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RUDOLF SINDELAR

Czechoslovakia*

One of the Possible Alternatives in Indirect Operational Evaluation
of Stresses in a Turbine Rotor

The economical starting up and flexible changes in the load of thermal power blocks,
while maintaining their longs-term life expectancy unchanged, cannot be made without
some information about the stress level present in the most unfavourably stressed
parts of the technological equipment. The acquisition of such an information is preceded
by a number of activities which are presented in this paper together with two different
realized procedures and their incorporation into the electronic control system for SKODA

turbo-sets.

Tensomarg, Tensogard

The SKODA Corporation has at its disposal under the trade mark TENSOMARG
a device for indirect evaluation of the thermal component of turbine rotor stresses. Stress
level is indicated to the operator by means of conventional recording instruments or by
a special indicator.

The device combined with two so-called temperature limiting PI-controllers acting
on turbine control valves makes a new unit, which is known as the TENSOGARD and is
designed to automatically keep under control any attempt to exceed the allowable stress.
Its introduction was inspired by an attempt to get reliable data for verification of a hypothe-
tical rule about the long-term service life of SKODA turbines, as this very device can also
be applied even to the manually controlled turbo-sets. Its task is to restrict the work of
the operating personnel whenever the working conditions are changed to a mere pre-
-selection of the required opening of the turbine, the change itself being executed by the
TENSOGARD in an optimum way with respect to the properties of the turbine metal and
to the needs of the electric power network.

Fig. 1 presents the two devices and the way they are incorporated into the TELCON
control system, whose concept is based upon the conventionally adopted hydraulic control
system. The parameters of the system are, however, adjusted more precisely with the help
of a superimposed electronic PI-controller of the generated power with an input signal of

* SKODA, National Corporation, Turbine Works, Plzeti.
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Fig. 1. Unit-assembly arrangement of TELCON (Turbine ELectronic CONTROL)
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frequency deviation measured with a sensitivity of +5 mHz. The connection between the
electronic and hydraulic parts is provided by an electromechanical converter equipped
with a hydraulic output amplifier.

In a similar way the TENSOGARD is incorporated into the CONTURS, which as
an electro-hydraulic system does not require the conventionally hydraulic governor to be
used [1]. '

Critical point in a turbine
It was revealed by an analysis of stresses acting upon the individual turbine parts in

starting up that it is the high-pressure rotor and its inner gland (Fig. 2) that can be regarded
most frequently as the limiting parts in a turbine. In turbines with steam reheating, and
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Fig. 2. Sectional view of the high-pressure section of the 500 MW turbine. The probe in the inner gland body
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especially in back-pressure turbines for power and heating plants this may be sometimes
true for the intermediate-pressure rotor rather than for the high-pressure one. Nevertheless,
the high-pressure rotor exclusively is the limiting part as to the magnitude and rate of
changes in temperature of the through passing steam due to changes in load, and as to the
rate of heat transfer to the rotor. The heat transfer is effected there at comparatively the
highest Biot numbers Bi=ar/ and, moreover, at metal temperatures of more than 400°C,
on account of which the low-cycle fatigue of material is markedly decreased.

Fig. 3a. Variation of total stress oc:
n—rotor speed, Pp, 9p—pressure and temperature of sur-
rounding steam, «—heat transfer coefficient, oy-mechanical
component of stress, oy—temperature (thermal) component

of stress

The total stress o is practically formed only by a non-steady-state temperature compo-
nent ogy developed as a result of a change in temperature of the passing steam 9,,, since
in this particular case the mechanical component o, produced by the centrifugal force
and outside overpressure is comparatively small (Fig. 3a).

Evaluation of the temperature component of the stress

Direct measurements of the temperature field on operating rotor have not been reliably
mastered yet. The methods employed until now have rather a laboratory character. This
is why an indirect method using approximating simulators is still in general use. A thermo-
-physical simulator in the form of an inserted, specially adapted probe is known [5]. It is
also possible to employ for the same purpose even a mathematical analog model. In
both cases it is, however, necessary to know first the dynamic behaviour of the rotor part
in question.

