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FINAL REPORT
ON
STUDY OF THE VIBRATION CHARACTERISTICS OF BEARINGS

JINTRORUCTION

This study covers work performed by B ISP Industries, Inc.
under U, S, Navy Contract No, NObs-78552, between April 1960 and
February 1963, '

The purpose of the study was to investigate the vibration
and noise nroducing characteristics of large roller bhearings for
nropulsion machinery of ships as well as smaller rolling bearings
used In suxiliary drives, with the uitimate aim of devising means
to reduce vibration and noisv caused by these bearings for all’
andio and subsonic frequencies.

A similar contract (NObs-771H4) was awarded to the Frankili -
Institute in July 1959, and hus also recently been completed., (hat
contract covered only the vibration of small bearings for auxiliary
drives,

Woerk performed by & 88 Industries under Contract NObs-78552
has been covered by the following reports:

Progress Reports No, 1-17, issued bi-monthly during the period
between Anril 1960 and January 1963,

The following "Special Reports".

Relative Axis Motion Induced by Variable Elastic Compliance in
Ball Bearings (IS T Repcrt L60L023)

Harmonic Analysis of the Relative Axis Motion Induced by
Variable Elastic Compliance in Ball Bearings (@ D€T Report AL61L0O09)

A Study of Elastic Vibrations of the Outer Race of & Rolling
Element Bearing (@IS Revort AL61LO27)

Analytical Study of the Vibratian of a Bearing with Flexurally
Rigid Races (B IST Report AL61L032)

Flexural Vibrations of a Ball Bearing Outer Ring due to Ball
Loads (808 Report AL61L037)

Analytical Study of the Radial, Axial and Angular Vibratinn of
a Bearing with Flexurally Rigid Races (@IS T Report AL62L005)
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This report is the Summary Repcrt of the studfz Tt connt

"of three parts:

Part I, covering Phase III of the Contract (Study of bearings
with bore size range of 25-100 =m),

Part II,covering Phases I and II of the Contract (Study of
large cylindrical, spherical and tapered roller bearings),

Part ILI, Design Guidelines, in which the effects of various
parameters on the vihration of both small deep groove ball bearings
and large roller bearings are summarized, and a procedure, is given
for use in designing bearings for quiet running applications,

SUMMARY.

The main results of the study are listed bhelow:

1, Equipment and techniques for measuring vibration character-
istics of small ball bearings and large roller beuarings is now
uvailable. It includes equipment developed especially for this
contract and equipmant in general use at B DS Industries, which was
applied to contract work,

a. Vibration test eqipment to measure radial, axial and
anguar vibrations of the bearing outer ring or of a
houging in which the bearing is mounted, in the frequency
range between 3 and 10000 cps, both at discrete frequen-
cies and in finite frequency bands, The equipment per-
mits measurement at various radial and axial loads and
rotational speeds.

b. Equipment for measurement of the airborne noise emitted
by the bearing.

¢, Equipment for study of vibration demping characteristics
of bearing housings.

d. Equipment for measurement of the micro-geometry of bearirg
parts,

2. A mathematical theory of bearing vibration has been developed
and presented, This theory relates the amplitudes and frequencies of
bearing vibration to its sources. Natural frequencies of the bearing
have been computed and the effect of housing elasticity on the bearing
vibration has been analyzed.
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3. Experiments have been conduoted for the following purposes

To verify the mathematical theory telatinq vihratiun

to its sources, with special emphasis on thecorrelation
between vibration and waviness, measured at discrete
frequencies and in finite bands,

To experimentally determine natural frequencids of the
bearing, to compare these to the computed fgequencios.

To study the effect of damping, both within the bearing
and in the honsing, on bearing vibrations, and to test

the feasiblility of using special vibration attenuating

bearing mounts.

To study the effect of rotational speed, and axial and
radial load on bearing vibration,

To study the airborne noise of bearings under various
loads and rotational speeds and corrslate sirborne nnise
with structureborne vibrations,

To construct, and study the vibration characteristics of,
bearings with improved micro-geometry of parts and of
improved design,

5 4, The effects of various bearing parameters (both micro-geometry
and design parameters), as well as operating and mounting parameters
on the vibration characteristics of bearings have been examined, Guide
i lines for the selection of parameters have been given.

| LONCLUSIONMS

1. The principal accomplishments of this research are:

b.

RESEARCH

Design principles to make quieter rolling bearings,

Theory and exverimental evidence identifying the micro-
geometrical causes of bearing vibration,

Methods to dampen vibration emanating from a rolling
bearing.

Instrumentation to measure vibration and noise of large
and small rolling bearings.

-3~
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2 The 1nstrumentation and experimcntal-- y
under this contract have been found to be fully- adequate for study—
of vibration characteristics of bearings in the size range and under
the conditions covered by the contract. They can without modification
be used in future studies of bearing vibration,

3. On the basis of theoretical and experimental findings of
this study tt is possible to make reasonably accuratec predictions
regarding the vibration spectrum of a bearing of a given design, if
the detailed micro-geometry of the bearing parts is known.

4. If the bearing vibration level in any given frequency range
under given load and speed conditions i{s known, order a magnitude
estimates of the vibration level under other conditions of speed and
load can be obtained,

5, The vibration level cf a bearing in any given frequency range
may be redused by

a. Improving the micro-geometry of the rolling surfaces, or
b. by changing the bearling design.

Procedures are given for most efficient selection of micro-geometrical
and design parameters to obtain a desired reduction in vibration level,.

6. Large spherical and cylindrical roller bearings of improved
vibration quality due to improved micro-geometry have been manufactured
and tested. The reduction in vibration level is approximately as ex-
pected from the improvements in micro-geometry,

7. Ball bearings of improved vibration quality in the low frequency
range due to design changes, have been manufactured and tested. The
new design has smaller balls, a larger number of balls and a thicker
outer ring than bearings of conventional design.

8, Large spherical roller bearings with two rows of rollers were
found to have lower vibration level than single row cylindrical and
tapered roller bearings, for the same micro-geometry of parts, This
is partly explainable by the reduction due to the double-row design
and partly attributed to other causes.

9, The vibration level of a bearing, except for very low frequen-~
cies, can be reduced effectively by mounting the bearing in a housing
supported by laminated elastic members.
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10 The vibration level of a baarinq in Lhe radial _direction
can be reduced by mounting the bearing in a houslng which is—com~
paratively flexible angularly and comparatively stiff radially.
The vibration level of the angular vibrations can be reduced by
mounting the bearing in a housing which is radially flexible and

angularly stiff,

RECOMMENDATIONS FOR FUTURE RESEARCH

1. Study of design and mounting parameters influencing the
vibration of large roller bearings. The effacts of roller skewing,
flange geometry, misa:ignment between shaft and housing and effects
peculiar to double~row bearings should be studied. Various housing
designs should be examined analytically and experimentally and the
optimum design procedure previously used for small ball bearings
applied to large beurings. Bearings of improved vibration quality
should be maaufacttred and tested,

2. Development, manufacture and testing of deep groove ball
pearings of improved design and sxtremely guiet running quality,

3. Study of a vibratory system simulating a piece of rotating
machinery and consisting of a rotuting mass supported by two bearings
mounted in elastic housings in turn attached to large masses, to find
interrelationships between bearing and systam vibration.

4, Study of externally forced vibrations of a rolling bearing
under time-variable load.

5, Study of cage noises in large bearings,

6. Study of vibration influencing effects of lubricants and
development of quiet running bearing lubricants.

7. A more detailed study of the subsonic vibrations generated
by large rolling bearings.

8. A study of the bearing vibrations in the frequency range
above 10000cps, including the near ultrasonic range,

-5-
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STUDY OF VIBRATION AND NOISE CHARACTERISTICS oF

ROLLING BEARINGS WITH BORE SIZE IN THE RANGE OF 25-100 MM..

1.1 INTRODUCTION

4 rolling bearing is a complex vibratory system, Both the
outer and inner ring, the rolling elements and the cage of a
rotating bearing vibrate, The vibrations are transmitted to masses
attached to the bearing (housing and shaft) and to the surrounding

air and structures,.

The amplitudes and frequencies of the vibrations emitted by
the bearing devend on:

1. The source of vibration which may be withia or outside the
bearing, Only vibrations generated by the pearing itself
are discussed in this report.

92, The response of the system,  The various vibratien sources
act as inputs to a system consisting of the bearing races
(with possible masses attached), and the output is the
vihration measured at the outer ring, on a housing attached
to the outer ring or at some other part of the system.

Part 1 of this reno't covers bearings in the size range used in
noise critical applicaticns of auxiliary naval equipment, In the
majority of such applications the outer ring is stationary and fitted
fntc a housing while the inner ring supports the rotating shaft, This
condition was simulated in most of the tests performed as part of this
study and used as a basis for mathematical analysis. Since the vibra-
tions of a bearing mounted in this manner are transmitted mainly
through the outer race, the main emphasis was put on the study of outer

ring vibrations,

This part of the study covers deep groove ball bearings with bore
sizes in the range between 25 and 100 mm The rotational speed range
is from 1000 to 3600 RPM, The findings apply to stationary radial
loads up to arproximately 15% and axial loads upto approximately 30%
of the basic static load rating of the bearings.
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The test equipment used in the experimeutu Ftudy- ﬁf bmim E
with 25-100 mm bore is discussed in Seotion 1,2,

Varlogsbsourous of bearing vibraticns are ﬁbvtcwedi'ln Seotions
1.3.1 - 1. e Qe

A brief discussion of contact deformations in ball bearings is
included in Seotion 1,3,.7, since they influence the vihration response
characteristics of the bearings.

The frequencies generated by various vibration sources are dét-
ermined in seotions 1-3.8 - 1'3011-

Factors influencing the frequency response of the bearing as a
vibratory system are disoussed in Sections 1,3,12 -~ 1.,3,18, This
includes a brief discussion on natural frequencies and output amplitudes
generated by various input sources.

The effect of Lload and speed is covered 1in Sections 1.3.19 and
1.3’20.

A comparison of vibration levels in different measuring directions
and generated by various sources is given in Sections 1,3.21 ~ 1.3.23,

The effect of damping and means of attenuating the bearing vibrations
ame discussed in Seotions 1,3,24 - 1,3.26.

The airborne noise characteristics of ball bearings are examined
in Section 1,3.27.

Additional parameters influencing bearing vibration are briefly
enumeratel in Section 1.3,28.

-7-
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Equipﬁent used in the experimental study, in &Eiiﬂg;;ééislng
i and analysis of the vibration characteristics of bearings with
' 25+100 mm bovre, is listed below: ST -

o
i i

ST W b b LA
ETETH I RS e 1 lumnm!eum\ i L% 1(1&1%!!![‘&"!!”1 Eu’“”wgp‘upﬂwmmi
)

1,2,1 Vibration Tester for Measurement of Bearing Vibration under .
Radfal and Axial Load }}!

This tester was designed and built by &8 ™ Industiries for the
purpose of measuring the bearing vibration under various load and {
speed conditions., A photograph of the tester is shown on Enclosure 1. ;}

iIN

LT

e, 9

The tester accommodates two test bearings and two suppeort il
benrings mounted on a common shaft., The sunport bearings are mounted Ll
in oillow blocks and are ball hearings of the sane bore size us the T
test hearings. The test bearings are located between the sunpeort -
bearings and can be tested either without a housing or with the outer .
ring mounted in & cylindrical housing, Test bearing houslags of vartous
thicknesses were provided for each bearing siae tested, A separate
shaft is needed for each test bearing size. Support bearings of i
varfous 0.D. sizes are accommodated by interchangeable inserts in the :

pillow block bores, )

TR LI W

H

Radial load is applied to the test bearings through flexible steel
straps slung around the outer rings of the test bearing housings
(or around the O0.D. of the test bearings), by elastic elements (springs
or rubber pads) compressed by nuts on top of the frame, To aveid
flexural deformation of the outer ring of the test besrings due to the
steel straps, most of the tests were performed with the bearings
mounted in housings, Strain gages on the tiebars are used to measure
the magnitude of the radial! load. The radial load range is 0-600 1bs,

Axial load is applied by nuts on both threaded ends of the shaft, s
; over elastic thrust washers. The axial load ramnge is 0-200 lbs, The i,
; method of applying the loads to the test bearings is illustrated by :
i Enclosure 2, Calibration of axial loads was accomplished by measure- ]
H ment of the elastic deformation of the thrust washers and comparison }}ﬁ
with their deflection under known loads. .

The tester is located in an anecholc chamber (See 1.2.6). The
shaft is driven by a quill from a variable speed electric motur out- b
side the anechoic chamber, The rotational speed of the shaft is con- 5
tinuously variable in the range hetween 1000 and 3600 RPM,

-8- o
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To measure the vibration of the test b!iriwq‘“fWrﬂ:

s bearing outer ring or housing in which the bearing is- mounted ls

l contacted by velocity sensitive pickups of B EEI™ type MEA-100

: (See Progress Report No. 4 of (2)*, The pickups are mounted on :
rigid bracket, one for measurement of vibrations in the direction B

A of the apnlind radial load (vertical) and one for measurement of

] vibrations perpendicular to the load (horizontal),

I TRARY IR T

AT ek o

1,2,2 Vibration Tester for Measuring Bearing Vibrations under Pure

Axial Load 1

Enclosure 3 shows a photograph of a mechanical test unit
& s t™ Model MVB-1 used for this purpose, This tester has been dis-
‘cussed in more detail under U. S, Navy Contract NObs-78593 (2). The
tester is equipped with a mechanical loading system for application .
of the axfal load., A pressurae slement consisting of a rubber cup with '
N | a thin steel ring to contact the bearing fece is used (Se¢ Progress
: Report No. 4 of (2)). This tester is referred to as the BCV tester in
(2). Another version of the tester, operating on exactiy the same
principle was referred to as the VKL tester in Progress Reports Neo.
: 10, 11 and 12 of (2). An &8 ™ MEA-100 velocity type pickup is
l used as vibration sensor, This is normally mounted as shown on :

Enclosure 2 to measure radial vibrations of the bearing outer ring, ;

: The tester is used in conjunction with electronics described in b
\ 1.2.7 and 1,2,8,

LRI TR AT

v

Ned e

- w.wy

! 1.2.3 Race Waviness Tester

‘ Surface waviness is described in the ASA Standard B46.1-1961
as relatively widely spaced irregularities of the nominal surface,

To measure the waviness of a ball bearing inner or outer ring, the
ring is rotated at a constant speed and the surface being measured

) is contacted by a velocity sensitive pickup of the type described

' in 1,2,2. As the ring r.tates the waviness irregularities on the

) surface of the ring rdisplace the pickup stylus radially, The

] amplitude of the electrical signal produced by the pickup is pro-~

! portional to the radial velocity of the pickup stylus,

e o 45 ot 1 A ¢ 1 ) e

* Literature references are listed at the end of this report,

4 _o.
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instrument., The waviness is measured.in five octave. bands corres-
ponding to 3-6, 6-12, 12-24, 2448 and 48-96 waves per circufiference.
The readout is expressed in microinches/second at a rotational

speed of 1000 RPM, Enclosure 4 showt a photograph of thgﬁgggp_waviness
tester developed by 8 €™ Industries, Inec. Various sizes of inner

and outer rings are accommodated with interchangeable mandrels .and

pot chucks that are mounted on the spindle nose by a high angle taper
held with a draw screw, The spindie used in this tester is of

special smooth running quality te minimize the effect of spindle

vibrations en waviness readings.

1.2.4 Ball Waviness Tester

The B LS Ball Waviness Tester operates on the sume priaciple
as the Race Waviness Tester described in 1.2.3., Since, however,
ball waviness, in yeneral, is of a considerably lower amplitudé ithan
race waviness additional precautions have been taken to reduce the
effect of spindile vibrations on waviness readings, This has boon
accomplished by mounting the test ball in a soat comprising three
stationary balls and rotating the ball with a driver whch is flex-
ibly attached to the spindle, The driver is free to accommodate
radial motions and therefore will not transmit spindle vibrations

to the ball,

Enclosure 5 shows photographs of the mechanical unit of the
&g Ball Waviness Tester, The electronic unit is similar to the
one used with the Ball Waviness Tester. It measures bhall waviness
expressed in microinches/second RMS in five octave bands, corresponding

to 4-8, 8-16, 16-32, 32-64 and 64-128 wpc at o spindle speed of 740 RPM,

Additional details on measurement of waviness are given in (4),

~10-
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Airborne noise measurements wéré pérformed-using—a-Bruel—and -
Kjaer Condenser Microphone Type 4111 in conjunction with.a Bruel
and Kjaer 2602 Microphone Amplifier and a set of Allison filters
Model 2ABR, All measurements of alrborne bearing noise were per-.
formed in an Anechoic Chamber (1,2.6), using the Bearing Vibration
Tester described in 1,2,1, The microphone was ‘located in all the-

tests as shown in Enclosure 6.

1.2,6 Anechoic Chamberx

This is a double walled demountable, sound proof room, designed
by the Bell 1lalephone Laborataries. It consists of an inner room
supported by springs, and an outer room which completely encloses the
inner room ¢xcept that the floor of the outer room consists of the
floor of the buiiding. For effective acoustical attenuation the
walls of the inner and outer room consist of panels made of two com-
posile sheats of steel cemented tn composition board with the inter-
space filled with rock wool. To reduce sound roverberations in the
room, the acoustical treatment of the inner room includes sheets of
perforated material on all inner surfaces of the wall and ceiling
with an air space separating the perforated sheet from the steel
panels, The total wall thickness, including the thickness of the
inner and outer room and the air space between them is approximately
14", A 2" hole was provided in the wall for the quill drive of the

vibration tester, described in 1,2,1,
The sound levels (in absolute decibels) within the room, measured

in octave bands fn the 1,25-12800 cps range, with no equipment running
inside the room and normal daytime activity outside the room, were as

follows:

Frequency 1,25« 2.5~ 5- 10~ 20- 40~
Bands (cps) 2, 5 5 10 20 40 80
Decibel Level 42 53 59 70.5 70 59.5

Frequency 80- 160- . 50~ 100- 200- 400~
Bands (c¢cps) 160 320 100 200 400 goo
Decibel Level 43.5 29.5 59 63 42 30
Frequency 800- 1600- 3200- 6400~
Bands (cps) 1600 3200 6400 12800
Decibel Level <27 <27 <27 <27
-11-

RESEARCH LABORATORY BKF INDUSTRIES, INC.

g L B
et SR

{

LI

B TR imnh.

i

P



T AT

T

REEVHE T R BT

R

LR BT T A T L I TL DAL YR 7 R T

B TR TS

i s e s s e AP OT AA Ny 1

=2 3 aw

The folluwing equipment. built by Panoramic Radio Products.
was used in narrow band bearing vibratlon analysis. . )

a, Sonic Analyzer LP-1

A

b, Subsonic Analyzer LF-1 ’
¢. Power Spectral Density Analyzer PDA-l

d. Auxiliary Function Unit C-l
e, Multi Bandwidth Filter CF-l

f. Recorder RC-2

g. Sonic Response Indicator G-2

To provive proper gain and for accurate frequency determination
- the following equipment was used in conjunction with the Panoramic

narrow band analyzer:

fa, Ballantine True RMS Electronic Voltmeter Model 320
b. Hewlett-Packard Amplifier, Model 450-A

¢, Millivac Instruments Hushed Transistor Amplifier., Type

VS-64A

d. Hewlett-Paciard Low Frequency Oscillator, Model 202¢C

e, llewlett-Packard Electronic Counter, Model 523-D

f. Oscillogenpe

A block diagram of the arrangement is shown on Enclosure 7.

By the use of this instrumentation the frequency axis is accurately

scaled by oscilloscopic observation of Lissajous patterns from a
precisely known frequency standard and the output of the Sonic

Response Indicator, slaved to the Panoramic Analyzer, which gives
an exact multiple of the frequency over which the Analyzer sweeps
at a given time, Points of frequency coincidence were marked on
the graph using a triggered second pen on the recorder.

The Subsonic Analyzer LF-1 was used in the analysis of low

frequency spectra in the range up to 200 cps.

LP-1A was used in the higher frequeney ranye.

For details of the procedures used, See Progress Report No, 7, (1)

pages 4, 7 and 8,

RESEARCH LABORATORY
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1.2.8 1 strument Vlﬂ _for 0 1-5;5>;.-An‘f'ﬁff’ S

For ootave band and wide band analysis electronio equipmant
built by 8BS I Industries was used to amplify the pickup signal and
provide a readout, expressed in microinmches/second, in eight octave.
bands in the 50-12800 ¢ps range and the wider bands 50-300, 300-1800
and 1800-10000 cps (corresponding to the three Anderometer bands).
The band pass filters used in these units were built to speclf!cafion
similar to those given for Anderometer filters in (2), :

For airborne noise measurements Allison Model 2 AB2 filters
were ugsed (See 1,2,5),

1.2,9 Equipment for Testing the Vibration Damping Churacteristics of

lousing Materials

Enclosure 8 shows a sketch of an arrangémesit used in testing the
vibration damping characteristics of rectangular beams. This equip-
ment i8 used in conjunction with the vibration tester, 1.2.1. For
further details, scc Progress Report 9-10, page 8 and Progress Report
11, page 6 and 7, (1),

1.2.10 Iape Recorder

For detailed analysis of vibration signals, especially when
narrow band spectira are required, the signal from the piockup was
first tape recorded and laters analyzed by various methods (See 1,2.7,
1.2.8 and 1.2,11).

The tape recorder used was an Ampex FM Seven Channel Tape
Recorder Model F-1107.

a13a
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1,2.11 ldatiumaniatian-for Measurlng Ax

The mechanical unit of the vibration tester, 1,2,2 #as used for’
this purpose with two pickups mounted as shown on Enclosure 9. By
: use of suitable electrical circuitry, as shown on the block diagram
: of Enclosure 10, the sum and the difference of the outputs from the
: two pickups were formed, and the spectra of the sum and the differ-
ence recorded using a Panoramic narrow band analyzer. If at a
given discrete frequency., the vibration is essentially angular, then
a peak will appesr in the specirum representing the difference
between the two pickup outputs, while the spectrum showing the sum
will have near zero amplitude at this frequency. 1f the vibraticn
15 essentially axisl translatory motion, the sum of the outputs
will be of large amplitude and the difference will be of negligible
amplitude, For details see Progress Report No, 11, pages 2-6,(1),

1.2.12 Lepgth Measuring Equipment

Variouws instruments for contour tracing and dimensional measure-
ments were used such as:

1, Talyrond Roundness Measuring Instrument, Model 50 -
Taylor, Taylor and Hobson.

2. Opposed-Head Micro-Ac Comparator, Cleveland Instrument Company,

9, Leitz Perflektometer Length Measuring Instrument,

1.2,13 Rigital Computer

The following two computers were used mainly in the numerical
computation required for the study of variable elastic compliance
motion, reported in the two Special Reports L60L023 and AL61L0O09, (1):

1. IBM 650

2. RCA 501

-14-
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1,3.1 Sources of Bearing Vibration

If a deep groove ball bearing is subjected to an external’
load, the balls and race grooves deform elastically at the contacts
between the races and balls, Due to the non-linearity of the
Hertzian contact deformation, the contacts then act as non-linear
springs, and the complete bearing behaves as a non-linear vibratory
system, In addition to the contact deformations between balls and
races, other elastic deformations also take place in the bearing,
such as bending of the rings. Due to t he complexity of the problem,
a complete analytical treatment of the beariny as a vibratory system
was not attempted, The bearing vibration was nevertheless studied
analytically under various simplifying assumptions., The analytical
findings were verified experimentally so that the results presented
in this report are based on experimental as well as analytical

evidence,

The vibrations generated by a rolling bearing may be divided
into the following two main categories:

1, Vibration generated by a geometrically perfect bearng.
These vibrations are related to inherent design character-
istics of rolling bearings and occur as a consequence of
the finite number of balls in these bearings.

2, Vibrations generated by geometrical imperfections of the
rolling surfaces,

1,3.2 Yibrations Generated by a Geomastricallyferfect Bearing

The vibrations generated by a geometrically perfect bearing
may be subdivided into:

1., Vibrations induced by the variable elastic compliance of
the bearing.

2. Vibrations caused by bending of the outer ring due to bhall
loads,

-15-
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The vibrations induced by variable elastic compliance occur
in.a bearing. under (constant) radiel or combined load but not under
pure axial load, The inner and outer zing -of the bhearing underge
relative motion as a consequence of the fact that the elastic com-
pliance of the bearing varies with the angular position of the -~
ball set relative to the action line of the load (3), (8) - (12),

The vibrations induced by the variable elastic compllance.of
a radially loaded ball bearing have been discussed in detail .in
Special Reports L60LO023 and AL61L009 (1), under the assumption that:

1, The rings are flexurally rigid and undergo only local
deformation due to the contact stresses,

2., The rotational speed is sufficiently low that inertial
affects are negligible,

3. Friction forces are negligible,.

The motion has the following characteristics:

1., The relative motion of the rings of 8 radially loaded zero
contact angle ball bearing is a periodic two-dimensional
motion in a plane perpendicular to the bearing axis.

2, The fundamental frequency of the motinon is the frequency of

balls passing a given point of the stationary outer ring of
the bearing. This frequency is

ZN ,_.-23
{= 125 o (1.3.3-1)
where
N = Rotational speed, RPM.
D = Ball Djameter
Ct = Pitch Diameter of ball set,
Z = Number of balls

-16-
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pure sinusoidal motion. Hicher harmonios. whioh ‘are
multiples of the fundamental frequency are therefore
present in the vibration spectrum.

The amplitudes of the harmoniocs of the velocity com=-:
ponents depend, for a given bearing under pure radial
load, on the radial load, the radial looseness, the

rotational speed and the order of the harmonic. This
relationship is expressed in terms of two parameters:

a. The "load/looseness parameter™

G= *—F"-—.? (1.3.3-2)
EQG%Y

Radial load, in lbs
Number of balls

- Hertzian coefficient, in 1bs/inl+d

Total contact deformation in the bearing under the radial
load Fg , in inches.

Radial looseness, in inches,

b, Two series of "amplitude/load ‘parametars™:

5

oo | g_] -~

al = 29.8 R [ (1.3.3-3)

Co = aes[ (1.3.3-4)
-17-
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the amplitude/load parameter" for the i th harmonic in
the direction of the load.

the "amplitude/load parameter" for the i:th harmonic in the
direction perpendicular to the load, -

the RMS value of the velocity component of the i:th harmonic
in the direction of the load,

the RMS value of the velocity component of the i:th harmonic
in the direction perpendicular to the load,

Knowing the relationship between the “amplitude/load parameter"
for any given harmonic and component and the “load/looseness
parameter" the vibration amplitudes of the various harmonics
¢an be determined, Tnis requires, however, the solution of a
system of transcendental eguations, An explieit solution of
this system could not be obtained, The analysis showed that
the relulivnship belween the parameter & aad <57 or €

depends only on the number of bells, i.ae,, this relationship
is the same for all bearings which have the same number of
balls, A numerical prucedure, utilizing an TBM 650 computer,
was used to determine this relationship, The results for the
nine first harmonics of a bearing with seven balls are shown
graphically on Enclosures 11-16, For bearings with a number
of balls other than seven, similar curves can be obtained using
the computational procedure outlined in Report AL61LO09.(1), The
numerical procedure used in obtaining the curves shown on
Enclosures 11~16 included, as the last step, a harmonic analysis,
At this ‘point an important approximation was introduced, It
was assumed that the direction of the relative displacement
between the rings coincides with the direction of the applied
load. This is not exactly true; for certain angular positions
¢f the ball complement the two directions may deviate by as
much as 3 , or approximately 6% of the angular spacing between
the balls. The curves of Enclosures 11-16 therefore give only
the approximate relationship hetween the two parameters. The
error introduced by this approximation was numerically eval-
uated for the nine lowest harmonics in the direction of the
load for a value of ¢(3 = 0,08, This value of (§ was selected
because,for all nine harmonics , Cai {according to
Enclosures 11~16) has a maximum near this point,

-18-

RESEARCH LABORATORY BKIF INDUSTRIES, INC.

= =g 3 |

b
bk i

usmlx...m! ‘..umﬂbl.u'.r.lk'




T T T

/| =2

s
(SR

€ %A

“Thé computations ghowed" 1&wt;¥crvth&erl Sk
“plotted values of C&Xi - are within 425% ; o
values. This error is not considered. exo&asive and Bt
therefore believed that the graphs on Enclosures 1l1-16 can
be used to obtain at least order of magnitudo_ cstimates of
the amplitudes of the various harmonics of the variable
compliance vibrations,

5, The amplitude of the i:th (ial, 2 ... 9} hafmonic maj~be
obtained by: .

a. Computing the "load/looseness parameter G " from
Equation (1,3,3-2),

b. Obtaining the value of the "amplitude load parameter” (3}
or Cif for the given & value from Enclosures 11-16.

