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reword

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

Demonstration thatfer each machine type, the vibration follows a similar statistical d
profile (Burr distribution), which resulted in revised vibration values.

A strong reCommendation to look at both shaft vibration and the vibration of non-rot
together-with physical parameters like bearing metal temperature and physical bearing
in order.to obtain a complete assessment of the machine health.
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Introduction

ISO 20816-1 is the basic document which specifies the general requirements for evaluating vibration of
various machine types. The present document provides specific guidance for the vibration of housings

and shafts

Two criteri

of machine sets installed in hydraulic power generating and pump-storage plants.

a are provided for assessing machine vibration:

a) the first criterion considers the magnitude of the measured vibration;

and-critarion concidorc cbhongnc 10 axmagraituada ond hoca ofrbh o o no o wibration
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This docurhent covers the analysis of both shaft vibration and vibration of fixed, non-rotating parts

Vibration ¢
developed

riteria have been established for horizontal axis and vertical axis machines afd have b
for each type of turbine (Bulb, Francis, Pelton, Kaplan) when used for generating and

for pumping where appropriate. The vibration magnitudes criteria provided in_this' document
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recommen
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Recommern
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Guidelines
changes in
given in Al
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machine cq

based on statistics; the magnitude values given should not be usedyas guarantees.

by all parties. To identify the good behaviour of a hydraulic machifie; it is essential to loo
hg points together:

gnitude of the relative shaft vibration;

gnitude of the bearing housing vibration;

‘centage of the guide bearings cold diametral clearance that is used;
brating temperature of the metal parts of the guide bearings;

erating regime (head and flow or head and*power), to make sure the machine is opera
the normal operating range.

ded actions are given for those cases where the vibration magnitudes are above the ac
h in the tables in Annex A in ordep to establish if the machine is suitable for continued 1
tion without restriction.

are presented both for the-vibrations present when machines are operating and also for
the amplitude or phase’of those vibration values which can occur. The numerical va
inex A for vibration-are intended to serve as the basis for the evaluation for the condi
hine and, if required, further investigation. It is recommended in this document that
ndition is asséssed by considering both the bearing housing vibration and shaft vibratio

een
hlso
are
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ded that the vibration assessment is performed by a vibration expert Selected in cominon
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Mechanical vibration — Measurement and evaluation of
machine vibration —

Part 5:
Machine sets in hydraulic power generating and pump-

St

1
Thi

ma
ope
cov

Thi

prage piants

Scope

5 document provides guidelines for evaluating the vibration measurements made at th

bea(Eing pedestals or bearing housings and also for evaluating relative shaft'vibration me3

e on machine sets in hydraulic power generating and pump-storage, plants when the
rating within its normal operating range. The normal operatingtranges for each type
bred by this document are defined in Annex A.

pla

b bearings,
surements
machine is
of turbine

5 document is applicable to machine sets in hydraulic power generating plants and in pujnp-storage

ts with typical rotational speeds of 60 r/min to 1 000 r/min fitted with shell or pad (shg

lubticated bearings.

NOTE The current database includes machine speeds ranging from 60 r/min to 750 r/min (with

sa

Thi
the
loca

Thi
turl
thid

Mag
a)
b)
‘)
d)
Thi

le of 1 000 r/min machines).

5 document defines different limit values.@f bearing housing and shaft vibration de
type of turbine, the orientation of the shaft (i.e. horizontal or vertical) and for each of
tions.

5 document is based on statistiealranalysis and provides criteria for the most commgd
bines, pump-turbines and pumps-’For specific information on which types of units are
document, see Annex A.

hine sets covered by this document can have the following configurations:
generators driven®yhydraulic turbines;

motor-generafors driven by pump-turbines;

motor-generators driven by hydraulic turbines and separate pumps;
pumpsdriven by electric motors.

5 “document is not applicable to the following unit configurations, parameters and

e) type oil-

h very small

ending on
he bearing

n types of
covered in

operating

conditions:

hydraulic machines with water-lubricated bearings;

hydraulic machines or machine sets having rolling element bearings (for these machines, see

IEC 62006 and/or ISO 10816-3);

pumps in thermal power plants or industrial installations (for these machines, see ISO 10816-7);

electrical machines operating as motors except for the use of these machines in pump-storage

applications;

hydro generators operating as synchronous condensers (with the water in the turbine depressed by

compressed air);

© ISO 2018 - All rights reserved


https://standardsiso.com/api/?name=fb869a93a2e231e0c7198ce86bf0318e

ISO 20816-5:2018(E)

assessment of absolute bearing housing vibration displacement;
assessment of axial vibration;
assessment of transient conditions;

non-synchronous operation;

— assessment of vibration of the generator stator core or the stator frame level.

Measurements made of the bearing housing vibration and shaft vibration occurring in machine sets in

hydraulic pawer generating and pump-storage p];mtq can be used for the fnllnwing purposes:

1) Purpoge A: to prevent damage arising from excessive vibration magnitudes;
2) Purpose B: to monitor changes in vibrational behaviour in order to allow diagnesis anc
prognagsis.

The criteri
is needed f{
machine vi

2 Norm

The followj
constitutey
undated reg

1SO 20816
guidelines

[EC 60994
storage pui

3 Ter
No term
ISO and IE

ISO On
IEC El¢

il

2 are applicable for the vibration produced by the machine set itself. Spéeial investiga
or vibration transmitted to the machine set from external sources, e.g/transmitted to
a the station foundations.

ative references

ing documents are referred to in the text in such a way that some or all of their con
requirements of this document. For dated references; only the edition cited applies.

1, Mechanical vibration — Measurement and evaluation of machine vibration — Part 1: Gen

Guide for field measurement of vibrations and pulsations in hydraulic machines (turbi
nps and pump-turbines)

and definitions

d definitions are listed-in-this document.

[ maintain terminologital databases for use in standardization at the following addresse

line browsing plafform: available at https://www.iso.or

ctropediaxavailable at http://www.electropedia.org/

4 Machiine afrrangements

| /or

Fion
the

fent
For

ferences, the latest edition of the referenced document (including any amendments) applies.

eral

nes,

2]

The large

P £ 4+ £.1 A | 1. 1. 4 a2l ot 43 S
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our

principal groups is useful when considering bearing arrangements and the locations where vibration
measurements should be taken. These four principal groups are as follows:

mount

ed on a rigid foundation.

hydraulic machine.

foundations.

Group 1: Horizontal machine sets with the generator equipped with end-shield or pedestal bearings

Group 2: Horizontal machine sets with bearing housings which are braced against the casing of the

Group 3: Vertical machine sets where all the bearing housings are supported by the station

© ISO 2018 - All rights reserved
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— Group 4: Vertical machine sets where the lower bearing housing is supported by the station
foundations and the upper bearing housing is supported by the stator frame of the generator.

Figures 1 to 5 show examples for each group. The numbers given in each figure indicate suitable
locations for mounting the vibration transducers that are used for the measurement of vibration.

Vibration transducers should be mounted on the bearings at the locations given in Figures 6 and 7.

v /zm

e

..... s H=31|— 1 _.| N _1 . G~

a) Two-bearing set with a motor-generator and separate pump and turbine

4 3 2 1
N
= 7> —e | - .—-—-—I—-—i—-— e —:@F

u / /

b)Four-bearing set with the generator driven by a Francis turbine
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c) Three-bearing set with the generator driven by a Pelton turbine

NOTE The numbers indicate suitable locations for the vibration transducers.

Figure 1 - Group 1: Horizontal machine sets with pedestal or end-shield bearings mounted|on
rigid foundation

7

7

NOTE The numbers indicate suitable locations for the vibration transducers.

Figure 2 — Group 2: Horizontal machines with the bearings braced against the casing of the
hydraulic machine

4 © ISO 2018 - All rights reserved
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NOTE The numbers indicate suitable locations for the ¥ibration transducers.

Figure 3 — Group 3: Vertical machine sets where all bearing housings are braced against the
stdtion foundations and/or concrete pit surrounding the generator (vertical load supported by
the generator stator frame)

© IS0 2018 - All rights reserved 5
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NOTE The numbers indicate suitable locations for the vibration transducers.

Figure 4 - Group 3: Other example of vertical machine sets where all the bearing housings I;re
braced against the station foundations and/orconcrete pit surrounding the generator (vertical
load supported by the head cover)

6 © ISO 2018 - All rights reserved
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i
|
;

—d | B— |
! I |
NOTE The numbers indicate suitable locations for the ¥ibration transducers.

Figure 5 — Group 4: Vertical machine sets where the generator lower bearing housing is braced
gainst the station foundation and the generator upper bearing housing is supported by the
generator stator frame

']

5 [Measurement procedures and conditions

5.1 General

5.1{1 Bearing housing vibration measurements

ISO[20816-1 gives general guidelines that shall be followed when taking measurements |of bearing
housing vibration. I[EC 60994 provides guidance on taking measurements of vibration ih the field.
[SO[2954 speeifies the measuring instrumentation that should be used. ISO 5348 provides ghidance for
the[mountihg of accelerometers. Further recommendations are given in 5.2 to 5.5.