Dynamic behaviour of the rotor

Dynamic behaviour of the rotor is understood as the knowledge of the functional rela-
tionship between the temperature component of stress oy of the rotor surface fibre, the
temperature of the surrounding steam 9, and the heat transfer coefficient «;. To control
the stress it is necessary to know, apart from that, also the influence of disturbance variables.
With the high-pressure rotor these variables are the temperature and the pressure of the
live steam (8¢p, Prp) and the turbine opening (p,) (Fig. 3b).

The formulation of the relationship

63=f(3p> Prp, P2)

represents the following activities:



One of the Possible Alternatives in Indirect Operational...

741

()

Fig. 3b. Block-type representation of variation of the temperature component of stress

— investigation of the nonstationary rotor temperature field 3(r, 1) (as a consequence

of solving the Fourier’s equation),

— transformation of the temperature field into the stress field (as a consequence of

solving the Euler’s distortion equation),
— investigation of relationships

3p=Ffs(S¢p> Prp- p2)»

a=f,(3p> Prp> P2)

for the region of starting up and for load changes (a static characteristic of a turbine or
taking account of thermal capacities between the turbine valves and the rotor),
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Fig. 4. Unit function response 63/9p

Fig. 5. Steady-state characteristic:
8; — surface temperature of probe, 3, —mean integral tempera-
ture of probe, p,—turbine opening (oil pressure), N—elec-
trical output of turbo-set, P,;,— pressure in reheater
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— experimental verification (identification).

‘With respect to the future processing of the data obtained by way of experimenta-
tion and in view of the need for a dynamic correction of the simulator, it is advantageous
to form the obtained results to linear transfer functions (linear model) with a possibility
to adapt them, if required, according to the conditions of operation of the turbine. In this
respect the procedure consisting in a detailed calculation of transient characteristics (unit
function responses) on a digital computer and in approximating them by means of the trans-
fer functions of the Laplace’s operator, which guarantees the necessary more general
knowledge of the dynamic behaviour, has proved satisfactory.
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The so investigated unit function response of the high-pressure rotor of a 135 MW re-
heat turbine for power and heating plants [4] is suited for a region close to the rated
outputs shown in Fig. 4. An approximation better than 1% has been reached by using
a transfer function in the form of

0'.9(1’)_ : -
D Fup= Y, (- e

Static characteristics of a turbine obtained experimentally and evaluated by a regression
analysis at nominal parameters of the live steam are shown in Fig. 5. It is evident from them
that the temperature of steam in the gland depends rather strongly on the turbine opening.

The benefit of knowing the transfer function Fg(p) [2] is demonstrated on the derived
amplitude-phase frequency characteristic shown in Fig. 6. It is clear therefrom that the
amplitude of temperature of the surrounding steam 9, is minimum damped at a period
of about 2.3 min.

Rotor simulator
Up to now either a thermophysical simulator, or an electrical simulator were used

with SKODA turbines. The main purpose was to reach the best possible agreement between
the rotor and the simulator. That was more difficult to reach in the first case.
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Thermophysical simulator

This type of a simulator, in the form of a cylindrical body (a probe) inserted radially
into the space of the inner gland body (Fig. 2), was employed for a total of 6 machines.
The probe itself is provided on its face with an annular labyrinth with a central steam supply
and a radial outlet of steam withdrawn from the gland in the critical point of the rotor.
The labyrinth serves to simulate the heat transfer coefficient for the inner gland under
various working conditions. Conclusions in respect of the stresses acting upon the surface
rotor fibre are drawn according to the measured difference in surface temperature 9
and mean temperature of the probe 9,,, measured by means of fixed built-in and opposite
interconnected shell-type thermo-couples.
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Fig. 7. Steady-state difference in temperatures Lilig2
on probe 49q:
indices: HP —high-pressure, IP—intermediate-pressure q

