INTERNATIONAL ISO
STANDARD 14839-5

First edition
2022-08

Mechanical vibration — Vibratign of
rotating machinery equipped with
active magnetic bearings —

Part 5:
Touch-down bearings

Vibrations mécaniques~=— Vibrations de machines rotative§ équipées
de paliers magnétigues actifs —

Partie 5: Paliers darrét

Reference number
1SO 14839-5:2022(E)

© IS0 2022


https://standardsiso.com/api/?name=fd359fedbf4ea34bf36a0afc231bc77d

ISO 14839-5:2022(E)

COPYRIGHT PROTECTED DOCUMENT

© 1S0 2022

All rights reserved. Unless otherwise specified, or required in the context of its implementation, no part of this publication may
be reproduced or utilized otherwise in any form or by any means, electronic or mechanical, including photocopying, or posting on
the internet or an intranet, without prior written permission. Permission can be requested from either ISO at the address below
or ISO’s member body in the country of the requester.

ISO copyright office

CP 401  Ch. de Blandonnet 8

CH-1214 Vernier, Geneva

Phone: +41 22 749 01 11

Email: copyright@iso.org

Website: www.iso.org
Published in Switzerland

ii © 1S0 2022 - All rights reserved


https://www.iso.org
https://standardsiso.com/api/?name=fd359fedbf4ea34bf36a0afc231bc77d

ISO 14839-5:2022(E)

Contents Page
FFOT@WOTM.........ccccccovvevee e85 5558558555585 \%
1 SCOPI@ ... 1
2 NOTIMATIVE F@FETEIICES .........ccccocoovvrvoeieessse s ssss s 2
3 Terms and defiMITIONS ... 2
4 General structure and COMPOMNENTES...............ccoooiiiiineiiseiissises s s 2
5 rull\.tiuua} tal scta
51 General........ccc.....
5.2 Design life. ...
5.3 Clearance reqQUITEMENTES ... Do
5.4 Life-Cycle reqUIrEMENTES ... (e e
6 Touch-down bearing design considerations.............. Q97 s
6.1 GeNETal. ...
6.2 TrIZEET EVENTS....oooiiiiiiiciciieseet e
6.2.1 Overload due to abnormal process conditions..
6.2.2 AMB control instability ...
6.2.3  L0OSS Of POWET ....oooocces e
6.2.4 Failure in the AMB SYStem. ...y e
LTI 7 6 5101 0 =3 o U (o) o SO
6.3  Transportation duty ..
6.3.1  General .. g e
6.3.2 AMBs without permanent magnets
6.3.3 AMBs with permanent magnets............
6.4  Failure modes ...t @
6.4. 1 GENETAL ..o T st
6.4.2 Rolling element failufe/MOdEs ...
6.4.3 Sliding bearing failure modes
6.5  Environmental factons. o s
LT T8 N € 1 ) - 1 eSO
6.5.2  CorroSionIBSIStANCE ..o
6.5.3 Erosion(resistance, particulate contamination.
6.5.4 Liquid-dontamination ...
6.5.5 Qperating temperature ................
6.5.6 ~‘Awvailable cooling flow.........cccccvvn
6.6 Rotordynamic modelling considerations. ...
6.6 GEIIETAL ..o
6¢6.2 Rotor and housing modelling requirements..............
6.6.3 Touch-down bearing soft mount design considerations
6.6.4 Touch-down bearing clearance design considerations..................
6.6.5 Friction between the rotor and touch-down bearing design consideratjons.... 16
ificati e 17
L0728 R 00 o1 f= ot LD or= Y 0 ) o 00000 OO
6.7.2  TYPES OF TOTIOM oo
6.8  Control actions following touch-down bearing contact...
6.8.1  GEINETAL oottt
6.8.2  AMB CONEIOLIOT ACTION ...ooociiiir s
6.8.3 Plant/variable-frequency drive control aCtions ...
7 Design and design verification
7.1 General......s
7.2 Design process details
7.3 DO CUIMEIIEATION ...
8 Condition monitoring and damage estimation methods

8.1 (7] ST=) o= U OO

© 1S0 2022 - All rights reserved iii


https://standardsiso.com/api/?name=fd359fedbf4ea34bf36a0afc231bc77d

ISO 14839-5:2022(E)

8.2 Event detection and data capture
8.2.1 Contactdetection...............
8.2.2 Contact event
8.3 ITUSII@CEION o
B.3.1  GEINETAL ..ot
8.3.2 Common techniques in non-intrusive inspection
8.3.3  INruSIVE INSPECEION oo
8.4 DamMa@e @STIMIATION .....cooceieeeeiii ikt
8.4.1 Eventdata.....
8.4.2 Inspection-based estimation
F43—FCrterinforfortheroperstioh——m—™———M8M8M8 —M8M8M8M .36
9 Maintenance and life cycle faCtOr'sS. ... .
9.1 <) 0 1= = OSSOSO o OO .
9.2 Inspection plan...
9.2.1  General ...,
9.2.2 Minimum intervention cycle
9.3 INterventions. ...
9.3.1 Routine checks ...
9.3.2 Predicted excessive damage accumulation ... Gy .38
0.3.3  CoNtaAMINATION ..o oo et .39
9.4 Maintenance actions -
041 GENETAL ..o sy B .
9.4.2 Touch-down-bearing refurbishment. ... S .39
9.4.3 Touch-down bearing replacement
9.5 Life-cycle factors. ... .
.51 GEINETAL oo N et .
9.5.2  Spare Part MANAZEIMEIIT ...y e .
9.5.3 Decommissioning, recycling and disposal.
9.5.4  ODbsoleSCence MAaANAZEIMENT ........ 50 oo .
BIDIIOGIAIIIY ... e o .43

© IS0 2022 - All rights reserved


https://standardsiso.com/api/?name=fd359fedbf4ea34bf36a0afc231bc77d

Fo

ISO 14839-5:2022(E)

reword

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

Part 5:
Touch-down bearings

Thi

b)

f)

g)

h)

j)

k)

Scope

5 document gives guidelines for identifying:

comprise such systems and which functions these components providé;

NOTE Touch-down bearings are also known as “backup bearings”, “auxiliary bearing
bearings” or “landing bearings”. Within this document, the term “touch~down bearings” is used
as defined in ISO 14839-1.

The functional requirements for touch-down bearing systems so that clear performai
can be set;

Elements to be considered in the design of the dynainic system such that rotordynamic pg
can be optimized, both for touch-down bearings‘and active magnetic bearings (AMBs);

The environmental factors that have significantimpact on touch-down bearing system pe
allowing optimization of overall machine-design;

The AMB operational conditions that can give rise to contact within the touch-doy
system so that such events can be.considered as part of an overall machine design. It als
failure modes within the AMB system that can give rise to a contact event. This ensur
specification of the touch-down bearings covers all operational requirements;

The most commonly encountered touch-down bearing failure modes and typical mech
managing these events;

Typical elements.of'a design process for touch-down bearing systems including the speg
load requirements, the sizing process, the analytical and simulation methods employed
validation;

The parameters to be taken into account when designing a touch-down bearing system

be.used to ensure successful test execution;

The typical architectures of touch-down bearing systems to show which“components afre likely to

s”, “catcher
exclusively

\ce targets

rformance

rformance

/n bearing
b considers
es that the

anisms for

ification of
for design

hcceptance

test programme including the test conditions to be specified and the associated instrumfentation to

The condition monitoring and inspection methods that allow the status of in-service touch-down
bearings to be evaluated and when necessary identifying the corrective actions to be taken;

The factors to be considered when designing the maintenance regime for a touch-down bearing
system including the actions to be taken after specified events have occurred together with any

actions to be performed on a regular basis;

The factors to be considered regarding other life cycle topics (e.g. obsolescence management, de-

commissioning and disposal).
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2 Normative references

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

ISO 2041, Mechanical vibration, shock and condition monitoring — Vocabulary

ISO 14839-1, Mechanical vibration — Vibration of rotating machinery equipped with active magnetic
bearings — Part 1: Vocabulary

3 TermL and definitions

For the pui
ISO and IE
ISO On

IEC Elg

4 Gene

Rotating m
touch-dow
a failure ol
support t
without d

During not
and conseq
clearance v
rotor move

poses of this document, the terms and definitions given in ISO 2041 and ISO 14839-1 apy
[ maintain terminological databases for use in standardization at the following addresse

line browsing platform: available at https://www.iso.org/obp

ctropedia: available at https://www.electropedia.org/

ral structure and components

achinery equipped with AMBs is typically also equipped with touch-down bearings. T
h bearings are intended to support the rotor when the AMB system is not activated or du
overload of the AMB system. In these instances, the touch-down bearings are require

};Enrotor until either levitation is recovered or the rotor is brought to zero rotational sp

aging to other parts of the machine.

mal operation of the machinery, the touch-down bearings have a clearance with the r
uently do not apply force. The clearante’at the touch-down bearings is typically the clo
vithin the rotating machine. This ensures in the event of a problem with the AMB, when
s away from its normal “centred” operating position, the first item to make contact betw

the rotor and stator is the touch-down bearing. Such an event occurring during rotation is referre

as a “touch|
been categ
occurs or “

Touch-dow
constraine
touch-dow
achieved b

a)

b) twora

<)

two ra

D«

-down event”, “landing event’; “contact event” or “drop event”. Such events have historid
prized by some vendors,as_either “hard” landings, where a full de-levitation from high sp
soft” landings where either a partial de-levitation or a momentary contact occurs.

n bearings are required to constrain rotor movement in the degrees of freedom norm
d by the AMB _system. In the case of a rotor with two radial AMBs and one axial AMB,
h bearings afe-required to constrain the associated five axes of movement. This is typic
y using:

dial teuch-down bearings with a separate axial touch-down bearing;

122}

ese
ing
d to
eed

tor
sest
the
een
d to
ally
eed

ally
the
ally

(dia) touch-down bearings, each with a single acting thrust face; or

one radial touch-down bearing with a combined radial/axial touch-down bearing.