5.1.2—Shaftvibratiommeasuremernts

The measurement procedures that shall be followed are described in ISO 20816-1 and IEC 60994.
ISO 10817-1 specifies the measuring instrumentation that should be used. Further recommendations
are given in 5.2 to 5.5.

5.2 Measurement types

5.2.1 Absolute bearing housing vibration

Absolute bearing housing vibration measurements are commonly made on hydraulic machine sets
using seismic transducers (electrodynamic velocity transducers or piezoelectric accelerometers with
integration) to measure the root-mean-square (RMS) vibration velocity vyys in mm/s.

© ISO 2018 - All rights reserved 7
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5.2.2 Radial shaft vibration

5.2.2.1 General

Relative and absolute shaft vibration measurements are made on hydraulic machine sets using non-
contacting transducers to measure the shaft peak-to-peak displacement Sp_p in pm. Shaft riding probes
with seismic transducers cannot generally be used due to the very low frequency range required for
measurements taken on low-speed hydraulic machines.

Smax is not recommended for shaft vibration measurements; see 5.4.4.

5.2.2.2 Relative shaft vibration measurements

For relativ|
as possible
on special

e measurements, it is common to install the transducers on the bearing housings as ¢
to the guide bearings. They can then read directly on the bearing journals or, alternatiy
shaft areas (i.e. machined tracks) that have been prepared to limit the total-electrical

ose
rely,
and

mechanica
bearing pal
methods a

Lrunout. In the case of segmental guide bearings, transducers can be meunted between|the
s using the guide bearing housing for support or directly on top of thé pads but these laftter
‘e less frequently used.

1 always be taken to ensure that the support for the shaft vibratien transducers is very rigid.
If this is ndt the case, the measured signal will not be representative oftheTelative movement between
the shaft ahd bearing housing. This requirement can be assessed by<static analysis of the structurg or
verificatiof of the natural frequency of the supports of the vibration transducers by an impact fest.
The lowest natural radial frequency of the transducer mounting.structure should be at least 10 times
greater than the synchronous rotational frequency in order-to eliminate any chance of resonancg in
the mounting support. If there is evidence of resonance in.the supporting structure on which the shaft
vibration tfansducer is mounted, this needs to be addressed before any signal measurement is taken.
In addition, the structure or bearing housing on whicl’the transducer is to be mounted should haye a
lowest natfiral radial frequency at least 10 times thesynchronous rotational frequency.

Care shoul

Care should be exercised to comply with any“specifications stated by the transducer manufactiyirer

to maintai

exercised In setting the gap between the transducer and the shaft to ensure that it is greater

twice the
cables are

a free space around the transducer to avoid magnetic interference. Care should alsq

aximum radial bearing clearance in order to avoid damage to the transducer. If electy
Funning inside the shaft dnd"close to the surface, inductive sensors can be affected by s

be
han
ical
ray

magnetic flelds.

hes,

for
out
hme

It is imporftant that the shaff-surface where the vibration is being measured is free from blemis
scratches, flents or any othérsurface defects. It is normal for the shaft track to be specially prepared
use with shaft displacement transducers so as to limit the combined electrical and mechanical ruy
to a very lgw value. Ideally the shaft track for vibration measurement should be prepared at the s
time as thg bearingyjournals.

5.2.2.3 Absolute shaft vibration measurements

Absolute vibration displacement Sp_,, can be measured directly using displacement transducers where
arigid support for the transducer can be arranged, e.g. a stiff steel support structure mounted from the
turbine or the generator pit wall. Absolute shaft vibration measurements are not common because the
requirement to provide a rigid support structure to mount the transducers is difficult to fulfil.

Another possibility is to carry out a vector summation of the relative shaft vibration using non-
contacting transducers and the absolute vibration of the support frame using seismic transducers. If this
is to be done, the seismic transducers should be installed on the support frame as close as possible to
the shaft transducers so that both transducers are measuring in the same radial direction. A calculation
with integration and taking into account the amplitude and phase of the vibration signals can then be
carried out to determine the magnitude of the absolute shaft vibration. At very low frequencies (below
60 r/min), the stability of double integrated seismic transducers becomes a concern.

© ISO 2018 - All rights reserved
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3 Bearing and shaft vibration in the axial direction

For diagnosis purpose or monitoring changes and for mechanical assessment, it is useful or sometimes
necessary to take axial measurements. These measurements can either be relative shaft displacement
or the vibration of the thrust bearing housing, or both.

Thrust bearing axial vibration in general correlates with the axial effect of hydraulic pressure
pulsations from the turbine which can cause damage to the thrust bearing load carrying surfaces.

However, it is not a common practice to measure axial vibration on main radial load-carrying bearings
during continuous operational monitoring. Such measurements are primarily used during periodic

vibfation surveys or for diagnostic purposes.

Cri
ava

—

5.2

sup
vibi
use
inr

Mag

valyes at the bearing housings when there are draft tubé excitations (e.g. vortices, cavitat
U instabilities, flow separation). Experience hasgshown that these excitations can ¢ccur even

floy
und
invg

5.3

5.3

]eria for the evaluation of shaft axial vibration are not given in this document becafise of

ShaEt vibration and bearing housing vibration can both be influenced by the vibration of t

Typiical positions used for the ‘méasurement of vibration of hydraulic machine sets areg
FigII

lable measurement data.

4  Detrimental influences

ort structure. The generator lower bearing housing of vertical machines can be affec
ation transmitted from the turbine head cover where a supporting cone or supporting
. Generator bearings which are supported on soleplates empedded in the foundation cc
hre cases be affected by forces from the turbine which are tfansmitted by the foundation

hine sets with Francis turbines (also Kaplan turbines, ih rare cases) might have highe

er normal operating conditions. If draft tube excitations are thought to be occurring,
estigations should be carried out by a vibration‘expert.

Measurement locations and directions

1 General

res 1 to 5 and in more defail in Figures 6 and 7.

the lack of

he bearing
ted by the
cylinder is
ncrete can
S.

r vibration
jon, swirls,

additional

shown in
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a).On horizontal machines

10
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R

N e e B
L J

b) On vertical machines
Key
1 |upstream (seen from above)

Figure 6 — Recommended locations fer shaft vibration measurements

5.3]2 Measurement of relative shaft vibration

For|all machines, shaft vibration measurements should be taken 90° apart. The locatign and the
origntation of the vibration transducerg-should be chosen to capture the maximum vibratior readings.

On |horizontal machines, the vibration transducers should be placed horizontally and vertically
as important information can be obtained if the transducers are mounted in the two majn stiffness
dirgctions of the bearing hou§ing supports, i.e. in the horizontal and vertical directions.

Alt¢rnatively, the transduicers may be placed at +45° from the vertical as shown in Figure 6 a), where
theltransducers are stil}90° apart.

For|vertical machines, at each guide bearing, the transducers should be located as followfs: the first
trapsducer sheuld be placed at the upstream position and the second one at 90° from thg¢ upstream
posjtion (in<€he clockwise direction, seen from above, independently of the direction of rotation); see
Figlire 6 b}-The transducers mounted on the upper and lower bearings should be arranged vertically
abobe each other.

5.3.3 Measurement of the absolute bearing housing vibration

For horizontal machines, radial measurements should ideally be taken in the vertical and horizontal
directions as shown in Figure 7 a) and also, if possible, on the bearing taking any thrust load in the axial
direction that is parallel to the shaft axis. Important information can be evaluated from measurements
of the bearing housing vibration if the principal stiffness directions are used. This is not possible if the
bearing vibration measurements are taken in +45° directions.

For low-speed machines with a horizontal shaft axis, such as the Bulb turbines shown in Figure 2, the
measurement locations and directions shall be determined with great care due to the flexibility of the
support structure.

For vertical machines, at each guide bearing, the transducers should be located as follows: the first
transducer should be placed at the upstream position and the second one at 90° from the upstream

© ISO 2018 - All rights reserved 11
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position (in the clockwise direction, seen from above, independently of the direction of rotation); see
Figure 7 b). If possible, the transducers at each guide bearing should be mounted on or as close as
possible to the bearing housing and arranged so that they are vertically above one another, i.e. in the
same vertical plane. If both housing vibration transducers and shaft vibration transducers are being
used, these should be mounted as close as possible to each other in order to simplify analysis of the
machine vibration behaviour.

Figure 7 shows in more detail the location for the bearing housing transducers.

L)l Oaa Fical ool oo
UJ il vel titdl IInduIiiiiico

Key
1 upstream (seen from above)

Figure 7 — Recommended positions for measurement of bearing housing vibration
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Measurement equipment

1 General

The measurement equipment should be capable of measuring the vibration amplitude for a minimum of
10 revolutions of the machine. This gives sufficient time to capture draft tube vortex vibrations which
occur at partial loads and are typically between 0,25 and 0,33 of the rotational frequency (Rheingans
frequency). The highest frequency of interest for hydro mechanical assessment is usually the highest
machine-related frequency as given by Formula (1):

whg

NOT

frot
The

The
freg
the
alia
Rec
maj

5.4

Thd
ISO

mav [ 7o
TIrerr s O AR

£ 3z~ £ 1
JITOO =G JTo0

bre

ZR is the number of runner blades (for Pelton turbines, zg is the number,of buckets);
frot  is the rotational frequency of the machine, in hertz (Hz);

zg  is the number of guide vanes (Francis, pump-turbine, Kaplan.and Bulb) or stay va
guide vanes are not present (for Pelton turbines, zg is themnumber of nozzles).