The probe was dimensioned in accordance with results of calculation and according
to the basic assumptions verified by means of an experiment. Unfortunately the first trials
with the probe on a standard machine showed rather a large discrepancy in the dynamic
behaviour. Neither the steady state of the probe has confirmed the assumption of a negli-
gible radial heat flow as it should be to correspond to the rotor. The measured non-zero
steady-state temperature difference was not constant at the varying output, and with the
high-pressure rotor it even changed its polarity (Fig. 7). It depended on the position of the
probe relative to the hottest point of the body and on the perfectness of insulation. A certain
portion of the discrepancy accounted to the inaccuracy of the thermo-couple, as the manu-
facturer allows an error of +3°C at a temperature of 400°C. The probe required not only
a dynamic, but also a statistical correction. Any change of the probe design was too labo-
rious and time consuming under the given circumstances, and therefore the correction was
made first to the electric signal proportional to the difference in temperatures 49=38;—3,,.
For that purpose a reliable measurement was done with the help of a SOLARTRON data
logger, with the output onto a punch tape which was then processed on a digital computer.
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Responses of significant quantities to special testing signals (step turbine opening, linear
steam temperature rise) were measured. They served then as a basis for computation
of dynamic transfer functions and investigation of correction transfer for high- and inter-
mediate-pressure turbine rotors relating to them. There were Teviewed various shapes of
correction transfers. It can be stated from experience with them that the correction placed
into the difference signal results in a complex shape of the correction transfer. (In this
respect it is more advantageous to measure the absolute temperatures 9; and 9,,). Finally,
a compromise was chosen in resorting to a more simple type of the correction transfer:
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Fig. 8. Response to generated temperature rise rate of live steam
3 —temperature of steam or high-pressure probe, M — steam quantity, P—steam pressure, p,— turbine opening. Indices: FD— live
steam, ZUD—reheated steam, B—fuel, SOLL — preset value, RR— space of control stage, K— *’behind boiler”, T— *’before turbine’

A difficult task is to verify the response of the simulator to a linear temperature rise
of the passing steam, for reaching a quasisteady state on the turbine requires effecting
a linear rise of the preset temperature of the live steam for a duration of 60 to 80 minutes.
Owing to the availability of a drum boiler fired with crude oil several trials were carried
out during which the linear rise of temperature of the live as well as reheated steam was
generated at a fixed opening of the turbine. The variation of significant quantities in one
of the trials is shown in Fig. 8. Under the given assumptions it was possible, when chosing
a lower generated rate of temperature rise (below 1°C/min), to attain the quasisteady state
on the turbine. Strictly spoken, to reach such a state on the probe was in principle impossible
due to the non-zero steady-state difference in temperatures 49,=39;,—39,,,. Therefore,
its automatic compensation was proposed and brought to effect, roughly in dependence
on the electric output of the turbo-set, and finely by using a hybrid method consisting in
establishing a symmetric zone +1.5°C wide. A comparatively slow control circuit is acti-
vated in this zone, and designed so as to equalize the remaining steady-state difference to
zero. Outside of the zone the work of the circuit is interlocked.
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In this way the adjustment of the probe, without its dismantling, to a state suited for
operation was finally accomplished. If no regard is taken of the number of amplifiers
needed for realization of the correction, the dynamic correction of the probe can be carried
out with a great accuracy. What, however, still remains to be settled is to get true data about
the behaviour of the probe in operation. It also turned out that transferring of the results
obtained for one turbo-set into a similar one is questionable. By way of measurements
it was even revealed that the behaviour of congruent probes is qualitatively different with
the same types of turbines. The causes thereof have not been explained in any satisfactory
manner as yet.

Besides, in consequence of the constant position of the thermocouple measuring tempe-
rature 9,, an error in the stress value of as much as 309 occurs at quick changes. In the
author’s opinion; backed by the experience, application of the probe is not a good solution.

