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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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GERARD KOSMAN*, KR,ZYSZTOF NAWRAT and WOJCIECH KOSMAN

Operation decision support regarding components of
steam turbines wear in steady state

Silesian Univetsity ot Technologl Institute of Power Engineering and Tutbo-
ma,chinety, ul. Konatskiego 18, 44-100 Gkwice, Po]and

Abstract
This paper discusses chosen operation and diagnostic problems with steam turbines in steady

states. 
-Wear 

rate monitoring is the main goal. The material creep affects components wear under
heat load in steady state. The paper presents the methodology of comprehensive diagnostic
information development, which suppońs operation, repair and modernization decisions. An
example is shown of such a support based on operation decision making in order to decrease its
components wear rate.

Ke;rwords: Stea,m turbine; Creep; Operation; Component wear

Introduction

Applying diagnostic investigations is essential to optimal operation of steam
turbines. These investigations may be either periodical or a permanent on-line
monitoring. The results of the investigations should create a basis of any opera-
tion, repair or modernization decision. It depends on thermai measurement data
processing methods whether the measurements results are in fact useful [1-6].

Data processing means supplying comprehensive and well-ordered diagnostic
information. In the scope of turbine components durability this final diagnostic
information includes:

. components technical state conclusions,
* Corresponding author. E-mail address: kosman@polsl.gliwce.pl
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o further opelation time evaluation,

o guidelines for eliminating defects in turbines operation.

The measulement diagnostic investigations results should be completed witL,
theoretical analysis and multi-optional numerical simulations. These supplies
additional information regarding for example the influence of future operating
conditions on the components wear rate. It is also possible to evaluate the future
effects of present decisions.

Respecting the notes described above, there are procedures, their applications
and numerical modeling results presented in this paper, which support operating
decisions. They regard turbine components weaT in steady operation states. The
rr-ear of components operating under these conditions and under high temperature
ler-els is affected by material cTeep.

2 The aim and scope of investigations

Operation decisions suggest modernizations of turbines operating conditions.
\erv, adjusted operating conditions must satisfy the machine user demands.

Generally, each alteration of operating conditions alters the components wear
rate, The components remaining time of operation changes. As a consequenc€
the remaining time of operation of the whole unit also changes.

The of remaining time operation of chosen turbine components is analyzed
here. It is assumed that the unit operating conditions until present are knorrrn
(its operating history), Main components (rotor, casing, valves) construction
data are also known. The detailed investigation includes modeling of the oper-
ating conditions influence on the components remaining time of operation. The
procedures are developed, which allow multi-optional simulation of various pa-
rameters influence on remaining time of operation. Several detailed problems are
analyzed, such as:

l remaining time of operation prediction,

o remaining time of operation veriflcation with regard to increased number
of turbine start-ups,

o designed temperature excess influence on components remaining time oi
operation,

. steam temperature oscillations influence on components remaining time of
operation,

. assessment of turbine components creep wear rate decrease caused by stearr
remperature lowering.
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The modeling results compiete the thermal measurements and diagnostic
investigations results. The developed procedures are a part of comprehensive
oPerating and repair decision support system based on diagnostic investigations.
This system, its assrrmptions and sample applications are described in [a]. The
operation decision support system main input data are:

(a) turbine components technical state,

(b) turbine operating history including for example:

o operation characteristics, which is the frequency of start-ups as well
as the frequency of power alteration;

o steam parameters oscillations (temperature, pressure)
o all other operating conditions that might increase the wear rate.

(c) the expected time of further operation,

(d) further operation characteristics (described as in b.).

The main information used when deciding about turbine operation is its ac-
tual technica1 state and derived remaining time of operation. The assessment of
components durability is a superior task. For example, it is useless to start a
modernization that would increase unit effectiveness without prior determination
of safety arrd possible time of further operation for its main components.

3 Assumptions regarding the initial state assessment
in the scope of turbines durability
The main parameter describing steady state operation until present is the
hitherto time of operation (ćd). If there are several levels of temperature in
the steady state, then

where: ta; - hitherto time of operation at Ti temperature level,

usually livesteam temperature time dependence is not known for the whole
time of operation until present. It renders difficulty to divide the ta period
into t6 sub-periods.

With respect to the above, it is assumed that the component, which op-
erated under constant temperature equal to the design temperature (Ta:

(1)tr:it*,
ź:1



238 G. Kosman, K. Nawart and W. Kosmarr

Ą) during whole ća period and for such a condition the creep wear Zl is
determined as:

zr: P, Q)
LBo

where: o' - maximal stress determined respecting material creep, f66 -
maximal operation period duration under stress o" and temperature ?6
determined on the basis of creep characteristic

t3 : J(T,o").

o The main parameter describing turbine conditions during start-ups until
present is the hitherto number of start-ups (lra). It is essential to divide
the start-ups with respect to their initial states:

- cold (c) - Nd,,.

- warm (*) - Na,.

