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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.

The proce@lures used to develop this document and those intended for its further maintenanee
described In the ISO/IEC Directives, Part 1. In particular, the different approval criteria needed fof]
different types of ISO documents should be noted. This document was drafted in accordance 'with
editorial ryles of the ISO/IEC Directives, Part 2 (see www.iso.org/directives).

Attention i
patent righ

5 drawn to the possibility that some of the elements of this document may,be the subjec
ts. ISO shall not be held responsible for identifying any or all such patént'rights. Detail

are
the
the

t of
s of

any patent|rights identified during the development of the document will be in the Introduction and/or
on the ISO Jist of patent declarations received (see www.iso.org/patents).

Any trade hame used in this document is information given for the convenience of users and does|not
constitute pn endorsement.

For an explanation of the voluntary nature of standards, the.meaning of ISO specific terms jand
expressionls related to conformity assessment, as well as dinformation about ISO's adherence¢ to
the World| Trade Organization (WTO) principles in the Technical Barriers to Trade (TBT), |see
www.iso.ofg/iso/foreword.html.

This document was prepared by Technical Committee ISO/TC 108, Mechanical vibration, shock [and
condition nmponitoring, Subcommittee SC 2, Measurement and evaluation of mechanical vibration and shock
as applied §o machines, vehicles and structures.

This second edition cancels and replacessthe first edition (ISO 22266-1:2009), which has Heen
technically| revised.

The main dhanges are as follows:

— terms pnd definitions revised to'account for definitions given in other standards;

— evaluation concept refined-and substantiated, contradictory statements removed;

— guidar]ce on modelling’uncertainties added;

— annex enhanced to give guidance on measurement equipment for monitoring torsional vibratiop;

wording at some instances revised in order to make the content unambiguous;

Alist of all

i £rL o ICN D9 L 2 H La £ pa | i 1CO it
lJCll COUIUIIUV IOV 4 4o4LUU OUTICO ULAdIT UU TUUIIU UIT LIICU TOU VWU UOIUL,

Any feedback or questions on this document should be directed to the user’s national standards body. A
complete listing of these bodies can be found at www.iso.org/members.html.
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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 rotor torsional vibration. In those incidents, generator rotors and some
of the long elastic turbine blades of the LP rotors were damaged. In general, the incidents were due
to vibration modes of the coupled shaft and blade system that were resonant with the grid electrical
excitation frequencies. Detailed investigations were carried out and it became apparent that the
mathematical models used at that time to predict rotor torsional natural frequencies were not adequate.
In partlcular they did not take into account, with sufficient accuracy, the coupllng between long elastic
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le-to- dlSC to- shaft couplmg effects more accurately and branch models were developed
perly for these effects in shaft train torsional natural frequency calculations.

he 1980s, torsional factory tests were developed to verify the predicted torsionalmatural f
P rotors. These factory tests were very useful in identifying any necessary cotirgctive act
product went into service. However, it is not always possible to test all the elements th3
assembled rotor. Hence, unless testing is carried out on the shaft trainotrsite, some dis
d still exist between the overall system model and the installed maching.

re is inevitably some uncertainty regarding the accuracy of the.calculated and measure
iral frequencies. It is therefore necessary to design shaft traifitorsional natural frequg
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icient margin from the grid system frequencies to compensate for such inaccuracies,
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es are insensitive to excitation torques. Acceptable margins will vary depending on the extent to

which any experimental validation of the calculated torsional frequencies is carried out. T
shopld also take into account the sensitivity of the *torsional natural frequencies and
excltability with respect to modelling uncertainties. The main objective of this document is
guidlelines for the selection of frequency margins during the design stage and on the fully co
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feneral, the presence of a torsional natural frequency is only of concern if it coincid
tation frequency and has a modal distribution allowing energy to be fed into the cor
ation mode (resonance). If either.of these conditions is not satisfied, the presence o
uency is of no practical consequence (e.g. a particular mode of vibration is of no concern
xcited). In the context of this.document, the excitation is due to variations in the electrol
ue, induced at the air gap.of the generator. Any shaft train torsional modes that are

tor
to ﬂlhese induced excitatiorr terques do not present a risk to the integrity of the turbine
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Mechanical vibration — Torsional vibration of rotating
machinery —

Part 1:
Evaluation of steam and gas turbine generator sets due to

el
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Scope

5 document provides guidelines for the assessment of torsional natural freguencies and
ngth, under normal operating conditions, for the coupled shaft trainsineluding long e

bla

responses of the coupled shaft train at grid and twice grid frequenciesidiie to electrical excit
eledtrical network to which the turbine generator set is connected. Excitation at other frequencies (e.g.
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armonic frequencies) are not covered in this document.

buidelines are given regarding the torsional vibration respofise caused by steam excitati
tation mechanisms not related to the electrical network.

ional natural frequencies do not conform with«defined frequency margins, other actio
ned to resolve the problem.

requirements included in this document are applicable to
steam turbine generator sets connected to the electrical network, and

gas turbine generator sets conneeted to the electrical network.

Met

hods currently available for'carrying out both analytical assessment and test validation
torsional natural frequiencies are also described.

Radial (lateral,~transverse) and axial vibration of steam and/or gas turbine generator
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NO'I;E
with in ISO 20816-2.

The
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Normative references

following documents are referred to in the text in such a way that some or all of th
stitutes requirements of this document. For dated references, only the edition cited 4

un

ated references, the latest edition of the referenced document (including any amendmen

es, of steam and gas turbine generator sets. In particular, the guidelines apply to th|

bre the shaft cross sections and couplings do mot fulfil the required strength crite

Component
astic rotor
e torsional
htion of the

bn or other

ria and/or
ins shall be

bf the shaft

bets is dealt

Pir content
pplies. For
s) applies.

ISO
ISO

2041, Mechanical vibration, shock and condition monitoring — Vocabulary

11086, Gas turbines — Vocabulary

IEC 60050-602, International Electrotechnical Vocabulary — Chapter 602: Generation, transmission and

dist

3

ribution of electricity - Generation

Terms and definitions

For the purposes of this document, the terms and definitions given in ISO 2041, ISO 11086,

[EC

60050-602 and the following apply.
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ISO and IEC maintain terminological databases for use in standardization at the following addresses:

— ISO Online browsing platform: available at https://www.iso.or

— IEC Electropedia: available at https://www.electropedia.org/

3.1
elastic bla

de

blade which is fastened to a shaft or disc and has properties which has at least one natural frequency
affecting the calculation of the torsional natural frequencies of the shaft train

3.2
shaft
mainly cylindrical rotatable component carrying one or more elements (e.g. disc, coupling, blade)
3.3
rotor
rotating agsembly (e.g. HP, IP, LP steam turbine, gas turbine, generator or exciter) cemprising of on
more elements (e.g. shaft, disc, coupling, blade)
Note 1 to enftry: Typically, several rotors are assembled onto one shaft train of the turbine generator set.
3.4
shaft train
fully conngcted assembly of all rotors typically comprising of ap léast one driving rotor and
generator rotor (see Figure 1)
Note 1 to eptry: When the torsional natural frequencies are cal¢ulated, it is the complete shaft train th
considered.
1 2 3 4 5 6 8
A |
Ll ]
jim
| A
7
Key
1  HProtqgr 5 LProtor 3
2  LProtor 1 6  generator rotor
3 blades 7  excitation torque applied
4 LProtoy 2 8  exciter rotor
Figure 1 — Shaft train consisting of six rotors
3.5
torsional vibration magnitude

E or

one

ht is

maximum oscillatory angular displacement measured in a cross-section perpendicular to the rotation
axis of the shaft train

3.6
excitation

torque

torque produced by the generator, exciter or driven components that excites the torsional vibration

mode(s) of

the shaft train

© IS0 2022 - All rights reserved
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3.7
zero-nodal diameter mode
mode of vibration in which all elastic blades in a particular row vibrate in phase with one another (see

Figure 2)

Note 1 to entry: When the shaft/disc and the elastic blades couple under dynamic conditions, the combined
system produces several frequencies with zero-nodal diameter blade mode participation that are different from
the individual shaft and blade frequencies (see Figure 3). These modes are often referred to as all-in-phase or
umbrella modes.