Electric simulator

The experience gained with the preceding type of simulator made it possible to formula-
te the requirements for a new method of indirect evaluation of rotor stresses in the future:

— simplicity and satisfactory accuracy under both slow and quick changes in thermal
conditions,

— possibility to verify the work without any expensive tests,

~ — easy tuning,

— accuracy of results, reproducibility,

— reliability of the equipment,

— easiness of location and failure removal.

In principle, the above requirements are best met by a mathematical analog model
materialized with the aid of active electrical elements (Fig. 9). The measured temperature
of steam in the turbine acts here as an input signal. The evaluating part is formed by two
parallel-connected single-capacity members, their output signals forming, after subtraction,
a signal proportional to the temperature component of stress agy of the rotor surface

ADAPTIVE ELEMENT

Fig. 5, Blockiagram of 20 £ Sy
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fibre. The output signal of the member with a prolonged time constant stands for the mean
metal temperature.

The dynamic behaviour of the simulator is determined by two time constants 75, 7,
and the amplification V. It should conform with the following conditions for consonance
of the rotor and simulator:;

a) coordinate of the extreme (peak) of the unit function response o'g/9p,

b) response to the linear steam temperature rise: 9,=d%p/dt (S~ —0g,~43,).

The same position of the peaks gives evidence of a good agreement under quick changes
in temperature of the passing steam (sudden changes in load) and the same quasisteady
state indicates a harmony under slow changes (in starting up). The following procedure
proved satisfactory: from the unit function response 49/9, computed, investigated and
verified by an experiment the coordinates of extreme A9y, ¢ are to be determined. In the
same way the quasisteady state is obtained, makmg it possible to put stress oy, (in terms
of temperature 49,) to the temperature rise rate 9p. The above described three parameters
are then determined from the following equations:

T,T, T,
5= et

Loby 00y

Ig Ig

Ad—Telexpl— — 4 expl — = |1,
e
438,
—.—Z(Tz‘T1)V-
9p

The relationships stem from an analytical expression of the transient characteristic and
the quasisteady state of the evaluating circuit of the simulator as shown in Fig. 9 (concerned
is a derivative transfer function with two delayed-action capacities).

The comparison between the required unit function response and that materialized
by the simulator is shown for a high-pressure rotor in Fig. 10.

The dependence on the change in the heat transfer coefficient, if necessary at all to be
taken into account, is included by adaptation of all the three parameters according to some
of the characteristic independent quantities. In such a case the simulator is of hybrid con-
struction.

An electrical simulator of two-channel construction was installed this year, without
any adaptation of its parameters, in a 112 MW turbo-set for Hanasaari Power and Heating
Plant, Finland. The steam temperature is measured by means of a double thermocouple
placed for the high-pressure rotor in the space of the control stage, and for the low-pressure
rotor in the inlet portion of the low-pressure section. The experience gained so far with it
confirms the correctness of the majority of the principles reviewed. The evaluating circuit
was adjusted separately from the turbine by means of simulated testing signals at the input
of the simulator. Due account was also taken of the proper relation between the steam
temperature as measured and the actual temperature in the gland. After connecting to the
turbine the verification was restricted merely to covering the step change in opening of the
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Fig. 10. Degree of approximation of the unit function response of a high-pressure rotor and a simulator

control valves. The assumption of elimination of great errors has been confirmed. Even
additional adjustment was unnecessary.

Up to now two ways of getting an input signal have been investigated. The first way is
using a probe, but adopted exclusively as a means for inserting a thermocouple into the
steam withdrawn from the inner gland, and the second way is measurement of the steam
temperature on the gland periphery by means of interconnected thermocouples. The aim
of averaging the data obtained is to keep down the peripheral asymmetry due to the
nozzle control. All the temperatures are measured by means of double shell-type thermo-
couples. Any damage done to some of the thermocouples is signalled.