¢. Computing the RMS velocity of the i1:th harmonic from the
" equatisas:

In the direction of the load "

a; * 29-%N‘C&‘[%)s (1.3.3-5)

In the direction of perpendicular to the load

- TN
b = aq,gN’Cb,[\'_é']s (1.3.3-6)

6, It is seen from Enclosures 11-16 that the amplitude of any
harmonic of either velocity component, parallel or perpen-
dicular to load (but not both components or several harmon-
ics simultaneously), can be made equal to zero, by suitable
selection of the radlal load and radial looseness. The
regultant amplitude of any harmonic can be minimized at a
relatively low level,

7. The amplitudes of the harmonics generally decrease with the
order of the harmontic,

=19
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purely -radial load, - Undet purely;gxial»load-vibrationq:-~v“~~~

due to the variable compliance of the bearing are not
generated, If the bearing operates under combined load,
the motion depends on the relative magnitudes of the_axial.
and radial loads, If the axial -load is small compared to
the radial then the contact angle.-in the load zZone.approaches
zero and the motion can be assumed to be the same as for
purely radial load., An increase in axial load tends to
equalize the ball loads, which results generally in deoreasing
amplitudes of the variable compliance vibration., As the -
ratio between axial and radial load increases these vibrations
decrease and become zero for an infinite load ratio.

The amplitudes of the vibration induced by the variable elastic

compliance will be compared tec the amplitudes generated by other
sources in 1,3,23,

1.3.4 Elexural Vibrations of the Outer Ring due to 8ali Loads

Flexural vibrations of the outer ring due to ball loads occur {n
an axially as well as a radially loaded bearing. For details of these
vibrations see Special B BSU® Report No. AL61L037.(1).

The flexural vibrations of the outer ring, induced by the ball

loads in an axially loaded bearing, have the following characteristics:

1. Any given point of the outer ring undergoes a periodic motion
in the radiel direction, The fundamental frequency of the
motion is the frequency of balls passing a given point of the
stationary outer ring of the bearing. This frequency is

2N ,_.%casxj

—
=

k (10304..1)
! 120
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L! _where

C{ - contact angle Lo I ot

2,

3.

4.

and 2 , N , D and & as defined in 1.3.3. o
This frequency 1s the same as the fundamental,frdqugﬁcy of
the gariable compliance vibrations. T : T

Higher harmonics, which are multiples of the fundamental
frequency. are also present.

In a thin ring (such as the outer ring of moat hearings) of
mean radius Fg . and second moment of area of the ring cross-
section L , loaded by a axial 1. . Fa the RMS velocity
amplitude of the k:th harmonic of the flexursl vibrations is
given by

5 - BaRkaN [i - Geesd]
k €oVZ ET [tka) - 1]sim

where Ells the modulus of elasticity of the ring material and
2 ,N,D,d and oL are as defined in 1.3.3 and 1,3.4,

It is seen that the velocity due to this type of vibratory
motion is directly proportional to the applied load and speed
and decreases inversely with the cube of Z and with the cube
of the order of the harmonic., The fundamental frequency

is therefore highly predominant, The velocity amplitude of
the second harmonic is approximately 12% and the third approx~
imately 3.5% of that of the fundamental, Higher harmonics
have successively lower amplitudes,

(1-8.4-2)

In a bearing of a given configuration the vibration level
decreases with increasing stiffness L/R>of the outer ring.

Although the analysis applies strictly only when the ring is
loaded by equally spaced, equal radial loads such as occur when
the bearing supports purely axial load, the vibration due to
radial load can be estimated by using an equivalent value of Fy
which produces the same maximum ball load as the radial loading

FR .
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i where FR is the applied radial lbad,“Equatlon”(l;SIAAZ) as
i applied to radial loading them becomes
3 >} -
z - FaR kz NL = cosd]
k™ 12V2 ET [(kaf- 113 emoy

The amplitudes of these vibrations will be compared to vibration
amplitudes generated by other sources in 1,3,23

T M i SR

(1,3.4-3)

()
H

LR

——

1.3.5 Vibrations Generated by Geometrical Imperfections of the Rolling

In every ball bearing small deviations from the perfect geometrical
shape of the balls and rolling paths o¢f the races exist, These imper-
fections indude:

a, Random deviations from the perfect circular shape of the
rolling paths of races and balls, These deviations are
called waviness,

b, Eccentricity (waviness of the order: one wave per cir-
cumference),

¢, Two point out-of-roundness (waviness of the order: two
waves per circumference).

1
d. Variations between the average diameters of the different i{
balls in the bearing.

1.3.6 General Doscription of Vibratory Motion of the Quter Ring

: When the surface imperfections are rolled over in the rotating
: bearing they generate outer ring vibrations by:

‘.._-...‘. -
a— ——

a. Displacing the outer ring as a rigid body (its center
moves under the influence of the varying ball loads),

-292.-
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b, Deforming the outer ring elastically, mainly by ———-
bending it and thus inducing flexural vibrations
in addition to those generated by a geometrically
perfect bhearing.

The dynamic system consisting of the non-rotating rigid outer
ring supported by the halls is a system with five degrees of freedom,
i.e., the ring is free to move radially and axially as well as
angularly, The total displacement of the ring is defined by the
following five displacement components, as illustrated by Enclosure !

17:

a. The vertical displacement of the outer ring center, X, .

b. The bbrizontal displacement of the outer ring center, X,
where the selection of "vertical" and “horizontal™
directions can be arbitrary,

TN

c. The axial displacement of the outer ring carter, Y .

d. The angular displacement of the outer ring in the horizon-
tal direction, defined by the angle A, in Enclosure 17.

e. The angular displacement of the outer ring in the
vertical direction, defined by the angle A, in Enclosure .
17. :

In addition to this rigid body motion, the vibratory motion of .
the outer ring is also affected by the motion due to elastic defor- ;
mation of the outer ring., Of the elastic vibrations the flexural f
vibrations in the plane of the ring have been found to be predominant
and will be considered along with the rigid body vibrations, l

1.3.7 Contact Deformations in Ball Bearings

Both the rigid body vibration and the flexural vibrations of the
outer ring are influenced by the contact deformations between balls
and races, These deformations follow the non-linear Hertzian law;:

32
P=cgd (1.3.7-1)

-23-
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= load at the contact

on V
] 1

- elastic deformation in the direction of the load P .
)

constant, related to the shape and elastic properties of the
contacting bodies*,

In the theoretical treatment of the outer ring vibrations it was
found advantageous to use the following linear approximution of
Equation (1,3.7~-1)

P=k,(3-3) +P (1.3,7-2)

whare

j =
= average daformation occurring under a load & .

0n
1

linear coefficient of contact deformation, related to the
Hertzian coefficient by

oF 3.5%
ky = ('3—5')3,3‘ =29 (1.3.7-3)

Equations (1.3.7-2) and (1,3.7-3) arec valid in the neighborhood
of the point&=d ,P=P, and Equation (1.3.7-2) thus givesa satisfactory

approximation of Equation (1.3.7-1) as long as the range | 8-
is small compared to the average deformation & .

For a hearing with @ balls and contact angle o operating under
an axial load F, ., the linearized coefficient k, may be expressed as

Fa }Z‘
"u‘ 2 L2sing

(1.3.7-4)
1/
§)* +(5)"

* For the analytical expression relating €J to geometry and material
parameters of the contact, see e.g., Palmgrem (5).
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P

'where ¢i and Cy are the Hertzian coefficlents at the bal ntacts:
with the inner and outer races, respectively, ' o

s
Enclosure 18 lists numerical valugcs of the quantity k,,,FAi .
computed for a few common deep grvove ball bearing sizes, From this

i Cop e 2 . . N
e B aiwlh-nfiﬂl‘.ildﬂ : 32 4ghite 1o e Bt

tabulation the value of k can be obtained for any given axial load
¥x . and for three selected values of the contact angle o¢ . The ;

table is based on an inner and outer ring groove conformity of 51,75%. !

For any given groove conformity, coutact angle, and number of balls, :
Xy i8 mainly influenced by the ball diemeter and only to & minor

degree by the groove diameters of the inmer and outer rings. A good

approximation of Ky for any bearing size (accurate within 1%) can

therefore be obtained by disregarding the differences in groova dia-

meters between various bearing sizes and considering the effect of

ball size only, For a given load, contact angle, groove conformity

and number of balls, kd may then be regarded as a function of ball .

aiameter oniy. This is illusitraled by Enclosure 19 which shows graphi 5

cally the gquantitly :

A vsmd k,,, (1.3.7-5)

computed in this manner as a function of ball diameter, for various :
groove conformities in the range hetween 50,5 and 60%. In the com- ;
putations the groove diameters of an "average size" bearing were

used, The 6207 size was selected for this purpose, It is seen that
for a constant axial load and number of balls K, increases with ball
size, For constant ball diameier and axial load ky 15 inversely
proportional to the cubd root of the number of balls, It is also seen
from Enclosure 19 that tightening the conformity increases Ky .
Enclosure 19 is based on equal inner ring and outer ring conformities,
If these differ from each other, Enclosure 19 may be applied to the
average of the two conformities, The error, introduced by this pro-
cedure is less than 4%, for conformities in the range between 51 and
56%, but may amount to a&s much as 20% for the total range between

50,5 and 60%,

~25.
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1.3.8 Frequencies of iigid Body Vibrations Generated—hy Geometrical—
Inperfecticas
The vibration spectrum of the rigid body motion of the bearing

is characterized by a great number of discrete peaks. These peaks
may be clagsified into two categories:

1, Linear peaks, the frequencies of which have been predicted
theoretically under the assumption of linearity of the contact
deformation according to Equation (1.3.7-2), They have been
verified experimentally and found to dominate the rigid body
vibration spectrunm,

2, Non-linear peaks which occur due to non-linear elastic be-
haviour in a bearing with large values of ball diameter varia-
tion, eccentricity or of low order waviness, if the bearing is
not operating under a sufficiently heavy load to render insig-
nificent the "non-1inear”_effect of these impertections, i.e,
when the condition|d-J}®& uo louger holds,

The predominant vibration peaks generated by various orders of
waviness under the assumption that the balls act as linear springs
are tabulated in Enclosure 20,

It i seen from Enclosure 20 that:

1. Inner ring, outer ring and bdall waviness produce radial,
angular and axial vibrations of the outer ring of the bearing,
Ball diameter variations produce radial and angular vibrations,
but not axial, Only certain orders of race and ball waviness
generate vibrations according to the linear theory, while other
orders have no effect at all,

2, The radial and angular vibration spectra are characterized by
vibration peaks at exactly the same frequencies, The following
predominant peaks appear in these spectra:

a. The ball passage frequency over the outer ring and all
multiples of it, These vibrations are induced by outer
race waviness of the ordersni-i and m2+), where n =

1, 2, 3 ... and 2 is the number of balls.
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b. The rotational frequency of the .cage. (nofmultiples).
induced by diameter variations among tne balls,

¢, The rotational frequency of the inner ring (no multiples),
induced by inner ring eccentricity.

d, Pairs of frequencies centered around all multiples of
the ball passage frequency over the inner ring and
spaced one inner ring rotation frequency from the center
point (no peak at the center point). These are induced
by inner .ing waviness of the orders ME il,

e, Pairs of frequencies centered around all gven multiples
of the ball polar rotation frequency (in a system attached
to the cage) and spaced one cage rotation frequency from
their center point (no peak at the center point). These
are induced by all even orders of ball waviness,

3. The axtal vibratien spectrum is charastérized by puaks at the
following frequencies:

a. The ball passage frequency over the outer ring, and all
multiples of it, These vibrations are induced by outer
race waviness of the orders nNZ .

b. The ball passage f[roquency over the inner ring, and all
multiples of it, These vibrations are induced by inner
race waviness of the orders M2 .,

c. Even multiples of the ball polar rotation frequency,
These vibrations are induced by all gyen orders of bal!
waviness,

Vibration peaks in the radial, angular and axial vibration spectrum
are introduced by non-linear rigid ring effects, as well as by the
linear effects of rigid ring theory. The peaks appearing in the radial
spectrum due to non-linear effects are also tabulated in Enclosure 20,
(The non-linear effects on axial and angular vibrations have not been
studied.) It is seen that non-linear peaks appear at the following
frequencies:
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1. Every multiple of the cage TthtTon'frnﬁu&ﬁcwafgﬁg;;ihéi=-f; .
outer ring) not appearing in the linear case, is induced .
non-linearly by outer ring waviness, }{

2, Pairs of frequencies centered around all multiples of the
cage rotation frequency over the inner ring except around iy
the multiples appearing in the linear case, and spaced one
cage-over-outer ring frequency from their center point, (No
peak at the center point.,) These are non-linearly induced
by inner ring waviness of order K% MN2kl.

oY

Synthetic spectra, computed from linear rigid ring theory for
a 6305 bearing rotating at 1800 RPM are shown on Enclosures 21 and iy
22, These spcctra are intended to show frequency, but not amplitude .
relationships.

Enclosures 23-25 show a few typical experimentally obtained .
spectra for bearings running at 1800 RPM, The angular and axiail .
spectra were recorded using two pickups and instrumentatlon &35 described
in 1,2,11,

The peaks explainable by linear rigid ring theory are marked op
these spectra, 1t appears that most of theoretically predicted fre-
quencies according tec the linear rigid ring theory cun be verified,
at least in the 0-600 cps frequency range. :

1.3.9 Frequencies of Flexural Vibrations Induced by Low Order Ring o
HNoyviness i

The frequencies generated by various surface imperfections, as
given above, apply to bearings with flexurally rigid rings., If the -
outer ring is assumed to bend under the influence of the ball loads v
then not only the rigid body motion, but also the flexural vibrations :
of the outer ring, induced by the rolling surface imperfections, must -
be considered. i

In addition to the flexural vibrations due to ball loads, dis-
cussed above, which are induced even in & bearing with geometrically o
perfect rolling surfaces, the surface imperfections also produce L
forced flexural vibrations of the outer ring, These vibrations have i
the following frequency characteristics: t

.
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1. Inner ring waviness-of the order—K. wpo_produses flexiral . _

‘vibrations of the outer ring with a predominant peak of

times the rotational frequency, The amplitudes at
other frequencies are small compared to the peak at
times the rotational frequemcy, i.e., inner ring waviness
of the order of 2 wpo generates vibrations at twice the
rotational frequency, 3 wpe at three times the rotational
frequency, etc, The amplitudes of the vibrations are
significant only for low orders of waviness.

2. Low order outer ring waviness affects the amplitudes of
the vibrations at ball passage frequency ovor the outer
ring, and higher harmonics of this frequency., This effect
is due to the finite number of balls and decreases as %ihe
number of balls increases.

An experimentally obtained spectrum of a bearfng with ocm-
paraiively high iunsy tlag tws and thrce point out of roundness ie
shown on énclosure 26, The speotirum Bhows predominant peaks at
twice and three times the rotational frequency.

1,3.10 Complete Spesituw

Enclosure 27 shows a complete synthetic spectrum of the radial
vibrations of an axially loaded 6305 bearing with peaks according
to linear and non~linear rigid ring theory as well as the peaks ine-
duced by flexural vibrations due to low order inner race waviness,
(The flexural peaks up .o five times the rotational frequency are
shown,) For completeness the peaks induced by ball loads due to
the finite number of the halls are also shown (three harmoniecs have
been included)., This spectrum {8 not intended to show amplitudes,
but linear peaks are shown at higher amplitude than non~linear-peaks
to indicate their predominance,
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1.3.11 Relationship Betiween Waviness and Vibratioh Fraquenoies —— ===

Measuxed in Finite Bands -

Since both vibration and waviness conmonly are measured in finite
bands, it is often advantageous to compute the approximate waviness
bands that correspond to given vibration bands.

Enclosures 20 and 29 are tabulations of the ranges of orders of
inner ring, outer ring and ball waviness that generate vibratlions in
the three Anderometer bands, 50-300 c¢ps, 300~1800 c¢cps and 1800-10000
c¢ps for a hearing rotating at 1800 RPM, A few common bearing sizes in
the 6200 and 6300 series are listed, The ranges include vibration

generated by both the linear and non-linear rigid ring theory. Flexural

vibrations due to low order ring waviness are also listed. The ranges
are only approximate since they are not based on the exact discrete

frequency peaks generated by each order gf waviness, but only on average

values. These results are based on a 15 contact angle,

To compute the approximate ranges of orders of waviness in
Enclosures 28 and 29, the following equations were used:

. 4
* Lo (1.3,11~1)
-4

\ 'f“ (1.3.11"2)

kb“j%

where ki * ke and kp are the orders of inner ring, outer ring and
ball waviness respectively, generating vibrations of frequency‘f cps.

Jc is the rotational frequency of the cage with respect to outer
ring Jfp the frequency of the cage with rsspect to the inner ring undﬁ
the polar rotation frequency of the ball, in eps,

(1.3.11"‘3)
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The amplitude of the vibration generated at amy given frequemcy by
geometrical imperfections of the rolling surfasces depends on:

1, The amplitude of the geometrical imperfection generating
vibrations at the given frequency.

2, The vibration transmission characteristiecs of the bearing
which relate the ™input” amplitude (waviness) to the “output"
amplitude (vibration) as follows:

x=Tw (1.3.12-1)
where
R = displacenent amplitude of vibrations at a given frcqueney.

W : displacement amplitude of geometrical imperfection generating
the vibration amplitude X

-r s amplification factor,

In a linear system T 1is a constant independent of w , For a
bearing operating under constant load and speed, T may be assumed to
be independent of w for the linearly induced rigid ring vibrations
as well as the flexural vibrations induced by low order waviness, For
these vibrations the vibration amplitudes at any given frequency are
proportional to the amplitudes of the geometrical imperfections gener=
ating this frequency,

The proportionality factor T for rigid ring vibration depends on
the following principal parameters:

a. The frequency of the induced vibration compared to the
resonant frequency of the bearing,

b, The origin of the vibration; whether induced by inner or
outer ring waviness, by ball waviness or by ball diameter
variation,
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c. 1T the bearing i's mounted in a radially and anguiarly
elastic housing, 7 depends on the radial and angular
spring constants of the housing,

The amplification factor | for flexural vibration induced by
low order inner ring waviness depends on:

1, The order of waviness

2. The outer ring rigidity

3. The numbsr of balls

4, The spring constant of the balls

The amplification faoctors will be discussed in more detail in
1.3.16.

1.3.13 Natural Freguencies

Like any other elastic system a ball bearing has & number of
natural modes of vibration, If the bearing is excited at a frequency
corresponding to any of these modes, comparativaly high amplitudes are
expected at this frequency.

According to the modes of vibration, the natural frequencies of
the outer ring supported by the balls may be divided into two categories:

1. Natural frequencies of the rigid body motion of the outer ring
(the outeg ring deforms elastically only at its contacts with
the balls),

2, Natural frequencies of the elastic vibrations of the outer ring
(the outer ring deforms elastically. e.g. by bending).

1,3.14 Natural Fraguengles of the Rigid Body Motian

The natural frequencies c¢f the rigid body motion have been studied
for the free outer ring supported only by the balls and also for the
outer ring supported by the balls and mounted in a housing which is
elastic¢c both radially and angularly,
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The natural frequencies of the rigid body motion~ of'the“ﬁﬁter
ring are influenced by the following parameters: -

1,

3.

4.

5.

Te

8.

The radial spring constant kg of the housing., It is assumed
that the housing is linearly elastic with equal spring ocon-
stant in every radial direction, i,e., the radial force re=~
?ulred to produce a radial displacement X of the outer ring
not supported by balls) in an arbitrary angular direction
¢ i3 given by the equation:

o= kax (1.3.14~1)

The angu!r spring constant kg . It is assumed that the
housing a.ts as a linear spring, producing a restoring moment
proportional to the displacement angle A , For any angular
direction @ the moment M, 1is given by

Ma= ka2 (1.3.14-2)

The linearized coefficient of contact deformation ku + as
given by Equation (I1,3,7-3),

The outer ring mass M . Ball mass is assumod to ba negligi~
ble,

The moment of inertia Im of the outer ring with respect to a
diameter through the center plane of the bearing,

The radius R from bearing center to outer ring groove centor,

The radius Ry from bearing axis to point of contact between ball

and outer ring,
The contact angle o{ .,

The number of balls, Z .
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There are three natural frequencies of rigid body motions and =

they are given, in ops by:

t

#," 2K K52,  (1.3.14-3)
1

;Ra Ty K, S2, (I.3.14~4)
1

I~ Kad2o (1.3.14-5)

The frequencies f&; and-fgg apply to both the radial and the
angular mode of vibration, §A applies to the axial mode only,

Tp these equations

2Ky
S?.a'J oM (I1,3.14-6)

. 3
K= [z(H ER*‘EA)—\/#(H«'&*ER'%)Z"'HS J (1.3.147)
'3
z
Kz= {%(H'.‘. ER*fh) +‘E(H’-+ ER- EA) + Hy ] (1.3.14-8)
Ka= V2 sine (1.3.14=9)
where
7 (fiit .
H, = cose(+{gINsinx (1.3.14-10)
-34-

RESEARCH LABORATORY - 8KF INDU STRIES, INC.

»
- ————
P

——

-

N N r
. . [ NS
- e —————_— 1ot 12250 ot A AT A Aot i SR S 33 st OIS

{
e
ook
.»OJ' dit vitedd < ndecki

.
m
=
-1
F

L



S,

ponA

- T AL63LO23
a Ry <2
RE .2 v
Haa('é)'q Sinotcosel (1.3.14-12)
f 2kp
v (1.3,14-13)
2k
g, = —LZKNg" (1,3,14~14)
R
"= R (1.3.14~15)

I
g,.\l_f_ - radius of gyratien of outer (1.3.14=16)

" ring aboat a diameter

The bearing has only one finite resonant frequency in the
radial and angular mode when

a. The outer ring is radially and angularly free (the
spring constants kg and k, are zero). In this case

(I1.3.14~17)

fuF© .
fre " EIF;{I + (%)2“’) - l]stn‘q}\liﬁ,

b, Th?< hor)xsing is radially stiff (infinite spring constant
R

(I 03014"18)

For kR-b 20 and ko> 0
fg)—> o0 (1.3.14=19)
t (R . {3.'&
o —— Sinel
R2 2’t(?)ﬁ 2M (I.3.14~20)
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6, The housin§ is angularly stiff C-int’i'ni-tetiésiii;hi' T
constant k) ) :

For kA-’“ and kk -5

{1 ™ =z T (I.3.14~21)
tra —> oo (I.3.14~22)

I,2.15 Natural Frequenoles of Elastic Vibrations

The natural frequencies of the elastic vibrations of the outer
ring have been computed under the assumpllion that the inner ring ts
rigid and joined to the outer ring by a set of equally spaoced, identicai,
elastie balls, The outer ring is presumed to be an elastic circuiar
ring which performs only flexural vibrationg in its own plane, Other
ring motions such as pursz rodial (expansionul) circumferential, and
tuorsional vibrations are known to be of ~wull amplitude and consequently
are of little interest in this investigation. Only the case of the
free outer ring supported by the balls (not mounted in a housing) has
bee#n treated,

The study shows that a ring with multipie elastic supports (such
as . bearing outer ving supported by the balls) hag a sequence of
na ural frequencies of flexural vibrutions whioch are Jot integral
multiples of a fundamental frequency and are dependent on ring mass and
on the elastic properties of ring and supports, These natural fre-
quarcies in cps are given by the equation

[y ek
Fn 8T T, AR (1 + Vi¥) (I1,3,15-1)

2 &2n+]

where
= natural frequency i
;Fﬂ n eq y in ops
£ o Young's modulus of elast.city

va

T = second moment of area of the ring cross-section
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R = mean radius of ring . |

kN %« linearized Hertzian coefficient (See Equation 1,3.7-4)

§, = mass density of ring

A scross section aroa of ring

number of balls

~
"

"

any positive integer >0

The restriction on Z in Equation (I1.3.15-1) is a restrietion
on the validity of the equaticn, but not on the existence of higher
natural frequencies,

In Enclosure 30, computed natural frequencies of a few jypical
bearings are listed, The computations were performed for 15 ocontact
angle and an axial load of 25 1bs,

Since the spring constant Ku depends on the axial load and on
the coniuct angle of the bearing, the natural frequencies are in=
fluenced by these parameters, With the exception of very light loads
and small contact angles these effects are comparatively small.

I.3.16-Risplacement Amplification Factors for Rigid Body Motion

The rigid body displacement amplification factors T introduced
in Equation (1,3,12-1) are different for radial, angular and axial
vibrations, and are given by the folluwing equations:

For radial vibrations

(Ba)eesm [13022)- 1) |
Rl n sl
For angulur vibrations Nard 2

SR, [6(T) -
nels @i L
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For axisl vibrations L : v

(.ﬂ_e ¢
3
2 2412, 7
17 () sivta
where the parameter 9 and the irequency f are given by the table
below:
Radial and Angular vibration Xia Tation

R = 2gSine (I1.3,16-3)

Te and T, T,
¢ K 9 1 £ | %
Tnner Ring Waviness kit % 4e newl | ks mna
Outer Ring Waviness (k3 1)de nitk) | LY ne

Bal)l Waviness

kfptde | 2m 1§ | ks | 2

Ball Diameter Variation

Nhuiﬁﬂﬂ- -

fe

The. coefficients » for ball waviness and ball diameter variation
are based on the following simplifying assumptions:

l. The variation of waviness {ruom Lall to ball between
various diameter on the same ball has been neglected, by using
average values of the amplitudes of the various ball waviness
harmonics (See Report AL61L032 page 23 (1)),

2, The factor 9 for ball diameter varlation was computed under
the assumption that all the balls in the bearing, except for
one, have the same diameter. (See Report AL61L032 pagc 32 (1)).

Typical ourves showing the amplification factor as a function
of frequency are diven in Enclosures 31-38.fc¢r different values of
the elastic constants £, and §, . It is seen that the resonant
frequencies of the system can be varied within a wide range by changing
the elastic constants of the housing, It is also possible to select
the values of Egand E, so that, for any given frequency, efther the
radial or angular vibration amplitudes are zero,
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In the practice of bearing vibration and waviness testing thexe
quantities are measured as total velocity levels within frequencdy bands of
finite width, It is, therefore, important to determine the relation~
ship between waviness measured in a finite band and vibration measured
in a “oorresponding” band., This can be dome by using "velosity band
width amplification factors’, defined by

V
U w (1.3.17=1)

where V 15 the BHS value of the vibration velocity measured in a

given finite band, and W is the BMS value of the waviness also expressed
in units of velocity, and measured in a band corresponding to the !
vibration band, i.e,, the waviness band is selected so that the waviness ;
measured will generate vibration frequencies within the band used in
the vipration measurcments, :

The following approximate relationship holds faor the "band level
amplifieation factors” U, e O and IJb for auter ring, inner ring

and ball waviness, respectively:

For radial vibration

DA \E‘ '}%. ceSe (1,3,17-2)

z 4
U;'J_i ! coSa (1.3.17-3)
Ub‘ﬁ'ﬁ: ¢ olet | (1.3,17-4)

For axial vibration

gl R
Uo’\s-: $wn Sinm (1.3,17-5)
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U, 2z Tob '5m0( (1.8.17-7)

Equations 1.3.,17-2 to 1,3.17-7 taeke into account the effect of
the linearly induced peaks only. The frequencies {wo- Fa and{d,
are the rotationol frequencies used in the measurements of outer ring,
inner ring and ball waviness, respectively. P

The Equations 1,3,17-2 to 1.3.17-7 are strictly vaiid only under
the following conditions:

1, The waviness harmonics of a given bearing element are all of
the aame velocity amplitude within bands aof the width con-
sidered.

2. The bands are narrow enough that an ampiification factor at
any frequency within the band can be approximated by the
same amnlification factor taken at the (arithmetic) center
frequency of the band, (This presupposes that the band does
not contain any of the resonant frequencies,)

3. The bands are wide enough to cover a large number of "lines"
of the waviness or vibration spectrum,

It is seen from Equations 1,3.17-2 to 1.3.17-7 that the ratios -
To: Uy : Up are the same for radial and axial vibrations. !
The same relationship also holds for angular vibrations, P

It also appears that the velocity band width amplification factors
for outer and inner ring and ball waviness are all proportional to+//2 , :

where Z is the number of balls, R

An amplification factor for ball diameter variation can also be .
conputed, Since its formula is based on somewhat restrictive assump- ¥
tions, it is not cited here, but can be found in Special Report :
AL62L005 (1), This amplification factor is proportiomal to Vs i

Enclosure 39 lists the amplification factors Uo , T/' and Y,

for a few bearing sizes. The tabulation is based on a rotaticnai 1
speed of 1000 RPM for waviness testing inner and outer rings, and 740 HM
RPM for waviness testinghballs, The rotational speed of the bearing §§

at vibration testing is 1800 RPM. i

H
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1.3, 1a Amplification Factor for FlexuFal Vihratioﬁ“‘ln&diri;‘e'd‘h“y THneT -
Ring Wavinasgs. of_the Navas Par Ciroumferenos. . . ... .. -

The displacement amplification factor Ty for flexural outer ring
vibrations due to 2 wpe inner ring waviness 13 given by

X
-r' - Try (1,3.,18-1)
where 3
- ang
Y " lswET (1.3.18-2)
ky = linearized Hertzian coeffiolent as givem by Equation (1,3,7-4)

R

I 4 second moment of area of outer ring cross-gection,

mean radius of outer ring,

It was shown in Equation (I.3.7-4) that for a given axial load, ky
is proportional to T , ¥ is thercfore proportional to P and 1}

increases with inocreasing 2 , but not acecording to a simple power
law,

It was also shown in Equation (I.3,7-3) and Enclosure 19 that
for a given number of balls and a given axial load k increases with ball
diameter, y’ and ly therefore also increase with ball diameter,

Since ¥ 1is inversely proportional to the riqiditg I/R of the
outer ring, 1; decreases with increasing rigidity I/R
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1,3.10 Effect of Load on Bearing Vibration - S

The main effects of the applied load on bearing vibration are
summarized below, These findings are based nn experimental and
theoretical analysis of 6305 and 6310 bearings, and apply to an
axial load range of 20 to 200 ibs. The radial load ranges are 25
to 250 1bs for the 6305 bearing and 50 to 500 1bs for the 6310

bearing, The results have been verified for test speeds in the
range between 1000 and 3600 RPM,
Asial Load

1, The linearized Hertzian coefficient Ky 18 proportional to

the cube root of the axial load, E“ . _The rigid body mode
resonant frequency is proportional to \Vk, , and hence, also
proportional to €[F , This resonant frequency therafore

increases with axial load, and a change in the axial load may
therefore change the appearance of the bearing vihration
spectrum due to the shift in the resonant frequency, This
effect is, however, very smal]l far small changes in the load
and even an increase in load by a factor of 10 produces an
tncrease in the resonant frequencies of only 43%. The
resonant frequencies of the flexural modes of vibration are
?ven less affected by changes of K, , as secn from Equation
1.3.15-1),

Another effect of the change In ku due to changes in the
axial load is to influence the amplitude of the flexural
vibration due to inner ring waviness of two wpc. An in-
crease in the axial load, according to Equations (1.3.18-1)
and (1.3.18-2), increases the amplification factor T} .