Note 2 to entry: To calculate blade row natural frequencies, a section of the shaft or disc should be included in the
bla

11
C© ITOW ITTOUCI.

Zeéro-nodal diameter One-nodal diameter Two-nodaldiameter Three-nodalldiameter

Figure 2 — Schematic illustration of different nodal diameters

67,6 Hz
o ,L% ._____,L\Q)"IJ—{:}L ) Ll

86,7 Hz
I e T iy _.— - ﬁ.ﬁh . i} . ]

a) |Uncoupled zero- nodal diam- b) Coupled modes of shaft-disc-blade assembly
etpr mode'of separated bladed
disc

Note3toemntry T frequerncies of theshraftdisc-btade assembly; the first two modes occur at tiresame frequency
which is due to the given decimals. Identical natural frequencies are theoretically possible if the shaft line is
totally symmetric from left to right. In practice this is never the case and there will always be a small difference
in the frequencies.

Figure 3 — Schematic illustration of shaft-disc-blade dynamic coupling

3.8
static torsional stress
stress in the section of the shaft train being considered, due to the mean torque transmitted

©1S0 2022 - All rights reserved 3
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3.9

dynamic torsional stress

stress in the section of the shaft train being considered, due to the torsional vibrations, being
superimposed on the static torsional stress transmitted

4 Abbreviated terms and symbols

4.1 Abbreviated terms

AC afternating current NF natural frequency

DC irect current OEM original equipment manufacturer
HP igh-pressure SSR sub-synchronous resonance
P imtermediate-pressure SSTI sub-synchronous torsignal interaction
LP low-pressure

4.2 Symbols

A lower grid frequency variation

A, upper grid frequency variation

B, ; mode specific lower separation margin of mede i

B, ; mode specific upper separation margin.¢fmode i

Cy; mode specific lower calculation uneertainty of mode i

Cui mode specific upper calculationuncertainty of mode i

Dy; mode specific lower reduced calculation uncertainty of mode i

Dy mode specific upperteduced calculation uncertainty of mode i

i mode number

X grid frequéncy multiplication factor

Q rotating frequency

Q, nontinal rotating frequency

Q, nominal grid frequency

9.1 grid frequency axis

9.5 twice grid frequency axis

w; () calculated natural frequency of mode i (can be speed depending)

@; (L) measured natural frequency of mode i (can be speed depending)

4 © IS0 2022 - All rights reserved
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5 Shaft train modelling and uncertainties

5.1 General

In view of the possible excitation from the electrical grid, it is necessary to design the overall system
torsional natural frequencies with regard to both the grid and twice grid system frequencies. For those
modes that can be excited by torsional oscillation of the generator and are evaluated to be critical to
the integrity of the shaft train, there shall be sufficient frequency margin from both the grid and twice
grid system frequencies. This is the primary consideration for avoiding any torsional vibration issues
on large turbine generators.

These parameters shall be taken into account when defining the frequency margin:
a) |calculation uncertainty due to inaccuracies in the mathematical models used;
b) |experimental validation of the system torsional natural frequencies at nominal rotating|frequency;

c) |the required margin between the shaft train torsional natural frequencies and| excitation
frequencies (grid and twice grid frequencies);

d) |any specified/experienced grid frequency excursions;
e) |operating temperature effects.

Meg¢hanical parts (e.g. shrunk-on couplings, coupling bolts*and turbine blades) that are connected to
the|shaft can contribute to system torsional vibration if they are not adequately designed ;I; strength
andj/or tuned to have natural frequencies away from grid frequencies. 5.2 gives details regarding the
modlelling of mechanical parts.

Severe torsional vibration can lead to plastic deformation in the shaft train resulting in matefial fatigue
whilch, in the worst case, can lead to cracking'in the rotor components (e.g. shaft, blades |couplings).
Depending on the extent of the deformatieoh) the operating behaviour of the turbine generdtor set can
be permanently affected.

5.2| Modelling of the shaft train and the electrical system

5.2/1 General

Torgional vibration in the-shaft train is most commonly excited by variations in the electromechanical
torque induced at the air gap of the generator but may also be induced by rotor-stator interactions in
theturbine generator system and by fluid-structure interactions in the turbine.

In reality, the.turbine generator set and the electrical system to which it is connected forny a coupled
eledtro-mechanical system. In order to calculate the electro-mechanical torque induced at fhe air gap
of the geherator, the coupled electro-mechanical system is split into separate mechanical anfl electrical
systems; which are usually modelled independently.

The model of the electrical system typically contains only basic information of the mechanical system
(e.g. total shaft train inertia or lumped mass model of the shaft train with a few degrees of freedom).
With this model, the air gap torque acting on the generator rotor is calculated and used as the excitation
input for the complete model of the mechanical system. The mechanical model is used to calculate the
system natural frequencies and the stress and fatigue caused by the air gap torque excitation.

Separate modelling is suitable for load cases where the electrical and mechanical systems do not or
only marginally interact with each other. This is the situation for load cases exciting the shaft train at
grid and twice grid frequency (e.g. out-of-phase synchronization, load unbalance). However, it is not
valid for load cases with strong interaction (e.g. sub-synchronous resonance) where the phenomenon
cannot be modelled or modelled only with poor accuracy.

© IS0 2022 - All rights reserved 5
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When the turbine generator setis operating under ideal steady state conditions involving balanced three-
phase currents and voltages, the effects of higher harmonics are negligible and the electromagnetic
torque applied to the rotor in the generator air gap is essentially a constant, non-varying torque that
transfers the turbine mechanical power through the generator and electrically to the power system.
Under such ideal conditions, there will typically be little or no rotor torsional vibration. Torsional
vibrations occur as a result of transient or unbalanced steady state power system disturbances which
act to induce variations in the generator air gap magnetic field and, hence, the output torque.

5.2.2 Elastic blade modelling

and shaft uch that the resulting natural frequencies of the assembled rotor or shaft train are diffe fent
from thosg of the individual components (see Figure 3). It is important to note that for other blade
modes with non-zero-nodal diameters, different sectors of the blade row vibrate in antisphase to those
of adjacent|sectors and are therefore not excited by torsional oscillation of the shafttrain.

For short- jand medium-height blade rows (e.g. of HP/IP turbines, first several stages of LP turbjnes
or last sevgral stages of gas turbine compressors), the frequencies of the lewest zero-nodal diamgter
modes are|generally far away from the frequencies of interest for torsional analysis. Therefore, when
calculating the natural frequencies of the shaft train, such blades cane considered as rigid and ¢nly
their torsignal inertias need be taken into account.

For longer| blades (e.g. the last and penultimate stages of the)LP turbine or the first gas turlmne
compressof stage), the frequencies of the zero-nodal diameter-modes can be within the range of, or
sufficiently close to, the grid and/or the twice grid frequencyitrorder to significantly affect the resulfing
system mofdes, which can then become critical as far as texsion is concerned. These modes interact with
those of the other components in such a way that additional coupled modes are introduced with varjous
combinatiqns of blade vibration in phase and anti-phase with the shaft train. Under adverse conditipns,
such modep could amplify shaft/blade stresses due-to external torques arising from grid disturbanices.
Consequenitly, when calculating the natural frequencies of the shaft train and blades, it is necessar} to
model the long blades elastically to fully replicate the zero-nodal diameter (all-in-phase) modes of them.

If the lowdst zero-nodal diameter made. of the blade row and disc (or shaft section at the blade fow
location fof drum type rotors) is lessthan 2,5 times the nominal grid frequency of the electrical grid
system (e.g. 125 Hz in countries where the nominal grid frequency is 50 Hz and 150 Hz in countfies
where the[ nominal grid frequency is 60 Hz), consideration shall be given to modelling the blade
elastically.

Otherwise] the blades can,be modelled by their torsional inertia and it is only necessary to lump|the
total inertifa of a bladexow at the appropriate point in the shaft/disc model.

