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Foreword

:2016(E)

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

ele

ctrotechnical standardization.

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

Attention is drawn to the possibility that some of the elements of this documént'may be the
patent rights. ISO shall not be held responsible for identifying any or all such’patent rights.
any patent rights identified during the development of the document will be in the Introduct
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 an
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an explanation on the meaning of ISO specific terms and expressions related to conformity a:
well as information about ISO’s adherence to the World:Trade Organization (WTO) princi
hnical Barriers to Trade (TBT) see the following URLxwww.iso.org/iso/foreword.html.

b committee responsible for this document is ISO/TC 108, Mechanical vibration, shock and
nitoring, Subcommittee SC 2, Measurement apd-evaluation of mechanical vibration and shock
machines, vehicles and structures.

s first edition cancels and replaces ISO 1940-1:2003, which has been technically rey
in changes are deletion of the termis'and definitions which were transferred to ISO 2194
re pronounced explanation of the application of permissible residual unbalances for the
balancing a rotor and verifying its residual unbalance. Information on specification of
brances based on vibration-limits has been removed.

Iso incorporates the Technical Corrigendum ISO 1940-1:2003/Cor 1:2005.
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Introduction

Rotor balancing is a procedure by which the mass distribution of a rotor (or part or module) is checked
and, if necessary, adjusted to ensure the unbalance tolerance is met. This document covers the
balancing of rotors with rigid behaviour. A rotor is said to be rigid when the flexure of the rotor caused
by its unbalance distribution can be neglected with respect to the agreed unbalance tolerance at any
speed up to the maximum service speed. For these rotors, the resultant unbalance, and often moment
unbalance, are of interest, which when combined are expressed as a dynamic unbalance of the rotor.

The balancing machines available today enable residual unhalances to he reduced to very low limits.
Therefore] it is necessary to specify an unbalance quality requirement for a balancing task, as in(mjost
cases it wpuld not be cost-effective to reduce the unbalance to the limits of the balancing machine:

In addition to specifying an unbalance tolerance, it is necessary to consider the errors introduced by the
balancing|process. This document takes into account the influence of these errors to distinguish cleqrly
between the specified permissible residual unbalance and the reduced residual unbalance values tolbe
achieved quring the balancing process.

vi © ISO 2016 - All rights reserved
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Mechanical vibration — Rotor balancing —

Part 11:
Procedures and tolerances for rotors with rigid behaviour

1 [ Scope

Thjs document establishes procedures and unbalance tolerances for balancing rotors yith rigid
behaviour. It specifies

a) | the magnitude of the permissible residual unbalance,

b) | the necessary number of correction planes,

c) | the allocation of the permissible residual unbalance to the toleranee-planes, and
d) | how to account for errors in the balancing process.

NO[TE In ISO 21940-14, the assessment of balancing errors,is\considered in detail. Fundamentals of rotor
balpncing are contained in ISO 19499 which gives an introductiomn.to balancing.

Thjs document does not cover the balancing of rotors with flexible behaviour. Procedures and folerances
forfrotors with flexible behaviour are dealt with in1S0'21940-12.
2 | Normative references

There are no normative references in this document.

3 | Terms and definitions
For the purposes of this doetument, the terms and definitions given in ISO 21940-2 apply.

ISO and [EC maintain teérminological databases for use in standardization at the following adflresses:

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

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

4 | Pertinent aspects of balancing

4.1 General

Rotor balancing is a procedure by which the mass distribution of a rotor is examined and, if necessary,
adjusted to ensure that the residual unbalance or vibration in service is within specified limits. It should
be noted that the vibration in service can originate from sources other than unbalance.

Rotor unbalance can be caused by design, material, manufacturing and assembly. Every rotor has an
individual unbalance distribution along its length, even in series production.

4.2 Representation of the unbalance

For a rotor with rigid behaviour, different vectorial quantities can be used to represent the same
unbalance as shown in Figure 1.

© IS0 2016 - All rights reserved 1
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Figure 1 a) to c) shows different representations in terms of resultant unbalance and resultant couple
unbalance, whereas Figure 1 d) to f) shows different representations in terms of a dynamic unbalance
in two planes.

NOTE 1

NOTE 2

The resultant unbalance vector can be located in any radial plane (without changing magnitude and
angle), but the associated resultant couple unbalance is dependent on the location of the resultant unbalance vector.

The centre of unbalance is that location on the shaft axis for the resultant unbalance, where

resultant couple unbalance is a minimum.

the

If single-plane balancing is sufficient (see 4.5.2) or when considerations are made in terms of resultant

unbalancd

In the cas

and resultant couple unbalance (see 4.5.4), the representation in Figure 1 a) to ) is prefera

e of typical two-plane considerations, the representation in Figure 1 d) to f) is advantageo
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p, therefore, both unbalances are often considered separately. Even if the unbalance is sta
hnic unbalance in two planes, it should be noted that in most cases there is a difference
the unbalances predominantly form either a resultant unbaldnce or a resultant mom

prence planes for unbalance tolerances

mended to use reference planes to state the unbalance tolerances. For these planes, only
e of each residual unbalance needs to stay within the respective balance tolerance whate
r position may be.

f balancing is usually to reduce vibrations and forces transmitted through the bearings
nment. For the purposes of this document, the reference planes for unbalance tolerances
e the bearing planes. However, this yse of bearing planes does not always apply.