Touch-down bearings use a range of technologies, such as:

d)
€)
f)
g)
h)

stator

mounted rolling element bearings;

rotor mounted rolling element bearings;
dry lubricated plain bushings;
dry lubricated pad construction;

foil bearings;
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aero-static bearings;
fluid-film bearings; and

hybrids of technologies d) to j).

In most instances on large machines the touch-down bearing comprises of a rotor part (commonly
referred to as alanding sleeve) together with a stator part. The landing sleeve is intended to ensure that
no damage to the core shaft occurs on touch-down and typically is a replaceable item. An alternative
to the landing sleeve is to land directly on the shaft surface, which has a wear resistant coating or
treatment.

sup,

whilch is intended to improve vibration response during a touch-down event.

The compliant element can have these characteristics:

D)

Wh
tou
sha
disq

Sch

ported by a compliant element. The compliant element has an associated stiffness‘a

preload;

stiffness;

damping;

touch-down bearing hard-stop clearance.

bn considering the minimum design clearance at any.axial location, the total rotor ma
h-down bearings, which includes the clearance and‘\the touch-down bearing hard-stop

ussed in Clause 6.

bmatic drawings of typical configurations-are shown in Figure 1 and Figure 2.

The stator part typically comprises a low-friction element, which contacts the landing su:tace and is

damping

tion at the
clearance,

1 be considered together with other system stiffnesses and tolerances/concentricities. This is

©IS
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3
6 e
Z
7
1
9
Key
1  core shpft 6  preload spring
2 touch-down bearing housing 7  radial cleararige
3 rolling flement bearing 8 axial clearance
4  complignt element 9 landing surfaces (or sleeve)
5 hard stpp clearance

Figurd 1 — A typical configuration for a rolling'element touch-down bearing installation

For dry bysh type radial touch-down bearings'as depicted in Figure 2, the landing surface may be
either a cylindrical bush (which moves a$ a“single entity) or by articulated pads which are ablg¢ to
move independently of each other. In both cases the moving element(s) are supported by one or njore
compliant plements which provide baoth stiffness and damping within the hard stop clearance. In|the
case of thq pad arrangement, the,compliant elements also provide a defined pre-load force. In Qoth
cases the material of the landing-surface may be optionally bonded to a backing material with suitable
mechanical properties.

The conditjion of the toueh*down bearings can be of utmost importance in case of an AMB failure. [The
touch-dowh bearings shall be able to safely bear the rotor during an event such as momentary confact
or a full rupdown te-standstill. The stringent operational demands, such as high acceleration rates pand
high forceq, lead toxavery limited number of such events being allowed, thus the touch-down bearngs
are considé¢red consumable parts. However, replacing touch-down bearings which have not yet readhed
the end of their‘lifetime should be avoided. Therefore, condition monitoring of touch-down bearings is
essential.

5 Functional targets

5.1 General

This clause introduces the functional requirements for a touch-down bearing system that would
typically be communicated by a customer of such systems to the vendor. These requirements comprise
the conditions under which the touch-down bearing system shall operate, the limits to rotor excursion
that the touch-down bearing shall protect, and the lifetime that the touch-down bearing shall sustain.

4 © IS0 2022 - All rights reserved
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a) Radial bushing

— 7

16

11

— 18

I/%/]I L [ » A

b) {Radial articulated pads c¢) Axial fixed pads
Key
1 |coreshaft 10 articulated pad (landing surface)
2 llanding sleeve (optional) 11 rotorlanding sleeve
3 airgap 12 pad stop
4  bush landing surface 13 compliant element with preload
5  bush backing material (optional) 14 rotor stator clearance
6  compliant element 15 fixed pad
7  touch-down bearing housing 16 pad backing material
8 hard stop clearance 17 pad landing surface
9 articulated pad (backing material) 18 fixing screw

Figure 2 — Typical configurations for dry bush touch-down bearings

© IS0 2022 - All rights reserved 5
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5.2 Design life

Touch-down bearing design life requirements shall be agreed between the customer and vendor prior
to project execution and specific requirements can vary depending on the application. The touch-down
bearing system shall be designed to handle a minimum number of contact events without requiring
replacement or refurbishment. The agreed upon minimum number of contact events shall consider
both transient contact events (momentary contacts) and sustained contact events (rundowns) and the
maximum time period over which this capacity shall be sustained (effective service life of the touch-
down bearing).

Additional factors that can affect touch-down bearing design life requirements include, but are not
limited to:

a) the likelihood of abnormal process conditions;

b) hazardous environmental risks;

c) availability of a braking system (for sustained shutdown events);

d) power|grid reliability;

e) the availability of uninterruptible power supplies (UPS) for backup power;
f) machine availability requirements (see 6.2).

It is imporfant to recognize that the viability of the touch-down bearing can degrade over time duf to
environmental factors even if no hard or soft landings occur.

A means sHall be provided to estimate the status of the in-se¥vice touch-down bearing system in relation
to the design life requirements, without requiring a shutdown to perform the evaluation, see 8.3.

5.3 Clearance requirements

Permitted maximum motions within a machine*depend on other close clearances within it (e.g. tose
in labyrinth seals). The touch-down bearifigs are required to limit the motions to ensure there i§ no
unintended contact when running on the touch-down bearings.

Clearance fontrol within the touch-down bearing will yield a maximum clearance requirement for it.
This ensurgs that there will be no wnintended contact with other parts of the machine when operafing
on the touch-down bearings,Clearance will depend on the assembly and manufacturing tolerances
within thg complete rotor-and stator assembly, differential thermal effects, load cases, and other
application] specific forcesand shall take account of the rotordynamic response when running onfthe
touch-dowh bearings ahd-during transient events.

Permitted minimutn/clearances in the touch-down bearing will ensure no un-intended contact yith
the touch-downtbearing occur when the AMB is operating under specified conditions. This depend$
the manufjctiring concentricity tolerances of the rotor within the machine together with the nom|
clearances : SRR o . :
effects and other application specific forces need to be considered and taken into account.

Where lifetime factors are known to the machine designer, they shall be communicated to the AMB/
touch-down bearing vendor as part of the AMB functional requirements.

5.4 Life-cycle requirements

The touch-down bearing system shall require inspection or replacement if the accumulated damage
approaches or exceeds the design life requirements. The requirement for inspection or replacement shall
be evaluated if the touch-down bearing system is operated outside its intended design requirements,
especially for an extended period of time.

6 © IS0 2022 - All rights reserved
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Following inspection, the touch-down bearing system can require maintenance, which can include
refurbishment or replacement depending on the priorities at hand and spare parts will typically be
available in advance to minimize machine downtime. The vendor shall maintain a source of touch-down

bearing spare parts for an agreed period.

6 Touch-down bearing design considerations

6.1 General

system by the AMB/touch-down bearing vendor and is intended to support the tran
nctional requirements into design requirements. Many requirements can be deriv
the functional requirements where such information is known by the machine desig
y instances they need either to be synthesized by the vendor from the functional re
here this information is not known by the machine designer, estimated by-the vend

prigr experience. Touch-down bearings are included in AMB systems to provide backup g
rot¢r support in the rare situations where the AMBs cannot completely control the rotor.

situations are referred to as trigger events and are described in 6.2.

6.2 Trigger events

6.2]1 Overload due to abnormal process conditions

6.2{1.1 General

AMBs have a limited peak load capability chardcterized by saturation in their ferroma

ouch-down
sformation
bd directly
ner, but in
uirements

based on
r auxiliary
These rare

bnetic pole

es. When loaded beyond saturation, the rotor falls out of support and needs to be reta
h-down bearings to prevent damage to_the machine. Overload can be due to an abnor

pie
tou
con

ned by the
al process

dition occurring or unexpected external loading source. In many cases, design margins can be

included in the AMB sizing to provide extra capacity for such events; however, it is importdgnt to avoid

pro
to

conymon sources of overloadingforce are mentioned in 6.2.1.2 to 6.2.1.8.

6.2]1.2 Compressor surge

Although compressor surge is reasonably well understood, when it occurs, the affect on the A
system of the amplitude of the imposed load, its excitation frequency and frequency of oc
diffjcult to predict and depends on factors that are not always in the machine designer’s
son

called toueh=and-go) followed by recovery to continuous operation on the AMBs.

viding substantial unneeded capagity in the AMB system. Oversized magnetic bearings can lead
oor actuator bandwidth, undesirable rotordynamic characteristics, and less robust comtrol. Some

MB control
furrence is
control. In

e cases,ssufge results in short-term or intermittent contact with the touch-down bearings (also

6.2]153) Shock from seismic events, explosions or external impacts

These events are difficult to predict and can vary widely in magnitude and bandwidth. An AMB
system can be designed to meet specific seismic requirements, but seismic events beyond the design
requirements usually result in touch-down bearing impact. Occasionally, AMB systems are subjected
to large shocks (e.g. resulting from explosions or external impacts), which are generally expected to be
absorbed by the touch-down bearings.

If a shock load event is expected during the system lifetime, its amplitude and duration shall be defined
in order that it can properly be taken account of in the AMB design analysis.

© IS0 2022 - All rights reserved
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6.2.1.4 Sudden rotor unbalance due to the loss of solids built-up during process flows

Some turbomachinery processes result in a build-up of solid matter on rotor surfaces. Portions of this
build-up can flake off during operation resulting in a sudden unbalance. Often the resulting unbalance
is small enough to be acceptable for steady-state operation of the AMB, but the impulse created can
produce a short-term or intermittent contact on the touch-down bearings.

