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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards
bodies (ISO member bodies). The work of preparing International Standards is normally carried out
through ISO technical committees. Each member body interested in a subject for which a technical
committee has been established has the right to be represented on that committee. International
organizations, governmental and non-governmental, in liaison with ISO, also take part in the work.
ISO collaborates closely with the International Electrotechnical Commission (IEC) on all matters of
electrotechnical standardization.
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Introduction

During the 1970s, a number of major incidents occurred in power plants that were deemed to be caused

by or that were attributed to torsional vibration. In those incidents, generator rotors and s
long turbine blades of the low-pressure (LP) rotors were damaged. In general, they were du

ome of the
e to modes

of the coupled shaft and blade system that were resonant with the grid excitation frequencies. Detailed
investigations were carried out and it became apparent that the mathematical models used at that time
to predict the torsional natural frequencies were not adequate. In particular, they did no
account with sufficient accuracy the coupling between long turbine blades and the shaft line.

general, the presence of a natural frequencysis only of concern if it coincides with an
jluency within the margins defined in this décument and has a modal distribution allow
to be fed into the corresponding vibration, mode. If either of these conditions is not sa
prepence of a natural frequency is of no_practical consequence, i.e. a particular mode of vib
no foncern if it cannot be excited. In thie'context of document, the excitation is due to variat
ele¢tromechanical torque, which is(induced at the air gap of the generator. Any shaft torsig
that are insensitive to these induced excitation torques do not present a risk to the integ
turbine generator, regardless-efithe value of the natural frequency of that mode (see 4.2 and

t take into
Therefore,
fects more
aft system

predicted
were very

. However, it

s testing is
the overall

d torsional
ncies with
acceptable
calculated
nes for the

excitation

ing energy
risfied, the
ration is of
ions in the
nal modes
rity of the
5.2).
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INTERNATIONAL STANDARD ISO 22266-1:2016(E)

Mechanical vibration — Torsional vibration of rotating
machinery —

Part 1:

Land-based steam and gas turbine generator sets in excess
of 50 MW

1 |Scope

This document provides guidelines for applying shaft torsional vibratiom\ eriteria, under normal
operating conditions, for the coupled shaft system and long blades of<“turbine generdtor set. In
particular, these apply to the torsional natural frequencies of the coupledshaft system at lin¢ and twice
lind frequencies of the electrical network to which the turbine generdtor~set is connected. Ih the event
that torsional natural frequencies do not conform with defined frequency margins, other possible
actions available to vendors are defined.

This document is applicable to

— |land-based steam turbine generator sets for power stations with power outputs greater than 50 MW
and normal operating speeds of 1 500 r/min, 1 800;r/min, 3 000 r/min and 3 600 r/min,[and

— |land-based gas turbine generator sets for paower stations with power outputs greater than 50 MW
and normal operating speeds of 3 000 r/mif’and 3 600 r/min.

Methods currently available for carrying«eut both analytical assessments and test validation of the
shaft system torsional natural frequencies are also described.

2 |Normative references

Thdre are no normative reférences in this document.

3 [Terms and definitions

For| the purposes-of this document, the terms and definitions given in ISO 2041, ISO 2710-1 and
[SO|2710-2 and‘the following apply.

[SO[and IEC maintain terminological databases for use in standardization at the following addresses:

— [IEC Electropedia: available at http://www.electropedia.org/

— ISO Online browsing platform: available at http://www.iso.org/obp

3.1

set

assembly of one or more elements such as high-pressure, intermediate-pressure, low-pressure turbines
and generator and exciter elements

3.2
shaft system
fully connected assembly of all the rotating components of a set (3.1)

Note 1 to entry: Figure 1 shows an example.

© IS0 2016 - All rights reserved 1
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Note 2 to entry: When the torsional natural frequencies are calculated, it is the complete shaft system that is

considered.

3.3

torsional vibration

oscillatory

3.4

angular deformation (twist) of a rotating shaft system

torsional vibration magnitude
maximum oscillatory angular displacement measured in a cross section perpendicular to the axis of
the shaft system (3.2) between the angular position considered and a given arbitrary reference position

ural

3.5
natural frequency
frequency pf free vibration of an undamped linear vibration system
Note 1 to enftry: It is usually not necessary to calculate the natural frequency for a damped system, which is
_ 2

04 =9, \V1-7n

where 7 is the damping ratio
1 8
7
Key
1  high-pijessure (HP) rotor
2 low-pre¢ssure (LP) rotor 1
3  blades
4 LProtor 2
5 LProtor 3
6  generafor rotor
7  excitation torque applied
8 exciter
Figure 1 — Six-rotor steam turbine generator system

3.6
modal vedtor
relative mpgnitude for the whole section, where the system is vibrating at its associated nat
frequency (3.5) and an arbitrary cross section of the system is chosen as a reference and given a
magnitude of unity
3.7

torsional mode shape
shape produced by connecting the modal vector magnitudes at each section

3.8
vibratory

node

point on a mode shape where the relative modal vector magnitude is equal to zero

© ISO 2016 - All rights reserved
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natural mode of torsional vibration
torsional mode shape (3.7) which is produced when the shaft is vibrating at its natural frequency (3.5)

EXAMPLE

mode of vibration.