- hot (h) - Na,g

o An equivalent maximal stress o*o, and equivalent stress amplitude Ao of
the whole load alteration cycle are determined for each of the start-ups
gToups. The load alteration cycle includes:

- start-up and power alteration,

- steady operation at design or partial load,

- turbine shut-off and self or forced cooling.

o A special attention should be paid to occurrences, which significantly affect
components wear degree. These wouid be extraordinary operating states
arrd faults,

o An equivalent maximal stress orno, artd an equivalent stress amplitude Ao
might be determined with use of the methodology, which is described in

[5,6], As for this paper it is assumed that the results of such an arralysis
are known.

o Hitherto material fatigue wear equals:

'i: C,U)rh,

where: qu))h - cold, warm or hot unit start-up, /y'a - number of cycles
until flrst cracks are observed; taken from material fatigue characteristic:

(3)

ZN:r# (4)

NA: l@o). (5)
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o Total hitherto (actual, initial) component wear zg is the sum of creep and
fatigue wear:

Z^_td *\-Ndn ;_^^,.LZo: ń* +ń, 
,i: c"ll,h, (6)

4 Prediction of turbine remaining time of operation
4.L Remaining time of operation under arbitrary conditions

on the basis of linear cumulative damage theory, total component wear z"
may be described as a sum of actual (hitherto) wear degree zg and remaining
(prospective) wear degree Zo

Z.: Zo+ Zp: Zo* Zlłp* Ztp,,

where: Zą - remńning (prospective) creep wear

Z*: ?,LB

ZNp - remaining (prospective) fatigue wear

(7)

z,, _ \- ĘłZN : 
+ń, 

ź: c,,ll,h, (9)

ćo - remaining time of operation, N,pł (i : clwlh) - remaining number of start-
ups from cold, warm and hot initial state.

Remaining time of component operation t, may be determined from the term:

Z": Zg, (10)

where: Z, - fatiglle limit Term (10) for Zn : 1 and with respect to (7) - (9)
yields:

(8)

(11)

from which derives:

(I2)

The equation above shows that the remaining time of component operation (ćo)
dePends on the actual wear degree Zg and on future operating conditions of a
steady (stress o" and temperature ?) and unsteady state (amplitude Ao, remain-
ing number of load alteration and remaining number of start-ups from various
initial thermal states Ą,;).
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4.2 Remaining time of operation under unmodified conditions

If the operating conditions are to remain the same as until present, then
following assumptions are true:

o stress o" and temperature T remain unchanged

ń: oż: o",

Tp:Td,:To,

the frequency of turbine start-ups remains unmodified.
maining start-ups per unit of time Np does not change.

&s:

The nrrmber of
It may be

N, : Nol-
, 'i: cr'urh.

ta

Substituting (13) and (1a) into (12) yields:

I-Za ź: Cr'Urh,tpo: l,§-Na;'
tBo -r + ĘŃAź

l

where:

t,o : tp(Tg), tBo : ta(To).

In order to simplify further analysis input data is assumed to be as follows:

- hitherto operation time ća

- hitherto wear degree Z9

Using these two pararneters it is possible to eliminate the hitherto nrrmber
start-ups (from various initiat states) .ly'4; from Eq. (15). Deriving from (6):

Nat tą

l,r, 
: oo- 

tm

FInal equation describing the remaining time of operation under unmodified
ditions yields:

tro: tal4,
Zg

D
i
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Remaining time of operation verification against in-
creased turbine start-up frequency

Load alteration is characteristic for power systems. This requires adjustment
of the produced power to the actual poweT demands. Also, the electrical powel
demand has signiflcantly decreased,

All these cause that some of the power units are put in the stand-by state,
while others operate at lower loads or operate discontinuously with frequent shut-
offs and start-ups. Generally this increases the number of start-ups and decreases
the number of turbine operating hours.

Assuming that future start-ups proportions would be the same as until present
it may be written that:

ż: C,Urh. (19)

The coefficient a," determines the turbine start-ups frequency increase and
then component operation period under temperature T1 (various from ?6) equals:

Lp7 :
I- Zo

(20)
1,

tB| -r

where:

tet : t, (T1) , tBI : tB (T) . {21)

Remaining time of operation dependence on coefficient a. as well as on tempera-
ture T1 is presented in Figs. 1a, 1b. Two components were chosen of wear degree
Zo _ 48 %a and 60 % (Fig. 1a).

A special case is emphasized in Fig. 1. This is when start-up frequency
remains unchanged (a, : l). Under these conditions the remaining time of op-
eration yields:

No;. Nal
tp ta'

t (r,- *)'

. l-Zo
'pL- 1 1 , Zn'

tBl-tBo-Ę
(22)

Increasing the number of start-ups (ar>I) shortens the remaining time of oper-
ation. For example with a, : 1 and ar:1.5 it is respectively:

for Zg:48%0
for Zg:60Yo

tpt:771,500 and 140500 hours
ćpr : 105500 and 82700 hours
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Figure 1, B,emaining time of operation dependency on: coefficient or and wear degree (a), co-

efficient o. arrd temperature (b).

6 Dependence between remaining time of operation
the design temperature excess

Analysis prior to this paper assumed that component temperature is con-

stant under steady operation conditions. However livesteam temperature is not
constant and neither is the temperature of the steam flowing around turbine com-
ponents. Therefore component material temperature also changes.

