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Foreword

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

The procedures used to develop this document and those intended for its further maintegnance are
degcribed in the ISO/IEC Directives, Part 1. In particular the different approval criteria-needed for the
different types of ISO documents should be noted. This document was drafted in accordance with the
editorial rules of the ISO/IEC Directives, Part 2 (see www.iso.org/directives).

Attlention is drawn to the possibility that some of the elements of this documént‘may be the|subject of
patent rights. ISO shall not be held responsible for identifying any or all such’patent rights.[Details of
any patent rights identified during the development of the document will be in the Introductfon and/or
on|the ISO list of patent declarations received (see www.iso.org/patents).

Anly trade name used in this document is information given for thé convenience of users anfl does not
conpstitute an endorsement.

For an explanation on the meaning of ISO specific terms "and expressions related to donformity
asyessment, as well as information about ISO’s adherence to the WTO principles in the|Technical
Batriers to Trade (TBT) see the following URL: Foreword’- Supplementary information

The committee responsible for this document is ISO/TC 108, Mechanical vibration, shock and condition
mdnitoring, Subcommittee SC 2, Measurement apd-évaluation of mechanical vibration and shock as applied
to nachines, vehicles and structures.

This first edition of ISO 21940-12 cancels and replaces ISO 11342:1998, which has been technically
reyised. The main changes are deletion of the terms and definitions which were trangferred to
ISQ) 21940-2 and deletion of formef Ahnex F which is a duplication of a part of D.1. It also indorporates
thg Technical Corrigendum 1SO11342:1998/Cor.1:2000.

ISG 21940 consists of the folewing parts, under the general title Mechanical vibration — Rotor|balancing:
— | Part 11: Procedures'and tolerances for rotors with rigid behaviour!)

— | Part 12: Procedures and tolerances for rotors with flexible behaviour?)

— | Part 13: Griteria and safeguards for the in-situ balancing of medium and large rotors3)

— | Part #4~Procedures for assessing balance errors?¥

— | Part 21: Description and evaluation of balancing machines®)

1) Revision of ISO 1940-1:2003 + Cor.1:2005, Mechanical vibration — Balance quality requirements for rotors in a
constant (rigid) state — Part 1: Specification and verification of balance tolerances

2) Revision of ISO 11342:1998 + Cor.1:2000, Mechanical vibration — Methods and criteria for the mechanical
balancing of flexible rotors

3) Revision of ISO 20806:2009, Mechanical vibration — Criteria and safeguards for the in-situ balancing of medium
and large rotors

4) Revision of ISO 1940-2:1997, Mechanical vibration — Balance quality requirements of rigid rotors — Part 2:
Balance errors

5) Revision of ISO 2953:1999, Mechanical vibration — Balancing machines — Description and evaluation
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— Part 23: Enclosures and other protective measures for the measuring station of balancing machines®
— Part 31: Susceptibility and sensitivity of machines to unbalance”)

— Part 32: Shaft and fitment key convention®)

The following part is under preparation:

— Part 2: Vocabulary®

6) Revision of ISO 7475:2002, Mechanical vibration — Balancing machines — Enclosures and other protective
measures for the measuring station

7) Revision of ISO 10814:1996, Mechanical vibration — Susceptibility and sensitivity of machines to unbalance
8) Revision of ISO 8821:1989, Mechanical vibration — Balancing — Shaft and fitment key convention
9) Revision of ISO 1925:2001, Mechanical vibration — Balancing — Vocabulary
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The aim of balancing any rotor is to achieve satisfactory running when installed in-situ. In this context,
“satisfactory running” means that not more than an acceptable magnitude of vibration is caused by the
unbalance remaining in the rotor. In the case of a rotor with flexible behaviour, it also means that not
more than an acceptable magnitude of deflection occurs in the rotor at any speed up to the maximum
service speed.

Most rotors are balanced in manufacture prior to machine assembly because afterwards, for example,
the . L . .

at
ba
in

Which a rotor is approved by the purchaser. Thus, while satisfactory running in-situ is(t
ance quality of the rotor is usually initially assessed in a balancing machine. Satisfactor

$itu is, in most cases, judged in relation to vibration from all causes, while in the bdlancing

primarily, once-per-revolution effects are considered.

Th
me

Th
eit
for
1S(

pel
bo

s part of ISO 21940 classifies rotors in accordance with their balancing requirements and e
thods of assessment of residual unbalance.

s part of ISO 21940 also shows how criteria for use in the balancing)machine can be der
her vibration limits specified for the assembled and installed machine or unbalance limits
the rotor. If such limits are not available, this part of ISO 21940.shows how they can be de;

10816 and ISO 7919 if desired in terms of vibration, or from1SO 21940-11, if desired i
missible residual unbalance. ISO 21940-11 is concerned.avith the balance quality of rot
lies and is not directly applicable to rotors with flexible behaviour because rotors wi

behaviour can undergo significant bending deflection. However, in this part of ISO 21940, m¢

pré

Th
vil

sented for adapting the criteria of ISO 21940-11 torotors with flexible behaviour.

bre are situations in which an otherwise acceptably balanced rotor experiences an un
ration level in situ, owing to resonances in¢the support structure. A resonance or near

the stage
e aim, the
y running
r machine,

stablishes

ived from
specified
ived from
N terms of
ting rigid
th flexible
pthods are

cceptable
Fesonance

condition in a lightly damped structure can result in excessive vibratory response to a small ¢inbalance.

In
thd

uch cases, it can be more practicable toalter the natural frequency or damping of the struct
n to balance to very low levels, which:might not be maintainable over time (see also I1SO 2

ure rather
1940-31).
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Scope

s part of ISO 21940 presents typical configurations of rotors with flexible behaviour in 3

ith their characteristics and balancing requirements, describes balancing.procedures

thods of assessment of the final state of balance, and establishes guidelines for balan

iferia.

s part of ISO 21940 can also serve as a basis for more involvediinvestigations, e.g. wh

act determination of the required balance quality is necessary. If due regard is paid to thd

thods of manufacture and balance tolerances, satisfactory running conditions can be exp€

ccordance
specifies
ce quality

N a more
specified
cted.

s part of ISO 21940 is not intended to serve as an acceptance specification for any rotor, but rather to

e indications of how to avoid gross deficiencies and unnecessarily restrictive requirement

uctural resonances and modifications thereof lie outside the scope of this part of ISO 21940.

b methods and criteria given are the result of experience with general industrial mach

S.

nery. It is

bsible that they are not directly applicablefo specialized equipment or to special circymstances.

brefore, in some cases, deviations from this'part of ISO 21940 are possible.

Normative references

b following documents, in whole or in part, are normatively referenced in this documett and are

ispensable for its application. For dated references, only the edition cited applies. Fo

erences, the latest editionof the referenced document (including any amendments) applieg.

192510), Mechanic@lyibration — Balancing — Vocabulary
2041, Mechariical vibration, shock and condition monitoring — Vocabulary

21940-1400; Mechanical vibration — Rotor balancing — Part 11: Procedures and tolerances
h rigid.behaviour

21940-14, Mechanical vibration — Rotor balancing — Part 14: Procedures for assessing balg

undated

for rotors

nce errors

[SO 21940-32, Mechanical vibration — Rotor balancing — Part 32: Shaft and fitment key convention

3

Terms and definitions

For the purposes of this document, the terms and definitions given in ISO 1925 and ISO 2041 apply.

10) To become ISO 21940-2 when revised.
11) To be published.
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4 Fundamentals of dynamics and balancing of rotors with flexible behaviour

4.1 General

Rotors with flexible behaviour normally require multiplane balancing at high speed. Nevertheless,
under certain conditions, a rotor with flexible behaviour can also be balanced at low speed. For high-
speed balancing, two different methods have been formulated for achieving a satisfactory state of
balance, namely modal balancing and the influence coefficient approach. The basic theory behind both
of these methods and their relative merits are described widely in the literature and therefore, no
further detailed description is given here. In most practical balancing applications, the method adopted
is normallly a combination of both approaches, often incorporated into a computer package.

