INTERNATIONAL ISO
STANDARD 11342

First edition
1994-11-01

Mechanical vibration =——Methods ahd
criteria for the mechanical balancing of
flexible rotors

Vibrations mécanigués.— Méthodes et criteres

|
|

150

—_— Reference number
' ISO 11342:1994(E)

I
I

I
|


https://standardsiso.com/api/?name=03c8265792f39a98b7425fa8086f6580

ISO 11342:1994(E)

Contents
Page
Section 1 General ..........ccccnviiimivcccinceniiirs s 1
Tl SCOPE ettt e 1
1.2  Normative referenCes ........ccoceeviiviinciiic i 1
1.3 Definitions o 2
Section 2| Balancing methods ........cccccccinniiicciisinnnn. 3
2.1 Fundamentals of flexible rotor dynamics and balancing ... 3
2.2 ClasBification oot e 6
2.3 Balapcing of ¢lass 2 10tors o, 9
2.4 Balapcing of class 3, 4 and 5 rotors ..o 1"
Section 3| Criteria ..o 15
3.1 Evallation of final state of unbalance ...l 15
3.2 Choite of criteria oo A 17
3.3 Recgmmendations for vibration criteria in the balancifg facility 17
3.4 Recgmmendations for establishing criteria for permissible residual
unbdlance in specified correction planes .. 19
Annexes
A Cautipnary notes concerning multispan rotors on site  .......... 21
B Low-gpeed three-plane balancing of class 2d rotors  ............ 22
C  Convarsion factors e 23
D Expermental determination of equivalent modal residual
UNDAIBNCES L it 24
E Procefure to determine if a rotor is rigid or flexible — ............ 25
Examples) of the use of conversion factors ... 27
G Method of computation of unbalance correction ... 29
H Definitions from 1SO 1925:1990 relating to flexible rotors .. 30
© I1SO 1994

All rights reserved. Unless otherwise specified, no part of this publication may be reproduced
or utilized in any form or by any means, electronic or mechanical, including photocopying and
microfilm, without permission in writing from the publisher.

International Organization for Standardization

Case Postale 56 ® CH-1211 Gengve 20 e Switzerland

Printed in Switzerland



https://standardsiso.com/api/?name=03c8265792f39a98b7425fa8086f6580

© SO

J  Bibliography

ISO 11342:1994(E)



https://standardsiso.com/api/?name=03c8265792f39a98b7425fa8086f6580

ISO 11342:1994(E)

Forewo

© 1SO

rd

ISO (the |
federation
of preparin
technical d
which a te
represente
and non-gg
collaborate
(IEC) on all

Draft Inter
circulated {
Standard re
a vote.

Internation
ISO/TC 10
ancing, inc

This first e
ISO 5343:1

Annexes A
information

5

=1

nternational Organization for Standardization) is a worldwide
of nationa! standards bodies {ISO member bodies). The work
g International Standards is normally carried out through 1SO
ommittees. Each member body interested in a subject for
chnical committee has been established has the right to be
H on that committee. International organizations, governmental
vernmental, in liaison with 1SO, also take part in the work. 1ISO

closely with the International Electrotechnical Commission
matters of electrotechnical standardization.

hational Standards adopted by the technical committees are
O the member bodies for voting. Publication as an international

quires approval by at least 75 % of the member bodies casting

bl Standard ISO 11342 was prepared by Technical\Eommittee
B, Mechanical vibration and shock, Subcommittee SC 1, Bal-

uding balancing machines.

Hition of 1ISO 11342 cancels and replaces ISO 5406:1980 and

983.

B, C, D, E, F, G, H and J of this Intetrational Standard are for
only.



https://standardsiso.com/api/?name=03c8265792f39a98b7425fa8086f6580

© IS0 ISO 11

Introduction

342:1994(E)

The aim of balancing any rotor is satisfactory running-whe
site. In this context “satisfactory running” means thatno
acceptable level of vibration is caused by the unbalance ren
rotor. In the case of a flexible rotor, it also means that no
acceptable magnitude of deflection occurs in.the rotor at an
maximum service speed.

Most rotors are balanced by their manufacturers prior to
sembly because afterwards, for exatnple, there may be on
cess to the rotor. Furthermore, balancing of the rotor is of
at which a rotor is approved &y)the purchaser. Thus, whil
running on site is the aim, thé/balance quality of the rotor is
assessed in a balancing fagility. Satisfactory running on si
cases judged in relation towibration from all causes, while in
facility primarily once-per-revolution effects are considered.

Section 2 of this_nternational Standard classifies rotors into
cordance with.fheir balancing requirements and establishes
methods of assessment of residual unbalance.

This International Standard also shows in Section 3 how crit
the balancing facility may be derived from either vibration li
for(the assembled and installed machine or unbalance limits
the rotor. If such limits are not available, this International St
how they may be derived from ISO 10816-1 and parts 1 1o 4
if desired in terms of vibration, or from ISO 1940-1 if desire
permissible residual unbalance.

I1SO 1940-1 is concerned with the balance quality of rotatin
and is thus not directly applicable to flexible rotors because
dergo significant bending deflection. However, in subclause
of this International Standard, methods are presented for
criteria of ISO 1940-1 to flexible rotors.

installed on
ore than an
paining in the
mnore than an
speed up to

machine as-
ly limited ac-
en the stage
b satisfactory
sually initially
e is in most
the balancing

groups in ac-
in Section 3

bria for use in
nits specified
specified for
ndard shows
of ISO 7919,
d in terms of

j rigid bodies
they may un-
s 2.3 and 3.4
adapting the

As this International Standard is complementary in many d

ails to parts

1 and 2 of ISO 1940, it is recommended that, where applicable, they

should be considered together.

:
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Mechanical vibration — Methods and criteria for the
mechanical balancing of flexible rotors

1.1 Sqope

This Int@rnational Standard classifies rotors into
groups inh accordance with their balancing require-
ments, ¢lescribes balancing procedures, specifies
methods| of assessment of the final state of unbal-
ance, and gives guidance on balance quality criteria.

All rotord are classified into those which can be bal-
anced bylrigid rotor, modified rigid rotor, or high-speed
{flexible fotor) balancing technigues.

Two methods are specified for evaluating the balance
quality of a flexible rotor in a balancing‘facility before
machine |assembly: the first assesses the vibration
level, and the second assesses the rotor residual un-
balance. |If the rotor balance (tolerances suggested
herein are achieved during-c¢rrection in a balancing
facility, the specified vibration limits of the assembled
machine [n service {see SO 10816-1 and parts 1 to 4
of 1SO 7$19) will most-probably be achieved. Accord-
ingly, the criteria-$pgcified are those to be met when
the rotor| is tested in the balancing facility, but they
are deried” from those specified for the complete
machine [ When installed, or from values known to

Section 1:

General

a basis for moreninvolved investigations
when a mofe exact determination of
balance guality is necessary. if due reg
the specified methods of manufacture
unbalance, satisfactory running conditio
probably be excepted.

There are situations in which an otherwi
balanced rotor experiences an unaccept
level in situ, owing to resonances. A
near-resonant condition in a lightly dam
can result in excessive vibratory respon
unbalance. In such cases, it may be nece
the natural frequency or damping of

rather than to balance to very low level
not be maintainable over time.

The subject of structural resonances 4
tions thereof is outside the scope of thig
Standard.

The methods and criteria given are the
perience with general industrial maching
not be directly applicable to specialized
to special circumstances. Therefore, t

for example
the required
ird is paid to
and limits of
ns can most

e acceptably
bble vibration
resonant or
bed structure
e t0 a small
ssary to alter
the structure
5, which may

nd modifica-
International

result of ex-
ry. They may
equipment or
here may be

cases where deviations from this Inter

hational Stan-

ensure satisfactory running of the rotor when it is in-
stalled.

As in the case of parts 1 and 2 of ISO 1940, this
International Standard is not intended to serve as an
acceptance spegcification for any rotor group, but
rather to give indications of how to avoid gross
deficiences and/or unnecessarily restrictive require-
ments. This International Standard may also serve as

dard may be necessary".

1.2 Normative references

The following standards contain provisions which,
through reference in this text, constitute provisions
of this International Standard. At the time of publi-
cation, the editions indicated were valid. All standards

1) Information on such exceptions is welcomed and should be communicated to the national standards body in the country

of origin for transmission to the secretariat of ISO/TC 108.
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are subject

to revision, and parties to agreements

based on this International Standard are encouraged
to investigate the possibility of applying the most re-

cent editions of the standards

indicated below.

Members of IEC and ISO maintain registers of cur-
rently valid International Standards.

ISO 1925:1990, Mechanical vibration — Balancing —

Vocabulary.

ISO 1940-1:

1986, Mechanical vibration — Balance =

£ 18O+ 7919-4:—2,

© ISO

shafts and evaluation — Part 2: Large land-based
steam turbine-generator sets.

ISO 7919-3:—2, Mechanical vibration of non-
reciprocating machines — Measurements on rotating
shafts and evaluation — Part 3: Guidelines for cou-
pled industrial machines.

