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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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procedures used to develop this document and those intended for its further maint
cribed in the ISO/IEC Directives, Part 1. In particular the different approval criteria hee
brent types of ISO documents should be noted. This document was drafted in accordan
orial rules of the ISO/IEC Directives, Part 2 (see www.iso.org/directives).

bntion is drawn to the possibility that some of the elements of this document may be th¢
ent rights. ISO shall not be held responsible for identifying any or all such-patent rightg
patent rights identified during the development of the document will.bée“in the Introduct
he ISO list of patent declarations received (see www.iso.org/patents}):

trade name used in this document is information given for the,eonvenience of users ar
Stitute an endorsement.

an explanation on the voluntary nature of standards;. the meaning of ISO specific
ressions related to conformity assessment, as well.as information about ISO's adherg
[ld Trade Organization (WTO) principles in the Technical Barriers to Trade (TBT) see th
L: www.iso.org/iso/foreword.html.

5 document was prepared by Technical Cammittee ISO/TC 108, Mechanical vibration,
Hition monitoring, Subcommittee SC 2, Measurement and evaluation of mechanical vibratio
pplied to machines, vehicles and structures.

5 first edition of ISO 21940-1 cancels and replaces 1ISO 19499:2007, which has been
sed. The main changes are as folews:

reference made to all International Standards in the ISO 21940 series;
deletion of former Table-2 "Guidelines for balancing procedures";

deletion of formér-Annex C "How to determine rotor flexibility based on an estimati
geometric design”.

5t of all parts-in the ISO 21940 series can be found on the ISO website.

feedback or questions on this document should be directed to the user’s national stand
mplete listing of these bodies can be found at www.iso.org/members.html.
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Introduction

Vibration caused by rotor unbalance is one of the most critical issues in the design and maintenance
of rotating machines. It gives rise to dynamic forces which adversely affect both machine and human
health and well-being. The purpose of this document is to give guidance on the usage of the other parts
of the ISO 21940 series.

Balancing is explained in a general manner, using the specific terms and definitions, to help readers to
select the appropriate balancing approach for their application.
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INTERNATIONAL STANDARD ISO 21940-1:2019(E)

Mechanical vibration — Rotor balancing —

Part 1:
Introduction

1 [Scope

This document provides a general background to balancing technology, as used dn-the [[SO 21940
serjes, and directs the reader to the appropriate parts of the series that include vocabulary, balancing
profredures and tolerances, balancing machines and machine design for balancin@:

Ind{vidual procedures are not included here as these can be found in the apprepriate parts of|]ISO 21940.

2 |Normative references

The following documents are referred to in the text in such a’way that some or all of thpir content
conptitutes requirements of this document. For dated referénces, only the edition cited dpplies. For
undated references, the latest edition of the referenced document (including any amendments) applies.

[SO|2041, Mechanical vibration, shock and condition monitoring — Vocabulary

[SO|21940-2, Mechanical vibration — Rotor balancing=— Part 2: Vocabulary

3 |Terms and definitions
For|the purposes of this document, the terms and definitions given in ISO 2041 and ISO 21940-2 apply.
[SO|and IEC maintain terminological databases for use in standardization at the following addresses:

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

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

4 |Fundamentals of balancing

4.1] General

Bal@ineing is a procedure by which the mass distribution of a rotor (or part of a rotor or module) is
medsured and adjusted to ensure that unbalance tolerances are met.

Many factors can cause rotor unbalance, e.g. non-homogenous material, manufacture, assembly, wear
during operation, debris or an operational event. It is important to understand that every rotor, even in
series production, has a unique individual unbalance distribution.

New rotors are commonly balanced by the manufacturer in balancing machines before installation into
their operational environment. Following rework or repair, rotors can be rebalanced in a balancing
machine or, if appropriate facilities are not available, the rotor can be balanced in situ (for details, see
ISO 21940-13). For in-situ balancing, the rotor is held in its service bearings and support structure and
rotated within its operational drive train.

When rotated, unbalance generates forces that can be directly measured by force gauges mounted on
the structures supporting the bearings or indirectly by measuring either the motion of the bearing or
the shaft. The unbalance vector can be calculated from these measurements and balancing achieved by

© IS0 2019 - All rights reserved 1
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adding, removing or moving correction masses on the rotor. Depending on the balancing task, the mass
corrections are performed in one, two or more correction planes.

Inertia forces due to unbalances or correction masses added during the balancing process induce an
excitation of the rotor and support system, which is observed as once-per-revolution vibration. Once-
per-revolution vibration and vibration at other frequencies can also be excited by other effects, e.g.
asymmetric stiffness, magnetic or fluid forces, but it is only the once-per-revolution effects that can be
compensated for by balancing. Non-linear systems can also cause frequencies other than at once per
revolution to be generated but these are usually a second order effect.

The theory of balancing is widely described in the literature (see e.g. References [11], [12]), and
therefore qnly the basics are presented here to aid the understanding of the terms used in balan¢ing
standards pnd to direct the user towards the appropriate parts of ISO 21940.

4.2 Unbplance of a single disc

The simpl¢st mechanical model of a rotor consists of a single disc supported on, two bearings Iy a
massless shaft as shown in Figure 1. An unbalance mass, my, on the disc with a radial’distance from|the
shaft axis, |, generates the unbalance vector, U, whereby U = my r. The unbalanceyvector U is expregsed
in the unitl of mass times length, usually kg-m, but for practical reasons, smaller units are generfally
used, e.g. kig mm, g mm or, for very small unbalances, mg mm.