For a component without a shaft (e.ga disc shaped element), but where the final bearing positions
ran be estimated), these planestcan be used.
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Unbalances in gram millimetres

A

5

a) Resultant unbalance
vector together with an

apsociated couple unbalance

d)

in the end planes

Unbalance vector in each of
the end planes

Key

CM centre‘of mass

CU centre of unbalance
l rotor length

NO[TE

re

Utant unbalance vector

b) Special case of a), namely
resultant unbalance vector
located at centre of mass CM
(static unbalance), together
with an associated couple
unbalance in the end planes

e) Two 90° unbalance
components in each of the
end planes

c) Specialcase of a),[namely
resultant unbalancq vector
located at the centre of

unbalance CU

f) Unbalance vector in each of
any two other planes

For Figure 1 c), the associated couple unbalance is a minimum and lays in a plane orthogonal to the

Figure 1 — Different representations of the same unbalance of a rotor with rigid behaviour
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4.5 Correction planes

4.5.1 General

Rotors that are out of unbalance tolerance need correction. These unbalance corrections often cannot
be performed in the planes where the unbalance tolerances were set, but need to be performed where
material can be added, removed or relocated.

The number of necessary correction planes depends on the magnitude and distribution of the initial
unbalance, as well as on the design of the rotor, e.g. the shape of the correction planes and their location
relative tgthe toterance pramnes.

4.5.2 Rotors which need one correction plane only

For some fotors, only the resultant unbalance is out of tolerance but the resultant momentunbalance is
in tolerange. This typically happens with rotors having a single disc, provided that

a) the bgaring distance is sufficiently large,
b) the disc rotates with sufficiently small axial runout, and
c) the cdrrection plane for the resultant unbalance is properly chosen.

After single-plane balancing has been carried out on a sufficient nufuber of rotors, the largest residpal
moment unbalance is determined and divided by the bearing distarice, yielding a couple unbalance.

If, even in[the worst case, the couple unbalance found this way is acceptable, it can be expected that
single-plahe balancing is sufficient.

For singlefplane balancing, the rotor does not need to-rotate but, for sensitivity and accuracy reasdns,
in most cases, rotational balancing machines are used:

4.5.3 Reotors which need two correction planes

If a rotor [with rigid behaviour does not ‘eemply with the conditions specified in 4.5.2, the mompgnt
unbalancq needs to be reduced as well."In most cases, resultant unbalance and resultant momgpgnt
unbalancq are assembled into a dynhamic unbalance: two unbalance vectors in two planes; fee

Figure 1 d}).

For two-plane balancing, it iS$nécessary for the rotor to rotate, since otherwise the moment unbalance
would renpain undetected!

4.5.4 Retors with'more than two correction planes

Although all rotoxs with rigid behaviour theoretically can be balanced in two planes, sometimes mpre
than two ¢orrection planes are used, e.g.

a) inthecase of separate corrections of resultant unbalance and couple unbalance, 1f the correction of
the resultant unbalance is not performed in one (or both) of the couple planes, and

b) if the correction is spread along the rotor.

In special cases, spreading the correction along the rotor can be necessary due to restrictions in the
correction planes (e.g. correction of crankshafts by drilling into the counterweights) or advisable in
order to keep the function and component strength.

4.6 Permissible residual unbalance

In the simple case of an inboard rotor for which the couple unbalance may be ignored (see 4.5.2), its
unbalance state can then be described as a single vectorial quantity, the unbalance, U.

4 © IS0 2016 - All rights reserved
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To obtain a satisfactory running of the rotor, the magnitude of this unbalance, i.e. the residual unbalance,
Ures, shall not be higher than a permissible value, Uper:

Ures < Uper (1
More generally, the same applies to any type of a rotor with rigid behaviour, but then Uper covers the
resultant unbalance and the resultant moment unbalance, see also 5.2.

NOTE The SI unit for Uper is kg'm (kilogram metres), but for balancing purposes, more practical units are
g-mm (gram millimetres), kg-mm (kilogram millimetres) or mg-mm (milligram millimetres).

Up¢r is defined as the total tolerance in the plane of the centre of mass. In the case, ofyfwo-plane
balancing, this tolerance shall be allocated to the tolerance planes (see Clause 7).

5 | Similarity considerations

5.1 General

Soane considerations on similarity can help in the understanding amd-ealculation of the influences of
roffor mass and service speed on the permissible residual unbalance.