Mechanical - vibration of non-
reciprocating machines — Measurements on rotating
shafts and evaluation — Part 4. Guidelines. for gas

guality reqy
mination of}

ISO 1940-%:

quality requ
errors.

ISO 2041:1

1SO 2953:1
and evaluat]

ISO 7919-1
reciprocatin
shafts and

SO 79191
reciprocatin

iramanto of rics retare
HOFREATS—O—gra—otors

permissible residual unbalance.

Dart 1 Datar
ottt OtoY

—2 Mechanical vibration — Balance
frements of rigid rotors — Part 2: Balance

PO0, Vibration and shock — Vocabulary.

P86, Balancing machines — Description
on.

1986, Mechanical vibration of non-
 machines — Measurements on rotating
bvaluation — Part 1: General guidelines.

vibration of non-

2:.—2  Mechanical

) machines — Measurements on rotating

turbinae
OO

ISO 8821:1989, Mechanical vibration<=)Balancing —
Shaft and fitment key convention,

ISO 10816-1:—2, Mechanical vibration —|Evaluation
of machine vibration by~measurement§ on hon-
rotating parts — Part 1y General guidelined.

1.3 Definitions

For the purpeses of this International Stgndard, the
definitions_ relating to mechanical balancing given in
ISO 1925yand many of the definitions relating to vi-
bration, given in ISO 2041 apply.

Definitions given in ISO 1925 relating to flekible rotors
are given for information in annex H.

2) To be published.



https://standardsiso.com/api/?name=03c8265792f39a98b7425fa8086f6580

© [SO

Section 2:

2.1 Fundamentals of flexible rotor
dynamics and balancing

2.1.1 Unbalance distribution

ISO 11342:1994(E)

Balancing methods

2.1.2 Flexible rotor mode shapes

If the effect of damping is neglected, the modes of a
rotor are the flexural principal modes and, in the spe-
cial case of a rotor supported in isotropic bearings, are
rotating plane curves. Typical curves for the three
lowest principal modes for a simple rotor supported

The rotof design and method of construction can sig-
influence the magnitude and distribution of
along a rotor. Rotors may be machined
ngle forging or they may be constructed by
fitting sgveral components together. For example, jet
engine rptors are constructed by joining many shell,
disc and| blade components. Generator rotors, how-
ever, ard usually manufactured from a single forging,
but will have additional components fitted. The distri-
bution of unbalance may also be significantly influ-
enced the presence of large local unbalances
arising from shrink-fitted discs, couplings, etc.

Since th¢ unbalance distribution along a rotor is likely
to be rdndom, the distribution along two rotors of
identical |design will be different. The distribution of
unbatange is of greater significance in a flexible rotor
than in g rigid rotor because it determines the degree
to which any flexural mode of vibration is excited.
Moreover, the effect of unbalance at any pointialong
a rotor depends on the bending deflection of the rotor
at that ppint.

The corfection of unbalance in fransverse planes
along a rptor, other than those in which the unbalance
occurs, nay induce vibrations,_at speeds other than
that at which the rotor was criginally corrected. These
vibrationg may exceed spectified tolerances, particu-
larly at of near the flexXurat critical speeds.

In addtign, somefotors which become heated during
operation are susceptible to thermal distortions which
can lead|to/changes in the unbalance. If the rotor un-
balance ghanges significantly from run to run, it may

t—ftexibte bUOl;HUD rear—to—tts—end—are illustrated in
figure 1.
For a damped rotor/bearing system,| the flexural

modes may be space curves.rotating about the shaft

axis, especially in the case)of substar
arising perhaps from fluig-film bearing
substantially damped second mode is
figure 2. In many¢ases, the damped 1
treated approximiately as principal mod
regarded asotating plane curves.

It must be stressed that the form of the
and the response of the rotor to u
strongly influenced by the dynamic p
axjal locations of the bearings and their

2.1.3 Response of a flexible rotor

unbalance

The unbalance distribution can be expre]
of modal unbalances. The deflection in
caused by the corresponding modal unj
a rotor rotates at a speed near a critic
usually the mode associated with this
which dominates the deflection of the
gree to which large amplitudes of rotor
cur in these circumstances is determing

a) the magnitude of the modal unbalar

b) the proximity of the associated crit
the running speeds; and

tial damping,
5. A possible
illustrated in
hodes can be
s and hence

mode shapes
balances are
roperties and
Ssupports.

to

ssed in terms
each mode is
alance. When
il speed, it is
critical speed
rotor. The de-
deflection oc-
d by:

ces;

cal speeds to

¢) the amount of damping in the rotg

r/support sys-

be impossible to balance the rotor within tolerance.

tem.
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a) Typical rotor

BN

T3

b) First flexural mode

N

\’1

¢) Second flexural mode

vl

NOTE — P4 1o P4 are correction planes.

If a particular modal unbalance is reduced by the ad-
dition of a number of disgtete correction masses, then
the corresppnding modal component of deflection is
similarly requced..The reduction of the modal unbal-
ances in thjs way forms the basis of the balancing
procedures |[described in this International Standard.

\_/

d) Third flexural mode

Figure 1 — Typical mode shapes for flexible rotors on flexible supports

figure 1a) in the plane P, will produce no|change in
response in the second mode. Similarly, a| correction
mass attached in either plane P4 or P4 wil| not affect
the response in the third mode. Conversely, a cor-
rection mass in plane Pz will produce thel maximum

effect on the first mode.

The modal unbalances for a given unbalance distri-
bution are a function of the flexible rotor modes.
Moreover 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 cor-
rection. Consider an example in which the curves of
figure 1b) to 1d) are mode shapes for the rotor in
figure 1a). A correction mass attached to the rotor in

2.1.4 Aims of flexible rotor balancing

The aims of balancing are determined by the opera-
tional requirements of the machine. Before balancing
any particular rotor, it is desirable to decide what bal-
ance criteria can be regarded as satisfactory. In this
way the balancing process can be made efficient and
economic, but still satisfy the needs of the user.
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NOTE — [OX, OY and OZ are fixed axes. OX’ and OY’ are axes rotating about OZ at speed w.

WW

Y

Balance friteria are specified'to achieve the following:

a) acceptable values of machinery vibratiorr and shaft
deflgction;

b) acceptable values of unbalance(forces applied to
the Rearings.

The idea
correct t
tal lengt
element
the cent

aim in balancing flexible rotors would be to
ne local unbalanegZoccurring at each elemen-
W by means gf_ unbalance corrections at the
itself. This would result in a rotor in which
e of mass/of each elemental length lies on

Figure 2 — Possible damped second-mode shape

Vibrations or oscillatory forces due to th
balance must be reduced to acceptabl
over a range of speeds, including one o
speeds. Only in special cases is it suffici

e residual un-
E magnitudes
I ‘more critical
bnt to balance

flexible rotors for a single speed. It sh¢uld be noted

that a rotor, balanced satisfactorily for a
speed range, may still experience exced
if it has to run through a critical spee
service speed. Balancing a rotor accordir
shapes is not an end in itself. Whate
technique is used, the final goal is to ap
correction distributions to minimize the
fects up to the service speed, and f

given service
sive vibration
i to reach its
g to its mode
ver balancing
ply unbalance
unbalance ef-
ossible over-

the shaf{ axis.

A rotor balanced in this.ideal way would have no static

speed.

and couple 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 necessary reduction in the unbalance
forces is usually achieved by adding or removing
masses in a limited number of correction planes.
There will invariably be some distributed residual un-
balance after balancing.

2.1.5 Provision for correction planes

Rotors are often balanced mode by mode. In this
process, correction masses are located along the
rotor, so that at each stage in the balancing procedure
the new correction masses do not significantly disturb
modes already balanced.

The exact number of axial locations along the rotor
that are needed for this process depends to some
extent on the particular balancing procedure which is
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adopted. For example, centrifugal compressor rotors
are sometimes assembly-balanced in the end planes
only, after each disc and the shaft have been separ-
ately balanced in a low-speed balancing machine.
Generally, however, if the speed of the rotor ap-
proaches or exceeds its nth critical speed, then at
least n and commonly (n + 2) correction planes are
needed along the rotor.

An adequate number of correction planes at suitable
axial positions should be included at the design stage.
In practice, the number of correction planes is often

© |SO

2.2.1 Class 1: Rigid rotors

A rotor is considered to be rigid when its unbalance
can be corrected in any two (arbitrarily selected)
planes. After the correction, its residual unbalance
does not change significantly (relative to the shaft
axis) at any speed up to the maximum service speed
and when running under conditions which approxi-
mate closely to those of the final supporting system.
Rotors of this type can be corrected by rigid-rotor
balancing methods (see ISO 1940-1).

limited by design considerations and in field balancing
by limitations on accessibility.

2.1.6 Rotors coupled together

When two [otors are coupled together, the complete
unit will haje a series of critical speeds and mode
shapes. In general, these speeds are neither equal to
nor simply related to the critical speeds of the indi-
vidual, uncpupled rotors. Moreover, the deflection
shape of edch part of the coupled unit need not be
simply related to any mode shape of the correspond-
ing uncoupled rotor. In theory, therefore, the unbal-
ance distriution along two or more coupled rotors
should be ¢valuated in terms of modal unbalances
with respeqdt to the coupled system and not to the
modes of the uncoupled rotors.