This effect is small for most bearings within the load ranges
normally used in vibration-critical applications. An in-
crease in the axial load on a 6305 bearing from 20 to 200 1bs,
results in an increase of approximately 24% in 1} .

The experimentally found effect of axial load on the bearing
vibration, msasured in octave bands in a radial or axial
dirvection, is in general small and erratic, For details, see
Progress Report No. 8 (1), The effect of axial load on the
vibration level measured in the three Anderometer bands is
also briefly discussed in Progress Reports No, 6, 7 and 8 (2),
where the effect of axial load applied to 6204, 6305 and 6207
bearings in the 6 to 40 lbs range was found to be small,
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Radial Load

1. The basic findings in the vibration theory for a bearing
with rigid rings operating under axial load also apply to
a bearing under radial or combined load, The vibration
frequencies induced ly various surface imperfections are
the same for both loading conditions. The effect of radial
load on resonant frequencies and flexural outer ring
vibrations is comparable to that of the axial load,

2, The effcct of radial load, measured in octave bands in a
radial or axial direction, is, in general, small and erratic.
For details see Progress Reports No, 4, 6 and 8.

I1.3.20 The Effect of Rotgtjomal Speed om Vibration Level

The frequencies of the vibrations induced by various sources
{such as geometrical imperfections af the ralling surfaces, flexural
vibrations due to the ball loads and variable compliance vibrations)
are all proportional to the rotational speed of the bearing,

Let \ﬂ(})represent the RMS vibrational velocity measured in an
octave band with midband frequency f cps, at a rotational sped of r{l
RPM, V. ( ) represents the reading in the same octave band at a
rotatiofal speed of N, RPM,

In a non-resonant region, assuming the vibration transmission
characteristics of the bearing to be the same at the two rotational
speeds

N
AAOE %""\G(Tq';)() 1.3.20-1)

This equation follows directly from the proportionality between
vibration frequencies and rotational speed, i.e., vibration components
occurring at a frequency at the rotational speed thwill occur at
frequency [ 4 at a rotational speed N, . The factor 4 1is due to
the fact t 31. for given displacements, the velocity amglitudes are
proportional to the frequency, and thus also to the rotational speed.
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Equatfon (1,3,20-1) shows that:

1, The shape of the spectrum is speed independent in non-
resonant regions. The octave band spectrum at a speed M,
is obtained from the spectrum at the speed N, by multi-
plying both the ordinate and ahscissa scales by the speed
ratio Nz/”, .

2. The relationship between vibration level and speed can be
determined at any given frequency from Equation (1.3.20-1)
provided that the spectrum at one speed is known,

Enclosures 40-43 show experimentally obtained octave band
vibration spectra of 6305 and 6310 bearings. These spectra are
typical only uf the bearings used in the tests reported in Progress
Reports No, 4 and & (1), and it should be realized that {f other
manufacturing methods are used the spectra could be different from
these. The spectra shown on Enclosures 40-43 represent average values,
measured under six different radial loads, The vibPalioh WAR measured
in the direction of the applied radial load and perpendicular to it,
at rotational sneeds of 1800 and 3600 RPM,

The spectra of Enclosures 40-43 muy be used to study the validity
of Equation (1,3,20-1) for the bearings used in the tests., Since the
two rotational speeds used differ by a factor of 2, the vibration
amplitude in any given octave band at 3600 RPM is, according to
Equation (1.3.20-1), twice the amplitude of the adjacent lower octave
band at 1800 RPM, The vibration levels in the various octaves at
3600 RPM were comnuted in this manner from the 1800 RPM spectrum, and
ihe computed values are also shown on Enclosures 40-43, A comparison
of the computed and experimental spectrum at 3600 RPM shows good
agreement between the two spectra of the 6305 bearing in the direction
norma’ to the load, for octaves in the 100-16® cps range. The agree-
ment in the direction of the load is5 somewhat poorer., A similar
tendency is observed for the 6310 bearing, although the agreement is
somewhat poorer than for the 6305 bearing, It appears that Equation
(1.3.20~1) can be used to obtain grder of magnjtude estimates of the
octave band vibration levels at various rotational speeds provided
that the snectrum at one speed is known. It should, of course, be
realized that for a more accurate evaluation, resonances in the system
must be taken into account. For frequencies above 1600 cps, the
estimates obtained by using Equation (1,3.20-1) give values which are
too large for the higher rotational speeds, which could indicate that
the bearing is more highly damped in this frequency range at the
higher rotational speeds than at the lower speed and that, therefore,
the amplitudes in these (resonant) bands do not increase propor-~
tionately with speed., Another possible explanatim is that the damping
is non-linear increased with amolitude.
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If an analytical expression for the relationship between
{' vibration level and frequency is available, the speed dependence

of the vibration level in any given octave band can be computed
from Equation (I1.3,20-1) withlu the range of validity of this Equation,

§
g

For instance, assume that the relationship between vibration level
and frequency is linear at a aneedN' 1.8, taat

LU BTN

*J‘l"‘v;‘,, Kf )‘ }l<*<§t (1,3,20-2)

: where V, + is the vibration level measured in an octave band with

: midband requency}’vdis a pgsitive constant and K a positive or neg- I
ative constant and ;and 4a define the frequency limits of the

' validity of Equation (I,3,20-1), Then

' . N, N N
: %(})*%:[VQ*K%‘;Q“,]'%*K}) TqTf;‘ f< T}fﬁ. (1.3.20-3)

 pegs e e n

. t.e,, the relationship bhetween vibration level, in a given octave,
and speed is also linear, If V; is constant over Lh¢ band thenV
is also constant and the vibratien level increases proportionately
with the rotational speesd. ’

If the spectrum at speed N, follows a power law
&,
Vi~Kf" ; Jﬂ‘f‘fa (1.3.20-4)
where K and 3 are constants,
then

(I.3.20-5)

NP
vzqr%T"("?’F?”p‘ <) SN <f<Rh

~4Ha
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It should be noted, that the resonant frequencies of a
bearing are speed independent and the &nnlysis therefore is not
valid in regions where tha spectrum contains significant resonances,

It is seen from Enclosures 40-43 that the octave band vibration
levels at a given speed generally decrease with frequency. Since the i
vibration spectrum varies considerably from bearing to bearing, no
good general analytical expression can be written for this relationship, .
Using average values for the 6305 and 6310 bearings reported in :[

Progress Reports No. 4 and 5 (i), the following equation has wueen .
found to represent a reasonably good approximation for these particu-
lar bearings:

PR Y TS

S ;

AVAR ‘ff'_ (1.3.20-6)

This is tllustrated by the curve, representing Equation !
(1.3.20-6) for K = 570000, nlotted on Enclosure 40, It is seen i
that this curve is in good agreement with the experimentul points
of the snectrum at 3600 MMM, in the frequenecy range up to 1600 cps.

Equation (1.3.20-6) represents the speciol case of Equation
(1.3.20-4) for which ¢S =-0,5, For this value of @ , Equation
(1.3,20-5) which expresses octave band level in any given band as
a function of speed, becomes

-0.5/ \.S o

2 [

NAON K¢ (N.) (1,3.20-7) ]}

which more generaily may be expressed as :i?
1.5

V=kN (1,3,20-8) -

where k is a constant and N the rotational speed, %

¢

Pomemsed [V . o
[t ez [arand

it

f——
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Experimental results with 6305 and 6310 beaflngs-under?
light axial and radial lvads have shown that the vibration level
as measured in octave bands approximarely follows the power law

' o
<7+ kN (1.3.20-9)

where k and o are positive constants and N the rotational tpeed,
The exponent ©( depends to some extent on the frequency band examined
and also on the direction of the vibration measurement. The average
value of © was found to be approximately 1.3,

For this average value of X Equation (I,3.20-9) is in agreement
with Equation (I,3.20-8) which shows that at least a rough estimete
of the amplitude-speed relationship in any given octave band can be
obtained if the amplitude~frequency relationship at one speed is

known,

Enclasure 44 shows experimentai vaiues of th + sed-amplitude
exponent ©4 as a function of frequency. The sha; the curve and
the average value of & is approximately the same for vibrations in
the direction of the radial load and normal to it. This also applies
reasonably well to vibrations measured in the axial direction,

1.3.21 Compa

The following general trends have been observed in comparing
octave band vibration levels in different measuring directions:

1, The octave band vibration level in the axial direction is, in
general, higher than in the radial direction for low frequen-
cies (below 800 cps), and approximately the same in the higher
frequency range (above 800 cps). This applies to radial
vibrations measured both in the direction of the radial load
and perpendicular to it. It applies to axial vibrations
measured at one point of the outer race, thus including both
parallel translatory motion and angular vibrations,
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2, The vibration level measured in the direction of the ~
radial load is, in general, of a somewhat smaller (15%)
magnitude than in a direction perpendicular to the load.

The fact that the vibrations, measured in the axial direction
in the non-resonant bands below 800 cps, generally are of a higher
amplitude than vibrations in the radial direction is explainable by
rigid ring thecry;: as a consequence of the fact that the ratio

e |

b o o e ahnb e AR e PO i

between the velocity ba?dwidth amplification factors in the axial and T
radial direction is which is always much larger than 1,
TE Sinw y g A
A more detailed analysis shows that for a hearing with free outer “p
ving ( §p= 5;‘30). the ratios between the vibratory energy of axial, 3o
radial and angular vibrations in 8 finite non-resonant band ere given "
approximately by “ o
|+ g5inw L g I
teolK 1 4S8 e v

EA’ER:E)\. 2 Siwal (1,3,21-1)

This relatienship holds exactiy for a bearing with

R\,
<'€") =2 (1.3,21-2)

(B =15 :

(1,3,21-3)

u
.

where R. g and )? are dimensional parameters defined in I,3,14.

fmrd

The conditions given by Equations (I.3,21-2) and (I.3,21-3)
represent average values for deep groove ball bearings of conventional
decsign,

For o = 15°

i

[

EA;ER;EA=O.87 1 O.lo ;0,03 (1.3.21-4) - \i
EU‘}
i
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which shows that the amplftudes oi the axlal vibrat
siderably higher than those of the radial and angular vibratlons.
It is also seen that the measured vibrations in the axial direction
are mainly influenced by axial translatnry motion and to a minor
degree by angular motion,

Far a bearing mounted in an angularly and radially elastic
housing ite distribution of vibratory energy among the three modes

of vibration can be computed from Equations given in Report AL62L005 (1),

For the special case of a bearing mounted in a housing which
is_angularly rigid (€*»00), but with no elastic radial constraint
( sn‘°). the following applies under the conditions of Equations
(1.3.21-2) and (I,3,21-3),

1 .
L . .
EA:ER:EAt(l + ;f—°+°().(l+24m-().o | (1.3.21-5)
whieh for Ol = 15° hecomes

E‘“tER:E;“OcE’7 o3 io (I.3.21-6}

Again the vibrations in the axial direction are predominant
although the angular component in this case is zero.

For a bearing mounted in a housing which is radially yigid
( ii"u) but with no elastic angular constraint (£,= O), the
following applies under the condition of Equations (I.3.21-2 and
(1,3.21-3) and for q = 1,2,

E, EriEy=1:0:3 (1.8.21-7)

In this case the 6nergy distribution is independent of contact
angle,
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‘The radial vibrations are now of zero amplitude, and only

TAL63LOZ3

vibrations in the axial direction are measured.

The foregoing applies only to vibrations in a non-resonant
band of finite width, For measurements in frequency ranges which
are influenced by resonances the following applies:

At any fixed frequency the distribution of the vibratory energy
among the axial, radial and angular modes of vibration depend for a
given bearing on the spring constants of the housing., The distribution
is highly frequency dependenv, By pruper selection of thc spriag
constants of the housing, the amplitudes in either the radial or the
angular mode of vibration can be minimized at any given frequency, A
housing with zero angular spring constant (the outer ring angularly
free) gives low amplitudes of the radial vibration at low frequencies,
while a housing with zero radial spring constant (the outer ring
radially free) gives low amplitudes of the angular vibration at low
frequencies, This is iittustrated by Encloswres 43-48 which shows the
distribution of radial and angular vibratory energy for a 6305 bearing
as a function of frequency, f{or a few valuss of &A and §R. It is seen
that if ﬁa‘fn the distributien of vibratory energy is independent of

frequency., For further details see Special Report AL62L0OOS (1),

1.3.22 Comparison of the Effects of Outer Ring, Inner Ring and Rolling
1

I
|
T ™ " R l .
PN ‘ (L E— -:-‘...Lm‘.‘lb}i!%ﬁmhniu.‘m

This comparison applies to vibration and waviness measurement
made in finite bands, sufficiently wide to contain several linear
and non-linear-vibration and waviness peaks.

If it is assumed that roiling surface waviness is the only cause
of bearing vibration then the vibration in any given frequency band,
may be expressed by the equation

2 * 2L L T 1 1
V = U W, +Uw + U, W, (1.3.22-1)
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‘r = the RMS value of the bearing vibration measured in any given
frequency band,

‘ﬁgVQJCVL= outer ring, inner ring and rolling element waviness, measured
%gnghe frequency bands corresponding to the vibration frequency
U°U“,0'b= velocity band width amplification factors of outer ring, inner
> ring and rolling element waviness, respectively, These are,
in a non-resonant band, given by Egquaiicis (I.2.17 2) through
(1.3.17-7). )

The relative contribution of outer ring, inner ring and rolling
element waviness respectively to the bearing vibration level may bhe
expressed by the use of the following "contribution factors”,

Uows
Z." vV (1.3.22-2)

Z! - U—"'—w{

¢ \ (1.3.22-3)
7 Wy

b v (1.3.22-4)

which may be written in terms of quantities that can directly be
derived from the bearing design, test speed and the measured waviness,

as follows:

N Y ot T W\ wet 7"t
z: [' *(%i)('i:) (j%) * -i-(%b‘) (?c)l(ﬁ;)_] (1.3,22-3)

-51-
RESEARCH LABORATORY BIKF INDUSTRIES, INC.




-
s

AL63L023“”’“"““_‘""
4

. N .‘ : S Ll
Z' ‘[‘ "'( Wi ) {:‘.) ?)(-}:.t (1.3.22-6)

1
W [} .‘I'_L b 1
D * -_% %)(.Lb) TTW, <§b)l< w)l (1.3.22-7)
It should be noted that
Zz‘* Z*z"' Zl > | (1.3.22-8)

-y =
and that the squared factors 2? ' ZZ and zzb directly indicate
the additive contribution from outer ring. inner ring and rolling
element wavinerss, a5 a fraction of the total (squared) vihration
level.

Equatiens (I,3.22-5), (I1.3.,22-6) and (I1,3.22-7) are useful
in developing bearings with improved vibration characteristics.
Improvements in the vibration level can be accomplished most efficient~
ly by, reducing the waviness of the element having the hxghast value
of 2°, while reduction of the waviness of parts with low 2 value
is of little effect,

The waviness ranges corresponding to a given vibration frequency
band may be computed from Equations (I,3.11~-1). (1,3,11-2) and
(I.3.11-3) or the tables of Enclosures 28 and 29 may be used,

1.3.23 Comparison of Amplitudes of Vibration Generated by Various
Sources

Ta compare the amplitudes of the vibrations generated by the
various sources that have been identified within the bearing, numerical
compuations were performed for a 6305 bearing, Vibrations generated
by the following sources were considered:

1. Variable compliance

2. Bending of the outer ring due to the finite number of balls

3. Flexural outer ring vibrations due to inner ring waviness
of two wpec,
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4., Rigid body vibrations due to waviness of the rﬁiiiﬂy
surfaces.

1. Yariable Compliance:

Enclosure 49 shows a graph «f the computed maximum ampli-
tudes of the nine first harmonics of the variable compliance
vibrations for a 6305 bearing rotating at 1800 RPM, The values
apply to a beering with 0,0006 inch radial looseness, and to
radial l1oads in he range from 20 to 2000 1bs, The values shown
aré omly approximote; the higher harmonics especially should be
used only for comparison of orders of magnitude., The radial
load corresponding to the maximum amplitudes both in the
direction of the load and perpendicular to it are shown on
the enclosure, For comparison, the vibration level corre-
sponding to MIL-B-17391B (Ships) vibration limits in the low
(50-300 cps) and medium (300-1800 cns) Anderometer bands is also i

shown on the graph, i

Since the amplitudes of tho variable compliance vibrations
represent the maximum amplitudes af each harmonic which occeur
under different radisl loads, the total contribution, is a
wide band, of the variable compliance vibrations to the bearing
vibration level cannot be obtained directly from Enclosure 49,
This contribution is, however, judged with certainty to be sig-
nificant whenever at least one of the harmonics has an amplitude
of the order of half of the vibration level generated by other

sources, or higher,

It should be reclized that the variable compliance vibration
do not enter vibration measurements (according to MIL-B-17391B)
as these are performed under axial ioad, but they may affect the
vibration level of very quiet running bearings unless there is
predominant axial load.

It is seen that the maximum vibration amplitudes of the first
and second harmonics of the variable compliance vibrations in the
direction of the radial load are in excess of the MIL-B-17391B
vibration limit in the low band., The third and fourth harmenic
exceed 50% of the 1imit, The four lower harmonics may therefore
significantly affect the vibration level of a quiet running
bearing in the low Anderometer band., It is also seen that the
fifth to ninth harmonics in the direction of the load are of sig-
nificant magnitude compared to the MIL-B-17391B limit, in the
medium band.
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Since the amplitude of the harmonics generally decrease with .
the order of the harmonic, orders higher than the ninth are not
believed to be of significant amplitude, High Anderometer band
vibrations (1800-10000 cps) should therefore not be affected by

the variable compliance, The variable compliance vibrations in

the direction of the radial load are of lower amplitude. Only the
first two harmonics of these vibrations may conceivably have a
significant effect on a bearing with a vibration level satisfying
MIL-B-17391B limits, The fact that the amplitudes of the variable
compliance vibrations in the direction perpendicular to the radial
load are higher tnan in the direction of the load may explain the
higher vibration levels, meagured I{n octave hands. in the direction
perpendicular to the load (See 1.3.19),

2. Bending Vibrations of Cuter Ring due to Ball Loads:

The amplitude of the flexural vibrations induced by bending
due to ball loads are also Influenced by the apniied load., Enciosuré
50 shows graphically for a 6305 hearing with 15° contact angle how
the amplitude of the first and second harmonics depend o6 the appliod
axial and radiol toads, (The radial load values are enly rough os-
timates computed from Equation (1.3,4-3))

It is seen from Enclosure 50 that thy vibrations due to ring
bending as a result of ball loads are relatively insignificant com-
pared to the MIL-B-17931B limits for small loads such as normally
used in vibration testing, For an axial load of 50 lbs or 140 lbs
radial load the amplitude of the first harmonie¢ of these vibrations
is approximately 25% of the MIL-B-17391B low band limit. However,
for loads exceeding these values the effect of the flexural vibration
due to bsll loads may become an important contributor to the low
band vibration level, The second and higher harmoni® are of insig-
nificant emplitude,

3. Flexursl Bending due to 2 wpc Inner Ring Wavinegs:

The amplitudes of the vibrations induced by flexural bending
due to 2 wpe waviness of the fnner ring sre shown grapnhically on
Enclosure 51 as a function of the RMS amplitude of inner ring waviness
of the order 2 wpc., The abscissa shows the 2 wpec displacement amplitude
as well as the 2 wpc velocity amplitude measured on a waviness tester
at 1000 RPM rotational speed., For comparison the computed approximate
vibration level in the 50-300 cps band due to rigid body vibrations
induced by waviness of the inner and outer race and the balls is also
shown as a function of waviness velocity level, measured at a speed of
1000 RPM for race waviness and 740 RPM for ball waviness in the
waviness bands corresponding to tue indicated vibration band,
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The MIL-B-17931-B limit in the 50-300 c¢ps ‘band is also -~ o=
shown on the graph, It is seen that a 2 wpc RMS displacement
amplitude of approximately 15 microinches is required to
generate a vibration level equal to the MIL-B-17931B limit.
This value of the 2 wpc inner ring waviness is of an order of
magnitude commonly found in quiet running deep groove ball
bearings of this size, and two point out-of-roundness of the

inner ring may therefore highly affect the bearing vibration
in the 50-300 c¢ps band.

4. Bigid Body Vibrations:

It {5 seen from Enclosure 51 that an outer ring waviness
level of approximately 10,000 microinches/second, an inner
ring waviness level of approximately 6000 microinches/second
and a ball waviness level of 1000 microinches/second, respectively, !
are required to generate rigid ring vibrations of a level
equal ta the MIL-B-17931B limit in the 50-300 cps band. Assuming
equal contribution to the kearing vibration from vuter ring,
inner ring and ball waviness, this corresponds to an outer ring
waviness level of approximately 6000 microinches/second, inner
ring waviness of approximately 3500 microinches/second and batl}
waviness of 600 microinches/second. These figures relate to
waviness measurements in a 2% ocrave band corresponding to the
50-300 cps band, If the waviness is measured in octave bands
with equal influence from each octave, the waviness levels are:

3700 Microinches/second for outer ring
2200 Microinches/second for innmer ring
400 Microinches/second for balls

These figures are again of an order of magnitude frequently found
in quiet running bearings and waviness of the rolling surfaces is
therefore judged to be an important contribution to the low band
vibration level. In tne higher frequency range, which is less affected
by the other sources discussed, waviness of the rolling surfaces is
the predominant cause of vibration.
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To summarize, the p-edominance of any given vibratory
source in any given frequency range depends on the relative
magnitude of the various surface imperfections of the rolling
surfaces, on the load and speed and on hearing design geometry, In
general, in the low frequency range (up to approximately 10 times
the rotational frequency) of a radially loaded bearing the follewing
sources should be considered:

1, Variable compliance vibrations

2. Vibrations due te ball loads, if the bearing operates
under comparatively heavy load

3. Flexural vibrations due to low order race waviness

4, Rigid body vibrations, due to race and ball waviness and
inner ring eccentricity.

5. Two point out-af-roundness of balls

In the higher frequency range (abave 10 times the rotational
frequency) the only vibratory scurces with significant effect are
race and hall waviness,

This also applies to an axially loaded bearing with the ex-
ception that variable compliance vibrations ar: not induced under
axial load.

1,3.24 Internal Damping in Ball Bearings

In the theoretical analysis on which the synthetic spectra shown
on Enclosures 21, 22 and 27 are based, the effect of damping on the
bearing vibration was neglected, This may be justified at frequencies
sufficiently remote from the resonant frequencies of the system, but
near the resonant frequencies the vibration is highly influenced by
damping., A method of evaluating the internal damping directly from
the spectrum was given in Progress Report No. 8.(1), Using this method,
the damping time constant and the logarithmic decrement were computed
for the vibratory modes corresponding to the natural frequencies found
in the spectra of a few bearings in the 6203-6312 size range.
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The damping time constant is the time reqdiiiﬁiio“;éduéé
the amplitude of transient free vibrations to I/@ (=37%) of its

initial valus,

The logarithmic decrement is defined as the natural logarithm
of the ratio of any two successive amplitudes of the free vibration,

The damping time constant was found to vary comparatively

little, the minimum being 0,7

average 1,3 m sec, The logarithmic decrement varies hetween 0,15
and 0.80, the avarage being 0.37. The ratio between two consecutive
amplitudes of the free vibration is obtained by taking the anttlogarithm ;

of the logarithmic decrement,

T ALE3L028 T E

m sec, the maximum 2,0 m sec and the

For the lowest rasonant frequencies ,

(in the 300-1000 cps range) this ratio was found to be of the order

of 2, i,e,, after 3-4 cycles

the free vibration has decayed to less than E .

10% of its initdal value, This occurs within approximately 4 m sec.

For higher resonant frequencies (in the 5000-10000 cps range) the ;
amplitude ratin i3 of the order of 1.2 which means that approximately !

13 cycles are required to reduce the amplitude of the free vibratlions

to 10% of itz initial value.

This carrasnonds to less than 3 m sec.

On the basis of these results a small ball bearing can be considered
a relatively well, though subcritically damped system,

The effect of damping on

evaluated if the damping time constant or logarithmic decrement

are known,

The velocity amplification factor TJ; of the damped bearing
may be exvressed by the equation (See Progress Report No. 9-10,

pages 14-16) (1),

the bearing vibration level can be

Uc'm (1.3.24-1)

The factor TJ. here indicates the amplification of the vibration
amplitude at a given frequency f , due to the effect of a resonant
frequency {g ., of the system, & is the logarithmic decrement,

In a non-resonant region where f<<fn . 'U; -] .
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Enclosure 52 shows Ck,as a function of f/fu for three
values of the logarithmic decrement & ; i.e,, & = 0.15,
0.37 and 0,80 which are the minimum, average and maximum
experimental values of .
— At the resonant frequency )( =f“ _‘
Us * Uchax ® o (1.2.34-2) r
] For d. = 0,15, Uzpay = 21,0 T
d = 0.37,  Tomar = 8.5 ;
- 0 =0.80, Ueryon = 3.9
To evaluate the effect of the resonance on the vibration s

level measurcd in a band of finite widih &f , the bandwidth
amplification factor tE.may be computed from the sjuation

PR At S it

f2
T _Lj of
= A2 2 4\1 % (1,3,24-3)
" Aty [-G T+
or using the notations

. g
' f; M (1.3,24-4) !

ﬁ.f'.:A (1.3,.24-5) -
7 Ak 3.

] M " .