Note 1 to entry: Figure 2 shows examples.

3.10
excitation torque

First mode of vibration or one-node mode of vibration, second mode of vibration or two-node

torg
(3.9

3.1
han
eac

3.1
all-
mo

Not
pro
(sed

3.1
res
chal

EXA
freq

Not

3.1;
add
strd
str
con|

) of the shaft system (3.2)

L
monic
h term of the Fourier series of the excitation or response signal

D

4

in-phase mode
e of vibration in which all blades in a particular row vibrate in phase with one another

e 1 to entry: When the rotor disc and the blades couple under dynamic conditions, the combi
Huces several new “all-in-phase” frequencies that are different frem the individual disc and blade
Figure 3). These modes are often referred to as zero-nodal diameter or “umbrella” modes.

B
pnance speed
racteristic speed at which resonances of the shaft.system (3.2) are excited

MPLE The shaft speed at which the natw@l frequency (3.5) of a torsional vibration mode
uency of one of the harmonics (3.11) of the excitation torques (3.10).

b 1 to entry: The same definition is given/in ISO 2041 in a more general way.

3
itional torsional stress
ss due to the torsional vibrations (3.3) of a given excitation harmonic superimposed on th
ss corresponding to themean torque transmitted in the given section of the shaft system
sidered

. 1 1 11 4] . N 1o PSR NN e . . I b .
1I0IIAdItUTIquc provdutcd Uy ULIC gTICTALUL, TALUILTT U UTTVTIT CULITPUIITTILS LIIdU CAUILTS LUTSTUTIT [l V1 ratlon

ned system
frequencies

equals the

e torsional
(3.2) being
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a) Second mode of vibration or two-node mode of vibration

b) Sixth mode of vibration or six-node mode of vibration

Figure 2 — Typical torsional mode shapes of the shaft system

4 © IS0 2016 - All rights reserved
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— 132 Hz —
’—~ 123 Hz
a) Uncoupled frequencies of separated b) (Coupled frequencies of

blade and disc blade-disc assembly
Key

1 [rotor central axis
Figure 3 — Schematic illustration of blade-disc dynamic coupling

3.1
syrthesized torsional stress

dyrlamic torsional stress generated at'a section of the shaft system (3.2) given by the vedtor sum of
torgional stress at all harmonics (3.11) of the excitation torques (3.10), taking into account both the

magnitude and phase of the stress generated by each harmonic

Note 1 to entry: A typical shopt eircuit fault is shown in Figure 4 a) which indicates that the fault generates large

torque instantaneously and.it-elears within a few seconds. The frequency and amplitude content o
shon in Figure 4 b) for-a.60 Hz machine. This indicates the energy is concentred mainly in the

the fault is
ine and the

twige line frequencies.'Atypical stress response in the rotor due to the short circuit fault is shown| in Figure 4

c). The torsional stress-response is seen to follow the behaviour of the fault; ultimately, it dies dow
Mulfiple short cirCujt faults over the life span of rotating machinery could accumulate stresses in

h over time.
rotor shafts

thafl could eventually lead to damaging shafts severely. Therefore, it is a good practice to avoid line anjd twice line

frequencies in the design of rotating machines.

Note 2 £0 éntry: Mean torque is not used when elaborating the synthesized torsional stress.

© ISO 2016 - All rights reserved
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0 02 04 06 08 1 12 14 16 18 2 X1

a) Short circuit fault — Amplitude vs time
Y1

08

0,6

0,4

INEENED

0
0 20 40 60 80 100 - (20" 140 160 180 200 X2

b) Short circuit fault - Amplitude vs frequency

0 1 2 3 4 5 6 7 8 9 10 X1

c) Short circuit fault - Stress vs time for two rotor locations

Key
X1 time,s X2 frequency, Hz Y2 torsional stress for first rotor location, MPa
Y1 normalized torque amplitude (dimensionless) Y3 torsional stress for second rotor location, MPa

Figure 4 — Example representation of a short circuit fault
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3.16

pro

hibited frequency range

frequency range over which the stress caused by the torsional vibration (3.3) exceeds the stress value
permitted for continuous operation

Note 1 to entry: Although continuous operation in this frequency range is forbidden, passing through it in transient
operation is permissible, provided that it offers no danger of accumulated damage to the shaft system (3.2).