6.2.1.5 Sudden rotor unbalance from loss of a turbine blade or other partial failure

A failure of this type usually results in an unbalance load that is well beyond the capability of the AMB

system to

olerate and thus results in a substantial initial impact load hping qpp]ind to the touch-down

bearings, fi
a blade out]

6.2.1.6 A

For machiy
does not e
load that o

6.2.1.7 K

In a machi
excursion

touching a
encourage
rubbing ca
clearance 1
for such co

6.2.1.8 I

In some pr
that result

6.2.2 AMB control instability

6.2.2.1 (

The naturg
scenarios ¥
the rotor/A

6.2.2.2 1

bllowed by a full-speed spin down onto the touch-down bearings. For some types of mddh
failure is a design load requirement for the touch-down bearings.

Lbnormal motor loads - phase unbalance

es driven by electric motors, a phase unbalance can result in a radial load-on the rotor
kist in normal operation. Sudden loss of a phase during operation can"result in an imp
verloads the AMBs, resulting in touch-down bearing contact.

tub at machine close clearance

ne with an AMB control system, the touch-down bearinglearance shall be set such that
f the rotor from its rotational axis centre shall result.in touch-down bearing contact be
hy other stator element not intended to wear. Efficiency requirements in turbomachiy
seal clearances to be set at minimal levels in many, machine designs. However, uninten

hargin or seal concentricity relative to the touch-down bearing. Abradable seals are desig
ntact and their use is permitted.

iquid slugging

5 in touch-down bearing contact.

feneral

e of AMB compensator design is such that there often are frequency bands or opera
vhere the AMB forces produce negative damping for one or more natural vibration modg
MB/housing system. AMB design to avoid instabilities is covered in ISO 14839-3.

hadequate control robustness to allow for process variation

ine,

that
1lse

any
fore
ery
ded

ntact with a seal can occur when the AMB system design has not allowed for adequate

ned

ocesses, a slug of liquid can be introduced in the machine causing a shock or impulse load

[ing
s of

Inadequate AMB control robustness can arise from a range of process variations that generate
destabilizing forces, such as:

certain conditions (often characterized by cross-coupled stiffness);

stability margin to keep one or more modes stable under all operating conditions;

a)
b)
c) proces
d) variati
8

s fluid density much higher than predicted can result in higher destabilizing forces;

on in suction pressure results in higher destabilizing forces.

fluid dynamic forces in compressors, turbines and labyrinth seals can be destabilizing under

forces that are not adequately specified for the defined control scheme could not have the necessary
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6.2.2.3 Lack of slew rate margin to control the dynamic loads

To respond to dynamic loads an AMB has to produce a certain control current at a required frequency.
As the frequency increases, the required voltage to push the desired current through, the control
increases. Since power amplifiers are sized with some specific overhead (or bus) voltage, the voltage
demand of a particular load can exceed the available overhead. In this case the current is limited by the
maximum d//d¢t or current slew rate. This situation almost always leads to touch-down bearing contact.

6.2.2.4 Lack of power supply capacity to control the axial dynamic loads

AM
Add
if p1
the
thri

s generally imnose verv low real nower reguirements comnared to other tunes o
[=] J r J r 1 r J

itionally, in most cases it is straightforward to provide an adequately sized power suppl
ocess conditions impose unexpected axial dynamic loads, the AMB power requirements
design case due to the difficulty in predicting eddy current losses (which use real po
ist bearing.

bearings.
. However,
can exceed
ver) in the

6.2{2.5 Operation of a machine outside of its design case speed range

In Highly gyroscopic machines, such as those with single overhung impellers, the AMB confrol may be
gain scheduled. In this case the AMB control is adjusted based on spinSpeed. If the machine |s operated
abolt/e the design speed one or more rotor vibration modes can hesome unstable, resulting in touch-
down bearing contact.

6.2{2.6 Unexpected machine acceleration/deceleration profile

Duiling excessive acceleration/deceleration, fluid dynamic forces can be much larger than dgsigned for.

6.2)]3 Loss of power

6.2{3.1 General

AM
dea
the

B systems require an electrical\power source to operate. Loss of electrical power
ctivation of the amplifiers and shutdown of the control system. If this happens, the rotor
touch-down bearings. Genefally, some type of backup electrical power is included as

results in
drops onto
part of the

AM
isId

B control system design, sothat the AMBs will operate to allow safe spin down when exte
st.

rnal power

3.2 AMB systems-with no backup power source

b backup electrical power source is provided, a loss of power results in a rotor drop ontq the touch-

'n bearingsaat speed.

3.3, (System with an uninterruptable power supply (UPS)

systems, power loss should not be an issue unless there is a defect or failure of the UPS.

6.2.3.4 Systems that incorporate a motor/generator having a regenerative backup system

Such a system can generate enough electrical power to supply the AMB in the event of power loss;
however, the electrical power generator can drop out below a certain speed, often 20 % to 25 % of
maximum speed. Such systems generally have a relatively benign low-speed drop (e.g. without incurring
measurable system damage) as part of a system power loss event.
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6.2.4 Failure in the AMB system

6.2.4.1 General

Failure in some part of the AMB system generally results in a drop and spin down on the touch-down
bearings. Depending on the action taken by the controller, this can be a drop of one or more axes up to
and including a full machine drop followed by a spin down request from the magnetic bearing controller

(MBC).

6.2.4.2 MBC component fault

Failure of t
always res
more axes,

6.2.4.3 A

An actuatd
results in
power sup

6.24.4 1

A transdud
push ther
down bear

6.2.5 Mi
Misoperati

a)

the tou

there 4
i)

ii) ca

b)

inj

iii) ac
iv) in

c) the sys

soperation

the process flow spins the rotor while the'AMB is shut down, which results in the rotor runnin

he MBC power supply or a component or sub-system failure that stops the control prog
hlts in a five-axis drop. Other component failures generally result in loss of control /oh'on
followed by either a full or partial drop - depending on the control action taken,

\ctuator or actuator cable failure

r short or open circuit results in the inability to apply a reaction force to the rotor.
h loss of control and is detected as an excess displacement, excegs'eontrol current, or
bly voltage and results in a drop.

ransducer or transducer cable failure

er failure can result in an undesirable control action that applies the full force of the AM

ing loading.

on of the system occurs when:

ch-down bearings, possibly for some time;

re operator or maintenanc@errors, such as:

put power turned off;

bles become disconneécted during operation;
ridental cuttingof cables during operation;
rorrect igStallation of the touch-down bearings.

tem ig"sabotaged.

fam
e or

Chis
low

B to

ptor onto the touch-down bearings, adding an additiehal impact and static load to the tolich-

D

6.3 Trar

6.3.1 Ge

Isportation duty

neral

The touch-down bearings may or may not provide adequate support to the rotor during transportation.

Where the

rotor is not locked by other means this shall be addressed.

When a machine has its AMB control system turned off, the rotor is typically free to move throughout
the clearance defined by the touch-down bearings. This behaviour depends on whether the AMBs

incorporat
Standards

a) ASTM

10

e permanent magnets.
for testing response to mechanical shock, and vibration due to transport can be found in
D6344,
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b)
‘)

Importantly, these standards include power spectral density data for typical shipping scenarios, so
they provide a basis for the evaluation of possible damage to the rotor or touch-down bearings during
transport.

[SO 2244, and
[SO 13355.

In addition to mechanical shock considerations, transport can expose AMB equipment to corrosive or

abrasive environments unless they are sealed adequately.

6.3

In 4
cled
the

The

of ajn overload or loss of control by the AMBs so, in some sense, the transport or earthquak

is s

damage due to transport or earthquakes can take the same approach as is outlined in 6.

exc

AMBs without permanent magnets, the rotor is free to move throughout the touch:doy

touch-down bearings during transport or other events with high vibration levels (e.g. eat

2 AMBs without permanent magnets

rance when the AMB is not activated. This freedom to move can result in damage.to the

touch-down bearings are intended to prevent damage to the rotor and ftd-themselves i

milar to these anticipated operating events. As such, assessment ef.potential touch-doy

bea

confact surfaces of the touch-down bearing and rotor and can.instead, repeatedly contact §
point. This shall be considered in evaluating any potentialdamage.

AMB equipped machines are sometimes shipped dismantled so that the rotor is separat
resfrained. In such cases, there is no particular ceficern about impact damage to the roto
down bearings. For machines which are shippedfully or partially assembled, potential dan

rot

Wh
pro
as g
tou

cleg
sha

Ifa
con
the
pro

beal
rot([rs. Therefore, more adyanced solutions aim at centering the rotor within the touch-doxy

bption that the rotor is assumed to not be rotating when it makes contact with the t

vn bearing
rotor or to
thquakes).

h the event
b condition
vn bearing
7 with the
buch-down

ings. This lack of rotation means that touches are less liKely to be distributed over the working

r or touch-down bearings shall be considered.

bre damage during transportation or any other event is thought possible, a locking dev
vided to restrain the rotor. A locking'device fixes the position of the rotor radially and
result, any potential damage bybeuncing is minimized. In the simplest case, the rotor 1
h-down bearings is braced against the machine casing. Permanent static stress on the t
ings plus potential external'shocks during transportation can be critical, especially

t the same

e and fully

Ir or touch-

hage to the

ce shall be
hxially and
ying on the
buch-down
vith heavy
vn bearing

rance so that, ideally, it-no longer contacts the touch-down bearings. Any type of trapsport lock

| be removed before'commissioning the machine.

machine with AMBs is subjected to transportation without means to restrain the rotor and prevent

fact with the’touch-down bearings or it if is subjected to an earthquake shock, then the g
touch-dowtrbearing shall be evaluated after the shock event following the nonintrusive
redures\of’8.3.2 unless shock monitoring instrumentation has been installed on the m

ondition of
inspection
hchine and

indicates:the level of shock is within specification.