For practical| purposes, it is often necessary that each
rotor be balanced separately as an uncoupled shaft.
In-many cases, this procedure will ensure satisfactory
operation of| the coupled rotors. The degrég to which
this techniqyie is practicable depends, forexample, on
the mode shapes and the critical speeds of the un-
coupled and coupled rotors, and(the distribution - of
unbalance.

If further balancing on site) is required, reference
should be mjade to annex‘A.

2.2 CIanification

2.2.2 Class 2: Quasi-rigid rotors

A rotor that cannot be considered. rigid bdit that can
be balanced using modified rigid-rotor balahcing tech-
niques is considered to be a,guasi-rigid rotér.

Class 2 rotors are subdivided (see table 1) into:

a) rotors in whichhe axial distribution of|unbalance
is known (classes 2a, 2b, 2¢ and 2d: also class 2e
in which thetaxial distribution is partly Known);

b} rotorsiin which the axial distribution of|unbalance
is net’known (classes 2f, 2g and 2h).

Theosubdivision of class 2 rotors shows|the many
reasons why rotors can often be balancep satisfac-
torily at low speed as rigid rotors even though they
are flexible. Some rotors will fit into morg than one
category of the subdivision.

2.2.3 Class 3: Flexible rotors

A rotor that cannot be balanced using modified rigid-
rotor balancing techniques but instead refuires the
use of high-speed balancing methods is corsidered to
be a flexible rotor.

Class 3 is subdivided (see table 1) becaude the bal-
ancing techniques, criteria and bearing requirements
may differ substantially for different rotors.

2.2.4 Class 4

For the purposes of this International Standard, rotors
are divided into five main classes as shown in 2.2.1
to 2.2.5 and in table 1. Each class requires different
balancing techniques. A procedure to determine if a
rotor is rigid or flexible is given in annex E.

ATToTor that could falt It class 1, Z of 3 but has in
addition one or more components that are them-
selves flexible or flexibly attached is considered to be
a class 4 rotor.

A subdivision of class 4 rotors is indicated in 2.4.2.
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Table 1 — Classification of rotors

Class of i ‘ ,
rotor Description o . Example
Class 1: A rotor whose unbalance can be corrected in any two (arbi- ,
Riaid E trarily selected) planes so that after that correction, its unbal- X5 o E
ro?ors ance does not change significantly at any speed up to ‘
maximum service speed (see 2.2.1).
Gear wheel
Class 2:
Quasi- A rotor that cannot be considered rigid but that can be balanced
rigid using modified rigid-rotor balancing techniques see (2.2.2).
rotors
Rotors |n which the axial distribution of unbalance is known
A rotor' with a single trgnsversg plane of unbalance, for exam- v v :
Classe 2a | ple a single mass on a light flexible shaft whose unbalance can

be neglected.
Grinding wheel

A rotor with two transverse planes of unbalance, for example B — Bt -
Class 24 two masses on a light shaft whose unbalance can (Bbe neg- ~
lected. ‘ L.

Grinding wheel with pulley

“ n lonnn
Class 2¢ | A rotor with more than two transver§e planes of unbalance. ™ ij— ; 1] . —H E_

Axial compressor rofor

‘E ...... -_ g_

Class 2¢ A rotor with unifermly or linearly varying unbalance.

A «ator” consisting of a rigid mass of significant axial length 31— — D4
Class 2¢ supported by flexible shafts whose unbalance can be neg- E
lected.

ermemery-drum
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Class of
rotor

Description -

Example

Rotors in which the axial distribution of unbalance is not known

A symmetrical rotor (with two end correction planes) whose
maximum speed does not significantly approach second critical

10000

(see 2.2.5).

Class 2f speed, whose service speed range does not contain first criti- _-, I_' L _, L
cal speed, and which has a controlled initial unbalance.
Multistage centrifugal pump/compressor
A symmetrical rotor {with two end correction planes and a ]1]][[ l- ”_
Class 2 central correction plane) whose maximum speed does not sig- ﬁ—~—————~
9 nificantly approach second critical speed and which has a JJJU“ULL JU
controlled initial unbalance. ‘ »
Hig-speed centrifugal pump/compressor
As unsymmetrical rotor which has a controlled initial unbalance E—
Class 2h . P
treated in a similar manner to a class 2f rotor.
I.P. steam turbine rotor
Class 3: A rotor that cannot be balanced using modified rigid-rotor-bal-
Flexible ancing technigues but instead requires the use of high‘speed
rotors balancing methods (see 2.2.3).
Class 3a A rotor that, for any unbalance distribution,“is”significantly af- ‘[@}I— T
fected by only the first mode unbalance, =
Four-pole generator roto
Class 3b A rotor that, for any unbalarice distribution, is significantly af- “w:—'“’“"—‘_
fected by only the first and_second mode unbalance.
Small two-pole generator rdtor
i A rotor significantly-affected by more than the first and second H.‘:'E]EE T w
Class 3¢ - :
mode unbalange:
Large two-pole generator rdtor
k' A rotar that could fall into class 1, 2 or 3 but has in addition one EE——-£
Class 4 ar-more components that are themselves flexible or flexibly
+5. bad i NN A\
alttaCoU St C—27277,
-Rotor with centrifugal switch
A rotor that could fall into class 3 but for some reason, for ex- ..@:—r___._.
Class 5 ample economy, is balanced for one speed of operation only E

High-speed motor
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2.25 Classb

A rotor that could fall into class 3 but in some cir-
cumstances is balanced for one speed of operation
only is considered to be a class 5 rotor. For rotors to
be treated as class 5, the conditions stated in 2.4.3
shall be met.

2.3 Balancing of class 2 rotors

2.3.1

ISO 11342:1994(E)

2.3.3.1 Assembly of individually balanced
components

Each component, including the shaft, should be indi-
vidually balanced as a rigid rotor in accordance with
ISO 1940-1 before assembly. In addition, the fits and
concentricities of the shaft diameters or other locating
features that position the individual components on
the shaft should be held to close tolerances.

The fits and concentricities of the balancing mandrél

diameters or other location features tha

position each

Class 2 [rotors are flexible rotors, however, they can
be satisfactorily balanced at low speed by modified
rigid-rotdr balancing techniques. As such, they repre-
sent thg borderline case between rigid rotors for
which lqw-speed balancing is sufficient and flexible
rotors thjat demand the high-speed balancing proce-
dure given in 2.4.

A low-speed balancing machine generally measures
only the|dynamic unbalance of a rigid rotor. However,
it is pospible in some circumstances with the use of
approprigte procedures to balance a flexible rotor at
low spegd so as to ensure satisfactory running when
the rotof is installed in its final environment.

The amgunt of modal unbalance remaining in a rotor
after lowy-speed balancing will depend on the mode
shapes ¢f the rotor and the axial positions of the dn-
balanceg relative to the correction planes used:

2.3.2 SBelection of correction planes

If the ax|al positions of the unbalances are known, the
correctign planes should be provided as closely as
possible|to these positions. If.the axial positions of the
unbalanges are not known,\then see 2.1.5 for general
guidance.

2.3.3 Rotors made up of individual
compopents

When a| rotor is composed of separate components

individual component on the mandrels
be held within close tolerances relativ
axis of the mandrel. Errors™in u
concentricity of the mandrel fhay be co
index balancing (see ISO 1940-1).

When balancing thescomponents and
vidually, due allowances should be ma

hould likewise

to the shaft
balance ‘and
npensated by

he shaft indi-
e for any un-

symmetrical feature such as keys (see [SO 8821) that
form part of the-¢omplete rotor but are ot used in the
individual balancing of the separate congponents.

It is advisable to check by calculation
produced by errors, such as eccentri

the unbalance
bities and as-

sémbly tolerances on the mandrel and| on the shaft,

to evaluate their effects.

When calculating the effect of these ¢rors, it is im-

portant to note that the effect-of the
cumulative on the final assembly. P
dealing with such errors can be found i

2.3.3.2 Sequential-assembly balanci

The shaft should first be balanced. Th
then be balanced as each componen

errors can be
rocedures  for
N 1ISO 1940-2.

hg

b rotor should
is mounted,

correction being made only on the latelst component
added. This method avoids the necegsity for close
control of concentricities of the locating diameters or

other features that position the individu
on the shaft.

| components

If this method is adopted, it is ‘important to ensure

that are diSTribUTEd axiaty and MouNtad concemricatty

on a shaft, the adoption of one of the following pro-
cedures will considerably increase the probability that
low-speed balancing is sufficient.

NOTE 1  Certain rotors in all classes contain a number of
individual components which are mounted concentrically
(for example, blades, coupling bolts, pole pieces, etc.).
These components may be arranged according to their in-
dividual mass or mass moment to achieve some or all of the
required unbalance correction described in any of the
methods. If these components must be fitted or replaced
after balancing, they should be arranged.in balanced sets.

that the balance of the parts of the rotor already
treated is not changed by the addition of successive
components.