4

Fundamentals of torsional vibration

4.1

Tor
eleg
stat
are

General

sional vibrations in turbine generator shaft systems are most commonly excited®y v3
tromechanical torque induced at the air gap of the generator. When operating urider id
e conditions involving balanced three-phase currents and voltages, the effectsiof higher
negligible and the electromagnetic torque applied to the rotor in the generator air gap is

ac
and
rot

pov
hen|

Tablle 1 summarizes the typical components of air gap torque’variations for various types

nstant, non-varying torque that transfers the turbine mechanical power through thg
electrically to the power system. Under such ideal conditions, there,will typically be
r torsional vibrations. Torsional vibrations occur as a result of trafisient or unbalanced st
Fer system disturbances which act to induce variations in the génerator air gap magneti
ce, the torque.

riations in
eal steady-
harmonics
essentially
generator
little or no
eady-state
c field and,

of system

disturbances. The magnitudes of these components depend upon the nature and severjty of each
disfurbance. These disturbances can be categorized as ‘transient and steady-state. In general, transient
disfurbances are cleared after a short time, but steady-state disturbances can persist for extended
perjods. Further details of various electrical faults-that could occur in power plants are grovided in
Anpex C.
Table 1'<=' Types of disturbances
Excite at
Excite at line Excite at (between
Types of disturbances Step change f twice line 0,1 and 0,9)
requency £ .
requency of line
frequency
Transient:
Thiee-phase fault x x
Unbalanced faulta x x x
Synchronization dut-of-phase x x
Op¢n transndission line (three phases) x
Clope trafismission line (three phases) X x
Single-pole switching x x

Transient sub-synchronous resonance (SSR)

Dis

mo

controlled loads (e.g. variable speed electric

turbances in the grid due to thyristor

tors)

a

b

C

Unbalanced fault can be either line-to-line, line-to-ground or twice line-to-ground short circuits. Such faults can be
seen either on the transmission system or more severely at the generator terminals.

Line unbalance: Unbalance in transmission line or system, for example, untransposed transmission lines.

Load unbalance: Unbalance of the electrical load of the system.

© ISO 2016 - All rights reserved


https://standardsiso.com/api/?name=645f1d57573ea09d22f41e964e63a36c

IS0 22266-1:2016(E)

Table 1 (continued)

Excite at
Excite at line Excite at (between
Types of disturbances Step change f twice line 0,1 and 0,9)
requency f .
requency of line
frequency

Steady-state:

Line unbalanceb

Load unbal

ancec

Steady-stat

e sub-synchronous resonance (SSR) X

a

Unbalar
seen either

b Line unl

¢ Loadun

ced fault can be either line-to-line, line-to-ground or twice line-to-ground short circuits. Such faults-aj
n the transmission system or more severely at the generator terminals.

balance: Unbalance in transmission line or system, for example, untransposed transmission linées!

balance: Unbalance of the electrical load of the system.

I be

'y, torsional excitation of turbine generator shaft systems is induced’at the gener
lue to the following reasons:

nced short circuits that produce unidirectional, line and twice*line frequency trans
S

phase synchronization of the unit to the grid, which<oould produce very high level
bctional and line frequency transient torques;

ions from other sources, including

ree-phase short circuits,

insmission line switching, and

hd variations induced and transmitted by heavy-duty operating equipment (such as eled
c furnaces) in the vicinity;

nchronous resonance, which ¢an occur if the generator is connected to long transmission |
uld excite the sub-synchronous torsional modes. Simple lump mass-spring systems are use
stem stability studies tomodel these sub-synchronous frequencies and their mode shapes

load unbalance resulting in negative sequence currents that produce torques at twice
Pquency.

the possibledgxcitation from the electrical grid, it is necessary to design the overall sys
atural frequencies with regard to both the line and twice line system frequencies. For th
L can hé.excited by torsional oscillations of the generator and are evaluated to be crit
prity‘of'the unit, there shall be sufficient margin from both the line and twice line sys
5.~ This is the primary consideration for avoiding any torsional vibration issues on 1z

htor

lent

of

T

tric

nes
d in

the

tem
ose
ical
tem
rge

In summa
terminals

a) unbald

torqus

b) out-off
unidir

c) excitat
— th

— g

— lo

ar

d) sub-sy]
and co

grid sy

e) line o1

line fr{

In view of

torsional n|

modes tha

to the inte

frequencie
turbine ge

haoratare Thao follouwrinag ctanc avro e llutalean 1ntn ~crnint vshon dofininagtha ain-.
et e rOWIREStepSaFe-USttary €otHht

experi

— anysp

malxr
eI TIreo—ToT MA R e o ey A e e 2 e

calculation uncertainty due to inaccuracies of the mathematical models;

mental validation of the torsional natural frequencies;

desired margin between shaft system natural frequencies and the excitation frequency;

ecified/experienced grid frequency excursions;

operating temperature effects.