6.3

For machines using permanent magnetic biased AMBs or a permanent magnetic motor/generator, the
magnets produce passive radial and axial forces that pull the rotor against the touch-down bearings. As
a result, when the AMBs in these machines are deactivated, they can sustain higher levels of transport
or earthquake motion before the rotor can bounce in the clearance space and cause repeated impacts
on the touch-down bearings. For such equipment, it is not necessary to evaluate potential damage to
the rotor or touch-down bearings as long as the maximum casing acceleration is limited to a level below
the ratio of contact pre-load of the touch-down bearings to rotor mass. If maximum casing acceleration
exceeds this level, assessment of potential damage shall follow the procedure described in 6.3.2 for
AMB supported machines without permanent magnets.
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6.4 Failure modes

6.4.1 General

The touch-down bearings shall survive the specified contact events without failure. Examples of direct

ent failure mechanisms which can occur are:

accumulated wear due to normal touch-down bearing operation leading to subsequent failure;

yielding due to excessive load;

or subsequ
a)
b)
c) fatigug
d) excess
point;
e) excess
subsec
f) weard
g) corros
h) seizur
i) loss off
j) damag
k) undete

Other failu
rotor and
below yiel
rotor analy
together w
lead to low

The effect
design sta
corrosion (

Chemical d
materials f

Failure me

failure due to excessive stress cycles;

ve temperature resulting in welding or loss of material due to material reaching its mel

uent failure;

ue to contamination or lubrication failure;
jon;

e due to thermal growth and loss of clearance;
landing sleeve interference fit;

e to a compliant mount;

cted contact leading to subsequent failure.

re modes which can be eliminated by design are associated with stress limits in both
tator parts. Touch-down bearing design shall ensure that all rotor and stator parts
I at the maximum specified load as\determined by the rotordynamics analysis of 6.6.
sis shall take into account the shrink fit with which they are likely to be fitted to the s
ith the stress cycling associated-with each machine start/stop cycle. Inadequate design
Lcycle fatigue failure.

pof corrosive contaminants-and their associated pH levels shall be taken into account at
re, otherwise they canylead to premature failure of the touch-down bearings due to st
racking. In these casgs suitably qualified corrosion resistant materials shall be used.

ontaminants_(e.g. hydrogen or mercury) that can lead to embrittlement limit the choic
pr the rotor.

Chanisms'specific to each type of touch-down bearing are identified in 6.4.2 and 6.4.3.

6.4.2 R0|lling element failure modes

[ing

ve temperature resulting in a change of material properties (e.g. heat treatment) leadinig to

the
are
The
haft
can

the
Fess

e of

Failure mechanisms applicable to rolling element touch-down bearings include, but are not limited to:

a)

due to

b)

gas flow through it;

the contact zones between a raceway and rolling elements;

c)

raceway due to plastic deformation;

d)

windmilling, which can result in wear when an unloaded touch-down bearing spins continuously

fretting, which can result in wear due to repeated micro-slippage between fitting surfaces and in

brinelling, in which repeated impacts or static overload cause localized indentations in a bearing

skidding, in which high angular acceleration of a raceway can cause gross sliding of the rolling

elements due to inertia forces exceeding the contact forces required to maintain rolling traction;

12
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e) cage failure.

6.4.3 Sliding bearing failure modes

The primary failure mode for sliding bearing type touch-down bearings is wear of the dry lubricated
bush material. During each contact event wear of the dry bush material occurs. Eventually after
multiple contact events the clearance in the touch-down bearings exceeds a pre-defined limit which is
necessary to protect the other clearances within the machine. In normal service, touch-down bearing
wear is predictable and repeatable and can be remotely inspected by performing a clearance check.

The amount of wear that occurs dnring each contact event dpppnd< on:

a) [the applied load;
b) |the margin between the material peak surface temperature and its normal opefating temperature;
c) |the contact duration.

b) dnd c) depend on the braking torque available to bring the rotor to zeto speed (e.g. fluld dynamic
load, regenerative braking). The peak surface temperatures also depetad on the applied lopd and the
desjgn of the touch-down bearing stator and rotor.

Aggressively abrasive contaminants (e.g. sand) may be tolerated, if-appropriate material selpctions are
madle, but they shall also be factored into the design, otherwisé excessive wear of the pad material and/
or damage to the rotor sleeve can occur during contact.

6.5 Environmental factors

6.5]1 General

Thi} clause addresses:

a) |corrosion resistance;

b) |erosion resistance;

c) |particulate contaminatiof;
d) [liquid contamination;

e) |operating temperature;

f) |available coolinig flow.

Environmental factors to be taken into account in designing an AMB are discussed in 1§0 14839-2
and| in addition, touch-down bearings are expected to survive the conditions outlined there while
meg¢ting.the functional targets. The requirements set out in 6.5.2 to 6.5.6 do not supersegle those in
1SO12194.0 (;\]I p;lr‘rc) but are intended to highligh‘r the considerations to be taken into accoilnt that are

specific to touch-down bearings.

6.5.2 Corrosion resistance

When touch-down bearings are exposed to corrosive environments, this can lead to surface damage of
rolling elements, inner races, and outer races in rolling-element type touch-down bearings or to inner
and outer contact surfaces in bushing type touch-down bearings. Additionally, the compliant elements
are also likely to be sensitive to corrosive environments. This damage will lead to increased friction
in the event of a contact of the touch-down bearing and, consequently, degraded performance and
degraded service life. Therefore, it is important that any surface of a touch-down bearing exposed to a
corrosive environment is chemically compatible with it as to limit corrosive damage.
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6.5.3 Erosion resistance, particulate contamination

When touch-down bearings are exposed to environments containing erosive materials or particulates,
this can lead to damage to surfaces of rolling elements, inner races, and outer races in rolling-element
type touch-down bearings or to inner and outer contact surfaces in bushing type touch-down bearings.
This damage will lead to increased friction in the event of a contact of the touch-down bearing and,
consequently, degraded performance and degraded service life. Therefore, it is important to take
measures to prevent the ingress of erosive agents or other particulates into the touch-down bearings.
Where it is not possible to prevent the ingress of particulate contamination, inspection plans, that
establish the level of damage present, shall be defined in order to allow the touch-down bearings to be
changed befare failure (qpp 92 and ﬂ)

6.5.4 Liquid contamination

LCES

Liquid con
meant tor
liquid cont
down bear
potential b

6.5.5 Op

Itis genera
as the rotg
temperatu
ensured th
machine.

6.5.6 Ay

The design
flow throu
In applicat
touch-dow
requireme
cooling me

6.6 Rotc

6.6.1 Ge

Rotordynal

famination of touch-down bearings will alter the micro-mechanical interaction-of surf:
Il or slide against one another. If the touch-down bearings use either a wetror-dry lubric

ing performance shall be considered when liquid contamination is either inevitable or
y-product of off-design machine operation.

erating temperature

r and the AMBs. Sliding and rolling contact performance are both generally degraded
Fe extremes (either hot or cold) and compliant elements'can be similarly sensitive. It shal
at the touch-down bearings are tested over the expected operating temperature range of

hilable cooling flow

of the touch-down bearing will in some cases include a requirement for a minimum coo
bh the touch-down rotor stator cleatrance and/or through the touch-down bearing assen
ions where the available cooling flow is restricted, this can limit the available choice

ht compatible with the ayailable cooling flow. This includes the temperature range of
dium, range of pressure-and range of flow.

rdynamic modelling considerations

neral

mic simulation is used to predict motion and force at the touch-down bearings for mach

in critical

ifle-predictions of relative rotor-stator response sufficient to evaluate potential contac

ervice-thus providing key touch-down bearing design requirements. The simulations s

ant,

amination can degrade the effectiveness of such lubricants. The potentialdmpact on tofich-

is a

ly assumed that the touch-down bearings will experiencethe/same temperature environnfent

by
l be
the

ling
bly.
s of

h bearing. Whichever touch-down bearing design is selected, it shall have a cooling flow

the

nes
hall
t or

mic

modelling requirements to provide an adequate system model. Clause 7 describes the types of
simulation that should be performed to capture expected loading or event scenarios for touch-down

bearing op

6.6.2 Ro

eration.

tor and housing modelling requirements

6.6.2.1 General

Rotor and housing/casing models shall be able to reproduce the lateral as well as the axial dynamics of
the system.
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6.6.2.2 Rotor models

The rotor model shall describe the dynamics of the rotor before, during and after rotor-touch-down
bearing contact. Vibration modes significantly higher than the rotor speed can be excited by the impact
and so the models shall cover a frequency range, which is greater than the maximum rotor speed
(typically 5x to 10x maximum rotor speed). If the rotor has blades or bladed impellers, the importance
of their vibration modes to the overall system response shall be considered and if necessary, included
in the model.

The rotor model may be nonlinear but usually linear models are used and are typically derived from
a beam-element model or from a reduced finite element model. The granularity of the model shall
be $ufficient to allow the application of the expected forces and to predict the relative itor/stator
cledrance at all axial locations of interest. In practice, this means nodes or stations shallbe‘provided at:

a) |bearing locations (touch-down, magnetic, conventional);
b) [position sensors;

c) |seallocations;

d) |impeller locations;

e) |couplings or other added rigid components:

f) [balance planes;

g) |locations to represent added unbalance;

h) |motor/generator locations.

The topics to be taken account of in the rotor mogdel are:

i) [lateral modes/critical speeds;

j) |axial modes (e.g. thrust disk mode);

k) |impellers, blades and couplings;

1) |seals and associated fluid arid mechanical contact effects;
m) |motor magnetic forces;

n) |AMB permanentniagnet forces;

0) |material damping;

p) |lateralahd axial displacements and relative clearances at close clearance locations (e.g. tpuch-down
bearings, sensors, seals).