: — | e 4 :

U = \/A/‘ g 2 '7}?* g6 (1.3.24-6) Eo
VA, Tt o 3
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, By evaluating the integral, the value of U can be computed
,I for any given values of )4,./Mt and @A, ,
The bandwidth ls often expressed as the number of octaves ¢
contained within the band. If the band is selacted so that the
} resonant frequency ¢y coincides with the midband frequency of
the band, then the following relationships hold:
i {t ]
l o, b (1.3.24-7)
fi M

whieh solved for )hlaud/41 give
{
: 2
Mt 28+

z‘-ﬂ

Equation (1.,3,24-6) may now be expressed as
1 LE2]

[
, - 2 4+ z‘F“H d
, -U‘= 2(26-’) 1 F—QJ&‘L—_(?—_ (1.3.24-~11)

L
2 TN
28+ |

! Results of a numerical evaluation of Equagion (I.3,24~11) are
shown graphically on Enclosure 53 which gives T as a function of &

for & = 0.15, 0,37 and 0.80, It is seen that for bandwidths € = 1/3,1

and 2% nctaves (which are commonly used in vibration testing)the
following values of fh are obtained:
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(1.3.24-9)

i /Ug‘ a.‘-'l-) (1.3.24-10)
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é §=0.15 S= 0,37 J=0.80
1/3 11.5 6.2 4.0
1 7.2 3.8 2.4
2% 4.9 2.8 1.8

The amplification factors listed above apnear to be high,
but it should be noted that they apply only to vibrations in
the same wode as thn reconant frequency contained within the band,
e.g., for a band containing the resonant frequency of the rigid
body mode of vibration only these rigid body vibrations are being
amplified, Correspondingly for a band containing a flexural resonant
frequency only the flexural outer ring vibrations will be amplified.
It is known that in a non-resonant region the amplitudes of the
flexural vibrations are very smalt! compared to those of the rigid body
motion and the lncrease tn overall vibrmtion level in & band contalning
o flexural resonance is therefore not nesrly as great as indicated
by the amplification factoers 1J. tia Enclaesure 33,

If the amplitude ‘J} of the flexural vibrations in any given
non-resonant band are expressed by the equation

V} - L'fV (1.8.24-12)

where NV is the total vibration level wd k; is a positive con-
stant , ke< 1, then the bandwidth amplification factor given by
Equation (1,3.24-11) may be modified as follows for bands including
flexural resonances,

{};fﬁ\’ l+k}ff: (1.3.24-13)
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An accurate evaluation of K¢ requires experiments not psr-
formed in this investigation., Oh the basis of available exper-
imentau! results it would, however, appear that  in general,
does not exceed 1/4, Using this valwe of %f Equftion (1,3,24-14)
yields the order of magnitude estimave: '

- e .
U;}'\l _' *(%;) (1.3,24-14)

For the a!erﬁge value of é}=e.37 the following orders of
magnitude of kaare obtained firom Equatian (1,3,24-14)

6 f’-‘cf
1/3 . 1.85
1 1,38
2% 1,22

For rigid body vibrations IJQ as obiained from Enclosure 53
or Equastion (1,3,24-11) gan be used directly, without modification,
It ‘appears, on the basis of exnerimental results, that the logarithmic
decrement & is iarger fe¢r the rigid body mode than for the flexural
modes and the best estluate of (Jo in a band containing the resonant
frequency of the rigitd body mode may therefore be ohtained by using
the maximum value of of =0,80,

"These results indicate that the rigid body resonant frequency,
fn general, has a greater effect on the vibration level than tha
flexural reconances. For instance, In a 2% octave band, the rigid
body resonance increases the level by s factor of 1.8 while the flex-
ural resonance in¢renses it by a factor of 1.22, These factors appear
to be in agreemen: with experimental values, ’

Enclosure §3 was derived for the case that the resonant frequency
. coincides with the midband frequency of the band examined, Suffic-
fently asccurate order of magnitude estimates may, however, be obtained
from this enclusure even if this is not the case, as long as the
resonant frequency falls well inside the band examined, 1In case of
more than one resonant frequency within the band, . an estimate of the
total amplification factor mav be obtained as the product of the in-
dividual amplification factors computed for each resonant fregquency.
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: 1.3.25 YVibration Attenuating Bearing Housing -

Bearing vibration may be attenuated at least in certain Ii
frequency ranges by selection of proper elastic and damping
B media and increase in housing mass, This can be accomplished,
: for instance, by using arrangenients similar to those shown on T
= Enclosure 8, Test resuits and analytical evaluation of these Y
' mounting arrangements show that:

S}

L b et el

% 1, Vibrations near zero frequency are difficult to attenuate, :
: since this would require nearly infinitely soft springs. ;

2. In the 50-100 cps band attenuation can be accomplished i
simply through added mass of the housing., Laminates or -
other vibration damping structures are no more effective
in this band than solid steel elements,

i 3. In the freguency range above 100 ops comparatively soft

/ laminated elements {(with low natural frequency) give best

i overall reaults., Laminates of thin stee)l strips and layers
E of saft damping materisl (rubber, cork and glue) have been

! found effective in this frequency range. The following

B average values were obtained for this type of laminated beam
. installed in the housing.

Frequency Band (ecps) Vibration level in Percent
of the Level Without Damped
Housing
1
50- 200 22 P
E 200-1600 54 :
g 1600-12800 11 .

5 Overall 32
It is noted that these attenuation values »'e rather substantisl.

4, Further possibilities for the reduction of amplitudes of
very low frequencies are suggested by the findings mentioned
in I,3.21 that in 3 bearing, mounted so that it can vibrate
both radially and angularly, tne amplitudes of the radial

: vibrations may he theoretically reduced to near zero at low
: frequencies, by using a mounting arrangement which is highly
flexible in the angular direction,

-~

)

v
[hraTeas |

e ld
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A housing built on this principle could be usaful if only
radial vibrations must be attenuated while anguin» vibrations
can be tolerated, (If it is desirable to attenunte the
angular vibrations, the housing should be rudially flexible,)

1.3.26 Effect of Fit Between Bearing 0.D, gnd Housing

Test results with housing to outer ring fits in the tolerance
range given by housings with borc diameter between 1USO FA and IS0 M6
and using a bearing with 0.D, within ISO h5 have shown that the
effect of fit between housing and bearing 0.D, ig rather small and
erratic, The effect i3 the same whether a lubricant between housing
and O0,D., was used or not,

1.3.27 Alrborne Nojse Characteristics of Ball Bearings

Airborne noise measurements were performed using equipment
described in 1,2.5, The test rig accommodates two test and two
support bearings, If it is assumed that the noise from the four
bearings is additive by squares and that each individual bearing
generates the same noise (using bearings from the same lot in all
positions), the noise level of one bearing should be 6 db lower
than the level reported,

If there is umbient noise the noise level D generated by the
four bearings alone (in db) may be computed from the equation:

2-Dy
o
-+ 10 - l] (1.3.27-1)
D ‘.'Dz lolofm[
where
D, = ambient noise and bearing noise together (in db)
j}z= ambient noise (in db)
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All noise levels reported here refer to the noise lebel D
of the bearings alone as determined by Equation (1,3.27-1),

For °‘requencies below 200 cps the background noise of the
anechoic chamber, without the tester running, was, at the time
of these tests, the same order uvf magnitude as the noise level
with the tester running, Meaningful readings could therefore
not be obtained in this range.

The following conlcusions regarding the airborne noise emitted
by the bearings can be drawn in the range above 200 cps:

1. The spectral distribution of the airborne noise, measured
in octaves in the 200-12800 cps range is shown on Enclosures
54 and 55 for a sample of 6305 and 4310 bearings, A com-
parison between tte structureborne vibration and the air-
borne noise spectrr shows that at the same rotational speed
the vibration wad airbnrne noise spectra are similar.

2. The alsboine noisc level increnses with speed with a trend
similar to that of structure borne vibration. A somewhat
smaller value of the sneed-amplitude coefficient o¢ is
applicable for the sirborne noise than for the structure
borne vibration due to the slight difference in their
spectral distributions,

The effect of radial and axisl loads on the airborne noilse
is as small as the effect on the structure borne vibrations,

w

4, The correlation between airborne noise and structure horne
vibration levels is sufficiently good to justify for most
purposes the use of the much simpler vibration measurements
alone in evaluating all quiet running characteristics of
ball bearings. Of course, for most purposes, structure borne
vibration of the bearing is the primary variable to be con-
trolled.
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1.3.28 Additional Parameters Affecting Bearing Vibration and

The effect of various parameters such as bearing dimensions,
number of balis, surface micro-geometry, contact angle, radial
looseness, load, speed and mounting parameters was previously
Other parameters which may influence the bearing
vibration but which will not be discussed in detail are listed
here for completeness:

discussed,

a. Lubricapr: The damping chavacteristics of the ;

b‘

bearing are influenced by the lubricant used and :
it is known that the bearing vibration level to
some extent depends on the type lubricant used,

: I the lands adjacent to the grooves
in the inner and outer rings are not sufficiently
nigh, the balis will rua neavr the edge of the gruove,
Under sufficient axial ioad the contact ellipse may
extend to the edge of the groove which ts likely to
cause rough running,

: + Excessive variatfon in the groove
profiles from a circular contour, may result in in.
creased vibration amplitudes.

d, Misalignment: If a bearing operates under misalign-

ment the contact angle varies along the circumference
of the hearings, 1If the misalignment is sufficient

the balls may run from near one edge of the groove

to the other passing an unloaded zone between these

two extreme positions. Since the maximum contact

angle in a misaligned bearing is larger than in 8
perfectly aligned bearing, the misalignment has the
same effect as insufficient land height, Another

cause of rough running in a misaligned bearing is the
fact that the "loose” balls passing the unloaded 2zone
may genersate vibrations which do not occur in an aligned
bearing operating under centered thrust load, where all
the balls are under load.
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11ing Surfaces: "This -
generates vibration peaks which may be objecticn-
able in a smooth running bearing. SIST Industries,
Inc. has analyzed these peaks and developed instrumen-
tation for their detection (6), Damagc may, among
other means, be induced by plastic deformation of the
races on balls in case of improper assembly of the
hearing into machinery. A method for evaluating this
type of damage has been presented (7).

Dirt on Rust: Dirt causes random vihration peaks which
add to the vibration level of the bearing. Another
effect of dirt is that it may cause permanent damage

to the bearing in the form of small dents on the
rolling surfaces of the races and balls, These dents
increase the vibration level of the bearing as they

are rolled over by the balls, Rust has the same effect
as dirt; it may also form pits whieh produce vibration
neaks as they are rolled over by the balls.

Cage: The cage, if operating properly, is believed to
have only a minor effect on the structure borne vibrations
nf smal) ball bearings. Its effect on the airborne

noise level may be more noticeable and can be controlled
by design.

Shields and Seals: These, in general, influence the
airborne noige level, but hardly the structure borne
vibration, A secondary effect of some shields is to
deform the outer ring, thus generating additional
vibrations due to ring out-of-roundness.
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PART 11
STUDY OF VIBRATION AND NOISE CHARACTERISTICS OF
ROLLER BEARINGS WITH BORE SIZES IN THE RANGE OF 200-300 MM

2.1 INTRODUCTYON

This part of the study covers roller bearings with bore sizes
in the range bectween 200 and 300 mm, tynifying bearings, suitable
for use in naval nraneller shaft and other main drive applications i
subject to moderate and high stationary radial loads. The speed ‘
range of intcrest is wide, from very slow rotation to speads of the
order of 1000 RPM, The following thres basic types of roller
bearings were included in the study:

1. Soherical roller bearings (double row)
2, Cylindrical roller bearings (single row)
3. Tanered roller bearings (single row)

Test loads ranged upto 100,000 1bs radial and axial, speeds
between 100 and 1000 RPM,

Sketches of the various bearing sizes used, with main dimensions
and other data are shown on Enclosures 3661,

As for the smaller bearings, the tests and analysis were per-
formed feor a stationary outer ring and inner ring rotating at a con-
stant sneed,

Test equinment used in the experimental study of large roller
bearings is described in Section 2,2,

Various sources of bearing vibrations are examined in Sections
2.2.1 -~ 2.,3.4.

A brief discussion of contact deformations in roller bhearings fis
given in Section 2.3.5.

Auntitude and frequency characteristics of various vibratory
sources are discussed in Sections 2,3.6 - 2. 3.10.

The effect of load and speed is covered in Section 2.3.11,

~67~

RESEARCH LABORATORY 8KF INDUSTRIES, INC.



|

e,

ALe3Lozs -

A comparison of the vibration levels in different. measuring
directions, generated by various sources is given in Sections
2.3.12 - 2.3014-

The effect of radial looseness is briefly discussed in
Section 2,3.13.

Alrborne noilse measurements are described in Section 2.3.16.

Additional parameters affecting the vibrations and airborne
noise of large raller bearings are listed in Section 2.3.17.

A comparison of the vibratory characteristics of different
types of large roller bearings is given in Section 2.,3,18,
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2.2 [EST EQUIPMENT

Equinpmant used in the experimental study and analysis of the
vibration characteristics of large roller bearings with 200-300
mm bore, is listed below:

2.2.1 Large Bearing Vibration Tester

The test machine used for measuring the vibration of large
rolier bearings with 200-300 mm bore is shown on Enclosure 62,
The tester consists of a large shaft supported radially on two
Kingshury journal bearings, Axial loads which are applied to the
shaft via the test bearing are carried by a Kingsbury tilting shoe
thrust bearing located in the rear journal bearing housing, The
test bearing is mounted on a tapered seat on the opposite end of
the shaft from the Kingshury thrust bearing.

The large bearing vibration test machine is presently equipped
with two shafta and bearing housing assemblies. One shaft and housing
assembly is designed to test bearings with hore sizes in the neigh-
borhood of 200 mm, while the other permits testing of bearings with
bore sizes of 280 mm and slightly larger., The test machine can be
made to accommodate bearings with bore sizes up to 500 mm by re-
designing the test shaft and housing, The test shaft is belt driven
from a variable speed drive, The drive unit consists of a 200 HP
induction motor coupled to an eddy current clutch, The output speed
of the clutch is controlled by & speed setting potentinmeter and
maintained at the desired speed withi. +2% by a transistorized con-
troller. The test machine can be onerated at sneeds ranging from
0 to 1000 RPM,

Test bearing loading is achieved by means of two cylindrical
hydraulic rams which are loaded by an air driven oil pump, Each
ram is coupled to a loading rod which transmits the load to the
test bearing housing, The radial load rod is coupled to the radial
portion of the housing, The load rod for axial loading goes through
the center of the hollow test shaft and imposes its load on the axial
load cap which tra.smits the load directly to the cuter ring of the
test bearing. Loads ranging from O to 100,000 lbs in both the radial
and axial direction can be applied to the test beariag,
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The Kingsbury radial and thrust bearings are capable of
carrying full loads at speeds as low as 100 RPM with hydrostatic
assistance, The hydrostatic assist can alsoc be used to permit
starting and stopping under full load, variation of oil film
thickness, and variation of the spring comnstant and damping of the
support bearings, To operate the hydrostatic assist of the support
bearings, & large volume of high pressure oil (approximately 28 gpm)
at a maximum pressure of 3500 psi is sunnlied by a Denison pump
unit,

All speed, load and hydraulic controls are housed in the control
censole, This console also contains o svrain indicatur calibrated
to read the radial and axial loads applied to the test bearing and
temperature indicators which monitor the operating temperatures of
the test bearing and the support bearings,

Enclosure 63 is a picture showing the layout of the large
bearing vibration tester and associated equipment,

Ambient vibrations geperatad hy the machine accessories have
a significant eftect »n octave band readings in the low frequency
range, especially at low rotational speeds, At speeds below 100 RPM
meaningful octave hand readings can be obtained omly in the bands
above 200 cps, At higher rotational speeds (800 RPM) meaningful
octave band readings may be obtuined in the frequency range above
25 cps.,

The ambient spectrum generated by the machine accessories and
surrounding machinery is characterized by a tew peaks at discrete
frequencies, Test bearing vibrations in the frequency range below
200 e¢nps may be studied without interference, using narrow band
-analysi1s, at all frequencies other than the discrete frequencies of
the ambient spectrum,

The effect of the ambient sources is illustrated by Enclosure
64 which shows narrow band vibration snectra measured at the front
journal bearing under various conditions, and also by the octave
band readings measured at various test bearing speeds (including
zero), at the test bearing housing. From Enclosure 65 it is seen
that the vibrations measured with the test bearing stationary (ambient
vibrations) are of comparable crder to the bearing generated vibrations
in the octaves below 200 cps¥,

* These ambient data were recorded at the time of measurements made
for this contract, Since thenm the test facility was relocated to the
I8 Industries Engineering and Research Ceuter and placed on a heavy
(200,000 1bs) inertial block. Ambient vibration levels under the new
conditions are generally lower,
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The tester is used in conjunctlan with lnstrumentation

2.2.2 Ju.h.r.n.u_m_lu.n.s.uma.

Piezo~-electric accelerometers are utilized as the vibration
sensing device in the vibration measurement of large roller
bearings., The accelerometers are attached to the test bearing
housing and measure the vibration of the bearing in three mutually
perpendicular planes as shown in Enclosure 66,

Two types of accelerometers were used for the test measurcmants:

1., High scnsitivity acecelrpometers: FEndaveo Madol 2219 and
Columbia Research Laboratories Model 410 with sensitivities
greater than 300 MV/g were used for precise measuremant of
vibration amplitudes in the frequency range below 2300 cps.

2, Low sensitivity accelerometers: Caumbia Research Laboratories
Model 504 accelerometers were used for vibration measurements
at frequeaclies up to 12000 cps.

The accelernometers were always used in conjunction with a
Columbia Model 6006 Six channel cathoce follower and amplifter.

2,2,3 Equipment for Narrow Band Fregquency Analvsis

The Panoramic narrow band spectrum analysis system, miscellaneous
signal conditioning and frequency calibration equipment listed in
$1.2,7 were used in the analysis of lgrge bearing vibration data, An
instrumentation layout showing the vibration analyzing equipment
as utilized in the large bearing vibration studies is given on
Enclosure 67.

2.2.4 Equipment for Octave Bgnd and Wide Band Analysis

The electronic equipment (in addition to instruments listed in
2,2.2) used for octave and wide band analysis consisted of the
following:

1. Krohn-Hite variable band pass filters Model 330M

(frequency range 0.2 - 20,000 cps?
2, Ballantine True RMS Voltmeter Model 320.
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in the 3,125-12,000 cps frequency range, Wider frequency bands
corresponding to the three Anderometer bands were also used,

The vibration readout of this system is in RMS millivolts and is
comerted to acceleration by using known values of the pickup
sensitivity and amplifier gain. The acceleration measurements
were expressed in inches/second2 RMS,

This equipment is shown in the instrumentation layout of
Enclosure 67,

2,2.5 Instrumentation for Messuring Shaft Vibrations

The shaft vibrations of the large bearing vibration tester,
were determined by measuring the electrical capacitance of a narrow
air gap formod between the rotating shaft and a capactitance probe,
The following equipment was used to measure the capacitance variation
produced as the shaft vibrates:

1, Robershaw-Fulton Proximity Meter No. 9501,

2, Krohn~Hite Ultra-Low Band Pass Filter Model 330-A.

3, Ballantine True RMS Voltmeter Model 320.

The capacitance measuring system and test configuration is

shown in Enclosure 68, For details on the tests see Progress
Report No, 13 pages 2-11 (1),

2.2.6 Iape Recorder

For detailed anaslysis of vibration data, vibration siynals were
recorded on magnetic tape for subsequent playback into the Panoramic
spectrum analyzing equipment, The tape recorder used is an Ampex FM
Recorder FR-1107 having seven in put channels,
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2,2.7 Equipnent for Airborne Nojce Measurement

The airborne noise measurements of large roller bearings were
made with a Bruel and Kjaer Condenser Microphone Type 4111, The
microphone output was fed into 2 Bruel and Kjaer 2602 Microphone
Amplifier with an external set of Allison Band Pass Filters, Model
2ABR, Since the airborne noise measurements were conducted in an
ares having a high ambient background, a test chamber was constructed
to reduce the background noise, The noise test chambr * and electronic :
equipment used in those tests are shown in Enclosure 69, !

The ambient noise levels, expressed in absolute decibels, in
the octave hands between 25 and 12800 cps, messured at the micro-
phone location in the noise test chamber are tabulated below:

Frequency Band, cps 25« 50~ 100- 200- ;
50 100 200 400 i
Noise Lgvel,db 82 17 78 70 )
!
Frequency Bend, cps 400~ 800- 1600~ 3200~ 6400~
800 1600 3200 6400 12800 !
Noise Level, db 69 62 61 50 42 !

2.2,8 Large Race Waviness Test Equioment ?

Woviness messurements of large bearing rings (200-300 mm bore) were
obtained with a large vertical wavometer which uses a rotating pickup
and a stationary specimen. The mechanical unit is a Micrometrical
Manufacturing Co., Wavometer Type PE-65. It is equipped with an BEST
MEA-100 velocity pickup and the associated electronic equipment was
built by &ESF,

Since the bearing rings tested on this instrument are much
larger than the small ball bearing rings tested on the equipment
described in 1,2.3 and since the rotational speed at which the
large roller bearings are tested is lower than that used for small
bearings, higher orders of race waviness than measured with the equip-
ment described in 1.2.3, becomes important for the large roller
bearings. Therefore the freguency range of the instrument was ex-
tended by adding eight octaves, covérlig the rangs from 15 to 3840 wpe,
to the original five otaves between 3 and % wpc,
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Further details of this test equipment are given in Progress

Report No, 8 pages 7-8.(1),

2.2.9 Rollex Waviness Tester

The Race Waviness Tester described in 1,2.4 was used with
special tooling to hold the rollers at a rotational speed of
740 RPM to megsure roller waviness in the octave bands corresponding

e e e

|

g,
. ;k. :
i ..@i ‘;ii,t'u‘t L

ts 4 8, 8-16, 15-32, 22-h4 and 64-128 wpe.

2,2,10 Length Measuring Equipment

The same equipment described in 1,2,12 was used for length and -

geometry measurements,
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2.3 IHE LARGE ROLLER BEARING AS A VIBRATORY SYSTEM
2.3.1 Sources of Bearing Vibration

The sources within the bearing itself, generating vibrations
in large roller bearings, are essentially the same as those for
deep groove ball bearings, discussed in 1,3. As for ball bearings,
roller bearings vibrations are generated in a geometrically perfect
bearing as well as by geometrical imperfertions of the rolling
surfaces, The majority of the analytical findings developed for
ball bearings apnly to rollcor becarings elso.

2.3.2 Vibrations Generated by 8 Gaometrically Perfect Roller Bearing

These inéluds vibrations induced by variahle compliance and
hy flexural ring bending due to roller loads,

2.3.3 Vibrations Induced by Variagble Elastic Compliance

Due to the design differences between ball bearings and the
roller bearings here considered, the variable comnliance vibrations
for roller bearings differ in the following respects from those of
the ball bearings discussed in 1,3,3:

a, In a cylindrical or tapered roller bearing the races
and rolling elements are approximately in line contact,
while they are in point contact in a ball bearing. The
contact deformation in a cylindrical or tapered roller
bearing therefore follows the nearly linear law (Palmgren
(5)).

I

P: CJJ (2.3.3-1)

instead of the 3/2 power law of Eyuatlon (1.3.7-1) valid
for ball bearings.

In a perfectly linear system where the displacements at
the contacts between rolling elements and races are
proportional to the loads at the contacts, the relative
displacement between the rings is always in the direction
of the applied radial load and proportional to the load
(this is not the case in a non-linsar system).
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The total displacement in a Ilinear system is there-
fore constant, which means that variable compliance
vibrations are not induced. Therefore, the ampli-
tudes of the variable elastic compliance vibratien
in 8 cylindrical or tapered roller bearing, which
is nearly linear, are expected to be small compared
to those in a ball bearing,

In a spherical roller bearing the races and rolling
elements are in point contact, as in & ball bearing,

and the variahle compliance vibrations therefore

should follow the same 1aw for these two types of
bearings, The coefficient <Jg is, however, considerably
higher for the roller bearing than for a ball bearing
with the same rolling element diameter, The exact effect
of this difference in Hertzian coefficients depends

on the load applied and cannot be determined without
extensive analysis,

The number of rolling elements in the roller bearings

here considered is much larger than in deep groow ball tearins

of conventional design. This is expected to reduce

the amplitudes of the variable compliance vibrations

in roller bearings, since the amplitudes of these
vibrations decrease with the number of rolling elements.

The overall effact of the design difference between
roller and ball bearings on the variable compliance
vibrations is a reduction of the amplitudes of these
vibrations in the roller bearings. This is in agreement
with experimental results which for roller bearings,
show no significant difference between the amplitudes
measured in the direction of the radial load and per-
pendicular to it (See 2,3.12)., For ball bearings the
vibration amplitudes perpendicular to the radial load
are genarally of higher amplitude than those in the
direction of the load which 1s attributed to the effect
of the variable compliance vibrations,
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2.3.4_Flexural Vibrations of the Quter Ring Due to Reiler Loads

Since the amplitudes of these vibrations are inversely pro-
portional to the cube of the number of rolling elements, the large
number of rollers in the roller bearings have a pronounced reducing
effect on these amplitudes, Enclosure 70 show the computed amplitudes
of these vibrations at 800 RPM rotational speed as & function of
axlal as well as radiaml load, computed from Equations (1.3,4-2) and
{1.,3.4 2)., Ths amnlitudes are expressed in terms of acceleration since
acceleration measurements were used in all large roller bearing tests.
Tynical amnlitudes of bearing vibration, measured in an octave band
containing the frequency at which the flexural vibration occurs
(the roller passage frequency), are shown for comparison., It is
seen that, even under heavy loads the vibrations due to roller loadk are o
low amplitude compared to the overall vibration level. This effect
is even smaller if the bearing is mounted in 8 housing, as was done
in the measurements of the overall vibration level, These vibrations ;
can therefore be neglected {n most cases, :

5 Lontnct Deformation in Rollex Bearings

As mentioned in 2,3.3 the deformation at the contact between
the rollers and races in spherical roller bearings may be assumed
to follow the non-linear Hertzan law, for point contacts given by
Equation (1,3.7-1).

For cylindrical and tapered roller besarings the deformation
is nearly linear, as given by Equation (2,3,3-1),

As for bell bearings, it is advantageous to use & linear
approximation of the Hertzian laow as given by Equation (1,3.7-2).
The linear coefficient of contact deformation k, for spherical
roll::r bearings can then be computed from Equation (1.3,.7-4) for
a bearing under axial load or from the following more general
equation in which the coefficient k” is expressed in terms of
rolling element load

PVS

R
(o]
Formulae for numerical computation of C‘ and €4 can be found
in (5).

2
)a (2.3.5-1)
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For cylindrical and taiéred roller bearings the linear -
coefficient of deformation k, may be expressed in terms of
the rolling element load Y as

‘ it pored
" (i})o.q+<é_°)o.9 (2,3.5-2)

The values of kﬂ for the various roller bearings used in
the tests reported here are nlotted as a function of roller load
in Enclosuras 71 and 72, Tt is seen that for the cylindrical
and tapered roller bearings Kk, is relatively load independent,
while k, for the spherical roller hearing varies considerably with
the load,

2.3.6 Vibrations Generated by Geometrical Imperfections of the
Rolling Surfaces

As in a ball bearing, impertections of i1he rolliing surfaces of
roller bearings induce vibrations of the outer race., These vibrations
incliude rigid body motion and vibratious cuused by clastic deformation
(bending) of the outer ring.

The rigid body vibrations comprise radial, axial and angular
vibrations, Due to the differences in design of the various types
of hearings one mode may be more predominant in one bearing type
than in another., These differencves will be pointed out later,

2.3.7 Rigld Body Vibrations Generated Dby Geometrical Imperfectjons

The rigid ring vibration theory originally developed for deep
groove ball bearings has been experimentally verified for large
roller bearings.

Frequencies predicted by the theory have been found in ex-
perimenta) spectra of radially as well 2s axially loaded large
roller bearings. Enclosure 73 shows a narrow band spectrum of
the radial vibrations of a 23256 spherical roller bearing operating
under 20,000 1bs radial load. The spectrum contains peaks at
frequencies, coinciding with ihuse that arc, according to linear
theory, induced by inner ring, outer ring and roller waviness, The
spectrum includes frequencies only up to 170 cps, since the most
significant effects of race waviness have been observed in this range,
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Enclosure 74 shows a mdial vibration spectrum of:an NJ236..cylindrical
roller bearing operating undex 20,000 1bs radial load. Imn this

bearing roller waviness was high compared to inner and outer ring
waviness as evidenced by peaks induced by roller waviness at frequencies
predicted from linear rigid ring theory,

Enclosures 75-77 are tabulations of orders of inner ring, outer
ring and rollier waviness that generate vibrations in given octave
bands at selected rotational speeds. The ranges include vibrations
generated by both the linear and non~linear theory of rigid ring
vibrations, and apnly to radial, axial and angular vibrations,

In a bearing with two rows of rolling elements (such as the
spherical roller bearings used in the tests) hoth rows contribute i
to the bearing vibration. This case was not covered by the mathematical
anglysis in (1), and a detailed analysis will therefore he given :
hereo

To illustrate the effect of Lwo rows of rotling elements only
the linear radial vibrations will be analyzed under the assumptions
made in Specfal Report AL61LO32 (1), i.e, the beuring ls consirainod
In such a munner that the outer ring vibrates only radially, but not
angularly or axially, Angular and axial vibrations of double-row
bearings wi.l not be analyzed here,

We first consider the effect of inner ring waviness on the f
radial vibrations of a double-row bearing, The subscript I will be
used to refer to quanti{ties related to the first row of rolling
bodies, and the subscript I{ for the second row, on the assumption
that both rows of rolling bocdies carry the same load, Equation (30)
of Report AL61L032 (1) may then be expressed as

¥, . ' -
JZ:'E‘"{\&-A,.Cos[w‘_ 4-‘3%1:—"‘_]-xvs;‘n[u‘haig‘f')]%ﬂ’;]eos&f *J__fi_'%_;)l o

+ g {"J{W} - xycosfut + 10 +6] -x,sin[ud'*"—m-;;) +9J§ e °’[‘-g+*a-'2§gt"’} M5,
as

This, using Equation (41) - (48) of Renort ALA1L032 can be simplified

2 (
(1] 2 z jf‘ 2‘ ‘-0
Mx“-!--,fku)‘...*“z"‘u"n’ku \'{Jr“‘["’* e A (2.3.7-2)
~

z ‘-
’ k"J%‘“Jnm [t r 00 0]
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whero 21- and Zm are the numbers of rolling elements in row I - )
and row II, respectively (only the case & = 2p will be considered),
Xy is the radial displacement in the lorizontal direction ; &

is the nhase angle between the rolling elements of the two rows (the
polar angle between the arbitrarily numbered “rolling element No. 1"
of row I and "rolling element No, 1" of row II).WWj, and "‘.‘l"ﬂ' are

according to Equation (61) of Report AL61L032 (1) defined for inner
ring waviness by

M a Y [L} -
‘“g'r‘-“ﬁt-szkts\‘nk[“’cf"""kx : ( l“’s[""“{—u.] (2.3.7-3)

~b

-l
. ‘ 2iif}1) 20()-1)
V%’“’;;sz_lAkn"“k[“"*NG' %*élm[&:ﬁ*?"_—*e] (2,3,7-4)

where b(kr and dkfare the phase angles of the waviness function for
the two rows, measured from a common anguiar posttion for hoth rows,

Ak]: and A’kﬂ: are the amplitudes of the waviness harmonics,

Using trigonometric identities and Equations (32)-(35) of
Report AL61L032 (1) Equation (2,3.7-4) can bhe expressed as

o0
th:. ZA&E‘ESI (k,;)s,k.k(wfv‘-/-o(‘,u. +9) ecos ((dc*+e)
k»
(2,3.7-5)
+S, (/f,?)eosk{w,-h-(kpe) s’ (wc”'»‘é)j #3708

where the fact that terms containing 53(1'2) and S (/<Z vanish, has
been considered. The functions S5,(4,2), S k) S'('k ) and S, Cke)
are defined by Equation (32) - (35) in Report AL61L032 (1),

-80-

RESEARCH LABORATORY BKIF INDUSTRIES, INC.

il v it sodblh Lo AR 3

MR 4107 0038

e e unk b N sk DN SRS K¢ LS I

« Btk iio .

e,

5 e b Ak AN

PO PR APERTIRNPFPRINN. S8 RUVE TR0 . E- v

e I R A

T

iy

PR VE

N




_ F-ATA

T AL63LO23 - —
Equation (2.3.7-4) can furth/fr be written as . N

Wi z.ZAk{f[_.S (43)- S(ka_]Sm keo; -w‘)'f-tk,(ka,;(kﬂ)e]
+ [S,0k0) =G (k)] Jlew; veaf 4ty 4 (k=1) AJ}

This equation is the equtvalent for double row bearings of
Equation (63) of (1),

(2,3,7-6)

The solution of Equation (2,3,7-2) may now be expressed as
follows, using Fquation (2,3.7-6), the identities (43) and (44)
of Report AL61L032 (1), and the method ocutlined on pages 16-21 of
the same report:

o AT .