Mechanical parts that are connected to the main rotor body could participate in torsional vibration if
not adequately designed for strength or tuned away from grid frequencies. These parts include shrunk-
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on couplings, coupling bolts and long steam turbine blades. Among them, blade dynamic behaviour in
torsional vibration is complex and is discussed in more detail below.

4.2 Influence of blades

The mode shapes of zero-nodal diameter natural frequencies of blade rows are such that all blades in
a row vibrate in phase with one another. The tangential component of such modes can therefore be
excited by torsional oscillations of the shaft system. In addition, modal interaction takes place between
the blades, discs and shaft system such that the resulting natural frequencies of the combined blade-
disc-shaft system are different from those of the uncoupled components (see Figure 3). It is important

to 1
vib}
oft

For
the
mo
calg
and
nat

For
stag
clo{
mo
of 1

rate in anti-phase to those of adjacent sectors and are therefore not excited by torsional
he shaft system.

short- and medium-height blade rows (e.g. high-pressure and medium-pressure tu
first several rows of low-pressure turbines), the frequencies of the lowest zZero-noda
les are generally far away from the frequencies of interest for torsional’ahalysis. Therg
ulating the natural frequencies of the coupled shaft system, such blades ¢an be considej

iral frequencies.

longer blades (such as the last and penultimate rows of the'LP turbine or the first g
be), the frequencies of the zero-nodal diameter modes can)be within the range of, or §
e to, the line and/or the twice line frequency in order to significantly affect the result
les, which can then become critical as far as torsion is.concerned. These modes interact
he shaft system in such a way that additional coupled shaft system modes are introg

var
co

bla
dia

The
bra

n|
disflrbances. Consequently, when calculating the natural frequencies of the coupled shaft s

ous combinations of blade vibration in phase and\anti-phase with the shaft system. Und
itions, such modes could amplify rotor/blade stresses due to external torques arising

es, it is necessary to model the long blades as branched systems that fully replicate the
meter (all-in-phase) modes of these blades.

criterion for assessing whether,theblades can be represented by their torsional inertia

rot
griq
wh
as g

appropriate point in the.shaft system model. In general, it could be required that the last stag

(an

4.3

Spe|
of t

r section for drum type rotors) is less than 2,5 times the nominal line frequency of th
| system (i.e. 125 Hz in cotritries where the nominal grid frequency is 50 Hz and 150 Hz i
bre the nominal grid frequency is 60 Hz), consideration should be given to modelling the
branched system. Qthérwise, it is only necessary to lump the total inertia of a blade

l in some cases;penultimate stage LP blades) be modelled as branched systems.

Influence of generator rotor windings

cial Knewledge of the generator rotor structural design is needed for modelling the stiffy

blade row
scillations

bines, and
| diameter
fore, when
ed as rigid

only their torsional inertias need be taken into account when calculating the shaft systein torsional

ompressor
bufficiently
ng system
with those
luced with
er adverse
from grid
ystem and
zero-nodal

only, or as

hched systems, is as follows. If the lowest zero-nodal diameter mode of the blade row and disc (or

b electrical
N countries
blade row
row at the
e LP blades

ess effects

herotor body section with its copper windings and wedges.

5

5.1

Evaluation

General

This document provides the following two methods for the evaluation of the torsional vibration

cha

a)

racteristics of coupled shaft systems including the blades:

the maximum frequency margin between the calculated natural frequencies and the relevant

electrical grid system frequencies (see 5.2);

b) dynamic stress analysis to ensure that the peak stresses induced by the transient fault conditions

©IS

listed in Table 1 are satisfactory (see 5.3).
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Stress analysis for steady-state fault conditions is only required if the frequency margins defined in 5.2

are not achieved.

Further information regarding the calculation of torsional vibration is given in Clause 6.

5.2 Frequency margins

The objective is to provide criteria that ensure that there are no shaft system modes that can be
excited by torsional oscillations of the shaft within close proximity of the line and twice line excitation
frequencies of the electrlcal grld system It should be noted that the shaft system frequenc1es and

associated

exclusion zone (see 5. 3) Calculatlons by the equipment suppller Would indicate whether a mode is
responsivg or non-responsive to grid excitations. The allowable torsional frequency margins areshgwn

in Figure 5 and given in Table 2, and are described in 5.2 a) to g).

Primary frequency
exclusion zone (PFEZ)

(No tests required)

D Full speed shop test

| on generator and
static test on turbine rotors

|

E Full speed shop test

i on generator and
turbine rotors

|

Field test

verification

|

Adlewable grid
frequency variation

C B A2 Al B C
Frequencies Line / twice line frequency Frequencies
lower than (L / TL frequency) higher than
L|/ TL frequency L / TL frequency

Figure’5 — Definition of torsional frequency exclusion zone

If tests/calpulations-are carried out at room temperature, the relevant upper and lower frequency litpits

should be increased by the temperature correction factor F.

