tnore orierrted orl
the object exploitation accordirrg to their state, particularly on tirc systetns rł,it}t
autornatic feedback.

NG AiłALYSIS - CAE TYPE SY§TEMS

r:i

l|L_:-Jll

Ąl

ENGINEERl

Fig. 2. Dircctions fol tlre dcveloprnerlt of systems concelned witlr engineel,ing analysis

Traditional tools such as static arrd dl,rramic analysis of spatial constrrrctiolts,
trrodal arraiysis or trorr-linear alralysis. wlriclr trp to lrow lrave been prinrarily rrsecl
irr the tnachine construction and design, ale moTe arrd rrrore applied irr trrac]rirre,
object atrd process exploitation. Tlrat lerrrark regards prirnarily tlrc norr-litreill
analysis.

Analysis of state
o §tatic and dynamic analysis of

spatial and rotating stru€tures,
3D flows, thermodynamic§
(ABAQUS, ADINA, I - DEAS,
Flower, FIuent, Spark)

o Modal Analysis (LMS
International)

o Analysis in non-linear range

Monitoring of state
o §i8nal processing
. Proce§sitrgofdatabases

o Trends ofcbanges, prognosis
(companies: Bently - Nevada,
Hewlett _ Packard, Philips,
Vibrometcr, Briiel - Kjaer, Texas
Instruments, Technicad,
Ener8ocontrol)

Object exploitation by their state

o construction
optimisation

r selection of
parameter§

o Efficiency and safeĘ
as§e§sment

Computer systems with automatic
feedback

Expert systems

Genetic algorithms
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3. Non-linear analysis

A relatively new area of application of non-linear analysis is the diagnostics by
the model. Possibilities of generation of vibration spectra as well as non-elliptic
trajectories containing symptoms of imposed defects makes them very useful in
development of relations of the type: defect - symptom. In Fig. 3 presented are
capabilities of non-linear analysis along with the directions of its development.

Fig, 3. Possibilities and directions of development of non-linear analysis,

Applications of diagnostics according to a model and hence non-linear analy-
sis in the development of databases of expert systems attract special attention.
Simulation knowledge can excellently supplement the knowledge of operation en-
gineers as well as practical knowledge and form a precious chain-link amongst the
methods of acquisition of diagnostic knowledge. Particularly useful in this light
are the information acquisition techniques by means of inversion of the models of
the objects, see Fig. 4 [1B].

An opinion might be expressed that in the near future a particular progress
in the development amongst systems with automatic feedback or in other words

'with artificial intelligence', commonly named expert systems, will be observed.
In Fig. 5 presented is a development of exploitation control systems in power

. structursloptimiz9tion
o selectionofparemeters
. Efliciency and reliability

rss€§§ment
. patterns ofnormaland

abnormal behaviour

Dirgnostica by tlre mod€l
o Modelling of defects
. construction ofdefect- symptom

relations
. conltruction ofsensitivity ald

acc€Ptation maps
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Ind,irect classi,cal

Direct suggested

sYMPToM

1W

Model inversion by means ofsdsptiYe §ystems tralnlng

(special algorithrns, neural networks)

. Dwelopmęnt of model objects
o Inv*tigatiom of model semitivity

on defmt
. Genention of t@bing data

Development of adaptive models

Tnining of adaptive models

construction of dia8nostic
relatioN

a

Fig. 4, Techniques for acquisition of simu]ation of diagnostic relations: c]assical ones and based on me-
thodology of assumed objects inversion.

engineeTing, beginning with simple direct control systems of turbogenerators (1sŹ
generation) through the monitoring systems with the analysis of state and trends
(2"d generation) and ending- up with expert systems (3"d generation),

A Diagnostic Centre supporting the entire power engineering sector is still
rather a remote future. But is it so unrealistic? The first national expert system
has already been implemented at Kozienice power station [19], and preliminary
concepts for the development of a Diagnostic Centre have already been elabora-
ted [unpublished information]. Lets summarise our considerations. Where does
the development of methods and computer systems in the machine construction
and exploitation tend? Answer to that question is partially contained in Fig, 6.

At a first glance we can observe integration tendencies of CAD/CAM/CAE
systems and their mutual compatibility. A role of engineering analysis and simu-
latiorr investigations in the design process is increasing.