4.2 Unbalance distribution

The rotor design and method of construction can significantly influence the magnitude and distributjon
of unbalahce along the rotor axis. Rotors may be machined from a single forgingyor they may|be
constructed by fitting several components together. For example, jet engine rotors.are constructed| by
joining many shell, disc and blade components. Generator rotors, however, are usually manufactuyed
from a single forging, but will have additional components fitted. The distribution of unbalance may
also be significantly influenced by the presence of large unbalances arising“from shrink-fitted digcs,
couplings/etc.

Since the pnbalance distribution along a rotor axis is likely to be fandom, the distribution along tfwo
rotors of identical design will be different. The distribution of unbalance is of greater significance in a
rotor witH flexible behaviour than in a rotor with rigid behavieur because it determines the degreg to
which any flexural mode is excited. The effect of unbalancecat any point along a rotor depends on fhe
mode shapes of the rotor.

The corregtion of unbalance in transverse planes alonga rotor other than those in which the unbalance
occurs ca1j induce vibrations at speeds other than that at which the rotor was originally balanced. These
vibrationg can exceed specified tolerances, partic¢ularly at, or near, the flexural resonance speeds. Eyen
at the sanje speed, such correction can induce-vibrations if the flexural mode shapes in-situ differ frpm
those donjinating during the balancing process.

Rotors should be checked for straightness, and where necessary corrected prior to high-sp¢ed
balancing| since a rotor with an exdessive bend or bow will result in a compromise balance, which ¢an
lead to popr performance in service!

In additiof, some rotors whi¢hhbecome heated during operation are susceptible to thermal bows whiich
can lead tp changes in theé-unbalance. If the rotor unbalance changes significantly from run to ruy, it
might be impossible to/balance the rotor within tolerance.

4.3 Modle shapes of rotors with flexible behaviour

If the effeft-0of\damping is neglected, the modes of a rotor are the flexural principal modes and, in the
special cake-af a rotor supported in hearings which have the same stiffness in all radial directions, hre
rotating plane curves. Typical shapes for the three lowest principal modes for a simple rotor supported
in flexible bearings near to its ends are illustrated in Figure 1.

For a damped rotor and bearing system, the flexural modes can be space curves rotating about the shaft
axis, especially in the case of substantial damping, arising perhaps from fluid-film bearings. Possible
damped first and second modes are illustrated in Figure 2. In many cases, the damped modes can be
treated approximately as principal modes and, hence, regarded as rotating plane curves.

It is important to note that the form of the mode shapes and the response of the rotor to unbalances are
strongly influenced by the dynamic properties and axial locations of the bearings and their supports.

2 © IS0 2016 - All rights reserved
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Figure 1 — Simplified mode shapes for rotors with flexible behaviour on flexible su

l Response of a roter;with flexible behaviour to unbalance

e unbalance distributien can be expressed in terms of modal unbalances. The deflection in
raused by the corresponding modal unbalance. When a rotor rotates at a speed near a
bed, it is usually)the mode associated with this resonance speed which dominates the de

rotor. The degree to which large amplitudes of rotor deflection occur under these circun
luenced mainly by the following:

the tnagnitude of the modal unbalances;

b)

pports

bach mode
Fesonance
flection of
stances is

the proximity of the associated resonance speeds to the running speeds:

c)

the amount of damping in the rotor and support system.

If a particular modal unbalance is reduced by the addition of a number of discrete correction masses,
then the corresponding modal component of deflection is similarly reduced. The reduction of the modal
unbalances in this way forms the basis of the balancing procedures described in this part of ISO 21940.

The modal unbalances for a given unbalance distribution are a function of the rotor modes. Moreover,
for the simplified rotor shown in Figure 1, the effect produced in a particular mode by a given correction
depends on the ordinate of the mode shape curve at the axial location of the correction: maximum
effect near the antinodes, minimum effect near the nodes. Consider an example in which the curves
of Figure 1 b) to d) are mode shapes for the rotor in Figure 1 a). A correction mass in plane P3 has the
maximum effect on the first mode, while its effect on the second mode is small.

© ISO 2016 - All rights reserved
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A correction mass in plane P, will produce no response at all on the second mode, but will influence
both the other modes.

Correction masses in planes P; and P4 will not affect the third mode, but will influence both the
other modes.

b) Second mode

Figure 2 — Examples of possible damped mode shapes

4.5 Ainms of balancing rotors with flexible behaviour

The aims ¢f balancing are determined)by the operational requirements of the machine. Before balancjng
any particular rotor, it is desirable'ta decide what balance criteria can be regarded as satisfactory. In this
way, the bplancing process can'be made efficient and economical, but still satisfies the needs of the uger.

Balancing|is intended to-achieve acceptable magnitudes of machinery vibration, shaft deflection gnd
forces applied to the bearings caused by unbalance.

The ideal|aim in.balancing rotors with flexible behaviour would be to correct the local unbalance
occurringlat each-elemental length by means of unbalance corrections at the element itself. This wopld
result in ajroteriin which the centre of mass of each elemental length lies on the shaft axis.

A rotor balanced in this ideal way would have no static and moment unbalance and no modal
components of unbalance. Such a perfectly balanced rotor would then run satisfactorily at all speeds in
so far as unbalance is concerned.

In practice, the unbalance can be distributed along the length of the rotor, but the balancing process
is usually achieved by adding or removing masses in a limited number of correction planes. Thus,
there is invariably some distributed residual unbalance after balancing, which is assumed to be within
tolerance for the affected mode shapes.

It is necessary to reduce vibrations or oscillatory forces caused by the residual unbalance to acceptable
magnitudes over the service speed range. Only in special cases is it sufficient to balance rotors with
flexible behaviour for a single speed. It should be noted that a rotor, balanced satisfactorily for a given
service speed range, can still experience excessive vibration if it has to run through a resonance speed

4 © IS0 2016 - All rights reserved
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to reach its service speed. Therefore, for passing through resonance speeds, the allowable vibration
may be greater than that permissible at service speed.

Whatever balancing technique is used, the final goal is to apply unbalance correction distributions to
minimize the unbalance effects at all speeds up to the maximum service speed, including start up and
shut down and possible overspeed. In meeting this objective, it might be necessary to allow for the
influence of modes with resonance speeds above the service speed range.

4.6 Provision for correction planes

Th
pa

sometimes balanced as an assembly in the end planes only after each disc and the-shaft
sej

is

ma

ne

An
st

balancing by limitations on accessibility.

4.

w
sha
ind
no
thd
un

Fo1

procedure normally ensures satisfactery operation of the coupled rotors. The degree to ¥

ted
un
ari

5

Ty
ba
des
Cla

FEXdct TTUIMBDET Of axidl tocations along tie Totor tiat are eeded depends to SOMe ext
rticular balancing procedure which is adopted. For example, centrifugal compressor

arately balanced in a low-speed balancing machine. Generally, however, if the speed of
nfluenced by n flexural resonance speeds, which possibly include resonance. Speeds
ximum service speed, then usually if low-speed balancing is carried out, n +2)correction
pded along the rotor, if not, n planes can be used.

adequate number of correction planes at suitable axial positions shall be included at {
ge. In practice, the number of correction planes is often limited by design considerations

Coupled rotors

en two rotors are coupled together, the complete unitthas a series of resonance speeds
pes. In general, these speeds are neither equal nor'simply related to the resonance spe
ividual, uncoupled rotors. Moreover, the deflegtionh shape of each part of the coupled
be simply related to any mode shape of the corresponding uncoupled rotor. Ideally,
unbalance distribution along two or morezcoupled rotors should be evaluated in terms
balances with respect to the coupled system and not to the modes of the uncoupled rotors

practical purposes, in most cases, edch rotor is balanced separately as an uncoupled sha
hnique is practicable depends, for example, on the mode shapes and the resonance spe

angement of the shaft trainyIf further balancing in-situ is required, refer to Annex A.