E The rotational frequency, frot (in Hz), is related to the rotational speed of the machine n (|
n

60

re are two distinct concepts not to be confused:

the highest frequency of interest for a given machine according to the machine’s chaj
(rotational frequency, number of guide vanes, etc.);

the signal sampling frequency which relates to the vibration acquisition system. Th
frequency should be large enough'to allow for a good definition of the signal.

analysis frequency from thé\Fast Fourier Transform (FFT) should be at least 2,1 times
uency of interest of the machine. The sampling frequency should be selected in accor

sing filters. The sampling frequency should be at least 2,56 times the maximum analysis
ommended sampling frequency is 4 times the maximum analysis frequency, i.e. 8,4
Kimum of zR fret07P ZG frot-

2 Absplute bearing housing vibration measurements

performance of the measuring equipment should be in accordance with the requiremer
2954 and IEC 60994.

e8]

hes if

n r/min) by

acteristics

e sampling

the highest
lance with

Nyquist-Shannon theoriem, the characteristics of the data acquisition system and the yise of anti-

frequency.
times the

ts given in

Table 1 shows the range of frequencies that should be captured by the measurement equipment.
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Table 1 — Frequency ranges for measurement of bearing housing absolute vibration

Turbine type Minimum frequency Maximum frequency
A min / max
Francis turbine 0,1 frot 3 ZR frot
Pump-turbine 0,1 frot 3 ZR frot
Kaplan turbine 0,1 frot 3 2R frot?
Bulb turbine 0,1 frot 3 ZR frot?
Pelton turbine 0,1 frot 3 ZR frot

These frequ
is suspected
electrical ph

a  For slow

ency ranges are for evaluation of the vibration behaviour of the machine in normal conditions. If the)i
to be generator related, then a much higher frequency fmax should be used consistent with the suspe
lenomenon.

rotational speed turbines (Kaplan and Bulb), fmax sometimes needs to be increased up to 3 z¢ f6ps

sue
ted

For pump-
dependent
with high-f
space whig

In additior
(turbulenc
are transn
shaft coupl
necessary

When itis
stress levg
filtered ou

For freque
Particular
electronic
on units w
higher thai
the charac

— tempe
— magns

— sound

on head and/or rotational speed. It is quite usual to detect rotor-stater interaction eff
requency components (typically 70 Hz to 500 Hz) due to pressure pulsations in the vane|
h act on the head cover and in the spiral casing.

, hydraulic turbines in certain operating conditions are subject to draft tube excitat
s, swirls or cavitation phenomena) which generate broad-band frequency components

ing bolts, wicket gates, head cover, labyrinth and shaftseals with relevant bolts), it is alw
fo analyse the whole unfiltered signal.

lemonstrated that the magnitude of the high freguency vibration does not induce signifi
Is in the turbine components, these high frequency components may, by agreement
from the whole signal.

\cies below 2 Hz, special care should bé&exercised when selecting the transducers to be u
attention should be taken to ensure‘that the measurement instrumentation is fitted v
Compensation to obtain a flat regponse over the specified frequency range. When measu
th low rotational frequency (<2 Hz), the minimum acquisition frequency of the sensor ma
1 0,10 frot but should not beabove 0,25 fror. Any aspects of the environment that might af
eristics and accuracy of the measuring equipment should be known including the follow|

rature variations;
tic fields;

fields;

— variat

— trans

on in the.power supply voltage;

cercable length;

turbines and high-head Francis turbines, the vibration at the turbine beatring is stropgly

pCts
less

ons
that

itted to the supporting structures. For diagnosis of the-turbine main components (runjner,

ays

ant
be

ced.
vith
ing
 be
fect

ing:

— transd

ucer orientation;

— proximity of any power cable or power supplies.

Regardless of the type of transducer used, the vibration signal can be integrated or differentiated to
obtain vibration velocity to be checked against the action limits as this is the parameter that generally
affects fatigue failure the most.

If the measurement equipment is to be used for diagnostic purposes or detection of von Karman
induced vibrations, a transducer having an upper frequency limit higher than specified above can be
necessary. Measurements taken at higher frequencies than those given in the tables should only be
made for special investigations.
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Vibration velocities values that are held in the database together with information about machine
damage that has been sustained have been used to set the action limits given in Annex A to be used for
bearing housing vibration.

5.4.

3 Shaft vibration measurement

The performance of the measuring equipment should be in accordance with the requirements given in

ISO

10817-1 and IEC 60994.

The measuring equipment should be capable of measuring both the static (DC) and dynamic (AC)

sigr alsto determine the mean shaft pasition and the dynnmir dicplm‘ﬂmpnt which is m‘r‘nrring around

thid

The

mean position.

range of frequencies for data acquisition is given in Table 2.

Table 2 — Frequency ranges for measurement of relative shaft vibration

Turbine type Minimum frequency Maximum frequé¢ncy
5 min f, max

Francis turbine 0,1 frot 3 zg frot
Pullnp-turbine 0,1 frot 3 2 frot

Kall)lan turbine 0,1 frot 3 26 frot

Bulb turbine 0,1 frot 3 2G frot

Pelfon turbine 0,1 frot 3 26 frot

These frequency ranges are for evaluation of the vibration belfaviour of the machine in normal conditions| If the issue
is spispected to be generator related, then a much higher frequency fmax should be used consistent with te suspected
eledtrical phenomenon.

The
of A
trag
pre
cha

Thd
con

5.4
Ind

measurement system should be capable”of measuring amplitude at least four timeg
Lction limit 1 as specified in Annex A~The distance between the transducers and the
k on the shaft should be set to a minimum value equal to 1,5 times the diametral c}
vent accidental contact. Ideally,(transducers should be selected to be in the middle of
acteristic when set at that distance from the shaft.

Sp-p shaft vibration value Js calculated by averaging the values over at least 10 observ
prising of at least 10 shaft revolutions.

4 Measurementof Spax or Sp-p

vidual valuesef S,_p, from transducers A and B are preferred for the measurement of sha

rather than Syax (see Figure 8). The reason for this is that Sy 3% can lead to wrong conclu

sha
givg
90°

n in the tables in Annex A shall apply to either of the two shaft displacement transducer

the value
machined
earance to
heir linear

htions each

't vibration
bions if the

[t vibratioh contains sub-synchronous content resulting in non-closed orbits. The valges for Sp_p

E located at

apart.
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y
X

Key
1 fransducer A waveform 3 transducer B waveform
2 fransducer A 4 transducer B
X,y fixed reference axes
0 fime-integrated mean position of orbit
Xy Fime-integrated meaiivalues of shaft displacement
K nstantaneous position of shaft centre
P position of shaft for maximum displacement from time-integrated mean position
S1 nstantaneolls value of shaft displacement
Smax maximum value of shaft displacement from time-integrated mean position 0
Sa1, SB1 nStantaneous values of shaft displacement in directions of transducers A and B, respectively
S(p-p)max MAXIMUM value of peak-to-peak displacement

S a(p-
Ao-p) peak-to-peak values of shaft displacement in directions of transducers A and B
Sb(p-p)

S(p-p) = Max [Sa(p-p), SB(p-p)]
NOTE 1 In this example sketch, Sa(p-p) = S(p-p) since Sa(p-p) > SB(p-p)-
NOTE 2 See ISO 20816-1.

Figure 8 — Illustration of the relationship between S, , and Spax
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5.5 Operational conditions

Measurements should be carried out when the electrical machine stator and rotor, the bearing pads (or
shell) and the oil bath have all reached their normal steady-state operating temperatures and with the
machine operating under steady-state conditions.

NOTE For the purposes of this document, the term “steady-state” means that any change in the discharge,
head, speed and net positive suction energy and/or guide vane position (or needle positions in the case of Pelton
turbines) is expected to remain within #1,5 % of the initial starting conditions for measurements and also
that any successive temperature measurement over a period of 30 min is expected to remain within 1 °C of the

preceding reading.
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Evaluation of vibration measurements
General

1 Basis of the vibration values

20816-1 provides a general description of the two criteria usedtg assess the effect g
brity. One criterion considers the magnitude of vibration obsefved by broad-band me3
the second criterion considers changes in the magnitude and phase of the vibration irre
tther the magnitude of vibration is increasing or decreasing:

present document is based on a statistical analysis:of an international vibration dat:
hbase contains more than 7 000 sets of data including long-term operation records o

erating and pump-storage machines, usually with more than one measurement for each

main purpose of this database is to identify acceptable vibration limits that ensure
hine integrity and trouble-free running-ef the set.

lyses of the vibration values and all'other available parameters in the database were cat
if there was a correlation betwegn'the vibration measurements and reported damage to

objective of the analysis was\to determine zone limits that can be used to recommend ag

also be used to gauge the likely current state of the machine and also to identify the li
radation of the machine through fatigue of the machine’s component parts.

curve fitting process was done by software routines and the best fit was found to be p

ven in Annex'D.

clear.ffom the data contained in the database that the percentage of machines identifie
ation‘problems increases with increasing levels of housing and shaft vibrations. At val

f vibration
surements
spective of

base. This
f machines

ted all over the world. The database contains-measurements for all types of hydraulic power

machine.

continued

ried out to
a machine.

tions, such
rone limits
kelihood of

Foduced by

Burr distribution. A brief description of the analysis procedure and the applied regression technique

1 as having
les around

1,6

ard 2,5 times the median value, a significant increase in the probability of problemg

was seen.