Secondly, we can conclude the tendency of further orientation of computer
Systems on object exploitation by their state. This can only mean further inten-
sive development of diagnostics by the model, safety and reliability science but
primarily of expert systems.

In Fig. 7 these tendencies are schematically outlined. Whereas earlier a much
greater effort has been concentrated on the machine construction and building,
then in future we can expect rather different proportions.
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TsE
Turbine Supervisory Equipment

(Ist Generation)

TME
Turbine Monitoring Equipment

flInd Generation)

TsE

Diagnostic superstrucfure

SIMULATION
lNVESTICATIONS

\, łr_

\
l
l

INTELLIGENT DIAGNOSTIC SYSTEMS
(IIIrd Generation)

EXPERT SYSTEMS

DATABASE I

Practical engineering
knowledge

simulation
knowledge

DIAGNOSTIC CENTRE

ANALYSIS OFCOMPLEX
CASES. DEVELOPMENT
OFDATABASES

\

Fig. 5. Development of expioitation systerns control of turbosets as arr example of the possibility of
application of advanced computel analysis in maclrine exploitation.
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DEVELOPMENT OF METHODS AND COMPUTER SYSTEMS
WHERE DO WE AIM AT ?

I Integrity and compatibility
CAD+CAM+CAE
II More orientation on object exploitation by their state

Fig. 6, ComPuterisation in machine construction and exploitatioti. Development tenderrcies.

29

Diagnostics by the mod€l

SafcĘ and rcliabiliĘ

Computer sy§t€m§ with Automatic Feedback

,,Artifi ciaI Intelligence"

Expert Systems and Genetic Algorithms

YESTERDAY

ToDAY

ToMoRRow

Fig. 7. Increasing role of exploitation in tlre share of cornputing arrd mathernatical potential
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4. Disciplineintegration

In the area of machine exploitation there are often specified the following
traditional disciplines such as: tribology, diagnostics, reliability and safety. Inte-
gration tendencies in the development of computer systems (Fig. 1 and 2) forced
to some degree a different approach to the problem of machine construction and
exploitation. Differences between construction and design, and machine exploita-
tion are more and more often diminishing, At present we precisely talk about
exploitation oriented design and concurrent design in a wide sense, i.e. irrcluding
not only construction and exploitation aspects, but also market, political and
other aspects,

A philosophy of CONCURRENT ENGINEERING (CE) has been introduced
for the first time in the United States of America in 19Bg. Up till now it is a
fundamental premise in the development of engineers in many countries of the
world. It can, therefore, be concluded that Ctr is a procedure oriented at a whole
life cycle of the product, i.e. quality, cost, production time, aesthetics, and market
requirements. This means that:

CE: CAD/CAM/CA E+
philosophy of product development,
ecology, market analysis, financial
analysis, product exploitation systems.

Another effect of computerisation of design processes and its exploitational
orientation is MtrCHATRONICS, A concept of rnechatronics has, for the first
time, been introduced by Japanese at the end of seventies. Mechatronics is an
interdisciplinary area of technical sciences trying to integrate:

Mechatronics :
mechanics 14 filąghine construction 4===y ę|ęgflonics ++

informatics <-+ exploitation

A classical effect of mechatronics is a robot and robotisation of technological and
exploitational processes.

Presented above integration tendencies in machine construction aud explo-
itation does not remain ineffective on the integration processes in the area of
exploitation itself, especially of that traditionally understood. We talk more and
more about the diagnostics of tribological nodes or prognostic-reliability models.
This means obviously a common platform of thinking in tribology, diagnostics
and reliability. In future that kind of tendencies will be a commonly existing
standard at least due to the fact of pending unification and standarisation pro-
cesses of software tools and investigation methodology. Systems of exploitation
and control, which base on the methods of artificial intelligence, so called systems
of new generation (expert systems), can selve here as an undisputed example, see
Fig. 5 and Fig, B. An example of action following tlre philosophy of integration

I

l
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MACHINE CONSTRUCTION MACHINE EXPLOITATION

A NEW PHILOSOPHY OF PRODUCT DEVELOPMENT AND
MAlNTENANCE

. Concurrent design

. Mcchatronics

. Systems ofexplrlitation and control ofnełv generation (expert
systerns)

DIAGNOSTICS

Fig. 8. Integration processes of disciplines in the area of machine construction and exploitation.

of disciplines and computer systems can be an attempt to develop a complex
model of mechanical, aerodynamical and e]ectrical interactions in a large power
engineering unit. Such works have been conducted at the Institute of Fluid-Flow
Machinery, PASci in Gdańsk.

