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Editorial

These Special Issues of the Transact,ions of Fluid-Flou Machi,nerg, Nos. 113
and 114 contain selected papers from the International Conference on Turb,ines
of Larqe Output devoted ło co--errrorate 100ih Birthday Anniversary of Prof.
Robert Szewalski. The conference was held in Gdańsk, Poland on September
22-24,2003.

The Conference is a continuation of previous conferences held at the Insti-
: lte of Fluid-Flow Machinery PAS in former years dedicated to technology of
sieam turbines. Series of conferences bearing the same name took place in the
-,,ears 1962, 1965, 1968, 1993. In 1997 organised has been a conference on steam
:irbines and related topics, but with a slightiy amended title - Problems of Fluźd,
:łow Mach,inery, At present at the Institute of Fluid Flow Machinery there are
_-onduced research of fundamental character encompassing both the issues related
:,: steam turbines and fundamentals of power engineering.

Organisers of the present conference have returned to the traditional name)
_.e. Conference on Turbi,nes of Large Output to mark the respect to the memoTy
.: Professor Robert Szewalski (1903-1993), the founder and a director of the In-
::_:ute of Fluid-Flow Machinery for several years, and initiator of the conference
series devoted to the problems of steam turbines.

The Editors ale very grateful to the referees of the papers presented in this
_ssue of the Transactźons of Flui,d-Flow Machi,nery: J, Badur, W. Batko, E. S.
Blrrka, J.T, Cieśliński, P. Doerffer, A. Gardzilewicz, B, Grochal, J. Kiciński, G.
Iiosnan, T. Król, J.Krzyżanowski, J, Mikielewicz, A. Neyman, W. Ostachowicz,
R. Puzyrewski, R Rządkowski, J. Swirydczuk, M. Trela, T. Uhl andZ. Walczyk,

We appreciate cordially the manifested authors interest in our conference.
Special thanks are conveyed to Ms 'Maya' Bagińska, for her fruitful editorial help
:=]ated to directing the papers to reviewers and correspondence with the authors
: _ _,lrtributions.

Prof. Jarosław M,iki,elewtcz
Editor-in-Chief

Dr Ed,warcl Śltwl"lrl
Managing Editor
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JERZY GŁUCH-

On implementation of selected methods of artificial
intelligence in expert systems for thermal and flow

diagnostics

Gdańsk university of Technology, Faculty of ocean Engineering and ship
Technology, Chair of Ship Automatic Contro] and Turbine Propulsion, Naru-
towicza 11/12, 80-952 Gdańsk, Po]and

Abstract
Discussed has been a problem ofaiding the operators ofsteam turbine cycles with the expert

i'stems on the topic of exploitation decisions. Attention has been focused on realization of a one
:i lhe problems based on determination of the extent of exploitation degradation of geometric
:,';ameters of steam turbine blading. Discussion has been conducted on the sample of one of the
:::nPonents of the methods of artiflcial intelligence: a selected type of artificial neural network
{\N). Such ANN, which detects the extent of geometric degradation indicates a high quality

l: accuracY based on a good identiflcation of the extent of degradation both in the case of
:':nP]ete and incomplete measurement data. In such way fulfilled are the requirements faced
:r, the aiding methods regarding the automatic expert systems.

keywords: Thermal and flow diagnostics; Expert systems; Neural networks

1 Modern thermal and flow diagnostics
Thermal and flow diagnostics is the element of automatic (computer-aided)

:,Pert sYstem, which ensures a continuous operation of objects in thermal po,m/er
*:gineering at relatively constant as well as high efficiency. The object of its
-:erest is the economy of thermal plocesses [5, 15]. Its objective is a control
:i the adequacy of technical and economic indicators, such as specific heat con_
il;-nption, with respect to the reference state [2, 5-7], as well as the response to
:.rected imPairment of those indicators. The reference state correspond,s to the

'&mail address: jgluch@pg.gda.pl
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object operation at proper (not operationally degraded) geometric parameters o;

component devices, The indicators of correct (efficient) object operation are the
symptoms defined as deviations between the values resulting from measurement-.
for the actual state and corresponding values of the reference state. Definition o:

the symptom regards thermal and flow parameters such as: mass flow rate, pres-

sure. temperature, as well as technical and economic parameters such as specific
heat consumption. A lower value of the symptom from the measurement erroi
confirms the correctness of operation. The set of symptoms forms a signature :-1

12. 15]. In the case of meeting impairment of the signature elements by the mo-

nitoring procedures there is a necessity to diagnose the object with ihe followi"5
aim:

o indicate malfunctioning object components [8],

o determine the geometric degradation type and their size [8].