I

NOTE Tollo D £ flhao dafs £A
eetapreZtor-tre-aetttonot A toI=

Table 2 — Margins at line and twice line frequencies for both 50 Hz and 60 Hz machines

Description Frequency margin
A Allowable upper grid frequency deviation Al
Allowable lower grid frequency deviation A2
B Margin between maximum/minimum allowable grid frequency and resonance B
peak
C [Calculation uncertainty C

10 © IS0 2016 - All rights reserved
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Table 2 (continued)

Description Frequency margin
Reduction in calculation uncertainty if a full-speed (dynamic) shop test carried
D |outon generator rotor and static shop test (e.g. modal testing) carried out on LP D
rotor
Reduction in calculation uncertainty if full-speed shop tests carried out on the
rotor(s) of concern, e.g. the generator, exciter, LP rotor or if successful operating E

experience is available for a similar shaft system

Temperature effects

This compensates for the change in shaft stiffness in those cases where
calculations or tests are carried out at room temperature instead of the normal f
operating temperature. F is zero if temperature effects have been taken into
account.

b)

d)

f)

g)

The allowable grid frequency deviation (electrical grid frequency oscillatiens leading

twice line frequency excursions) limit, which applies for continuous¢ful-load opera
particular application, is identified as A. This value, together with théadditional margi
Table 2, enables users to evaluate the required frequency margins.specific to their gridg
varies for different regions throughout the world and should be agreed between the cuj;
the supplier. In many cases, different upper and lower off-frequency variations (Al a
specified.

Margin B is required between the shaft system natural frequency and the maximum

permitted grid frequency to avoid any significant dynamic amplification near resonancg.

The confidence in the accuracy of the assessment.of the torsional natural frequency of {]
shaft system. For example, if the assessment is based on calculations alone, then a
margin identified by C will apply to allow fer possible calculation inaccuracies. This is
the calculations are not validated by testing.

Confidence of the assessed frequency values increases if they are supported by ex
validation permitting the calculatién uncertainty margin C to be reduced. The exten
the frequency margins can be reduced will depend on the level of testing performed a
configurations. For example, a field test on the fully installed shaft system will givg
level of confidence thanthat provided by various levels of shop testing performed on
components of the shaft system.

D is the reductiond@nmargin C if a full-speed shop test on the generator and a static tes
rotor is carried(ut. E is a larger reduction margin which applies if full-speed tests are

on generator,\LP or exciter rotors, or if successful operating experience is available fg
shaft systent.

Temperature influences the dynamic stiffness of rotors. Therefore, the actual
temperature should be included in the analysis. If the calculations are carried o

to line and
Ffion of the
ns given in
. This limit
tomer and
nd A2) are

minimum

he coupled
frequency
the case if

perimental
t to which
nd the test
a greater
individual

t on the LP
rarried out
r a similar

operating
t at room

temperature, compensation F for temperature effect is required when the frequency

margin is

evatuated:

Different values of C, D and E can be applied for line and twice line frequencies, depending on

customer needs and special requirements of units.

The above frequency margin types can be dependent on a number of other factors, such as the location
of the power station, the integrity of the electrical network, accuracy of assessment and the operating
history of the supplied hardware. The specification of numerical values for factors A to F is therefore
beyond the scope of this part of ISO 22266. Examples of typical values together with the corresponding
frequency margins are given for information only in Annex B. However, it is emphasized that these
may vary for different applications. The actual values to be used are subject to agreement between the
customer and the supplier of the specific application.
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The torsional vibration frequencies should be acceptable if one of the following criteria are satisfied
(see Figure 5).

Criterion 1

The calculated torsional natural frequencies of the coupled shaft and blade system without test
verification should be outside the range specified as + (A1 + B+ C) and - (A2 + B + C) of the nominal line
and twice line system frequencies. This is the primary frequency exclusion zone (PFEZ), as shown in
Figure 5. If this criterion is met, no test whatsoever is needed.

If the calculation method has been confirmed by means of factory tests on individual rotors, the
modelling [uncertainty 1s reduced. Hence, the required frequency margin can be reduced and |the
following glternative criteria can be applied:

Criterion 2

static test pn an adjacent LP turbine rotor, the restricted frequency range would be~+(A1 + B + C 1+ D)
and - (A2 + B + C - D) of the nominal line and twice line system frequency. If thisicriterion is satisfied,
there is no|requirement to carry out any further measurements to validate the(calculations.

If the calcylation is validated by means of a full-speed shop dynamic test on the generator rotor a}d a
i

IMPORTANT — Caution should be exercised when interpreting results of static tests on bladed
rotors (se¢ A.4).

Criterion B

If the calcylation is validated by means of full speed shop dynamic tests on the generator rotor and an
associated|LP turbine, the effect of blade coupling at full speedwill be fully established. In this case,the
restricted frequency range could be further reduced to + (A1 + B+ C - E) and - (A2 + B + C - E) of|the
nominal line and twice line system frequency. If this criterion is satisfied, there is no requirement to
carry out gny further measurements at the site.