For this reason, these break points have been used to indicate an increased level of risk of potential
problems and therefore are used to define the zone boundaries given in Annex A.

The conclusion from the statistical analysis of the database is that there is no clear correlation
between vibration and design parameters like speed, head, power, runner diameter and radial bearing
clearances. The analysis of the available data shows a lot of scatter. However, it was found that the
median values are stable and these show that the vibration values are dependent on the following:

— the location of the guide bearings;
— the type of turbine;

the orientation of the shaft.
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Recommended values for the zones A-B, C and D are given in Tables A.1 to A.4 for the various
combinations of machine types, bearing locations and shaft orientation covered by this document.
These criteria are valid for measurements made in the radial direction on bearing pedestals or bearing
housings of machine sets when operating within the normal operating range as specified in Annex A.

Action shall be undertaken when the action limits given in the tables of Annex A are exceeded. Continual
running at these levels of vibration may be permissible if there has been no history of problems with
the machines and the vibration magnitudes have not changed since the units were first commissioned.
However, if there is a change in the magnitude of the shaft vibrations (>25 %) and/or bearing housing
vibrations (>25 %) or high values are obtained when the unit is first being commissioned, further

o : ; : : : . ions and
be appropriate to identify the possible impact that the increased level of vibration can-{ave
in terms of fatigue of the machine components and that will be detrimental to the expected lifeof{the
machine.

An overall judgment of the vibratory state of a machine should be made on the basis ofimeasurem¢nts
of both relative shaft vibration and the vibration of non-rotating parts, especially thetbearing housipgs.

6.1.2 EfIct of turbine operating conditions on bearing housing vibration measurements

Bearing housing vibration measurements can be affected by the following:

— For loy-rotational speed machines (<60 r/min), the components-ot vibration due to radial fofces
coming from the turbine runner are very difficult to measure acCurately. For example, the excitafion
by the|vortex in the water in the draft tube can have a frequiency lower than 0,3 of the machine
rotatignal frequency making it difficult to capture.

— For high-head machines, the radial velocity vibrations.at the turbine bearing are strongly linked
to pregsure pulsations below the head cover and aré'not related to radial forces from the tulgl)ine
runnef. These vibrations are at high frequencies~and high velocities and are often linked to [low
displagements and thus give rise to low stresses in structures.

In the casq of pump-turbines, increased bearing housing vibration amplitudes can occur because|the
runner dedign is a compromise between thie optimal design for a turbine and a pump. This is refle¢ted
in the valugs given in Annex A for pump-turbine units.

6.1.3 Efflect of turbine operating,conditions on shaft vibration

Due to radjal forces from swirling flow downstream of the runner, high shaft vibration amplitudes|can
occur in the operation of hydraulic turbines with non-regulated runner blades when operating pt a
turbine didcharge lower 6r higher than the normal operating range as defined in Annex A.

6.1.4 Pump operating conditions

At present|thete(is very little data available to prepare criteria for machine sets when operating ps a
pump. For fhis reason, values given in Annex A need to be treated with care and always in combination
with a review of the percentage of the bearing diametral clearance being taken up (and the bearing
temperature if these data are available).

6.1.5 Special operating conditions

Attention should be paid to the following operating conditions where high magnitudes of vibration
can occur:

— steady-state operation at partial load, at overload, and during transient operating conditions during
start-up and shutdown;
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— rare transient operating conditions such as emergency shutdown, no-discharge operation and
running through the braking quadrant with pumps and pump-turbines when in pumping mode and
the power supply is lost.

The evaluation of measurements under any of these conditions is much more difficult than for normal
operation within the normal range of operation. At present there is insufficient data available to
establish limits for these special operating conditions. The further the operating condition is from rated
conditions, the more the flow within the hydraulic machine is disturbed which can cause vortices and/
or water separation and generate violent stochastic vibrations. Due to the density of water, the forces
caused by the stochastic excitation are much greater than in thermal turbomachines. Therefore, during
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from the statistical analysis;/ it has not been possible to make a reliable distinction betw

(tra
for

For

ponents. Because of these large stochastic components under special operating-con
hnce should be given to the instantaneous values of bearing housing vibratiod and
In value over a representative measurement period. It is not advisable to rely 6n ' momg
b-p shaft vibration values; however, their mean values, averaged over at least-10 observ.
prising 10 rotations of the shaft, should be used instead. However, the médasurement pel
be less than 40 s in the case of machines with low rotational speed. Se€ Annex E for rec
Ctice for vibration data processing.

Criterion I: Vibration magnitude

ts consistent with acceptable levels of vibration being: transmitted into the support
foundation. Generally, this criterion is taken as the basis for the evaluation of new or 1
hines. In the case of machines which are to be refurbished or upgraded, it is strongly rec
a vibration “baseline test” is carried out before.dismantling commences, which can b
Ire reference.

echanisms

residual unbalance or unbalanced magnetic pull can be totally masked by these|stochastic

itions, less
ore to the
ntary Smax
itions each
fiod should
bmmended

reliable and safe running of a machine requires the vibration magnitude to remain below certain

structure
efurbished
bmmended
b used as a

essential to perform both shaft vibration*and bearing housing vibration measureme

mful effects of vibration on a given machine when it is operating under steady-state c
nal operating speed. Guideliies on possible actions are given in A.3. To maintain consig
br parts of the ISO 20816'series, the concept of zones A, B, C and D has been maintained

ditionally dedicated to/newly commissioned machine) and zone B (usually recognized as
inrestricted long-term operation). For this reason, zones A and B have been grouped as 7

all zones defined in this document, the following conditions apply:

The stabilized temperature of the guide bearings metal using conventional Babbitted bear
remaih.below 65 °C; most machines' guide bearing metal temperature stabilizes around

The stabilized temperature of the thrust bearing metal using conventional Babbitted bea

s in order

btain a good assessment of the machine’s condition and the possibility of failure. Thel maximum
ation magnitude seen at each bedring pedestal or housing or obtained from relative shaft
Isurement is assessed against action limits. These are defined to allow an assessment of the possible

ditions at
tency with
. However,
ben zone A
acceptable
one A-B.

ngs should
50 °C.

Fing should

remain below 85 °C; most machines” thrust bearing metal temperature stabilizes around 70 °C.

Higher temperatures than the one mentioned above may be acceptable but require justification or

investigation by the supplier.

Zone A-B: Machines with values of vibration not exceeding Action limit 1 given in Annex A are
considered acceptable for unrestricted long-term operation; assuming there are no other indications
of problems such as high bearing temperature exceeding the limits given above or shaft displacement
vibration greater than 70 % of the cold bearing diametral clearance.

The cold bearing clearances can be determined either by direct measurements taken between the
bearing journal and the pads (this is the recommended method for tapered land fixed pad bearings) or
by jacking the shaft over at least four directions 90° apart of each other. Shaft vibration greater than
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70 % of the cold bearing diametral clearance indicates that there is a probability that damage to the
machine will occur and should be investigated.

Zone C: Vibration values in this zone indicate a need either for further investigation to be undertaken or
for some action to be taken to reduce the vibration magnitude. The first parameters to be investigated
should be the bearing temperatures and whether the vibration of the shaft is greater than 70 % of the
cold bearing diametral clearance.

Zone D: Vibration values in this zone indicate that there is a probability of damage to the machine.
Immediate action is therefore required to identify the reasons for the high magnitudes of vibration.

Action limiftSTor the most common turbine ty pes are given in ANNex A. The [1mits given are independent
of head angl flow when the machine is operating within the normal operating range defined below|the
tables in Ahnex A.

The flow djagram given in Figure 9 shows how the zone limits can be used to identify whether further
investigatipn and/or action is required.

IT IS ESSENTIAL TO PERFORM BOTH SHAFT VIBRATION AND FIXED PARTS VIBRATION
MEASUREMENTS IN ORDER TO HAVE A GOOD ASSESSMENT OF THE UNIT DYNAMIC BEHAVIOUR

/ Measured N{)eee;srlixrrled\
shaft ng

. . housing
l vibration . . l
\ v1brat10nj

Vibration
level within Zone
"A-B"™?

Vibration
level within Zone
"A-B™?