In some cases, it may be possible to add two single-
plane components at a time and perform dynamic
unbalance correction in those two components. In
cases where several components form a short stiff
unit or sub-assembly or core section that is normally
balanced in two planes only, one such unit or sub-
assembly may be added at a time and corrected by
two-plane {dynamic) balancing.
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In some cases where a gross unbalance may occur in
a single component, it may be advantageous to bal-
ance this component separately before mounting it
on the rotor, in addition to carrying out the balancing
procedure after it is mounted.

2.3.4 Service speed of the rotor
If the service speed range includes, or is close to, a

flexural critical speed, then class 2 low-speed balanc-
ing methods should only be used with caution.

© 150

2.3.6.2 Class 2b: Rotors with two transverse
planes of unbalance

If the initial unbalance is known to be wholly con-
tained in two transverse planes and the corrections
are made in these planes, then the rotors will be bal-
anced for all speeds.

in these circumstances, the unbalance can be
measured and ‘corrected by low-speed balancing as
effectively as at service speed.

2.3.5 Initial unbalance

The process of balancing a fiexible rotor in a low-

2.3.6.3 Class 2¢: Rotors with more than two
transverse planes of unbalance

speed balar

cing machine is a compromise. The mag-

nitude and [distribution of initial unbalance is a major

factor dete
balance tha

mining the degree of residual modal un-
can be expected.

For rotors ifp which the axial distribution of initial un-

balance is

nown and appropriate correction planes

are availablg (classes 2a to 2e), the permissible initial
unbalance i$ limited only by the amount of correction

possible in

the correction planes. Methods of low-

When a rotor is composed of two or mor
components that are distributed axially, it i

e separate
likely that

there will be more than(two transverse plgnes of un-
balance. A satisfactory state of balancg may be
achieved by low-speed balancing, provided that the
methods of manufacture and the precadtions sug-

gested in 2.33 are followed.

It is impottant to recognize that the assemiply prbcess
may produce changes in the shaft geometry (e.g.
shaftrunout), and further changes may ogcur during

speed balaricing of such rotors are given in 2.3.6.1 to
2.3.6.5.

For rotors i which the actual distribution of the initial
unbalance i$ not known, there are no generally appli-
cable low-dpeed balancing methods. However,( for
rotors of classes 2f to 2h, although the exact distri-
bution of ipitial unbalance cannot be known, the
magnitude fan be controlled by the prébalancing of
individual cgmponents. In these cases, the low-speed
initial unbalgnce can be used as-a measure of the
distribution pf unbalance. The maximum initial unbal-
ance that ca@n be tolerated will, depend on the allow-
able bearind load and the_detail characteristics of the
rotor. Balanging procedures for such rotors are given
in 2.3.6.6 and 2.3.6.%

2.3.6 BaIPncing procedures for class 2 rotors

high-speed service.

2.3.6.4 Class 2d: Rotors with uniformly
distributed or linearly varying unbalance

If, because of design or method of congtruction, a
rotor has unbalances that are distributed uniformly
along its entire length (e.g. a tube), it may Qe 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 correctjon planes
producing the best overall running conditions can only
be determined by experimentation on a humber of
rotors of similar type.

For a simple rotor system that satisfies thT following
conditions-

2.3.6.1 Class 2a: Rotors with a single transverse
plane of unbalance

If the initial unbalance is known to be wholly con-
tained in one transverse plane and the correction is
made in this plane, then the rotor will be balanced for
all speeds.

In these circumstances, the unbalance can be cor-
rected by low-speed balancing as effectively as at
service speed.

10

a) single-span rotor with no significant overhang,
b) uniform or linear distribution of unbalance,
¢) uniform bending flexibility of rotor along its length,

d} symmetrical position of end. correction planes
about midspan, and

e) continuous service speeds below and not signifi-
cantly approaching.second critical speed,
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the optimum position for the two correction planes is
22 % of the bearing span inboard of each bearing. If
correction in these planes does not produce satisfac-
tory results, it may still be 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 the total initial unbalance is to be corrected at the
centre plane.

2.3.6.5 Class 2e: Rotors with a rigid core

ISO 11342:1994(E)

of the initial static unbalance should be corrected in
the central plane.

For unsymmetrical rotors (class 2h) that do not con-
form to the configuration defined in 2.3.6.6. (for ex-
ample, as regards symmetry or overhangs), it may be
possible to use a similar procedure and hence to ar-
rive at the maximum permissible initial unbalance that
may be corrected satisfactorily at any given correction
plane.

However, in extreme cases, the permissible initial

If the urfbalance in the rotor is known to be contained
wholly Within a substantially rigid section of the rotor
and the Junbalance correction is also made within this
section, [then the unbalance will be zero in all modes.
Such a fotor that has flexibility derived solely from its
flexible $haft can be balanced at low speed.

2.3.6.6 |Class 2f: Symmetrical rotors with
controlled initial unbalance (two end correction
planes)

When 3| rotor is composed of separate components
that arg individually balanced before assembly, as
outlined|in 2.3.3.1, a satisfactory state of balance may
be achigved in a low-speed balancing machine pro-
vided the initial unbalance of the assembled rotor
does nof exceed specified tolerances.

For such rotors, the axial distribution and maghitude
of unbalance of the complete assembly Will'not be
known. [Since the maximum speed of this class of
rotor dops not significantly approachsthe second criti-
cal spedd, the most unfavourable-case that wiil occur
with a given distribution of unbalarice is when the in-
dividual [contributions of the-assembled components
to the fesultant unbalancexhave the same angular
position] The maximund ipitial unbalance that may be
corrected in two planes will have to be determined
by expefience.

If realist|c datayen shaft and bearing flexibility, etc. are
availablg, sanalysis of response to unbalance using
mathe

atiral mmadale vsitl g tieoful initiallhy
HoaH—Rod a V=

unbalance arrived at in this way maynb
make this method of balancing-prac
these cases some other methodlef-bala
will have to be adopted, fér,examp
assembly balancing (2.3.3.2k

2.4 Balancing of class 3, 4 ang

2.41 Balancing procedures for ¢

2.41.17 General

Traditionally, two different methods h
mulated for achieving a satisfactory sta
namely modal balancing and the influer
approach. The basic theory behind 1
methods and their relative merits are de

too small to
icable and in
hcing the rotor
e, sequential-

1 5 rotors

ass 3 rotors

ave been for-
te of balance,
ce coefficient
oth of these
Scribed widely

in the literature and therefore no furthTr detailed de-

scription will be given here. in most p
ing applications, the method adopted w
a combination of both approaches. T
which the method is weighted t0 ong
will be dependent on the particular g
One such balancing method is- descrik
However, it should be recognized tha
cases some variation of the procedure

2.4.1.2 Rotor supports

For balancing purposes the rotor shoul

actical balanc-
ill normalty be
he degree to
or the other
ircumstances.
ed in 2.4.1.5.
for particular
may be used.

0 be mounted

on suitable bearings. In some cases it is

desirable that

2.3.6.7 Class 2g and 2h rotors with controlied
initial unbalance

Experience has shown that symmetrical rotors {class
2g) that conform to the requirements given in
2.3.6.6, but have an additional central correction
plane, may be balanced at low speed as a rigid rotor,
with a higher permissible initial unbalance for the
complete rotor than the value arrived at in 2.3.6.6.
Experience has shown that between 30 % and 60 %

the bearing supports in the balancing facility are
chosen to provide similar conditions to those at site,
so that the modes obtained during site operation willl
be adequately represented during the balancing proc-
ess and hence reduce the necessity for subsequent
field balancing.

If the rotor to be balanced has an overhang of signifi-
cant mass, or flexibility, that would normally be sup-
ported when installed on site, it may be necessary to
provide an additional bearing {steady bearing) to limit
its deflection during the balancing operation.

1
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2.41.3 Measuring system

Transducers should be positioned to measure shaft,
bearing or support vibration or bearing force as
ppropriate. The system should be capable of measur-
ing the amplitude of the once-per-revolution compo-
nent of the signal, together with the phase angle
relative to some fixed angular reference on the rotor.
Alternatively, it is possible to use a measuring system
which resolves the once-per-revolution measure-
ments into orthogonal components.

©1SO

24152 Add a set of trial masses to the rotor,
which should be selected to produce a significant
vector change in vibration {or force) at the first flexural
balancing speed.

If low-speed (rigid-rotor) balancing has been omitted,
the trial mass set usually comprises only one mass,
which for rotors which are essentially symmetric
about midspan will be placed towards the middle of
the rotor.

If low-speed balancing has been performed, then the

it is recommended that the transducers and their
supports bel selected such that they do not undergo
resonant viljration at any test speed, to avoid errors
in interpretation of the unbalance response.

2.41.4 Low-speed (rigid-rotor) balancing

Experience has shown that it may be advantageous
to carry out figid-rotor balancing at low speed, prior to
balancing af higher speeds. This may be particularly
advantageods for rotors significantly affected by only
the first flexural critical speed.

If desired, therefore, balance the rotor at low speed
when it is npt affected by modal unbalances. Alterna-
tively, this $tage can be omitted by proceeding di-
rectly to 2.4/1.5.

NOTE 2 Lgw-speed balancing may avoid the need-for
carrying out the procedure given in 2.4.1.5.10 .

