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Foreword

ISO [the Internationat QOrganization for Standardization) is a worldwide
federation of national standards bodies (ISO memeoer bodies). The work of
precaring International Standards s normaliy carried out through SO
tecnnical committees. Each member body interested in a subject for
whicn a technical committee has teen established has the right o be
represented on that commitige. international crganizations, governmental
and nen-governmental, in Haison with 1SQ, also take part in the work. 1SO
oliaborates ciosely with the International Elsctrotechnical Commission
(IEC) on all matters of electrotechnical standardization.

Draft International Standards adopted by the technical committess are
circulated 0 the member bodies for voting. Publication as an International
Stardard requires approval by at least 75 % of the member bodies casting
a vote.

International Standard 1SO 7919-3 was preparad by Technical Committee
SC/TC 108, Mechanical wvibration and shock, Subcommittee SC 2,

./feasuremenr and evaluation of mechanical vibration and shock as applied
to machines, vehicles and structures,

ISQ 7919 consists of the following parts, under the general title
Mechanical vibration of non-reciprocating machines — Measurements on
rorating sharis and evaluation criteria:

—  Part 1 General guidelinas

— Part 2: Large land-based steam turbine generator sets
- Parr 3. Coupled industrial machines

—  Part 4. Gas turbine sets

—  Parr 5: Machine sets in hydraulic power generating and oumping
plants

Annex A forms an integral part of this part of IS0 7919. Annexes B and C
are farinformation only.
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Mechanical vibration of non-reciprocating machines —
Measurements on rotating shafts and evaluation criteria —

Part 5:
Machine sets in hydraulic power generating and pumping plants

1 Scope

This part of 15O 7919 gives guidelines for applying shaft vibration evaluation criteria, under normal operating
~onditions. measured at or close to the bearings of machines or machine sets In hydrauiic power generating and
pumping plants. These guidelines are presented in terms of both steady-state runming vibration and any amplitude
changes which may occur in these steady values. The numerical values spcecified are not intended o serve as the
oniy basis for vibration evaluation since, in general, the vibratory condition of a machine is assessed oy
consideration of both the shaft vibration and the associated structural vibration (see 1SQO 7319-1).

. This part of 1SO 7919 applies to machines or machine sets in hydraulic power generating and pumping plants
where the hydraulic machines have speeds from 60 ¢/min to 1 800 r/min, shell- or shoe-type sleeve bearings. and
main engine power of at least 1 MW. The position of the shaft line may be vertical, horizontat or at an arbitrary
angle between these two directions.

Machine sets covered by this part of ISQ 7919 may be a combination of

- hydraulic turbines and generators,

— n~umps and electrical machinas operating as motors,

— pump-turbinegs and motor-generators,

ncluding auxiliary equipment {e.g. starung turbines or excitars lying in the shaft line}.

This part of ISQO 7319 is also applicable to turbines or pumps connected to generators or electncal moters via gears

and/cr radially flexible coupiings. However, electrical machines with speeds between 1 000 r/min and 1 800 r/min
shouid be evaluated accaerding to the criteria specified in ISG 7919-3.

This part of 1ISQ 7913 is not applicable to

— pumps in thermal power plants or industrial installations {for these machines, see (SO 7919-3),

— hydraulic machines or machine sets having rolling element bearings, or

— hydraulic machines having water-lutricated bearings.

Consistent with 1SO 7918-1, shaft wvibration of machines or machine sets in hydraulic power generating and
. pumping plants may be determined with regard to the following tasks:

— rtask A: changes in vibrational behaviour;

- task B: excessive kinetic load;

— ask C: the monitoring of radial clearance.
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2 Normative references

. The following standards contain provisions which, through reference in this text, constitute provisions or_' this part
of ISO 7819. At the ume of publication, the editions indicated were valid. All standards are subject to revision, and
parlies to agreements basad on this part of ISO 7919 are encouraged to investigate the possidility of applying the
most recent 2ditions of the standards indicated below. Members of IEC and 1SO maintair registers of currently

valid International Standards.