As a result of such diagnosis there can be obtained circumstances to select, ecc-

nomically justified, exploitation decisions about further operation, the overha;
or modernization,
The concept of degradation is the exploitation wear of equipment leading to tb
change of its geometrical parameters. Such changes result in impairment of r:rt
course of thermal processes. Increase of the clearance in sealings or profile defc,r-

mation in blade systems serve a§ examples of such degradation,
Analytical methods, considered as elements of the expert systems, based on l="
plementation of full or simplified mathematical models of power engineering c,r.
jects enable appropriate detection of their malfunctioning components [8], Dir-
advantage of these methods is the necessity of employment of time consunry
numerical models and a complicated interaction with the user. llom ąfilgr§Ń
other methods, being the object of interest by the expert systems, which e-uu-l
inate particularly the latter drawback, the artificial neural network (ANN) cn|
be indicated. ]

As a result of the research conducted so far, [7], it has been concluded ,4
ANN implementing the sigmoidal transfer functions are adequate for dete:m-{
nation of the size of geometric degradation of power engineering objects o" -.a{

basis of acquired signatures. They perform well in the case of single degradaticmrr{
however in the case of multiple degradations they poorly detect the degraded gn i
ometric parameters [11]. l
On the other hand ANN, with the hard-lim transfer functions and adequate ro{
chitecture of indication functions of malfunctioning components of thermat .i,-d
and detection of the types of geometric degradations, can serve sufficiently ir {
case of multiple i.e. single-, double, triple, quadruple and primarily quinr:gH
degradations [11]. Such networks possess also some ability for extrapolattl

I

l
l
il
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These can be used with reasonable results for the objectives described here.
The aim of the paper is to present the development of such idea based on

_nplementation of operation of the ANN with the hard-lim transfer functions
::r aiding the selected type of ANN with sigmoidal transfer functions. Such
: lmbination of two types of ANN leads to the development of a user-friendly
:-ethod of precise determination of the extent of geometric degradation of the
: ade system in power engineering turbine. According to [8] such a set of ANN
:,n be regarded as an element of precise method of artificial intelligence aiding
:'e computer expert system for the thermal and flow diagnostics. T}ained ANN
_=:icts the diagnostic relation and the process of data acquisition whereas train-
-; symbolises the development of diagnostic relation. Diagnostic relation is the
:.:endence between the symptoms and the causes for malfunctioning operation.
l:e object of presented research is the steam turbine cycle of 200 MW, where
i.::_ulated have been numerically exploitation geometry degradations. Possibility

_ _nplementation of ANN has been tested on the basis of such simulation, Some
; ,:: of the results of simulation calculations served for training of selected ANN
i,::leas the remaining part were used for testing of trained ANN. Obtained re-

_ :s bring forward the time for practical implementation of methods of artificial
.:.:;_ligence in thermal and flow diagnostics.

- Calculation model

Training of ANN requires supply of training data. Such data may come
.,l:.:liy from measurements on existing objects. However the fie]ds for measure-
:",ł-:s of the objects operationally degraded in the light of possible degradations
*:l .:l'erely limited and hence that restricts the accuracy and the area of applica-

: ,,: ANN developed on such basis. Of some help in extension of that lange can
- :":_rnerical simulations of degradation under condition of utilization in simula-
, -. cf an adequate (physically correct) numerical model of arbitrarily complex

: :=,. The author is a member of the research team, which possesses such a tool
.:= code DIAGAR [1, 5], which performs balance calculations of cycles basing

l:, _-J models, where he developed the methodology of verification of calcula-
:.= 

-i3]. 
Mutual relations between the results of simulated calculations of a

;:.::1 1n6dę] and the results on the real object are presented in Fig. 1. From the
ll,,.-" =:ratical point of view operation of such model is based on determination of
r, :,,- jent variables in the calculation method, in the considered case: mass flow
'L :lessures and cycle temperatures, on the basis of independent variables,

,II,ł :-:ric data and the cycle structure. The following set of parameters serves
r*i .: _=pendent variables:

. ::quired by the contractor (the cycle power),
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o independently preset by operators or resulting from the ambient conditions
(pressure and temperature of fresh steam, secondary steam temperature.
condensation and deareting pressure and finally mass flow rate of water
injections to boilers),

The results of investigations presented in the paper have been obtained using the

tool described above.

Figure 1. Reiations between the results of calculations of a tuned model of the object and tba
results of real measurements of the power unit,

3 Description of the diagnosed object

Analysed power engineering object, presented for instance in [9] and [1tti
consists of several devices connected in a different way. There are localised sery-

eral measurement points of thermal and flow properties, but despite that not a0
the component devices are fully measured.
In the present work the measurement locations regarding the cylinders of boŃ
the HP and IP of main turbine have been considered in diagnostic analysis. lr[*
surements of power, live steam flux, pressures in control stage chambrr
and regeneration bleedings and temperatures in regeneration bleedi
were regarded as feasible for taking thermal and flow properties measu
Their values depend on, in the first instance, the flows resulting from the
cle load and its structure, as well as structure of turbine, and subsequentl3,

operational degradation of devices.