NOTE old font indicates vector quantities.

At a rotatipnal speed n (angular velocity ), the unbalance causés a centrifugal force F = U Q2. When
expressing the unbalance, U, in kg-m, and the angular velocity, in rad/s, F is expressed in newtons, N.

2 © IS0 2019 - All rights reserved
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b)-Unbalance of a disc as unbalance vector U

Figure 1 — Unbalance of a disc

Theg unbalance, U, can be expressed as the eccentricity, e, of the disc mass, M, from the shaft{axis, given
by tlhe expression U = M e. See Figure 2.

© IS0 2019 - All rights reserved 3
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Figure P — Unbalance of a disc, expressed as the eccentricity of thie mass centre from th
shaft axis

Ay~

4.3 Unbplance distribution

For a geneifal rotor, with a certain axial length, unbalance isimiade up of an infinite number of unbalgnce
vectors, distributed along the shaft axis. If a lumped-massimodel is used to simulate the rotor behavipur,

the unbalaphce can be represented by a finite number of,unbalance vectors of different amplitudes and
angular difections, as illustrated in Figure 3.

Figure 3 — Unbalance distribution in a rotor modelled as K disc elements perpendicular to
the z axis

4.4 Unbalance representation

If all unbalance vectors were corrected in their respective planes, the rotor would be perfectly balanced
but, in practice, it is neither possible nor necessary to measure and correct for all the individual

© ISO 2019 - All rights reserved
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unbalances. Throughout the ISO 21940 series, the following representations are used to specify rotor
unbalance:

a) resultant unbalance Uy, vector sum of all unbalance vectors distributed along the rotor;
NOTE1 The plane to state the resultant unbalance can be arbitrarily chosen.
NOTE 2  If the plane for the resultant unbalance is the plane of the mass centre, the unbalance is called
static unbalance.

b) resultant moment unbalance Py, the vector sum of the moments of all the unbalance vectors
distributed a]nhg the rotor with rncpnrf toan ar}'\ifravi]y selectad p]ann pnr‘pnnr]ir‘ llar to the
shaft axis;

c) [resultant equivalent modal unbalance values Uye,r, the unbalance distribution wHith aff¢cts each of
the nth natural modes of the rotor system.

Mathematical and graphical representations of unbalance are described in Annex A.

NOTE3  The resultant unbalance [see a)] and resultant moment unbalance_[s€e b)] can be corpbined. The

combination is called “dynamic unbalance” and is represented by two unbalance vectors in twd
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es of vibration are orthogonal. For example, adding 2 g mm mdss correction has twice the effe
the mode shape of one mode is not affected by other modes¢Fluid-film bearings, which are o
-speed balancing machines, can introduce non-linearities-and cross coupling between modes b
pffects are small and the balancing procedures describedin’the ISO 21940 series can be adopted

Factors to consider when balancing

General

arbitrarily

The balancing procedures described in the ISO 21940 serie§.asSume the rotor system is lijjear and the

tof 1 g mm
'ten used in
Lt generally

the purpose of balancing, it is notinal to refer to rotors as rigid or flexible, i.e. they ha
ible behaviour, respectively. However, the terms "rigid" or "flexible" are a gross si
ch can lead to a misinterpretation by suggesting that the balance classification of the
endent on its physical conStruction. Unbalance is an intrinsic property of the rotor, but th
he bearings and suppdrt structure and the rotational speed of the rotor can affect
ponse to unbalance. The balance quality to which the rotor is expected to run and the
distribution of the-initial unbalance along the rotor also influence the chosen balancing
e used. As a result, a rotor that behaves as rigid under one set of conditions (service sp
alance, unbatance tolerances, etc.) can behave as flexible under another set of conditions|

Hance onfrigid and flexible rotor behaviours is given in 5.2 and 5.3.

)

ve rigid or
plification
tor is only
e dynamics
the rotor’s
magnitude
procedure
eed, initial

re are Special cases of rotors with unbalance indications that change with speed or tinje in a way

tha

€annot be explained with a bending shaft. These are considered in 5.3.3 and 5.3.4.

5.2

Rotors with rigid behaviour

Rigid rotor behaviour is where the flexure of a rotor caused by its unbalance distribution can be
neglected with respect to the agreed unbalance tolerance at any speed up to the maximum service
speed. The majority of these rotors operate way below the rotor-support system resonance speed.

Rotors with rigid behaviour can be balanced in accordance with the requirements of ISO 21940-11.
The aim of such balancing is to correct for the resultant unbalance, with at least a single-plane balance
correction for static unbalance, or with at least a two-plane balance correction for the dynamic
unbalance.
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Rotors designated to have rigid behaviour in the operating environment can be balanced at any sp

eed

on the balancing machine provided the speed is sufficiently low to ensure the rotor behaviour remains
rigid, with no significant flexure, but sufficiently high to generate an unbalance force that can be

accurately measured.

A rotor with unbalance, rotating with rigid behaviour on elastic supports, undergoes displacements

that are combinations of the rigid-body modes, as shown in Figure 4, which can be related to static

and

moment unbalance. There is no significant flexure of the rotor and all displacements of the rotor arise

from movements of the bearings and their support structure.

J—L

ANl A

a) Parallel mode due to static unbalance b) Tilting mode due to moment unbalanc

Figure 4 — Rotating rigid-body modes of a symmetric rotor on a symmetric elastic supporjt

structure
In the example shown in Figure 4 a), the principal axis of inertia of the rotor is offset parallel to
shaft axis 4nd is defined as static unbalance.