5.2 Permissible residual unbalance and rotor mass

In peneral, for rotors of the same type, the permissible residual unbalance, Uper, is proportignal to the
rofjor mass, m, as given in Formula (2):

Uper ~m (2)

The ratio of Uper to the rotor mass, m, is the permissible residual specific unbalance, eper, 4s given in

Formula (3):
eper = Uper/m (3)

NOTE1  The SI unit for Uper/m\is’kg-m/kg (kilogram metres per kilogram) or m (metres), but a more practical
unit is g'mm/kg (gram millimetres per kilogram), which corresponds to pm (micrometres) becpuse many
permissible residual specific inbalances are between 0,1 pm and 10 pm.

NOTE 2  The term epeis useful especially if geometric tolerances (e.g. runout, play) are related tq unbalance
tol¢rances.

NOTE3 In the-case of a rotor with only a resultant unbalance (see 4.5.2), eper is the distance of the centre of
maks from the)shaft axis. However, in the case of a general rotor with both resultant unbalance anf resultant
momentunbalance present, eper is an artificial quantity containing the effects of the resultant unbalgnce as well
as ¢f the resultant moment unbalance.

NOTE#—Tierearetimmits foractiievabte Tesiduat specific unbatarnce, eper, depending o the setup conditions in
the balancing machine (e.g. centring, bearings and drive).

NOTE5  Small values of eper can only be achieved in practice if the accuracy of shaft journals (roundness,
straightness, etc.) is adequate. In some cases, it can be necessary to balance the rotor in its own service bearings,
using belt-, air- or self-drive. In other cases, balancing needs to be carried out with the rotor completely assembled
in its own housing with bearings and self-drive, under service condition and temperature.

© IS0 2016 - All rights reserved 5
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5.3 Permissible residual specific unbalance and service speed

For rotors of the same type, experience shows that, in general, the permissible residual specific
unbalance value, eper, varies inversely with the service speed, n, of the rotor:

€per ~

1/n

Differently expressed, this relationship is given in Formula (5):

eper {2

=C

(4)

(5)

where

0 s
0
c IS

This relat
periphera
are the sa

6 Spec

6.1 Gen

The first 9
of the rot
reliably, r¢

NOTE 1
tolerance i

NOTE 2

keys, asym
tolerance i

6.2 Der

The magn
methods 3

a) balan
differ

the angular velocity of the service speed, in rad/s (radians per second), with
= 21t n/(60 s/min) and the service speed, n, in r/min (revolutions per minute);

a constant.

ionship follows also from the fact that for geometrically similar (rotors running at eq

hal

velocities, the stresses in the rotors and the bearing specific loads{due to centrifugal forges)

me. The balance quality grade G (see 6.3) is based on this relatienship.

ification of unbalance tolerances

eral

tep in the balancing process is to establish thesmagnitude of permissible residual unbala
br and to allocate it to the tolerance plane($). In order to meet these unbalance toleran
duced residual unbalance tolerances shall take account of errors as detailed in Clause 10.

The ideal target value of the unbalance typically is zero (i.e. in a vector diagram, the unbala
the radius of the circular tolerance-region around the origin).

Sometimes the target unbalanée has a specified quantity, given by amount and angle (e.g. remo

metric crank shafts, compensating shafts or rotational vibration exciter). In these cases, the unbala
the radius of a circle aroundthe specified target unbalance vector.

ivation of the unbalance tolerances

1ce
Ces

[1ce

red
hce

itude of permissible residual unbalance can be determined by five different methods. The

re based on

e qudlity grades, derived from long-term practical experience with a large number| of

enttotors (see 6.3),

b) exper
c) limite

d) limite

mentat evatuationmr of permissible residuat unbatances {see 64);

d bearing forces due to unbalance (see 6.5.1),

d vibrations due to unbalance (see 6.5.2), and

e) established experience with unbalance tolerances (see 6.6).

Both the choice of method and the permissible unbalance tolerance are recommended to be part of the
agreement between the manufacturer and customer.
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6.3 Balance quality grade G

6.3.1 Classification

On the basis of worldwide experience and similarity considerations (see Clause 5), balance quality
grades G have been established which permit a classification of the balance quality requirements for
typical machinery types (see Table 1). These balance quality grades enable the calculation of permissible
residual unbalances (see 6.3.3). Experience has shown that this will generally result in satisfactory

op

eration of the rotor in service.

Thebatance quatity grade G 1S desigmated according to tie magnitude of the product eper 12, pxpressed

in
EX

Ba
in

mm/s (millimetres per second).
\MPLE If eper 2 = 6,3 mm/s, the balance quality grade is designated G 6,3.

ance quality grades are separated from each other by a factor of 2,5. A finer grading can be

necessary

some cases, especially when high-precision balancing is required, but it sheuld not be lgss than a
fadtor of 1,6.