As the cenftrifugal-loading of rotating blades is speed dependent, their natural frequencies are flso
speed dep¢ndent. Therefore, if long blades are modelled elastically, natural frequencies of the ovdrall
shaft train| become speed dependent as well. Where the blade model does not consider their speed
dependency, 1S case, margins B
and C shall be applied to the calculated natural frequencies at nominal rotatmg speed (see 6.2).

5.2.3 Modelling generator rotor windings

Detailed knowledge of the generator rotor structural design is needed for accurately modelling its
stiffness. Effects of the rotor body section with its copper windings and wedges shall also be taken into
account.

5.2.4 Grid/excitation modelling

To calculate the excitation torque acting on the generator at the winding section, it is common practice
to use analytical short circuit equations or numeric network models. Typically, and as long as all

6 © IS0 2022 - All rights reserved
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relevant system parameters are known and allow calculation of the air gap torque for load cases where
no analytical equations are available, the numeric network models have a higher accuracy.

Based on the individual torsional mode shapes of the shaft train in the area of the generator rotor
windings where the air gap torque acts on the shaft train, it is possible that some torsional natural
frequencies can be excited by the SSR/SSTI phenomena during operation. This behaviour is based on
the interaction between one or more natural frequencies of the mechanical system and one or more
natural frequencies of the electrical system. To analyse SSR/SSTI phenomena a more detailed numerical
model of the grid system, including an appropriate representation of the relevant shaft train modes
(e.g. lumped mass model of the shaft train with a few degrees of freedom), is required. Modelling and
assessment of SSR/SSTI phenomena is beyond the scope of this document

5.2/5 Damping modelling

Thd
whi

overall damping of the electro-mechanical coupled system depends on a large number of parameters

lite
per
eve

Ty
val
use
con,

5.2
Ge

pro
gea
the

ch are typically known only to a very limited extent. Consequently, damping ratios 1
fature vary considerably from approximately 0,01 % to 1,0 %l4l. However, calculatio
formed with conservative damping ratios typically being smaller thdn 0,1 %. Within

ht damping values can vary with time and load[>].

ically, damping is chosen to be proportional to mass and stiffness properties or mod
es are used. No general guidance can be given on the modelling-approach and damping ¥
H as damping values depend on design of the rotor, manufacturing accuracy and electric
ditions which can vary during operation.

6 Gear box modelling

boxes couple the lateral, torsional and, for single helical gears, the axial vibrations of s

I
resellting in interaction between lateral and-t@rsional dynamics. In this case, journal be

vide considerable damping for torsional vibration. Due to gear teeth interaction, the stiff
I is dependent on the angular positioni.ef the shafts and on the torque being transmitt
be effects into account can lead to-Very complex non-linear models being needed res

tremendous effort to evaluate the dgynamic behaviour of the shaft train.

Inn
Int
intd

5.2

nany cases (e.g. if flexible couplings are used), the torsional-lateral-axial interaction can
his case the gear box model)shall take the gear ratio and stiffness and inertia properties
account.

7 Flexible coupling modelling

If t
joi

ere are large.ahgular alignment differences between the two coupling flanges (e.g. w

eported in
s shall be
h vibration

]l damping
alues to be
al and grid

haft trains
arings can
ness of the
ed. Taking
ulting in a

be ignored.
of the gear

ith cardan

s for flexible couplings) the input rotation is non-linearly transformed into the outpyt rotation.
However, forshaft trains the alignment differences are very small and hence non-lineari
neglected;and linearly modelling flexible couplings is sufficient.

fies can be

Thdq stiffness of the flexible coupling can significantly affect torsional natural frequencies a

nd shall be

determined with care. Depending on mode shapes, tuning of torsional natural frequencies can be easily
achieved by changing the stiffness of the flexible coupling. Typically, the inertia of the flexible coupling
is significantly smaller when compared to the rest of the shaft train and changes to it have a relatively
insignificant effect on the overall torsional natural frequencies.

5.3 Design element uncertainties

In the shaft train torsional model, there are some components and design elements that typically have
larger modelling uncertainties than others. The list gives an overview of typical modelling uncertainties:

a) Rotor and shaft train joint and interface uncertainties:

1) shrink fit values;

© IS0 2022 - All rights reserved
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b)

d)

5.4 Detérmination of calculation‘urncertainties

2) blade connection contact stiffness;
3) coupling stiffness.

The manufacturing tolerances (e.g. shrink fit diameters) and the finally achieved production quality
(e.g. surface quality) of these joints and interfaces can have a significant influence on the stiffness
properties of the model. The mass/inertia properties are generally well known for these design
elements and are only marginally affected by manufacturing and assembly tolerances.

Large blade uncertainties:

There b All bb d O\,attbl ;ll ‘\:hb bladb d)’ llalll;\, lJl UlJbl t;\,o (uatux Cll fl \,blubll\,;\.m)) fUl lcu 5\, \,}aoti\, b} deS
of gas furbine compressors and LP steam turbines. In some cases, the scatter is partly intendef to
countgract any flow-induced vibration excitation. Consequently, for blades manufacturéd, within
their thanufacturing tolerances the natural frequencies at standstill can vary by several Hdrtz.
Models of large elastic blades shall take into account that the stiffness properties of the blades vary
with speed due to the stiffening effect caused by centrifugal loading (see 5.2.2).

Genergtor winding uncertainties:

Similar to shrink fits and other joint types, the stiffness properties of-the rotor model car} be
signififantly affected by the interaction between generator shaft and‘the windings, depending on
manufpcturing tolerances and the finally achieved technical productien quality. The mass/ingrtia
properties are generally well known and are only marginally affected by manufacturing pnd
assemply tolerances.

Materifal property uncertainties:

Typicallly, component surface temperatures are knewn with sufficient accuracy from other
calculgtions (e.g. thermodynamic) or measurements'so that body temperatures can be determined
accuraftely. However, temperature distribution canvary significantly during transient events [e.g.
load changes) or where there is a malfunction (e.g. differential cooling of generator windirgs).
Consequently, the material properties introduce some uncertainty affecting the stiffness pnd
mass/Inertia properties of the shaft train.

All known modelling uncertainties shall be assessed as, typically, they do not cancel each other outfand
will affect jndividual shaft train modes differently. To determine the nominal model initial calculafion
uncertaintjes the three methieds described here are suitable and in addition, and when necessaty, a
combinatign of the methodsean be used. Particular attention shall be paid to the uncertainties related

to frequengies close to grid/and twice grid frequency. Uncertainty can be based on:

a)

b)

Calculftion:

For thfs approach all individual rotor modelling uncertainties are combined leading to higher/
lower hdtural frequencies being calculated compared to the nominal model. Then all rotor moflels
leadingtotigher/fower maturatfrequerncies tam be combimedimto staft traim modetsteading to
higher/lower natural frequencies. Based on the difference in natural frequencies of the shaft
train calculated with minimal/maximal and nominal model the uncertainty for each mode can be
determined.

Blade natural frequency measurement:

Measurement of blade natural frequencies taken at rotor standstill can be used to populate the
blade standstill model and the fact that blade standstill frequencies vary from blade to blade can be
taken into account. With increasing rotational speed, the frequency variation between blades will
reduce and so the uncertainties determined for the blades at standstill can only, to a limited extent,
be transferred to the results of the shaft train calculation.
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Rotor natural frequency measurements:

The uncertainties determined for the as manufactured rotor can only, to a limited extent, be
transferred to the results of the shaft train calculations. For vibration modes of the shaft train
dominated by one rotor, the uncertainties from the shop test on that rotor can be used with
acceptable accuracy. Preferably the shop measurements are used to validate the uncertainties of the
design elements. These values can then be used to determine the natural frequency uncertainties
of other rotors by calculation.

NOTE1 A statistically relevant number of measurements on different rotors with (almost) identical
designs is required to determine the design elements uncertainties.

IMILORTANT — Caution shall be exercised when interpreting the natural frequencies$ obtained

fro
(e-g

d)

6

m static rotor tests where stiffness properties significantly depend on the ‘rotating speed
. bladed rotors and see A.4).