The example shown in Figure 4 b), where the principal axis(ofinertia is inclined and crossing the s
axis at the fotor’s centre of mass, is defined as moment uiibalance.

The additipn of both static and moment unbalance,~where the principal axis of inertia of the rotq
both inclingd and offset from the shaft axis, is defified as dynamic unbalance.

In practicd, every rotor has some flexural deflections in relation to the gross rigid-body motio

11°

the

haft

ris

h of

ISO 21940412:2016, Annex E, describestanexperimental method to measure the rotor’s flexibility
gives critetfia for the degree of flexibility-below which the rotor would normally be considered to be r

the rotor, But provided this flexure is small,/the rotor can normally be considered to behave as rFid.

NOTE Even with a rotor that jssconsidered to behave as rigid and operates at rotational speeds well bg
its first flejural resonance speed,-it can be necessary to consider the rotor's flexural behaviour when a
unbalance tplerance is required (as in 7.5.2).

5.3 Rotagrs with flexible behaviour

5.3.1 Gepneral

nd
gid.

low
low

Flexible rotfot.behaviour classifies all rotors where the rotor’s mass can move as a function of the rotor’s

rotational speed and is fully described in ISO 21940-12, which includes the following types:

a) shaft-elastic behaviour (see 5.3.2);

b) component-elastic behaviour (see 5.3.3); and

c) settling behaviour (see 5.3.4).

5.3.2 Shaft-elastic behaviour

A rotor is considered to have flexible behaviour when the unbalance causes the body of the roto

r to

bend in addition to the rigid-body modes described in 5.2. Figure 5 shows typical flexural mode shapes
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for a symmetric rotor. Most rotors with flexible behaviour can be balanced in accordance with the
requirements of ISO 21940-12.
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b) Second mode
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¢) Third mode

behaviour on an elastic support structure

the rotor with rigid behaviour described in 5.2,"if the speed is increased, the unbalanc

e the rigid-body balancing procedures smight not be sufficient to achieve the desir
dition.

3 Component-elastic behaviour

brs can have one or more components that are themselves either flexible or flexibly mour
unbalance of the whole system might consistently change with speed (e.g. rotors with ti
ect at high speed, rubber-bladed fans and single-phase induction motors with a centrifug

4  Settling behaviour

brs can have{a-method of construction where components settle after reaching a certain
bd or other/condition. This movement then becomes stable after one or just a few ey
ponents.reach their final position and settle, the rotor can require further balancing (g
urbine-discs, built-up rotors, copper winding in generators and generator retaining rings

Figure 5 — Schematic representation of the first three flexural modes of a rotor with flexible

b tolerance

iced or the support structure changed, it can be necessary to take flexible behaviour info account,

bd balance

ted so that
e bars that
ral switch).

rotational
ents. Once
. shrunk-

)

On

e the component has settled, the rotor shall be balanced using the appropriate balancin

procedure

as discussed in 5.2 and 5.3.

5.4

Examples of rotor behaviours

Some examples of rotor behaviours are illustrated in Figure 6 and details of these types of behaviour

are

©IS

further explained in Annex B.
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Ei=

a) Rigid behaviour (e.g. a solid gear wheel at _b) Flexible behaviour (e.g. a disc on an elastic

low speed)

=i

3_

c) Component elastic behaviour (e.g. a drum
with tie bars, elastically deflecting under the with windings, once for-all settling under a der-

Figure 6 — Examples of rotor types that demonstrate particular rotor behaviours

centrifugal load)

6 Selection of a balancing procedure

shaft at high speed)

o IS
1 i =t

d) Settling behaviour (€.g. a generator rotor

tain centrifugal load)

At a given [rotational speed, the physical properties efithe rotor and those of its supporting structure
control th¢ rotor’s response to a distributed unbalance along its length. Balancing to a requjred
tolerance depends on these parameters and changing them or the unbalance tolerance specified |can

change thelprocedure needed (for further informmation, see Clause 7).

Since different balancing procedures require the use of different types of balancing machine and
resource iput, it is important to select'an‘appropriate procedure to optimize the balancing proceds in
order to meet the required unbalancetolerances.

There are fwo International Stanidards dealing with balancing these rotors:

— IS0 21p40-11 for rotorswith rigid behaviour,

— IS0 21Pp40-12 for réters with flexible behaviour.

Table 1 gives informiation on descriptions, stated in this document, as well as in the other relevant parts

of ISO 21940, listing the balancing tasks and procedures.

Where pogsible, the rotor manufacturer or user should be consulted to establish the most suitable

balancing procedure.

© ISO 2019 - All rights reserved
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Table 1 — Overview of rotor behaviours, the description in this document and in the relevant

parts of ISO 21940
Description in this document Description in the ISO 21940 series
Rotor behaviour Example |Relevantpart| Balancing task or procedure
.. . . . : i Single-plane and two-plane
Rigid behaviour (as described in 5.2) Figure 6 a) | ISO 21940-11 balancinga
Figure 6 b) Six low-speed balancing proce-
duresAtoF
; o Balancing procedure G:
OIIdIT-€1aSUIC DEIIAVIOUT
(as described in 5.3.2) Multiple speed.balhncing
- : Balancing procedur¢ H:
Flexible behaviour 1SO 21940-12 . .
(see 5.3) Service speed balancing
Component-elastic be- Figure 6 c) Procedure [:
haviour Fixed-speed balanfing
(as described in 5.3.3) [
Settling behaviour Figure 6 d) Settling of compongnts at high
(as described in 5.3.4) speed, before (final)|balancingb

unb

Single-plane balancing can correct for the resultant unbalance and two;plane balancing can correct for
alance and the resultant moment unbalance.