Thp values of eper (= Uper/m) are plotted against the maximum service speed, n, in Figur¢ 2, which

ex

6.3.2 Special designs

The balance quality grades are based on typical machine design, where the rotor mass i
fraction of the mass of the complete machine. In special cases, modifications are needed.

EX

resfidual unbalance is derived from this group (see 623:3). This permissible residual unbalance value is

as

a)

b)

erienced.

Jong as the rotor mass is a typical percentage efithe machine mass (e.g. 30 %). However,

in the case of lightweight rotors (e.g. iron-less armatures), the rotor mass can be only 10 % of the
As aresult, three times the permissible residual unbalance may be allowed;

on the contrary, if the rotor mass is'extremely high (e.g. external-rotor motors), the rotor mass cg
90 % of the total mass. In such cases, the permissible residual unbalance might need to be re
factor of three.

coitains additional information on the range of rotational speed and\balance quality grade G fommonly

a certain

AMPLE Electric motors with shaft heights smalleér than 80 mm are grouped to G 6,3 and the permissible

applicable

total mass.

n be above
duced by a
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Table 1 — Guidance for balance quality grades for rotors with rigid behaviour

Machinery types: General examples

Balance quality | Magnitude
grade eper {2
G mm/s

Crankshaft drives for large, slow marine diesel engines
(piston speed below 9 m/s), inherently unbalanced

G 4000 4000

Crankshaft drives for large, slow marine diesel engines
(piston speed below 9 m/s), inherently balanced

G 1600 1600

Crankshaft drives, inherently unbalanced, elastically mounted

G630 630

Crankshafft drives, inherently unbalanced, rigidly mounted

G 250 250

Complete yeciprocating engines for cars, trucks and locomotives

G 100 1600

Cars: whegls, wheel rims, wheel sets, drive shafts
Crankshafft drives, inherently balanced, elastically mounted

G40 40

Agricultuifal machinery

Crankshafft drives, inherently balanced, rigidly mounted
Crushing pachines

Drive shaffs (cardan shafts, propeller shafts)

G 16 16

Aircraft g4s turbines

Centrifuggs (separators, decanters)

Electric mptors and generators (of at least 80 mm shaft height),
of maxirhum rated speeds up to 950 r/min

Electric mptors of shaft heights smaller than 80 mm

Fans

Gears

Machinery}, general

Machine t¢ols

Paper madhines

Process plant machines

Pumps

Turbo chargers

Water turbines

G6,3 6,3

Compressgrs

Computerdrives

Electric mptors and generators (of at least\80 mm shaft height),
of maxirhum rated speeds above 950 r/min

Gas turbinles and steam turbines

Machine-tpol drives

Textile majchines

G2,5 2,5

Audio and|video drives
Grinding machine drives

G1 1

Gyroscopdgs
Spindles ahd driveswof high-precision systems

G04 0,4

higher or logwér.grade may be used instead. For components, see Clause 9.

NOTE 1 T[ypjcally, completely assembled rotors are classified here. Depending on the particular application, the npxt

areas (service speed and balance quality grade G) based on common experience.

required in service.

unknown, half of the machine diameter should be used.

NOTE 2 Allitems are rotating if not otherwise mentioned (reciprocating) or self-evident (e.g. crankshaft drives).

NOTE 3 For some additional information on the chosen balance quality grade, see Figure 2 which contains generally used

NOTE 4 For some machines, specific International Standards stating unbalance tolerances exist.

NOTE 5 The selection of a balance quality grade G for a machine type requires due consideration of the expected duty
of the rotor when installed in situ which typically reduces the grade to a lower level if lower vibration magnitudes are

NOTE 6 The shaft height of a machine without feet, or a machine with raised feet, or any vertical machine, is to be taken
as the shaft height of a machine in the same basic frame, but of the horizontal shaft foot-mounting type. When the frame is

© ISO 2016 - All rights reserved
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NOTE The white area marks the field of common experience.

Figure 2 — Permissible residual specific unbalance based on balance quality grade G and
service speed, n, (see 6.3)
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6.3.3 Permissible residual unbalance

The permissible residual unbalance, Uper, expressed in g-mm (gram millimetres), can be derived on
the basis of a selected balance quality grade G in mm/s (millimetres per second) by using Formula (6)
based on 2 or Formula (7) based on n:

Uper =1 000 G m/Q2 (6)
or

Uper =[0-5#5Gmm/m 7)
where

m is the rotor mass in kg (kilograms);

n is the service speed in r/min (revolutions per minute);

0 =21n/(60 s/min) is the angular velocity of the service speed in rad/s [radians per second).
As an altefnative, Figure 2 may be used to derive Uper then:

Uper =l€éper M (8)
For the pgrmissible residual unbalance, Uper, the balance quality grade, eper 2, and the permissible
residual specific unbalance, eper, the SI units are used here with prefixes, so special care is needed to

apply Forinulae (6), (7) and (8). An example calculation is*given in Annex A.