6.6.2:3—Housing/casing modets

Modelling the rotor is essential but in many cases housing vibration modes can be excited by rotor-
stator contact and contribute to the relative clearances and a dynamic model of the housing/casing
shall also be included in the simulation. As with the rotor model, nodes or stations should be provided
at all locations where forces will be applied. Displacement information is needed of:

a) bearing locations (touch-down, magnetic, conventional);
b) position sensors;
c) seallocations;

d) impellerlocations;
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e) motor/generator locations;
f) housing support locations;
g) non-rotating masses supported by the touch-down bearing compliant element.

The force transmitted between the rotor and housing is realized by the touch-down bearings in
combination with existing magnetic and fluid effects. In addition to the touch-down bearing model
itself, a model of the compliant mounts between touch-down bearing and touch-down bearing carrier
is required (see 7.2, Step 5 and Step 6). This component can be crucial to the behaviour of the whole
simulation model.

Requirems
h)
i)
j)
k)

nts for housing/casing models (which may be either linear or nonlinear) are:

relevant lateral and axial housing modes to be included;

compliant housing support characterization;

touch-down bearing compliant mount characterization;

material damping characterization.

6.6.3 Topch-down bearing soft mount design considerations

When a rdtor drops onto the touch-down bearings, the mechanigal bearing will typically proyide

relatively |
rotor/stru
and the st
touch-dow

ttle damping. This means that the rotor vibration response, as it runs down through var
tural resonances, can be very high so as to producé:unintended contact between the r
htor. Consequently, there is a desire to provide a damping mechanism associated with
h bearing and this is most readily and most cornmonly accomplished by adding complia

to the toud

h-down bearing by soft mounting it. This additional compliance would result in even la}

ous
tor
the
nce
fger

rotor resp
making th¢ mount softer requires reducing the touch-down bearing clearance in order to ensure
the total djsplacement (touch-down bearing clearance plus soft mount deflection) is small enoug
still protedt the machine. A good design achieves an acceptable balance between damping and amg
of rotor frge motion prior to touch-down bearing contact.

nse excursions during the touch-down event if no further action were taken. Consequeitly,
that
h to
unt

6.6.4 Topch-down bearing clearance design considerations

The total rfotor/stator relative displacement is a function of the sum of the soft mount deflection and
the clearapce in the touch-dewn bearing. Design of the clearance shall take into account expe¢ted
AMB unbalance response,response when running on touch-down bearings, realistic manufactufing
tolerances|and thermal-effects, and a good design seeks to minimize the total relative displacemient.

This is normally a subject of discussion between vendor and customer.

6.6.5 Frictionbetween the rotor and touch-down bearing design considerations

When a splnhing rotor makes contact with a stationary touch-down bearing, the initial slip inducks a
friction force applied to the rotor that opposes the spin. With rolling element touch-down bearings, the
contact quickly spins up the inner ring (or race) of the bearing to closely match the rotor speed, and
the remaining friction from radial contact is much smaller than the rolling friction of the touch-down
bearing. For a damaged rolling element touch-down bearing or for a poorly designed sleeve touch-down
bearing (one not having a properly low coefficient of sliding friction), the resisting torque can cause the
rotor to roll around the touch-down bearing clearance in reverse spin direction (backward whirl).

Additionally, friction at the axial touch-down bearing contact face produces a forward tangential force
on the rotor when the rotor is off-centre in the touch-down bearing. This force is proportional to the
axial contact force and to the friction coefficient between the rotor and touch-down bearing. This force
is the usual driver of low-frequency forward whirl during touch-down bearing operation. Such whirl is
commonly observed both in vertical machines and in horizontal machines that have high thrustloads.
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6.7 Contact classification/severity
6.7.1 Contact duration

6.7.1.1 Momentary contact

The AMBs quickly re-centre the shaft after a large excursion. Following a momentary contact, the
system returns to normal operation and a trip signal could or could not be generated. A momentary
contact is typically triggered by a short overload of the AMBs (e.g. following compressor surge).

ThgAMB vendor e 16 TITaXITUIT PR ArPC CcXCUTrSIior

2 2 g )ry contact
basgd on the application. This can be proprietary information.

Although the contact time is short it shall not be neglected and should be included in the damage
coupter of 8.4.

6.7{1.2 Longer-duration contact

If the contact lasts longer than the threshold for momentary contact time, it is considered 3s a longer-
durption contact. Subsequent behaviour is influenced by control action-as described in 6.8.2

6.7]2 Types of motion

6.7{2.1 General

The shaft can exhibit different orbit responses such asipendulum (rocking) vibration, combirled rub and
bouncing and full rub (backward or forward whirling), see Figure 3.

6.7{2.2 Bouncing

The initial transient motion of the rotontas it contacts the touch-down bearing, is typically bouncing,
wheére the rotor moves in a combination of radial and tangential directions until it contactq the touch-
down bearing and the contact impact produces some degree of reversal of the radial compdnent of the
motion, so that the contact is nearly immediately broken. This process typically persists fqr a period.
In most cases, bouncing decaysjand is replaced either by: forward whirl, backward whirl, o1l rocking. If
bouncing persists, the resultis an increased number of impacts and higher average load thdn a typical
tou¢h-down bearing event)

6.712.3 Rocking

In rocking motion, the rotor exhibits persistent contact with the touch-down bearings, but the motion
osc]llates around an equilibrium position typically aligned with the mass of the rotor, but [sometimes
it if alsotpartly controlled by the static loads acting on the rotor. In rocking motion, the ogcillation is
angular'with the angular amplitude less than 180°. This is the most benign persistent rofor contact

behlavdourandresultsinthe least damage both tothe rotorand the touch-down haaringc
o

6.7.2.4 Forward whirl

Forward whirl is generally induced by mass unbalance in the rotor or friction at an axial contact
face (e.g. axial touch-down surface). It can also be induced by fluid dynamic cross-coupling. In fully
developed forward whirl, the rotor axis exhibits a circular motion with a direction the same as that of
rotor rotation. At the touch-down bearings, the motion is large enough that the rotor stays in contact
with the touch-down bearings throughout the whirling motion. The frequency of the motion can be the
same as the rotational speed (synchronous forward whirl) or it can be at a lower frequency.
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6.7.2.5 Backward whirl

Backward whirl is generally induced by rotor-stator friction at the radial contact surface, although it
can also be induced by fluid dynamic cross-coupling. In fully developed backward whirl, the rotor axis
exhibits a circular motion with a direction opposite to that of rotor rotation. At the touch-down bearings,
the motion is large enough that the rotor stays in contact with the touch-down bearings throughout
the whirling motion. The frequency of the motion can be significantly higher than the shaft rotational
speed or it can be at a lower frequency. Fully developed backward whirl in the clearance of the touch-
down bearing involves very large contact forces at the touch-down bearings due to centrifugal forces
with a very high potential for rotor and touch-down bearing damage, so it shall be avoided.

Key

A U1 A W DN

18

shaft ge
shaft rq
motion

c¢) Forwardwhirl

ometric centre
tational-direction

of the'shaft geometric centre

mass upbalance

d) Backward whirl

touch-down bearing landing surface

contact

area

Figure 3 — Rotor orbit motion types when making contacts with a touch-down bearing
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6.8 Control actions following touch-down bearing contact

6.8.1 General

The actions taken by the MBC following touch-down bearing contact strongly influence the resulting
severity, character and duration of the touch-down event. Introducing braking to quickly reduce the
rotational speed of the rotor, results in less cumulative damage during a particular touch-down event.

6.8.2 AMB controller action

Optffos for controtter action fottowing toUCT-doOWIT Dearing contact inciude:
a) |recovery of controlled levitation within a pre-set time;

b) |unsuccessful recovery within pre-set time, leading to some combination of theseactiong:
i) modification of control and attempt to recover levitation;

ii) delevitation followed by relevitation after a pre-set time delay orlower speed;
iii) attempt to recover levitation and issue a trip request to the system controller;
iv) delevitate and issue a trip request;

v) delevitation followed by relevitation on a redundantAMB controller.

c) |modification or suppression of alarm/trip warnings\fer known events (e.g. expected impulse).

6.8]3 Plant/variable-frequency drive control actions

In specific applications, one or more of these s¢eénarios can apply during spin down and affeqt rundown
spepd versus time:

a) |rundown with compressor braking-(consider lowest power scenario);

b) [rundown with regeneration/resistive braking and anti-surge valve open;
c) |rundown with compresser’braking and regeneration/resistive braking;
d) [rundown with regeneration/resistive braking;

e) |rundown with.mechanical braking;

f) |steam/turhifi€ generator scenarios involving torque resistance;

g) |rundown

Regenerative systems rely on having a connection to a power grid or have brake resistors tp bring the
rotérto-arapid stop.-Single point failure modes that can result in bo ing and the
connection to a grid being lost shall be considered as part of the design.

7 Design and design verification

7.1 General

Where there is a temporary or sustained overload to the AMB, an AMB component failure or the AMBs
are switched off, touch-down bearings are used to support the rotor. In the case of overload or failure,
it is important that the touch-down bearings can withstand the impact of the rotor (e.g. a rotor drop)
onto the touch-down bearings, at any operational speed and the subsequent rundown to standstill. It
is hence necessary to follow a systematic design process in order to verify the design and durability of
the touch-down bearings to ensure the protection of the facility personnel and machinery. The design
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verification of the touch-down bearings is achieved using a combination of simulations, calculations,
component tests and drop tests. The objective is to show that the touch-down bearing does not fail
in relevant modes (e.g. the rolling elements do not break, the raceways do not deform, lose hardness
or melt), the air gaps and tolerances are large enough to prevent dangerous contact between machine
elements. 7.2 presents a systematic design process.