This procedure is mentioned in ISO 21940-12:2016, 7.3.3.12, but no‘designated letter is given.

he resultant

7

7.1

Unbalance tolerances

General

Modlern balancing machines enable residual.unbalances to be reduced to low limits but it is uneconomic

too
tole
sery

7.2

7.2
To

per
thid

7.2

ver specify unbalance tolerance requirements. It is generally only necessary to define the
rance needed for a rotor to operate with acceptable vibration and dynamic forces in
yice environment.

Permissible residual unbalance

1 General

hchieve acceptable vibration magnitudes and dynamic forces for the rotor operating
missible valu€s of residual unbalance should be stated by the rotor’s manufacturer. How
information is not available, the ISO 21940 series can provide guidance.

2 APermissible residual unbalance for rotors with rigid behaviour

unbalance
its normal

in situ, the
ver, where

Wh

en balancing rotors with rigid behaviour, the measured rorce and vibration are CllI'eCtly related

to the permissible residual unbalance, Uper, which can be defined in different ways, as described in
ISO 21940-11. In this way, both the resultant unbalance, Uy, and resultant moment unbalance, Py, can be
balanced to the required tolerance for the rotor.

7.2.

3 Permissible residual unbalance for rotors with flexible behaviour

When balancing rotors with flexible behaviour, the measured force and vibration are dependent on
the dynamics of the whole rotor system that includes its bearings and support structure. ISO 21940-12
describes methods to calculate the unbalance tolerance based on vibration values or permissible
residual unbalances, derived from the permissible residual unbalances calculated in ISO 21940-11.

©IS
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Balancing rotors with flexible behaviour requires the residual static unbalance, Uy, residual moment
unbalance, Py, and residual equivalent modal unbalance values, Uper (n = 1, 2, ...), to be reduced to the
required tolerance for the rotor. This may include the consideration of vibration modes above service

speed (as d

escribed in 7.4).

The procedures to evaluate modal unbalance and methods to determine permissible residual modal
unbalance are described in ISO 21940-12.

7.3 Vibration limits

Vibration
balancing

NOTE

A azith exible heh ‘, ha hich- eed

achines. The balancing machine operator may supply vibration limits where it ¢éay be
demonstrated that similar rotors balanced to these limits operated successfully in situ.

Balancing machines can have different pedestal system dynamic properties and therefore vibration
limits for a given rotor can be set individually for each balancing machine and for a selected spged range.

Where defailed information is available concerning the relationship of support stiffness jand
measurement positions between the balancing machine and the site conditions, a‘method to estinjate

vibration 1

mits is presented in ISO 21940-12.

7.4 Influence of modes above service speed

When a lov

 residual unbalance or vibration magnitude is required,it'can be necessary to consider shaft

flexural m¢des that occur at frequencies above the service speed.The effects of these higher modes|can

become inj
which can
(see ISO 21
affected at
have been
the vibrati
higher moc

le, even though the lower modes are‘aeceptable.

portant depending upon their proximity to the service speed, the unbalance distribution
be affected by preceding balancing steps and the“amount of damping in the rotor system
1940-31). For example, the rotor response schematically shown in Figure 7 is significaptly
the service speed (3 000 r/min, i.e. 50 Hz) by the higher mode, even though the lower mqdes
balanced within limits. Here, depending on'the amount of damping, the rotor would not npeet
bn limits based on an RMS vibration limit of 5 mm/s at the normal service speed due to|the

10
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Figure 7 — Influence of a rotor mode above service speed

1 General

2 .Tolerances

Factors influencing balancing procedures

70

rotor’s response\to’ a distributed unbalance along its length is controlled at all spe
sical properties.of the rotor and its supporting structure. Balancing to a required quali
on fhese parameters, and changing them or the unbalance tolerance specified can change the
ded to meetthe balance requirements.

imp]y rnr“nr‘ing theunbhalance fn]nranr‘pl itcanbe necessary toreconsiderthe hehaviour

eds by the
Ly depends
procedure

fthe rotor

and adopt a different procedure to bring the rotor within tolerance. Examples include:

a) A rotor with rigid behaviour, balanced using a single-plane procedure to reduce resultant
unbalance, can simply require a single-plane balancing with this reduced tolerance;

b)

© IS0 2019 - All rights reserved

Arotor with rigid behaviour, balanced using a single-plane procedure to reduce resultant unbalance
can additionally require a two-plane procedure to account for the resultant moment unbalance;

A rotor with rigid behaviour, balanced in two planes to reduce both resultant and moment
unbalance (dynamic unbalance) can additionally require flexible-behaviour procedures to reduce
contributions from the modal unbalances, even though the rotor is running below its first flexural
resonance speed;

11
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d) A rotor with flexible behaviour, which has been balanced to reduce the dynamic unbalance and a
number of modal unbalances, can require additional flexible rotor balancing procedures to reduce
modal unbalances of even more (higher) flexural modes of the rotor, even though the rotor is

running below the flexural resonance speeds of these higher modes (see 7.4);

e) It is possible that a rotor with either rigid or flexible behaviour, successfully balanced using

the

appropriate procedure, needs to be balanced further to take account of component-elastic or

component settling behaviours;

f) Where a tighter tolerance can only be achieved at a single speed, the service speed balancing

procedure (ISO 21940-12, procedure 1) sometimes needs to be considered.

7.5.3 Speed and support conditions

Other charnges of rotor behaviour can occur if operational conditions are changed (e.g. by cthanging
service spded or bearing design or support structure).