Uper is th¢ total tolerance in the plane of the centre.of mass. In the case of two-plane balancing, t

tolerance

NOTE

chall be allocated to the tolerance planes. (see Clause 7).

the rotor njass and N is the maximum service speed.

6.4 Experimental evaluation

Experime
applicatio
by introd
represent

htal evaluation of the balance quality tolerances is often carried out for mass product

icing various testwnbalances successively in each correction plane based on the m
htive criterion/e,g. vibration, force, noise caused by unbalance).

In two-pldne balancifig, the different effects of unbalances with the same phase angle and of those 1

apart shal

Il be taken_into account.

Different systems quote permissible residual unbalance in terms of the expression W/N, where W i

his

on

hs. Tests are commonly performed in situ. The permissible residual unbalance is determiged

pst

B0°

6.5 Unlralance tolerances based on bearing forces or vibrations

6.5.1 Bearing forces

The main objective in this case is to limit the bearing forces caused by unbalances. The limits are
stated first in terms of bearing forces, but then need transformation into unbalances. In the case of a
sufficiently steady (not moving) bearing housing, this transformation simply uses the formula for the
centrifugal force (see Annex B).

In all other cases, the dynamic behaviour of the structure under service condition shall be considered.

There are

10

no simple rules available for these cases.
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6.5.2 Vibrations

The main objective in this case is to limit vibrations in certain planes. Balance quality tolerances can be
derived from these limits.

6.6 Methods based on established experience

If a company has gained sufficient established experience to assess systematically the balance quality
tolerances of its products, it may make full use of this. Annex C gives some guidance.

7 | Allocation of permissible residual unbalance to tolerance planes

7.1 Single plane

In the case of single-plane correction (see 4.5.2), Uper is used entirely for this plane. In all other cases,
Up¢r shall be allocated to the two tolerance planes.

7.2 Two planes

7.2.1 General

The permissible residual unbalance, Uper, is allocated in proportion to the distances from fhe centre
of mass to the opposite tolerance plane (see Figures 3 and™4). If the tolerance planes are the bearing

planes A and B, the Formulae (8) and (9) apply:

L

U, —2 (8)

U =
perA per |

I~

A 9)

Uu .=U__ -4
perB per |

whlere

Upera is the permissjbleresidual unbalance in bearing plane A;
UperB is the perniissible residual unbalance in bearing plane B;

Uper  is the{(total) permissible residual unbalance (in the plane of the centre of mass);

La isithe distance from the plane of the centre of mass to bearing plane A;
Lp is the distance from the plane of the centre of mass to bearing plane B;
A is the bearing distance.
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Key

1 tole
A,B bea
CM cen
L bea
La dist]
Lp dist]

7.2.2 Limitations for inboard rotors

For gener:
for this bq
becomes ¥

a) thela
b) the sn

7.2.3 Limitations for eutboard rotors

For gener
according

a) thela

rance planes (= bearing planes)

Fings

re of mass

Fing distance

hnce from the plane of the centre of mass to bearing plane A
ance from the plane of the centre of mass to bearing plane B

Figure 3 — Inboard rotor with centre of mass in an asymmetric position

11 outlines, see Figure 3. If the centre of mass is close to one bearing, the calculated tolera
paring becomes very large, close te' the value of Uper, and the value for the remote bear
ery small, close to zero. To ayoid extreme tolerance conditions, it is stipulated that

Fger value shall not be greater than 0,7 Uper, and

naller value shall not(be less than 0,3 Uper-

al outlines;»see Figure 4. The permissible residual unbalance tolerances are calcula
to Formiilde (8) and (9). However, to avoid extreme tolerance conditions, it is stipulated th

Fgef.value shall not be greater than 1,3 Uper;

ce
ng

fed

b) thes

atter vatue stratt ot be tess tram 0;3 Uper.

The upper unbalance limit is different from that of an inboard rotor. This assumes that bearing B and
the supporting structure are designed to take the static load exerted by the overhung mass. Thus, it
also supports a proportionately higher load caused by unbalances. If this is not the case, the limitations

for inboar

12

d rotors have to be applied.
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™

>
o

JA [g
La
Key
1 tolerance planes (= bearing planes)
A, B bearings
CM centre of mass
L bearing distance
La distance from the plane of the centre of mass to bearing plane A
Lp distance from the plane of the centre of mass to bearing plane B

Figure 4 — Outboard rotor with centre of mass in an overhung position

8 | Allocation of unbalance tolerances.to correction planes

8.1 General

In [contradiction to 4.4, many of today’s balancing processes still apply unbalance tolerances at the
cofrection planes.

Sirlce correction planes are sele¢ted in accordance with the correction process, they might npt be ideal
forfunbalance tolerances (see-4.4). If tolerances have to be allocated to the correction planef, note the
following two points.

a) | Both the magnijtude of the residual unbalances and their relative angular position have a1 influence
on the state gf\unbalance. Nevertheless, even in these cases, tolerances are usually defifed only in
terms of magnitude, not of angular relationship.

b) | Any aloeation rule is therefore a compromise. Such a rule has to take account of the Worst case
of angular relationship between the residual unbalances in both correction planes. Fot all other
conditions, the same residual unbalance creates smaller effects on the rotor.