7.2 Design process details

Figure 4 provides an indication of the design process flow logic, which is explained in the following
steps.

Step 1: Functional requirements
The main dlasses of functional requirement are:
a) load cdse requirements:

i) selection of important failure cases that lead to a contact events according:to a risk analfsis
(efg. power loss, component failure, excessive process forces). Consideratiorn of additional fofces
due to operation of the shaft away from the touch-down bearing centre’should be includefd in
the requirements;

ii) brpking conditions (e.g. active braking, process braking, friction braking);
iii) repction strategy of the magnetic bearing controller;

iv) load duration (e.g. full rundown from operational speed to zero speed, intermittent contlact,
speed versus time curve); and

v) number and type of allowable contact events.
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Figure 4 — Design process flow diagram

b) environmental requirements:
i) temperature;
ii) heat transfer mechanisms;
iii) pressure;

iv) humidity;
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v) composition of surrounding medium; and

vi) dust.
¢) production and maintenance requirements:

i) dimensions and tolerances, fixation method used on pedestal/housing;

ii) ease of assembly and installation;

iii) accessibility for inspection and maintenance;

iv) lubrication requirements;

v) maintenance intervals;

vi) ingpection plan;

vii) eape of inspection;

viii)eafpe of component replacement;

ix) trgnsport requirements.
d) certifigation requirements.
Environmgntal and production/maintenance requirements are.mainly fulfilled by selecting prd
materials gnd dimensions for the touch-down bearings. In orderto'define the nature and duration of
loads that will be imposed on the touch-down bearings during Service, it is necessary to clarify which
load cases fa touch-down bearing shall withstand. Since net\all cases can be covered, it is necessar
select the most important ones (e.g. the likelihood of an.event and its severity) with the first step b
to define apd select those for which the touch-down bedrings are intended to be used for. Case selec
shall take pccount of response actions taken by the AMB control system, the process control sys
and, wherd applicable, the safety system (e.g. valve-actuation, active braking, different braking prof
recovery sfrategies of the AMB control system].
These casgs are useful for use in subsequent development processes and they offer high-l

descriptions for customers and engineers on site, which are useful for integration of the machiner

high-level 1
Step 2: Dy

Dynamic s
touch-dow
in these si
service, the
as discussg

isk analyses and operational safety procedures.
namic simulation plan

mulations are used to calculate forces, loads, stresses, deflections and temperatures wi
h bearings and.the machine due to the load cases described in Step 1. The level of de
mulations shall be adequate to arrive at the desired outcome. For machines in non-crit
 detailed simulation process may be bypassed if the designer can show that it is unnecesg
d in Eigure 4, Decision Point A.

The dynan

y in

hin
tail
ical
ary

ie-simulation plan consists of:

a)
b)

i)

The simulation setup, e.g.:

full multibody simulation;

ii) finite element simulation;

iii) simulation software; or

22

The cases to be simulated including those cases that can be used to calibrate the simulation models;

© IS0 2022 - All rights reserved


https://standardsiso.com/api/?name=fd359fedbf4ea34bf36a0afc231bc77d

‘)

ISO 14839-5:2022(E)

iv) no simulation performed (only for machines not critical for operations).
The definition of simulation parameters, e.g.:

i) rotational speed of the rotor;

ii) mass eccentricity distribution of the rotor when supported on touch-down bearings;

iii) braking torque versus time;

iv) rotor position prior to the touch-down event;

d)

Ste

v) direction of rotor movement/acceleration prior to the touch-down event;
vi) direction, magnitude and dynamics of additional forces;
vii) heat transfer mechanisms.

The assignment of numeric values to the parameters defined in Step 2¢) and for the cases
Step 2a).

Simulation outcome, for example:

i) forces;

ii) stresses;

iii) heat generation estimates (e.g. temperatures ofitorch-down bearings, rotor and stat
iv) tilting and deflection of the rotor;

v) statistical certainty of the simulation results;

vi) eigenvectors of the rotor system.

b 3: Design requirements

defined in

or parts);

Sonpe of the design requirements- are taken directly from the collection of functional requirements,

dim
dyn
tou
the
The
a)

b)

)

ensions and tolerances, while others need to be calculated (e.g. by dynamic simulat
amic simulations require_a defined design (e.g. dimensions, number of balls for rolli
h-down bearings, materials, assumptions about stiffness and damping values) as simulz
determination of the\design requirements is generally an iterative process.

design requirements for touch-down bearings shall take into account:
dimensions-of the bearing and its parts;
peak Stresses and required stress margins for the raceways and balls;

susface pressure in the contact zone;

ion). Since
hg element
ition input,

d)
e)
f)
g)
h)
i)
)

©IS

peak temperatures and required temperature margins;

fatigue cycles (e.g. S-N curve) and fatigue life assessment;

corrosion resistance;

maximum allowable speed;

force limit depending on the tilting angle;

lubrication and lubrication related (e.g. maintenance) requirements;

damping properties.
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Step 4: Bearing design and selection

Based on the requirements of Step 3 it is possible to select bearings from a catalogue or, if a suitable
bearing is not available, a new bearing can be designed. For a new developed design, it is necessary to
prove that the required properties are fulfilled by a combination of calculation and measurements.

The data sheet for the bearing unit shall include:

a) geometric properties as defined in the drawings, confirmed by measurements including protocols
(e.g. dimensions, inertia, groove factors, contact angle);

b) dampipgand-stiffress{asintroduced-by-materialor-design)e-georrugatedribbon:

c) tolerainces (e.g. rotor sleeve eccentricity);

d) lubricdtion and lubrication related requirements (e.g. maintenance);

e) preloaf;

f) numbdr of balls;

g) bearing friction (resisting torque);

h) ball sgin frequency (BSF), ball pass frequency inner ring (BPFI)/ball pass frequency outer fing
(BPFO);

i) maxinfum allowed force/stress on raceways and balls;

j)  maxinjum allowed impulse;

k) material properties, including stiffness, yield strength, tensile strength, breaking strength, pnd

tempe

Step 5: Bearing/bushing and compliant supportrequirements

For a dyn3
most cases
damping. ']
that need t

Decision K

Dynamic s
down bear
of detail in
critical ser
unnecessa

fature behaviour.

, a compliant (or resilient) mount’is used to reduce the effective stiffness and to introd
hus, the direction-dependent stiffness and damping properties are essential parame
o be considered.

oint A: Is a dynamicsimulation required?

ings and the mhachine in accordance with the simulation plan described in Step 2. The 1
these simuldfions shall be adequate to achieve the desired outcome. For machines in 1
vice, the detailed simulation process may be bypassed if the designer can show that
"y. This-¢hoice could be made as a result of to prior experience with a similar design

design re

in critical [applications (e.g. where premature failure of the touch-down bearings results in sa

icéntents (e.g. benign loading conditions and fast spin down times). For machines

mic simulation, it is necessary-to~define the touch-down bearing support propertieq.

In
uce
ters

imulations are dsed to calculate forces, loads, stresses and deflections within the tofich-

bvel
on-
tis
and
sed
fety

concerns, unacceptable down time to the machine or the overall system), a dynamic simulation sha

1 be

performed.

If a dynamic simulation is to be performed, the next task is Step 6, as a result of the next step is Decision
Point D.

Step 6: System model

The system model comprises the complete machine setup including the rotor, bearings, support and
foundation, and current best practice is to use a transient, nonlinear rotordynamic simulation. The
objective is to obtain an adequate representation of the dynamic properties of these components with
respect to their motions, forces and stresses so as to be sure that the simulation provides an adequate
representation of the system and that the results can be relied upon as described in Step 2. These values
provide a basis for deriving design requirements as described in Step 3.
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The simulation setup is usually based on using a physical modelling approach (which allows
extrapolation) taking into consideration the characteristic properties of the touch-down bearings
and the machine setup (e.g. stiffness and damping of the balls, raceways and the compliant support as
applicable). The system modelling can be undertaken with different levels of abstraction. These two
approaches with respect to their internal model structure are commonly used:

a) Approach 1:

| and 2);

e dynamic

i) touch-down bearing free clearance (deadband);
ii) rotor/inner ring contact stiffness;
iii) compliant mount stiffness, damping and hard stop clearance (see Clause 4, Figures
iv) detailed ball bearing model that accounts for ball/race stiffness, ball and, ring dypamics and
temperature;
v) calculation of Hertzian contact stress, subsurface and surface shear stresses; and
vi) damage and/or life assessment based on stress amplitude and cycles.
Approach 1 has the advantage of producing a stress and life estimate together with th
analysis.
b) |Approach 2:
i) touch-down bearing free clearance (deadband);

rotor/inner ring contact stiffness;