Rotor configurations

bical rotor configtirations are shown in Table 1, their characteristics outlined and the recq
ancing procédures listed. Table 1 gives concise descriptions of the rotor characteri
criptions of these characteristics and requirements are given in the corresponding pro
uses 6sahd 7. These procedures are listed in Table 2.

So

ent on the
fotors are
have been
the rotor
habove the
planes are

he design
hnd in-situ

and mode
eds of the
unit need
therefore,

of modal

ft and this
which this
eds of the

coupled and coupled rotors, the distribution of unbalance, the type of coupling and on the bearing

mmended
stics. Full
tedures in

balancing

etimes, a combmatlon of balancmg procedures can be adv1sable If more than one

ors of any

conflguratlon can always be balanced at multiple speeds (see 73) or sometlmes under special
conditions, be balanced at service speed (see 7.4) or at a fixed speed (see 7.5).

© ISO 2016 - All rights reserved


https://standardsiso.com/api/?name=6474787ec6ccfa11d433eda1fda6bf9c

ISO 21940-12:2016(E)

Table 1 — Rotors with flexible behaviour

Recommended
Configuration Rotor characteristics balancing
procedurea
1.1 Discs Elastic shaft without
' unbalance, rigid disc(s)
B Single disc

= W = - — perpendicular to shaft A:C

X A — /
— with axial runout B; C
Two discs

— perpendicular to shaft |B; C

axis
4= EI—_;[L —1 EE———} { ——————— } — with axial runout
A A A A A B+CE

— atleast one

removable
— integral G
— H More than two discs
7~ . .
all discg’removable, B+C,D,E
excepgtone
— integral G

Elastic shafts without
1.2 Rigid pections unbalances, rigid
sections

Single rigid section

EE ------- % ------- —— = — removable B; G E

— integral B
Two rigid sections
E E———% E-— -------- ——T — atleast one removable |B+ G E
A — integral G
n More (than two) rigid
= THE | mi— sections
AT S SRR
— all discs removable, B+C E
I = N — except one
/\ A — integral G
Elastic shaft without
1.3 Discs andrigid sections unbalance, rigid discs
r and sections
One each
— — - ] — — atleast one part B+C E
E F JAN removable ’
— integral G
| | More parts
F_-_-—: F _____ -_A__ — all discs removable, B+CE
except one ’

Bl e |

a  See Table 2 for explanations of procedures A to G; two additional balancing procedures H and I can be used under
special circumstances, see 7.4 and 7.5.

6 © IS0 2016 - All rights reserved
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Table 1 (continued)

Recommended
Configuration Rotor characteristics balancing
procedure2

Mass, elasticity and
1.4 Rolls unbalance distribution
along the rotor

— under special conditions |F

J); ------------------- Z)\L (see 6.5.6)

= — 1n general G

Flexible roll, rigid

1.5 Rolls and discs/rigid sections discs, rigid sections

— discs/rigid sections

removable
— under special
E -] ZH% F ........ % conditions C+F,E+F
(see 6.5.6)
— in géneral G
— integral G

Mass, elasticity and
1.6 Integral rotor unbalance distribution
along the rotor

] | Main parts with G
unbalances not detachable

a | See Table 2 for explanations of procedures A to G; two additional balancing procedures H and I can be jused under
sp¢cial circumstances, see 7.4 and 7.5.

Table2 — Balancing procedures

Procedure Description Subclause

Low-speed balancing

A Single-plane balancing 6.5.1

B Two-plane balancing 6.5.2

C Individual component balancing prior to assembly 6.5.3

D Balancing subsequent to controlling initial unbalance 6.5.4

E Balancing in stages during assembly 6.5.5

F Balancing in optimum planes 6.5.6
High-speed balancing

G Multiple speed balancing 7.3

H Service speed halancing

[ Fixed speed balancing 75

6 Procedures for balancing rotors with flexible behaviour at low speed

6.1 General

Low-speed balancing is generally used for rotors with rigid behaviour and high-speed balancing is
generally used for rotors with flexible behaviour. Procedures to determine whether a rotor shows rigid
or flexible behaviour are described in Annex E. However, with the use of appropriate procedures, it
is possible under some circumstances to balance rotors with flexible behaviour at low speed so as to

© IS0 2016 - All rights reserved 7
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ensure satisfactory running when the rotor is installed in its final environment. Otherwise, rotors with
flexible behaviour require the use of a high-speed balancing procedure.

Most of the procedures explained in this subclause require some information regarding the axial
distribution of unbalance.

In some cases where a gross unbalance can occur in a single component, it can be advantageous to
balance this component separately before mounting it on the rotor, in addition to carrying out the
balancing procedure after it is mounted.

Certain rotors contain a number of individual parts which are mounted concentrically (e.g. blades,
coupling Qolts, pole pieces). These parts can be arranged according to their individual mass ordmpss
moment tg achieve some or all of the required unbalance correction described in any of the proceduftes.
If these pdrts need to be assembled after balancing, they should be arranged in balanced sets.

Some rotdrs are made of individual components (e.g. turbine discs). In these cases, it is, importan{ to
recognize|that the assembly process can produce changes in the shaft geometry (e.g. shaft runout) gnd
further chlanges can occur during high-speed service.

6.2 Sele¢ction of correction planes

If the axiall positions of the unbalances are known, the correction planes,should be provided as clogely
as possiblg to these positions. When a rotor is composed of two or mate separate components that are
distributed axially, there can be more than two transverse planes of'unbalance.

6.3 Seryice speed of the rotor

If the seryice speed range includes or is close to a flexural.résonance speed, then low-speed balancjng
methods dhould be used with caution.

6.4 Initial unbalance

The procgss of balancing a rotor with flekible behaviour in a low-speed balancing machine is|an
approximate one. The magnitude and distribution of initial unbalance are major factors determinfjng
the degreg¢ of success that can be expected.

For rotorg in which the axial distribution of initial unbalance is known and appropriate correctjon
planes ar¢ available, the permissible initial unbalance is limited only by the amount of correctjon
possible ifp the correction plafies:

For rotor§ in which the distribution of the initial unbalance is not known, there are no generglly
applicablg low-speed balancing methods. However, sometimes the magnitude can be controlled by the
pre-balanging of individual components. In these cases, the low-speed initial unbalance can be used as
a measurq of the.distribution of unbalance.

6.5 Low-speed balancing procedures

6.5.1 Procedure A — Single-plane balancing

If the initial unbalance is principally contained in one transverse plane and the correction is made in
this plane, then the rotor is balanced for all speeds.

6.5.2 Procedure B — Two-plane balancing

If the initial unbalance is principally concentrated in two transverse planes and the corrections are
made in these planes, then the rotor is balanced for all speeds.

If the unbalance in the rotor is distributed within a substantially rigid section of the rotor and the
unbalance correction is also made within this section, then the rotor is balanced for all speeds.
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6.5.3 Procedure C — Individual component balancing prior to assembly

Each component, including the shaft, shall be low-speed balanced before assembly in accordance with
ISO 21940-11. In addition, the concentricities of the shaft diameters or other locating features that
position the individual components on the shaft shall be held to close tolerances relative to the shaft
axis (see I1SO 21940-14).