2.41.5 High-speed (flexible-rotor)/balancing

All vibration
relate to the

The procedy
is given in 2

or force} measuremeénts in this subclause
once-per-revolutionwectors.

re for high-speed (flexible-rotor) balancing
4.1.5.1 t10-2(4.1.6.10.

2.415.1 Run.-the rotor to some safe speed ap-

trial mass set will usually consist of masses located
at three distinct correction planes. In\this| case, the
masses are proportioned so that\ the jow-speed
(rigid-rotor) balancing is not upset

2.4.1.5.3 Run the rotor to the same speed|and under
the same conditions aslin 2.4.1.5.1, and fecord the
new readings of vibration (or force).

2.415.4 Fromthe vectorial changes of the readings
between 2416.1 and 2.4.1.5.3, compute the rel-
evant infldence coefficients at the first flexural bal-
ancing ‘speed. Hence, compute the magnitude and
angular position of the correction to be ppplied to
cancel the effects of unbalance at the finst flexural
balancing speed. Add this correction.

NOTE 4 A graphical illustration of the veg¢torial sub-
traction underlying this calculation is shown in apnex G.

The rotor should now run at any speed lp to and
through the first flexural critical speed wi|thout any
significant amplification of vibration (or forge). If this
is not the case, refine the correction or fepeat the
procedure given in 2.4.1.5.1 to 2.4.1.5.4 uging a new
balancing speed, possibly closer to the fifst flexural
critical speed.

2.4155 Run the rotor to some safe ppeed ap-
proaching the second flexural critical speed. This wili
be the second flexural balancing speedl. Record
readings of vibration (or force) under stpady-state
conditions at this speed.

H i $lascaral H 3PN PN o Thic aall b
proaChlng t < IIIOt ToXaTar Cfut-uu- Spuuu. T~ vV oT

termed the first flexural balancing speed.

NOTE 3 For some rotor types (e.g. turbine rotors with
shrunk on stages, or generator rotors) it is advisable to
make only preliminary corrections near the flexural critical
speeds to get the rotor to its service speed, or overspeed,
where components may move into their final position.

Record the readings of vibration (or force) under
steady-state conditions. Before proceeding, it is es-
sential to confirm that the readings are repeatable.
Several runs may be necessary for this purpose.

12

24156 Add a set of trial masses to the rotor.
These should be located along the rotor, so that a
significant vector change in vibration (or force) is
produced at the second flexural balancing speed,
without significantly affecting the first mode and, if
relevant, the low-speed balance.

2.4.1.5.7 Run the rotor to the same speed as in
2.4.1.5.5 and record the new readings of vibration (or
force).
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2.41.5.8 From the vectorial changes in the readings
between 2.4.1.5.5 and 2.4.1.5.7, compute the influ-
ence coefficients - at -the second flexural balancing
speed for this set of trial masses. Use these values
to compute a set of correction masses which cancel
the effects of unbalances at the second flexural bal-
ancing speed. Attach this set of correction masses.

The rotor should now run.at any speed up to and
through the second flexural critical speed without any
sngnn‘lcant ampllflcatlon of vxbratlon (or force). If thls

Continue the above operations for balanc-
ing spedds, close to each flexural critical speed in turn
within the permissible speed range. Each new set
of trial masses should be chosen so that they have a
significapt effect on the appropriate mode, but do not
significaptly affect the balance which has already been
achieved at lower speeds. The trial mass distribution
can be ¢btained from experience or a computer sim-
ulation. [For each case, a set of correction masses
should be computed from the relevant influence co-
efficient] and attached to the rotor. Each set of cor-
rection masses will compensate for the unbalance at
the current balancing speed.

2.4.1.5.10 If, after correction at all flexurai"\balancing
speeds,| significant vibrations {or forces)“still occur
within the service speed range, the procedure given
2.4.15.9 should be repeated at & balancing speed
close to[the maximum permissible test speed. In this
‘case, it jmay not be possible to magnify the effect of
the remaining (higher) modalunbalance components
by runnjng close to their_associated flexural critical
speeds.

NOTES

5 For spmeqotors it may be possible to run safely through
some orl| all-of the critical speeds before completing the

1ISO 11342:1994(E)

2.4.2 Balancing procedures for class 4 rotors

Rotors in this class may have a basic shaft and body
construction that would fall into class 1, 2 or 3. In ad-
dition, they have one or more components that are
either flexible or are flexibly mounted so that the un-

balance of the whole system may change with speed.

Rotors in this class may fall into two ca

a) rotors whose unbalance changes

b) rotors whose unbalance changes U
speed and remains constant’above
example, rotors of single-phase ind
with a centrifugal starting switch.

It is sometimes possible to balance thg
counterbalances of similar characterist
following procedures should be used.

2.4.2.1 /Rotors that fall into category
balanced'in a balancing machine at the §
it isc<specified that the rotor should be i

2.4.2.2 Rotors that fall into category
balanced at a speed above that at wh
ance ceases to change.

NOTE 8 It may be possible to minimize o
the effects of the flexible components by ca
by attention to their locations, but it should
that rotors in this class are likely to be in
speed only or within a limited range of speg

2.4.3 Balancing procedures for ¢

Some rotors that are flexible and pasp

or more critical speeds on their way 1o
may, under special circumstances, be
one speed only (usually service spe
rotors having critical speeds close to

tegories:

continuously
ded fans;

p to a certain
hat speed, for
uction motors

se rotors with
cs. If not, the

a) should be
peed at which
N balance.

b) should be
ich the unbal-

counterbalance
reful design and
be appreciated
balance at one
d.

ass b rotors

through one
service speed
balanced for
bd). However,
service speed

or those coupled to other flexible rot

prs should be

balancing-
termine the influence coefficients can be reduced.

I that cacn tha nimhar Af riine rgrniirad 0 Aa,
H—Ag—eaSe—hRe—RtHReel—o-Hhstegqiieato-a

6 it should be noted that the method described above as-
sumes that there is a linear relationship between the un-
balance vector and the vibration (or force) response vector.
In certain cases this may not be so, particularly, for exam-
ple, where there is a high initial unbalance and the rotor is
supported by fluid film bearings. In these cases it may be
necessary to redetermine the influence coefficients as the
vibration (or force) response vector is reduced in magnitude.

7 In practice, the above procedure or variations can be
automated as a computer-aided balancing method.

excluded from this class. In general, rotors that fall

into this class fulfil one or more of the
ditions:

a) the acceleration and deceleration u
service speed is so rapid that the a

following con-

p to and from
mplitude of vi-

bration at the critical speeds will not build up be-

yond acceptable limits;

b) the damping of the system is suffi

ciently high to

keep vibrations at the critical speeds within ac-

ceptable limits;

13
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¢} the rotor is supported in such a manner that
objectionable vibrations are avoided:;

d} a high level of vibration at the critical speeds is
acceptable;

e) the rotor runs at service speed for such long pe-
riods that otherwise unacceptable starting/stop-
ping conditions can be tolerated.

A rotor that fulfils any of the conditions above should
be balanced in a high-speed balancing machine or

© I1SO

For these rotors, it is especially important that the
stiffness of the balancing machine support system be
sufficiently close to site conditions to ensure that at
the balancing speed the predominant modes are the
same as those that will be experienced on site.

Some consideration should be given to the axial cor-
rection mass distribution. It may be possible to
choose optimum axial positions for the correction
planes so that two planes may be sufficient. This may

produce a minimum residual unbalance in the lower
modes-and-thus minimize-the vibrationswhen running

equivalent fhcility at the speed at which it is deter-
mined that the rotor should be in balance.

through critical speeds.

14
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Section 3: Criteria

3.1 Evaluation of final state of unbalance

Depending on the class and purpose of the rotor be-
ing assessed, the final state of unbalance may be
evaluated either in terms of vibration at specified
measuring points, or by residual unbalance in speci-
fied correction planes.

ed facility

3.1.1.1 |Installation

In cases|where the mode shapes of the rotor depend
significaptly on the dynamic properties of the sup-
ports, the rotor should have supports whose dynamic
propertigs as nearly as possible represent those of
site conglitions, thus permitting, where appropriate;)a
range of modes to be examined in the balancing-fa-
cility.

When special-purpose balancing machine pedestals
that havp variable stiffness are used; they should be
locked i the appropriate state of-adjustment for the
evaluatign.

If the rofor-has an overhung'mass that would normally
be suppprted when installed on site, a steady bearing
may be lised to limitits-deflection during the test.

If the rqtor has“an’ overhung mass that is not sup-
ported ip anyuway when installed on site, it should
also be left unsupported during the test.

In all cases, there should-be no resonances of the
transducer and/or mounting within the speed range

of the test.

However, it may be necessary in the early stage of
balancing to provide support with a steady bearing to
enable the rotor to get safely to service speed or

into their final position {see note 3 in X

The output from all transducers\shoul
equipment that is able to differentiate

ents 1o move
n.1.5.1).

d be read on
between the

synchronous component due’to unbalance, the slow-
speed runout where relevant, and othey components

of the vibration.

The drive for the rotor should be such
negligible restraint on the vibration of
introduce negligible unbalance into the

NOTE1Q

negligible balance error, the coupling sho
balanced as described in ISO 1940-2.