4 Simulation calculations of geometric degradiation

The results of measurements, difficult to be obtained in practice, connect€d
unanimously with operational geometry degradation, have been replaced, for the

Object calculation
model
Moo

Object measurement

Dependent variables
zz
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Tab]e 1. Identification numbers for geometrical
within HP and IP casings.

parameters subject to operating degradation

Identifier Name of geometrical paia@
1 HP control valve nozzle boxieafińs;Idrance
2 HP external gland clearance
J HP stage group No. 1 §e;IĘ-Earance
4 .bIP stage group No. 1 blade system roughness
5 ttP stage group No. 1 profile trailing edges
6 HP stage group No. 2 sealing clearance
ż
I HP stage group No. 2 blade system roughness
8 HP stage group No. 2 profiIe trailing edges
9 IP control valve nozzle box sealin§-Ieararrce
10 IP external gland clearance
11 lP stage group No. 3 sealing clearance
L2 IP stage group No. 3 blade system roughness
13 Ę 9tage group No. 3 profile trailing edges
u IP stage group No. 4 sealing cleararrce
15 IP stage group No. 4 blade systóńToughrresŚ
16 IP stage group No. 4 profiIe trrinńg;ages
17 lP stage group No. 5 sealing clearance
18 IP stage group No. 5 blade system roughness
19 IP stage group No. 5 profiIe trailing edges
20 lP stage group No. 6 sealing clearance
2l IP stage group No. 6 blade svstem roughness
22 IP stage group No. 6 próńle trailirrg edge§

'ui: of Presentation of results, with the results of simulation calculations foT a§_

'' 
*=d values of such degradations. In simulation calculations considered have

**- :ntermediate degrees of degradation between the null values and maximum
,*:o.able (in the range 0+100% of maximum degradation) as well as different
, :::nations of single, double, triple, quadruple and quintuple degradations.'*:,i ::Jlbine cYcle for simulation calcu]ations of degradations has been numeri-
ru,*;- nodelled by means of a 1-D calculation method using the code DIAGR [1,, - ':ed to reliable measurement results of one from the existing units incorpo-
li;l,:: the 200 MW turbine. On the basis of design of that particular turbine
łru i : issible in exploitation maximum degradations of geometry systematically
lillul ,ł :een varied geometric parameters from the reference values down to fully
'rullrltr'l::d ones. A list of considered geometric parameters, subject to degradation
lnlir._r. has been presented in Tab. 1.
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Development of diagnostic relations - deter
tion of the size of geometric degradation

The principles of utilisation of simulation calculations for acquisition of
for diagnostic relations have been presented in Fig. 2. A set of data has
supplemented with respect to the calculation method flow-chart from Fig. 1

the degradation code, KTD, in order to obtain a better perceptibility of
KTD has been defined for example in [11] as a zero-one set of numbers,
bolizing the reasons for geometry degradation, where the order of
consistent with notation in Tab. ].. Assumed convention in the KTD code
1 - appearance of particular degradation cause; 0 - non-degraded geometńc
rameter.

Figure 2. Principles of implementation of simulation calculations in acquisition of
relations (description relates to Fig. 1).

At the simulation procedure the extent of degradation together with the
sulting KTD code are being assumed. On the other hand, in practical
mentation such KTDs are the results of performed, in the first instance,
ANN calculations with hard-lim transfer functions, in order to localise the
of geometric degradation [11]. In such a liray realised is, signalled earlier,
ple of implementation of two types of ANN in order to obtain a high
diagnosis. Combination of the cau§es of degradation used in ANN training
been symbolically presented in Tab. 2.

In Fig. 3 illustrated is a diagnostic relation as an inverse model of a

Signafure development from set of symptoms
s

object. Apparently, obtaining of analytical form of inverse model is very d
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]:,ble 2, SYmbolic interaction between the input data and selected output data for ANN train-
ing.

i E-ire 3. Inversion of the calculation mode] and development of diagnostic relations (description
relates to Figs. 1 and 2).

lnversed calculation model ofthe object
oMoo

for example
Artificial Neural Network ANN
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and at present capabilities almost impossible, however implementation of ANN
ieads to its replacement by the adequate and trained ANN. In Fig. 4 symboli-
cally presented is an artificial neural network with non-hard-lim transfer function.
s,hich can be regarded as an inverse calculation model of the object. The ANN
trained in such a way serves as a diagnostic relation.