The concentricities of the balancing mandrel diameters or other locating features that position each
individual component on the mandrel shall likewise be held within close tolerance relative to the axis
of the mandrel. Errors in unbalance and concentricity of the mandrel can be compensated by index

balancing (see IS0 2194.0-14)
O U J

Wien balancing the components and the shaft individually, make due allowances for anyunsy
fedture such as keys (see ISO 21940-32) that form part of the complete rotor, but are) hot u
individual balancing of the separate components.

It i
an
my
fin

s advisable to check by calculation the unbalance produced by assembly ecrrors, e.g. ecc
I assembly tolerances to evaluate their effects. When calculating the effect of these err
ndrel and on the shaft, it is important to note that the effect of the errors can be cumulat
b1 assembly. Procedures for dealing with such errors can be found in(ISO 21940-14.

6.3.4 Procedure D — Balancing subsequent to controlling initial unbalance

en a rotor is composed of separate components that are balanced individually before ass

spéed is permissible only if the initial unbalance of theassembly does not exceed specified v3

If teliable data on shaft and bearing flexibility, et are available, analysis of response to
using mathematical models is useful to assess the\unbalance correction distribution.

Ex
adglitional central correction plane can belbalanced at low speed with higher initial unbala
asqembly. Experience has shown that between 30 % and 60 % of the initial resultant, unbala
be[corrected in the central plane.

For unsymmetrical rotors that.do not conform to the configuration defined above, e.g. g
symmetry or overhangs, it might be possible to use a similar procedure using different perc
th¢ correction planes based on experience.

Hoever, in extremeccases, the initial shaft unbalance can be so large that some other
balancing the rotorisrequired, e.g. Procedure E.

6.3.5 Procedure E — Balancing in stages during assembly

The shaftsshall first be balanced. The rotor shall then be balanced as each component is
cofreetion being made only on the latest component added. This method avoids the neg

berience has shown that symmetrical rotors that conform to the requirements above, b'lx

mmetrical
sed in the

entricities
brs on the
ive on the

embly (see

6.9.3), the state of unbalance might still be unsatisfactory. Subsequent balancing of the assembly at low

lues.

inbalance

t have an
ces of the
hce should

s regards
pntages in

method of

mounted,
essity for

closé-tontrol of concentricities of the locating diameters or other features that position the

individual

components on the shaft.

If this method is adopted, it is important to ensure that the balance of the parts of the rotor already
treated is not changed by the addition of successive components.

In some cases, it can be possible to add two single-plane components at a time and perform two-plane
balancing on the assembly by using one correction plane in each of the two components. In cases where
several components form a rigid section, e.g. a sub-assembly or core section which is normally balanced
in two planes only, one such section can be added at a time and corrected by two-plane balancing.
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6.5.6 Procedure F — Balancing in optimum planes

If, because of the design or method of construction, a series of rotors has unbalances that are distributed
uniformly along their entire length (e.g. tubes), it can be possible by selecting suitable axial positions
of two correction planes to achieve satisfactory running over the entire speed range by low-speed
balancing. It is likely that the optimum position of the two correction planes producing the best overall
running conditions can only be determined by experimentation on a number of rotors of similar type.

For a simple rotor system that satisfies conditions a) to €) in the following, the optimum position for the
two correction planes is 22 % of the bearing span inboard of each bearing:

a) singlg-span rotor with end bearings;

b) unifofm mass distribution with no significant overhangs;

c) unifofm bending flexibility of the shaft along its length;

d) contijuous service speeds not significantly approaching second resonance speed;
e) unifofm or linear distribution of unbalance.

If this corfection method does not produce satisfactory results, it can still.bé possible to balance the
rotor at low speed by utilizing correction planes in the middle and at-the rotor ends, as shown in
Annex B. [To do this, it is necessary to assess what proportion of thé total initial unbalance is to|be
corrected(at the centre plane.

7 Procpdures for balancing rotors with flexible behaviour at high speed

7.1 General

Generally,|high-speed balancing is required for rotors with flexible behaviour. However, with the yse
of appropfiate procedures, it is possible, under‘some circumstances, to balance rotors with flexible
behaviour at low speed (see Clause 6).

7.2 Installation for balancing

For balan¢ing purposes, the rotorisheuld be mounted on suitable bearings. In some cases, it is desiralple
that the bearing supports in the-balancing machine be chosen to provide similar conditions to thoselon
site so thqt the modes obtainéd during site operation are adequately represented during the balancjng
process aid, hence, reduce’thie necessity for subsequent in-situ balancing.

If a rotor [has an overhung mass that would normally be supported when installed in-situ, a steady
bearing mlay be used, to limit its deflection during balancing.

If a rotor has, dn~overhung mass that is not supported in any way when installed in-situ, it shall aflso
be left un ,upported durlng balancmg However, it can be necessary in the early stage of balancing to
provide su ¢
to allow the rotor components to move into thelr fmal position.

Transducers shall be positioned to measure shaft, bearing or support vibration, or bearing force as
appropriate. The system shall be capable of measuring the once-per-revolution component of the signal.
The measurement can be expressed either as amplitude and phase angle or in terms of orthogonal
components relative to some fixed angular reference on the rotor.

In some cases, two vibration transducers may be installed 90° apart at the same transverse plane to
permit resolution of the transverse vibrations when such resolution is required.

In all cases, there shall be no resonances of the transducer and mountings, which significantly influence
vibration measurement within the speed range of the balancing process.
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The output from all transducers shall be read on equipment that can differentiate between the
synchronous component caused by unbalance, the slow-speed runout when significant, and other
components of the vibration.

The drive for the rotor should be such as to impose negligible restraint on the vibration of the rotor and
introduce negligible unbalance into the system. Alternatively, if known unbalance is introduced by the
drive system, then it should be compensated for in the vibration evaluation.

To confirm that the drive coupling introduces negligible balance error, the coupling shall be index
balanced as described in ISO 21940-14.

7.3 Procedure G — Multiple speed balancing

7.3.1 General

This subclause sets out the basic principles of high-speed balancing in a very simple form.|The rotor
is balanced successively on a modal basis at a series of balancing speeds in turn, which are gelected so
thgt there is a balancing speed close to each resonance speed within thé)service speed rapge. There
mdgy also be a balancing speed close to the maximum permissible test'speed. In essence, ¢ach mode
with a resonance speed within the service speed range is corrected.in’turn, followed by a finjal balance
of the remaining (higher) modes at the highest balancing speed.

The procedures used in practice may be packaged in the form‘of computer-aided balancing methods,
whiich permit automated or, otherwise, simplified techniques, e.g. the influence coefficient thethod. In
the¢ simplest versions, on-line computer-aided balancing guides the operator through the pgocess and
performs, for example, the vector subtraction listed in-7.3.3.6, 7.3.3.10 and 7.3.3.11. In other cases,
prior knowledge of the relevant influence coefficients can be available which can be incorporated in
thg computer-aided package so that tests with_trial mass sets are not required. Under appropriate
circumstances, vibration data for the unbalancged response can be safely acquired at several|balancing
sp¢eds during one run of the rotor, rather~than at a single balancing speed, so that the [necessary
cofrections for several modes can be computed in one operation.

Alljvibration (or force) measurements.# this subclause relate to once-per-revolution componjents.

7.3.2 Initial low-speed balancing

Experience has shown that it can be advantageous to carry out initial balancing at low speed, prior to
balancing at higher spegds. This can be particularly advantageous for rotors significantly affected by
only the first flexural r@sonance speed.

If glesired, therefore, balance the rotor at low speed, when it is not affected by modal uhbalances.
Alternatively,this stage can be omitted by proceeding directly to 7.3.3.

NO[TE Lew-speed balancing can avoid the need for carrying out the final balancing of the remaining (higher)
mopdes asdescribed in 7.3.3.12.