If, for a specific project, a test at standstill or a full speed shop measuremént’has been|performed
for a rotor, then the model of the rotor can directly be updated to matchtheshop measufed results.
Therefore, the modelling uncertainties for the specific rotor can be neglected (for the acfual project
where the rotor is going to be used) when determining the uncertainties of the shaft trajn based on
calculation.

In order to properly determine natural frequency uncertainties, it is important to p¢rform any
calculations at the same temperature (typically room tempeyature) as when the shop medsurements
were taken so that a direct comparison can be made between the two sets of results and the model
can be updated with confidence.

Measurements taken from similar shaft trains:

Where there are sufficient measured torsional natural frequencies taken from shaft trgins having
very similar designs (e.g. the same design elements, manufacturing tolerances, marjufacturer),
statistical information regarding the nieasured torsional natural frequencies can be usd directly
to determine the calculation uncertainty for each mode.

Caution shall be exercised where very similar rotors are installed in different combinjations into
different shaft trains. If sufficient measured torsional natural frequencies from similar shaft
trains are available, only~information for modes dominated by very similar rotors cin be used
to determine the calcylation uncertainty. For example, where a very similar gas turbine rotor is
installed in different\tiirbine generator sets with different generator rotor designs, falculation
uncertainties can®edetermined only for the torsional natural frequencies where the|associated
modes are dominated by the gas turbine rotor.

NOTE 2  ASstatistically relevant number of measurements on different shaft trains with (almagst) identical
designs is<€quired to determine the modelling uncertainties for the shaft train.

Shaft train evaluation

6.1
Up

General

to three analyses shall be completed in order to evaluate the shaft train torsional vibration

characteristics to ensure that

a)

b)

c)

the frequency margin between the calculated natural frequencies and the relevant electrical grid
system frequencies is sufficient (see 6.2), and/or

at critical sections of the shaft train, the peak stresses induced by transient fault conditions are
satisfactory (see 6.3), and

steady state excitation at the relevant electrical grid system frequencies due to the continuous
allowable line unbalance loading does not cause any high-cycle fatigue failures (see 6.3).
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The objective is to ensure that there are no shaft train vibration modes with natural frequencies in
close proximity to the grid and twice grid frequencies of the electrical grid system that can be excited
by variations in the generator air gap torque. Figure 4 gives guidance regarding which type of analysis
is to be carried out, dependent on meeting the criteria defined in 6.2 and 6.3. The shaft train design
is acceptable if the stress levels/fatigue damage caused by electrical excitation are within admissible
limits. Having separation between the shaft torsional natural frequencies and the grid excitation

frequencie

s is a major contributor to ensuring acceptable stress/fatigue margins.

Starting with a model of the shaft train, the torsional natural frequencies shall be calculated and
assessed against the criteria specified in 6.2. If required, to meet the natural frequency criteria in this

clause, me
calculation

To ensure
from simil
the shaft ty

If the torsi
train avail
be assesse
of the shaf
permitted
indicate wl

Guidancer
analyses a

asurement results taken from individual rotors or shaft trains can be used to reduce

the

uncertainty.

sufficient shaft train strength under electrical unbalance and fault conditions, €xperie
ir shaft trains can be used. With positive experience, there is no need to furtherinvesti
ain stresses and fatigue damage caused by electrical excitation.

bnal natural frequency criteria cannot be met or there is no experience'with a similar s
hble, a transient fault analysis shall be performed. The resulting stress/fatigue damage s
 against admissible values per fault. It should be noted that torsional natural frequen
f train corresponding to vibration modes that are insensitive todnduced torsional forces
within the frequency exclusion zone (see 6.3). Calculations by(the equipment supplier s
nether a mode is responsive or non-responsive to grid excitation.

e acceptable, is given in 6.2 and 6.3. If, as a resultcef those analyses, any of the speci

criteria cajpnot be met, the design of the shaft train or of individual rotors in it shall be modified so

the criteri

h can be met. However, in some cases, where modifications required to meet specifica

values cannot be justified economically, monitoring ofishaft vibration or electrical quantities

negative se
in case exc

Further inf

10

bssive shaft train vibration occurs.

ormation regarding the calculation(@ftorsional vibration is given in Clause 7.

nce
pate

haft
hall
cies
are
hall

egarding how to determine whether the results of the shaft train frequency, stress and fatjgue

fied
that
[ion
e.g.

quence current) during operation shall be\used to allow operators to take countermeasures
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Figure 4 — Flow chart for the assessment of rotating machinery torsional vibration

6.2 Natural frequency assessment

6.2.1 General

Shaft train torsional natural frequencies being less than 2,5 times the nominal grid frequency of the
electrical grid system (e.g. 125 Hz in countries where the nominal grid frequency is 50 Hz and 150 Hz in
countries where the nominal grid frequency is 60 Hz) shall be considered for evaluating the frequency
exclusion zones.
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Typically, individual shaft train rotors have different modelling uncertainties and depending on their
contribution to the shaft train modes, the calculation uncertainty of the torsional natural frequencies is
mode dependent.

The contribution of the different vibration modes to the torsional vibration of the shaft train depends
on their susceptibility to excitation by the generator. Modes having marginal susceptibility to excitation
by the generator are less sensitive compared to modes having significant susceptibility to excitation by
the generator. Therefore, the required margin between the natural frequency and excitation frequency
of the shaft train is dependent on the vibration mode.

Therefore, it is feasible to consider different calculation uncertainties and separation margins for each
vibration node. However, applying identical separation margins B /1 and calculation uncert@iqlties

ish
a

re

Cuy1 or D, to all torsional natural frequencies is also acceptable. It is not necessary to dié]lg

between upper and lower values but to consider them to be identical. Torsional frequency,,@ gins
shown in Higure 5, summarized in Table 1 and described in more detail in 6.2 a) to d). o

Wi A q/(l/q/

20, 7 c§
24, { il N\

-
-
-
-
-

= Witq

-
3

e

(/.
L5 T
¥ G5 D

————"

SH
Q rot atip&%quency A, upper grid frequency variation

Q noluTaAl rot 6 | I : n ofmode i

®;, @1 natural frequency of mode i, i+1 B, ;,

B, i+1 upper separation margin of mode 1, i+1

Q nominal grid frequency Cliv1 lower calculation uncertainty of mode i+1

Q24 grid frequency Cy,i»Cy i+1 upper calculation uncertainty of mode i, i+1

Q, twice grid frequency Dy lower reduced calculation uncertainty of mode i+1

A lower grid frequency variation Dy i Dy i1 upper reduced calculation uncertainty of mode i, i+1

NOTE1 See Table 1 for the definition of frequency margins A to D.

Figure 5 — Torsional frequency exclusion zones and margins
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6.2.2 Torsional frequency margins

The grid frequency deviation limits (electrical grid frequency oscillations leading to grid and twice grid
frequency excursions) are identified as A, and A4,. These values, together with the additional margins

given in Table 1, enables users to evaluate the required frequency margins specific to their grids. The
grid frequency deviation limits vary for different regions throughout the world and shall be agreed
between the customer and the rotor/shaft train supplier. In many cases, different upper and lower off-
frequency variations A, and 4 are specified.

Margin B is required between the natural frequency of the shaft train and the maximum/minimum
. . . e , P, A the modal
h jmost cases

Maygins C,, and C} account for possible calculation inaccuracies in cases where the torsiopal natural

frequencies of a coupled shaft train are assessed by calculation. The marginyis omitted where an
ass¢ssment is based on results obtained from a field test performed on the fally installed shaft train.

Confidence in the calculated frequency values increases if they are )supported by experimental
validation which allows the uncertainty margins €, and C; to be r€duced. The extent tol which the

frequency margin can be reduced will depend on the level ofi*testing performed andd the test
configuration used. For example, a field test on the fully installéd shaft train will give a gredter level of
confidence than that provided by various levels of shop testing performed on individual rqtors of the
shaft train.

Validation should focus on rotors which significantly affect the torsional natural frequency jof concern.
Validation of rotors not participating in the associated mode does not provide a significgnt benefit.
Mayggins D, and D; are the reduced margins fortC,, and C; respectively depending on thd validation

megsures used.