K"nk-] wy
—AeE .
+é§.p - ("!"""t"%).~ ) h[&”‘ oot ¢ ] (2,3.7-7)
kemg=i
3 a3 .
""2'-?;, " (I:w -«og)\ 3in [(k“’i"wg){' + Koty b(ku)e_]
n'ni-.
4* ) Al Svy [(-kw‘-‘-w‘\* +ko(krr(k—‘)gj

' _(ku;bws)t
.%to ] : [AVN o
This solution is the double-row bearing equivalent of Equations
(74, 78-80) of (1). Note that in the present equation, a factor

1/2 appears shead of the summations which is not present in the
single row solution, In a non-resonant range

where
ke, tnag
4<|
(2,3.7-8)

Equation (2,3.7-7) may be simplified as
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.“ w .
-é-z;'(krs Y E““."”c)* H"‘kl] 4 5;,:"1::1‘\\2&»3@‘)1' + kdkﬂ

kenger Kamgei (2,3.7-9) l ;
+ t:i XKESI‘ﬂ[(km;-uo)hb kg{ka ‘(k.u)é] +t;‘:ku s"‘dI(kW{ ﬂ.;‘)h- k"kﬁ‘(k ,')OJ g ‘a

kenass k‘ﬂ‘fl I
Here Xz represents the instantaneous displacement of a bearing
consisting of row I vnly {the first two summations in Equation
(2,3,7-9), and g the displacement of & bearing consisting of row
IT only (the last two summations in Equatien (2,3,7-9)), X is the Iii
instantaneous displacement of the double-row bearing.
1

X kT is the amplitude of the k:th harmonic of the vibrations Lo
generated by a bearing, having only the first row of rolling elements, =
and vtkE-the corresponding smplitude generated hy the sscond row.

e,

The equations for outcr ring and rolling element waviness ran
be obtained from Equation (2.3.7-9) by substituting for the frequen-
clies k“’f twc,the characteristic frequencies for vibration induced -

by outer ring wuviness:(kﬂ)wc and ball waviness: Rw wdy, . and Ly

using the values of k applicable to outer ring and ball waviness,
respectively (See Enclosure 20),

Equation (2,3,7-9) is based on the assumption that both rows

of rolling elements carry equal loads., Since this is not necessarily wr o
the case, Equation (2,3.7-9) gives generally only an appruximation i
of actual conditions, I[f, for instance, the bearing operates under
heavy thrust load and no radial load, the effect of the loaded row
is predominant while the other row contributes comparatively little .
to the bearing vibration. For most operating conditions used in the -

tests on large spherical roller bearings Equation (2.3.7-9) is, how-
ever, believed to give a good approximation of the bearing vibration,

The interpretation of Equation (2,3.7-9) depends on the relative
magnitudes of the parameters Xpgp, Xeg o °(Kr" e(ka-and e .
The following cases may be considered:

S R SO

1. “kt#"kt- In this case the waviness patterns of the two

rows are unrelated, with a random phase shift between the
same harmonics of the two rows. The frequencies in the
vibration spectrum are, in this case, exactly the same as
for a single row bearing. The RMS vibration level in a
wide band is

- ) T ==
A= 2\ Xy tx, (2.3.7-10)
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where the bars indicate RMS vaiues.

If XpeXg (which may be considered to be the case if both
rows are finished by the same process), then

%~ %

(2.3.7-11)

i,e,, the vibration level of the double row bearing 1s4¢€i
Limes tnat of the same bearing equipped with oanly one row
of rolling elements. The case -(ktia(ka.always applies to
vibrations generated by rolling elements, and may also be
used in most cases where the two rows of rolling elements
run in separate grooves such as in a spherical roller
bearing inner ring, This result is independent of phase
angle & .

'(kzﬂ(‘u.and Rip=Xpg. In this case, the waviness patterns
of the two rows are the same, This case may be approximated
for instance, by the outer ring of a spherical roller bearing
where both rows of raoller run on the same spherical surface.
The resuitant vibration now depends on the phase angle & .
Using trigonometric identities, Equation (2.3.7-9) may be
expressed as

x "EE’)< SIRTZZZku;--q, )f.hﬁh‘-+ éﬁt!€57¢;os éE:Le}
nes KT t~%e KT 2 Z
krng-y
-3 : - k-

-2 g Sfu[(-kl-.l"noc)l‘-f-k.(k#- %—'6 cos -2-50-

L Y-
3%} 2

(2,3,7-12)

It is seen that #gx , the vibration amplitude generated by
ki#h waviness harmonic of the double row bearing may be

expressed in terms of the corresponding amplitude of the
single row bearing e by the equatfions

L .
2w, pcosz (k)8 kamz-y (2.3.7-13)
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L ks g
"Ic"‘kr“‘szo"")g 5 krme+y (2.3.7-14) I

or I

L Q \ a0 |
= X \!05251! N ) )2)3. .
Xp ™ om ! (2,3.7-15) [

Equation (2,3.7-15) shews the dependence of the vibration
amplitudes on the nhase angle & . Two cases will be considered: I

a, Bearings with hoth rows of rolling elements held in
one common cage. In this case the phase angle & 1is
constant, If @& = 0, the angular positions of the
rollinyg elements of the two rows coincide. 1Inmn this
case M = Xroy and the vibration spectrum of the double
row bearing is identical with Lthat of the singlo-row
bearing. If & ="72. the rolling elements are staggered
so that the rolling elements of one row fall exactly
at the midpoints between the rolling elements of the
other row, In this case, according to Equation (2.3.7-6),
Xn=0, for M =1, 3, 8 ... and Xy=Xg,, for N = 2, 4, ’
6 ..., l.,e, the number of peaks of the double row bearing l .
svectrum is enly 1/2 of that of the single~row bearing,
The frequencies of these peaks correspond to race waviness l

fumed  frowes}

e
e B Mo #

s

harmonics of the orders AR %) where 2 is the total number
of rolling elements in the bearing (both rows). The
vibration spectrum of the double-row bearing is identical
with the spectrum of a single-row bearing having the
same number of rolling elements as the total number of
rolling elements of the double-row bearing,

[P S

For other values of the phase angle © the amplitudes of l
the various vibration harmonics may be computed from
Equation (2,3.7-15). Enclosure 78 shows how the ampli-
tudes of the harmonics corresnonding toV = 1, 2, 3 and 4 !
depends on the nhase angle

It follows from Equation (2.3.7-6) that the RMS value I
of the vibration umplitudes of the double-row bearing,
in a wide band, may be expressed as

';Z--i:- for G #0

* I
_ (2.3.7-16)
X = xr for 6 =90 l :
-84-
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where the bars indicate RMS values,

It should be noted that these oquations ars strictly
valid only for an infinitely wide band (Mm=>d0 ),
For sufficient accuracy the band should contain at
least Jt/3 & harmonics, which means that for small
values of & a very wide band is required,

b, Bearings with separate half-cages for the two rows of
rolling elements, In this case relative slip always
occurs batween the half-cages, i.e., the phuse angle
varies, and amplitudes are therefore also subject
to time variations. It follows from Eguation (2.3.7-1%)
that the 1long term _average RMS values of the
vibration amplitudes X of the double-row bearhg, in a
wide band, is, in this case:

- Xr
X F (2,3.7-17)

A comnarison of Equatton (2.3.7-10), (2,3,7-15) and (2.3.7-16)
shows that, with one exception, the amplification factor for the
radial vibrations of double-row bearings with equal load sharing
between the two rows is //¥Z times that of the corresponding singie-
row bearing., FRquation (1,3,17-2), (1,3.17-3) and (1.3,17-4) may
therefore be used both for bearings with one and two rows of rolling
elements, if 2 18 taken as the total number of rolling elemecnts in
the bearing. The one excention to this rule is the case & = O, given
by Equation (2,3.7-15), when the sngular position of the rolling
elements of the two rows coincide, and the rolling element in both
rows run on a common ring surface, In this case the double-row
and single~-row bearing have the same amplificstion factor, f.e,, the
number of rolling bodies per row is to be used in the formulas.

If the bearing operates under heavy axial load so that only one
row I8 loaded, the amplification factors are the same as for the
corresponding single-row bearing, i.,e.,, V& times the values for the
double row bearing.

In Enclosure 79 the velocity bandwidth amplification factors
s Up and 12; for outer ring, inner ring and roller waviness
for the roller bearings under study are tabulated, The factors refer
to a rotation sveed of 100 RPM of the bearing in vibration testing,

200 RPM in waviness testing inner and outer rings and 740 RPM in
roller waviness testing.,
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The amplification factors at speeds other than 100 RPM may be
obtained by multiplying the values in Enclosure 79 by N/100 where

N is the rotational speed in RPM., Acceleration amplification
factors relating waviness measured in terms of velocity to vibration
measured in terms of acceleration may be obtained by multiplying

the values in Enclosure 79 by Zfﬁf + Where is the midband frequency
of the band in which the vibration is measured. Thererore the ratio
between Us , Uy' and U, 1is the same for acceleration as for
velocity measurements, All the factors given in Enclosure 79 apply
to measurements in comparatively wide non-resonant band. They

are based on the assumption of equal load distribution between rows,

i1

It can be shown similarly to the reasoning given asbove that
Equations (1.3,17-5), (1,3.17-6) and (1,3.17-7) which give the
amplification factors for the axial vibrations of single-row bhearings
are also valid for double-row bearings operating with separate half-
cages (variable &), and equal load sharing between the rows. In
these equations Z again indicates the total number of rolling elements
in the hearing.

REVIUTORA (WY SITTRY

The angular vibrations of double-row bearings are believed to

be highly influenced by hearing cesign, e.g., whether the bearing I

"

is a ball bearing or spherical roller bearing. These vibrations
for double-row bearings have not been included in the present study.

2.3.8_Flexural Vibrations Induced Ly Low Order Race Waviness

The narrow band spectrum of the roller bearing in Enclosure 73
shows peaks at twice and three times the rotational frequency. As
for ball bearings, vibrations at these frequencies can be explained
as flexural vibrations induced by 2 wpc and 3 wpe inner ring waviness,
Since the amplitude of these peaks, according to Equation (1.3,18-2)
increases with the number of the rolling elements and with the
elnstic spring constant of the rollers, this effect is expected to
be of importance in large roller bearings.

reY regperpempery e RS T I

Q

g
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If, in a double-row bearing, the waviness patterns of the
two inner ring tracks are identical then the flexural vibrations
induced are similar to those in a single row bearing, If the
waviness natterns are not identical then the resultant elastic
vibrations depend not only on the flexural rigidity but also on
the torsional rigidity of the outer ring, These vibrations have
not been studied,

2.3.9 Natuxal Frequencies of the Outer Ring

The natural frequencies of the vibrations of the outer ring
may be comnuted from Equation (1,3,15-1) where the lowest mode
gives the natural frequency of the radial rigid body mode of the
free outer ring sunported by the rolling elements and the higher
modes represent flexural vibratiens. The natural frequencies of
axial riyld body motions may be computed from Egquations (1.3,14-3),
(1,3,14-4) and (1.,3,14-5).

The naturat frequencies in the range between 0 and 10,000 cps
of the roller bearings used in the study are tabulated in Enclosure
80. The rigid body resonant frequency of a system, consisting of
the bearing mounted in its housing on the vibration tester (described
in 2.2,1) with radial loading bar and piston attached to the housing,
ts also listed in the enclosure, (For details see Progress Report
No, 17 (1)), Enclosures 81 and 82 show typical narrow band spectra
of spherical roller bearings, recorded at several rotational speeds,.
In Enclosure 83 the snectra obtained at the various speeds have heen
sunerimnosed on the same graph, It is seen that the snectra contain
neak regions which are reasonably speed independent indicating the
probability of resonances in these regions., These regions are seen
to coincide well with the comnuted natural frequencies,

2.3.10 The Effect of Load on the Vibration of Large Roller Bearings
Spherjcal Roller Bearings

Radial load, in the 20,000 to 80,000 lbs range has a small
and erratic effect on the vibrations measured in octave bands

between 50 and 1600 cps in radial and axial directions, In the
octave bands above 1600 cns the vibration level increases with load,.
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This effect is most pronounced in the highest band studied.
(6400-12800 cps). An increase in axial load from 5000 to 25000

1bs was found to significantly increase the vibration level

nnly in the two octave bands between 3200 and 12800 cns. Below
3200 cns the effect of axial load is insignificant.

Cylindrical Rojler Bearings

The effect of radial load on the vibration level of cylindrical
roller bearings is so small and erratic that significant trends
are difficult to detect.

Iapered Roller Bearings

The effect of load on the vibrations of tanered roller bearings
was not studied experimentally.

2.3.11 The Effoct of Snged op the Vibration of Large Rollex Bearings

It was shown in Section 1.3.20 that Lhe relationshin between
vibration level measured in nctave bands, and rotationa) speed,
for small hall beurings may be exnressed by Equation (1.3,20-9). The
vibration level of these bearings was measured in terms of velocity,
Exnerimental results have shown that the same equation, wlith different
values of the exnonent o , also annlies to large roller bearings for
which the vibration level is exnressed in terms of acceleration.

Enclosure 84 shows tynical exnerimentally obtained values of o
for roller bearings as a function of frequency, The curve shown on
Enclosure 84 gives the annroximate average values of & for a sphericsl
roller bearing under radial load. The curves for cylindrical and
tanered roller hedrings show the same tendency. For all three types
of bearings £ is anproximately 0.7 in the 50-400 cns range and annrox-
imately 1.5-2,0 in the higher cctave bands.

As for small ball bearings, the relatlonship between vibration
level and sneed for large roller bearings depends on the shane of
the spectrum, As in the case of ball bearings the vibration level
in any given octave band at any given rotational sneed may be com-
puted nrovided that the octave band snectrum at one speed is known.
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In & non-resonant region, assuming the vibration transmission
characteristics of the bearing to be the same at the two speeds,
the following applies for measurements expressed in terms of
acceleration:

N, .2
-V:u»(%f‘():(-if)vu(p (2.3.11-1)

where 1V§A(4) is the RMS vibrational acceleration measured in

an octave band with midband frequency f cps, at a rotational
speed of N, RPN,

|

Vaul ) represents the reading in the same band at a rotational ’
sneed of Ng RPM, The squared factor ( hl;/Nl)zin Equation (2.,3,11-1)
18 dus to tho fact that, for given diaplacements, the acceleration
amplitudes are proportional to the square of the frequancy and tlus
also to the squnere nf the rotatinnal speed, It follows from Equation
(2.3.11-1) that the octave band acceleration spectrum at a speed Ny
is obtained from the spertrum at the speed PU, by multiplying the
ordinate scale hy (N/N, )® and the abscissa'by No /N, .

—as ——r

The value of the acceleration-speed exnonent "A equals that of
the velocity-speaed exnonent ol to the degree of approximation to
which, for the octave bands under consideration.

VA.sz.V (2,3,11-2)

where f is the midband frequency of the octave band,

While Equation (2.3,11-2) is not generally exact, it may be used
for rough estimates of the vibration levels, and therefore , the
values of o and eq~ are approximately the same for the same bearing.

A comparison of Enclosures 44 and 84 shows that the exponent &
for small ball bearings is approximately the same as the exponent°§~
for large roller bearings in the frequency range above 400 cps,

(In this range the average & for the ball bearings is approximately
1.4 and the avetagecx* for the mller bearings is anoroximately 1.7,
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In the 50-400 cps the average egqis only 0.7 while . for the
ball bearings is 1,7,) It should, however, be realized that

in the low fregquency range the results on the large roller
bearings are influenced by ambient vibrations (Section 2.2.1)
which tends to increase the vibration readings, especially at

low speeds, This has a reducing effect on the values of +a

in the 50-400 cus bands, which may at least partly, explain the
low values of o(qin this range,

Considering the differences in size, design and rotational
enaed it 1¢, of course, not sunrising to find some differeuces
between the values of & for ball bearings and large roller
beurings. A comparison of Enclosures 28, 29 and 7Y shows that
the waviness orders generating vibrations of the roller bearings
under the sneeds here considered are much higher than those in
the ball bearings, This, no doubt, accounts for some of the
differences between the vibration spectra of the bearings,

While the vibration-speed exnonents for acceleration and
velocity can he considered to be annroximately Lhe same for Lhe
same bearing, the shape of the acceteration spectrum is widely
different from that of the velocity spectrum, The velocity
octave band spectrum (in a non-resonant reglion) cerresponding
toe{= 1,5 was found to follow Equation (1.3.20-6), t.e., the
octave band vibration readings decresse with frequency, The
corresponding octave band acceleration spectrum follows the

equation
V, = KIE

A (2,3.11-3)

which gives vibration levels increasing with frequency,

Enclosures 85 and 86 show typical octave band acceleration
spectra of a 23256 spherical roller bearing rotating at 300 and 500
RPM, It is seen that, in all three measuring directions there is a
tendency for the vibration levels to increase with frequency as
suggested by Equation (2,3,11-3).
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It should be realized that Equation (2.3,11-3) descr

a spectrum corresponding to a value of 0(.= 1.5, in non-
resonant regions only, Since, according to 2.3.9 the spectra
of large roller bearings are characterized by several resonant
peaks, considerable deviations from the approximate spectral
shape (2,3,11-3) are expected, even for bearings for which

ol & 1,5, This is clearly illustrated by a comparison of the
octave band spectra of several spherical, cylindrical and

tapered roller bearings which will be discussed in more detail

in 2,3.14. It will be shown that for the octaves in the 50-1600
ens range the vibration level of all bearing tynas tested increases
with frequency. In the frequency range above 1600 cps a decreasing
tendency is observed in a few cases,

T e e e

ibes

2,3.12 Lomparison of Vibration Levels in Different Measuring Directions

The following general trends have been observed in comparing
octave band vibration readings in different measuring directions:

Spherical Boller Bearings

1. The vibration levels measured in octave bands in the range
from 3 to 6400 cps in the direction of the applied load and
pernendicular to it are approximately the same, for bhearing
rotational speeds in the range between 100 and 800 RPM,
Since the frequency range studied includes the frequencies
of all the important harmonics of the variable compliance
vibration, the results may be interpreted to mean that, the
effect of the variable comnliance vibrations on the total
vibration level is small, as expected on the bhasis of the
discussion in 2.3.3.

2, The vibration level in the axial direction is, generally,
approximately twice as high as in the radial directfon.
This is in agreement with the vaiues of the amplification
factors Ty , U and Ty in the radial and axial direction

as shown on Enclosure 79,
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1, Significant trends are somewhat more difficult to detect
than for the spherical roller besrings, due to more erratic
variations in the vibration levels. Since the cylindrical
roller bearing is more sensitive to misalignment than the
spherical roller bearing, these variations may be due to
unintentionally induced misalignment in applying the load.

i
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2. Generally, the octave band vibration levels are approximately
the same in ihe direciion of the radial load, perpendicular
to the load and in the axial direction,

Janerad Roller Bearings

1. The vibration levels in the axiasl direction are, in general,
higher than in the radial directions in octave bands un to
800 cps, as expected from the vualue of Uy , T} and %8

ligsted in Enclosure 79. In the bands above 800 c¢ps the -
axial vibrations ure of lower amplitude than the vibrations
measured in the radiat directions,

b

bo

el

2. The vibration amnlitudes in the direction of the radiul
load and perpendicular to it are approximately the same in
octave bands up to 800 cps. In the bands above 800 cps
the amplitude of vibrations in the direction of the load are
anproximately twice as high as in the direction perpendicular
to it.,

1-

2.3.13 Comparison of the Effects of Inner Ring, Outer Ring and
Rolling Element Waviness on the Bearing Vibration Level

The method given in 1,3.22 may advantageously be applied to
large roller bearings, particularly in studying the effects of
improvements of the rolling surface waviness,

The theoretically expected reduction in vibration level,
due to improvements in waviness, may be computed from the equation

2 2 [ Waa\T L Wig AT L WIWREK R
(.‘{ﬁ) = Zo(ﬁ) + Z'(W—,inp.\) +2b(71ﬁ) (2.3.13-1)
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where the subscript A refers to the unimproved bearfndiang:iﬂsuu
subscript B to the improved bearing. WV, and ‘QE are the theoretlically

exnected vibration levels in any given band and the quantities W,

Whn and‘Ng are waviness readings in bands corresponding to the
frequency band of vibration, Zo, Z,' and 2.6 are given by Equations
(1,3,22-5), (1.3,22-6) and (1.3.22-7).

Enclosures 87-92 give experimental vibration and waviness data
for unimproved and improved spherical, cylindrical and tapered
roller bearings. TQE subscript A always refers to the unimproved

"bearing and I snd O , respeclively to improvecd bearings of two
degrees of refinement, (The manufacturing improvements will be
further discussed in 2.3.18,) Enclosures 93-95 show ¢ graphical
comparison of the computed and measured ‘VB/VA ratios., It is seen
that for the spherical bearings the exrorimental ratio, in general,
{s somewhat higher than that computed, while for the cylindrical
and tavered roller bearings the oprosite is true, Tha ralative in-=
fluence of improvoments in outer ring, inner riny and roller waviness
fer the various bearings used may be obtained from a comparison of
the 2}‘ . Z;L and ‘i& facters for the different bearings. This is
illustrated by Enclosure 96, 1t is recalled that the value of the
contribution factors Z depends not only on design, but also or the
relative magnitude of waviness of the different parts found in the
veference ( A ) bearing.

The fact that the reduction itn vibration level due to imnrove-
ments in waviness is smuller for the spherical bearing than for the
cylindrical and tapered bearings could be explained by assuming that
the vibration level of the bearing is also influenced by other causes
than waviness (including the sources discussed in 2.3.3 and 2.3.4).
Since the vibration level of the unimproved spherical roller bearing
tested was considerably lower than that of the cylindrical and
tapered bearings, the contribution to the total vibration level from
sources other than waviness is likely to be greater for the spherical
bearing than for the two other tynes, The vibration level of the
spherical bearing was therefore less influenced by reductions in the
waviness level of the narts than the two other types of bearinugs,
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2,3.14 Comparison of the Amplitudes of Vibration Generated by
Various Sources

Of the four vibratory sources mentioned in 2.,3.1 through
2.3.4 the variable compliance vibrations and bending of the outer
ring due to the finite number of rolling elements are judged to be
less important in the large roller bearings than in ball bearings,
according to the discussions in 2,3,3, The two nther sources, i.e,
flexural bending due to low order inner ring waviness and rigid
body vihrations induced by waviness of the rolling surfaces are con-
sidered the main enntributors to the bearing vibration,

The effects of 2 wpe inner ring waviness on the flexural
vibration of the outer ring is illustrated by Enclosure 97, for a
23240 snherical roller bearing.

The resulis apnly to a rotatinnal vibration test speed of 800
RPM, The vibration level is given in terms of acceleration, For
comparisnan the averuge vibration level measured in the 25-50 cps
band, (which contains the frequency generated by this source) is also
shown, 1t is seen that 2 wne with an RMS amnlitude of 175 micro-
{nches (corresponding to 450 microinches maximum diameter difference)
is required to produce a vibration amplitude equal tn the measured
level, Since this amount of inner ring two point out-of-roundness
is of an order of magnitude commonly found in bearings of this size
the two noint out of roundness is expected to be a significant con-
tributor to thc low frequency vibration leve! of the bearing. This
is also verified by the exverimental spectrum of a 23256 bearing
shawn on Enclosure 98, which shows a neak at twice the rotational
frequency., Inner ring waviness at 3 wpc also has o similar effect,
A peak at three times the rotational frequency corresponding to this

order of inner ring waviness is olso seen in the spectrum shown on
Enclosure 98,

The theoretically expected effect of outer ring, inner ring and
roller waviness of a 23240 spherical roller bearing is illustrated by
Enclosure 99, This Enclosure shows the computed vibration levels in
terms of acceleration (according to linear rigid ring theory) induced
by the three types of waviness in the 400-800 cps band in a bearing
rotating at 800 RPM. The graph shows the vibration levels generated l
bv outer ring, inner ring and roller waviness separately, as a function
of the waviness level in a corresponding waviness band., The amplifica-
tion factors computed from Equation (1,3,17-2), (1.3.17-3) and (1.3,17-4°
were used in this anslysis and te conversion to acceleration was per-
formed by multiplying by the midband frequency of the 400-800 cps band.
For comparison the measured average vibration level in the 400~800 cps l

SEE DUE TN e g med  peser  em e By SN "N AW e

band is also shown, The waviness levels of the rollers, the inner ring

and the outer ring measured in bands approximately corresponding to the
400-800 cns vibration band are marked on the gaph. 1t is seen that the
vibration levels computed from the measured values of the outer ring, l
inner ring and voller waviness, in each case, are 3 significant portion

of the measured vibration level.
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2,3.15 The Effect ni_hnm_hmﬂm_tuﬁmw ler Bearings

Tests performed on spherical roller bearings have shown that
there is a tendency for the vibration level to increase with de-
creasing radial looseness, The effect of radial looseness in the
positive looseness range is, however, very small, A preloaded
bearing (no radial looseness) has, in general, a higher vibration
level than the same bearing mounted with loose fit. For further
details, See Progress Report No, 14 (1),

2.3.16 Alrborne Noise Messurements of Large Roller Bearings

The following tendencles concerning the airborne noise of large
roller bearings were observed:

1. The alrborne noise level, measured in octave bands generally
decresses slowly with Increasing frequency.

2, The airborne noise and structure borne vibration velocity
spectra of each bearing are similar in shape,

3. The airborne noise readings correlate reasonably well with
the structure borne vibration readings, This correlation
holds both for comparisons of the same bearing at different
speeds and in different octave bands and for comparison of
different bearings tested with the same setup,

4, The airborne noise generally increases with speed, The exact
relationship between airborne noise level and speed cannot be
determined on the basis of available test results. There is,

however, no indication that this relationship would greatrly
differ from the corresponding relationship between structure
borne vibration level and speed,

Detailed results are given in Progress Report No. 17 (1),
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2.3.17 Additional Parameters Affecting the Vibration and Al
Noise of Large Roller Bearings

rborne

In addition to the various sources discussed in Sectio
through 2,3,16, the vibration and airborne noise emitted by
roller bearings are influenced by a number of other paramet
of these parameters, such as lubrication, damage on the rol
surfaces, dirt and rust were discussed in 1.3.28 far hall b
The effect of these parameters for large roller bearings is
to be similar to that for ball hearings. Other effects occ

large roller bearings, due to design and size differences b
them and small ball bearings.

Some of these effects, typical of large roller bearing

ns 2.3.1
large
ers. Some
ling
earings.
judged
ur in
etween

S are:

a, Ihe Contact Dotwecen Roller End and Race Flange:

The geometricul shape and micro-geonietry of both the
roller end and the flange may influence both the

axial and radial vibrations of the bearings.
effects have not been studied.

b. Roller Skewing:

In applying the analytical results in Section
to large roller bearings, it was assumed that
of the rollers of the rotating bearing remain
to the axis of rotation of the bearing., This
necessarily the case. The rollers may, at lea
certain conditions, operate with their axes mi
with respect to the bearing axis. The skewing

rollers is likely to affect the vibration characteristics

of the bearings, The amount of roller skewing

These

1,3

the axes
parallel
is not
st under
saligned
of the

is in-

fluenced by factors such as flange and roller geometry
and surface micro-geometry, roller crowning and con-

formity, cage geometry, lubrication, load and

C. ec D R :
Some of these effects were discussed in 2.3.7.
effects may be induced by inaccuracies in the

location of the two race ways (the grooves may
placed radially or ungularly with respect to e

speed.