Thus, using unbalance tolerances in correction planes, many rotors are balanced to smaller unbalance
values than necessary.

The unbalance tolerances can be derived by the methods described in Clause 6 noting the following.

— In the case of experimental determination (see 6.4), the permissible residual unbalance is generally
derived for each correction plane: no further allocation is required.

— Whenever tolerance planes are used [e.g. based on balance quality grades (see 6.3), on special
aims such like forces or vibrations (see 6.5) or on established experience (see 6.6)], a subsequent
allocation to the correction planes may be needed.
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8.2 Single plane

For rotors which need one correction plane only, the permissible residual unbalance, Uper, in this plane
is equal to the total unbalance tolerance specified.

NOTE When applying balance quality grades (see 6.3) to determine Uper, the allocation to two tolerance
planes (see Clause 7) is omitted.

8.3 Two planes

If correctips lanac land Il avn ~loca +0 +ha a-nlanncn nlanoac A And B tha talavancsnc oy bC ftrancfar ~ed

T PO C o T o o T o C o o ot et Ot o I C e pPro i C o T T oo Dy t e toTeT ooy TIroIToTCT

with a factor of 1, i.e. use the tolerance value of the adjacent tolerance plane. For more details and ‘ather
conditiong, see Annex D.

9 Assembled rotors

9.1 Gerneral

Assembledl rotors may be balanced as a complete unit or as individual components. For each assembly,
the unbalgnces of the components superimpose and assembly errors create‘additional unbalances, ¢.g.
because of runout and play (see ISO 21940-14 for details).

NOTE [f assembly errors are not significant, the choice of the balancing process can be governed by [the
availability of balancing machines.

9.2 Balanced as a unit

The best way to account for all unbalances in the rotor;and all related assembly errors in one step ig to
balance tHe rotor as a fully assembled unit.

If a rotor [s balanced as an assembly, but needs to be disassembled afterwards (e.g. for mounting ipto
the housin]g), itis recommended that the anglelof each component be marked to ensure identical angular
positions fluring reassembly.

NOTE Even with these precautions<n disassembling and assembling, problems with runout and play (see
9.1) can still exist.

9.3 Balanced on component level
If individdal components are balanced separately, these aspects are important.

a) If conmbined errors-(see ISO 21940-14) can be disregarded, the components shall be balanced to the
same ppecificresidual unbalance as the complete rotor.

b) If corpbined errors (mainly assembly errors, see ISO 21940-14) cannot be disregarded, the
compeonents shall be balanced to a lower specific residual unbalance than the complete rotor.

If this causes problems (e.g. with a light fan or pulley on a heavy armature), any distribution rule is
allowed, provided that the total unbalance of the assembly is kept within tolerance.

c) If connecting elements between rotor components are required (e.g. keys, see ISO 21940-32), their
influence on the balance shall be taken into account.

If the unbalance tolerance for an assembly cannot be achieved by balancing each component separately,
the assembly shall be balanced as a unit. In such cases, it is recommended that the necessity for balancing
at component level be reconsidered. However, even with balancing of the final assembly, if the initial
individual component unbalance is high or the unbalance correction is easier on the component, pre-
balancing of the components may still be recommended. In this case, the components may be balanced
to a coarser specific residual unbalance than the complete rotor.
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10 Accounting for errors in the verification of permissible residual unbalances

10

.1 General

The process of balancing requires the quantity “unbalance” to be measured, which includes the
magnitude and the angle of the unbalance vector. As with all measured values, magnitude and angle
need to be supplemented by a specification of the measurement error; see [SO 21940-14.

In addition, due to process requirements or limitations of the balancing equipment available, it might
be necessary to deviate from the rotor configuration for which the permissible residual unbalance is

Sp¢
by
1SC
10

Fo1
Th

Th

addlition, take into account their respective combined errors.

10

Aft
ery

a)
b)

Ho
difg
Th
dif]
thd

NO

18(° indexing procedureyprocess repeatability and reproducibility.

10

10

eclf1ed, e.g. dismounted bearings, tans, couplings or blades. The uncertainty of unbalance 1
these deviations shall be added to the error of measurement. The term “combined
21940-14 is extended here to include these deviations.

.2 Unbalance tolerance

balancing a rotor, a permissible residual unbalance, Uper, as defined in)Clause 6 shall be|
s value is allocated to the tolerance planes A and B as outlined in Clause!7.

e values used for the processes of balancing a rotor and verifyingits residual unbalang

.3 Combined error of unbalance measurements

er systematic errors in the unbalance readings have.bgen corrected, AU is the remaining
or (see 10.1) which has to be allocated to the tolerance planes A and B resulting in

the combined error in plane A, AUy, and
the combined error in plane B, AUg.

wever, if AUp is found to be less than 10 % of Uper A or AUp is less than 10 % of Uper B,
regarded.

e magnitude of the combined error AU (and therefore also AUy and AUg) is usually di
ferent balancing machines.But even on the same balancing machine, the combined error
machine setup.