In Fig, 9 presented is a schematic of that kind of excitations in a turboset of
200 MW power. Up till now some groups have been involved in investigations of
object aerodynamics, other wele dealing with mechanical problems (dynamics,
vibrations) and others were concentrating their efforts on investigating the in-
fluence of electrical field in the generator. Usually, between these groups there
were no close contacts and exchange of expertise, but one has to remember that
tlre object of investigations is one, and is common to all investigators. The issues
connected with exploitation of tlrat kind of objects require another approach to
the problems of design and state analysis. An appropriate approach here is a de-
velopment of a global model, where aeromechanical and electrical problems are
analysed simrrltaneously with account of mutual interactions, see Fig. 10.
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AERODYNAMICAL

EXCITATIONS
MECHANICAL

EXCITATIONS

POWER ENGINEERING OBJECT OF LARGE POWER

LINE OF ROTORS AND BEARING§, SEALINGS

SUPPORT STRUCTURE: - BODY AND STANDS

- FOUNDATION

--. 4. , *" ,, 4 ---
"ł *p ę !ii ,lli^l !Jł. Et

l.,..,-,lll,,; ",,,,,,

(coupling through inlluential numbers

ELECTRICAL
EXCITATIONS

Fig. 9. A scłleme of couplcd aefodynailrical, mechailical and electrical excitations acting olt a large powel
erlgillcelirrg objcct. Alr cxanrple of interactiorrs integrity in a complex technical object,
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MODEL AND GLOBAL AnROMECHANICAL-
ELECTRJCAL ALGORITHM

Aerodynamical
elcitation§ Mechanical

excitations

Elcctrlcal

excilations

Fig. 10. A concept of realisłrtion of couplings througlr developrnent of a global algorithm. Arr cxample of
approaclr rellecting the principles of concłrrlerrt dcsigrr arrd nrec}ratrorrics.

5. Exploitationally oriented design

From conducted analysis results, that nowadays it is difficult to tal]< about tlre
machine design r,vitlrout accoltllt of widely Llnclelstood aspects of its future explo-
it:rtion. Tlrese denrandirrg exploitation requile]nents impose the necessity of ano-
ther glarrce at a design plocess and complex analysis of lilrks, wlriclł occtu, betwecn
particular Sub-s)rstems of a designed trraclrine. The systen bearings-nrachine carr
SerYe }rere aS an example.

Lets slrorv, tlrat tlre :inalysis of properties of bearings themselvcs, reu)otely
from tłle lnaclline and its exploitation palallretcrs, can even lead to qualitative
erroTs in t}re assessment of for exarrrp}e dyrrarnical state of tlre obiect.

Irr each case we wiil have to deal with tlre followirrg, mrrtually couplecł plocess,
See FiS. 11.

Obviously, the process plesented in Fig. 11 fornrs some part of a wider activi-
ties in tlre process of prodrrct production and maintenance, sec Fig. 8,

Lets illustrate above trrentionccl processes on some exalllples. Lets begirr witlr
tlre simplest relations, namely tire relations of tlre bearirrgs - n}achine typc. Tlre
irlflrrerrce of bearirrgs properties (corrstructiolr) orr tlre level of vibratiorrs of se]ected
tlodes of the entil,c tnaclrine (exploitation) is here vely plollounced.
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coMPUTf,,R

^NALYS§

§XPLOITATION

Fig. 11. Integration of activities: design - exploitation - computer analysis as indispensable mirrimum in
the process of product production and maintenance.

5.1. Bearings-machine system. Small rotating machine

In the case of dyrramics there takes place the coupling between the bearings
properties with properties of the entire machine. This regards, for exanrple, such
SyStemS as: bearings-rotor-foundation, in the case of rotating machine or tlre
bearings-assembly of crank shafts-body, in the case of combustion engines.