Before the residual unbalance of the

as to impose
the rotor and
Eystem.

To establish that the drive coupling introduces

Id be indexed

rotor is as-

sessed, it should be run at some convenient low
speed or speeds to remove any temporary bend it

may have taken. Once this has been
remaining repeatable low-speed runout

be measured and, where necessary,

achieved, the
values should
subtracted

vectorially from any subsequent shaft measurements

at the speed of interest.

3.1.1.2 Procedure

When the above conditions have been
rotor should be run up to speed at a lo
rate to ensure that vibration peaks ar
All significant peaks of vibration sh

satisfied, the
v acceleration
e suppressed.
puld then be

measured between 70 % of the observegd first flexural

critical speed and the maximum ser
measurement over the whole speed

vice speed if
range is not

In some cases, two vibration transducers should be
installed on each bearing pedestal 90° apart at the
same transverse plane to permit resolution of the
vertical and horizontal transverse vibrations, when
such resolution is required.

As an alternative, or additionally, shaft-riding probes
or non-contacting proximity transducers may be used
to measure shaft vibrations. Generally, these shall be
installed 90° apart in the same transverse plane to
permit resolution of the vertical and horizontal trans-
verse vibrations if such resolution is required.

pOSSittE.

The rotor should be held at maximum service speed
long enough to eliminate any transient effects. Syn-
chronous vibration measurements should then be
taken. ‘

At the conclusion of the test at maximum service
speed, the rotor should be run to a specified over-
speed, if demanded by the specification (see note 11).

After the rotor has been held for a specified time at
full overspeed, if overspeed is demanded by the

15
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specification, it should be decelerated to maximum
service speed and the synchronous vibrations again
measured. If permanent changes of residual unbal-
ance, caused by overspeeding, are expected to occur,
the final balancing and evaluation of vibration should
be carried out after overspeeding.

The rotor should then be decelerated and measure-
ments of synchronous vibration should be taken at
decrements of speed of not more than 5 % of the
maximum service speed between the maximum ser-
vice speed and 70 % of the first flexural critical speed

© ISO

sources other than mechanical unbalance. Some of
the factors that can produce such vibrations, together
with some of the precautions that should be taken,
are mentioned in annex A.

3.1.3.2 |If any of the stationary parts of the machine
or the supporting foundation structure are in reson-
ance at the service speed, high levels of vibration are
sometimes produced even though the rotor residual
unbalance is well within normally accepted toler-

if measurement is not available for the whole speed
range. During the test, the rate of deceleration should
be slow enqugh to ensure that the peaks of vibration
at the criticdl speeds are not significantly suppressed.

NOTE 11 he overspeed to be attained will depend upon
the overall tept specification for the particular type of rotor.
Where no ppecification exists, agreement should be
reached between the manufacturer and user.

rs whose final state of unbalance
is assessefl by means of vibration
measurenient on the test bed

Rotors whose final state of unbalance is evaluated on
the test bed should have an instrumentation and test
procedure as stated in 3.1.1, but it should be appre-
ciated that dlifferent procedures may be necessary in
some cases| for example:

a) ‘the rotdr is assembled as a complete machihe
driven bl its own power;

b) rotors for which only full-speed readinigs can be
obtained, such as an induction motor;

c) vibratior] transducers cannotybe placed at the
bearingq; in these cases~the points where vi-
brations| should be méasured should be agreed
between the manufacturer and user;

d) the statg¢ of unbalance depends on load, in which
case the range of load over which the residual
unbalange-is assessed should be agreed between

Py o
aATIC oo™

In such circumstances, balancing withinZexgeptionally
fine limits may be required to reduce the vibration
level. Such improvements may be-only udeful if the
machine is not highly susceptible to unbalance. If, in
operation, there is a high probability that new unbal-
ances will occur, considération should be given to the
practicality of eliminating the structural resgnances or
increasing the damping in the system or ofher meas-
ures, so that satisfactory operation can be ¢btained.

3.1.3.3_ . lnthe final installation at site, thefe may be
logistical* factors. during commissioning that wilt con-
flictwith obtaining the steady-state conditiops needed
to, assess the state of balance. It may then be
necessary 1o combine the result of balafcing runs
with tests for other purposes. If the preliminary run-
ning of the installed machine shows the regult of bal-
ancing to be in doubt, special runs should bg arranged
specifically for confirming the adequacy ¢f the bal-
ance.

In many installations (for example, where |the prime
mover is a “direct to line start” inductior] motor) it
may impossible to control the speed of rotafion during
run-up, and steady conditions can only bg achieved
at full speed. Agreement should therefore ke reached
between the manufacturer and user on the speed
range over which the state of balance quality should
be checked.

The balance check is normally made with the machine
unloaded. If the machine is loaded, the loadl at which

the manafacturer and User.

3.1.3 Rotors whose final state of unbalance
is assessed by means of vibration
measurement at site

3.1.3.1 Machines that have their state of balance
assessed after final installation at site are subject to
many factors that can produce vibration. Some of this
vibration may be at shaft rotational frequency from

16

the state of balance is to be checked should be
agreed between the manufacturer and user.

3.1.3.4 Vibration measuring equipment should be
installed as specified in 3.1.1.1. Where suitable moni-
toring equipment is provided in the installation, this
may be used instead. Alternatively, vibrations may be
read on portable apparatus using a hand-held vibration
transducer.
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3.1.4 Rotors whose final state of unbalance
is evaluated in a low-speed balancing
machine as residual unbalance in specified
correction planes

Class 2 rotors usually have their balance quality as-
sessed in a low-speed balancing machine. In most
cases, a subsequent high-speed check will be made
on the test bed or on site. In specific cases, by
agreement between the manufacturer and user, the
high-speed assessment may be dispensed with and

1ISO 11342:1994(E)

When the above conditions have been met, the rotor
should be run to speeds where it is possible to eval-
uate the magnitude and angular position of the resi-
dual unbalance distributions. (See 3.4.)

If requested by the customer, the rotor may be
checked by a similar method to that referred to in
2.4.1.5. The check should be carried out for each bal-
ancing speed.

3.2 Chei £ oriteri

the rotof accepted on the basis of the residual unbal-
ance at jow speed. This applies particularly to class 2
rotors sgld as spares, where a final assessment at site
may be Helayed for a considerable time.

The rotgr should be complete and all attachments
such as| half-couplings, gear wheals, etc. should be
fitted.

The baldncing machine should be one that conforms
to 1SO 2953. See ISO 1940-1 for the procedure for
assessing residual unbalance and for cautionary com-
ments.

Before the residual unbalance of the rotor is as-
sessed, [it should be run at some suitable speed to
remove fany temporary bend.

When the above conditions have been satisfied, the
rotor should be run at the balancing speedxand
readingq taken of amount and angle of unbalanhce re-
maining|in each measuring plane.

For clasg 2f and 2g rotors, the initial Gnbalance after
assembly should also be stated, (nyaddition to the
measurgd residual unbalance. For rotors that have
been balanced in several stage$ ‘during assembly or
that have been made. up of balanced components (see
2.3.3), the residual unbalarce achieved at each stage
should He stated.

3.1.5 PRotors:whose final state of unbalance

It is a usual practice when asséssing the balance
guality of a flexible rotor in the.factory tp consider the
once-per-revolution vibrationtofithe beafing pedestals
or shaft in a balancing fagcility or test bed that reason-
ably approximates to the\site conditiong for which the
rotor is intended (see) however, 3.3.4). This is the
method described.in’3.3.

Another practice is to assess the. balahce quality by
considering the unbalance remaining in|specified cor-
rection planes. This is the method degcribed in 3.4.
For,class 2 rotors, this form of assesgment may be
made at low speed, without any necepsity to use a
high-speed balancing facility.

When employing either practice, it (s sometimes
possible, based on experience, to adjust acceptance
levels to permit the use of facilities ¢r installations
that do not closely imitate site conditions and/or to
allow for the final effect of coupling to| another rotor
in site.

The choice between the use of the method described
in 3.3 and the use of that described in B.4 shall be at
the discretion of the manufacturer of the rotor.

3.3 Recommendations for vibfration
criteria in the balancing facilit

If the final state of unbalance is to bg assessed in

is evalyated at high speed based on residual terms of vibration criteria in the balancirlg facility, then
unbalahmwm%%—meMWMw relevant vi-

The axial position of the correction planes and the
balancing speed should be stated for each mode.

If the rotor is assessed in a balancing machine having
its own instrumentation, this should be used
throughout the test.

If the rotor is assessed in an overspeed or similar fa-
cility, the instrumentation and general installation of
the rotor into the facility should be as stated in 3.1.1

bration limits are satisfied on site.

There is a complex relationship between vibrations
measured in the balancing facility and those obtained
in the fully assembled machine at site, which is de-
pendent on a number of factors. It should be noted
that acceptance of machines on site is usually based
on vibration criteria given, for example, in parts 1 to
4 of 1SO 7919 or in ISO 10816-1. In most cases, this
relationship has been derived for specific machine
types by experience of balancing typical rotors in the
same facility. Where such experience exists, it should

17
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be used as the basis for defining the permissible vi-
bration in the balancing facility.