iii) compliant mount stiffness, damping and-hard stop clearance (see Clause 4, Figures ] and 2);
iv) bearing stiffness represented by speed-dependent force versus deflection curves t¢ represent
the ball race interaction; and
v) analysis for temperature effects, stress and life assessment are performed separately after the
dynamic analysis.
Apgroach 2 has the advantagé of having a much faster run time and higher stability allowing numerous
parpmetric studies to be performed in a given time.
Besjde the internal mgdel structure, the system model defines the interfaces, e.g. the simulgtion input,
the|simulation output'as well as the model parameters that are used to adjust the simfyilation. An
incgmplete list ofysuch interface parameters is:
c) |simulation'‘input:
i) « static loads on the rotor;
ii) r]ynamin loadsonthe rotor;
iii) unbalance loads;
iv) whirl loads - estimate from natural frequency;
v) process loads;
vi) impulse or transient loads and durations; and
vii) braking curve.
d) simulation output:
i) dynamicloads on the bearings and its parts;
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ii) transient temperatures in touch-down bearings;
iii) analytical load, power dissipation, displacement and temperature predictions using external
loads, speed, time, temperature; and
iv) motion of the bearing and machine parts.
e) adjustment parameters:
i) damping of the bearing and the support;
ii) stiffness of the hpnring and the support;
iii) friction coefficients;
iv) rofordynamic description of the rotor; and
v) parameters representing tolerances in the setup (e.g. clearances).
Since such|a model is complex, it is highly advisable to use either already available commercial or
proprietary software. If proprietary software is used, it should be developéd )in accordance with a
structured| development process which includes appropriate quality assurancé’measures.
Independent from the modelling approach used, the system modelsshall:
f) be able to simulate the cases as described in Step 1 and Step 2;
g) offer 4§ method to calibrate the model, in particular where to obtain the values for the m];(liel
pararz[ters (e.g. data sheets, documented tests, text books, assumptions) and how to apply them;
h) provide a method that can be used to evaluate the.model quality, which is particularly imporfant
to estimate the reliability of the calculated resultsé@dnd to evaluate possible residual risk resulfing
from the uncertainties used.
Step 7: Dypamic system simulation
The systerh model is used for dynamic simulation in order to obtain an estimate as to whether|the
touch-dowh bearing design will function'in the applications described in Step 2. The output of|the
simulation|as described in Step 6 together with its estimated uncertainties shall be compiled in a report
for a later romparison against the\limits given in the bearing data sheet and the limits resulting ffom
the machir]e design.
Together with the simulatign results, it is necessary to document the input data used as well as|the
simulation| parameters-and their origin. In particular, the usage of assumed values shall be cleprly
marked sol that an evaluation of the uncertainties can be carried out and a decision can be made
regarding whether‘calibration tests are required to reduce the residual uncertainty in the simulafion
results.
Decision Hoint B: Working design?

Before starting the manufacturing phase, it is necessary to evaluate the design based on the results of
the calculations and simulations carried out in Step 7. This decision point comprises of a comparison
of the simulation results with the limits of the bearings and the other parts of the machine design.
Exceeding any of the limits requires a change in the design requirements (e.g. a return to Step 3). If it
is not possible to modify the design requirements, even a modification of the functional requirements
could be envisaged.

If the simulation results are within the limits of the bearing and machine design, it is then possible to
proceed with the manufacturing and assembly of the bearings.

Decision Point C: Model calibration tests required?
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Depending on the simulation setup and the uncertainties resulting from unknown parameter values, it
can be necessary to obtain further information for use in the system model calibration by performing
calibration tests.

This decision depends on having prior experience with similar designs, quality guidelines and a risk
analyses. In many cases, it is possible to estimate unknown parameter values by interpolation or
extrapolation of the information from previous projects that have implemented the designs.

If tests are necessary to obtain unknown parameter values then the next task to perform is Step 8,
otherwise the next step is Decision Point D.

Ste

The
unk
the
and

D o: Machine test plan 1or model calipration

test plan for model calibration comprises of performing tests for determinidg)dn
nown parameter values for inclusion in the simulation model and carrying out an es
r uncertainties. The test plan shall include tests for training (estimating the-model p
validation (confirming that the estimated model is fit for purpose). Repeatability te

I inferring
imation of
hrameters)
sts can be

included in the test plan in order to estimate parameter uncertainties. Tests,for model calilpration can

be

Typical parameters that can be identified by calibration tests are stiffnesses/compliance

coe
Fur]
a)
b)
<)

d)

Ste
Per
Ste

Int
test
the
nec
to €

Thd

erformed as necessary in the completely assembled machine or in parts.of the machine.

ficients, friction coefficients and actual dimensions of parts after manufacturing.
thermore, a test plan shall contain the criteria for the evaldation of the model quality, su
resonance frequencies;

rundown time-frequency analysis;

rotor deflections as measured at the position sensors, including rotor deflection an
height due to the first impact;

pedestal vibration data.

b 9: Tests for model calibration
form the tests described in Step-8.
b 10: Model calibration

his step, the unknown/parameters are inferred from the training data gained from the
s. The parameter estimates are validated against the validation data of the calibration
quality criteriayspecified in Step 8. In order to achieve a sufficient level of generali
bssary to strictly separate training from validation. The data from the repeatability tes
stimate the(statistical uncertainty of the inferred parameter values.

dynamic simulations described in Step 7 are repeated with the now calibrated model.

Dec

5, damping

'h as:

d rebound

calibration
tests using
vation it is
s are used

ision Point D: Are design verification tests needed?

Depending on prior experience from existing designs or customer requirements it can be necessary to
validate the simulation results by performing tests in a real machine setup. Parameters that could be
taken into account when deciding whether to perform tests on a real machine can include:

a)
b)
c)
d)
e)

rotordynamics;

rotor speed and dimensions of the touch-down bearings;
touch-down bearing design;

external loads;

control actions taken in response to a failure in the AMB system.
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These and other criteria can be used in a risk analysis that informs the decision regarding whether
additional tests using a real machine setup shall be performed.

Step 11: Machine test plan for design verification

Tests in the machine setup are used to excite the whole system and to measure the related responses.
Often, the excitation is performed by dropping the rotor into the touch-down bearings at different
speeds - (drop tests).

In principle, there are various ways to accomplish a drop, e.g. by:

. : £€ £rlbo AND ol
a) SWltCh‘luS OTT OTIC OT THOT COT I 7YV D COTITT OT aACS;

b) applyihg an additional force vector which pushes the rotor into the touch-down bearingscapplying
a largd off-centre set point for the closed-loop control;

c) activafing an unstable closed-loop controller (possibly difficult to choose).
The object]ve of the drop test is fivefold. A drop test can be used to:

d) calibrdte the simulation model, which is particularly useful as it excites‘\the whole system with
sufficient energy during touch-down;

e) confirin the correctness of the simulations (in particular for th€ scenarios described in Stgp 1
and Stpp 2) by determining the estimation errors and the statistical uncertainty of the predig¢ted
resultg, including forces, stresses and deflections;

f) provide verification data for effects that are difficult to~simulate with respect to the prdper
functigning of the design such as when other damage;¢ecurs (e.g. cracks, the generation of mgtal
particles, overheating, permanent deformation, wear‘and component loosening);

g) provide the final verification of the proper funetioning of the test set up (e.g. during a customer
acceptpnce test);

h) help tp identify damage progression_dind to support the development of vibration condifion
monitgring acceptance criteria.

Once the dfop test has been performed;‘additional inspection and analysis of the touch-down bearings
can be cartied out, e.g.:

i) optical inspection;
j) crackinspection;
k) rollingelement bearing condition monitoring (vibration and sound analysis);

1) temperaturemeasurement;

m) endos¢opicanalyses;

n) chemical abrasion analysis.

The successful outcome for the drop test depends on carrying out thorough test preparation. As a first
step, a test plan shall be written including tests that have been simulated before and those described
in Step 1. As part of completing the actions for Decision Point B, it is shown that the forces, stresses
and deflections do not exceed the limits of the touch-down bearings and the machine. Furthermore, it
is possible later on to validate the simulation results against the measurements taken from a drop test
and hence to increase confidence in the simulation results that are not verified by carrying out a drop
test.

An essential part of the test plan is to clarify how the drop test cases can be implemented in a test
environment (e.g. how the simulation parameters can be brought in line with the capabilities of the test
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facility). Careful planning shall ensure that the measured signals are in alignment with their simulated
counterparts (e.g. direction of the measured vibrations, deflections).

Part of the test preparatory work is to define the quality of the measurement chain (e.g. with respect to
noise, disturbance, sampling rate, synchronization and bit resolution).

Since potential damage to the touch-down bearing could be heavy, it is essential to carry out a risk
analysis and to have a working safety concept in place in advance of performing drop tests. The drop
test go/no-go criteria shall be evaluated after each drop test.

Prior to starting the tests, it is necessary to define a documentation concept so as to be able to handle

(e.g
of t
dro
Ste

Thd

beafrings (e.g. by performing an initial fingerprint ball bearing condition monitoring run).

Thd
itis

a)
b)

A

d)
e)
f)

Fur|
med

mo
and|

In ¢
sigr

g)

qu:ﬁity criteria from Step, 87 Where differences are apparent, it can be necessary to re-cg

he safety concept, it is required to define analysis procedures that shall be performed b
p tests. In particular, investigations that cannot be covered by simulations shall be,plann|

p 12: Machine tests for design verification

drop test starts with the determination and documentation of the initialstate of the t

execution of the drop test shall follow the test plan described in Step-8-After each drop is
necessary to establish the state of the touch-down bearings. In particular:

ball bearing condition and monitoring status;

to evaluate the dynamic measurements taken to checkfor-any increase of the BSF or the o
of the BPFI and BPFO;

to establish the quality of the measurements taken (e.g. suitable frequency resolutioy
measurement, bit resolution);

optical inspection (e.g. using an endoscope camera);
crack inspection;
chemical analysis of any abrasions (e.g. by metallurgical analysis).

thermore, after each drop-itis necessary to compare the results of the prior simulation
isured signals in order to-eontinuously evaluate the quality of the simulation model bg

el and to re-run thiesdrop test simulations in order to more accurately predict the expe
stresses;and tocevaluate the potential risk of failure during the remaining drop tests.

ases where<the simulation is bypassed, but the verification tests were performed, the
als shallbereviewed for

charaeter of the trajectory during drop and spin down, for instance, looking for the exis

sforage, data formats, analy51s Sof tware) the liuge amount of data which will be recorded. As part

btween the
ed.

buch-down

berformed,

ccurrences

, length of

hgainst the
sed on the
librate the
cted forces

measured

ence of

i)~ forward or backward whirl and associated whirl frequencies,

h)
i)

ii) rotor rocking, and
iii) rotor bouncing in the clearance space;
peak relative rotor/housing displacement compared to critical machine clearances, and

temperature rise versus drop time (when measured).