ZN+AGoR+st+KTĄ

FTrt'"y* --l
finput layer l

Fnput I

lYl and tlresholds bl acquired in the
session in ordet to fit the training data of

and ouĘut

W2 and tkesholds b2 acquired in the
session in order to fit the tsining dat8 of

mdouęut

- total number of data sets ZN+AGOR+Sk+KTDI
l - number ofneurons in the hiddeir layer

- number ofneurons in the

Figure 4. Architecture of ANN with non-hard-lim transfer functions according to [3, 14]

6 Accuracy of diagnostic relations based on ANN
Earlier author's encounters with implementation of ANN, for example [&S

showed that at a large number of input and output data, which must be considerei
in thermal and flow diagnostics, the ANN with non-hard-lim transfer functiorr
has a tendency to average the output results. In order to refrain from that it ha
been decided to construct not one ANN determining the extent of degradatic":
of each of.22 geometric properties subject to degradation, but 22 ANNT, whe:*
each one detects the extent of degradation of one only output quantity of 21
Architecture of each individual ANN is developed based on architecture fro-
Fig. 4, with the only exception that only one output is used, which identifies tr,*
relative change of subsequent geometric parameter.
In Tab. 2 such subsequent changes are positioned by columns from the right hani
side of the table in such a way that each column serves as output data for trainir.5
The set of input data for training is formed by the signatures (symptoms) arc
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all corresponding KTD codes positioned on the ]eft hand side of Tab, 2.

=fectiveness of a system consisting of two kinds of neura] networks has been
,:tposed to verification based on investigations of accuracy of response of trained
;--:bsequent 22 ANN. Investigated has been the response to the patterns used in
::ainilg and not used in training. presented here patterns, which were not used
- training, stem from simulation calculations of degradation. The patterns not

,.:--ed in training regarded:

. Iange§ of 33% and 66% of maximum exploitation change of geometric pa-
rameters for assumption of single degradation,

o combination of range s of 25%o, 50% and 75To of. maximum change of exploita-
tion geometric parameters for assumed double and triple degradation,

Fxamples of the network response error to the assumed pattern have been pre-

=ented graphically in the simplified two-dimensional spaces in Fig. 5 and 6 for
:he patterns used in training and in Fig. 5 and 6 for the patterns not used in
::aining. The error of response symbolises graphicaily the distance between the
:attern and the network re§ponse.
_Ąn average value of that distance (error) is:

R9l.nozlsbox dąradation W. r9l.pow6r ch9ngo
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i:5ure 5. Illustration of the ANN response dis- Figure 6.
cerning the degradation range in the
nozzle box for the patterns used
in training in function of relative
change of power.
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I]lustration of the ANN response dis-
cerning the degra.dation range in the
nozzle box for the patterns used in
training in function of specific heat
consumption.

about 0.005 of a relative value of maximum degradation of geometric pa-
rameter in the case of patterns used in training,

of geometric parameter in the case of patterns not used in training.
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Illustration of the ANN respon§e dis- Figure 8.

cerning the degradation range in the
nozzle box for the patterns not-used
in training in function of relative
power change.

0.02 0.04 0.06 0.08
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Illustration of the ANN re§ponse
cerning the degradation range in
nozzle box for the patterns not-
in training in function of relative
cific heat consumption change.

Such recognition ofthe extent ofgeometric degradation is characterised by a
value of error. This lays out good perspectives for implementation of ANN as
of the components of methods of artificial intelligence in diagnostics of
and flow problems. It not only discerns degradations, but also determines
size, which can serve as basis for economical viability of the exploitation str
of power units. In such way the objectives of the expert systems can be fu
which ale very helpful to the operator, It ought to be noted that presented
Fig. 5-8 results regard a good recognition of the extent of degradation of
clearances of nozz|e boxes, where it is not possible to obtain measurements
the real turbine. The process of numerical simulation has also considered
a state. Implementation of ANN enables to recognise the size of degradation
non-metered devices of thermal cycles.

7 conclusions

Presented has been a method of implementation of ANN which can exist
an element of artificial intelligence in the expert system for aiding the
and flow diagnostics of power engineering units.
Postulated has been the mode of co-operation between two
with the hardJim transfer function and the other one, with
functions.

types of ANN,
sigmoidal

Operation of such networks has been verified based on simulation calcu
exploitation degradation using the adequate calculation model tuned to
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of one of the domestic power engineeTing units incorpolating turbine of 200 MW.
-ł good quality of recognition of the extent of degradation of the geometry of the
3ow system of steam turbine has been concluded, Fig. 5-8,
Postulated ANN are relatively easy to be coded in the computer system with a
rser-friendly interface.
A good recognition and a user-friendliness lays ground for implementation of such
sets of ANN in the expert system, as in the result of their operation there can be
conducted the process of automatic concluding.

R.eceived 10 May 2003
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