Table 1 — Margins at grid and twice grid frequencies

Margin Description Frequendy margin
A Upper grid frequency.deviation A
Lower grid frequency deviation 4
Upper margin between natural frequency and grid frequency B,
B
Lower margin between natural frequency and grid frequency B
Mode dépendent upper calculation uncertainty (leading to higher natu- 0
c raldrequencies) for nominal model B
Mode dependent lower calculation uncertainty (leading to lower natural a
frequencies) for nominal model |
Mode dependent reduced upper calculation uncertainty for revised
model based on validation (e.g. shop test measurement(s), measure- n,
D ments at similar shaft trains)

Mode dependent reduced lower calculation uncertainty for revised
model based on validation (e.g. shop test measurement(s), measure- )
ments at similar shaft trains)

Frequency margins A to D can depend on a number of other factors (e.g. the location of the power
station, the integrity of the electrical network, accuracy of assessment and the operating history of the
supplied hardware) and so the specification of numerical values for them is beyond the scope of this
document. Examples of typical values together with the corresponding frequency margins are given for
information 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 rotor/
shaft train.
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6.2.3 Natural frequency criteria

6.2.3.1 General

Calculation of torsional natural frequencies shall be performed at the stable baseload temperature
condition of the turbine generator set. The torsional natural frequencies are acceptable if one of the
criteria NF 1 (see 6.2.3.2), NF 2 (see 6.2.3.3) or NF 3 (see 6.2.3.4) are satisfied (see Figure 5). To apply
the criteria, the torsional natural frequencies shall be calculated at the speed corresponding to the
upper and lower grid frequency deviation. However, as long as only stiffening effects are included in the
model (typically elastic rotor blades), checking the criterion for torsional natural frequencies calculated

at nominalfr CUTNTyY tsconservativeanmdrenceadmissibte:
NOTE FPerforming the analyses at the stable temperature state of the turbine generator set at baseload|can
result in tofsional natural frequencies not fulfilling the criteria for a limited amount of time durihg,warrhing
up. The temperature primarily affects the stiffness properties (Young’s modulus) of hot turbine sections. These
sections typically have larger diameters and deformation is limited for the lower modes.-E6r lower mgdes
typically th¢ stiffness of thin and cooler cross sections (e.g. bearing locations) has a much higher'influence o1} the
natural fredquencies. As the thermal effect is temporary, its influence on the stiffness (Youiig’s modulus) of Iqwer
modes is secondary and combined with a rather low probability to operate directly at the limits of A, a small
consumption of margins B can be accepted for a limited amount of time, while the-turbine generator set fully
heats through from its original temperature state to the stable temperature stateatload.
6.2.3.2 Natural frequency criterion 1 (NF 1)
The calculgted torsional natural frequencies of the shaft train usinig a non-verified model shall meet{the
criteria expressed in Formulae (1) and (2)
A )< < A, |-C;,-B 1
X(&pAy)So | O +—F4Ay =0 —By; 1
2
and
Ay )= < A +C B 2
X (& rh)zo | O -—F4 +Cy; +Bg; (2)
2
where
Q . : o,
;| Q] +—>A4, | isthe iGtlrcalculated natural frequency at speed €, +—=A4,;
2
Q . . 5,
;| Q] —-—"4, | i8the i-th calculated natural frequency at speed €2, ——=4;;
Q2 2
x=1 for torsional natural frequencies at grid frequency;
x=2 for torsional natural frequencies at twice grid frequency.

If the criteria described in Formulae (1) and (2) are met, no further measures or calculations are
required to meet the requirements for the torsional natural frequencies and the criteria described in
6.2.3.3 and 6.2.3.4 can be ignored. If the criteria are not met, either,

a) the calculation uncertainty shall be reduced, or

b) a full speed field test on the fully installed shaft train at thermally stable baseload conditions shall
be performed, or

c) a more detailed stress analysis shall be performed so as to confirm that the dynamic stresses do
not exceed the specified values (see 6.3), or

d) the shaft train design shall be changed to the shift torsional natural frequencies, or
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the shaft torsional vibrations shall be monitored.

6.2.3.3 Natural frequency criterion 2 (NF 2)

If the calculated torsional natural frequencies are validated by means of measurements taken on
similar rotor(s) or similar shaft trains, the calculation uncertainty can be reduced, and Formulae (3)

and (4) apply:

x-(&+A)so [-Qn +%Au ]_Dl,i -By;

(3

and

If t
req
des

d)

x (& -4)z0 [-Qn _%Al ]"'Du,i +By

cribed in 6.2.3.4 can be ignored. If the criteria are not met, either,

be performed, or

a more detailed stress analysis shall be performed so as to confirm that the dynamic
not exceed the specified values (see 6.3), or

the shaft train design shall be changed to the shifttorsional natural frequencies, or

the shaft torsional vibrations shall be monitored.

IMRORTANT — Caution should be exercised when interpreting results from tests per

bla

6.2

If a
con

and

led rotors under standstill conditions (see A.4).

3.4 Natural frequency criterion 3 (NF 3)

(4)

e criteria described in Formulae (3) and (4) are met, no further measures or calcujations are
lired to meet the requirements for the torsional natural frequencylcriterion and the criteria

a full speed field test on the fully installed shaft train at thermally stable baseload condjitions shall

tresses do

formed on

full speed field test is carried out on the fully installed shaft train at thermally stable baseload

where

©IS

ditions, the torsional natural frequencies shall meet the criteria of Formulae (5) and (6):
X‘('Qe+Au)SCbi (%"'&Au ]_Bl,i (5)
P
X (2= Ay) 2 @, 'Qn_&Al +By; (6)
Q
D (_Qn +&A j is the i -th measured natural frequency at speed €2, +&A ;
1 'Qe u u’
;| Q, —&Al is the i -th measured natural frequency at speed €2, —&Al .
2 2
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As the natural frequencies @; of the shaft train at baseload and at the speeds corresponding to the

O

upper [Qn +§Au and lower | €, —%Al grid frequency deviations can typically not be measured,

the approximations given by Formulae (7) and (8) can be used:

0y ['Qn +%Au =~ @; () + o, [-Qan%Au ]_wi () (7)
and

@ ['Qn _%Al ]:d’i(gn)eri [%—%AI ]_wi('gn) (8)
where

; (£2)) is the i -th calculated natural frequency at nominal frequency £} ;

@; (£2)]) is the i -th measured natural frequency at nominal frequency’ €2, .

Calculatior}s can be performed either using the nominal model or a~ywalidated model based| on
measuremgnts taken on similar rotor(s) or shaft trains. If the criteria described in Formulae (7) and (8)
are met, nq further measures or calculations are required.

If the criteria of NF 3 are not met:

a) either more detailed stress analysis shall be performed:so as to confirm that the dynamic stregses
do notlexceed the specified values (see 6.3), or

b) the shaft train design shall be changed to the shifttorsional natural frequencies, or
c) the shaft torsional vibrations shall be monitored.

Examples ¢f typical frequency margin valdes‘together with the corresponding frequency margins|are
given for iffformation in Annex B.

6.3 Streps assessments

6.3.1 General
An assessment of the torsional rotor/shaft train stresses shall be carried out

a) in casds whereqd experience with similar applications is available, and

b) to confirm the acceptability of either calculated or measured torsional natural frequencies which
do not|satisfy the criteria given in 6.2.3.2, 6.2.3.3 or 6.2.3.4. As a consequence, the shaft trai
beaCC dDIE e vViDration mode O ONCern are inser ve L0 Le eX dUIOI reguer
therefore do not pose any problem to system integrity.

It is the responsibility of the rotor/shaft train supplier to demonstrate, by calculation, that the dynamic
stresses do not exceed the specified values or to demonstrate that the same or similarly designed
machines are operating successfully with comparable grid conditions. Attention shall be paid to areas
of potential high stress (e.g. coupling bolts, blade roots and those regions of the shaft with the smallest
diameters).