Conclusion

A change in favour of an electrical simulator seems to be justified. The experience gained
so far with it is promising for the future. The device is simple and sufficiently accurate
at the same time for both slow and quick changes. The setting is convenient and is done
independently of the turbine. Problems relating to the compensation of the non-zero heat
flow in the steady-state do not exist. Abandoned also can be the complicated check tests.
The results are transferable to a congruent type of turbine without running any risk of
great errors. The electrical simulator can also be installed as an additional device. It does
not require making any great adaptations to the turbine. It can be conveniently incorpo-
rated into the digital computer without any additional effort of the project designer.
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Jedna z mozliwych alternatyw posredniej oceny naprezen w wirniku turbiny
Streszczenie

Ekonomiczny rozruch i elastyczno$é zmian obciazenia turbiny bez wplywania na jej zywotno$é
trudno zrealizowaé nie posiadajac informacji o poziomie naprezen w najbardziej narazonym elemencie.
W turbinach Skody najwieksze naprezenia wystepuja w przekroju wirnika w poblizu wewnetrznej dtaw-
nicy. Tutaj skfadowa naprezen wywotana rozkladem temperatur w przekroju wirnika jest znacznie
wigksza od skladowej wywotanej dziataniem sity odsrodkowej. Koniecznosé wyznaczenia wirujacego
pola temperatur w warunkach roboczych lub tez oceny wartosci termicznej sktadowej naprezen zmusza
projektanta do zastosowania oceny posredniej. Opiera si¢ ona na symulowaniu warunkéw cieplnych
w wirniku za pomoca wprowadzonego lub dotaczonego réwnolegle modelu fizycznego lub metody
analogowej. Ta ostatnia metoda wydaje sie w chwili obecnej korzystniejsza. Jedna z najbardziej godnych
uwagi korzysci, jakie daje metoda analogowa, jest mozliwo$¢ niezawodnego ustalania statych lub cha-
rakterystyk pozadanych przez dostawce turbiny przed oddaniem jej do uzytku. Podstawowym warun-
kiem mozliwosci stosowania metody posredniej jest znajomo$¢é zmiennego w czasie pola temperatur
w warunkach roboczych. Najbardziej uzyteczne sa tu charakterystyki dynamiczne wyznaczane teoretycz-
nie lub doswiadczalnie. Wykorzystujac takie dynamiczne charakterystyki przejScia mozna dokonaé
syntezy modelu oraz jego sprawdzenia i ewentualnej korekcji. Weryfikacje odpowiedzi przejsciowych
przeprowadza si¢ bezposrednio na turbinie.

Niepowodzenia w stosowaniu specjalnych sond doprowadzity nas do skonstruowania prostego,
ale wystarczajaco uzytecznego modelu analogowego pracujgcego z jednym tylko sygnalem wejsciowym.
Sygnalem tym jest zmierzona temperatura przeplywajacej pary wodnej; moze to byé rowniez tempera-
tura stagnacji pary lub, nawet w przypadku kraficowym, temperatura na powierzchni kierownicy w stop-
niu regulacyjnym.

Opisana wyzej metoda pozwala na przejscie od modelu analogowego do obliczer numerycznych
za pomoca komputera bez dalszego angazowania projektanta turbiny.

Onna B3 BO3MOKHBIX adbTepHATHB NOCpe/ICTBEHHOH OHEeHKH
HaNPSKeHHil B TypOUHHOM poTOpe