7.3.3 General procedure

7.3.3.1 Throughout this procedure, correction planes should be chosen according to the relevant mode
shapes (see also Clause 4).

7.3.3.2 If necessary, the rotor has to be run at some convenient low speed or speeds to remove any
temporary bend. If shaft measuring transducers are used, the remaining repeatable low-speed runout
values should be measured and, where necessary, subtracted vectorially from any subsequent shaft
measurements at the balancing speeds.
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7.3.3.3 Run the rotor to some safe speed approaching the first flexural resonance speed. This is termed
the “first flexural balancing speed”.

Record the readings of vibration (or force). Before proceeding, it is essential to confirm that the readings
are repeatable. Several runs can be necessary for this purpose.

7.3.3.4 Add a set of trial masses to the rotor, which should be selected and positioned along the rotor
to produce a significant vector change in vibration (or force) at the first flexural balancing speed.

If low-speed balancing has been omitted and for rotors which are essentially symmetrical about mid-
span, the friatmmasssetusuatty comprises of oty omre mass praced mear the middte of the Totorspar:

If low-spepd balancing has been performed, then the trial mass set usually consists of masses(at thfee
distinct cgrrection planes. In this case, the masses are proportioned so that the low-speed halancjng
(where the rotor has rigid behaviour) is not upset.

7.3.3.5 Run the rotor to the same speed and under the same conditions as in 7.3(3\3 and record the
new readihgs of vibration (or force).

7.3.3.6 From the vectorial changes of the readings between 7.3.3.3 and\7-3.3.5, compute the effect
of the tri:ll mass set at the first flexural balancing speed. Hence, computée\the magnitude and angylar

position of the correction to be applied to cancel the effects of unbalafice at the first flexural balancing
speed. Addl this correction.

NOTE1 [A graphicalillustration of the vectorial subtraction underlying this calculation is shown in Annex .

NOTE 2 [In this description, it is assumed that the effects on th&-measurements of unbalances in other mofes
can be neglected or are eliminated by appropriate procedures,

The rotor ghall now run through the first flexural resenance speed with acceptable vibration (or forge).
If this is jot the case, refine the correction or repeat the procedure in 7.3.3.3 to 7.3.3.6 using a new
balancing|speed, possibly closer to the first flexural resonance speed, but not so close as to affect phase
and amplifude stability.

7.3.3.7 Run the rotor to some safe speed approaching the second flexural resonance speed. This is the
“second flexural balancing speed”. Récord readings of vibration (or force) at this speed.

7.3.3.8 pdd a set of trial masses to the rotor, which should be selected and positioned along the rotor to
produce alsignificant vector-change in vibration (or force) at the second flexural balancing speed withput
significanfly affecting thefirst mode and, if relevant, the low-speed balance.

7.3.3.9 Run the rotor to the same speed as in 7.3.3.7 and record the new readings of vibration (or for¢e).

7.3.3.10 Fromm the vectorial changes in the readings between 7.3.3.7 and 7.3.3.9, compute the effecf of
the trial mass’ set at the second flexural balancing speed for this set of trial masses. Use these valueg to
compute a set of correction masses which cancel the effects of unbalance at the second flexural balancing
speed. Attach this set of correction masses.

The rotor shall now run through the first and second flexural resonance speeds with acceptable
vibration (or force). If this is not the case, refine the correction or repeat the procedure in 7.3.3.7 to
7.3.3.10 using a different balancing speed possibly closer to the second flexural resonance speed, but no
so close as to affect phase and magnitude stability.

See also the notes in 7.3.3.6.

7.3.3.11 Continue the above operations for balancing speeds close to each flexural resonance speed
in turn within the permissible speed range. Each new set of trial masses should be chosen so that it
has a significant effect on the appropriate mode, but does not significantly affect the balance which has
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already been achieved at lower speeds. The trial mass distribution can be obtained from experience or a
computer simulation. For each case, a set of correction masses should be computed and attached to the
rotor. Each set of correction masses compensates for the unbalance at the current balancing speed.

7.3.3.12 If, after correction at all flexural balancing speeds, significant vibrations (or forces) still occur
within the service speed range, the procedure in 7.3.3.10 should be repeated at a balancing speed close
to the maximum permissible test speed. In this case, it might not be possible to magnify the effect of
the remaining (higher) modal unbalance components by running close to their associated flexural

resonance speeds.
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machines that have non-isotropic bearing\stipport systems, each mode (see Figure 1) spli
des, often of similar shape, with resonances appearing at different speeds. Reducing the
bne of these modes often reduces the unbalance in the other one also, avoiding the need

h mode separately.

} Procedure H — Service speed balancing

So

e rotors that are flexiblejand pass through one or more resonance speeds on their way up

sp¢ed may, under special° circumstances, be balanced for one speed only (usually servi
However, rotors having resonance speeds close to service speed or those coupled to oth

re refined
individual

s into two
nbalance
Fo balance

to service
Ce speed).
br flexible

roflors are excluded:In general, these rotors should fulfil one or more of the following conditipns:

a) | the acceleration and deceleration up to and from service speed is so rapid that the anjplitude of
vibratignjat the resonance speeds does not build up beyond acceptable limits;

b) | the damping of the system is sufficiently high to keep vibrations at the resonance spe¢ds within
aeceptable limits;

c) therotoris supported in such a manner that objectionable vibrations are avoided;

d) the measured vibration at the resonance speeds is acceptable;

e) the rotor runs at service speed for such long periods that, otherwise, unacceptable starting and

stopping conditions can be tolerated.

A rotor that fulfils any of the above conditions may be balanced in a high-speed balancing machine or
equivalent facility at the speed at which it is determined that the rotor should be in balance.

If the rotor falls into category c), it is especially important that the stiffness of the balancing machine
support system be sufficiently close to site conditions to ensure that, at service speed in the balancing
machine, the predominant modes are the same as those that are experienced in-situ.
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Some consideration should be given to the axial correction mass distribution. It might be possible to
choose optimum axial positions for the correction planes so that two planes can be sufficient. This can
produce a minimum residual unbalance in the lower modes and, thus, minimize the vibrations when
running through resonance speeds.

7.5 Procedure I — Fixed speed balancing

7.5.1 General

These rotg ve a ba ft and 1 ] ) 2 ) or
requires high-speed balancing procedures. In addition, they have one or more components that are
either flexfible or are flexibly mounted so that the unbalance of the whole system can change with spejed,
which is ah indication of a rotor with body-elastic behaviour.

Rotors in this case can fall into the following two categories:
a) rotorg whose unbalance changes continuously with speed, e.g. rubber-bladed fans;

b) rotorg whose unbalance changes up to a certain speed and remains constant dbove that speed, ¢.g.
rotorg of single-phase induction motors with a centrifugal starting switch,

7.5.2 Procedure

[t is sometimes possible to balance these rotors with counterbalanges of similar characteristics. If jot,
the followjing procedures should be used.

Rotors thdt fall into category 7.5.1 a) shall be balanced in a balancing machine at the speed at which it is
specified that the rotor should be in balance.

Rotors that fall into category 7.5.1 b) shall be balancéd at a speed above that at which the unbalance
ceases to thange.

NOTE [t can be possible to minimize or counterbalance the effects of the flexible components by car¢ful
design and|by attention to their locations, butrators of this kind are likely to be in balance at one speed only or
within a lirhited range of speed.

8 Evaluation criteria

8.1 Chdice of criteria

Itis a usudl practice whén'evaluating the balance quality of a rotor with flexible behaviour in the factpry
to considgr the once-per-revolution vibration of the bearing pedestals or shaft in a balancing machjne
or test facflity that.reasonably approximates to the site conditions for which the rotor is intended (dee,
however, $.2.5)Fhis is the method described in 8.2.