TE Typical reaspns_for combined errors are balance machine accuracy and setup, tooling, d

.4 Verification of the permissible residual unbalance

4.1 General

As

the rotor meets the unbalance tolerance. The combined error of an unbalance measurement

the final step of balancing or as an agreed part of the delivery procedure, it has to be ve

htroduced
error” of

specified.

e shall, in

combined

it may be

ferent on
pends on

Five shafts,

rified that

t has to be

taken into account when checking the unbalance readings Ureading A in plane A and Ureading B in plane B
against the specified tolerances Uper o and Uper B, respectively.
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10.4.2 Unbalance readings within tolerance

The unbalance is clearly within tolerance, i.e. does not exceed the specified tolerance Upey, if for the
unbalance readings Ureading A and Ureading B both Formulae (10) and (11) hold true:

UreadingA < UperA - AUp
Ureading B= Uper B-AUs

From these

equipmen
very smal

10.43 U

On the other hand, the residual unbalance is clearly out of tolerance if for the unbalance readii

Ureading A |1 plane A and Ureading B in plane B at least one of the Formulae (12) or (43} holds true:
Ureadipg A > Uper A + AUa (
Ureadifg B > UperB + AUB (

10.4.4 Region of uncertainly

The area hetween within tolerance and out of tolerance is thé’region of uncertainty.

In order t¢ minimize the remaining regions of uncertainty given by Formulae (14) and (15):
Uper A[- AUA < Ureading A < Uper A + AUa (
Uper B|F AUB < Ureading B < Uper B + AUB (

the comb
equipmen

oviden A edin

Uper B - AB would héco

E used shall be chosen appropriately, otherwise Uper o — AUp and
or even negative.

hbalance readings out of tolerance

ned errors AUp and AUp-shall be within tight limits. This requires adequate measur
E (see I1SO 21940-21) with careful calibration and well-trained personnel.

(10)

(11)

Ngs

12)

13)

14)

5)

ng
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Annex A
(informative)

Example of the specification of permissible residual unbalance
based on balance quality grade G and allocation to the tolerance

planes
A.1 Rotor data
Consider a turbine rotor with the following data (see Figure A.1):
roffor mass: m =3 600 kg
selfvice speed: n=3000 r/min
distances: Lpa=1500 mm
Lg =900 mm
L=2400 mm
1
+ 4y
JiN
A \ B
La Lg
L
Key
1 tolerance planes (= bearing planes)
A, B bearings
CM centre of mass
L bearing distance
La distance from the plane of the centre of mass to bearing plane A
Lp distance from the plane of the centre of mass to bearing plane B

Figure A.1 — Rotor dimensions
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Select the balance quality grade G from Table 1 for the machinery type “Gas turbines and steam
turbines™ G 2,5.

Calculate the angular velocity, 2, of the service speed, n, in rad/s (radians per second):

0=2n

A.2 Spe

n/60 =3 000 1t/30 = 314,2 rad/s

cification of Upr based on Formula (6)

(A1)

From Forymuta{63;tirepermissibte residuat-umbatamce; Hper, expressedimgmmm {granr mittimetres), is
given by Hormula (A.2):

Uper =

where

A.3 Spe€

1000Gm/2=1000x2,5x3600/314,2 = 28,6 x 103 g'mm

is|the selected balance quality grade;
is|the rotor mass, in kg (kilograms);

is|the calculated angular velocity of the service speed, in rad/s (radians per second).

cification of Uper based on Figure 2

A4.2)

For the giyen service speed n = 3 000 r/min and the selected’balance quality grade G 2,5, eper follgqws
from Figufe A.2 to be approximately:

eper * B g'mm/kg

Multiplied

Uper =

8 x 3600 =28,8 x 103 g'mm

by the rotor mass, m, the permissibleresidual unbalance, Uper is [see Formula (7)]:

4.3

A.4)

18
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Figure A.2 — Example of determination of eper using Figure 2
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A.4 Allocation to tolerance planes (bearing planes)

According to 7.2, the permissible residual unbalance, Uper, as calculated in A.2 (or estimated in A.3) can
be allocated to the bearing planes A and B as follows:

Ly 28,6 x 103 P00 1 103 A5
UperA_UperT_ ,6x10 m— 0,7x10” g- mm (A.5)
L, , 1500 3
U g =Uoor —> =28,6x10 =17,9x10° g-mm (A.6)
p PE—, 27200

A.5 Check on limitations in accordance with 7.2.2 for inboard rotors
The larger value of Uper o and Uper B shall not be greater than 0,7 Uper, i.e. Uper < 20,0 % 103 g'mm.
The smallgr value of Uper o and Uper B shall not be less than 0,3 Uper, i.e. Uper A = 8,6:% 103 g'mm.