SO 7919-1:1996, Mecnanical vibration of non-reciprocating machings — Measurements on rorating shafts and
evaiuation criterid — Part 1. General guidelines.

ISO 10817-1:—), Rotating shaft vibration measurement systems — Part 1: Relative and absolute signal sensing of
radial vibration from rotating shafts.

IeC 994:1991, Guide for field measurement of vibrations and pulsations in hydraulic machires (turbines, storage
pumps and pump-turbines).

3 Measurement procedures

The measurement proceduras 1o be followed and the instrumentation used shall be as descriced in ISO 79131 and
IEC 394,

3.1 Measurement type .

Relative and absolute shaft vibration measurements are carried out on hydraulic machine sets using non-contacting
'.ransducers. Shaft-riding probes with seismic transducers cannot generally be used due to the very-iow-frequency
range of the measuring equipment required for low-speed hydrauiic machinery.

For relative measurements, transducers should be mounted directly on the bearing shell or the bearing pad. If the
transducers are installed on the bearing support structure or bearing housing, as it i1s common for vertical
machines, care shall be taken that the ralative motion between the bearing shell or pad and the transducer itself is
small compared with the shaft motion. If this is not so, the measured signal cannot be said to be representative of
the relative movement between the shaft and vearing shell or bearing pad, respectively. This requirement may be
assessed Dy static analysis of the structure or additional measurement; the latter is usually difficult ang expensive.

Jr absolute vibration measurements, non-contacting transducers shall be installed on rigid framewaorks, fixed to
e turbine or generator pit wall. Signals from these transducers can only be regarded as representative of the
absolute shaft vibration when the absolute vibration of the supporting structure itself at the point of attachment of
the transducer is iess than 10 % of the measurad peak-to-peak value, with 25 um as an upper imit,

With regard to the transducer support structures, it is advisable that the lowest natural frequency of those vipration
modes which create significant movements in the working direction of shaft displacement transducers should be
greater than seven tmes the synchronous rotational frequency and should not be a direct multiple of the
synchronous rotationat frequency.

The absolute vibration of the support frame should aiways be measured using seismic transducers installed on the
support frame as close as possible to the shaft Mmovement transducer and in the same direction of action. The
readings from the seismic transducers may be used after conversion into displacements to avaluate the absolute
shaft disptacement.

NOTE — Apant from the shaft vibration, the vibration of the bearing support is frequently monitored as waell. The wibration

asurement at the lower guide bearings of vertical machines may. however, be misinterpreted; the vibration value measured

*'the bearings and their supports which are ngidly embedded in the building is sometimes produced by hydrauiic forces,
directly transmitted from the hydraulic machine via the foundation, and 1s not produced by radial shaft vibration.

1) To be published.
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3.2 Measurement planes

Measurement tasks A and B in clause 1 require measurements to be taken at all main bearings of the machine set.
If possible, the setting of the transducers at the different bearings shouid be n line. For verucal machines, in most
cases the preferred measurement directions are upstream and 9C° aparn in the direction of rotation. For horizontal
machines, for practical reasons the measurement directions are often chosen to be + 45 from the vertical,

For monitoring purposes (task A} only, in some cases measurement planes can be reduced to the most impornant
ones. mainly at machine sets with four or more bearings. The selection should be based on vibration performance
analyses, simulating all types of faults or disturbing events. Preferred measurement planes sheuld be those where
possible disturbing events produce significant shaft ampiitudes.

Measurement task C requires the instaliation of transducers near to or insice the hydraulic machine seals or
labyrinths, or at positions from where it 1S possible to reconstruct the shaft line deflection within the hydraclic
machine for all relevant vibration modes. Appropriate measurements are, in special cases, part of the
commissioning of a machine set. They may yield transfer functions for the different permanent measuremeant
planes.

NOTE — When judging the behaviour of the whole machine, it is important (0 measure aiso at a distance from the bearings
{e.g. In the coupling area} to obtain information about the amplitude distribution along the shaft line. If a bearing plane 1s near to
a vibration node. the vibration behaviour and the actual shaft line deflection can be underestimated.