Another praetice is to evaluate the balance quality by considering the residual unbalance. Thig is
the method described in 8.3. For rotors with flexible behaviour balanced using low-speed balancing
procedures (Procedures A to F in 6.5), this form of assessment may be made at low speed without any
necessity to use a high-speed balancing machine.

When employing either practice, it is sometimes possible, based on experience, to adjust acceptance
levels to permit the use of facilities or installations that do not closely imitate site conditions or allow
for the final effect of coupling to another rotor in-situ.

Evaluation criteria are, therefore, established either in terms of vibration limits or permissible residual
unbalances.

It is not possible to derive the permissible unbalances for rotors with flexible behaviour directly from
existing documents concerned with the assessment of vibrations in rotating machinery. Usually, there
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is no simple relationship between rotor unbalance and machine vibration under service conditions. The
amplitude of vibrations is influenced by many factors such as the vibrating mass of the machine casing
and its foundations, the stiffness of the bearing and of the foundation, the proximity of the service

speed to the various resonance frequencies, and the damping.

NO

TE See also ISO 21940-31.

8.2 Vibration limits in the balancing machine

8.2.1 Overview
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he final state of unbalance is to be evaluated in terms of vibration criteria in the balanein
n these shall be chosen to ensure that the relevant vibration limits are satisfied onsite.

bre is a complex relationship between vibrations measured in the balancing“nfachine
ained in the fully assembled machine on site, which is dependent on a numbger of factors. It
ed that acceptance of machines on site is usually based on vibration criteria given in, fo

7919 or ISO 10816. In most cases, this relationship has been derived for'specific machin

uld be used as the basis for defining the permissible vibration in the balancing machine.

r machine,
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bre can, however, be cases where such experience does not.exist (e.g. a new balancing
ors of substantially different design). Details of such cases‘are given in 8.2.6, which e

permissible levels of once-per-revolution vibration that cah“be derived from the vibratio

spécified in the product specification. If no product specification describing the acceptab
conditions on site exists, reference should be made, as appropriate, to ISO 7919 or ISO 10816,
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embodies features which inherently affect the vibration characteristics. Aircraft jet en

der
to
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.2 General

merical values derived according to Clause.8 are not intended to serve as acceptance speq

ided.

ue regard is paid to the recommended values, satisfactory running conditions can be
wever, there can be cases when deviations from these recommendations become necessar

bse recommendations can-also serve as the basis for more detailed investigations, e.g. wh
ict determination of the required balance quality is necessary.

.3 Special cases and exceptions

achine or
lains the
severity
e running

ifications,

as guidelines. When used in this manner, gross deficiencies or unrealistic requirements can be

expected.
.

€n a more

bre are exeeptional cases where machinery is designed for special purposes and, of

necessity,
ines and

ivatiyésof such engines for industrial purposes are one example. As engines of this type ar¢ designed
mininiize weight, their main structures and bearing supports are considerably more flexible than in

general industrial machinery. Special steps are taken in the design to accommodate undesirabple effects
resulting from such support flexibility and extensive development testing is carried out to ensure that
the vibration levels are safe and acceptable for the intended use of the engine.

For such cases as this, where the vibration characteristics have been shown to be acceptable by
extensive testing before production units are delivered, it is not intended that the recommendations of
Clause 8 apply.

8.2.4 Factors influencing machine vibration

The vibration resulting from the unbalance of the rotor is influenced by many factors, such as the
mounting of the machine and the distortion of the rotor.
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Where maximum permissible levels of vibration are stated in product specifications, they usually refer
to total vibration in situ arising from all sources. The value quoted could therefore include the vibrations
arising from a multiplicity of sources with different frequencies and the manufacturer should consider
what levels of vibration can be permitted from unbalance alone in order to keep within the permissible
overall level of vibration.

8.2.5 (ritical clearances and complex machine systems

Special attention should be paid to the levels of vibration and static displacement occurring at points
of minimum clearance, e.g. at process fluid seals because of the greater likelihood of damage at these
points thdn at others. It should be appreciated that the conditions on site can modily the mode shapes
and, thus, [the vibration levels at the points of measurements (see 4.3).

Rotors thft are to be assembled in rigidly coupled multi-bearing systems, e.g. steam turbine sgts,
need partjcular consideration in this respect. The magnitude of the unbalance and its distribution are
importan{ factors in such applications (see Annex A).

8.2.6 Pé¢rmissible vibrations in the balancing machine

Permissible vibration in the balancing machine can be expressed in two ways:

a) vibrafjion on the bearing pedestal calculated from the permissible bearing vibration on site;
b) shaft yibration calculated from the permissible shaft vibrationron/site.

In either cpse, the corresponding permissible once-per-revolution'bearing pedestal or shaft vibration in
the balanding machine, y, can be expressed as:

y=xK K1 K> (1

where

x  i9 the permissible total bearing or.shaft vibration in the transverse horizontal or vertical
direction for measurements taken-en site in the service speed range as given in the product
specification or the appropriate standard (e.g. ISO 7919 or ISO 10816);

Ko

—

if the ratio of the permisgible once-per-revolution vibration to the permissible total
bration (Kp < 1);

<

=
—
Lo

a conversion facter used if the rotor support or coupling systems differ from site
bnditions. It is‘defined as the ratio of the once-per-revolution measurements in the
alancing machine (shaft or bearing pedestals) to similar measurements taken on the
ssembled machine on site (if not applicable, K1 = 1);

L o0

K, i9 a conversion factor, which is used if in the balancing machine shaft measurements are
aKen at locations other than those for which x is specified. Its value depends on the modal

chmaracteristics of the Totor: If the measurement tocations are the same, thenm K3 = 1.

o =

NOTE1 The conversion relationship gives units for y which are the same as those for x. In practice, it can
subsequently be convenient to express y in different units, e.g. displacement instead of velocity.

NOTE 2  The value of K1 often depends upon the direction of measurement.

NOTE 3  For cases in which the measurement cannot be made at the same locations, K2 can be determined
analytically using a rotor dynamics model of the system.

The values of K1 and K can vary widely between one installation and another and are speed dependent.
Some typical values for Kgp and Kj are given in Annex C. The value of K needs to be established for
each specific application. If a resonance speed of a particular configuration of the rotor bearing system
coincides with the service speed, higher values of the relevant conversion factors have to be used.
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It should be noted that, in practice, it is not essential that these conversion factors be determined in
isolation provided that a composite factor is available.

In addition, it should be noted that modal amplification of the vibration occurs at resonance speeds.
Balancing practice is therefore usually directed, not only towards satisfactory limitation of vibration
within the service speed range, but also towards smooth passage through resonance speeds below the
maximum service speed. For resonance speeds, it is especially difficult to establish quantitative criteria
because it is almost impossible to arrange the same support conditions in the balancing machine as in
situ (especially damping).

arances or
sses, the bending of a rotor at resonance speeds below service speed should be considered in terms
isplacement of that part of the rotor at which the displacement is of consequence.

Residual unbalance tolerances

]
P

.1 Overview

s subclause provides recommendations for rigid-body unbalance aidymodal unbalances for a rotor

ith flexible behaviour based on criteria given in ISO 21940-11.

8.3.2 General

Th
Th

to
fr

behaviour.
hrd is paid
Heviations

b following establishes guidelines for the required balanee quality of rotors with flexible

b values given are based on practical experience with the various types of rotor. If due reg

the recommended values, satisfactory running conditions can be expected. Nonetheless,
these recommendations can be necessary in ¢értain cases.

For rotors with flexible behaviour balanced atdow speed, permissible residual unbalances iy
coffrection planes are used to state the balan¢e quality. For rotors balanced at high speed, p
redidual modal unbalances are applied.

Thp residual unbalance tolerances are-based on those recommended in ISO 21940-11 for r

specified
brmissible

tors with

rigiid behaviour and percentages of’these values for the bending modes of rotors with shaft-elastic

behaviour.