There may, however, be cases where such experi-
ence does not exist (e.g. a new balancing facility or
rotors of substantially different design). The remainder
of 3.3 relates to such cases and explains the per-
missible levels on once-per-revolution vibration which
can be derived from the vibration severity specified in
the product specification. If no product specification
describing the acceptable running conditions on site
exists, referenee
ISO 10816-1 or parts 1 to 4 of ISO 7919.

3.3.1 General

Numerical velues derived according to this subclause
are not interlded to serve as acceptance specifications
but as guddglines. When used in this manner, gross
deficiencies| or unrealistic requirements may be
avoided.

If due regafd.is paid to the recommended values,
satisfactory | running. conditions can- be expected.
However, there may be cases when deviation from
these reconmpmendations become necessary.

These recorpmendations may also serve as the basis
for more defailed investigations, for example when, in
special casgs, a more exact determination of the re-
quired balange quality is necessary.

3.3.2 Special cases and exceptions

There are ekceptional cases where machinery is de-
signed for ppecial purposes-@nd of necessity em-

bodies featy
characteristi
such engine
As . engines
weight, thei

res which inherently. affect the vibration
bs. Aircraft jet*engines and derivatives of
5 for industrial purposes are one example.
of this\type are designed to minimize
main structures and bearing supports are

considerably

more flexible than in general industrial

© IS0

3.3.3 Factors influencing machine vibration

The vibration resulting from the unbalhance of the rotor
is influenced by many factors, such as the mountlng
of the machine and the distortion of the rotor.

Were 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 multlpllcny of sources with different
. consider
what Ievels of V|brat|on can be permltted flom unbal-
ance alone in order to keep within tfie’ permissible
overall level of vibration.

3.3.4 Critical clearances and compléex
machine systems

Special attention should be paid to the lepels of vi-
bration and stati¢. displacement occurring af points of
minimum oclearance (for example, at progess fluid
seals) because of the greater likelihood of flamage at
these poéints than at others. It should be appreciated
thatthe conditions on site may modify the mode
shapes and thus the vibration levels at thg points of
measurements. (See 2.1.3.)

Rotors that are to be assembled in rigidly coupled
multibearing systems ({for example, steam turbine
sets) need particular consideration in this regpect. The
magnitude of the unbalance and its distripbution are
important factors in such applicatiohs. (See
annex A.)

3.3.5 Permissible vibrations in the balancing
facility

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

a) vibration on the bearing pedestal calculated from

the permissible bearing vibration on site; or

machinery. Special steps are taken in the design to
accommodate undesirable 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 en-
gine.

For such cases as this, where the vibration charac-
teristics have been shown to be acceptable by ex-
tensive testing before production units are delivered,
it is not intended that the recommendations of 3.3
should apply.

18

b) shaft vibration calculated from the permisible
shaft vibration on site.

In either case, the appropriate value can be deter-
mined using the following expression:

Y = Kz'K»I 'Ko'X
where
X .is the permissible total bearing or shaft vi-

bration in the transverse horizontal or ver-
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tical direction for measurements taken on
site inthe service speed range as given in
the product specification or the appropriate
standard (e.g. ISO 10816-1 or parts 1 to 4
of ISO 7919);

Y is the corresponding permissible once-
per-revolution bearing pedestal or shaft vi-
bration in the balancing facility;

Ky is the ratio of the permissible once-per-
revolution vibration to the permissible total

ISO 11342:1994(E)

NOTE 15 Two examples of the use of these conversion
factors are given in annex F.

In addition, it should be noted that modal amplification
of the vibration will occur at critical 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 critical speeds below the maximum service
speed. For critical speeds, it is especially difficult to
establish quantitative criteria because of the need to

vibration (K, < 1);

K, is a conversion factor used if the rotor
support and/or coupling systems differ
from site conditions; it is defined as the
ratio of the once-per-revolution measure-
ments in the balancing facility {(shaft and/or
bearing pedestals}) to similar measure-
ments taken on the assembled machine
on site (if not applicable, K, = 1);

K, is a conversion factor used if, in the bal-
ancing facility shaft, measurements are
taken at locations other than those for
which X is specified; its value depends on
the modal characteristics of the rotor; if
the measurement locations are the same,
then K, = 1.

NOTES

12 The [conversion relationship gives units for. ¥\which are
the sam¢ as those for X. In practice, it may subsequently
be convenient to express Y in different units. For example,
displacement instead of velocity.

13 The|value of K, will often depend upon the direction
of measyrement.

14 For gases in which the.m&asurement cannot be made
at the sgme locations, /K, "may be determined analytically
using a rotor dynamics-model of the system. In general, the
values for K, and K, Vary significantly as functions of rotor
speed.

allow for many important factors such.ds damping.

When the bending deflection(during rum-up is of con-
cern, due to rotor/stator clearances or|stresses, the
bending of a rotor at critical speeds pelow service
speed should be considered in terms of peak-to-peak
displacement of that-part of the rotor| at which the
displacement is<of*‘consequence.

3.4 Recommendations for estpblishing
criteria for permissible residual unbalance
in specified correction planes

3.41 General

The material in this subclause is an adaptation of. cri-
teria presented in parts 1 and 2 of IS 1940, as it is
not possible to derive the permissible Winbalances for
flexible rotors directly from existing dqcuments con-
cermned with the assessment of vibratipns in rotating

machinery. Usually, there is no simp
between rotor unbalance and machine
service conditions. The amplitude of v
fluenced by many factors such as the
of the machine casing and its fo(
stiffness of the bearing and of the fq
proximity of the service speed to the

e relationship
ibration under
brations is in-
ibrating mass
ndations, - the
undation, the
various reson-

The values of K, and K, may vary widely between one
installation and another and will be speed-dependent.
Some suggested values for K, and K; are shown in
annex C. The value of K, needs to be established for
each specific application. If a critical speed of a par-
ticular configuration of the rotor-bearing system co-
incides with the service speed, higher values of the
relevant conversion factors have to be used.

It should be noted that, in practice, it is not essential
that these conversion factors are determined in iso-
lation, provided that a composite factor is available.

ance frequencies, and the damping.

NOTE 16  Further details are given in 1ISO 10814,

Subclauses 3.4.2 and 3.4.3 establish guidelines for
the required balance quality of flexible rotors. The
values given are based on a limited amount of docu-
mented practical experience with the various classes
of rotors. However, if due regard is paid to the rec-
ommended values,. satisfactory running conditions
can be expected. Nonetheless, the suggested levels
and classifications are not yet completely verified, and

19
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deviations from these recommendations may be
necessary in certain cases?.

For a particular flexible rotor, the unbalance criteria
used in this clause are derived from the criteria in
parts 1 and 2 of ISO 1940 for an equivalent rigid. rotor
of the same general type.

Numerical values derived according to this subclause
are not intended to serve as acceptance specifications
but as guidelines. When used in this manner, gross

© |SO

unbalance distribution, the residual unbalance should
not exceed the following limits, expressed as per-
centages of the total residual unbalance rec-
ommended for an equivalent rigid rotor in parts 1 and
2 of ISO 1940 and based upon the highest service
speed of the rotor:

a) the equivalent first' modal residual unbalance
should not exceed 100 %; and

b) - the equivalent second modal residual unbalance

deficiencies or wunrealistic requirements may be should not exceed 60 % and
avoided.
c) if low-speed balancing is carried oub irfitially, the
3.4.2 Criteria for the permissible residual total residual unbalance as a rigid\rotor should not
unbalance|of class 2 rotors “exceed 100 %. :
The residuall unbalance for any completely assembled NOTE 17 Example 3 in annex Fillustrates thq calculation
class 2 rotor| should not exceed the residual unbalance of these limits.
recommended for an equivalent  rigid rotor in
ISO 1940-1. 3.4.3.3 Class 3¢
In addition, |for rotors of subclasses 2f, 2g and 2h, For rotors whieh, are significantly affected by more
each comppnent or, when applicable, each sub- than the firgband second modal unbalancgs, no rec-
assembly oflcomponents should be balanced to limits ommendations are available.
based on gxperience or those recommended in NOTES
ISO 1940-1,|applied to each component.
. 18. A method for the experimental determination of the
3.4.3 Criteria for the permissible residual equivalent modal residual unbalances is ddscribed in
unbalance|of class 3 rotors annex D.
. 19 If the influence of overhung masses is significant, then
3:4.3.1 Clgss 3a the percentages given should be reviewed.
Eor rotors that are significantly affected by 9”'\’ the 20 If, in situ, the service speed or service spepd range is
first modal fesidual unba!gnce, whatever their unbal- close to either the first or second flexural crifical speed,
ance distribltion, the residual unbalance) should not these figures may require modification.
exceed the|following limits, expressed as percent- . N _ ‘
ages of the fotal residual unbalance recommended for 21 In the balancing facility, the proposed limjts will not
an equivaler|t rigid rotor in parts ¥/and 2 of ISO 1940 necessarily result in vibration magnitudes within normal
and based lpon the highest-service speed of the limits in the speed range from 80 % to 120 % of|any critical
tors: speed. If such amplified vibrations occur, it| does not
rotors: necessarily mean that more refined balancing|is needed
. / . because, for example, damping in the balancing facility is
a) the equivalent «first modal residual unbalance often smaller than in situ.
should ot exceed 60 %; and
22  When all relevant rotor flexural modes cannpt be taken
b) .if low-speed balancing is carried out initially, the into account in the balancing facility (e.g. due td an insuffi-

total residual unbalance as a rigid rotor should not
exceed 100 %.