NO YES YES NO

Bearing
NO Vjibration Babbitt metal YES
leyel within temperature stabilized at . :
Zpne "C™? the expected safe YES Vibration

level within

level? Zone "C"?

NO

Shaft
displacement
smaller than 70% of
cold bearing
clearance?

Bearing
Babbitt metal
temperature stabilized at
the expected safe
level?

YES

NO

Acceptable; no additional
Shaft investigation needed
displacement YES
smaller than 70% of

cold bearing
clearance? -

Need for additional actions

NO

Risk of damage to the machine;
needs immediate action

Figure 9 — Flow diagram

20 © ISO 2018 - All rights reserved


https://standardsiso.com/api/?name=fb869a93a2e231e0c7198ce86bf0318e

ISO 20816-5:2018(E)

6.3 Criterion II: Change in vibration magnitude and phase

6.3.1 Assessment criteria

This criterion considers the change in vibration magnitude from a previously established reference
value. This analysis should be based on broad-band vibration values measured when operating under
steady-state conditions. Changes in the level of vibration can be instantaneous or can progressively
increase over time. These changes should be investigated; they indicate that damage to the machine has
already occurred or that a dangerous situation is developing. Changes in vibration in excess of 25 % or a
significant change in the phase (>30°) of the vibration signal from the previously established reference

val i
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Thd
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Ficularly if the changes are sudden. A significant change in the measured vibration reqy
h though the alarm limit (see 6.4) has not been reached. Diagnostic investigations should |
scertain the reason for the change and to determine what further actions are apprepriat

change of 25 % in the vibration measurement given above should berconsidered
hrdless of whether it is an increase or decrease in the level of vibration.

change of 25 % in the vibration measurement is provided as a gdideline. Another va
 based on experience with a specific machine or station.

ly operating conditions. Annex B gives further informationabout this requirement.

2 Monitoring prerequisites

e occurred:

The vibration measurements should be taken with the same measurement equipment, :
transducer location and direction and.@bcomparable hydraulic operation conditions.

The monitoring equipment used.should be able to identify whether changes in the an
phase of individual frequency components have occurred.

Vibrationsin hydro machinery canbe caused by hydraulicforces, electro-magnetic forces, 1

These hydraulic forces can vary significantly when the machine is operating at differen
points on the turhinehill chart. Therefore, the monitoring equipment should be able t
combination of at.}l€ast two operational parameters such as head and flow (or guide van
or head and power output; comparisons over time shall be made at similar steady-stat¢
condition.

3 Specific recommendation related to the generator

ome cases, irregularities in the geometry or deformation of the stator or rotor in opg

cignificant,
ires action
be initiated
C.

significant

ue may be

rder to apply Criterion II, the previous vibration behaviour ef the machine should be known for all

following prerequisites are necessary to identifyywhether changes in vibration magnitugle or phase

it the same

hplitude or

mechanical

forces or by other forces\However, vibration is usually predominantly caused by hydraulic forces.

[ operating
D archive a
e opening)
e operating

ration can

lea

10 variations in the generators air gap and hence unbalance 1n the magnetic pull in th

generator.

Using a combination of measurements of the air gap and vibration is recommended since this will help
to identify the source of vibration and could reveal a condition which can affect the machine’s integrity
over time.

6.4 Operational limits

6.4.1 Alarms and trips

For long-term operation, it is common practice to establish operational vibration limits in order to set
alarm and trip levels.
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Alarms: These are used to provide a warning that a defined level of vibration has been reached or that
a significant change has occurred and therefore remedial action could be necessary. In general, if an
alarm situation occurs, operation can be continued for a period before investigations are carried out to
identify the reason for the change in the vibration signal.

Trips: These are used to specify the level of vibration beyond which further operation of the machine
could cause damage. If the trip value is exceeded, immediate action should be taken to reduce the
vibration, e.g. by reducing the load or shutting down the machine to limit or prevent damage. An
investigation into the cause of the trip should be undertaken immediately.

Different levels for alarm and trip settings are usually used for different operational modes (turbine,

pump), ref
be used for

As detailed
where high

6.4.2 Se

The alarm
measurem
baseline va
be set at Ac

the alarm level should be set at 20 % above the baseline as an initial value.

ecting differences in dynamic loading. Different values for the alarm and trip levels may
different measurement positions and directions.

levels of vibration can occur particularly when operating at partial loads.

[ting of alarms

values can vary from machine to machine in the same station. The-values chosen for ¢
bnt position and direction for a particular machine are normally set with respect {
lue determined from operating experience. It is recommendedthat the alarm value initi
tion limit 1 (A-B/C) in the absence of any other baseline value. If the baseline is known, t

hlso

in 6.4.4, alarm and trip signals may be inhibited during start-up and shutdown sequerces

ach
0 a
ally
hen

If the baseline changes (e.g. after a machine overhaul or refurbishment), a suitable level for the alarm
setting shquld be re-established.

If both shaft vibration and bearing housing vibration measurement methods are fitted to the machiine,
it is recommended that both signals be used to initiate'the alarm function.

6.4.3 Setting of trips

The trip vqlues should be set to protect the mechanical integrity of the machine. Suitable values shquld
be adopted that take into account any specific design features which have been introduced to engble
the machir]e to withstand abnormal ptthigh dynamic forces.

In general,
selected ag

to be 1

tobet
the be
metal
below

the trip value is higherthan Action limit 2 (C/D). It is recommended that the trip valu
follows:

,25 times Actipn limit 2 (C/D) as given in Annex A for bearing housing vibration;

he lesser of;1,25 times Action limit 2 (C/D) as given in Annex A for shaft vibration, or 70 ¢
hring didmetral cold clearance. A value above 70 % may be acceptable as long as the bea
temperature remains within its normal range and the bearing housing vibration rem
Action limit 1.

b be

o of
[ing
hins

If both sha

itis recommended that both signals be used to initiate the trip function.

6.4.4 Special operating conditions

t vibration and bearing housing vibration measurement methods are Titted to the machine,

The values given in the tables of Annex A are for steady-state conditions within the normal operating
range for a given turbine type. When the machine is operating outside these specified operating ranges
and during all transient operating conditions, the recommended alarm and possibly trip settings may be
temporarily disabled, e.g. by the use of a timer. If the machine is to be monitored when operating under
these special conditions, a second set of alarm and trip values should be selected that are appropriate
for the maximum vibration values that were recorded during the commissioning of the machine.
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6.5 Comparison of results for shaft vibration and bearing housing vibration

It is important to recognize that there is no simple way to relate bearing housing vibration to shaft
vibration, or vice versa. Thus, when both bearing housing vibration and shaft vibration are used to
assess the vibration severity, two independent vibration systems, one for the shaft and one for the
bearing pedestal or housing, should be used. The simultaneous measurement of shaft vibration and
bearing housing vibration allows the relationship between the two types of vibration measurement to
be established and also helps to derive values for the forces that are acting on a given machine.

6.6 Evaluation based on vibration vector information

The criteria given in this document are limited to broad-band vibration measurementswithout any
refdrence either to the frequency components making up the measured signal or to.the phase of the
ind{vidual frequency signal. This is in most cases adequate for acceptance testing.and for ¢perational
monitoring purposes. However, for long-term condition monitoring purposes and for diag{ostics, the
use|of vibration vector information, i.e. both magnitude and phase, is particulaxly useful for detecting
and| defining changes in the dynamic state of the machine. In some cases;these change$ would go
undetected when using only broad-band vibration measurements.

If air gap monitoring equipment is fitted, evaluation based on a correlation between shaft vilpration and
genprator air gap variations which could be causing significant unbalance of the magnetic pull should
be darried out.
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Annex A
(normative)

Evaluation zone boundaries

The concept of “action limit” simply implies that beyond certain statistical values, verifications reed
to be perfprmed by the supplier that demonstrates that the machine is acceptable; see’ A.3.1 pnd
A.3.2. This|is to avoid a rigid interpretation/application of the vibration statistical values.)A machine

with vibra
operating
concept of

Action lim

The action
of the table

The pump
capacity.

Any requir
agreement

Action li
distributio
for each ty
database,
these level

At or abovg
A.3 should

for the frequency range given ifi Table 1 and to the peak-to-peak shaft displacement for the frequg

range give
given in 5.4

If for a give
clearance,

The abbrey

mlilt 1 corresponds to a value of 1,6 times the median value of the vibration statist

ion larger than the statistical values may be perfectly acceptable (provided that bea
emperatures are acceptable, etc.) but this does need to be substantiated,thus leading to
‘action limit”.

values for vibration are given in Tables A.1 to A.4.

limits are valid only for turbine operation within the normal operating range defined in €
S.

vibration criteria provided in Tables A.1, A.3 and A.4 are*for pumps when working at rz

ement to extend the action limit values to cover:a\arger operating range should be subjeq
between the supplier and the customer.

and Action limit 2 corresponds to a value of 2,5 times the median value. The median va
pe of turbine and for each shaft orientation have been established from an analysis of]
onsidering the statistical probapility that if the machines are run continuously at or bey]
5 of bearing housing and/or shaftvibration, damage to the machine could result.

the values given in TableS A1 to A.4, further investigation or the mitigating actions givej
be undertaken to avoid.damage. The action limits apply to bearing vibration velocity va

h in Table 2. Adviceonh the recommended time durations for the measurement of vibratid
2

n machinesthe statistical value of Action limit 2 exceeds 70 % of the cold bearing diame

iations used in Tables A.1 to A.4 are:

[ing
the

ach

ted

tto

ical
ues
the
ond

n in
ues
ncy
nis

tral

the valdes ‘for both action levels sometimes need to be adjusted by mutual agreenent
between sypplierand customer.