7.5.4 Initial unbalance

The initialfunbalance distribution has an influence on the vibration respoise of the rotor systen
determine$ which unbalance (see Clause 4) is out of tolerance and therefore heeds attention. Diffe
manufactulring and assembling procedures can lead to different magnitudes of initial unbalance.

8 Selection of a balancing machine

8.1 General
Rotor behgviour together with the chosen balancing procedure dictate whether a low- or high-sp

balancing machine is required. Some examples of balancing machine requirements are provide
Table 2.

Table 2 — Examples/of'balancing machine requirements

the

n. [t
rent

eed
l in

Balancing machine requirements

1 |Rotor mass

2 |Bearing types,sSize and centre distance

3 |Rotor length

4 |Rotor diameter

5 |Minimiim achievable residual unbalance

6 |Unbalance reduction ratio

7 twsiBearing support stiffness to match the installed environment

8" |Vacuum facilities for high-speed bladed rotors

9 |Allowable maximum speed for bladed rotors on low-speed machines

10 |Induced electrical current for high-speed electrical rotors

11 |Influence of rotor overhangs in the balancing facility
NOTE 1 This list is not exhaustive and it is possible that other requirements are appropriate for
special machines.
NOTE 2 IS0 21940-21 gives detailed requirements for low-speed balancing machines.

Different types of unbalance require the use of different types of balancing machine, for example:

a) resultant unbalance: a single-plane balancing machine (low-speed balancing machine) is sufficient;

b) resultant moment unbalance: a two-plane balancing machine (low-speed balancing machine) is

needed;

12 © IS0 2019 - All rights reserved
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NOTE 2
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modal unbalances: a high-speed balancing machine is often needed.
Single-plane balancing can also be performed on a two-plane balancing machine.

A high-speed balancing machine can usually handle both low-speed balancing and

balancing.

NOTE 3

balanced at low speed.

8.2

Special requirements

high-speed

Rotors with flexible behaviour as classified in ISO 21940-12, procedures A to F, can be adequately

Wh
for

gen
sho

9

9.1

In ¢
aid

le the rotor is in the balancing machine, additional tests can be undertaken to ensure
purpose. Table 3 gives examples of additional tests that can be performed (e.g. on-alarg
erator rotor) while the rotor is still in the balancing machine. Similarly, the need. for’addi
11d be considered for specialized rotors whilst in the balancing machine.

Table 3 — Examples of tests that can be undertaken in the balancing machin
for an electrical generator rotor

hat it is fit
b electrical
Fional tests

Additional test requirements
1 |Overspeed the rotor to settle the end rings
2 |Undertake thermal stability checks
3 |Perform electrical tests to check the integrity of the windings

These tests should only be carried out provided the appropriate facilities are available and safety
requirements are satisfied.

International Standards on balancing

General

he field of balancing, most Intetnational Standards are collated in the ISO 21940 serie
the user are divided into five main areas, as shown in Table 4. Some application-specifi

stamdards for rotating machinées:which are not in the ISO 21940 series are included in the Bi

Table 4~ Topic coverage in International Standards on balancing

5, which to
" balancing
bliography.

Topic ISO,number Topic
Introduction 1SO 21940-1 Introduction
Vodabulary 1SO 21940-2 Balancing vocabulary
ISO 2041 Vibration and shock vocabulary
Balpneing ISO 21940-11 |Procedures and tolerances for rotors with rigid behaviour
proceduresand | ¢ 2194012 |procedures and tolerances for rotors with flexible behaviour

tolerances

ISO 21940-13
ISO 21940-14

Criteria and safeguards for the in-situ balancing of medium and large rotors

Procedures for addressing balancing errors

Balancing ma-
chines

ISO 21940-21
1SO 21940-23

Description and evaluation of balancing machines

Enclosures and other protective measures for the measuring station of

balancing machines

for

Machine design

balancing

ISO 21940-31
ISO 21940-32

Susceptibility and sensitivity of machines to unbalance

Shaft and fitment key convention

© IS0 2019 - All rights reserved
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9.2 Vocabulary

9.2.1 IS0 21940-2 — Balancing vocabulary

ISO 21940-

2 defines the vocabulary used for balancing. It also

a) provides an alphabetical index of balancing vocabulary; and

b) gives anillustrated guide to balancing machines terminology.

9.2.2 1SQ-2041 — Vibration-and-shockvocabulary

ISO 2041 d

monitoring.

9.3 Bala

9.3.1 Ge|

ISO 21940
tolerances
restrictive

efines the general vocabulary describing the terms used in vibration, shock and eondi
ncing procedures and tolerances

neral

11, ISO 21940-12, ISO 21940-13 and ISO 21940-14 give indications of procedures

for different rotor behaviours, as well as how to avoid gross déficiencies and unnecessa
requirements. They are not intended to be used as acceptanee specifications.

9.3.2 IS0 21940-11 — Procedures and tolerances for rotorswith rigid behaviour

ISO 21940
specifies

a) thema3
b) thene
c) theall

d) how tg

fion

and
rily

11 describes the procedures and tolerances to _bheé used for rotors with rigid behaviour. It

gnitude of the permissible residual unbalang¢e;
cessary number of correction planes;
pcation of the permissible residualiinbalance to the tolerance planes; and

account for errors in the balancing process.