3.4.3.2 Class 3b

For rotors that are significantly affected by only the
first and second modal unbalances, whatever their

cient number of correction planes), a decision has 1o be
reached concerning which modes should be emphasized for
balancing.

3) Reports of any such deviations are welcome. Comments should be directed to the national standards body in the country
of origin for transmission to the secretariat of ISO/TC 108, and will be taken into account when preparing. subsequent editions

of this International Standard.
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Annex A
(informative)

Cautionary notes concerning multispan rotors on site

Introduction

Unbalange is not the only cause of vibration, not even
once-pef-revolution vibration. Before undertaking bal-

ancing

be given

of related operations, due consideration should
to identify the factors other than unbalance

that are |influencing the levels of vibration of the ma-
chine. Stich factors include those given in A.2 to A.4.

This is garticularly true in installations where two or
more rofors are coupled together, such as a large

steam

tyrbine generator.

A.2 Bearing misalignment

Small parallel or angular misalignment -of the rotor

bearings

can produce effects which-¢annot be re-

moved hy balancing. If these effects are present, the
misalignment should be corrected-prior to further as-
sessment of the vibration of ‘the machine (see also
the secqnd paragraph of A:3):

A.3 Radial and‘axial runout of coupling

faces

There
rotors

i O practical means of ensuring that large

amount of radial and axial;runout of the
between the mating halves of the co
runouts can also produce vibration effeq
not be satisfactorily€orrected by balanci

coupling faces
upling. These
ts which can-
ng. Therefore,

if the machine_is not responding to balancing oper-

ations, the radial’and axia! runout of the
should beichecked.

coupling faces

within’ the tolerances which have bee

found to be

Wheréappropriate, errors should be cIrrected to lie

satisfactory in practice for the size an
chine under consideration, before atter
balancing. . :

A.4 Bearing instability

Various forms of instability (e.g. fluid fi
take place in the types of hydrodynamid
bearings which are normally used in mu
rotor systems.

The symptoms of these phenomena ar

type of ma-
npting further

m whirl) may
ally lubricated
tispan flexible

b well known,

and it is necessary to ascertain whethgr such symp-

toms are present before attempting t¢
quality of running by balancing.

Discussions of such effects and pos
measures are outside the scope of thi

improve the

sible remedial
5 International

Standard, beyond noting that the

frequency is

can be coupled together without a small

normally less than once per revolution.
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B.1 This

Annex B
(informative)

Low-speed three-plane balancing of class 2d rotors

annex is concerned with the low-speed

Uy = Un — 0.5H(Ug + Uy)

© ISO

balancing o
end correct
ance is un

+ [ v\ rieal oAl 44
TULUTS VVITHUIT TTAVE UTTO  WUTiray Ui vy
on planes, and in which the initial unbal-
iformly distributed or increases linearly

along the shaft.

Such rotors
speed bala
ment can

unbalance (
the central

This annex
correction if
initial unbal
sum of the
unbalance

point on th

This annex
ancing of rq
ditions:

a) single-s

b) uniform

c) uniform
length;

d) symme

can be satisfactorily balanced on a low-
hcing machine provided that an assess-
be made of the proportion of the total
f the rotor which should be corrected at
blane.

provides a method whereby the balance

about npidspan;

e} continu
cantly a

are satisfied, where H is the ratio of the ¢
rection to the initial static unbalance.

It should be noted that (—}L, (7R, (71, l_f2 and
tors.

entral cor-

/5 are vec-

Values of H are presented graphically in figure B.1 as

a function of z/l, whefe z is the distance

from the

left-hand bearing of:the correction plane 1 gand [ is the

bearing span (shaftlength).

B.2

1 three planes may be calculated from the It should be’ ioted that H is zero when|z/l = 0,22,
aince measured in two planes. The vector which indicates that in this case the centfe plane is
forces and moments created by the three no longer needed and the procedure has|become a
corrections U,, U, and U, about a given twosplane balancing procedure, usuglly called
poil e rotor_must equal those caused by the “quarter-point balancing”. For values of [zfi greater
initial unbalgnces, U,_and Uy, about the same point. than 0,22, the correction in the centre plang is on the
i opposite side of the shaft.
describes a method for three-plane bal- PP
tors which meet all of the following con-
0.8+
ban rotor with no significant overhang;
0,6~
or linear distribution of unbatance;
bending flexibility orthe rotor along its 0.4
. e . I 0'2_
rical positioh/of end correction planes
o —
bus service speeds below and not signifi-
pproaching the second critical speed. 02
[t can be shown that the initial unbalance will
be completely corrected up to, and including, its first 04 T 011 T o'z T 013

modal component when the vector relationships

Uy = U, - 0.5H(Us + U)

G, = H{fi,+ T)

22

Z
{

Figure B.1 — Graphical presentation for

determination of H
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Annex C
(informative)

Conversion factors*

Machinery is classified as follows {see table C.1). lI: Large prime movers and other large machines with
o : : : rotating masses mounted on rigid and heavy founda-
I: Individpial parts of engines and machines, integrally tions that are relatively stiff in the directin of vibration
connectgd to the complete machine in its normal op- measurement.
erating cpndition.
. . . _ _ IV: Large prime movers and other lajge machines
Il: Mediim-sized machines without special founda- with rotating masses mounted‘on foundgtions that are
tions and rigidly mounted engines or machines (up to relatively soft in the difection of vibrafion measure-
‘ 300 kW)|on special foundations. ment.
Table C.1 — Suggested conversion factor fanges {see 3.3.5)
K,
Machinery . . .
B .
classifikation Typical machines Ko o Shaft Shaft
' absolute relative
absolute
| Superchargers 1,0
Small electric motors up to 15 kW 1,0
Paper-making machines 0,7t01,0
Medium-sized electric machifes, 15 kW to
75 KW 0,7t01,0
i E|ectr|cgl machines up te»300 kW on special 0710 1.0
foundations :
. Compressors 0,7t0 1,0
Small turbings 1,0
06t01,6 1,610 5,0 1,010 3,0
Largécelectric motors 0,71t01,0
" Pumps 0,71t01,0
2-Pole generators 0,8t01,0
Turbines and multipole generators 09t01,0
Gas turbines (but see 3.3.2) 1,0
v 2-Pole generators 081t 1,0
Turbines and multipole generators 09t 1,0

4) Users are recommended to compare the above values with their own experience. Comments on the results or such
comparisons are welcome and should be directed to the national standards body in the country of origin for transmission to the
secretariat of ISO/TC 108.
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Experimental determination of equivalent modal residual unbalances

The following procedure may be used to determlne

the effect o
assess the
maining in t

equivalent modal residual unbalance re-
he rotor.

D.1 Mount the rotor whose unbalance is to be

measured if
chine or oth

D.2 Run
the first fle
bearing vibr,

D.3 Add
ance should
and should
maximum €
be towards
bearing vibn
D.2.

D.4 From
compute ve
ance. This ¢

a high-speed hard-bearing balancing ma-
er high-speed test facility.

he rotor to some safe speed approaching
xural critical speed and note readings of
htions or forces.

b trial unbalance to the rotor. The unbal-
be sufficient to show a significant effect
be placed axially where it will have the
ffect on the first mode. This will generally
the middle of the rotor. Take readings of
ation or forces at the same speed as in

the readings obtained in D.2 and>D.3,
ctorially the equivalent first modal unbal-
an be done graphically by theseenstruction

given in anpex G, in this case with the_single unbal-

ance mass
of the equiy

trial uni

D.5 Rem

orming the trial mass set~The magnitude
alent first modal unbalance is

AO
AB

alance x

pve the trial unbalance.

D.6 Run the rotor to some safe speed approaching

readings of bearing vibrations or forces,

D.7 Add a trial unbalance to,the rotor.
be sufficicient to show a significant effect
be placed axially where jt will have the mg
fect on the second mode. Take readings
vibrations or forces at\the same speed as i

D.8 From the“readings obtained in D.6
compute vectorially the equivalent second
balance. The graphical procedure of D.4 ma
in this case.

D.9 Remove the trial unbalance.

D.10 Continue the above operations for
modes until the equivalent modal unbala
significant modes have been determined.

NOTES

23 The procedure given in this annex assum
vibration measured at a speed close to a critid
predominantly in the corresponding mode. Sd
may not be possible to run close to the critica
some of the significant modes and thus readily
corresponding modal components. In these ca
procedures are necessary to separate the indiv
components.

24 When determining the equivalent modal un
may be desirable to use a set of trail unbalanced

ded this is

and should

ximum ef-
of bearing
n D.6.

and D.7,
modal un-
y be used

successive
hces in all

es that the
al speed is
metimes it
speeds of
identify the
bes, further
dual modal

balances, it
in order to

pass safely through the low critical speeds.
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