T orP:
GE-DE:
GE-NDE:

In TablesA.1to A4

Turbine or pump guide bearing
Generator drive end bearing
Generator non-drive end bearing

, the column headers are firstly relative shaft vibration displacement Sp_p in um

secondly absolute bearing housing RMS vibration velocity vyms in mm/s.
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A.2 Application of the specified limit values and actions

For new machines or refurbished machines and by agreement between the supplier and the customer,
different action limits for shaft vibration and bearing housing vibration can be used.

It is possible that some machines have been specified and designed for safe continuous operation
within zone C and zone D. If this is the case, the actions specified for the action limits in Annex A are
not applicable. It should be confirmed by the manufacturer that it is safe to operate such a machine
continuously in zone C or zone D.

Deflections are the primary cause to strain and stress in a quasi-static situation (i.e. time-dependent
phenomenon but slow enough in a way that inertial effects are negligible). Vibration velocity (housing)
is in a way a “normalized” deflection. Generally over-harmonics with high vibration velodity are not
necpssarily harmful and can correspond to acceptable deflection, thus should not always bela cause for
congern.

NOTE 1 Action values are defined by a statistical evaluation of measured data (see Annex D for mpre details).
They have been derived from an evaluation of the operational behaviour (e.g.(the occurrence pf faults) of
individual machines. The statistics collected show that there is an increased risk|ef damage when these action
limifs are exceeded.

NOTE2 In Table A.4, a footnote (b) indicates cells where there are too:few values in the databas¢ for it to be
stat]stically valid. For these cells, the values have been derived from, ISO 10816-5:2000 by taking|the ratio of
gen¢rator non-drive end bearing (NDE) to generator drive end bearing (DE) vibration magnitudes.
Table A.1 — Action limits for. Group 1 machines:
Horizontal machine sets with pedestal,or end-shield mounted bearings
Marfhine type: Relative shaft vibration $p~p, um Bearing housing vibration v f,s, mm/s
Frdncis horizontal T GE-DE GE-NDE T GE-DE GE-NDE
Actlion limit 1 (A-B/C) 140 100 95 0,8 0,8 1,0
Actlion limit 2 (C/D) 215 150 150 1,3 1,3 1,5
Normal operating range for Francis horizontal: from 70 % to 100 % of rated power
Marhine type: Relative shaft vibration S,_p, pm Bearing housing vibration vf,s, mm/s
Pelton horizontal T GE-DE GE-NDE T GE-DE GE-NDE
Action limit 1 (A-B/C) 135 145 95 1,8 1,1
Actjion limit 2 (C/D) 205 225 150 29 1,8
Noymal operating range‘for Pelton horizontal: from 10 % to 100 % of rated power
Marhine type: Relative shaft vibration S,_p, pm Bearing housing vibration vif,s, mm/s
Pump horizental P GE-DE GE-NDE P GE-DE GE-NDE
Actjion lintit* (A-B/C) 215 110 110 1,3a 0,5 0,3
Actionlimit 2 (C/D) 330 170 170 2,02 0,8 0,5
a  |Due to the lack of statistical information, for these cells, values were calculated using the Francis horizantal bearing
action limits scaled by the ratio of the Pump horizontal/Francis horizontal shaft action limits at each bearing, e.g. Action
limit 1 (A-B/C) for Pump horizontal P = 0,8 (215/140) = 1,23 (rounded up to 1,3 mm/s).

Remarks relating to Pelton horizontal units in Table A.1:

— The action limits indicated in Table A.1 are normally the limits for the unit at 100 % of the rated
power. In this operating condition, for the vibration RMS velocity (mm/s), the dominant frequency
should be either the rotational frequency or the bucket passing frequency. If this is not the case,
further investigation is required as per the C/D action limit advisable actions given in A.3.2 and/or
other optional additional actions.

— One value for the T and GE-DE absolute bearing housing vibration limits has been given in order to
cover both two bearing sets with an overhung runner and three bearing configurations. For a three
bearing set, both the T and GE-DE bearings should meet the limits given in the combined column.
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In a four bearings arrangement, both turbine bearings should use the action limits given in the T
bearing column.

Table A.2 — Action limits for Group 2 machines:
Horizontal machines with the bearings braced against the casing of the hydraulic machine

Machine type: Relative shaft vibration Sp_p, pm Bearing housing vibration vy, mm/s
Bulb (double regulated) T GE-DE GE-NDE T GE-DE GE-NDE
Action limit 1 (A-B/C) 90 230 220 2,6 0,6 0,5
Action limig-2-(C/D) 130 350 340 41 10 08
Normal op¢rating range for Bulb: from 30 % to 100 % of rated power

Table A.3 — Action limits for Group 3 machines:
Vertical machine sets with top bearing housings braced against the station foundation andfor
concrete pit surrounding the generator

Machine tyjpe: Relative shaft vibration Sp—p, pm Bearing housing vibration vy, mmjy/s
Francis vertical T GE-DE GE-NDE T GE-DE GE-NDE
Action limit 1 (A-B/C) 180 180 160 09 0,5 0,5
Action limif 2 (C/D) 280 280 250 14 0,8 0,8
Normal op¢rating range for Francis vertical: from 70 % to 100 % of rated power

Machine tyjpe: Relative shaft vibration Sp—p, pm Bearing housing vibration vypys, mmj/'s
Pump-turbine vertical T GE-DE GE-NDE T GE-DE GE-NDE
Action limi}: 1 (A-B/C) 170 160 220 1,9 0,7 09
Action limif 2 (C/D) 260 250 350 3,0 1,1 1,5
Normal opg¢rating range for pump-turbine vertical: from 70 % to 100 % of rated power

Machine tyjpe: Relative shaft vibration Sp_p, pm Bearing housing vibration vymys, mmjy/s
Kaplan vertical T GE=DE GE-NDE T GE-DE GE-NDE
Action limit 1 (A-B/C) 110 170 170 1,1 0,6 0,7
Action limif 2 (C/D) 170 270 260 1,8 1,0 1,1
Normal op¢rating range for Kaplan vértical: from 30 % to 100 % of rated power

Machine tyjpe: Rélative shaft vibration Sp—p, pm Bearing housing vibration vypys, mmj/'s
Pelton verticala T GE-DE GE-NDE T GE-DE GE-NDE
Action limift 1 (A-B/C) 140 150 180 0,8 0,8 1,0
Action limif 2 (C/D) 210 230 270 1,2 1,3 1,5
Normal op¢rating range for Pelton vertical: from 10 % to 100 % of rated power

Machine tyjpe: Relative shaft vibration Sp—p, pm Bearing housing vibration vy, mmjy/s
Pump vertfical p GE-DE GE-NDE P GE-DE GE-NDE
Action limit 1 (A-B/C) 200 170 180 2,3b 0,8b 0,8b
Action limit 2 (C/D) 310 270 280 3,6b 1,2b 1,2b

NOTE The relative shaft vibration action limit values given in Table A.3 are not applicable for machines fitted with large
shell type bearings with diametrical clearance greater than 0,8 mm and for large machines with bearing journal diameter
greater than 2,00 m due to the lack of statistical information in the current database.

a  The action limits indicated are valid only for “smooth” operation, i.e. with all the nozzles in operation or a balanced
machine operating with a partial number of active nozzles (e.g. two or three active nozzles on a six nozzles machine or two
active nozzles on a four nozzles machine).

b Due to the lack of statistical information, for these cells, values were calculated using the Pump-turbine vertical action
limits scaled by the ratio of the Pump vertical/Pump-turbine vertical shaft action limits at each bearing, e.g. Action limit 1
(A-B/C) for Pump vertical GE-DE = 0,7 (170/160) = 0,74 (rounded up to 0,8 mm/s).
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Table A.4 — Action limits for Group 4 machines:

Vertical machine sets with top bearing housings supported by the generator stator

Machine type: Relative shaft vibration Sp—p, pm Bearing housing vibration vyps, mm/s
Francis vertical T GE-DE GE-NDE T GE-DE GE-NDE
Action limit 1 (A-B/C) 180 180 160 0,9 0,5 0,8b
Action limit 2 (C/D) 280 280 250 1,4 0,8 1,3b

Normal operating range for Francis verti

cal: from 70 % to 100 % of rated power

Machine type: Relative shaft vibration Sp—p, pm Bearing housing vibration vy, mm/s
Pump-turbine vertical T GE-DE GE-NDE T GE-DE GE-NDE
Actlion limit 1 (A-B/C) 170 160 220 1,9 0,7 1,2b
Actlion limit 2 (C/D) 260 250 350 3,0 1,1 1,8b