When all relevant rotor flexural modes cannot be taken into account in the balancing machine (e.g. due
to an insufficient number, of correction planes), a decision should be reached concerning whjich modes
shguld be emphasizedfor balancing.

NO
deq

TE1 A method“for the experimental determination of the equivalent modal residual unbalances is
cribed in 9.23/

NO
apy

TE 2
licable.

If'the influence of overhung masses is significant, then it is possible that the percentages given are not

hd flexural

NO[TE3  If, in situ, the service speed or service speed range is close to either the first or seco
resonance speed, it is possible that the percentages given require modification.

NOTE4 In the balancing machine, the specified limits do not necessarily result in vibration magnitudes
within normal limits in the speed range from 80 % to 120 % of any resonance speed. If such amplified vibrations
occur, it does not necessarily mean that more refined balancing is needed because, for example, damping in the
balancing machine is often smaller than in situ.

8.3.3 Limits for low-speed balancing

The residual unbalance for any completely assembled rotor shall not exceed the residual unbalance
recommended for an equivalent rigid body in ISO 21940-11.
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In addition, for rotors which are balanced in accordance with procedure C, D or E (see Table 2) each
component, or when applicable, each sub-assembly of components shall be balanced to tolerances based
on experience or those recommended in ISO 21940-11, applied to each component.

8.3.4 Limits for multiple speed balancing

8.3.4.1 Firstbending mode

For a rotor that is significantly affected by only the first modal residual unbalance, then, whatever
its unbalance distribution, the residual unbalance shall not exceed the following limits, expressed as
percentages of the total residual unbalance recommended for an equivalent rigid body in ISO 2194011
and based upon the highest service speed of the rotor:

a) the equivalent first modal residual unbalance shall not exceed 60 %);

b) iflowispeed balancing is carried out initially, the total residual unbalance as a rigid)body shall phot
exceefl 100 %.

8.3.4.2 First and second bending modes

For a rotof that is significantly affected by only the first and second modal unbalances, then, whateyer
its unbalajnce distribution, the residual unbalance shall not exceed the following limits, expressed as
percentagges of the total residual unbalance recommended for an equiyalent rigid body in ISO 21940}11
and based upon the highest service speed of the rotor:

a) the equivalent first modal residual unbalance shall not exceed 60 %);
b) the equivalent second modal residual unbalance shallniot exceed 60 %);

c) iflow{speed balancing is carried out initially, the¥otal residual unbalance as a rigid body shall hot
exceefl 100 %.

In cases when one of the modes is less significahit than the other, the corresponding limit can be relaxied,
but shall rjot exceed 100 %.

NOTE The example in D.1 illustrates.the calculation of these limits.

8.3.4.3 More than two bending-modes

For rotord which are significantly affected by more than the first and second modal unbalances,|{no
recommendations are ayailable.

9 Evalpation.procedures
NOTE Depending on the type and purpose of the rotor being assessed, the final state of balance can| be

evaluated ¢ither in terms of vibration at specified measuring planes or by residual unbalances. In cases of sqlall
mass-produced rotors, assessment procedures simpler than those detailed In this part of ISO 21940 can sulfice.

9.1 Evaluation procedures based on vibration limits

9.1.1 Vibration assessed in a high-speed balancing machine
The installation of the rotor in the balancing machine shall conform to the guidelines given in 7.2.

When the above conditions have been satisfied, the rotor shall be run up to speed at a low acceleration
rate to ensure that vibration peaks are not suppressed. If measurement over the whole speed range is
not possible, all significant peaks of vibration should be measured between 70 % of the observed first
flexural resonance speed and the maximum service speed. Alternatively, this could be achieved by a
comparable run down.
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The rotor shall be held at maximum service speed long enough to eliminate any transient effects. Once-
per-revolution vibration measurements shall then be taken.

9.1.2 Vibration assessed on a test facility

Rotors whose final state of balance is evaluated on a test facility should have instrumentation as stated
in 7.2, but it should be noted that different procedures can be necessary in some cases when

a)
b)

the rotor is assembled as a complete machine driven by its own power,

nn]y Fn]]-cpnnﬂ rnndingc canbe nhf:n'nnd, such as for aninduction motor,

c)

d)

9.1

vibration transducers cannot be placed at the bearings, in this case, the points where
should be measured should be agreed between the manufacturer and user, or

unbalance is assessed should be agreed between the manufacturer and user:

.3 Vibration assessed on site

9.1

mdny factors that can produce vibration. Some of this vibration can.be at shaft rotational frequ
solrces other than mechanical unbalance. Some of the factorsthat can produce such vibration
with some of the precautions that should be taken, are mentioned in Annex A.

9.1.3.2

.3.1 Machines that have their state of balance assessed after finalinstallation on site are

If any of the stationary parts of the machine“or the supporting foundation struct]

vibrations

the state of balance depends on load, in which case the range of load over which thle residual

subject to
ency from
5, together

ure are in

redonance at the service speed, high levels of vibration are sometimes produced even though the rotor

redidual unbalance is well within normally accepted tolerances.

In $uch circumstances, balancing within exceptionally fine limits can be required to reduce the

le

(for details, see 1SO 21940-31). If, in opeération, there is a high probability that new unbalarg

co
the

9.1
ob
to
the

Sp4
In

im
ful

1. Such improvements can only be useful if the machine is not highly susceptible to

sideration should be given to the'practicality of eliminating the structural resonances or
damping in the system or other'measures, so that satisfactory operation can be obtained

3.3
aining the steady-state‘eonditions needed to assess the state of balance. It can then be
combine the result-ofbalancing runs with tests for other purposes. If the preliminary 1
installed machjne.shows the result of balancing to be in doubt, special runs should bg
cifically for confirming the adequacy of the balance.

many installations (e.g. where the prime mover is a “direct to line start” induction motor
bossibleto’control the speed of rotation during run up and steady conditions can only be g
speéds

 vibration
Linbalance
ces occur,
ncreasing

In the final installation on site, there might be factors during commissioning that cojnflict with

necessary
unning of
arranged

, it can be
chieved at

Ag

reement should therefore be reached between the manufacturer and user on the speed 1

ange over

which the state of balance should be checked.

The balance check is normally made with the machine unloaded. If the machine is loaded, the load at
which the state of balance is to be checked should be agreed between the manufacturer and user and be
constant for the duration of the balancing procedure.

9.1.3.4 Vibration measuring equipment should be installed as specified in 7.2. Where suitable
monitoring equipment is provided in the installation, this may be used instead. Alternatively, vibrations
may be read on portable apparatus using, for instance, a hand-held vibration transducer.
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9.2 Evaluation based on residual unbalance tolerances

9.2.1 General

Three different approaches are outlined in 9.2.2 to 9.2.4.

9.2.2 Evaluation at low speed

The evaluation at low speed is based on the unbalance tolerances for rotors with rigid behaviour as
stated in ISO 21940-11.

Rotors in fhis category usually have their balance quality assessed in a low-speed balancing machilne.
In most cdses, a subsequent high-speed check is made on the test facility or on site. In specific cages,
by agreenjent between the manufacturer and user, the high-speed assessment may be dispénsed wjith
and the rdtor accepted on the basis of the residual unbalance at low speed. This applies particularly to
rotors soldl as spares where a final assessment on site may be delayed for a considerable.time.

The rotor phall be complete and all attachments, such as half couplings and gear wheels, should be fitted.

The balanjcing machine should be one that conforms to ISO 21940-21. See/ISO 21940-11 for the
procedurg to assess the residual unbalance and ISO 21940-14 for typical~errors in the unbalance
measuring process.

Before thd residual unbalance of the rotor is assessed, it shall be run.at some suitable speed to rem¢ve
any tempqrary bend.