Additional

relative
be dis-
ach other)

or by dimensional differences between the two grooves,
The fact that under many loading conditions the two

rows are not equally loaded also influemces the vibration

of the bearing.
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d. Cage Effecys:

The heavy cages generally used in large roller bearings
may generate forces of high enough magnitude to sig-
nificantly affect the bearing vibration, The cage also
influences roller skewing. It may directly emit air-
borne noise which is not reflected on vibrations of the
outer ring.

2.3.18 Comparison of Different Types of lLarge Roller Bearings

Enclosures 100 and 101 give a comparison of observed vibration
levels of spherical, cylindrical and tapered roller bearings.
Enclosure 100 shows the vibraion levels of standard production quality
bearings manufactured with polished or ground race grooves and rollers,
The bearings shown on Enclosure 10! are of improved quality, The
improved spharical 23240 roller bearing is manufactured with honed
inner race groove, polished outer race groove and honed rollers, The
improved NJ240 cylindrical roller bearing is manufactured with mned
inner and outer race grooves and lapped rollers, The improved
96900/96140 tapered roller bearing was loaned to the & ST Industries,
Inc, Research Lahoratory by the U, S, Naval Engineering Experiment
Station, Annapolis, Maryland with the indication that it represents
the best quiet running quality tapered roller bearings. The octave

band readings shown graphically in Enclosures 100 and 101 are tab-
ulated in Enclosures 90-92,

From Enclosures 100 and 101, it is obvious that the tapered
roller bearing tested has the highest vibration levels of the standard
quality bearings, This bearing reads more than five times higher
than the two other bearing types in the 400-6400 cps range. The
snherical roller bearing has the lowest vibration levels in most
bands and the cylindrical bearing reads up to four times higher than
tha spherical in the frequency range below 1600 cps,

A comparison of the vibration levels of the improved bearings
presented in Enclosure 101 shows that the improved tapered roller
bearing tested reads as much as four tiwes higher than the other
two bearings of improved quality. The spherical roller bearing again
has the lowest vibration levels of the three bearing types. Although
the improved cylindrical bearing reads higher than the spherical
bearing, the difference in vibration level between the two is less than
in the case of the corresponding standard bearings,
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From the waviness test results of the standard and improved
bearings presented in Enclosures 87-89, it is seen that the
spherical bearimg parts in general have lower waviness than the
others while the tapered roiler bearing rarts read the highest,

To determine whether the differences between the vibration
levels of the three bearing types are explainable by the differen es
fn their waviness levels only, the following equation may be used:

U G [5 [l W+ (]

%N R MG O

where the subscriptex and )Y refer to the two bearing types being
compared, e.g., spherical, cylindricul or tapered roller bearings,

{L igs the rotational frequency of the cage, 2 is the tntal
number of rolling elements in the bearing,

"V = the theoretical RMS votue of the bearing vibratien in any
given frequency band,

WM;}J'U@ = outer ring, inner ring and rolling element waviness, measured -

in the frequency bands corresponding to the vibration frequency band.

U,,U;, U, = velocity bandwith amplification factors, relating waviness
velocity amplitudes to vibration amplitudes,

If the theoretical ratio Vi, /X4, is not significantly different
from the corresponding experimeatal ratio, it may be concluded that
the differences in the vibration level of the various types of bearings
are due to differences in waviness levels only, 1f, however, the
theoretical and experimental ratios are significantly different,
effects other than those predictable from rigid ring theory enter.
In this case differences in waviness are not sufficient to explain
the differences in vibration level; or there are waviness effects
not covered by the rigid ring theory (such as flexural outer ring
vibrations, roller end and flange effects, unaccounted-for double-
row effects, etc).
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.. The theoretical and experimental 'V, /}g;ga;gqg;gtelqtlgn_ .
in Enclosure 102, for the standard production™and improved-—bearings, =
The ratios between the theoretical and experimental vibration ratios
are also given in this enclosure,

Examination of Enclosure 102 shows that for the bearings of
improved quality, the experimental and theoretical vibration ratios
generally are in good agreement except for the 50-100 cps band
where the spherical bearing reads higher than exnected, For the
standard quality bearings the experimental ratio between cylindrical
and spherical rolleyr hearings is two to five times as higqh as the
theoretical and the experimental ratio between tapered and spherical
roller bearings 1,3 to thirteen ¢fimes as high as the theoretical
in the 100-1600 cns range. These results seem to indicate that, for
bearings with comnaratively high waviness values (standard production), !
effects other than those predictable from rigid ring theory occur, :
For the lower waviness levels of the improved bearings, rigid ring i
theory applies resasonably well. This may be explainable by large ;
{mnarfaections, other than rolling path waviness, in the standard i
production bearings.

Tt can be concluded that a valid, reasonably accurate comparison
of the vibration levels of bearings of the gsame gegmetry can be made
on the basis of their waviness readings alone, by applying the rigid
ring theory. A comparison of bearings of different geometry becomes
more complex, Due to the design differences, the vibration trans-
mission characteristics of the bearings are different which must be
taken into account alony with the waviness cffecets,

In the prusent comparisons of vibration levels the effect of
flange waviness of the cylindrical and tapered roller bearings was
not considered, Effects due to such causes as roller skewing, the
exact influence aof the double row of rollers instead of a single row
and flexural outer ring vibrations have not been taken into account.
These effects may depend not only on the design and operating con-
ditions but also on the waviness levels,
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£ i " Even with these qualifications, the comparison between .the. . L
’ three types of large roller bearings tested seéems to Indicate that" o
the differences between the vibration levels of the three types of
bearings cannot be fully explained by differences in the measured
waviness levels alone, 1t would apnear that the spherical roller
bearing of standard production quality offers some advantages over K
i the two other tynes of bearings of corresponding quality, in

i addition to the advantage due to the double row effect discussed

« mmncy
raasiaty

PEakal 3

in 2.3.7. For the bearings of improved quality this additional -
advantage of the spherical roller bearing is not apparent, i i
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3.1 INTRODUCTION

The parameters influencing the structure borne vibrations
and airborne noise, generated by a rolling bearing mounted in a
piece of machinery, may be divided into the following three main
categories: L

1. Bearing parameters, such as dimensions, number of balls,
macro and micro-geometry,

2. Operating parameters, such as load and wpeed, i

3. Mounting parameters, such as masses attached to the bearing,
the elastic properties of these masses, and housing and bore
fit and geometry.

In develaping a hearing with quiet ranning characteristics in
a given application, these parameters must all be considered, #y
proper combination of the parameters it is usually possible to reduce
the vibrations at least in selected critical frequency ranges below
the levels obtainable without parameter adjustment,

The gperating parameters (load and speed) in any given application,
are, of course, selected mostly on the basis of considerations other
than vibration, The sole operating parameter that can often be
selected on the basis of bearing vibration requirements is axial
preload, Still, preload adjustments can yield substantiasl advantages
in vibration level, Aside from preload, the parameters available for
adjustment to obtain quiet running, are the bearing parameters and

mounting parameters,

In Part III of this report the effects of the various parameters
on bearing vibration are reviewed and guide--l1ines given for selection
of these parameters, The guide lines apply, in general, to large
roller bearings as well m to the smaller ball bearings, Whenever this
is not the case, it has been mentioned,
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. In Section 3.2 the bearing parameters are discussed... . The-
effects of the various bearing parameters on bedring vibration”
is summarized in 3.2,1. The parameters investigated include
bearing design parameters such as the number and size of balls,
ring dimensions, groove conformity and contact angle, as well as
manufacturing parameters (micro-geometry of the rolling surfaces).

Guide lines for the selection of bearing parameters are given in
3,2.2,

The gperating parameters are discussed in Section 3.3, The
effecvis of load arc rcviewed in 3.3.1 and a hrief discussion on
the effect of speed is given in 3,3.2.

In Section 3,5, & numerlcai example is given of designing a
bearing to meet given vibration limits,
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Boundary dimensions are usually determined by considerations
other than the quiet ruaning characteristics of the uearing,
such as bearing load capacity and available space.

Sincec, however, the ahsalute magnitudes of the micro-geometrical
imperfections generally increase with bearing size and since

the total vibratory energy of a bearing also increases with sized
ft is usually advantageous for vibration control to select o :
bearing of as small a size as permitted by other considerations, | |
even though specific bearing load will be higher., o

2. Bearing Geometry:
a. Number of Rolling Elements Z :

The number of rnlling elements has the following effects:

1. The bearing vibration level due to rigid ring motion
generated by ring and rolling element waviness is approx-
imately proportional to \Y/z . where 2 is the total
number of rolling elements (including both rows of a
double-row bearing). An increase in the number of roll-
ing elements therefore results in a reduced vibration
level. This affects the vibration level in all frequency
bands.

2, The amplitudes of the flexural vibrations due to roll-
g body loads are approximately proportional to Yas .
The amplitudes of these vibrations are therefore highly
reduced by increasing the number of rolling bodies.

This is a low frequency effect; (for a bearing rotating
at 1800 RPM a significant effect is expected only in the
low Anderometer band, 50-300 cps).

3, The amplitudes of the flexural vibrations induced by low
order inner ring waviness increase with the number of
rolling elements, For inner ring two point out-of-round-
ness these emplitudes are proportional to the quantity

1} = Tf—- where y is given in Equation (1,3.18-2).

Since y is proportional to the quantity k,,z and since
(for ball bearings), for a given axial load F, , is pro-
portional to Z~ , then Yy for any given load Fa « is
proportional to Z 3 and T, proportional to the quantity
——Elz%f (qhere c is a constant) from which follows

1 +cg¥s -103-
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that the amplitudes of the flexural vibrations-induced=' .

by 2 wpec inner ring waviness increase with number of g{
balls, 5

This effect of 2 wpe inner ring waviness occurs at a
vibration frequency equalto twice the rotational
frequency of the bearing.

e 1

The offect of inner ring 3 wpc on the flexural outer f
ring vibrations is similar, although the value of T,

is different. Assuming the axial load constant, th

maximum radial deflection of a ring under three equally i
spaced loads is approximately 1/6 of that under two i
equally spaced loads, An order of magnitude estimute of

the 3 wpc inner ring waviness effect may be then obtained

by using a value of Yy in Equation (1.3.18-1) which is L ‘
1/6 of the value applicable to 2 wpe. This approximate

value of Y for 3 wpc inner ring waviness is

3
2k, R
Ys™ o nET (3.2.1-1)

The flexural vibrations induced by 3 wpc inner ring waviness
occur at three times the rotational frequency. Since Ty for
3 wpc inner ring waviness is smaller than that of 2 wpc the
effect of 3 wpe is gencrally smaller than that of 2 wpe innce
ring waviness. The effect of the number of balls Z in the

3 wpc cuase is similar to that of the 2 wpe case, but the
differences in the value of’T} mugst be taken into account in
estimating the relative effects in both cases. The effects
of higher order of lnner ring waviness may be estimated using
an approach similar to the one used for 3 wpc. The influence
of inner ring waviness of orders higher than 3 wpc is, how-
ever, in most cases small, and can be neglected unless the
waviness of the orders 4, 5, 6 ... is very predominant,.

4, The natural frequencies of the rigid body vibrations are
proportional to \jz . The natural frequencies of the flexural
vibrations of the outer ring are approximately proportional
to 2 . An increase in the number of rolling bodies therefore .
increases the natural frequencies of the hearing.
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5. The number of rolling elements affects the variable,
elastic compliance of the bearing., ~The expected
overall effect of an increase in the number of roll-
ing elements is a reduction of the amplitude of the
variable compliance vibrations. The frequency of each
harmonic increases proportionately with the number of
rolling elements, . i

To evaluate the overall effect of 2 , due to the varfious sources
listed above, it is necessary to consider not only the various ampli-
fication factore hut also the relative magnitudes of the vibrations
generated by the different sources, For this purpose, consider a
hearing with Z rolling elements, The total vibration level in a
comparatively wide band, in a frequency range influenced both by
rigid ring and flexural vibrations, is <_ . The vibration level of
the rigid ring vibration in thls band is Vg , the vibration level of :
flexural vibrations, due to two and three wpe fnner ring wavtness\l,2 ' .

respectively and the vibration level of flexural outer ring 1

and
vibrnz?cns due to ball loads i *D; » Variahis compliance vibrations

are not being considered since the bearing is assumed to operate_ under
axial load., If the number of roiling olements is changsd from Z to 2

then the vibration levels listed above change to V/ , VR o \41 ﬁ\@s
and Vg , respectively.

The following equation relates the vibration level \@z to the
level V,, .

Mr T
- = (3.2,1-2)
‘J}t T}!.
which using (1,3,18-2) may be exoressed as
YV, Gi+y)
- - (3.2,1-3)

v,,_ y2(1ey)
or since k/ is proportional to i’g

M, ( )g_(_:_l_z—-. (3.2.1-4)

v 7))

¥,
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Expressing ?1_ in terms of Tn. Equation (3.2,1-4) becomes
2\ o
v &) o
r— - ] = j_ x (31201'5)
VY'L I = 'Y2+ 'yq_(i)

which gives the relative change in the vibration level of the
flexural vibrations inducsd by twc wpe inner ring_waviness, dus to

a change in the number of rolling elements from te g .
The corresponding equation for three wpe inner ring waviness is
($)*
M . Fat .
¥ - (3.2,1-6)
Vo 1Ty * T $)

~ The ratios"v#y: and %‘v‘:‘depend on the amplification fa_e__tors
—Th and T" . These ratios can be computed provided that Ty, and
Tr& are known, Enclosure 103 shows \I}/v as u functlon of 2/
for various values of ‘Tr ( V, can here be used to representvy,_
or Vg ond Ty to represent T,  ar Tyy ).

'Y
The following equation gives the approximate relationship
between V, and
R R {
1
y:‘-('z—) (3.2.1-7)
Vi

and the relationship between VF and VF is given by

Vi Ry
‘;—',: ‘(-T) (3.2,1-8)

The total vibration level \/ may be obtained as the square
root of the squared levels "V"_. V\'.’. v Wy and Ve . This
may be expressed as
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Ui ;T'&)? TS (3.2.1-9)
HEF n g

From Equation (3,2,1-9) the overall eftect of changing the
number of rolling elemonts_from Z to g_ can be obtained, if

1
oy

o il re o R
Tes Vn/\'j-.v;.s/-\; « Vr/</ and VF/\'/'- are known. £

To find the optimum value of 2 , {,e., the value of 2 that “
gives a minimum value of V',/\',' 8 graphiecal method may conveniently

be used, This is illustrated by Enclosure 104 which shqws(\Qg/Wz)z. o
(V,‘,s/\?)’-, (\/“\/\"7‘)z and(VF/\?)z plotted as functions of 2/3 . A

The total squarved vibration level represented by (V/\?) is also shown,
The following values were selected for this example:

F_ 2 = 2 - ) ‘
()3 -3 T~ % .
- 2 — _ oo
Ghs @t Ter e

It {8 seen that for the specific example used in Enclosure 104 N
(V/{})zhas a minimum at /3 = 1,7, ‘ :

Equation (3,2,1-9) and Enclosure 104 apply only if Z is the

only bearing parameter which is changed. If rolling element size S
or other bearing dimensions are also changed this must be taken into B
account as will be shown later, It should, of course, be realized ;
that, due to design difficulties or other reasons,- it may not always ‘
be possible to use the optimum value of Z . .
b. Rolling Body (Ball or Roller) Diameter D ani Diumeter

of Rolling Body Pitch Circle, d

The rolling body size and diameter of the rolling body
nitch circle have the following effects:

- w
ey
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1, A change in rolling body size and pltch circle diameter
affects the rigid ring vibration frequencies generated -
by given orders of waviness, The most predominant effect
of this is on the vibration frequencies generated by roll-
ing body waviness, These are approximately inversely
proportional to the rolling body diameter. A reduction
in rolling body diameter therefire increases the vibration
frequencies generated by given orders of rolling body
waviness; it also increases the vibration frequencias
generated by outer ring waviness and reduces those gen-
erated by inner race waviness, but these changes are
usually much smaller than those induced by rnlling hedy
wavinass,

The changes in the rigid body vibration frequencies also
result in changes in the amplification factors Tp .U

and 121 . Consider a bearing with rolling body diameter
D and rolling body pitch circle diameter 4 . If the
rotling body diamatsr {s changed to D , with other dim-
ensions (includingdl ), remaining the same, the following
ratlos between the smplification feactors for the bearing
with rotling body diamgter D and for the bearing with
rolling body diameter D are obtained:

D
Te - ‘fc - “-GT"S“

—_— = = (3.2,1-11)
V. I"— l'--BcaSu
or d .'D
Ve . BDeogm _.'g
V° -__-_d - (3.2,1-12)
BDeos
ol + 2
Vi fi . Beom ° 3
—‘ - .- (3.2.1"13)
Vi }; 1=£L- + |
D cos«
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t )
) N i . k]
=~y = . € 0%’ oo -
Up ;h -D(\ ok “) )
-_— 2 - D oy . (3.2,1-14) z
- i §
Uy, Tb (I %\_cosq) 3
3 i
or, since usually(%ccsq)«;l ' I f
- 4
Up o 2 (3.2.1-15)  }
v P T
From Equation (3.2.111) through (3,2,1-15) the effect o
of variation in rolling body diameter on the rigid -
ring vibration level can be computed for any given ¢
vibration frequency band, if the waviness level in the v
corresponding waviness band is known. Since the change N
in rolling body diameter affects the vibration frequen- ’ !
cies generated by given orders of waviness, the waviness e
bands for the twu bearings (with rolling body diameters ;
and D ) are nol the sawe, and the two waviness se i
levels to he comnared are therefore not necessarily the
same.

Denoting the two waviness levels by Wy andW, , W}
and W, , W, and W, for outer ring, inner ring and

rolling body waviness, respectively, the following
equations hold for the rigid ring vibration levels

«a — r—y .
v° U°w° (3;2.1"16) _i;

O, W (3.2.1-17)

T, Wy (3.2,1-18) | ;
A
LA
i
i
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These equations do not take into_sccount the-effeet’
of changes in resonant frequencies due to the change
in rolling element diameter,

1f
We Wy . WL
= = =k o R g -
‘NB Vf; va (3.2.1-19)

it follows from Equation (3,2,1-11) through (3,2.1-18)
that an increase in rolling body diasmeter

reduces the rigid ring vibration level induced by outer
ring waviness,

increases the rigid ring vibration level induced by
inner ring waviness.

reduces the rigid ring vibraticn level induced by
roiling body waviness,

Since, generally -'B-Lé.ﬁet is small compared to 1, the
effect (c) is much stronger than (a) and (.). The
statements (a), {(b) und (c) are valid under the assump~
tions of Equatibn (3,2.1-19), These assumptions are, of
course, never quite exact, In actual bearings there
generally appears to be o tendency for the outer and
inner ring waviness level to decrease with increasing

frequency and for ball waviness to increase with frequency,
t.e.,

W W, W,
"=g<l "':"‘>l .‘i“>' (3.2.1-20)
Wo )Cw.: ) b . .
or % €1
for 3
and
2 %A W Yo
— | ¢ e &) \ == &£ | _
W°> ) . ) W (3.2.1-21)
tor D > I
D
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Under the conditions of Equation (3.251-2Q1.$hﬂ; :
effect of D on V, and WV, 'is not-qite-ag strong’
as suggested by Equations (3,2,1-12) and (3.2.1-13),

Statements (a) and (b) still hold if %%
i - ' > T'A*Lt Lg ]
cos.( - % wo .

ﬁ‘ +~ | <£L (3.2,1-22) -
Eh S K

If Equation (3.2,1-20) is valid, the statement (c¢) .
s even stronger than suggested by Equation (3,2,1-13).

The effect of rolling body pitch circle diameter d .

is small, in general, since for given boundary dimensions
possible variations in are usually too small te have

a significant effect on U, , A or TJ; .
The lineartized Mertzian ecoefficient K,, of ball bearings
increases with ball size (See Enclosure 19) for constant
thrust toad. Since is wocording Lo Equation (1,3,18-2)
proparttonal to %y , tt follows that a reduction in ball
slze results in a reduction of the amplitude of the
flexural vibrations induced by low order (2 wpc and 3 wpce)
inner ring waviness in ball bearings. The same tendency
applies to roller bearings, although it is less pronounced’
because the relationship between roller diameter and Ky

is different from that for ball bearings.

Thg flexural vibration levels V., , ‘J}s ' 2 and

‘3}3 are rg%ated to amplification factors T,,  Tey
Tya and ry 8sfsllows:

'

o« & -
vrz TV'L (3.2 23)

and

Vs T (3.2.1-24)
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Here the quantities V:n.v Tg and"\} refer toa

bearing with rolling bhody diameter I while the
quantities Vr \];3 ' TY% and TY; refer to a bearing

with the same dimension e} , but with rolling body
diameter D .

The ratios Tm/'ﬁq, and T};/Tys may, in analogy
with Equations (3.2,1-4) and (3,2,1-5), he expressed
in terms of the ratio ky/k, as follows:

:EL - k“/kﬂf—~

(3.2.1-25)
Ty | = Tx +Tr

where T, and T apply to Y, as well to Y-.;‘ : endl'
and E‘ are the corresponding linearized Hertzian co-
efficients, The ratio ‘T,/T can be expressad as a
function of /B . To do that.. ft is first necessar)
to express ky/k, 2% o function of B/E which cap he
done by the use of Enclosure 19, where the quantity

is plotted as a function ofX for various conformities,
For a given load, number oif rolling elements, conformity
and contact angle, 3, is P‘roportional to ky ; the ratio
Bw /A, equals the ratio ky/k, , and Trg./'r,end 13/ Tes
can then according to Equation (3,2,1-25) be plotted as

a function of PI/B . _Such plots are_shown on Enclosure
105 for _5 = 1/2", ?"_ = 4/5 and TY3 = 4/10,

Due to the effect of rolling element size on Ky the
natural frequencies of the bearing decrease with rolling

body size, This applies both to flexural and rigid body
vibratioens,

The varfable compliance vibhrations depend on the Hertzian
coefficient ko ., which again is a function of rolling
body size, The exact effect depends, however, on the
load, rudial looseness and bearing dimensions, and cannot
be determined without detailed analysis,
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To compute the overall effect of changes in the rolling body
diameter X on the vibration level in a given frequency band, it 1%
again necessary to know the relative magnitudes of the vibration
level of the flexural 'vibrations, and of the rigid ring vibrations,

It Is also necessary to know the relative contribution from outer
ring, inner ring and ball waviness, respectively, to the total rigid
ring vibration level, Denoting the total vibration level of a bearing
with rolling body diameter D , by & , the vibration level of
flexural vibrations due to 2 wpe inner ring waviness by ‘J} . that
due to 3 wpc inner ring waviness by Wyy , the rigid body }brations

generated by outer ring, fnner ring and ball waviness by'i?b Bava

t
‘U& . regpectively, and the level of flexural vihrationg due tn hal)
s b

loa y Ve 'then the following equation holds for a bearing with
rolling body diameter I .

2 2 a 2 0 (2
(¢ - (—2’;,“) +(%a)+(¥$)+(%-)+(%) “‘“(‘R{f)t (3.2.1-26)

where all quantities without bar refer to the bearing with rolling
body digmeter D

3

The terms indicating the squared rigid body vibration levels
may be computed from Equation (3.2.1-11) through (3,2,1-18), and

the squared flexural vibration levels from Equations (7,2,1-23)
through (3,2,1-25),

P
The vibration level VF is proportional to \‘;"“H and there-
fore follows the same trend as Y, .

The terms in Equation (3.2,1-26) can now al]l he gxpressed as a
function n_f.D/B . if the relative magnitudes of Ny, , La + Vo o v
\I} and \/h are known, To 1llustcate the use of Equation (3.2,1-26),
it is assumed that the levels of flexurail and rigid ring vibration
are according to Equation (3,2,1-10) and also that the contributions
from outer ring, inner ring and ball waviness to the total rigid ring

vibration are equal. It is further assumed that Equation (3,2,1-19)
is valid, Then the following relatiomns hold,
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Enclosure 106 is a graphical representation of Equation (3,2,1-26)
showing the squared vibration levels due to the various sources, as a
fuaction of /5 . The curves shown are based on the curves of

Tye/Tya and Ty /Tyg as a function of P/S | shown on Enclosure 105,

and on Equations (3.2.1-11) thvough (3,2,1-19) for rigid ring
vibrations with a value of

—— 2 4

It is seen from Enclosure 106, that for the examplo used, the
function (VAZ)* varies comparatively little for values of D/ between
1 and 3.5 but increases rapidly with dccreasinq-DVi; in the range of
D/f<t . (VA has a minimum at D/5 ~2.3 , which in this case
is likely to correspond to a diameter value outside the practical range.

c. Groove Conformity

Groove conformity affects the bearing vibration as
follows: :

1. The linearized Hertzian coefficient Ky is influenced by
the groove conformity, As shown on Enclosure 19, k,,
increases as the conformity is tightened, Sincey
according to Equation (1.3,18-2) is proportional to k, ,
a tight conformity results in increased flexural
vibration levels induced by low order inner ring waviness
(2 wpe and 3 wpe), The same tendency holds for roller
bearings with point contact, although the relationship
between k. and conformity is different from that shown on
Enclosure 19,
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The effect of Ky on the amplification fac;qr'1}-can
be determined from Equation (3,2,1-28)_ and since the
conformity is a function of Ky Ty/ T, may be plotted
as a function of conformity, This has been rdone on
Enclosure 107 for a bearing with 1/2" balls,

T} here refers to a bearing with 51,8% conformity
for both inner and outer race, | to bearingawith
inner and outer ring conformities as indicated by the
abscissa., _Enclosure 107 has been plotted for several
values of ﬁ: » 11 15 seen that a loose conformity
is always advantageous in reducing flexural vibrations,

Due to the effect of groove coufloimivy on kN , the
natural frequencies of both rigid body and flexural
vihrations increase as the conformity is tightened,

This effect is small tor the range of conformities con-
veptionally used,

3. The variable compliance vibrations depend on tne llertzian
coefficrent €3 wnien s 4 tfunction of cunformivy., The
exact effert depends ou the loead, radial leagseness und

bearing dwmensiuons, and cannot be determined without de.
tatled analysis.

Since the band width amplification factors of the rigid ring
vibration are not influenced by conformity, the only significant,
predictable, effect of conformity 15 on the flexible vibrations due

to low order waviness, which, as shown ahove, can be reduced by
loosening the groove confoimtty,

d. Thickpess ol the Outer Ring

The outer ring dimensions

influence the bearing vibration
as follows:

1. The vibration induced by ball
portional to the flexural rigidity of the outer ring
(1/R3), where R is the mean radius of the ring and X
is the second moment of area of the ring ctross section,
Inci2asing the rigidity reduces the flexural vibrations,

loads are inversely pro-
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2, The flexural vibrations induced by low ordéer imner ring
waviness are also Inversely proportional to the rigidity
I/R3. and can be reduced by increasing the rigidity,

3, The rigid body mode natural frequencies are inversely
proportional to the square root of the mass of the outer
ring M ., These natural frequencies are reduced by
increasing the mass of the outer ring.

4, The natural frequencies of the flexural vibration
the suter ring are approximately prapartional to e
where A is the area of the ring cross-section, Tt

follows that these natural frequenciest increase with the
thickness of the ring.