3.3 Measuring equipment

The measuring equipment performance should be in accordance with the reguirements of ISO 10817-1 and
[EC 994.

The frequency range of the measuring equipment shall correspond to the wide exciation spectrum of shaft
vibration in hydraulic machines. It should be from a quarter of the nominal rotational frequency of the machine up to
nwo times the ducket or blade passing freguency.

The amplitude range of the measurement system should be at least two tumes the values of the borderiine
between zones C and D (see ciause A.2), so that transient operating conditions can be accurately monitored.

4 Evaluation criteria

4.1 Turbine operation conditions

Svaluation criteria for vibration magn:tude and changes in vibration magnitude for machine sets in turbine operation
conditions are presented in annex A, They are in accordance with the general guidetines given in ISO 7819-1.

With respect to the special nature of the wibration orbits of vertical shaft hydromachines, the preferred
measurament quantity shall be the maximum vibratory displacement Smax. Since most of the monitoring systems
display disolacement amplitudes as Sip. values (vibratory displacement peak-to-peak in the direction of
measurament; see SO 7919-1), the evaluation criteria are specified for both measurement quantities. Application
of these criteria s vahd for machine sets with nominal speeds between 60 r/min and 1 800 r/min operating within
the contractually permissible steady-state load range as well as at other load concitions, if the machine has been
mace suitabie for these particular conditions.

The limiting values are appiicable for all kinds of turbine-driven machine sets ingependent of the type, head and
power except for the restrictions stated in clause 1. For hydromechanicaily smoother running turbine types (e.g.
Peiten turbines), lower shaft vibration amphtudes can normally be expected.

In the case of pump-turbines, higher shaft vibration amplitudes than normally expected for zane A can occur due to
the runner design, which is a compromise of the optimal design for turbine and pump runner.
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4.2 Pump operation conditions

. At present, insufficient data are available 1o prepare criteria for machine sets in pumgp operation conditions. They
will be added 1o a future edition of this part of ISO 7919,

4.3 Special operating conditions

Attention should be paid to the following operating conditions:

al steady-siate operating conditions at low partial load, at overioad, and the frequent transient operating
conditions during star-up and shut-down:

b} rare transient operating conditions such as emergency shut-down, no discharge operation, and running through
the brake guadrant with pumps and pump-turbines.

The evaiuation of such processes is much more difficult than that of operation in the specified load range. Ag
present there are insufficient values determined from experience to establish limiting curves for these operating
corditions. The less the operating condition corresponds to the nominal conditions, the more the flow within the
hydrauiic machine Is disturbed: disturbances such as separation and swirl generate violent stochastic excitation.
Jue to the density of water, the forces caused by the stochastic excitation are much greater :han in thermal
turcomachines.

Therefore, during cperations outside the specified load range, the shaft vibration caused by mass unbalances are,
as a rule, totally masked by the stochastic components. Secause of these large stochastic components in
extraordinary operating conaitions, one should rely less on the instantaneous value and mora 2n the mean value
over at least 10 rotations of the shaft.

NQOTE — It should be noted that, in general, an overall judgement of the vibratory state of the machine 'S made on the basis
.cf beth shaft reiative vibration as defined above and measurements made on non-rotating parts {(see !SC 10816-1).
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Annex A
(normative)

Evaluation criteria for relative shaft vibration of hydraulic
turbine sets under specified operating conditions

A.1 General

The ralative shaft vibration of hydraulic machine sets measurad at or close to the bearings shouid be avaluatac ¢n
the basis of the following two criteria.

Criterion I: The reiiable and safe running of @ machine under normal operating conditions requires that the vioration
magnitude should remain below certain limits consistent with, for example, acceptable kinetic loads and adequate
margins an the radial clearance envelope for the machine. Generally, this criterion will be takan as the basis ior
avaluation of machines in the absence of any other estabiished knowledge of the sausfactory rurning
characteristics for machines of that type {e.g. for new machine types).