Normal operating range for pump-turbine vertical: from 70 % to 100

% of rated power

Marhine type: Relative shaft vibration Sy, pm Bearing houSing vibration vjys, mm/s
Kaplan vertical T GE-DE GE-NDE T GE-DE GE-NDE
Action limit 1 (A-B/C) 110 170 170 L1 0,6 1,0b
Action limit 2 (C/D) 170 270 260 18 1,0 1,6b

Normal operating range for Kaplan vertical: from 30 % to 100 % of ratedpower

Marhine type: Relative shaft vibration S,_p, pm Bearing housing vibration vjys, mm/s
Pelton vertical T GE-DE GE-NDE T GE-DE GE-NDE
Actjion limit 1 (A-B/C) 140 150 180 0,8 0,8 1,3b
Actiion limit 2 (C/D) 210 230 270 1,2 1,3 2,1b

Noymal operating range for Pelton vertic

al: from 10 %o 100 % of rated power

Marhine type: Relative shaft vibration Sp—p, pm Bearing housing vibration vjys, mm/s
Pump vertical P GE-DE GE-NDE P GE-DE GE-NDE
Actlion limit 1 (A-B/C) 200 170 180 2,3 0,82 1,3b
Actlion limit 2 (C/D) 310 270 280 3,62 1,2a 2,0b

a  |The values given in thesé cells are calculated in the same way as note b in Table A.3.

NOTE The relative shaft vibration action limit values given in Table A.4 are not applicable for machines fittg
shell type bearings with diametrigal\¢learance greater than 0,8 mm and for large machines with bearing jour
greqter than 2,00 m, due to the lack-of statistical information in the current database.

b |Due to the lack of statistical information, for these cells, values were calculated using the GE-DE action lim
afaftor of 1,6, i.e. thessame relative factor as found in ISO 10816-5:2000 for group 4 machines.

d with large
hal diameter

its scaled by

A.3 Actions to be taken when the action limits are exceeded

A.3.1 Action limit 1

If the measured levels of the bearing housing or shaft vibration exceed Action limit 1, the following
investigative actions should be considered.

a) Recommended actions:

— If the bearing housing vibration velocity exceeds Action limit 1, an FFT analysis of the bearing
housing vibration should be carried out. If any frequency identified by the FFT has a peak value
that is greater than vaction limit 1 X (fpeak/frot), the root cause(s) should be determined.

— If the shaft vibration Sp-, exceeds Action limit 1, an FFT analysis should be performed to
determine if the problem relates to unbalance, misalignment, oil film instability, etc.
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b)

28

If the shaft vibration limits have been exceeded, a measurement of the amount of bearing
clearance that is being used should be carried out.

The balance or the rotating parts should be checked.
An analysis of the shaft orbit should be carried out.
The shaft centreline shift in the bearing should be evaluated.

The pivots and bearing pads should be examined in the area of their contact for fretting,
excessive wear or damage.

Wear of the pads and shaft journals should be checked.
A yisual inspection of the foundation and support structures should be carried out.

THe tightness of the fasteners securing the parts of the machine to the foundation should be
checked.

THe bearing pad temperature should be checked.

THe bearing oil bath temperature should be checked.

THe installation of the measuring instruments should be checked.

THhe condition of the vibration measuring tracks on the shaft should be checked.
Pressure pulsations in the water passages should be nieasured.

Carrect operation of the air injection valve (if fitted) should be checked.

The uniformity of the guide vane openings should be checked.

Possible additional actions to facilitate an understanding of the reasons for the levels of vibrafion

being measured:

A1 analysis of the bearing oil may be carried out.

S

—t

itic and dynamic air gap me€asurements may be taken on the generator or generator-motpr.

A fhaft alignment check may be carried out, i.e. check for concentricity, verticality and shaft
rupout.

Mg¢asurements may-be taken with the generator or generator-motor unexcited and excited.

The influence~of power may be looked at by taking vibration measurements at different
operating-¢onditions.

Vibration measurements may be taken as the machine decelerates to stand-still without
application of the brakes.

The possibility of electrical interference with the measuring instruments may be checked.

A noise measurement may be carried out using an integrating sound level meter with the
capability to carry out a spectrum analysis.

The tightness of the bearing bracket securing bolts may be checked.

The stiffness of the bearing brackets may be checked.
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A.3.2 Action limit 2

If the measured levels of the bearing housing or shaft vibration exceed Action limit 2, the following
additional investigative actions (above and beyond the Action limit 1 investigations) may be undertaken.

a)

Recommended actions:

A complete visual inspection of the hydro power unit should be carried out, looking

— water passages after dewatering,

generatorand turhine mechanical narts for cracks
5 et ea—varoeT POt '

at

b)

For

A4

Thi
and
ma

Possible additional actions to mitigate the nisk of premature failure of machine componsg

additional evaluatien, the diagnostic process given in ISO 13373-7 can be used.

Examples of measured vibration values

5 document gives recommendations for action limits for both absolute bearing housin
relative shaft vibration taking into account the experience of manufacturers and users g
hirles: The action limit values are based on a statistical analysis of a vibration database.

— evidence of movement such as fretting dust.

The tightness of the runner to shaft coupling bolts should be checked.
The tightness of the turbine shaft to generator shaft coupling bolts shetild be checkg
The tightness of the rotor spider coupling bolts should be checked.
Non-destructive testing should be carried out on critical compOnents.
Bearing load measurements should be carried out by using:

— load cells installed in the bearing;

— strain gauge measurements on the bearingistructure.

It should be identified whether components‘are highly stressed.

A modal analysis of each of the®earing brackets (experimental and analytic3
carried out.

d.

nts:

1) may be

The effect of dynamic loads)and therefore stress on the fatigue life of components may be

studied.

A trend analysis may-be carried out in line with 6.3.

b vibration
f hydraulic

It is ot easy to specily vibration limits for hydraulic machine sets because of the effect on vibration
levels when operating over a range of operating conditions. The strong influence of the operating
conditions on vibration can be seen in Figure A.1 which shows the results obtained from the long-term
measurement of shaft vibration. From Figure A.1 it can be seen that, even when operating at a fixed
MW output, there is a large variation in the shaft vibration data. This is because of the variations in the
hydraulic conditions of head and flow.
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Fating point of the machines. Hence(t'is not possible to make recommendations for speci
[s over the whole operating range of a machine. Action limits are provided in this annex
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Figure A.2 — Statistical analysis of shaft vibration for Francis turbine-generator

generator guide bearing NDE (non-drive end)
generator guide bearing DE (drive end)
turbine guide bearing

Generator guide bearing NDE:99,46
Generator guide bearing DE: 101,75

Turbine guide bearing: 95,60
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(informative)

Annex B

Vibration monitoring — Prerequisite for trend analysis

B.1 Ge

Standard

onitoring systems are used for the long term measurement and storage of the wibrafion
patterns of hydro power units. These measurements show a large scattering in the data collected. This
occurs dug to the many different operating regimes with different head and flow, changes in power
(both actiye and reactive) and different bearing and generator operating temperatunes.’A repeatdble,
representative foot print reference cannot be derived from this scattered data.and so a religble
assessmenf of a normal vibration magnitude is not possible. Figure B.1 shows a typical scattering offthe

300 X

shaft vibration data obtained from long-term measurements when plotted against power for a pump-
turbine.
Y 1 2
N N
s N\ h
i
1 e e. |
iy L
J 1
()
) .
-X -300 -200 -100 0 100 200
Key
X active powen:MW
Y  shaft vibratien
fun  rotatiomatfrequerncy (funmdarnernta frequercy )
1  pump mode
2 turbine mode
a  residual
b sum
Figure B.1 — Example of individual shaft vibration components of a pump-turbine,
the residual and the sum
32
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Figure B.2 shows absolute bearing housing vibration plotted against head for a different pump-turbine
machine (compared to Figure B.1) when operating as a turbine and also shows extensive scattering of
the measurement.

Y
3,5

Key]

* < X

>

i)

Ond

head and flow. Operation of the mdchine at different points on the turbine hill chart (see |
profuces different hydraulic forces. The vibration behaviour of the machine set could alsg
by electromagnetic forces, mechanical forces and by changes in the temperature of the |

the
ma

250 270 290 310 330 350 X

head, m

absolute RMS bearing vibration, mm/s
RMS value at turbine bearing

RMS value at upper generator bearing
RMS value at lower generator bearing

generator stator and rotor”However, hydraulic forces are the main source of vibration i
hinery.
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igure B.2 — Example of bearing housing vibration in turbine operation of a pump-turbine

reason for the scattering of the.data is because of variations in the operating parpmeters of
Figure B.3)

be caused
earings or

 hydraulic
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Figure B.3 — Typical hill chart of a hydraulic machine

scattering of\data is not helpful for diagnostic purposes. In order to carry out any tr
is necessary.to capture and store the machine’s operation state when the vibration (
bd. With€he appropriate selection of two or more parameters (especially active and reac

end
lata
tive

power, head and_ flow), it is possible to obtain a clearer value for a typical vibration level. An example

is given in

Figtire B.4 where the bearing housing vibration data from Figure B.2 have been correl3

against ouf

ted

pub for a constant head and rotational speed.
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Figure B.4 — Example of how definite combination of parameters leads to usable data

B.Z Basic physical principle for bearing vibration

Thif document is based on a physical ¢orrelation between vibration levels and stress leyvels in the
supporting structures for the guide\bearings. It also assumes that the circumferential velocity for
a tlfrbine is constant for all types-oef reaction turbines. The conclusion from these assumptions is
illustrated in Figure B.5.