Criterion 4

If a full-spged field test is carried out on thefully installed shaft system, the measured torsional natpiral
frequencies should primarily lie outside the range + (A1 + B) and - (A2 + B) of the nominal line pnd
twice line $ystem frequency if the torsignal natural frequencies are sensitive to grid frequencies. If|the
field test indicates that the torsionalinatural frequencies are insensitive to grid system frequencies,|the
frequency exclusion zone provided-for by this criterion can be waived.

If the calcfilations or tests are carried out at room temperature conditions, the frequencies will be
marginally] higher than those under service conditions due to the influence of temperature on|the
modulus of elasticity. The effect of temperature on the modulus of elasticity for different materials is yell
established and the appropriate correction factor can be readily calculated. In such cases, the value pf F
will be zer¢. Alternatively, if such information is not available, a value provided by the equipment supplier
should be ppplied>for F, and the calculated or measured frequencies at room temperature conditjons
should be rjedticed by this factor before applying the frequency margins defined for Criteria 1 to 4.

If the above frequency margin criteria are not satisfied, action should be taken either to perform a more
detailed stress analysis to confirm that the dynamic stresses are satisfactory (see 5.3) or to modify the
design of critical components.

5.3 Dynamic stress assessments
Dynamic stress assessments shall be carried out to confirm the following:
a) the peak stressesinduced by the transient fault conditions listed in Table 1 are satisfactory;

b) that the frequency margins specified in 5.2 are not achieved, in which case the shaft system could
be acceptable if the modes of concern are insensitive to the excitation and therefore do not pose
any problem to the system integrity.
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In both of these cases, it is the responsibility of the supplier to demonstrate by calculation that the
dynamic stresses do not exceed acceptable values or to demonstrate that the same or similarly designed
machines are operating successfully in other units with comparable grid conditions. In particular,
careful attention should be paid to areas of potential high stress such as coupling bolts, blade roots and
those regions of the shafts with the smallest diameters.

The modelling techniques, calculation method and acceptance criteria are subject to agreement
between the customer and the supplier (see 6.1).

6 Calculation of torsional vibration

6.1/ General

Provided that the details of the individual shaft system components are known, it is possible to
caldulate the undamped, torsional natural frequencies and mode shapes of the-shaft systeny, including
blagle-disc-shaft coupled effects (free vibration). Then, if the frequency margiiisin 5.2 are ngt satisfied,
the|response of the system to forced excitation mechanisms per Table 1 should be performed (forced
vibration) and stress levels should be in accordance with the supplier’s éxperience.

Theg supplier of the shaft system should be responsible for the calculation of torsional vibration using
a conventional method including, where appropriate, the excitatien cases to be consideréd and any
allgwable calculation simplification. The method should be agreed upon by the parties concgrned.

6.2| Calculation data

Thd data to be taken into account for the torsional(vibration calculation of the shaft system are the
polar mass moment of inertia and torsional stiffness characteristics of each constituent part of the
conpplete shaft system, its coupled blade-disc branched systems and the specific operating pprameters.
In gddition, if it is necessary to carry out a“forced vibration calculation, knowledge of the torsional
vibration damping and the relevant excitatioen forces is required.

In dome cases, the supplier might not'be the original equipment manufacturer (OEM) of spme of the
shaft system components (e.g. the tirbine and generator may be manufactured by different suppliers).

6.3| Calculation results
Theg results obtained using the calculation methods described can determine
a) |the natural frequencies and the corresponding mode shapes, and

b) |the torsionalstress margins or torque in the shaft system.

6.4 Calculation report

If thecontract requires a torsional vibration calculation to be carried out, a suitable reporf should be
provided by the set supplier. The contents of the report should be decided between the customer and
the supplier. In general, the report should contain leading particulars of the unit, configuration of the
shaft system (including a summary of which blade rows have been modelled as branched systems) and
calculation results. If the set supplier has subcontracted the calculation then, it should be clearly stated
in the report.

7 Measurement of torsional vibration

7.1 General

If the initial calculation shows that there are torsional natural frequencies within the PFEZ, it is
necessary to take further action. This involves either modifying the shaft system components or
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performing tests to validate the calculation results and confirm that the application of the reduced
frequency margins defined in 5.2 is permissible. Depending on the particular circumstances, such
measurements may be carried out on individual components in the factory or on the fully installed unit
on site. The requirement for, and extent of, any such testing should be agreed between the set supplier

and customer.

NOTE

customer, that the accuracy of the prediction method is such that a smaller PFEZ margin is satisfactory.