Criterion Il: Changes in wvibration magnitude, aven though the specified limits are not exceeded, may point 10
incioient damage or some other irreguianty. Consequently, such changes relative to a reference value should rot
pe allowed t0 exceed certain limits.

A.2 Criterion I: Vibration magnitude at rated speed under steady-state operating
conditions

Recommended values are given in figure A1 for the maximum vibratory displacement in the piane of
measurement, Smax. and in figure A.2 for the vibratery displacement peak-to-peak in the direction of measurement,
Sio-01 28 a function of the maximum service speed. 3oth quantities are measured in the radial direction at or close
to the main load-carrying journal bearings at rated speed(s) under steady-state operation conditions as defined in
4.1. Higher values of vibration can be permitted at other measurement positions and under conditions described n
annex B.

NOTZ 1 The values in figures A1 and A.2 are based on statistical analyses of mare than 900 data sets collected waridwide
from machines of all types. speeds and power. Measurements were made on machines funniNg 1N normat operation withgut
oroblems for a long ume. The anaiysis was therefore used 1o astablish the horderline between zones B and C.

The vibration magnitudes given in figures A.1 and A.2 relate to four zones which are defined as foilows.

Zone A: The vibration of newly commissioned machines would rormally fail within this zone.

Zone B: Machines with vibration within this zone are normally considered acceptable for unrestricted long-term
operation,

Zone C: Machines with vibration within this zone are normally considered unsatisfactory for long-term continuous
operation. Generally, the machine may be operated for a limited period in this condition until a suitable opportunity
rnises for remedial action.

Zone D: Vibration values within this zone are normally considered to be of sufficient severity to cause damage to
the machine.
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Figure A.1 — Recommended evaluation zones for the maximum vibratory displacement in the plane of
measurement, Smay, of hydraulic machines or machine sets, valid for turbine operation within the

contractually permissible steady-state load range
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of measurement, Sip-p)- Of hydraulic machines or machine sets, valid for turbine operation within the
contractually permissible steady-state load range
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Numerical values assigned 10 the zone boundares are not intended to serve as acceptance specifications, whicn
snzll be subject 1o agreement Detween the machine manufacturer and zustomer. However. these vaiues provige

.gwdeiines for ensuring that gross deficiencies or unrealistic requirements are avoided In certain cases, there may
be specific features asscciated with a particular machine which wouid require different zone boundary values
(nigher or lower) to be used. In such cases. rtis normaily the responsibility of the machine manufaciurar 1o explain
the reasons for this and, in particular, 1o confirm that the machine will not De endangered by operating with higher
vibration values.

NCTE 2 Vibration magnitudes for recommissioned units with increased output, usually characternzea as “uprated”, may be
located in zone A or B. The choice of zone A or B depends, however, an the relationship between the new 2xcitation forces
and the caoacity of the new and re-used comporents to withstand leng-term dynamic exposure.

A.2.1 Operational limits

Forlcng-lerm operation, it s “Ormmon practice to estabiish ocerational vibration limits. These imits <axa he form of
LARMS and TRIPS.

ALARMS: To provide 3 warning that a defined value of vidraton has been reached or 3 significant cnange nas
ccurred, at which remedial action may be necessary. In general, i an ALARM sitvation occurs, Jperation zan
continue for a period whilst nvestigations are carried out 10 1dentify the reason for the change in wibration and
defina any remediai action.

TRIPS: To specify the magrituce of vibration beyend which iurther operation of the Machine may cause damage. If
the TRIP value s exceedeq, immediate action snhould be taken o reduce the vibration or tne maching shoulg be
Shut cown.

Differant operational fimits, reflecting differances in dynarmic loading and support stffness, may be specified for

.dufr‘erem measurement positions and directions.

A.2.2 Setting of ALARMS

The ALARM values may vary considerably, up or down, for different machines. The values cnosan will normaily be
set relatve to a baseline value determined from experiencs for the measurement pasition or direction for that
parucular machine.