9.3.3 1IS( 21940-12 — Procedurés and tolerances for rotors with flexible behaviour

ISO 21940

12 describes the procedures and tolerances for rotors with flexible behaviour and

a) provid‘Es typical configurations of rotors with flexible behaviour;
fi

b) speci

c) lists b3

s balancing requirements in accordance with their characteristics;

ilancing procedures;

d) providessmethods of assessment of the final state of halance; and

e) gives guidelines for the unbalance tolerance.

Guidance given in ISO 21940-12 for acceptable unbalance tolerances is normally applicable for machines
that satisfy the susceptibility and sensitivity requirements outlined in ISO 21940-31 (for further
information, see 9.5.1).

9.3.4 IS0 21940-13 — Criteria and safeguards for the in-situ balancing of medium and large

rotors

ISO 21940-13 specifies procedures to be adopted when balancing medium and large rotors installed in
their own bearings on site. It addresses the conditions under which it is appropriate to undertake in-situ

14
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balancing, the instrumentation required, the safety implications and the requirements for reporting
and maintaining records.

The requirements of ISO 21940-13 may be used as a basis for drafting a contract to undertake in-situ
balancing but it does not provide guidance on the methods to be used to calculate the correction masses
from measured vibration data.

NOTE The procedures covered in ISO 21940-13 are suitable for medium and large machines, which includes
small main boiler feed pumps below 1 MW up to large steam and gas turbines in excess of 40 MW. However, many
of the principles are equally applicable to machines of a smaller size, where it is necessary to maintain good
records of the vibration behaviour and the correction mass configurations.

9.35 IS0 21940-14 — Procedures for addressing balancing errors

[SO[21940-14 describes the procedures to be used for assessing balancing errors and specifies the
reqpirements for

a) |identifying errors in the unbalance measuring process of a rotor;
b) |assessing the identified errors; and
c) |[taking the errors into account when determining and verifying‘tesidual unbalances.

[SO|21940-14 specifies balance acceptance criteria, in terms ofrésidual unbalance, for use bqth directly
aftgr balancing and for a subsequent check of the unbalancedol€rance by the user.

9.4 Balancing machines

9.4]1 IS0 21940-21 — Description and evaluation of balancing machines

1SO[21940-21 specifies the requirements for-evaluating the performance of machines foi balancing
rotating components, which are suitable for

a) |rotors with rigid behaviour at the'balancing speed (see 5.2); or
b) |rotors with flexible behaviotir balanced in accordance with low-speed procedures.

NOTE Generally, low-spe€d balancing is used for rotors with rigid behaviour and high-speed palancing is
usedl for rotors with flexible behaviour. However, with the use of appropriate procedures, it is pogsible, under
somfe circumstances, to balance rotors with flexible behaviour at low speed so as to ensure satisfactpry running
whdn the rotor is installed in its final environment. The details of these special requirements are ¢lescribed in
ISOR1940-12.

9.412 1S021940-23 — Enclosures and other protective measures for the measuring sfation of
balancingimachines

1S0|21940-23 is applicable to the measuring station of a balancing machine and

a) specifies the requirements for enclosures and other protective measures used to minimize
mechanical hazards produced by the rotor in the unbalance measuring station of rotational
balancing machines;

b) describes the hazards which are associated with the operation of balancing machines under a
variety of rotor and balancing conditions; and

c) defines different classes of protection that enclosures and other protective measures provide and
describes the limits of applicability for each class of protection.

© IS0 2019 - All rights reserved 15
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ISO 21940-23 does not, even if they are combined with the measuring station, include requirements
covering

— devices used for adjusting the mass distribution of a rotor;

devices to transfer the rotor to another station;

special enclosure features, e.g. noise reduction, windage reduction or vacuum (which can be
required to spin bladed rotors at balancing speed).

9.5 Machine design for balancing

9.5.1 IS0 21940-31 — Susceptibility and sensitivity of machines to unbalance

ISO 21940

a)
b)

31 specifies
how tq determine machine vibration sensitivity due to unbalance;

evaluation guidelines for the vibration sensitivity considering the proximity of the resondnce

speedg to the service speed;

c) a clasgification method that groups machines into one of three typesbased on the likelihood that
the mdchine will experience unbalance changes during normal op€ration; and

d) methofs to apply the numerical sensitivity values using simple'Sample cases.

9.5.2 IS0 21940-32 — Shaft and fitment key convention

ISO 21940432 specifies

a) a convention for balancing the individual compenents (e.g. shaft and fitments) of a keyed r¢tor
assembly to ensure the compatibility of all ‘balanced components so that, when they have heen
assembled, the overall unbalance tolerance'and/or vibration limit for the rotor assembly is met

b) that hglf-keys be used when balancing the individual components of a keyed rotor assembly; and

c) away pf marking the components.balanced in accordance with the key convention used.

The requirements in ISO 21940:32 apply to rotors balanced in a balancing machine, in their ¢wn

bearings of in situ. The key convention can also be applied when measuring the residual unbalance and/

or vibratioh of rotors with keyways, but to which fitments have not yet been assembled.

In addition
to the shaf
woodruff g
applied as

to specifyifig-that keys of constant rectangular or square cross-section mounted par
t centreling/are used, ISO 21940-32 applies to keys mounted on tapered shaft surfaces
nd gibhead keys, dowels and other types of key). The principle of the half-key conventig
hppropriate to the shape and location of the key.

hllel

e.g.
n is

16
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Annex A
(informative)

Mathematical and graphical representation of unbalance

A.1—Neotation

NOTE Bold font indicates vector quantities.
Table A.1 — Balancing notation as used in this annex

b distance between the two couple unbalance vectors (mm)

Cy, |Cx both unbalance vectors of the couple unbalance (g'mm), based on moment unbalgnce Py
Cy, 1C; both unbalance vectors of a resultant couple unbalance (g:mm), based on resultgnt moment

unbalance Py
k counter for the rotor elements, from 1 to K
I = (zk - zy) distance (mm) from the chosen plane of the restltant unbalance to the unbalancg in the kth
rotor element

n counter for mode functions, 1, 2, 3, ...