7.2 Method of measurement

The requirement for testing can be waived if the supplier can demonstrate, to the satisfaction of the

A variety df different measurement techniques have been successfully employed in the past to meéas
the torsional vibration characteristics. Annex A provides further background information. Howe
it is emphgsized that these are not the only available methods and others may be equallyapplicq
These methods are subject to continuous improvement. Therefore, the one that is most appropr
for a specific application will be dependent on a number of factors. Normally, the method’adopted
be that whjich is commonly used by the set supplier. Any variation from this is subject to agreen|
between the set supplier and the customer. However, it should be recognized that testing of the f]
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thereby, av
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should cor
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ptional circumstances. It is for that reason that the preferred appraach is for the set supp
that the frequency margins specified in 5.2 are met at the design/manufacturing st
oiding the necessity of site testing.

surement report

carried out, a torsional vibration measurement report should normally be provided by
r. The contents of the report should be decided'between the customer and the supplie
tain leading particulars of the unit, configuration of the shaft system, the measuren
5 and the conditions at the test site. In additiéh, the type, accuracy and calibration metho
ring equipment and the positions of theaneasurement sensors should be recorded. If the
s subcontracted the torsional vibration'measurements, then it should be clearly stated in|
ent report.
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the

turbine manufacturer. Nevertheless, in all cases, a clear responsibility agreement should be established
between the respective suppliers and customer.

8.2 Guarantees

Any guarantees that the set will operate satisfactorily with regard to torsional vibration are subject to
agreement between the customer and the set supplier.

8.3 Responsibilities

Where torsional vibration calculations of the complete shaft system are requested, the supplier of the
set shall be responsible for the calculations, even if he subcontracts them.

14
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Where additional verification of the torsional vibration of the complete shaft system is required, the
supplier of the set shall be responsible for the measurements carried out even when he subcontracts

them. In particular, the supplier should select, in agreement with the customer or the
organization representing him, the methods of measurement to be used.

inspection

If there is a range of operating conditions for the set where the vibrations could cause damage, the
supplier of the set should, with the agreement of the other parties, take the necessary steps to eliminate
the critical vibrations or ensure that appropriate procedures are in place to avoid operating under these

conditions.

Any necessary corrective actions to modify the shaft system are the responsibility of the s

et supplier

and shall be agreed upon by the relevant component manufacturer or manufacturers, if diffe

In dase of partial retrofit of rotor components by a non-OEM supplier, there should bé clear
between the new supplier and the customer with regard to the torsional vibration characteri
retfofitted shaft line.

rent.

agreement
stics of the
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Annex A
(informative)

Torsional vibration measurement techniques

A.1 General

A variety |of different measurement techniques have been successfully employed in the(past to
measure the torsional vibration characteristics of coupled shaft systems. These methodsrare subject
to continupus improvement and, therefore, that which is most appropriate for a specificlapplication
will be dependent on a number of factors. This Annex provides further backgroundto some of these
measurement techniques. It is emphasized that these are not the only available methods and that other
equally applicable methods developed by the different OEMs are not discussed hete.

—n

A.2 Torsional vibration transducers

The followjng devices may be used as torsional vibration transducers:

a) eddy current probes, inductive probes, lasers, etc. (non-contagting transducers);
b) strainjgauges;

c) optical decoders;

d) accelefometers positioned circumferentially at-specified angles (preferably at 0° and 180°; [see
FigurelA.1 and, for example, Reference [2] and‘Figures 8 and 9).

Other methods may be used by agreement bétween the customer and set supplier.

Key
1 accelerometer
2 radio transmitter

NOTE If two accelerometers are positioned exactly opposite at the same radius, r, and pointing in the same
tangential direction, the torsional acceleration, ¢, at that radial position is ¢ = (a1 + az)/(2r). This arrangement
avoids any influence due to the lateral bending of the rotating rotor.

Figure A.1 — Circumferential accelerometer positions
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A.3 Measurement parameters

Depending upon the method of measurement, it is recommended that the following be included in the
measurement report:

a)
b)
‘)
d)

rotational velocity of the shaft system;
turbine generator set power output;
torsional vibration magnitude;

aal

ool i
cOTSTO Cr ortt,

e)
f)
g)

An
fred

frat-s
ambient temperature of test site;

torsional natural frequency;

speed range over which measurements are carried out.

hdditional parameter that can influence the torsional vibration is blade>disc coupled nod:
juency.

Othler parameters can be measured on agreement between the customer and set supplier.