It is recommended that the ALARM value should be sat higner than the baseline DY an amount egual to 25 % of
tne upper iimit of zone B. ¢ the baseling is low, the ALARM May be beiow zone C.

Where there is ne established baseline, for examgle with 3 neéw machine, the initial ALARM setting should be
Dasad aither on experience with other similar machines or relative to agreed acceptance values. After 3 period of
me. the steady-state baseline vaiue will be estabiished and the ALARM setting shculd be adjusted accordingly.

‘0 2ither case it is recommended that the ALARM vaiue should not normally exceed 1,25 times the upper limit of
22ne 3. For the same machine, different ALARM settings reflecting differancas in dynamic loading and suppaort
stuffness may be specified for different measurerment positions and directions.

if the steady-state bassline changes (for example after a machine overhaul), the ALARM 3etting may need to be
revised accordingly.

A.2.3 Setting of TRIPS

‘he TRIP values wii] genarally relate to the mechanical ntegrity of the machine and be dependent on any specific

esign features which have been introduced to enabie the machine to withstand abnormal dynamic forces, The

values used will, therefore generally be the same for all machines of similar design and would not normaliy be
related 1o the steady-state baseline valua used for setting ALARMS
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There mray, however, be differences for machines of different design and 1t is not possible to give guideiines for
absolute TRiP values. In general, the TRIP value wiii be within zone C or D, but it is recommended that the TRIP
value should not exceed 1,25 times the upper limit of zone C.

A.2.4 Special operating conditions

When the machine is operating outside the normat load range and during ail transient operating conditions, ALARM
and eventually TRIP contacts must be biocked for these conditions. If the machine shouid be monitored during
these operation pericds 1o, a second set of ALARM and TRIP vaiues must be selected according to the maximum
vipration values accepted during commissioning of the machine.

A.3 Criterion ll: Change in vibration magnitude

In some cases, a significant, i.e. comparatively rapid, change in vibration magnitude may occur which raquires
some action aven thaugh the limiting values given in rlauies A2 haue not boan oxcoodod, since it may indicate the
movement or failure of a component and be a warning of a8 more serious failure. A criterion is therefore specified
here on the basis of change in total vibration vaiue which may occur under steady and repeatatle operating
conditions, but it coes not apply to those changes which are expected and occur as a result of changes in operating
conditions.

The criterion to be applied for total vibration is that if the change in the shaft vibration value 1s greater than 25 % of
the upper limit of zone B then, regardless of whether this increases or decreases the magnitude of vibration, steps
should oe taken toc ascertain the reasons for change and, if necessary, to take appropriate action. In this contaxt, a
decision to shut down the machine should be taken after consideration of the maximum vibration value and a
determination of whether the machine has stabilized at the new condition.,

It Is necessary to appreciate that this criterion has limited application since significant changes of varying
magnitude and rates can occur in individuat frequency components, but the importance of these is not nacessarily
reflected in the total vibration signal. Therefore, although monitoring the change in total vibration will give some
indicauon of potential problems, it may be necessary in certain applications to use more sophisticated
measurement and analysis equipment than that used for normal supervisory monitoring. Such equipment is
capable of determining the trends of vector changes that occur in individual frequency components of the vibration
signal. Especially important is the monitoring of the once-per-revolution and twice-per-revoiution vectors. The use
and application of this equipment normally requires specialist knowledge, and the specification of criteria for
measurements of this type is beyond the scope of this part of ISO 7919. For more information, see ISO 7919-1 and
IEC 994.
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Annex B
(informative}

Special features of shaft vibration of hydraulic machine sets

B.t General

The principies of the mechanics of shaft vibration are axplained in ISO 7918-1. They are based on 3 kread spectrum
of thecretical ang expenmental investigations cn horizontal shaft machines. However, up t© now not as much
attention has been paid to vertical shafts, which are more common In hydraulic machine sets. For hydraulic
machines, shaft vioration may occur over a wide range of frequencies. Possible causes of vibration ars discussed in
R2t0B.S

B.2 Maechanical causes

These may be incorrect shaft alignment, bearing anisotropy, odl-film instagility, frictonal forces. and residual
unbalances in the runner or impeiler, the generator or the exciter roter. Frequencies 10 be expecteg are the
frequency of rotation and its harmonics.