The overall effect of the increased thickness af the auter ring
is a reduction of the low frequency vibrations due to the Increased
flexural rigidity. The effect in Lhe highsr freguency range cannot
he predicted without detailed analysis of the vibration sources and
the natural frequenclies of the bearings.

e. Radial] Loocseness:

The radial looseness affects the variable compliance
vibrations, asd it is possihle to minimize these vibrations by
proner selection of the radial looseness,

Since the radial looseness affects the contact angls it

also has indirect effects on the bearing vibration, as will be seen
below.

f. Contact Angle, ™
The contact angle, ™ has the following effects:

1, Since the axial vibration amplitudes are inversely pro-
portional to sino , the axial vibrations are highly in-
fluenced by changes in contact angle, Radial vivbrations,
which are proportional to cos®{ , are affected only to

a minor degree, for contact angles generally used in
radial bearings.
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cannot gererally be selected indenendontly, For instance,

important parameters: vrolling body diameter D , number of rolling
hodies Z and thickness of cuter ring H are,

given boundary dimensions and nitch circle diameter
To increase the number of rolling bodies Z

to reduce Lhe rolling body diameter D
outer ring thickness M .

vibration is due to its influence on the
outer ring cross-section I
the exact relationship between I and D
a much simnler, approximate relationship will be derived as follows:
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Angular vibrations are proportional to sine{ -, and
are therefore influenced more thamn the radial vibrations,
but less than the axial vibrations, hy changes in &

oy,
JO—

The resonant frequency of rigid hody mode axial vibrations
is prooortional to sinol and therefere increases with ...
The resonant frequencies of the radial and angular v
vibretions are generally only slightly influenced by &

For a glven axial load Fk the ball loads are inversely .
nroportional to sine , Vibrations induced by ball :
loade therefore increase with decreasing & |

The flexural vibrations induced by 2 and 3 wpe waviness ‘
of the inner ring increase in amplitude with ka , which
again decreases with increasing contact angle. There-

fore the flexural vibrations decrease with increasing
contact angle,

Lombined Effect of bearing Uesign Paramelers

The various bearing design parameters discussed above
the three

for a bearing with

. interrelated.
, it is usually necessary
, which rcsults in an increosced

It is advantageous for load carrying canacity to use i

the maximum numher of rolling bodies of any given size that can be
assembled into the bearing.

ts anproximately constant, as long as o

Under these circumstances the product D
is kept constant,

The effect of the outer ring thickness on bearing .
second aren moment of the {
., It is, of course, possible to compute v
. To illustrate the tendency R
{

- i

The outer ring thickness at the bottom of the groave is

|
ot
Hg* G-3D (3.2.1-20
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where

G = 3(d,-d) (3.2.1-30)

d°= cuter diameter of bearing

The outer ring thickness at the outer ring land is
H o= G-(§-¢.)D (3.2.1-31)

where € 18 the ratio between the land height and rolling

body diameter. It is assumed that € is independent of
D »

Frr ball bearings of good gquiel ruaning qusility €, is
usually between 0,15 and 0,20,

I may be expressed as

- Br
1=z (3.2,1-32)

where BB is the width of the bearing and H defined by

He@-¢e,D (3.2.1-33)

where ’,L_‘CL < Cy <'|?:

Cuis here assumed to be a constant, independent of B
This is usually not exactly true, but a good estimate of
as a function of D may be obtained in this manner if

€y is properly selected,

Of the three parameters &2 , 2 and L , only. D and 2
affect the rigid ring vibrations (except for shifts in

resunant frequencies). Due to the combined effects of 1
and D,Equations; (3.2,1-12), (3.2,1-13) and (3.2.1-15) are
modified as followsi taking into account the effect of 2

as expressed by Equation (3,2.1-7) and the fact that 2D
is constant:
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cl _2 . SN, e T
Us , DCoset (3.2.1-32)
v 3_—— ol
U, — - \]5
J>c.$q
1, + ¥ [
= = :" = (3.2.1-23)

5eo$t¢

U ’.—.i;

‘O,, D _
The quantities with barerefer to a bearing with 2
rolling bodies, _rolling body diameter J> ., and outer
ring thickness ™ (as defined by Equation (3,2.1-32)),
This hearing is used as reference, and its vibration
level is being compared to that of a bearing with roll-

ing element Hiameter I> , Z rolling bodies and outer
ring thickness ™

(3.2.1-34)

The flexural vibrations induced by 2 and 3 wpc inner
ring waviness are influenced by both 2 , D and H
The following equation holds for the parameter Y .

defined for 2 wpec by Equation (1.3,18-2) and for 3 wpe
by Equation (3,2,1-1),

¥ o X2l kDI (3.2.1-35)
Y il KBTI

assuming the change in R to be negligible.

The ratio L/E may accoratng to Equation (3.2.1-33) be
written as

L.(S22y

T VGg-c.B (3.2.1-36)
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or expressing &G in terms of j;"as
Q= CD (3.2,1-37)

(3.2.1-38)

The ratio kq/;: muy ucuurding tu Equatlon (1.3.7-3) be

(s)

7-P~(l)

lguas a8 function of ball diameter is shnawn graphienliy
on Enclosure 19,

(3.2,1-39)

The ratto 8}; may now, using Equatiens (3.2.1-38) and
(3.2,1-39), be written as

~ __* Ca ~Cwn 3
- f Q) [25]

Since (;N  for a given conformity, exial load, contact
angle and number of balls, is a function of ball diameter
-~ only, Equation (3,2.1-40) gives)VY as a function of

(3.2.1-40)

Jhﬁ; only. The corresponding ratio /1} may be
computed from
A __i_ %
(3.2.1-41)
TY |‘—TY* F VY
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The flexural vibrations due to..2 wpec. and_3 wpe ipner.
ring waviness can be computed from Equatioms (3,2,1-40)
and (3,2,1-41) as a function of ball diameter.

The flexural vibrations due to ball loads follows
approximately the equation

Ve T(i_)"__._' - Feett

e IVEL - %Lc.:&u. (3.2.1-42)

which, using Equatiom (3.2.1-38) and (3,2,1-12) may be
expressed as

Dy A4 _ 2
Ve [ (¢ -CH)(.ﬁ)J Desgw D ]
.‘7.P cq-ch(%r) S:I“‘“ — ‘ (3-2.1“43)

Enclosure 108 shows the squared vibration level ratios

(Vo 1A (G R (/Y (/oY s i Y B Y

and (¥, \7)1 plotted as a function of D/Y, The corres-
ponding 2/§ and E% ratios are also marked on the abscissa,

-l
It is seen that the (V/<7) function has a sharp minimum at
D/B N 0.5, %3 & 2, H/gme 1,5

3. Micro-geometry:

Waviness generates both rigid ring and flexural vibrations
The vibration frequencies generated by various orders of
waviness, according to rigld ring theory, are listed in
Enclosure 20, The ranges of waviness orders that gen-
erate vibrations in wide frequency bands may be computed
from Equations (1,3,11-1) through (1.3,11-3) and are
tabulated in Enclosures 28 and 29 for ball bearings in

the 6200 and 6300 series and in Enclosures 75, 76 and 77
for the large roller bearings used in the tests reported,
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The vibration amplitudes of each harmonic generated.

by waviness is proportional to the corresponding
amplitude of waviness, This proportionality also

holds approximately for vibrations measured in wide
frequency bands (except for vibrations induced by

"the geometrically perfect heaiing”). The relation-
ship between the vibration level, moasured in & finite
band, and the corresponding waviness level may be ex-
pressed by means of the band width amplification factors,
Amplification factors for rigid ring vibrations are
given by Equations (1.3.17-2) through (1.3.17-7).
Numerical values of band width amplification tactors of
rigid ring vibrations are tabulated in Enclosure 39 for

a few ball bearing sizes and in Enclosure 79 for a tew
large roller bearings.

The vibrations generated by outer ring, inner ring and
ball waviness are additive by thelr squares, and the
ralative caontrihurian from these three vibratory sources
may be evaluated by means of the contribution factors
given by Equatiouns (1.3.22-5) through (1.3.22-T). 1
improving the quiet running quality nf s bearing by re-
ducing waviness, the most effective approach is usually

to reduce the waviness of the part with the highest con-
tribution factor.

Flexural vibrations induced by low order inner ring
waviness occur at a frequency K times the rotational
frequency where K is the order of waviness, Amplification
factors for these vibrations are given for 2 wpc inner
ring waviness by Equations (1.3.18-1) and (1,3,18-2), and
for 3 wpc inner ring waviness by Equation (1,3,18-1) and
(3,2,1-1), fMHigher orders of inner ring waviness generally
have negligible effect on flexural vibrations, The main
effect of outer ring waviness on the flexural vibrations,
ts to induce vibrations at the ball passage frequency over
the outer ring, This effect, on the basis of experimental
evidence, appears to be much smaller than that of lnner

ring waviness; amplification factors for these vibrations
have not been computed.
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3.2.2 Selection of Bearing Parameters

P
Pl

On the basis of the foreagoing,selection of bearing parameters 7t
for low vibration levels may proceed as follows: 1

1, Select tentatively a basic hearing size on the basis of
considerations other than vibration. This bearing will be
used as a reference bearing for future comparisons, and the

quantities related to this bearing will be denoted by a bar,
2,g., the number of rolling bodies by 2

vt
Tor

Specifly the quiet wvunning characteristics of the desired
bearing (measured at a specified rotational speed, under a
specified load and other specified conditions) suchas

a. Approximate RM5 vibration levels in wide frequency bands,
octave bands or At specified dlscrete frequencies.

b, Frequancy Tapges whartae vihration peaks,

du|e 10 TaRORANCAR
or other causes should be avoided.

Wrether the main emnhasis should he put nn control of
radial, axial or angular vibrations.

3. Compute the following bearing constants for the reference

bearing:

é = area of outer ring cross-section

':\= cuter ring mass

R = mean radius of outer ring

T = second moment of area of outer ring cross-section

k,= linearized Hertzian coefficient, For ball bearings.kN
N

may be obtained graphically from Enclosure 19. For
roller bearings Equation (2.3,5-1) or (2,3,5-2) may be
used, Enclosures 71 and 72 show values of ky for a few
roller bearing sizes, plotted as a function of load.

4, Specify on the basis of available results on manufacturing

canability of beurings in tihne size range considered, feasible v
values of parameters such as:

a. Waviness of cuter ring i&b ., inner rinq'c}( . and roll- :
ing bodies %%, , measured in octave bands (or if feasible
in wider bands corresponding to specified vibration bands)

* Feasibility of the wide band approach depends on the absence of

resonances in the band and on approximate uniformity of the waviness
spectrum, 123 :
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b. Inner ring eccentricity €h,

¢. Inner ring 2 wpc waviness iﬁ}
d. Inner ring 3 wpc waviness f§73
e, Rolling body .diameter variation j;v
5. Compute the approximate waviness bands corresponding to

the vibration frequency bands selected in 2a,
bearing selected in 1, from the equations,

- .+

ko™ Te (3.2.2-1)
- 4
KT (3.2.2-2)
- ¢
kb='=?

fp (3.2,2-3)

where ko ' k; and kb are the orders of inner ring, outer

ring and rolling body waviness, respectively, generating
vibrations of frequency f cps, and

" fz-_r(l "aD“°‘:‘> (3.2.2-4)

¥‘= iﬁ(w!-%"’sa
1 2 d

(3.2.2-5)
- =1
T _fe d >
a Jr | =S tots
b 7-3( d ) (3.2.2-6)
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rolling body diameter

= diameter of rolling body pitch circle
contact angle

- N
f,— rotational frequency = 6o
= specified rotational speed, in vibration testing, RPM t

[ ==X
WrrerT=

o

- o,
prs——

i
For the bearings listed in Enclosures 28, 29, 75, 76 or 77,

{

]

the :

values tabulated in these enclosures may be used instead of - !
Equations (3,2,2-1) thruvugh (3.2.2-3). o

If the waviness hands selected do not coincide with waviness L
hands used in actual waviness testing, select actual waviness °°
bands which agree closest with the computed bands. Vf the o
computed band is wider than the actual bands, a combination of

two or more of the actual bands may be selected as the waviness '
band corresponding to any given vibration band.

6, Compute the bandwidih aamplificavion faciors Vo ‘U'.' and
p of radial vibrations for the reference bearing from the

equations -
S R E e
o 2 wa (3.2.2-7)

o

- [z & <

U"E fw;cos-c (3.2.2-8)
- (& §b -
Ung—;ic\_a—b cofx

where ‘;wo "'w.' and {Nb are the rotational frequencies used o
in the waviness testing of outer ring, inner ring and rolling 1

bodies, respectively, and # is the total number of rolling ?
bodies in the bearing.

(3.2.2-9}

, _ O
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Similar expressions may be written for axial and angular
vibrations, These have not bheen included here, and will

not be treated in the sequence, since they generally are
of less interest,.

Instead of using Equations (3.2.2-7) through (3.2.2-9) the
numerical values of Enclosures 39 and 79 may be used for the
bearing sizes tabulated in these eneclosures.

Compute natural frequenctes of the bearing from the equation
z F..-

;('n L[ M(If'/ ;ijz (3.2.2-10)

W

?A= natural frequency, cps

E - Young's modulus of elusticliy
= as defined in 3.

n=1, 2, 3 ..... where M 1 gives the natural frequency
;; of radial and angular rigid body motign of the vutcr
ring, "N — 2 gives the natural frequency g, of the first
mode of flexural vibrations, M = 3 gives the natural frequency
4;1 of the second mode of flexural vibrations, etec.
< 2-i
2

Equetinn (3,2,2-10) applies if the outer ring is comparatively
free to move radially and angularly, t.e., if the spring
constent of the bearing is ltarge compured to that of the
mounting. If this is not the case the resonant frequencies

of the rigid body motion may be computed according to Section
1.3.14.

Equation (3.2,2-10) appiies to values of M

Compute the "resonance amplification factor” TJ; for each
vibration band from the equation

- An 5
T * (Uer) (U-cp\) ) (3.2.2-11)
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Vibration Bandwidth

in Octaves UCR Ver
1/3 4.0 1.8

1 2.4 1.4
2 1/2 1.8 1.2

o saomn
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g
where E“
"ﬁR: tha numbher nf rigid hedy resonant frequencies within the }
vibration band. “

;’I'ﬁ the number of flexural resonant frequencies within the
vibration band.

Table 3.2,2-1

For bandwidihs other than those listed in Table 3.2.2-1,
the values of Werand Uep may be interpolated from Table

3.2,2-1 or the morc dctailcd procedure in Section 1.3.24
may he used.

If any of the resonunt frequencies is lower than five times
the rotational frequency, the assumption on which Table
3.2.2-1 1s based ( k¢ in Equotion (1.3.24-12) < 1/4) may not
hold. Uen and Ugp must then be computed according to Section
1.3.24.

Compute the amplification factor Tntor flexural vibration
induced by 2 wpc inner ring waviness from the Equation

= Ya _

Tee ™ |+ 72 (3.2.2-12) |

where - =3 :
Tk R

Ya T§NET (3.2.2-13)

and T ' k,, ' 1. R as defined in Paragraphs 3 aud 7,

- oran
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10, Compute the amplification facter 1}3 for flexural
vibrations induced by 3 wpe inner ring waviness from

the equation

- Ya
r‘- _—-—_—‘
Y3 ‘4")"
where
- -:3
- 2ky R

Y+ jogne?

(3.2,2-14)

(3.2.2-15)

11, Compute the following theoretical vibration levels of the

reference bearing:

a. Rigtd ring vihrations, dus tn outer ring waviness

4;t "ilkiikib;

(3.2,2-106)

b. Rigid ring vibrations, due to inner ring waviness

i;} * i}cij}‘:a

(3.2.2-17)

¢. Rigid ring vibiations, due to rolling body waviness

%OL . {iaijbﬁzi

(3.2,2-18)

The values of “Wp, Wi and W, in Equations (3.2.2-16),
(3.2,2-17) and (3.2,2-18) are selected for the waviness
bands determined according to 4. Us, Wy and U, nare
obtained from Equations (3.2,2-7}), (3.2.2-8) and (3.2.2-9),
T, is computed according to paragraph 8.
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Flexural vibrations at twice the rotational frequency
induced by 2 wpc inner ring waviness

T, T, 2w

" Tnf, (3.2.2-19)

where ﬁirt is the RMS amplitude of the 2 wpe inner ring
waviness velocity, measured at a rotational frequency

fre . Ty is given by Equation (3.2,2-12), # is the
rotational speed of the bearing in vibration testing,

If the 2 wpc inner ring waviness is expressed as a RMS
displacement(Vv.

Vi ® YT fy Tra (W) (3.2.2-20)

Flexural vibrations at three times the rotatlional
{requency {nduced by 3 wpe inncr ring waviness

- = 34 -
= W, i
V3 T fra i3 (3.2.2-21)

where iiqs s the RMS amplitude of the 3 wpc inner ring
waviness Eglocity. measured at a rotational frequency
};3 + Tya 18 given by Equation (3.2.2-143,

If the 3 wpc inner ring waviness is expressed as a RMS

displacement (W S)d
Vs ® én{—,'l};(w;-s)d (3.2.2-22)

Equations (3.2,.2-19) through (3,2.2-22) are valid if no
resonant frequencies, computed according to 7, are lower
than S . If this is not the case the computed values
of \/3_ and \rs must be multiplied by the factor UL
determined according to 1.3,24,
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f. Flexurgl vibrations at_the ball passage frequency
over the outer ring ifc induced by ball loads

-

I eRaN[I- 3 cosd )

Fo Col2 WET (- I sinx

where the notation is as is pzaragraphs 3, 4,

(3,2,2-23)

6 and 7.

g. Vibrations at the rotationul freguency due to irner ring

eccentricity

\—ZI > enf, Wi,

where in is the inner ring eccentriclity

-—

(RMS displacement).

h, Vibratinns at the cage fraquency §= due to rolling
body diameter variation

{QL - ‘¥Izjg'ik

where J2,, is the maximum value of rolling
variation in the bearing.

i. The total vibration level

r

- - - - - o - - -l
Vo 2N+ G0 G0

body diumeterx

(3,2.2-24)

If vibration test results are available for a bearing

of the same size with the same order of magnitude of
waviness, compare the computed vibration level Ny,

and the experimentully obtained value % of the measured
bearing, and modify Equation (3,2,2-24) to rexd

Ve KV\I A \2.'"-»‘\7: 4-{'/;: +\“<: + \"/’__"-ﬂ?i" +°
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where

K:-—:-

et
it

s
v VTH (3.2.2-26) 1|

12. Compute the following squared vibration level ratios

2 KV 2 -
ﬁo ] ( a ) (3.2.2-27)
=t RV
R, ( L ‘) (3.2.2-28)
—_2 K \7 2

1( . b) (3,2.2-29)

b v
- 7
Rr' - (K\:\_}fla) (3.2,2-30)

=2 (R.:_Vu) (3.2.2-31)

r3 A Y4

Y Ky Ve

R g( 3 ) (3.2,2-32)

r 2
-R-Izl ) Kv-:i' (3.2.2-33)
- > (3.2,2-34)
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13, Compare the vibration level WV in the specifive-d'vibrat'lon
frequency bands to the specified limits, If the expected
vibration levelv exceeds the limit in any of the bands,

study the effects of changing the number Z and diameter D
of the rnlling hodies as follows:

a. Change the number Z and diameter D of the rolling
bodies simultaneously, so that the product 2D
remains constant, i,e., for any Z andD

2D=2D (3.2,2-35)

—

while e remains constant,

b, Compute t/R for various values of D and plot I/R
as u function of 3> , ror constant o » &

¢, Compute the ratios between the umplification factoars
of o bearing with roliing bedy diameter D and_the
reference bearing with rolling body diameter D ,
for varfous values of D , under the conditians of
Equation (3,2,2-27), Use the following equations:

Dco;q ,§ \]'-

(3.2,2-36)
'U _A_
Destw
U, E" *% Y
Yl Deo ' (3.2.2.37)
Beetu
U, ’.5. (3.2,2-38)
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fs for various

(3.2.2-39)

where 3y is obtained graphically from Enclosure 19
as a function of ball diameter,

For voller bearings use

== o3
Y M - kDI R

where kn is obtained as in paragraph 3.

e. Compute for varlous values of D .,

(3.2,2-40)

(3.2.2-41)

(3.2,2-42)

f. Plot the following squared vibrution level :atios

as a function of D

band specified

(%) - % (%) -%,
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for each vibration frequency

(3,2,2-43)

INC.
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TR e————" L

-

2 -
&y = 7(%) =i

\rtz 52 Vi g=. T

(F 'Rﬂ("%) er(i:_

Yy, w2t (VoY R (e

(q Rn( “”) Rra(ﬁ:rs
4 D42

Vel =2 Vev =2 (1rp)| Tam 5

() - RlRE) =R (8] B
jSGotx, !

2 2
(-\’\'{,“) = R,
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(3.2.2-44)

(3.2,2-45)

(3,2,2-46)

(3.2.2-47)

(3.2.2-48)

(3.2.2-49)

(3.2.2-50)
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where the waviness levels W, , W} and Wy—-mo o

relate to the waviness frequency bands corresponding
to the spécified vibration frequency band, for each
value of > . These waviness bands must be determined
according to paragraph 4 as a function of diameter
Since the waviness bands change with D , “Wp , W}
and TJ‘, are not necessarily equal to W, , < and
%, . For order of magnitude estimates, it may,
however, be assumed that w = Wy , o = Wy  and

:..':.:‘.

l““"" 1.-74:7:1

W = ‘ﬁ;‘ , If the waviness spectra are reasonably T
flat over the ranges considered. If this.is not the case_. °
the differences between W7, and Wa + w, and L7

W, and W, must be taken into account, -
The facter {U‘/tz_):ppearinq in Equations (3.2.2-43), h
(3,2.2-44) and (3.2,2-45) is due to the fact that the :

resonant frequencies of the bearing change as D , 2

and the thickness of the outer ring very. To compute the
factor (We/TL)Rit sy simplest to estimate the number of
resonances w-thkin each of the snecified frequency bands,
according to paragraph 7, and to compute U, from
Equation (3,2.2-11),

- \&=
g. Plot the squared total vibration level ratio VA?)

as a function of D for each vibration fregquency band
specified.

Use the equation
t ) 2 2 i 2 Y
(5 ) s (R () (2 + () + R+ ) szzsnr

h. Determine from the plot of Equation (3.2,2-31) the value
of I which gives mintmum (V/<r)®. This value of D
1s 1ikely to be different in the various frequency bands ..
specified, Select 1D to minimize the vibration in the o
frequency band considered most critical, by comparing

with the specified limits, The selected value of I is
denoted D
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{. Determine the value 2, of 2 corresponding to Py
from the equation

2:’“

i

(3.2.2-52)

Study the effect of deviation of Z from the value Zg

given by Equation (3.,2.2-52), by keeping I constant

= 'D.l‘ and varying only Z . Since the value Zy approximately
represents the maximum value of 2 for the given D , it is

necessary to study only vauesof 2 smaller than or approximately
equal to Zy .

1 The subscript T will be used to denote all quantities related
i to the bearing with D =Dg and 2 = 2 No subseript will
- be used for the quantities relalLed to a bearing with D = Dg

and an arbitrary aumber of batls 2 . Compute the following
% squared vibration level ratios for various values of Z
v, 2 Ve (2
% ("o") = ’-;g‘('ﬁ&‘ (3.2.2-53)
' or - el
! v 2e U
-1} « EL (== (3.2.2-04)
"._’.L) 2L v‘) (3.2.2-55)
| VI 2 \Uy
i ? 6
! (V )z.. [ (zr) }"
—rr) =

: _ vy (3.2,2-56)
! -V)-'II ! val '*'Trtr("za;)
¢ z (.3..)?3 2
‘ Vs 2/

-T = g T Z .\ (3.2.2-57)
- - e
| nr L'7 g rs:(z,)
) -136-
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(Vrr '— (3.2.2-58) g\;
(ELL‘ = ' (3.2.2-59) 7 -
Vi
Vi 2 ' R
'x",‘-ir) ’I‘-.,E (3.2.2-60)

15, Plot the following squared vibration ratios as a function
of 2 for each specified vibratior frequency band

(_Y\.r';)z.(-%f(%)z (3.2,2-62) |

) a(v ) (3.2.2-63) I

Y;,: Vn:)( ) (3.2.2-64) l

Vrs) (:f?:r) (X&Iz (3.2.2-65) i

(VF V'pr (‘V., (3.2.2-606) !E

(V._{;_LI)Z = (Y#_I)z (3.2,2-67) “ :

! .
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Vo 2 V.vr ( -
(-"-5) ‘V.or)( 3,2,2-68)

3 2 3 2 2
(V;-) (_‘{,_.I_ (V.) ( )+(Yxs)+(‘lE)+(V_h)-r(E) (3.2.2-69)
whore the ratios (V;/Vﬂ (V /'VII) (Vb/"'.;) (VH./ 1.1\’

(anv,n), (Vp/\/;r) (‘\F“/Vm) (V3 A4\t are obtained from
Equation (3.2.2- 53) through (3,2,2-60) and the ratios

(Vo /1Y ('V' /%) (VbI/Vi) (Maz /) e Y, V) Ver/vr)’,
(V‘:d./vz) .(T{DI/T/L) from the graph of 14 at the point D =X

Determine from the plot of Equation (3.2,2-69) the value
of Z which gives minimum (NV/wva)* Setect the optimum value
of 2 , considerling all the specified frequency bands,

Check the selected values of D , & and 2 for design
feasibility and make modifications if necessary,

Comparc the estimated vibration level of the bearing to the
specified vibration limits,

If the estimated vibration levels still exceed the limits in
any of the specified vibration frequency bands, make recommen-
dations for reduction of the limits for micro-geometry,
Special emphasis shouls be put on the reduction of the input
from vibratory sources with the highest contribution to the
total vibration level, as indicated by the squared ratios
given by Equations (3,2.2-61) through (3.2,2-68).
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in particular, to evaluate the relative contribution from
outer ring, inner ring and rolling body waviness, compute
the following contribution factrs:

For outer ring waviness ‘
_%_ ;‘
Z [l +(3 (‘{") .‘m) %(‘%’,f)a(;’:f)m(%ﬁfl (3.2.2-70)

For inner ring waviness

? - i
Z-= [‘ "'(—")(}'ﬁ *“'" )+ % %’() jf) (—'L-)J (3.2,2-71)

Nl

For roalling hody waviness

1. 1 a-%
Zb= [' +(%; ( Hb)* - %: ( )(ﬂ)} (3.2.2-72)

Né fwf

In making recommendations for reduced waviness limits,
the greatest reduction should be made on the part with
the highest val ue of 2Z. .
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3.3 QRERATING PARAMETIERS

Although the values of these parameters usually cannot be
selected arbitrarily, it is often advantageous, in the design
stage, to make a brief study of the influence of load and speed
on bearing vibration, if the load and speed used in the vibration

apnlication are widely different from those normally used in bearing
vibration tests,

3.3.1 Effect of Load

The nresent study covers only bearings under sufficient load
to maintain contact at all times between loaded ruvlling bodies md races,

Bearings with lesser load generate "slack" vibrations which have anot
been discussed.

The vnly slgniftcant effeers of radial or axial lobi wbove 1he
levelsufficient to maintain contact between loaded elements are:

1, Vibrations tnduced by rolling body loads, This eftect must

be considered if the load applied to the bearing is exception-
ally heavy.

2, Flexural vibrations induced by low order inner ring waviness,.
The amplitudes of these vibrations are not significantly affected
by small changes in load, If the load in the application is
much higher (ten times higher or more) than in the tests, its
effect should be considered.

3. Variable compliance vibrations asre influenced hy the anpplied

radial load., The evaluation of this effect requires a de-~
tailed study,.

4. Certain bearing tynes require for satisfactory quiet running
operation, a suitable axial preload, to assure that all the
rolliing bodies are continuousiy in contact with the race
groove while the bearing is rotating. This is particularly
the casoe with ball bearings, where the loose balls in the no-
load zone tend to genmerate high vibration levels, Axial pre-
load should be selected with the knowledge of the radial loads
to be expected, and should be heavier for heavier radial loads.
A general rule for axial load selection is not available and
it apnears best to determine the best value by systematic
experimentation on a prototype of the machinery.
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The preceding discussions indicate that substantial

freedom is available to the designer in selecting

axial loads without generating increased bearing vibrations
(other than flexural vibration due to ball loead, {f the
axial load is very high),

5. This entire study is limited to the vibration of bearings
under constant load. If available, loads, specifically
vibratory loads are imposed on & bearing, these will be :,
transmitted by it in accordance with its elastic and damping e
nroperties, MNeflections will occur in the bearings that
vary with load magnitude and direction. The magnitude and I
nature of these externally induced vibrations are calculable B
with relative ease, but have not heen covered, o

3.3.2 Effect of Rotational Speed

1. If the rotntional sneed of the bearing in the application is
different from that in the tests, the octave band specarum of
the bearing ai the speed used in the application may bo
estimoted from the spectrum at the test sneed by using
Equation (1,3.20-1), This squation i{s only approximate and

does not take into account resonant frequencies which are
speed independent,

For vibrations generated at discrete frequencies, suech as the
rotational frequency, twice the rotational frcquency or the
ball passage frequency. both the frequency and the amnlitude
of the vibration at the speed used in the application are ob-

tained by multiplying with the ratio of apnlication sneed to
test speed,

2, The present study covers bearing vibrations under constant
or slowly varying speed. Rapid speed variations, particularly
angular osciilezions imposed on the bearing will cause additions:
bearing noise which has not been covered in this study. .

—r—
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The attarhing of masses and of elastic and damping bodies to
the bearing changes the vibration characteristics of the system.
These steps affect the resonant and damning characteristics of the
system which influence ‘the vibration emitted by the housing. The
effects are generally so pronounced that resonant characteristics
of the free bearing are no longer recognizable after mounting.
However, the discrete freqiencies generated by the various bearing
vibration sources are not altered by mounting. The following main
effects uvi mounting sheuld be nataed:

1. Added mass lowers the natura: frequencins of the bearing,

2, A housing which is comparatively free to move angularly gives
low amplitudes of the radial vibration at low frequencies.

3. A housing which is comparatively free to move radially gives
low amplitudes of the angular vibration at low freguencles,

4., By proper selection of the spring constants of the housing,
the amplitudes either tn the radial or angular direction can
he minimized at any given frequency.

5. Damping mcombers such as laminated elastic structures can be
used successfully to attenuate vibrations at compuratively
high frequencies, but they are ineffective at frequencies
near zero,

6. The housiny constrains flexural vibmtions of the outer rng,
and therefore reduces the low frequency vibrations., The
effect of changing the fit between bearinyg 0.D. und housing
or between the bearing bore and shaft is rather small and
too erratic to be used as a means of controlling the vibration
transmission charecteristics of the bearing.