0 datum mark for coordinates x, y, z

Py moment unbalance (g'mm?2) of an unbalance Uk

Py resultant moment unbalance (g:mim2)

R radial plane

Uy unbalance vector (g'-mm)(in‘an individual element

Un k individual nth modalnbalance (g'mm) in rotor element k

Up, resultant nth modal tinbalance (g-mm)

Undk individual nthiequivalent modal unbalance (g'mm), based on unbalance in rotor glement k
Undr resultant nth€équivalent modal unbalance (g'-mm)

U; resultantiunbalance (g-mm)

z coprdinate of rotor axis (mm)

Zy distance (mm) from a datum mark O to the plane of Uy

Zr distance (mm) from a datum mark O to the chosen plane of the resultant unbalante Uy

zZc, E-c distances of both couple unbalance vectors from a datum mark O (mm)

dnlk) shape function of the nth flexural mode

dnlEh) ordinate of nth mode function at rotor element k

Pn,max maximum ordinate of nth mode function

A.2 Objective

This annex shows how a set of unbalance vectors, distributed along the rotor (as shown in Figure 1),
contributes to

a) the resultant unbalance,
b) the resultant moment unbalance and the resultant couple unbalance, and

c) the modal unbalance of the rotor mode shapes.

© IS0 2019 - All rights reserved 17


https://standardsiso.com/api/?name=9cb4d065a59136eef3247a8f3e353895

ISO 21940-1:2019(E)

A.3 Unbalance vectors

It is assumed that the rotor can be split into a number of slices (discs), each with a single unbalance
vector, while their respective couple unbalance is neglectable. Then Figure A.1 shows the rotor
consisting of K elements with associated unbalance vectors Uy (k = 1, 2, ..., K). The origin of each

unbalance

@)
=

The vector

Formula (A

NOTE 1
arbitrary.

’

NOTEZ2 1

The resul
example W
individual

vector Uy is located a distance zi from a datum mark O.

Uy

—
— - N A
—\ \
— ’ .
/’/ UZ Uk
N
y Z

Figure A.1 — Unbalance distribution in the rotor modelled as K elements

sum of all unbalance vectors, represented by the resultant unbalance, Uy, is expresseq
.1).

U

LYk (
1

'he moment unbalance (see Clause A.4) is dependent on the position of the resultant unbalance.

ant unbalance™cah also be determined graphically. This method is illustrated using
ith K = 10. An-€xploded view of the centre planes of the 10 rotor elements and associz
linbalancevectors is shown in Figure A.2.

| by

\.1)

'he resultant unbalance is fot+linked to a certain radial plane. The choice of the plane is entjrely

an
ted

18
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UlO

N

Figure A.2 — Exploded view of unbalance vectors from Figure A.1 for K =10 individyal rotor
elements

Theg unbalance vectors, projected onto an arbitrary plane perpendicular.to the shaft axis, arfe shown in
Figiire A.3 a). The resultant unbalance vector, Uy, is equal to the vectorsum of the individual unbalance
vectors as shown in Figure A.3 b).

%L

a) Unbalancé vectors with the same origin b) Graphical representation of the resultant
(view along the z axis) unbalance

Figure A.3 — Graphical determination of the resultant unbalance vector, U,

A.4 Moment unbalance

A moment unbalance can only be defined with respect to a plane perpendicular to the shaft axis as
shown in Figure A.4. This arbitrarily chosen plane then becomes the plane of the resultant unbalance,
since only in this position does the resultant unbalance not affect the moment unbalance. If a different
plane is chosen, the value of moment unbalance changes but the resultant unbalance remains
unchanged.

The moment unbalance, P, can be calculated for an unbalance vector, Uk, and the distance, I, by using

Formula (A.2).
Py = Iy x U (A.2)

© IS0 2019 - All rights reserved 19


https://standardsiso.com/api/?name=9cb4d065a59136eef3247a8f3e353895

ISO 21940-1:2019(E)

NOTE Flane R is perpendicular to the shaft axis z:
Figure A.4 — Kinematic details of moment unbalance, created by Uy

The resultaint moment unbalance, Pf, about the chosen plane, z;, from the origin, is equal to the veftor
sum of the moment unbalances of allindividual unbalance vectors, Uy, with the distance, I, as expregsed

by Formula (A.3).

K
P, =D 1 xU, (p.3)
k=L

A.5 Coupleunbalance

In some casesitismore-convenienttoexpressthe-momentunbalance Pr by theveeter produetiof a
couple unbalance (two unbalance vectors, Cx and -Ck, with the related plane positions, z¢ and z_¢) as
shown in Figure A.5. The planes for Cx and -C are chosen arbitrarily. The couple Cy is directly related

to Py by Formula (A.4).
Py =zcx Cy+2z-c x (-Cp) (A.4)

NOTE1  The couple unbalance consists of a pair of unbalance vectors, Cx and -Cy, with equal magnitude, but
opposite direction.

NOTE 2  Formula (A.4) can be rewritten as Pk = (zc - z-¢c) x Ck. The modulus |zc -Z_¢ | is the distance b between
the two couple unbalance vectors.