NTE — Substantial static bearing loads due to erection deficiencies or to environmental defoermations can occur withcut
hg detected by the measurement of shaft movement within the beanng.

B.3 Electrical causes

These may be inadequately equaiized magnetic pult at the rotor or non-uniferm airgap of the coupled electrical
machines. Frequancies to be expacted are the frequency of rotation and its harmonics.

4 Hydraulic causes

These may be the following.

a) Flow through the watenways (hydraulic unialance). Frequencies 10 be expected are the frequency of rotation,
of blade or bucket passing, of various combinations cf these.

b} Draft wube flow instabilities. These occur in Francis turbines even durng steady-state operauon outside the
optimum efficiency range. Fraquencies to be expected are those betow the frequency of rotation, often down
1o one-third to one-quarter of it. Rescnance with hydraulic structures {pipelines) or with the gnd might occur,
aggravating the phenomenon.

a)  Cavitation. This is due to incorrect flow conditions around the runner or impeller blade profiles and occurs
mostly within the higher load ranges. Freguencies to be expected are usually high anes, as for bursts.

dl  Hydroelastic vigration. This 1s due to mncorrectly shaped discharge edges of hydraulic profiles (blades, buckets.
stayvanes, etc.). Frequencies to be expected are those from below 10C Hz to several kilohertz {depending an
. profile dimensions and flow veiccities). Often a pronounced beat character may be observed.

e) Self-excited vibrauon. This occurs where the movement of mechanical parts {seals, clearances, etc.) can
influence the flow arcund or through these, Frequencies to De expected are those slightly above the frequency
of rotation, often coinciding with the bending natural frequencies of the rotating systam.

10




©ISO ISO 7919-5:1997(E)

B.5 Additional excitations

During reguiar transient operations such as start-up and shut-down, additional excitation forces interact with the
runner, inducing a wider spectrum and higher ampiitudes. During load rejections, aven Kaplan turbines are subject
10 draft tube nstabilities (as under 8.4 b)} with considerable subsynchronous shaft oroits. Under similar conditions
(especially for rotor arrangements with only two radial bearings) resonance-like pnenomena can be observed at
certain speeds while decelerating, with orbits containing cne or more of the rotar's natural fraguencies
corrasponding to the instantaneous speed.

At frequent transient operaticn conditions, such as start-up and shut-down, random excitations with broad-band
soectrum are dominant. In the case of extreme transients, occurring for example at a failure of a shut-off valve, the
intensity of this broad-band axcitation spectrum increases aven maore.

These various excitations of hydraulic machine sets frequently produce kinetic shaft orbits with curves not closed
in themselves. Even under steady-state operating conditions, the continually present radial hydraulic forces may
lead to cycloidic or polygonal orbits, the shape and size of which vary statistically within certain limits. In contrast o
thermal turbo-machines, one cannot conclude that there are instabilities in the oil film of the bearings or self-
excitation by seal flow or similar causes. Outside of the normal load range of the hydraulic machine, :he radial
forces increase strongly especially during transient conditions. This leads to increased shaft motion.

In contrast 10 thermal machines, hydraulic machines can normally be started up and shut down, or power 2an be
changed rapidly and frequently. Hydraulic machines are therefore often used for peak-load supply or for frequency
and cower control. Since such operations aiso involve frequent starts and stops, and often rapid change-over from
ore operational state into the other, these machines are exposed to enhanced vibration and stresses. For peak-load
or pUMP-sStorage equipment, transient operating conditions can become so frequent that the sum of the time
intervals of increased shaft motion amounts to more than 1 %o of the overall ogerating time. These frequent
ransient operating conditions must then be evaluated separately with respect to the additional stresses and fatigue
on the bearings and other involved parts of the machine.

11
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