The dynamic stress assessment shall take into account faults that excite grid and twice grid frequencies
including steady state line unbalance excitation. Most load cases include a step change which excites
all frequencies regardless of their separation margin, requiring a minimum component strength. The
impact of electrical fault excitation on the shaft train can vary significantly, depending on the fault type
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and location. The stress assessment shall take into account that there is a static torsional stress due to
the steady state torque/power transmission upon which the dynamic torsional stress is superimposed.

6.3.2 Expertise criterion

This criterion is fulfilled if experience with a similar shaft train is available. Whether a shaft train can

be considered to be similar to a previous unit shall be evaluated by

a)

the electrical system (e.g. excitation torques) to which the turbine generator set is to be
to,

connected

b)

)

the torsional natural frequencies and mode shapes (e.g. separation of torsional natura f
from excitation frequencies, mode shapes and modal excitation factorlél), and

shaft diameters and rotors inertia.

If these criteria are met, no dynamic torque analysis is required to evaluate the shaft torsi

and
toe

6.3
Thd

fatigue. If these parameters cannot be met, a dynamic torque analysis shall be perform
stablish whether the turbo set is suitable for the application it is intended for.

3 Stress/fatigue criterion

induced stress and high-cycle fatigue in the shaft train occuiring as a result of torsione

resfilting from variations in the electromechanical torque“shall not exceed limit values.

lim
maj
fati

The
sha
eled

Thd
bet

Ac

t values per incident shall be determined taking into account how often electrical faulty
Kimum possible fatigue damage per electrical fault ahd the probability that the maximu
bue damage occurs.

calculated peak stress resulting from excitation of the shaft train by electromechan
1 be below limit values. If peak stress valdés exceed the limit values the fatigue cauyj
tromechanical torque shall be assessed,

modelling techniques, calculation miethod and acceptance criteria used are subject to
veen the customer and the supplier(see 7.1).

mprehensive description of fatigue assessment can be found in References [7] and [8].

Calculation of shaft train torsional vibration

General

ided that\the details of the individual shaft train are known, it is possible to ca

requencies

bnal stress

bd in order

1 vibration
Applicable

occur, the
m possible

fcal torque
sed by the

agreement

culate the
frequency

fects (free
to forced
including

damping, to ensure that the induced stress and shaft fatigue levels do not exceed the specified values

and

7.2

are in accordance with the rotor/shaft train supplier’s experience.

Calculation data

The data to be taken into account when calculating shaft train torsional vibration are

a) the polar mass moment of inertia and torsional stiffness characteristics of each rotor in the shaft
train,

b) the rotor blades elasticity (if applicable),

c) the specific operating parameters, and
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d) ifitisnecessary to carry out a forced vibration calculation, the knowledge of the torsional vibration

damping and the relevant excitation forces.

7.3 Calculation results
The calculation method used shall be capable of providing the following results for the shaft train:
a) natural frequencies and the corresponding mode shapes;

b) dynamic torsional stresses or torques;

c)

shaft fhtigue loading.

7.4 Calculation report

be
lier

If the cont
provided b
and shall a

a)
b)

ract requires shaft train torsional vibration to be calculated, a suitable-report shal
y the supplier. The contents of the report shall be agreed between the customer and supy
| least contain:

shaft tfrain leading particulars (e.g. inertia of rotors, length of rotors, bearing diameters);

config lled

elastic

hration of the shaft train (including a summary of which blade'rows have been mode
ally);

calculdtion results;

<)

d) if the j

report

upplier has subcontracted the calculation then, it shall be clearly stated in the calculation

8 Measurement of shaft train torsional vibration

8.1 General

If the initia
criterion N
component
of the red
circumsta

1 calculation shows that there are torsional natural frequencies within the range define
F 1, it is necessary to take further action. This involves either modifying the major rota
s or performing tests to(validate the calculation results and confirm that the applica
uced frequency margins defined in 6.2 are permissible. Depending on the partic
ces, such measurements may be carried out on individual rotors in the factory or on

d in
[ing
[ion
1lar
the

fully instaTled shaft train on'site. The requirement for, and extent of, any such testing shall be agileed

between the supplier andcustomer.

NOTE |
the custom
satisfactory

n of
e is

'he requirement for testing can be waived if the supplier can demonstrate, to the satisfactio
b1, that the accuracy of the prediction method is such that a smaller frequency exclusion rang

hod of measurement

8.2 Met

A variety of different measurement techniques have been successfully employed in the past to measure
shaft train torsional vibration characteristics and Annex A provides further background information.
However, it is emphasized that the methods described in Annex A are not the only ones available
and others may be equally applicable. The methods described in Annex A are subject to continuous
improvement and so the one that is most appropriate for a specific application will depend on a number
of factors.

Normally, the method adopted will be the one commonly used by the supplier. However, it should be
recognized that testing of the fully coupled shaft train on site may be an expensive and time-consuming
process that should only be considered under exceptional circumstances. It is for that reason, that the
preferred approach is for the supplier to ensure that the frequency margins specified in 6.2 are met at
the design/manufacturing stage, thereby, avoiding the necessity for site testing.

18 © IS0 2022 - All rights reserved


https://standardsiso.com/api/?name=9ce6a8b11e003410d16d2bc327a7a9e0

8.3

IS0 22266-1:2022(E)

Measurement report

If torsional vibration tests are performed, a measurement report shall be provided by the rotor/shaft
train supplier. The contents of the report shall be agreed between the customer and the supplier and
shall contain as a minimum:

a)
b)

‘)
d)

e)

)

9.1

d)

f)

g)

© IS0 2022 - All rights reserved

shaft train leading particulars (e.g. inertia of rotors, length of rotors, bearing diameters);

shaft train configuration;

the measurement parameters used;

the operating conditions (e.g. shaft temperature, power output) at the test site'tg
calibration of the shaft train model;

the type, accuracy and calibration method used for the measuring equipment and the mq
sensor positions;

if the supplier has subcontracted the torsional vibration measurements, then it shall
stated in the measurement report.

General requirements

Supplier and customer responsibilities

The supplier of the turbine generator set shall be*responsible for ensuring that th
vibration characteristics of the shaft train are witHin specification. In those cases whel
manufacturers supply the turbine and generator, the turbine supplier will normally be 1
for the torsional vibration assessment.

Where torsional vibration calculations of the complete shaft train are requested, the sup
rotor/shaft train shall be responsible(for the calculations, even if the calculations are sub

Where additional verification of the shaft train torsional vibration is required, the suj
be responsible for the measurements carried out even if that work is subcontracted. In
the rotor/shaft train supplier shall select, in agreement with the customer or the
organization representing-him, the methods of measurement and sensor measuring locg
used.

If there is a range-of operating conditions where the vibration could cause damage, f
generator setsupplier shall, with the agreement of other parties, take any necessai
eliminate cfitical vibrations or to ensure that procedures are in place to avoid operating
generatoer\Set under damaging conditions.

Any necessary corrective actions to modify the turbine generator set are the responsil
supplier and shall be agreed upon by the relevant component manufacturer(s). It is the

allow for

asurement

be clearly

b torsional
e different
esponsible

plier of the
Fontracted.

bplier shall
particular,
inspection
tions to be

he turbine
y steps to
'he turbine

ility of the
customer’s

YﬂthY\C]]‘\l]lf‘l to ensure that all information about the turbine rrohnr':lfnr set or oth

br relevant

detalls (e.g. transformers grid) is provided to the supplier of the rotor/turbine generator set to
enable the torsional vibration calculation to be performed correctly. When retrofitting some rotors
of a turbine generator set, it can be reasonable to measure the torsional natural frequencies of the
initial shaft train to validate the model used for non-OEM rotors. Nevertheless, and in all cases,
clear responsibility for carrying out the torsional vibration analysis shall be agreed between the
rotor/turbine generator set supplier and the customer.

The rotor/turbine generator set supplier shall not be liable for any assumptions being made in the
calculations due to missing information from the customer.

In case of partial supply/retrofit of rotors/components by a non-OEM supplier, there shall be
clear agreement between the new supplier(s) and the customer regarding the torsional vibration
characteristics of the shaft train. This can also require additional verification of the torsional
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vibration of the complete shaft train prior to retrofit. In this case the customer of the turbine
generator set shall allow for verification/measurement of the torsional characteristics.