A4

“Md
Thi
pro
fun
tha
fred

Factory static tests on stationary rotors

dal tests” may be performed on rotors in their static\(i.e. non-rotating) configuration in {
5 is one way of measuring mode shapes and natural frequencies under static condit
vide verification of predicted behaviour and, therefore, help to calibrate shaft system
Hamental rotor body and overhang modes gnder stationary conditions. In recognition
[ boundary conditions influence the final-outcome of the test, it is important either to

-free test or to support test rotors on béaring journals with hard rubber or similar supp

11 diameter

he factory.
ions. They
models for
of the fact
farry out a
brts. These

supports provide little resistance to thelimpact energy path at the contact areas so that the relevant

torg

Wh
may
maj
may
rot
are
the

are
diff
win

ional modes of the rotor under testare properly captured in the frequency spectrum.

en blades are mounted on retors, a perfect contact between blade roots and the main
F not always be achievablewhen the rotor is stationary, due to the design of root ey
nufacturing tolerances.@s-a result, the impact energy imparted by a test hammer to the

rotor body
nployed or
b structure

 be disrupted at theblade-rotor body contact areas, making it difficult to capture blad
r coupled frequenéies and their associated modes. Even if such modes are captured in th

e-disc and
test, they

less useful becatise the blade-disc frequencies will continuously change with speed. In other words,
blades dynamically couple with the rotor and this will continue until rated speed is regched. This
coupling effect;along with stress stiffening due to speed, creates new sets of torsional frequencies that
different from individual blade and disc alone frequencies under stationary conditiops. Similar
iculties\exist when carrying out static tests on generator rotors due to the influence of the copper

dings'and associated wedges.

Therefore, although static ~modal tests  are nelptul to calibrate rotor body models, they do not
generally provide an accurate assessment of the frequencies of either the blade-disc coupled system or
the generator body modes that vary with speed. Full speed (dynamic) factory or site tests are necessary
to assess these effects.

Figure A.2 shows the arrangement for a typical factory static rotor test.
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Figure A.2 — Factory static test

A.5 Full-speed (dynamic) factory tests

When blad
only reliab|
perform sy
it provides
dynamic t¢
consuming

e-disc coupled frequencies are calculated in the proximity of twice line frequencies,

ch tests to verify new désigns and confirm the accuracy of analytical models. At one extre
the OEM with a final opportunity to modify the design before it leaves the factory. Since
sts are conducted-at the OEM’s facility, the total cost is significantly lower and less ti
than that for the®on-site test.

A continuously rotating¢orsional exciter system, similar dynamic exciter systems or other appropr

excitation
available).
vibration 1

nethods€an be used to perform full-speed tests in the factory (such exciters are commerci
[n general, the excitation system is attached to one end of the rotor coupling. The torsi
haghitudes are measured using non-contacting proximity transducers at gear tooth wh

that are m

the

le way to verify them is toperform full-speed dynamic tests in the factory. OEMs routinely

me,
the
me-

late
ally
nal
bels

punted along the rotor as required or at any targets that have equal spacing, such as bl

ade

tip areas or alternate black and white strips on a shaft or disc surface. In some cases, strain gauges are
used on the shaft and/or blade surfaces. Torsional frequencies are measured/confirmed by alternately
applying and removing excitation at the frequencies in which the torsional response reaches a peak
when the rotor is rotating in the rated speed range. The dynamic tests performed for the LP and
generator rotors in particular are very helpful for improving model accuracy and in the use of the

informatio

Figure A.3

18

n for calibration of similar rotor configurations.

shows a schematic view of the test setup for the dynamic test of a rotor in the factory.
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Key
1 [datarecorder 10 torsion exciter
2 |real-time analyser 11 hydraulic line
3 |raw signal 12 transducer
4 [torsion meter 13 dualpressure manifold
5 |drive train 14 hydraulic actuator
6 |gear 15__ master controller
7 |speed transducer 16+ oscilloscope
8 |blade number transducer 17 frequency counter
9 |vacuum spin box
Figure A.3 — Factory dynamic test of a rotor
A.§ On-site torsion tests
Theg various factory tésts described above are an extremely helpful way of accurately calibrating the

analytical rotor mddels. Nevertheless, when rotors are connected through couplings, sothe amount
of Yncertainty remains and hence, as described in 5.2, this is taken into account when spegifying the
allgwable frequency margins. The degree of modelling inaccuracy tends to increase for higher modes,
for pxamplejthose whose frequencies are in the proximity of twice line frequency. It is also & challenge
to dccountraccurately for the influence of system damping in the analysis of modes lying [within the
frequeficy ranges defined in 5.2. In those cases where the calculated frequencies do not [satisfy the
critieria defined in 5.2 and the corresponding modes are responsive, the uncertainties discussed above
can justify a field torsion test.

NOTE Tests show that system damping ratios vary from mode to mode and typically range anywhere
between 0,1 % and 0,4 %.

Depending on the type of mode that is critical, a field test could involve measurements at a few
locations or be performed on a more elaborate scale. The choice of measurement positions is normally
determined by examination of the predicted mode shapes, but in most cases the measuring of torsional
vibration magnitudes at two locations, such as the turbine to generator shaft region and the permanent
magnet generator, is sufficient to capture the important turbine and generator coupled rotor and blade
modes. However, if more detailed mode shapes are required, it can be necessary to measure torsional
response at other locations on the shaft or at the blade tips.
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