It is also worth noting that tlre degree of above coupling is dependent on the
kind of dynamical characteristics, which are taken into account. If we are intere-
sted in such parameters as vibration amplitudes, angles of phase retardation or
the limit of stability, then in each case (small or large displacements) we urust
know, apart from the bearing itseif, the fundamental data of the entire maclrine.
If, however, we limit our interest to the knowledge of solely the stiffness coefficients
and damping of the lubrication film, thón in the case of small pin displacements,
hence in the case when the lilrear description is jtrstified, tlren possible is the ana-
lYsis of elastic and damping properties of the oil film independent frorn the rest
of machine. In such case bearings can be regarded as isolated system. However,
in the case of large pin displacements (non-linear analysis), then even elastic and
damping properties of oil fi]m in the form of stiffness and damping coeffi.cients
will be dependent on the properties of bearings machine and conditions of its
exPloitation. Hence, in the case of large pin displacements, where the non-linear
description is appropriate, there takes place a fuil coupling between bearings pro-
Perties and machine properties. From the above coupling there result important
consequences, not always perceived by many operators and investigators.

The table below presents the summary of our considerations in the area of
muttral couplings in the bearings-machine system.
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Bearings-machine couplings

Linear problems (small
displacement of pin
around the static

equilibrium)

Non-linear problems
(large pin

displacements)

coefficients of stiffness
and damping of oil film

Coupling does not occur Coupling occurs

Dynamical characteristics
(amplitude of vibrations, stability

limits, phase angles)
Coupling occurs Coupling occurs

Lets present now some examples of this kind of relations.

81, 82 - bearings no, 1 and 2

Pl, P2 - supports no. 1 and 2

S - coupling
N - propeller

C7, C2 - sensors for measurements of relative vibrations of
pins
C3,C4 - sensors for measulements of absolute vibrations of
bushes
c5 * sensor for measurements of disc absolute vibrations
NW1, NW2 * imbalance masses

Fig. 12. Scheme of assumed for the analysis of rotor-bearings system (stand in the vibro- acoustic labo-
ratory at IFFM PAS).

Lets assume in our considerations a two-support rotor-bearings system (Fig. 12)
with pin diameter d: 0.7 m, diameter of rotor disc d : 0.1 m, diameter of rotor
disc D :0,4 m and support span .L : t,4 m. Lets assume two bearings with a
relative width lld:0.5 with axial clearance of the value Afi = BOx10-6 m (for
the bearing no. 1) and AR§ 90x10-6 m (for the bearing no.2).

Lets assume now, that the system is loaded by two excitation forces (for exam-
ple imbalance forces) NW1 and NW2, which are equal to each other but appiied
to the system at different locations and different angle to the horizontal axis. Con-
siderations will be conducted for one only rotational velocity, namely n : 2973
rev/min (velocity which falls in the resonance region). Results of calculations for
such system are somewhat surprising (see Fig. 13 and 14).
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NW21_

,r' -a,o
NW1

\ł_ '\

\:§

,ńó3n2972 (:10:1}

_1

_-*7

J
x 10'

0

x10'

Fig. 13. Illustration of relations between bealings and machine. Accumulation of loads NWl ancl NW2
at the bearilrg 81. Consistent ptrases - upper grap}r and opposite phases - lower graplr, _ thirl ]ine -reiative vibrations of pin and bush; - tlrick line - absolute vibrations of bush.

w04n2972 (:10:1)
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x 1O{

x 10'

Fig. 14. Illustration of relatio:rs between bearings and machine. Change of the order of excitation phases
:{\trr1, NW2. Notatiorr as in Fig. 13,

;'--- ,-.-\,
_1 -

u06n2972 (:10:1)
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It could be thought, that congregation of both forces NW1 and NW2 in the
vicinity of one only bearing (for example 81) will render its significant vibrations
arrd at the same time there will be much lower vibrations of anotlrer bearing 1o-
cated at the unloaded part of the rotor. From Fig, 13 it results that both relative
vibrations of oil film as well as bushes are of the same order. Changing the phase
of both forces onto the opposite one (lower Fig, 13) we could, on the other hand,
expect an abrupt decrease of the level of system vibrations (due to balancing of
forces). However, it is opposite: tlre level of system vibrations has even increased.
The change of only the order of forces phase delay by 90o rendered absolutely
differerrt picture of system vibrations, see Fig. 14.

such distributions cannot be foreseen on the basis of known characteristics
of bearings, and hence without analysis of the properties of the whole system
(in that case also the rotors strsceptibility properties) and also obviously without
computer analysis.