9.2 Acceptance criterion

Any acceptance criterion to assess whether the turbine generator set will operate satisfactorily with
regard to torsional vibration, are subject to agreement between the customer and the supplier.
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Torsional vibration measurement techniques
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A

riety of different measurement techniques have been successfully employed ¢olm

basure the

torgional vibration characteristics of coupled shaft trains. These methods are subject to fontinuous
impgrovement and, therefore, that which is most appropriate for a specific application will be|dependent
on p number of factors. This annex provides further background to somecof’these mgasurement
techniques. It is emphasized that these are not the only available methods that can be used and other
equially applicable methods developed by different OEMs are similarly usefulbut not discusded here.
A.Z Torsional vibration transducers and measurement systems
These devices are typically used to measure torsional vibration:
a) |incremental measurement techniques (e.g. eddy current probes, inductive probes, lasgrs, optical
decoders (non-contacting transducers used for incremiental pulse timing));
b) [strain gauges;
c) |accelerometers positioned circumferentially around the shaft at specified angles (prgferably 0°
and 180°);
d) |magnetostrictive working sensors.
It i emphasized that the methods listed in A.2 a) to d) are not the only available methods that can be
usefl and others may be equally effective.
Table A.1 gives an overview~of the advantages and disadvantages of typical torsional vibration
tramsducers.
Table A.1 — Comparison of typical torsional vibration transducers and measurement systems
Principle Description Advantages Disadvantages
Inctremental Contactless probes gener- — No rotating sensors and|— High sample| frequency
method ate a series of pulses from no telemetry required required
features on the shaft surface _ .
(e.g. gear teeth). Thesystem |— Non-intrusive
measures the imstantaneous 1ucabu1.l::1ur;ut ‘f“d
time between two pulses. no risks  regarding
The measurand is directly environment health and
proportional to the instanta- safety
neous velocity. ) )
— Very little  turbine
generator set downtime
needed for installation.
Reduced lead time and
on-site effort
— Suitable for long term
monitoring and short
term testing
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rotating shaft. The measur-
and is directly proportional
to the mechanical strain.

Table A.1 (continued)
Principle Description Advantages Disadvantages
Strain gauges Strain gauges applied to the Standard parts can be Considerable turbine

used

Proven technology

generator set downtime
needed for installation

Power supply and
telemetry required
with risk for machine

integrity, environment
L

1l | £faoi
TTICartT I Sarcty

Rotating test equipnjent
can generate hoise

Limitatighs for long t¢rm
operation

Telenietry collars need
to be adapted to fit|the
part to which they [are
being fitted

Rotating ag

celer-

Two accelerometers mounted

Standard parts can{be

Considerable turbine

ometers 180° apart from each other. used generator set downtjme
Measurand is directly pro- needed for installatiop
portional to the acceleration
in tangential direction. Power supply pnd
telemetry required
with risk for macljine
integrity, environnjent
health and safety
Rotating test equipnjent
can generate noise
Limitations for long t¢rm
operation
Telemetry collars need
to be adapted to fit|the
part to which they [are
being fitted
Magnetostyictive |Contactless probes measure No rotating sensors and Sensors reqjiire
sensors the ¢hange in permeability no telemetry required calibration for accutrate
ofithe shaft surface due to amplitude measurempnt
external loading. Non-intrusive
measurement method Amplitude measurenjent
and no risks regarding sensitive to shaft
environment health and train axial expansitn/
safety contraction
Very little turbine
generator set downtime
needed for installation.
Reduced lead time and
on-site effort
Suitable for long term
monitoring and short
term testing
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A.2.1 Incremental measurements

For the incremental measurement of torsional vibration, any regular pattern on a shaft can be used.
Either gearwheels need to be mounted on the shaft train or existing gearwheels can be used. Typical
applications use a speed wheel (see Figure A.1) but any other gear on the shaft is suitable. For short
term measurements zebra tapes (where the black and white pattern is detected by a laser sensor) can
be used.

®

a) Schematic representation b) Pheto of measurement setpp

Figure A.1 — Incremental measurement technique

Theg measurement principle of this method is based.gn a taking accurate time measurement of the
incfements. Typical clocking rates are in the range‘of 30 MHz. Torsional vibrations superimposed on

the

constant rotational velocity lead to a non-constant time between pulses. As the angulaif increment

is given by the number of pulses measured pefirevolution, the instantaneous time betwegdn pulses is

pro

As
bet

A.2{2 Strain gauge measurements

portional to the vibration velocity.

lateral vibration affects the measyring accuracy, installing sensors in pairs (with 180° offset
veen them) compensates for shaftbending vibration affecting the output.

Installing strain gauges (see Figure A.2) on a shaft/component typically requires a significdnt amount
of greparation work as. coils and telemetry collars have to be adjusted to the specific shaft diameter
and| the mechanical infegrity of all rotating components has to be ensured. Accurate attachment of the
strdin gauges to the:shaft during shutdown is necessary taking the hardening times of the adhesive used
intq account. The2adhesive used should be resistant to heat, thermal expansion, chemical influence and
dirg. The energy-supply for the strain gauges is typically provided via slip rings, coils or battery packs

motnted ofnthe shaft. The signals themselves can be transmitted wirelessly or via slip rings
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b) Photo measureml?@l' setup

a3

) Schematic representation

Key O
1  supply poltage 4  strain gauge 2 \%
2 signal yoltage 5  strain gauge 3 (S)\

3  strain gauge 1

6  strain gauge 4QQ
3

Figure A.2 — Measurement with strain gaugeg\Q}\\ere with redundancy)

%
. )
A.2.3 Acfeleration measurements R\
As for any| method using sensors mounted on the-shaft train, the accelerometers need to be fixed

accurately| In addition, the accelerometers shoul@be installed in pairs to compensate for vibrafion
induced by shaft bending, and mounted 180° rt from each other (see Figure A.3). Care should be
taken to prevent unbalance caused by the“mmeasuring equipment mounted on the rotor, otherwise

incorrect measurements caused by lateral acceleration are possible. The energy supply to the sengors
is typicallyf provided by battery packs_.tmounted on the shaft. If battery packs are used to supply|the

sensors, the arrangement is limite&f@ hort term testing (e.g. for spin pit validation). The signals ffom
the sensor$ can be transmitted wikelessly or via slip rings.

-
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Key]
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positionis ¢ =(a; +a,)/(2r). This arrangement avoids.ay influence due to lateral bending of the rg
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Her
or fi
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sha
me(
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E If two accelerometers are positioned exactly oppesite'at the same radius, r, and pointing
.

Figure A.3 — Circumferential accelerometer mounting positions

.4 Magnetostrictive measurements

bur measuring coils areused (see Figure A.4) to record the magnetic field between the sh
coil. The sensor measures the flux changes in the magnetic field. The signal quality depg
[t properties (e.g. material type, material processing) as well as conformity with the elé
hanical setting parameters.

in the same

ential direction, measuring the tangential accelerations aj and a,, the torsional acceleration ¢ aft that radial

tating shaft

e, the transducer excites a-Constant high-frequency magnetic field via its exciter coil. Typically, two

aft surface
nds on the
ctrical and

Figure A.4 — Measurement with magnetostrictive sensor
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A.3 Measurement report

Depending upon the method of measurement used, it is recommended that these topics are included in
the measurement report:

a) rotational speed of the turbine generator set;

b) turbine generator set power output;

c) torsional vibration magnitudes;

d) torsionpatstrains;

e) testsifle ambient temperature;

f) torsional natural frequencies including modes dominated by blade zero nodal diameteryvibrati¢ns;
g) speed frange over which measurements are carried out;

h) date, nfame and signature of creator and inspector.

Depending| on the measuring setup, not all the information listed in A.3-a)’to h) can be provigled.

Other parameters may be included on agreement between the customer ahd the turbine generatoj set

supplier.