20 © IS0 2019 - All rights reserved
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A.4 Modal unbalances

A.6.1 Mode shapes

res

unbalance Py

Figure A.5 — Process of determining the couple unbalance ~C¢and Cx from the m¢ment

Moial unbalances become especially important when the operating speed is in the vicinity of a
nance speed of the rotor. Modal unbalance is based on bending deflections (mode shapg functions

¢nk), n=1,2,3,..) of the individual modes, Figure A.6 shows (idealized) modal deflections for the first
thr¢e flexural modes of a symmetric rotor with equally distributed mass and stiffness apd with no

deflections at the bearings.

© IS0 2019 - All rights reserved
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a) First mode ¢1(2)

b) Second mode ¢2(z)

¢) Third mode ¢3(2)

Figure A.6 — First threeflexural mode shapes of a symmetric rotor with equally distributed
mass and stiffness on rigid supports

A.6.2 Mqdal unbalance representation

Referring fo’the rotor model in Figure A.1, the individual unbalance vectors, Uy, are weighted by|the
respective modal function ¢,(Zx). The unbalance distribution of the individual 7ith modal unbalance,

Upn i, is expressed by Formula (A.5).
Ul’l,k = Uk ¢H(Zk)l k = 1; 2; 3J (AS)

The sum of these distributed unbalance vectors yields the resultant nth modal unbalance, Uy, which is

given by Formula (A.6).

K

Upe =D Uny (A.6)
k=1

NOTE In case of plane bending modes, the ordinate values are just real numbers but for three-dimensional

bending modes they can be complex numbers.
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A clear distinction should be made between the individual nth modal unbalance as shown by
Formula (A.5) and the resultant nth modal unbalance as shown by Formula (A.6).

A.6

.3 Equivalent modal unbalance

Modal unbalances are not unique since different ways of scaling or normalizing the ordinate values of
the mode exist. If the individual modal unbalances, Uy, i, are divided by the maximum ordinate value of
the mode, ¢, max, it becomes the individual nth equivalent modal unbalance, Uye k, acting at the plane of

the

chosen maximum ordinate.

A general mathematical representation for the equivalent modal unbalance, Uye £, of the nth mode is

givg

The
by §

The
and|
cor

NO'
ben

NO1
also

n by Formula (A.7).
Une,k :Uk M’ k = 1, 2’ 3,
n,max
sum of these vectors along the rotor is the resultant nth equivalent modaliynbalance, Uy

ormula (A.8).

K
Uper = Z Upe k
k=1

equivalent modal unbalance (for different flexural modés))can be used to state rotor
rotor unbalance tolerances. However, it cannot be used.to‘correct modal unbalances, sinc
‘ection, although correct for the mode calculated, can.have a detrimental effect for other

E1  Uper is a single unbalance vector acting at the'axial position of ¢, max with the same e
Hing of the rotor in this mode as the combined effect of all the individual unbalances.

E2 If the equivalent modal unbalance wasised as a test unbalance or an unbalance correcti
influence all other flexural modes, since it isya single unbalance vector.

(A7)

L b as given

(A.8)

inbalances
b the single
modes.

ffect on the

on, it would

©IS
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Annex B
(informative)

Examples of different rotor behaviours as indicated on a typical

hard-bearing balancing machine

B.1 Genleral

Clause 5 d¢
conditions
more detai
and baland

a)

the ro
hard-b

b)
changg

the ind

c)

NOTE 1
masses). Fo
unbalance d

NOTE2 1
the influend
indication c

NOTE 3

|
down, but tri

For the ex
and typica
shown of ]
the unbala

of component-elastic and settling component. This annex describes these~behaviour

ed condition. In order to demonstrate these idealized behaviours, it is asSumed that

or is run in a balancing machine between a low speed n; (a typicallbalancing speed
earing balancing machine) and high speed ny;

the balancing machine bearing supports are sufficiently rigid sduch that there is no signifi

in their dynamic characteristics;

ication is calibrated over the speed range in terms of unbalances.

Hard-bearing balancing machines are typically calibratéd to indicate unbalance masses (or corred
many rotors, the indication is constant within the werking speed range of the machine, provided

oes not change.

In the case of a rotor with flexible behaviour, the unbalance indication changes with speed du

e of the flexural modes, even though the ttibalances remain constant. Hence a change of unbal
hn be due either to flexible rotor behaviour or to a change of unbalance.

special cases, hysteretic effects.can’ cause a variation of the indication between a run-up and a
s is not shown here.

ly expressed in g-mnm;nis plotted as a function of rotor speed. In addition, a polar diagra
he unbalance over®he same speed range, where the unbalance amplitude is the radius
hce indicated angle'is the circumferential angle.

A simple u
and a circ

balance tolerance limit for each case is indicated as a horizontal line on the linear g

bscribes four different types of rotor behaviour, rigid and flexible, together with'the spe

| observing how the rotor’s response varies as a function of rotor speed for<an unbalan

cial

5 in

ced

hn a

ant

tion

the

e to
ince

fun-

imple presented in Clauses B.2 to B.5, the unbalance, as indicated on the balance macline

n is
and

aph

on thespolar diagram. However, at speeds close to the resonance speeds, the tolerances
can be more complex, since they need to meet the permissible residual modal unbalance tolera
requirements,

nce

B.2 Rigi

d behaviour

For idealized rotors with rigid behaviour, the unbalance response indication remains constant with
speed (as shown in Figure B.1). Therefore, there is a negligible change in the unbalance indication over
the speed range relative to the tolerance and the balanced rotor simply shows an improved level of

unbalance.
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