When the] above conditions have been satisfied, the rotor shall be run at the balancing speed gnd
readings taken of amount and phase angle of unbalance remaining in each measuring plane.

For rotord with controlled initial unbalance, the initial‘unbalance after assembly shall also be stated
in additioh to the measured residual unbalance. Forirotors that have been balanced in several stages
during aspembly or that have been made up ef-balanced components (Procedure E), the residnal
unbalancd achieved at each stage shall be stated:

9.2.3 Eyaluation at multiple speeds based on modal unbalances

Multiple speeds give an insight into the unbalance distribution of the rotor and its expected flexipble
behaviour

To assess| the state of balance, the residual equivalent modal unbalances are calculated for the
respectivg modes. The equivalent modal unbalance is defined as the smallest unbalance in an individual
plane whigh has the same-effect as the modal unbalance. This means that, for each respective mode, the
residual ujnbalance i§zalculated for the most sensitive plane. This assumes that correction planes are
located in|suitable pg@sitions.

Special care should be taken when selecting influence coefficients for the equivalent residual mogdal
unbalancjrcalculation to avoid assessment errors associated with the unrepeatability of vibratjon
readings and the nonlinearity of the rotor’s response to unbalance.

Balance planes in couplings which are to be rigidly coupled in situ should not be used for residual modal
unbalance assessment since they may excite a mode that does not exist in the coupled rotor system.

The procedure is as follows:
a) mount the rotor in a high-speed balancing machine or other high-speed test facility;

b) if low-speed balancing is performed, the residual unbalance for the rigid body may be assessed
either by using the influence coefficient method or by using the balancing machine and its capability
to indicate unbalances in two planes;
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c) run the rotor to some safe speed approaching first flexural resonance speed and note readings of
vibration or force;

d) add a trial mass to the rotor. The unbalance caused by this mass should be sufficient to show a
significant effect and should be placed axially where it has the maximum effect on the first mode.
Take readings of vibration or force at the same speed as in c);

e) From the readings obtained in c) and d), compute vectorially the equivalent first modal unbalance.
For example, this can be done graphically by the construction in Annex F, in this case, with the
single trial mass forming the trial mass set. Then, the magnitude of the equivalent first modal
unbalance is-
0A
oA, 2
AB
where Ut is the unbalance caused by the trial mass;

f) | remove the trial mass;

g) | run the rotor to some safe speed approaching second flexural reSonance speed provided this is
lower than the maximum safe service speed. Note readings of vibration or force;

h) | add a trial mass to the rotor. The unbalance caused by this‘mass should be sufficient|to show a
significant effect and should be placed axially where it has maximum effect on the secpnd mode.
Take readings of vibration or force at the same speed asin’g);

i) | from the readings obtained in g) and h), compute vectorially the equivalent secand modal
unbalance. The graphical procedure of €) may be@sed in this case;

j) | remove the trial mass;

k) | continue the operations for successive® modes until the equivalent modal unbalances in all
significant modes have been determined.

An|example is shown in Annex D.

When determining the equivalent modal unbalances, it can be necessary to use a set of trialfmasses in

order to pass safely through the low resonance speeds. Finally, all calculated residual unbajances are

sunmarized into an equivalent residual modal unbalance.

NO[TE1  The procedute given assumes that the vibration measured at a speed close to a resonange speed is

prgdominantly in the corresponding mode and, therefore, usually gives a close approximation to thelequivalent

residual modal unbalances.

NO[TE 2  Sometimes, it is not possible to run the rotor close to the resonance speeds of some of the|significant

mofdes. In thése cases, further procedures are necessary to separate the individual modal components.

NO[FE3\ " If the rotor remains in the balancing machine after a balancing procedure, in accordance with 7.3, the

infprmation obtained during balancing can be used directly, without the need for further test runs.

NOTE4  Trial mass sets (unbalance combinations selected to excite a certain mode) can be utilized for residual

modal unbalance assessment instead of the most sensitive plane procedure.

9.2.4 Evaluation at service speed in two specified test planes

Ift

he service speed is used, special care is needed to choose the test planes properly.

The axial position of the correction planes and the balancing speed shall be stated.

If the rotor is assessed in a balancing machine having its own instrumentation, this shall be used
throughout the test.
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If the rotor is assessed in an overspeed or similar facility, the instrumentation and general installation
of the rotor into the facility should be as stated in 7.2.
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Cautionary notes concerning rotors when installed in-si
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tu

A.t—Gemerat
Unpalance is not the only cause of vibration, not even once-per-revolution vibration. Befére un
balancing or related operations, due consideration should be given to identifying the,faetors
unpalance that are influencing the magnitude of vibration of the machine. Such factors inc
mentioned below.

Thyjs is particularly true in installations where two or more rotors are coupledtogether, such
generator sets.

D

A.2 Bearing misalignment

Sm
by
das§

unbalance. If these effects are present, the misalignment'might need to be corrected prior
essment of the vibration of the machine (see also thelast paragraph of A.3).

.3 Radial and axial runout of coupling faces

bre is no practical way of ensuring that large rotors can be coupled together without a smj
radial and axial runout of the coupling’ faces between the mating halves of the coupl
outs can produce vibration effects which cannot be satisfactorily corrected by balancing.

dertaking
bther than
ude those

s turbine

all parallel or angular misalignment of the rotor bearings‘can produce effects which are ot caused

to further

1l amount
ng. These
[herefore,
e coupling

und to be
hg further

namically

ther such

The symptoms of these phenomena are well known and it is necessary to ascertain whe

Discussions of such effects and possible remedial measures are outside the scope of this part of

[SO 21940.
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Annex B
(informative)

Optimum planes balancing — Low-speed three-plane balancing

B.1 This_ Annex s concerned with the low-speed balancing of rotors which have one central and two
end corredtion planes if all of the following conditions are met:
a) singld-span rotor with no significant overhang;
b) unifofm or linear distribution of unbalance;
c) unifofm bending flexibility of rotor along its length;
d) symnjetrical position of end correction planes about midspan;
e) contijuous service speeds below and not significantly approaching second resonance speed.
Such rot<1rs can be satisfactorily balanced on a low-speed balanc¢ing” machine provided that|an
assessmeit can be made of the proportion of the total unbalance of the rotor which should be correcfed
at the central plane. This Annex provides a method whereby the ufibalance correction in three planes
can be calfulated from the initial unbalance measured in twoplanes, Uy, and Ur. The vector sum of the
forces and the vector sum of the moments created by the three unbalance corrections Uy, Uz and|U3
about a giyen point on the rotor should compensate those caused by the initial unbalances, Uj, and U,
about the pame point.
B.2 It cgn be shown that the initial unbalance is,completely corrected up to, and including, its first
modal commponent when the following vector relationships are satisfied:
u, =y ! H(U U B.1
1—L_E(L+R) ()
U,=H(U; +Uy) (B.2)
u,=y ! H(U U H.3
3_R_E(L+ R) ()
where H i3 the central correction divided by the initial static unbalance.
The bold typecindicates that Up, U, U1, U, and U3 are vectors.
Values of M-afe-presented-graphically-inFisure Bt asafunctionofz/L-where zisthe distancefromthe

left-hand bearing to correction plane 1 and [ is the bearing span (shaft length).

It should be noted that H is zero when z /I = 0,22, which indicates that in this case, the centre plane
is no longer needed and the procedure has become a two-plane balancing procedure, usually called
“quarter-point balancing”. For values of z /I greater than 0,22, the correction in the centre plane is on
the opposite side of the shaft.
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Key

H | central correction divided by the initial static unbalance

I | bearing span (shaft length)

distance from the left-hand bearing to correction plane 1

Figure B.1 — Graphical presentation for determination of H
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