Assuming that there is a component temperature increase (in relevance to
design temperature T6) during time period ź1, a Question arises: how does the
design temperature excess a,ffect the decrease of component creep durability?

Tiir,.- i l-]

t1 te

Figure 2. Component temperature time dependency.

If design temperature excess occurs then creep wear is defined as (notation ac-
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cording to Fig. 2):

Zrr:'ĘI + Ł. (23)LBo LB7

Substituting (23) in (7) and (10) for Zg :1it is:

zo+Y.P* ++9:r Q4)' ? N,ąl tąo tu

and the remaining time of operation regarding design temperature excess yields:

/ N,ł tr\tp: tt + tao (t - Zg -Ęń- *) , ź: c,lD,h, (25)

which might be transformed into

tp:tt+ł,o (l - Ł) , (26)

where: ćpo and ćpr - remaining times of component operation respectively under
temperatures 7g and fi deflned by the Eq. (12)

If the future start-up number is proportional to the this number until present
(t9), then Eqs. (27) and (28) may be substituted with

too:tBo(r-r, 
ł#) , ,i:c"u,h,

t,pt: tBt ('- ', ł #) , ,i: c,,lD,h.

. I- Zo
t.p0:1-Ę-, a,"Zol

t,Bo - td

- l-Zo
"PL- 1 +t.(r,- h)

(27)

(29)

(28)

(30)

and

Remaining times of operation ćpo and t,6 for hitherto conditions may be calculated
using Eq. (18) arrd (22).

A sample remaińng time of operation dependency on excess temperature T1

and excess period duration t1 is shown in Fig. 3.
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1?2

t [{0l hl
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Frgure 3, Remaining time of operation dependency on exce§s temperature arrd period

7 Dependence of remaining time of operation on
temperature oscillations

Let us a,s§rrme that the livestearn temperature. charrge causes tem
changes of components, which may be approximated as shown in Fig. 4.
periods ti are related to respective temperatures Ę.

ll llT

ą

ll Ti ll

l#rF-,Fl-

to:tp- Iro.
ź:t

ll i'"i i

llllł -ill l |]l l*_l__-._|____,
t1 t2 t3 ll ti ll t tt

Figure 4. Component temperature time dependence approximation.

Descńbing the remaining time of operation as a sum of operation under each
the temperature levels it may be written that:

ą

tp : to +it, hence
i:1
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Creep weal with notation according to Fig. 4 equals:

ton'Zb: 
^+Dht:L

Substituting (32) in (7) and (10) for Zg : I it is:

ZO+ĘW- *-Ź*:r, j : c,w,h.

(32)

(33)

Repeating the calculation sequence from the previous section the remaining time
of operation with regard to steam temperature oscillations may be written as:

to:t,po (,-rŁ)*Źr,, (34)

where: ćpo and ćp - remaining times of component operation respectively under
temperatures 76 and Ę deflned according to conditions at turbine start-up by
the equations:

o arbitrary start-up number increase - Eqs. (27) and (2S),

o proportional start-up number increase - Eqs. (29) and (30),

o hitherto operating conditions - trqr. (18) and (22).

In the Eqs. (22), (28) and (30) the term ćpr should be substituted with tpr and
tH with tgi.

8 Sample modeling results

As an example, a remaining time of operation dependency on design temper-
ature excess as shown in Fig. 5 is analyzed. It is an extension of the example
presented in section 6 (Fig. 2 and 3). It is now assumed that the period ć2 of
lower temperature level Ę compensates for the period ć1 of design temperature
?6 excess up to temperature Ę.

The temperature T2 and duration t2 are both adjusted in order to maintain
an average temperature equal to design temperature ?6 throughout the remaining
time of operation. The results of modeling are shown in Fig. 6.

It is interesting to compare (Fig. 7) the remaining times of operation shown
in F'igs. 3 and 5. In the case of the first one (Fig. 3) there is only the design
temperature excess. In the second case (Fig. 5) the Ę temperature period com-
pensates for the Ą temperature excess in order to maintain average temperature
equal to the design temperature ?6, The decrease in remaining time of operation
is significantly iower but it should not be omitted.
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T, ii

t, L\t
Figure 5. Component temperature time dependence.
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t lr0! hl
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Figure 6, Decrease of remaining time of operation caused by temperature oscillations shown in
Fig. 5.
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Figure 7. Comparison of remaining operation time decreases.
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9 conclusions

Presented procedures are a part of comprehensive operating and repair de-
cision support system in the scope of turbine durability, which was developed
at the Institute of Power Engineering and T\rrbomachinery. System application
is presented as a set of diagnostic guidelines. These guidelines are the basis for
numerical decision support procedures [a]. The general form of the guidelines
yields:

IF - circumstance - THEN - conclusion

The "circumstance" is a collection of various conditions created from the input
data, The operation decision support system main input data are: turbine com-
ponents technical state, turbine operating history, the expected time of further
operation and further operation characteristics.

This system was appiied to determine the optimal steam turbines repair cycle.
The latest application of the system involves assessment of turbine components
creep wear rate decrease caused by steam temperature lowering.

Received 15 April 2003
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