L —

Key

X  runner diameter (size), m

1 rotational speed, r/min

2 bearing housing vibration displacement, pm

3 bearing housing RMS vibration velocity, mm/s

Figure B.5 — Relation between size, displacement and rotational speed
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Analysis shows that value for the shaft displacement and for the bearing housing vibration velocity in
the database do not correlate to any of the recorded parameters. However, it is known that there is a
relationship between bearing housing vibration velocity and mechanical stress.

Other correlations that can be identified are as follows:

— the size of the supporting structure for the turbine guide bearing is proportional to the runner
diameter;

— the size of the bearing brackets for the generator guide bearings is proportional to the generator
rotor diameter;

— if all Bearing brackets have similar design criteria and material properties, Hooke’s law jiniglies
that thle permissible strain is constant. However, since strain and displacement are related through
size, ifcreasing size allows for larger displacements. Consequently, the allowed displacemerjt is
proporftional to the turbine or generator diameter;

— previops studies have shown that circumferential velocity for the turbine is approXimately constant
for all fypes of reaction turbines. This implies that the rotational speed is invénsely proportiongl to
the digmeter of the turbine runner;

— the main vibration frequency content is related to the rotational frégquency component only. In
additign, there can be a significant impact coming from turbine specific speed (same rotatignal
speed pnd runner size, but very different power and operating héad). If the main vibration confent
does npt coincide with the rotational frequency then the correlation is no longer valid.

The combined conclusion is that large machines experienceé high deflections with low rotatignal
frequency whereas small machines experience small deflegtions with high rotational frequency. [The
stress levels in the supporting structure are, however, equalfor all machine sizes and thus the vibration
velocity is fonstant.
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Annex C
(informative)

Special features of bearing housing vibration and shaft vibration

of hydraulic machine sets

C.1

The
Thd
invg

hydjraulic machine sets.

For
Pos

C.2

Thd
cor

C3

Typilical causes of mechanical vibration are;

General

principles of the mechanics of bearing housing and shaft vibrations are explained’in IS
information given there is based mainly on a broad spectrum of theoretical and ex
bstigations on horizontal shaft machines. Machines with vertical shafts arg much more c

hydraulic machines, bearing housing and shaft vibrations can occurover a wide range of fi
sible causes of vibration are described in C.2 to C.6.

Frequencies of vibration from mechanical and electrical source

frequencies to be expected when taking vibration meéasurements are the fundamental
‘esponding to the synchronous speed of the unit and its harmonics.

Mechanical causes

incorrect shaft alignment;

incorrect bearings alignment;

loose holding down bolts(at various levels of the machine;
looseness of bearingpads adjusting jacking screws;

concrete founddtion failure or cracks;

differencesirbearing housing stiffnesses in different directions;
oil filminstability;

frictional forces;

0 20816-1.
perimental
pmmon for

equencies.

frequency

NOTE

residual unbalances in the turbine runner or impeller;

residual unbalance in the generator and/or the exciter rotor.

Substantial static bearing loads can occur due to deficiencies in the installation of the machine set or

due to deficiencies in its environment, e.g. uneven soleplates, foundation deformations. These are not necessarily
detected by the measurement of the shaft movement within the bearing.

C.4 Electrical causes

Typ

ical causes of electrical vibration are:

unbalanced magnetic pull;
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frequencies with multiples of the rotational frequency;

non-uniform air gap of the electrical machine which can cause bearing housing vibration at

stator core vibration at twice the grid frequency due to magnetostriction forces. These forces are

rarely transferred to the rotating system but they can be transferred to the generator non-drive end
bearing housing when the upper bearing is supported by the stator frame (Group 4 machines);

inter-turn shorts in the rotor windings of salient pole generators;

unbalanced electrical loads;

inter-t

inter-t

C.5 Hydraulic causes

C5.1 Sig

The freque
frequency

C.5.2 Dr

Draft tube
outside the
The freque
third or or

expected af overload condition (“over-gating”) are depenident on the interaction of the high load vo

below the j

In both pat
occur whig

C.5.3 Ca

Cavitation
profiles an
frequencie
the high-fr

C.5.4 Se

Self-exciteql vibration occurs where the movement of mechanical parts, such as seals or guide va

influences

£, lec s | FRS ot s H
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urn faults in the field coils.

mificant frequencies in the water flow through the water passages

ncies expected to be present are the frequency of rotation, thé“hlade or bucket pas
hnd various combinations of these.

qhft tube flow instabilities

flow instabilities occur in single-regulated turbines\when the machine set is opera
optimum efficiency range. Examples would be Frarncis turbines or propeller type turbi
ncies to be expected at partial load are below the4requency of rotation, often down to
e quarter of the frequency corresponding tothe speed of rotation. The frequencies tq

unner with the natural frequencies of the-water passages.

tial load and overload, resonance with hydraulic structures (pipelines) or with the grid
h leads to an increase in the vibration magnitudes.

yitation

occurs when incorrect flow conditions exist around the runner or the impeller b

bing

[ing
hes.
one

be
"tex

can

ade

H occurs mostly in lower and higher load and/or lower and higher head ranges. Multiple
5 can be expected.where cavitation is taking place as well as strong spikes of acceleratio
pquency time domain, i.e. pulse widths on the order of 10 ps to 100 us.

f-excited vibration

igh
in

[nes,

theflow of water around or through them, e.g. where large seal clearances exist. Frequen

to be expe

ted are those close to the bending natural frequencies of the rotating system.

ries

C.5.5 Hydraulically excited vibration

In vertical machines operating at part-load or at overload, higher vibration can occur due to hydraulic
vortices. If the machine has been designed to be suitable for these particular operating conditions,
sustained running with these high vibration magnitudes can be acceptable. Alternatively, these high
values of vibration may be acceptable for restricted operational periods.

C.6 Additional excitations

In contrast to most other power generation equipment, hydro-electric machinery can be started up and
shut down or the power output can be changed rapidly and frequently. Hydro machines are therefore
often used for peak-load supply or for frequency and power control. These frequent starts and stops
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and load changes mean that hydro machinery is exposed to enhanced vibration, stresses and fatigue.
For peak-load or pump-storage equipment, transient operating conditions are seen very frequently
so that they can see increased magnitudes of vibration for more than 10 % of their overall operating
time. These frequent transient operating conditions need to be evaluated separately with respect to
the additional stresses and fatigue seen by the bearings and other parts of the machine based on the
experience of manufacturers and operators.

During transient operating conditions, such as start-up and shutdown, additional excitation forces
interact with the runner, inducing a wider spectrum and higher amplitudes of vibration. Under these
transient conditions, the radial forces increase leading to increased shaft motion. In the case of
extr i it i i i operating
me¢hanism or the failure of the intake gate emergency closure, the intensity of this-hroad-band
excltation spectrum increases even more.

Duiling load rejections, Kaplan turbines can be subjected to draft tube instabilitiésywith cgnsiderable
sub}synchronous bearing vibration amplitudes. Under these conditions (especially for setg with only
twd radial bearings), rotor vibrations at one or more of the rotor’s natural frequencies can occur as the
maghine decelerates.

These various excitations of hydraulic machine sets frequently produce-Kinetic shaft movements with
orbjts that do not close in on themselves. Even under steady-state“operating conditions, the radial
hydjraulic forces can lead to cycloidal or polygonal orbits, the shapé.and size of which vary.

Natpral hydraulic frequencies in the waterway can be excited.by load changes or turbulert flow, and
can|lead to excessive vibrations due to pressure pulsations.
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Annex D
(informative)

Database, analysis procedure and statistical

D.1 Collge

tion of available vibration data on which this document is based

The evalug
or possibleg
was initiat
this evalug

effect on fatigue life to be related to measured vibration values
bd at the outset of the work undertaken to produce this document

evaluation

allows the machine state
. A new collection of data
to be used as'the basig for

tion of vibration and its effects on machine integrity and life. This vibratien‘database now

contains njore than 7 000 data sets for running machines all over the world togethep with additi¢gnal
informatiopn. The data have been collected for machine sets with different powers dndrotational spepds,
different types of turbines and for all arrangements of machines. A statistical évaluation program pas
developed o derive dependencies and conclusions.
Figure D.1|shows these values gathered for bearing housing vibration. Figure D.2 shows the valueq for
shaft vibration. Both sets of data are shown as a function of machinepower.
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Figure D.1 — Bearing housing RMS velocity values
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