For this efample, the tolerance planes satisfy the criteria to avoid extreme tolérance conditions.

A.6 Result

For this eample, to meet the selected quality grade G, the residualunbalance for plane A shall be equal
to or less than Uper o = 10,7 x 103 g'-mm, and the residual unbalange for plane B shall be equal to or lgss
than Uper g = 17,9 x 103 g-mm.

As descrilped in Clause 10, errors need to be accounted for when assessing whether the permissiple
residual upbalance tolerances have been met.
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Annex B
(informative)

Specification of unbalance tolerances based on bearing force limits

B.t—Gemnerat

A nain objective of balancing can be to limit the bearing forces (see 6.5.1). If these beafing f¢rce limits
arg specified, they need transformation into unbalances. This transformation is carri€éd ouft by using
Formulae (B.1) and (B.2) for the centrifugal force, but only in the case of a sufficiently stiff bearing
support.

Uper A = Fper A/22 (B.1)

UperB =Fper B/-(22 (B-Z)
where

Uper A is the permissible residual untbalance in bearing plane A;

Uper B is the permissible residial unbalance in bearing plane B;

Fpera is the permissible bearing force caused by unbalances in bearing A;

FperB is the permissible bearing force caused by unbalances in bearing B;

0 =2mn/(60 s/min) is the angular velocity of the maximum service speed n.

Formulae (B.1) and (B.2) are based on SI units. Usually the units of permissible residual unbplance are
us¢d with prefixes (see 4.6), se.special care is needed to apply these formulae.

(%)

As|described in Clause 10, errors need to be accounted for when assessing whether the permissible
reqidual unbalance tolefances have been met.

B.2 Example

B.2.1 Assumption

For thé rotor described in Annex A, the maximum permissible bearing forces caused by unballances are
spécified as follows:

Fpera=1200N permissible force at bearing A;

Fperg=2 000N permissible force at bearing B.

B.2.2 Calculation
The permissible residual unbalances in bearing planes A and B are:

Fy, 1200 3
= =12,2x10° g- mm (B.3)

Q° (314,2)2

U

perA =
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Fy 2000 3
= =20,3x10" g- mm (B.4)

Q° (314,2)2

22 © IS0 2016 - All rights reserved


https://standardsiso.com/api/?name=a0868ff7e496374788d5095e1ee10743

	Foreword
	Introduction
	1 Scope
	2 Normative references
	3 Terms and definitions
	4 Pertinent aspects of balancing
	4.1 General
	4.2 Representation of the unbalance
	4.3 Unbalance effects
	4.4 Reference planes for unbalance tolerances
	4.5 Correction planes
	4.5.1 General
	4.5.2 Rotors which need one correction plane only
	4.5.3 Rotors which need two correction planes
	4.5.4 Rotors with more than two correction planes
	4.6 Permissible residual unbalance
	5 Similarity considerations
	5.1 General
	5.2 Permissible residual unbalance and rotor mass
	5.3 Permissible residual specific unbalance and service speed
	6 Specification of unbalance tolerances
	6.1 General
	6.2 Derivation of the unbalance tolerances
	6.3 Balance quality grade G
	6.3.1 Classification
	6.3.2 Special designs
	6.3.3 Permissible residual unbalance
	6.4 Experimental evaluation
	6.5 Unbalance tolerances based on bearing forces or vibrations
	6.5.1 Bearing forces
	6.5.2 Vibrations
	6.6 Methods based on established experience
	7 Allocation of permissible residual unbalance to tolerance planes
	7.1 Single plane
	7.2 Two planes
	7.2.1 General
	7.2.2 Limitations for inboard rotors
	7.2.3 Limitations for outboard rotors
	8 Allocation of unbalance tolerances to correction planes
	8.1 General
	8.2 Single plane
	8.3 Two planes
	9 Assembled rotors
	9.1 General
	9.2 Balanced as a unit
	9.3 Balanced on component level
	10 Accounting for errors in the verification of permissible residual unbalances
	10.1 General
	10.2 Unbalance tolerance
	10.3 Combined error of unbalance measurements
	10.4 Verification of the permissible residual unbalance
	10.4.1 General
	10.4.2 Unbalance readings within tolerance
	10.4.3 Unbalance readings out of tolerance
	10.4.4 Region of uncertainly
	Annex A (informative)  Example of the specification of permissible residual unbalance based on balance quality grade G and allocation to the tolerance planes
	Annex B (informative)  Specification of unbalance tolerances based on bearing force limits
	Annex C (informative)  Specification of unbalance tolerances based on established experience
	Annex D (informative)  Rules for allocating unbalance tolerances from tolerance planes to correction planes
	Bibliography