A4 FacJory tests on rotors under standstill conditions

tal modal analysis may be performed on rotors-ifY their non-rotating configuration which
erification of their predicted behaviour and, therefore, helps to calibrate rotor modelq for
al modes under stationary conditions. In recognition of the fact that boundary conditjons
he final outcome of the test, it is important either to carry out a free-free test or to support

Experime
provides v
fundament
influence t

test rotors
resistance
rotor unde

Non-rotati
or discs, t

perfect conmtact between blade rogts-and the disc/shaft body may not always be present (e.g. du

on bearing journals with hard rubber_ or similar supports. These supports provide |
to the impact energy path at the contact areas so that the relevant torsional modes of]
I test are properly captured in théfrequency spectrum.

ng tests are especially useful.for the rotor body alone. When blades are mounted on sh
he torsional vibration results may be questionable and caution needs to be taken, {

the design
energy i

of root employed orymanufacturing tolerances, rattling can occur). As a result, the imj
arted by a test hammer to the structure may be disrupted at the blade-disc or disc-s

ttle
the

hfts
IS a
b to
pact
haft

ave
ese
ple
en
and

m
contact ar{a, making it diffieult to capture system frequencies for those modes in which the blades h
a significant influence. Even if such modes are captured in the test, they are less useful because t}
system frequencies continuously change with speed. In other words, the blades dynamically co
with the d{sc/shafttand this will continue until rated speed is reached. Similar difficulties exist
carrying opit non-rotating tests on generator rotors due to the influence of the copper windings
associated|wedges.

Although experimental modal analyses made under standstill conditions are helptul to calibrate rotor
models, they do not generally provide an accurate assessment of the torsional natural 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. However, tests under standstill
conditions are helpful as one step to produce a validated rotor model if a correlation between standstill
and full speed tests has been established for similar rotors. In this case, based on the measurements and
calculations expected, the full speed torsional natural frequencies of the shaft train can be determined.

Figure A.5 shows the arrangement for a typical factory rotor test under standstill condition. Typically,
two to three measuring locations along the shaft axis of the rotor are sufficient to identify its natural
frequencies and the mode shapes of interest. Nevertheless, if the primary purpose is to validate a
numerical model, additional sensor planes are helpful in order to align the calculated mode shapes to
the measured ones.
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Key
impact hammer
end coupling flange
° possible measurement locations

Figure A.5 —Factory test under standstill condition

A.§ Full speed (dynamic) factory tests

When blade-disc coupled frequencies are calculated in the proximity of twice grid frequencigs, the only
relipble way to verify them in the factory is to perform full speed dynamic tests. These te$ts provide
verlfication of predicted behaviour and, therefore, help to calibrate models under rotating fonditions.
At dne extremeg, it provides a final opportunity to modify the design before it leaves the fag¢tory. Since
the|dynamietests are conducted in the manufacturers facility (e.g. spin pit), the total cost is significantly
lower and less time consuming than those performed on site. Full speed dynamic factory fests allow
tésted rotor model to be improved. If several non-tested components are part of the [shaft train
mo € taken to determine a reduced calculation uncertainty, D, rrom the full
speed dynamic factory tests. The test can be done either with or without a defined external excitation
applied.

One approach uses the system inherent background noise (e.g. produced by the drive train) as an
excitation to stimulate the shaft-blade modes. With this excitation, response spectra can be derived,
which are usually sufficient to identify the rotor natural frequencies.

Another method uses a defined excitation (e.g. a continuously rotating torsional exciter system (such
exciters are commercially available)). In general, the excitation system is attached to one end of the shaft
coupling. For a selection of torsional vibration transducers to measure torsional natural frequencies
and vibration magnitudes see A.2. The selected transducers should be capable of detecting the modes
of concern and need to be attached at suitable locations. Torsional natural frequencies are measured/
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confirmed by alternately applying and removing excitation at the frequencies in which the torsional
response reaches a peak when the rotor is rotating in its rated speed range.

Figure A.6 shows a schematic view of an example of the test setup for the dynamic test of a rotor in the
factory.
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) _ 8 g & i
\J AT A
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1 ' H LAY
i HY -
E,_ 6 U H M — |
[ 11 |
14 —{ 1
I LB alk il
15 A
] 12
45°
16() ()17
Key
1 dataregorder 10 torsion exciter
2 real-tinpe analyser 11 chydraulic line
3 rawsighal 12" transducer
4  torsion|meter 13 dual pressure manifold
5 drive trpin 14 hydraulic actuator
6 gear 15 master controller
7  speed transducer 16 oscilloscope
8 blade number transducer 17 frequency counter
9  vacuun spin pit
Figure A.6.= Schematic view of a factory dynamic rotor test set up
A.6 On-site torsion tests
The variousfactory tests described in this Annex are an extremely helpful way of accurately calibrafing
numerical Totor modets—Nevertheless, whem Totorsare conmectedthrough touptings, someamount

of uncertainty remains and hence, as described in 6.2, this is taken into account when specifying the
allowable frequency margins. The degree of modelling inaccuracy tends to increase for higher modes
(e.g. modes with frequencies around twice grid frequency). It is also a challenge to account accurately
for the influence of system damping in the analysis of modes lying within the frequency ranges defined
in 6.2. In those cases where the calculated frequencies do not satisfy the criteria defined in 6.2 and the
corresponding modes are responsive, the uncertainties discussed above can justify carrying out a field
torsion test.

In addition, on-site torsional tests are often performed where rotors have been retrofitted, where the
original torsional natural frequencies of the shaft train are used to benchmark the torsional natural
frequencies of the retrofitted shaft train.
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Depending on the type of mode that is critical, a field test could involve measurements taken at a few
different locations. The choice of measurement positions is normally determined by examination of
the predicted mode shapes, by the sensor principle and accessibility to the shaft. Strain gauges require
a location of sufficient modal strain (e.g. a vibratory node) whereas incremental sensors require a
sufficient angular vibration deflection or velocity (e.g. at the free end of the generator). In most cases the
measurement of torsional vibration magnitudes at two locations is sufficient to capture the important
turbine and generator coupled shaft 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. In any case, a pre-selection of the measurement locations based on the rotor dynamic model
is extremely helpful.

Forja selection of torsional vibration transducers to measure torsional natural frequencies@n
magnitudes see A.2. The torsional signals are usually displayed on a spectrum analyseri.to
thefr various frequency components. Although it requires more effort, utilizing multiple
locdtions is an advantage because they can potentially identify more torsional modes and H
reldtive magnitude at each natural frequency enables the measurement of mode;shapes to be
Thip reduces the risk of missing important modes.
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Figure A.7 — Example of an on-site torsional test set up
A.7 Torsional vibration monitoring
Based on the different possible input signals for a torsional vibration monitoring system and|the
different njeasurement possibilities (see A.2) the concepts of torsional vibration monitoring can be yery

different.

asuring the voltage and-Current at the generator terminals provides an alternative m

e
of measurlin the torque going into the generator. Analysis of these subtle changes in the relation
between cyirrent and voltage can-provide an indication of the shaft train torsional vibration.

The purpo
and shaft f
measurem
well as the

se of torsional vibration monitoring systems is to evaluate the vibration deflection, st
htigue at the measurement location and/or other locations of the shaft train where no di
ent is possible-Furthermore, the torsional natural frequencies and resonance frequencie
damping-efithe coupled electro-mechanical system can be supervised.

The measurementsystem would be capable of measuring broad-band vibration over a frequency ra

from 5 Hz

ean
hip

ess
rect
S as

nge
uld

te-at least three times grid frequency. Measurement and storage of the raw signal sh

be able to

excitation event (see Table C.1) has occurred. An accumulation of the

fatigue (e.g. s

estafter 3 sional
haft, blade couplings)

would be stored automatically by the monitoring system. Some torsional vibration measurement
systems can predict the vibration deflection, stress and fatigue at other shaft locations, where no direct
measurement is possible, based on the available measurement results.

For the identification and analysis of vibration events, it is not sufficient to only monitor the torsional
vibration measurement signals, and measurement of relevant operational parameters from the digital
control system becomes necessary. These parameters are for example

a) the three phases voltages of the generator (at the low and high voltage side of the generator
transformer, if possible),

b) the tacho signal with one pulse/revolution,
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