Step 13: Preparation of quality documents

In order to arrive at a final decision for the AMB design approval, the simulation results and the test
results shall be compiled into a document which shall be used to provide the basis for making the
decision.
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Decision Point E: Approval?

Based on the documentation compiled in Step 13 a decision regarding the design approval can be made.

7.3 Documentation

In order to achieve traceability of the verification process and the test and simulation results, it is
necessary to have a documentation concept in place, which describes the

a) model setup and parameter values used,

b) measufrements taken, certificates and sources of information used,

c) the dr[p test setup and, in particular, the measurement equipment used and their positipns,
d) modeljquality/statistical certainty (e.g. simulation versus measurement, root-mean:-square error);
e) simulation results - in relation to the parameter limits set, and

f) the verdict.

8 Condjtion monitoring and damage estimation methods

8.1 General

This claus¢ describes methods that can be used for the condition monitoring of touch-down bearngs
and how t¢ estimate their in-service status and the triggerifig of corrective actions when necesspry.
Damage td the touch-down bearings can be estimated either by using operational event triggdred
measuremgent data or from performing an inspection. Fhe collected data are analysed either onlinfe in
real-time Hy the MBC or offline using more advanced;higher order, algorithms.

8.2 Event detection and data capture

8.2.1 Coptact detection

A contact is detected by a radial or ‘axial displacement of the shaft exceeding a predefined threshold.
Such a predlefined threshold shall be'less than the touch-down bearing clearance.

Other signpls could also bg-used to detect touch-down such as those generated by inner race speed
probes, forcce transducersor-accelerometers.

Regardlesq of the method used, the control system shall continuously monitor for contact events.

8.2.2 Coptactievent

A typica] method to determine if a detected contact is }'nr‘lgpr‘l acontacteventistorequire thattherotor

speed exceeds a specified threshold and the contact has duration longer than a specified minimum
time. The minimum speed threshold and the minimum time depend on the application.

Alternative methods such as filtering of the contact signal can be deployed to achieve the same purpose.
Contacts that do not meet the event criteria are disregarded.

Examples of trigger events that can cause contact events are given in 6.2. The control system shall
record contact events and counter increments together with other data (e.g. rotor speed, displacements,
currents) for analysis.

Following touch-down, the shaft can exhibit different contact signal signatures which indicate different
load cases of the touch-down bearings (see 6.7). The condition monitoring system shall consider this
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and distinguish different load cases with regards to contact time and signal signature and quantify

them.
8.3 Inspection
8.3.1 General

Inspection can be required in order to verify the condition of the touch-down bearings following a
contact or on a periodic basis (as defined in the inspection plan). These inspections can be categorized
into two classes:

a)

b)

Any

inspection indicates a problem, an intrusive inspection shall be performed.

8.3

8.3

A 1
of t
con
the
dec
dep

8.3
Ad

estimating the actual braking\torque and comparing it to a reference value, possible def

tou
by
tou

In addition to the{ouch-down bearings, process gas also causes a braking torque on the rot

to 1

non-intrusive, where disassembly of the machine is not required to access the touch-dow
and it can be brought back into service as quickly as possible;

intrusive where, as a minimum, partial disassembly of the machine is required’in orde
the touch-down bearings in order to bring it back into service.

inspection shall start with the non-intrusive inspection. In the ewvent that the no

2 Common techniques in non-intrusive inspection

2.1 Clearance check

he touch-down bearing. The levitated rotor is shifted off the centre towards the inner r:
fact is detected by a steep increase in coil currént. The sensed displacement at the cont
clearance. It is assumed that a certain deviation of the clearance from an initial value (
Fease) indicates a degradation of the touchsdown bearing. The choice of the threshold
ends on the system and shall be specified by the vendor.

2.2 Touch-down bearing low-speed rundown test
bfect in a touch-down bearing can increase the braking torque, which it transfers to th
h-down bearings can bg identified. The braking torque from the touch-down bearings i

measuring speed curves over time (rundown curves) after the rotor has been dropps
"h-down bearings.atalow rotation speed.

hinimize itsififluence, each time a calibration rundown measurement is performed in|

r is not dropped, but only the drive is stopped, the values from the calibration curve are
those:inthe measurement data of the dropped rotor and the differences are evaluated.

n bearings

r to access

h-intrusive

odified clearance between the rotor and touch-downibearing can be an indication of degradation

ice and the
hct point is
ncrease or
for failure

e rotor. By
ects of the
estimated
bd into the

br. In order
which the
subtracted

re.5'shows a schematic representation of the values obtained using this procedure.
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Figure 5 — Schematic representation of low-speed rundown measurements

5t one or two drops and rundown before starting to degrade after subsequent drops.

orescopic inspection

e can be used to detect pdrticulate and/or liquid contamination and heavy damage off
h bearings without the-need for disassembling the machine. It depends on the desig
nd machine whether thistechnique can be used.

all pass frequency measurement

transducers allow for the measurement of ball pass frequencies:

qnd

A new touch-down bearing can initially exhipit a reduction in braking torque (improved performapnce)

the
h of

¢ BSF.

At a constant low speed (e.g. 600 min'1), perform a frequency analysis of the BPFI, BPFO and BSF and
compare the results with the stored values.

8.3.3 Intrusive inspection

When an intrusive inspection is indicated by 8.3.1 or a scheduled offline inspection cycle, a detailed
inspection of the touch-down bearings can be required. Such an inspection will require, at minimum,
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partial machine disassembly to gain access to the touch-down bearings. The aim of such an inspection
isto

a) evaluate the cumulative damage and estimate residual life of the bearings in terms of number of
survivable worst-case rundowns,

b) provide data for future optimization of the touch-down bearing design, and

c) provide dataforimproving the online or offline damage estimation algorithm (condition monitoring
system).

8.3 g—ddesertbes—a—sequenee 6 3 g—t1e P t not all of
the|steps will be necessary in every situation. Determination of the level of detail sheuld| be agreed
beteen vendor and customer with consideration given to the level of risk and cost to.be talgen.

d) [Document and photograph touch-down bearings as received for inspection to

i) optically inspect and photograph the assembled bearing, noting any-accumulation of dirt or
contaminants, corrosion, wear, and other defects,

ii) collect samples of the remaining lubricant (if any) and/or contaminants for laboratofy analysis,
and

iii) make a qualitative assessment of the rolling surfacesby manually turning the bepring. This
can identify heavy brinelling or other damage; however, this may not be definitive| due to the
possible presence of dirt and debris in the bearing:

iv) make a quantitative measurement of breakaway torque, and
v) measure the bearing radial play (internalcléarance).
e) |Disassemble the bearing and document the“condition of its components:

i) Optically inspect and photograph the inner and outer raceways, landing surfaces, bgll surfaces
and other features of interest:ldspection and photographs shall be made with several levels of
magnification. Note any aceumulation of dirt or contaminants, corrosion, lubricant condition,
wear, denting, ball scratches, and other material defects. Note any evidence of wear such as
denting, brinelling, ball\scratches, spalling, galling, bluing or other visible signs of wear.

ii) Clean the bearing with a solvent compatible with the materials of the various cqmponents.
Note that depending on the application, the bearing may be cleaned before disassembly or not
cleaned at all-during the inspection.

f) |Measure thése bearing component dimensions for comparison with those of a new bear|ng:
i) innerring:

1) raceway diameter;

Z) raceway radlus of curvature;
3) raceway profile;
4) bore inner diameter; and
5) axial width.
ii) outer ring:
1) raceway diameter;

2) raceway radius of curvature; and
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3)

raceway profile.

iii) measurements on balls (e.g. 10 % selected at ramdom):

1y
2)

surface roughness and depth of roughness of the surface; and

diameter.

iv) measurements on rotor landing surfaces:

1y

roughness and diameter of radial landing surfaces; and

2)
For dr
i)
ii)

i) in

g)

ve

in

iv) in
These des
and Figure

roughness of axial landing surfaces and distance between them.
i bush type touch-down bearings, additional/alternative inspections can include:
Fification of the pre-load setting;
spection of the bonding between the backing material and the dry lubricated material;
spection of the dry lubricated landing surface for damage; and
spection of the dry lubricated landing surface for wear and comparison with wear limits

Criptions assume a touch-down bearing mounted to thel€asing, as shown in Figun

mounted t¢ the shaft. In such cases, the references to the inner and outer rings are reversed.

8.4 Dan

84.1 Ev

8.4.1.1 (

Estimation

a) touch-
b) touch-
8.4.1.2 1

jage estimation
bnt data

feneral
of damage for an individual eventjcan be made using either:
Hown event data analysed enline in real-time, or

Hown event data analysed offline, possibly using more advanced algorithms.

Jamage estimation-through event counters

Each touch-down evenfwill cause some degree of additional damage to a touch-down bearin

weighted ¢
damage.

Specific de

bvent counter used as an indicator of the actual cumulative damage shall evaluate

Fails.of damage estimation algorithms can be addressed using these inputs:

t 2. In some machines, this arrangement may be inverted, with the touch-down beafr

e 1
ng

—

this

a) contac
b)

<)

t classification and duration;

a global counter or specific bearing counters;

expectation, experimental data and simulation results.

the recommended weightings associated with each contact event based on experience, user

The weights of the individual event shall be adjustable. In case new insights on the touch-down bearing
performance is gained over time, the bearing damage can be re-evaluated based on the actual counters.

Examples/parameters that can be used are:

d) total number of drops;
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