Pe3rome
OKOHOMUYECKHH HyCK W BIACTHYHOCTD M3MCHEHMI HArpy3ku TypOWHBI, 6€3 BIMSHHUS HA €€ XKHUBY-

HECTh, TPYIHO OCYIECTBUTE HE pacrosiaras nHQOpMaImell 06 ypoBHE HANPSKEHN B Haubomee Harpy>KeH-
HOM snemenTe. B Typbunax ¢upmer ITKOIA cavble 60mbime HaNpsKEHNS UMEIOT MECTO B MOMEPEYHOM
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CE4eHUHM POTOpPa BOJU3U BHYTPEHHErO YIUIOTHEHMs. 30€Ch TEMIEPATypHAsS COCTABIISIONIAs HANPSKEHMN,
BBI3BAHHAS PACHPENECIICHUEM TEMIEPATYP B IMOIEPEYHOM CEYEHUHM POTOpPA, TOpa3mo OObIIe COCTABIIsA-
FOIICH, BBI3BAHHOM LEHTPOOEKHOM cuinoif. Heo6X0OuMOCTh ONpenesieHrs BPAAONIErocst TEMIEPATY P~
HOTO ITOJISI B OKCIIIyATAIIMOHHBIX YCIIOBHSIX MJIM OLICHKHM 3HAYCHHsI TEPMHYECKON COCTABIIAFOIIEH HAMpPS-
JKEHWI, 3aCTABIAET MPOEKTAHTA IIPUMEHSATH TIOCPEACTBEHHYIO OueHKy. OHA OCHOBBIBAETCS HA CHMYJIH-
POBAHMK TEPMUHUECKHX YCIOBHH B POTOPE NPW MOMOIIA BBEACHHOM MM MAPAILICIBHO MPUCOSTHHEHHOM
du3uuecKoii MOJENN, MM XK€ AHAJIOTOBBIM METOJOM. DTOT IMOCIEHHUN METOZ KaKeTcs Temeps Oosiee
nose3ubM. OnHOM W3 HanboJiee EHHbBIX MOJb3, KOTOPHIC MPUHOCUT aHAJIOTOBBIA METOM, ABJISCTCS BO3-
MOYHOCTH TOYHOTO OIPEAETICHUSI MMOCTOSTHHBIX WM XK€ XapaKTEPHUCTHK, B KOTOPBIX OCOOCHHO HYXIACTCS
TIOCTABIIUK TYPOUHBI IIEPET Coaueii ee B IKCIUIyaTalnio. OCHOBHBIM YCIIOBHEM BO3MOKHOCTH TTPUMEHEHS
TIOCPEACTBEHHOTO METOA SIBJISETCS 3HAHWE ITEPEMEHHOTO BO BPEMEHW TEMIIEPATYPHOI'O ITOJISI B 3KCILILY-
aTaMOHHBIX yciaoBusax. Hawbosiee MpUTOMHBIMHA SIBIISIFOTCS 3/1€Ch OTUHAMHYECKHAE XapPAKTEPUCTHUKH, OIIPE-
ZIelisieMble TEOPETHYECKH VT SKCIIEPUMEHTATIBHO. VICTIONIB3ysi Takue NIepEeXOIHbIC AWHAMAYECKIE XapaKTe-
PHUCTHKA MOXHO IIPOM3BECTH CHHTE3 MOZENH, €€ MPOBEPKY U BOZMOXKHYIO Koppemsuuio. ITporepka mepe-
XOJIHBIX OTBETOB IPOBOAMTCS HEMOCPEANCTBEHHO HA TypOHWHE.

Heynaun B mpuMEHEHHMYV CHEUMAIBHBIX 30HAOB TPUBEIM K Pa3paboTke KOHCTPYKIHH IIPOCTOM, HO
B IOCTATOYHOM CTENEHU ITOJE3HOU, AHATOTOBOM MOIEIH, KOTOPAS, B MPOTUBOIIOJIOKHOCTE OOIIEIPUHATOR
MPAaKTHKE, PAOOTAET TOIBKO C OJHUM BXOAHBIM CHTHAJIOM. DTUM CHTHAJIOM SIBIISIETCS] 3aMepsieMasi TeM-
mepaTypa IpPOTEKAIOIEr0 BOASHOTO Iapa, HO MOXET HHM OBbITh TakkKe TeMIepaTypa 3aTOPMOXKEHHOTO
mapa WM ke, B KpaliHeM ciydae, TeMnepaTypa Ha NOBEPXHOCTH HATIPABISIONIETO aAlapaTa PeryIupyeMoit
CTYIICHH.

Bpimren3nokeHHpli METOL MO3BOJISIET MEPEXOAUTL OT AHAJIOTOBOW MOZENX A0 IUMPOBBIX PACUETOB
Ha OBM 0e3 [anbHEUIIEro aHTaXXKMPOBAHUS MPOEKTAHTA TYPOHHE.