In the distribution of trajectories of the bush and pin, which are different
from those which could be expected on the basis of common knowledge, there
are hidden mutual interactions between bearings and a machine operating with
them. In such relations there is also contained a philosophy of complex analysis
of all sub-systems forming the given object.

Even more spectacular infltrence of bearings can be observed in the case of
existence of hydrodynamical instability and hence whirls and oil run-out. Bearings
are capable of generating completely nev/ forms and frequencies of vibrations for
the entire system. In some cases these take an absolutely dominating character,
which means that the influence of bearings can be regarded as qualitative. Whirls
and oil run-out are often a reason for exploitation problems of rotating machinery
founded on bearings. However, the problems influenced by oil whirls will not be
discussed in the present work. More detailed information is available in [6-14].

5.2. Bearings-machine system. Large rotating machine

Mutual couplings between bearings and a machine are ideally perceptible on
the example of large rotating machines such as po,,ł/er engineering turbosets. In
Fig. i5 presented is a schematic of a line of rotors of a turboset 13K215 of 230 MW
power.

The machine has seven bearings with pin diameters ranging from 0.35+0.45 m
with lens clearance, A numerical experiment can be imagined, where the lens be-
arings can be replaced with the bearings with a greater degree of "anti-vibration",
that means the lens bearings with offset bushes. We expect, obviously, the reduc-
tion of the level of vibrations of all bearings bushes in all supports.
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Surprisingly" the result of numeri-
cal calculations with application of
complex, non-linear computer codes
from the NLDW series NLDW [7],
[13-14], [16], does not confirm these
expectations, see Fig. 16. Why? In
order to answel that question ano-
ther numerical experiment has been
performed, where infinitely large be-
arings support stiffness has been as-
sumed (foundation) Fis. 17. Now,
the anti-vibrational properties of
the lens bearings with offset bushed
have been revealed totally. Re}ative
vibrations of oil film have been si-
gnificantly reduced. A worrying is-
sue is that the described effect is
obtained when unrealistically large
support stiffness is assumed (such
object behaviour can be obviously
explained, but this is not a merit of
the present work).

Analysis of the rotorline itself
without simultaneous ana}ysis of
the influence of support structure
properties will guide us to abso-
lutely wrong conclusions. Would
such conclusions be possible wi-
thout advanced computer analysis?
Above example shows unanimously
the correctness of presented in Fig,
11 integrated design approach and
analysis of the machine state with
account of advanced computer ana-
lysis and expected exploitation pa-
rameters.
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Fig, 16. Absolute vibratioIrs of bushes and relative vibrations of oil fiim of a turboset from Fig. 15 after
change of lens bearings (upper graph) onto anti-vibrational bearings (lower graph). Assumed are real
dyrlamical support stiffness. No visible effect of exclratrge.
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Fig, 17.. Relative vibrations of oil film for. real bearings (lens type) and anti-vibrationat with ofl'set bushes)
at infinite support stiffness. Effect of changó of bearings is now'clearlv perceptible.
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6. Contemporary challenges

Facing the world integration tendencies of disciplines and computer softrvare
in the area of maclrirre construction and exploitation, as well as the conjecture
of a new p}rilosophy of product production and maintenance with accorclance to
tlre principle of exploitationally oriented design, widely understood concurrent
design and mechatronics, fornrs a greatest challenge to domesiic research centres
as well as industriai engineers. Amongst the possible action in this area tlrere are
possibie the following issues:

o unification and standardisation of investigation methodology and informa-
tion systerns

o development of new generation information technologies including:

- expert systems, genetic algorithms, evolution software
- feedback and analysis according to a model

o development of traditional tools of "virtual engineering" in the area of:

- analysis of state
- state rnonitoring
- reliability and safety

r dissemination of activities in the area of complex product description ancl
its maintenance during exploitation (CE methodology, mechatronics).

Described above activities go beyond the capabilities of one resealch group, or
even one centre. They have an interdisciplinary and multi-stage charactcr. It
is not the objective of the present paper to propose specific actions, It seems,
lrowever, tlrat the first step would the establishment of a new, large research
project founded by the State Committee for Research gat}rering severai different
research glollps from the country, supported by industry arrd other domestic
institutions.
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