7. An out of round or wavy shaft or housing will act as if the
bearing ring mounted on to ft, had the same imperfections.

8, Misalignment of the bearing caused by mounting conditions
causes substantial increases in bearing vibration unless the
bearing is self-aligning.
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9, R_Qsonanco's in machine parts other-—than the bei’fi’ﬁ:q";iﬁﬁ'y"‘bei‘-’*’*"

excited by bearing vibrations, They should he ascertained
and either reduced or.the bearing should be selected to
have particulariy low vibration leveis in thc band semprising
the machine resonance,
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v 3.5 NUMERICAL EXAMPLE - DESIGN OF A BEARING TO MEET.GIVEN .VIBRATION

LIMITS

AL63LO23.. ... .

!3 The procedure and notation of Section 3,2.2 is followed:

1, Bearing selected as suitable for the application according
] to general engineering considerations (shaft and housing

diameter, width).

6305

This beaving has the folls
Bore : 25 mm
0.D. : 62 mm
Width: 17 mm

siiding principal dimansicne:

al9m

The contact angle = is taken as 15°¢

Vibration Specificatiuns:

It is desirad that at 1800 RPM

under an axial luvad Fa of 25 ibs,lhe rtadial vibralioas in

the three frequency bands

50-300, 300-1800 and 1800.10000

cps conform to the specifications of MIL-B-17931B (Ships),

It is further desired that

the RMS vibrattional velocity in

the 0-50 cps band not exceed 10,000 microinches/second.
The limits for each band are summarized below:

Vibration

Band, cps

0-

50

50- 300
300~ 1800
1800-10000

i RESEARCH LABORATORY

of these frequency bands,
the most critical,

Th

A = 0,130 in?

M= 0.00067 1bs inches?/in
R= 1,120 in

1=15.1 x 104

kx2.21 x 109 1bs/in

-144-

Specification Limit-Microinches/
second, RMS

10000
3760
3010
2260

the 30-300 cps band is considered

e following constants are calculated for the 6305 bearing:

BKF INDUSTRIES, INC,



L

!
!
f
;
|
|
i

=3

HBade

f

. IJ 2 d. .nwhllﬁi’.hiﬁﬁw ‘X’I‘Li‘\w:‘ wi

)
o

- AL63L023

Frosah
e

4, The waviness levels for the components of a conventionally
made 6303 bearing (designated here as reference bhearing)
ary ussumed to have bean measured and meet these limits:

i
Race Weviness in Miexrcinches/seceond, Measured at 100Q REM '
Band, wpe W, ":l'; :
2 Wig = 1500
3 _;5 = 1000 :
3- 6 2000 1500 s
b- 12 1300 1200
12- 24 1500 1000
24- 48 1500 1000
48- 96 1500 1000
96-192 1500 1000
192-384 1000 800
384-768 1000 800
Inner ring eccentricity "}." = 50 microinches maximum
displacement - 33 microinches, RMS,
Ball Waviness in Microinches/second, Meusured at 740 RPM
Band, wpc -
a t p -wb
2 400
4- 8 100
8- 16 100
16- 32 150 .
32- 64 200 o
64-128 200
128-256 300
1
Ball diameter variation 5v = 15 microinches maximum vartation.

5, The following frequencies are calculated for the 6305 bearing:'-;

{r = 30 ecps
fo= 11 cps
7= 19 cps :
},= 54 cps
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The waviness bands for each bhearing componeﬁtwcbrfésponding..
to the given vibration frequency bands are tabulated below:

Vibration, cps 50-300 cps 300-1800 cps 1800-10000 cps

Outer ring, wpec 5 - 27 27 - 62 162 -~ 901

Inner ring, wpe 3 - 16 16 - 96 96 -~ 532

Ball ¢ WpC 2 - 6 6 - 32 32 ~ 182 .
Since the waviness bands used in the measurements do not

coincide with the computed bands, estimates of the waviness
lovels g ‘ZQ‘ and W, , corresponding tov the compuied S
waviness bands were obtained by adding the squared waviness !
levels in the measured hands contained within any given com- i
puted band (taking into account the partial contribution

from measured bands only partially within the compated bands).

The waviness values in the comvputed bands, obtained in this ;
manner are tabulated below for tue reference beariny: '

Woviness. in microinches/second

50-300 cps 300-1800 cps 1800-10000 cps
Wo 2380 2380 1580
A 2160 1590 1430
ﬁ@ 412 206 346

6., The band width smplification factors for the radial vibrations
of the reference bearing are:

U = 0.35
O = 0.58
U, = 2.87

7. The following natural frequencies were computed for the
reference bearing:

{} = 5000 cps
dg, = 6430 cps
;F’_:xzooo cns
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8. The resonance amplification factors Uz for the reference o

bearing are:

o

L]
Uamat i1

Vibration Band, ens

Te
0- 50 1 bt
50~ 300 1 1
300- 1800 1
1800- 10000 2,16 -
9. The following values of ¥, and lrtwere computed ¥
Y= 3,19 o
Tye= 0.762 o
: % T P
10. The following values of Ya and y3were comnuted !
Y5= 0.532
Ty3= 0.347
11, The following vihration levels were computed for Lhe reference
bearing (microinches/second):
0-50 cons 50-300 cns 300-1800 cps 1800-10000 cps
Ve - 830 830 1200
') - 1250 920 1800 ‘
v, - 1180 590 2140 S
V. - 4120 - -
\G‘ - 1880 - - 'g -
VF - 1170 - -~ .
;6600 - - - .
“a 300 - - - R
Total Vi, 6600 5060 1370 3040

Jree—
Lar— .
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12. The squared vibration level ratios for the veference bearing

are. -
Squared Vibration Level) Raties
0-50 cps 50~300 cns ©300-1800 cps 1800-10000 cps
=2
R - 0.027 0.366 0.156 i
R - 0.058 0.448 0.352
R - 0.101 0.186 0,496
. i
Rpn - 0.660 - -
5?3 - 0.137 - -
Ry - 0.055 - -
Rt 0.998 - - - ':
R 0.002 - - - -

13. The total vibration levels of the reference bearing compare
as follows with the 1imits.

Frequency Band, c¢ns Limit {}
Microinches/second Microinches/second
0- 50 10000 6600
50. 300 2760 5060
300~ 1800 3010 1370
1800-10000 2260 3040

It is seen that the limit is exceeded in the 50~300 cns and
1800-10000 ¢n8 bands,

1/R3 as a function of D is shown on Enclosure 109, for d

= 1,71" and boundary dimensions the same as for the reference
bearing Curves showing the squared vibration levels as @
function of D are given in Enclosure 110 for the 50-300 cps
band, in Enclosure 111 for the 300-1800 cps band and in
Enclosure 112 for the 1800-10000 cps band. These curves

are based on 3D = €D = 49/16. 1t is seen from Enclosure
110 that the (V/g)* curve in the 50-300 cps bhand does not
have a minimum within the range shown on the graph,

-148-
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(VA'/) decreases with D over the complete range -shown,

In the 300-1800 cps band(V/x?)"has a minimum atD = 1/4"
and in the 1800-10000 cps band a minimum occurs atD= 5/16",

The following value of D was selected as giving an optimum
(V/\?)" value considering all three vibration bands mentioned. [}

Dy = 1/32"
The corresponding value for 2 1is
zr'.: 14

The selected value of Dpgives a low band (50-300 cps)
level within the snecified limit, Further decrease in
would result in a highly increased vibration level in the
300-1800 cps band, which is not considered desirable,
glthough it would improve the 50-300 cps band, Tn the high
band (1800-~10000 cps) the selected value of Dr gives a
(V/«?)z value whieh is 10% higher than that at antimum
This is not considered significant.

The vibration leveis of the beuring with Dy = 7/32" and
Zy = 14 are tabulated below:

~
Frequeney Limit ~r —.6—
Band, c¢ps Microinches/second Microinches/second
0- 50 10000 6600 1
50~ 300 3760 3630 0.72
300~ 1800 3010 1160 0.85
180010000 2260

2980 0.98

It is seen that the vibration levels in the 0-50, 50-300
and 300-1800 ¢ns are within the specified limits, In the
1800-10000 cps band the limit is exceeded,

i4-17. Enclosures 113, 114 and 115 show the effect of changes in 2
on the vihration levels, 1[It is seen that the squared
vibration levels in the three bands increase with decreasing

, over the range shown although the changes are small,
Since the value ¢ = 14 is considered the maximum number of
balls that can be assembled in the deep-groove bearing, the
values Dg = 7/32" and 2; = 14 will be checked for design
feasibility and, if found suitable, used in the final design,.
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18. Summary of selected parameters for the designed bearing:

Dimens
Bore : 25 mm & = 14
0.D. : 62 mm Dy = 7/32"
Width: 17 mm dr= 1,71
o = 15°
Vi Leve
e .
Frequency Band, cps Limit-microinches/ microinches/ Vi My
second second Y Limit
0- 50 10000 6600 1 0.66
50- 300 3760 3630 0.72 0.96
300- 1800 3010 1160 0.85 0.39
1800-10000 2260 2980 0.98 1.32

It is seen that the bearing is within the specified limits

in the 0-50, 50-300 gnd AON-1A0N rps hands. but exceeds the
limit by 32% in the 1800-10000 cps band. The vibration

level ig the same as the reference bearing in the 50-300 cps
band, 73% 6f the reference bearing in the 50-300 cps hand, 85%
in the 3Q0-1800 c¢ps band and 98% in the 1800-10000 cps band.

Squared Vibration Level Ratios:

0-50 30-300 300-1800 1800-10000 cps
- 0.027 0.368 0.156
- 0.058 0.454 0,352
- 0.101 0.188 0.4%6
- 0.660 - -
- 0.137 - -
- 0,055 - -
0.998 ~ - -
0.002 - - -
-150-

RESEARCH LABORATORY 8BKF INDUSTRIES, INC.




.ot

o vorenit’

RESEARCH LABORATORY BKF INDUSTRIES, INC.

] _ AL63L023 !
R 1
_ e s
§Q = 4740 cps 5.:
{h = BB20 cps : Qfﬂ
$¢g =14400 cps :

Reduction of the high band vibration level to conform tc
specifications can be accomplished only by reduciion of
waviness, The squared "contribution factors" in the high T
band (1800-10000 cps) are: i

g
e

2
Z, =0,11
Z;t=0.4
Zt=0.15

2
Since the 2; factor is the highest, the most effective
reduction in vibration lcvel is obtainable by reducing the
bat! wavinecss in the wavinaerss hands influencing Lhe high
vibration band, These bands are the 16-32 wpc, 32-64 wpe
and part of the 64-128 wne band, The following reduced
waviness limits are specified in aorder to reduce the
vibration level in the high band to conform to specifications:

Band, wpe 426 Limit (Microinches/second).
16- 32 100 .
32- 64 130 '
64-128 150

Waviness limits of the rings may remain the same as measured v
on the reference bearing,

A sample of bearings of the dimensions selected and satisfying
the waviness limits given must now be made and vibration
tested. Corrections to the waviness limits are made on the
basis of the test results.
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Cross~-sectional area of a bearing outer ring

RMS velocity amplitude of the kith harmonic of flexural

vibratioas

Width of benring

"Amplitude/load parameter™ in the direction of the load

‘Amplitude/load purameter™ in the direction perpendicular to

the load
Rolling body diameter

Young's modulus of elasticity

Axtal laoad
fudial ioad
Load/looseness parameter

Thickaess of the outer ring

Second moment of area of the outer ring cross section

Moment of inertim of outer ring with respect to a diameter
through the center plane of the bearing

outcr ring mass

Restoring moment due to angular displacement

Rotational speed, in RPM
Rolling body load

Mean radius of cuter ring
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R,= Radius from bearing axis to point.of comtact between ball
and outer ring

[

]

'

GRS

P g

= Displacement amplification factor

iR

Displacement amplification/factor for flexural outer ring
vibrations due to inner ring waviness

EEEs
P

Velocity band width amplification factor for element waviness

T

T}

v

f};= Band width amplification factor due to resonance i
V= RMS vibration level .
~

Vibration level of flexural outer ring vibrations due to ball
F loads

VL= Vibration level of rigid ring vibration
R

Y = Vibration level of flexural vibrations due to two and three wpe
8 ipner ring waviness, respectively

~ Element waviness

w -
ZZ = Contribution factor of element waviness to the bearing vibration
level

g4
"

RMS value of the ith variable compliance vibration harmonic in
the direction of load

o)
[

-,

RMS value of the ith variable compliance vibration harmonie in
perpendicular to the load

€5 = Her*zlan coefficient

= Pitch diameter of rolling body sct

€ = Radial looseness

.
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1 ; = Frequency in ops - -
i ‘k = Natural frequency of the axial mode of vibration
};== Polar rotational frequency of a rolling body
l f; = Rotational frequency of the cage with respect to the outer
ring.
| ;H= Natural frequency of radial vibrations of a system consisting !
] of the bearing mounted in housing
{ 7£= Natural frequency of flexural vibrations
| { = Rotational frequency of the cage with respect to the inner ring
f; = Resonant frequency
;; - Rotational frequency of inner ring
]
! fk’,;; Netural frequancias of vadial and angular rigid body modes of
vibration
£~ = Rotational frequency used in measuring element waviness
‘ ku = Linearized Hertzian coefficient
! k = Order of clement waviness
i = Any positive integer
Xy= Vertical displacement of outer ring center
} ?&'= Horizontal displacement of outer ring center
| Y = Axial displacement of outer ring center
; Z = Numbar of rolling bodies '
{
l
|
|
!
f
{ -156-
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« = Coitact angle - e - (;%-
ﬁh= Parameter defined by Equation (1.3,7-3) 34

Y = Perameter defined by Equations (1.3.18-2) or (3.2.1-1) 3
d= Elastic deformation ?i

Y) = Dimensional parameter defined by Equation (1.3,14-15) -

M = Frequency ratio f: .,‘
fﬂa§a= Elasti. parameters defined by Equations (1,3,14-13) and r

(1,3.14-14)

fo = Mass density of outer ring

€ = Radius of gyration of outer ring about
6

= Band width, expressed Bs the number of
the band

Subscriots:

o
H

= Refers to rolling body

1

Refers to inner race

Q
it

Refers to outer race
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VARIABLE COMPLIANCE VIBRATION IN A BEARING WITH SEVEN HALLS ,
COMPONENT COLLINEAR WITH LOAD ~~~ %~ 7o ===
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Xy - - AuesLo2s

Xy = VeRTIoAL UISPLAGEMENT VOMPONENT

14 = HontZONTAL [1EPLACEMENT COMPONENT

Y = AxtaL UISPLACIMEBT UOMPONENT

N, = ANGULAR PISPLACTMENT COMPONENT IN THE HORIZONTAL DAREGTION
?\,-.a #npuLAR D1spLaotMENT CoMPONENT IN THE VERTICAL DIRESTION

ENCLOSIIRE 17 OUTER RING DISPLACENENT COMPONENTS
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AL63LO23
ENCLOSURE 18 T
COM UTED

Inner and Outer Ring Groove Conformity = 51,75%

,k“=L1nearlzed Hertzian Coefficient of Contact Deformation Lh/In,

Fa =Ax1al Load Lhs.

vaLUES OF -Kw =B "% rou saLL BEARINGS

Rearing Ball No. of Ptteh Circle Contanct ~kN E:-i

“No, Size Balls Diameter Angle Lb%
{in) in) {(Degreed In
6203 17/64 L ).1722 5 8630
18 6000
25 5100
6208 5/16 9 1.516 5 8830
14 6180
25 5220
6207 /16 9 2.106 5 9980
15 6950
25 5910
608 /16 1 1,713 5 16460
15 7550
25 6410
6310 3/4 8 3,160 5 12420
18 0640
25 7340
6312 /86 g 3.740 5 13190
15 9170
25 7790
6322 1 5/8, 0 6,889 5 16200
15 11270
25 9570
-175-
RESEARCH LABORATORY BKF INDUSTRIES, INC.




-l 140

M = linearized Hertzian Coefficient
_mnm”___mfjﬁw: number..of balle... .. .. . S
IA oK = contact angle = 15° : e

R F.A

160 -

‘ 407-‘1

]Xl il_ 'l‘oa'd’“'“ L cemt WL TR i AT e e ey e

1/4 1/2 3/4 1 1 1/4

1 1/2
l Ball Diameter D in Inches

s: CLOSUR N AS A4 FUNCTJQN OF BALL DIAMETER FOR VARIOUS

; CONFORMITIES (THE CONFORMITY IS THE SAME FOR THE
- INNER AND ougnggxns GROOVES.)
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ENCLOSURE 20

VIBRATION FREWENCIES

GENERATED BY VARIOUS INPERFECTIONS oF

THE ROLLING SURFACES ACCORDING TO RIGID RING THEORY
LINEAR THEORY
YIBRATION FREYUENCIES
PE OF ORDER RADIAL
SURFACE " AXIAL
IMPERFECTIOR WAV INESS ANGULAR VIBRATION VIBRATION
InkER Ring EocENTAIOITY k= fr -
IER Ring Wavengss k=nz-| kfj=fe =nFi~ {fr .
Kang —_— R = nFr
Kesng +| Kil+3c " nF, +4r -
OureR Ring Wavinkss u -1 3 NPy -
LY N - Ko = whe |
Kemg+] (k=1Yic *m¥e =
BALL WAVINESS K= 2n “t [b :_i:G kf‘g
TBAtL DiAMETER VARTAT 10N < e ' —
NUN-LIKEAR THEDRY
INNER RiNG HAVINE 35 kK ¥ mnizsy kit & fc -
Outen Riva WAVINERS K#* Ngk| (k1) fe -

ROTATIONAL FREQUENOY OF INNER RINQ

fr o=
}i'%("" cosn) w
fe™ %O _E?H{‘
'&'%%(\— %‘cnsoén
=2 =
R *2f =

D= st olameter

FREQUENCY

el ® BeariNg PITCH DIAMEYER
©{ ® CONTADY ANOLE
nNet,2,8 0000

Z = HUMBER OF BALLE

-177-

RESEARCH LABORATORY BKF
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FREQUENOY OF THE RITAVING SALL BFT WITH REGPECY TO THE (NNER RINQ

FREQUENGY OF YHE KCTAYING BALL BET WITH RESPEST YO THE OUTER RING (0AGE FREQUENOY)

© THE FOLAR AVTAYION CF TME BALL (N A BYSTEM ATTACHED YO Tk CaASE

SALL PASSAGE FREQUENCY OWVER THE IWNER Ri%2

SALL PASSAGE FREQUENCY OVER VHE OUTER RING

INDUSTRIES, INC.
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_ i ENCLOSWRE 28 ; YT
NUMBER OF WAVES PER CIRCUMFERENCE CORRESPONDING TO VIBRATION FREQUENCIES ACCORDING T R1G1D: RING :THEORY
i FOR THE 6200 BEARING SERIES ROTATING AT 1003 RPM

=g

m
Waviness Ranaes {weo) §
VisraTiON FREQUENOY Banos {oes) =
BEARING gm. Neo. oF 0 Pns:n sgu:}rua 5{ ;
' ALLS 1AME Al 2t
Sie 2 t () 50300 3001800 180010000
2 3 ? 0,787 INNER 3-16 16~ 96 96-53% S
. 6200 e * QureR Va?? 27159 159.887 [ §
. BaLL 2- € €~ W0 W0-222 i
) 15/64 7 0,867 INNER 318 16~ 9% Juaszy ;
! 6201 516 * QUTER 5.28 20166 186-925 i
BALL 2= 6 6= 36 36-21 .
| 8 0,984 INNER 3.16 16- 97 97.538 i
6202 1576 Qurer 426 26-158 158876 .
. SaLL 2-6 6= 36 36-219 ;
17768 8 1,122 INNCR 316 16- 96 ! :
6208 Qurgn 5-2’6 26-1%9 13;-333 4
Rass 2= & € 36 36-210 o
5 8 1,319 INNER a-16 16a 97 974538
6204 5/16 ooen .28 24158 158.878
Bart 2- 6 &= 38 38-21%
1 9 1,516 (yHER 817 17- 99 99.552
‘ 605 SN6 QuTER 4oz 250151 181842
Ban 2- k& Na 32 32e18Y
88 9 1.81 INNER 317 17- 99 99.552 ;
6206 / QUTER 25 26152 162.81% -
BaLt. 2- 4 N- 26 26-148 i
[ ? 9 2,106 INNER 217 17- 99 99u5k8
! 607 ne ! ouTER 425 26,153 153850 ;
: BawL 2= 6 6= 3% 84188 ‘ i
15/82 9 2,362 INNER 317 17« 99 99,562 A
: 6208 ! QUTER N2 25445 151a8u1 - .
: BaiL 2.4 % 3 32.180 1
. -
! v/ 2 ’ 2,559 {NNER 317 17100 100556 T
! 6203 / QUTER 1a25 25-150 150834 o
| BarL =4 e 32 82-170 M
! 10 2,756 I NNER 9e17 17-101 101 2564 -
; 6210 e ‘ OuteR 424 2uell? 14745817 P
i BALL 2=y Y= 28 ®Ba156 -

i
1, VISRATIONS iN THE 0.50 CP8 RANGE ARE INDUCEO EY ECCEMTRICITY anD BaLL DIAMETER VARIATIONE FOR ALL K
BEARING S12E8,

2. FLEXURAL GFNDING OF THE OUTER RING OUE TD 2=5 wpC INKER RING WAVINESS INDUGES ADDITIONAL VIBRATIONS
IN HE 50800 OPS BAND FOR ALY BEARING 51285, IN TiE 3001800 CPS BANDE , YHE LFFECT OF INNER RING
WAVINESS ON FORCED FLEXURAL VIBRATION 1§ NEOL IQIBLE,

et
La——

-185-
RESEARCH LABORATORY BRKF INDUSTRIES, INC.

F-4100A
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ENCLOSURE 29

HUNBER OF WAVES PER CIRCUNFERENCE CORRESPONDING TO VIBRATION FREQENGIES ACCORDING TORIGIO RING THEGRY

FOR THE 6300 BEAR ING SER!E§ ROTATING AT 1800 RPM

VAVINESS RanaEs (wee)

VisRATION FREQUENOY Brnos (cps)
Bgmmo BaLL Ng. oF ° P17eH Bgnmn
iz ALLS 1AMETER ARY
A T ] 50-300 300-1800 1800-10600

€305 /16 7 1,13 THNER 3+16 16= 96 96532
Y OureR 527 27162 1§2-901
Rart 2- 6 €= 32 32182
6306 81/6% 8 2,008 {nnER 3-16 16« 97 97538
QUTER 426 26=158 158827
faLt 2= 4 Y- 30 30-166
6307 17/32 8 2,263 A 316 16a 97 97-588
Ourer 426 26-158 158877
BaLL 2= % 4. 30 30.16%
6308 19/32 8 2,559 I NNER .17 17= 99 99a546
Qurea 25 26=154 164855
gaLL 2~ % - 30 30362
630 11/ 8 2,850 Iynea 216 16~ 97 97-540
QUTER 5=20 26156 156870
BaLL 2- 8 6= 30 30-170
6310 3/% 8 3,150 INNER 3.6 16« 92 97=540
QuTER Sa26 26.158 156870
ALt 2- € 6= 30 30170
(4101 13/16 B 3 s INNER 3-1¢ 16= 98 98549
MTER Sa26 26+15% 155-860
BaLt 2= & 6« 30 =166
6312 ?/8 ] 2,740 | NNER 3-18 16= 98 FEEAY]
0rren Ga28 26-15% 155060
BaLL 2 & 6e 80 30.166
6313 15716 8 4,085 Luner Be1 4 15e 92 98~542
OuyLe S=6 25158 155.8€0
BatL 2« g 6= 30 30=164

1, VIGRATIONS !N THE 0«50 €Pg RANGE ARE INDUOED b7 ECCENTRICITY AUD SALL O1AMETER VARIATIONS FOR ALL
SEARING §I2E8, .

2, FLERURAL BENDING OF THE nr"rR NING DUC T3 Z=5 WPC INMER RING WAVINESS INDUCES A0DITIONAL VIBRATIONS
IN THE 50-300 CPs BAND FOR A'y BEARING SI2€8, [N THE 300-1800 0PG BAND, THE FFFECT OF INNER RING
WAVINESS ON FORCED FLEXURAL VISRATION 18 NEQLIGIBLE,
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T AL63L023
ENGLOSURE 33
VELOCITY BANDHIDTH AMPLIFIGATION FACTORS: Uo FOR OQUTER RING HAVINESS,U( FOR INNER RING HAVIHESS,

AND TJp BALL WAVINESS - FOR A BEARING ROTATING AT 1800 RPM
CONTACT ANGLEG . = 150

N e b

RADIAL VIBRATIONS _

Y

o AXIAL _VIBRATIONS .

BEARING SI2E gALL No, OF  PilCH GIRPLE
1 BALLS DIAMETER (
L MiET Uo Ut W To Ui /8
6203 17/64 8 1182 0,33 (1,55 2.92 1.27 2,18 11,24
6205 516 9 1.516 0,33 0,9 .1 1,27 1.89 11,97
6207 mi 9 ZU14 U, 83 1,49 8,17 1,27 1,89 12.20
6305 M1 ? 1733 0,35 0,58 2,87 1,35 2,23 11,05
6310 3/4 8 3.130 0.33 0,54 2.89 1.27 2,08 11,13
6312 /8 8 3,740 0,23 0,5 2,57 1,27 2,08 1,48
6322 1 5/8 8 £,9063 0,92 0,5k 2.96 1,23 2,08 11,40
Wavinegs Yez s SeEches 1003 RMM FOR INNER aWd BUTEA RINGS
740 RPH roRr BaLLS
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* ™ Guamou Ltv:u A% 1800 RPH w
56,000 T
Vafm
w'ow’i- F
80,600 == : \
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20,000 == }
|
|
L A e ﬂ
10,000 + e —q
L L& ] ﬂ
L - Sas 4
o 10d 200 - %0
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ENCLOSIRE 40 OCTAVE BAND SPECTRA OF 6305 BEARING AT 1800 AND

3600 RPM IN THE DIRECTION NORMAL TO LOAD
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20,000~
. Legendi
e = — —NAWRT> VISANTIoN LeveLs AT 1800 Rt
— . Meaturzp VisRaTioN LEVELS AT 3600 APM
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0,000
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20,000t~
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10,000t X
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Speed Anplitude Exponent oL

3 Normal to Load

T ALGBLO23

In the Direction of Load X

0 160 2ho 400 800 1600 3200 6400 12800
Frequency Bands (ops)

'ENCLOSURE 44  SPEED ANPLITUDE EXPONENT AS A FUNCTION OF FREQUENCY
FOR BALL BEARINGS
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BADIAL LOOSENESS = 0,015 b4
= - S

ncm:eut IN THE DIRGCTION OF THE LOAD

|GWONENT PERPEND ICULAR TO THE OIRECTION OF THE LOAD

30 Las

MiLeB=179318 (SHiPs) ViORATION LIMITE

W e

800
Frequency s

_ENCLOSURE_49 MAXIMUM VALUES OF VELOCITY AMPLITUDES OF THE

HABMONICS OF THE YARIABLE COMPLIANCE VIDRATIONS
FOR A 6305 BEARING ROTATING AT 1800 RPM

~206-

A illibe o+ |

g
il ol iel

L
:ammm@ng
e ety by

s ondh b - o Wt amnti. Jaakabel o . SN S

b Bhacbe e e

r-——-’l-—i.“—uui-‘

s

[eimm 3
(mmgemy g

sumai e
o= ——
(R



———

::namumzslSEr-m

lhmnrrkndnal

Yoops Tios

- 6,000

&

RO 1o

ENGLOSURE 54 VIBRATION INDUCRp y BALL Loaps 1y A 6305
BEARING ROTATING 2y 1800 ppy.

~207-



oLy

e g

1+ rems pa AT

SPIIDLE SPEEH OF
R . v e s e AV ARESS TESTER
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2 12,000
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g 10,000~ &
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Aaplitudes in this range are not significant becauce backgrourd

noise is of same order of magnitude,
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a2 21
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¢ = 302,000 LBS,

OASIC OYHAIC LOM RATING} .

j——/2

8iam —w

3 E0mm - -
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pxing, _ | o7 | | HORIZONTAL

Sengitivity
| Location | . _ _Agccelerometer _ ____|_  .dodel mV/g. |
1 tadeveo : CA 04* k1.1
2 Columbia-Research-Laboratory| CRL504~135 25
3 Endevco 7 CA 77+ 365
4 Columbia-Research~Laborwsory} CRLE04-136 25
§ Columblia-Research-Laboratory|CRkL410~100% 440
6 Columbis-Research-Laboratory| CRL504-130 : 25

ENCLOSURE 66 ACCELEROMETER LOCATIONS ON TEST BEARING HOUSING

* These are high sensitivity asccclerometers and are not used in

the high frequency range, above 2,000 cps.
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3L023 -

Capscitance Head
(Made of Aluminum-~
weight 2,5 oz.)

Insulator

Calibration Signal C,\E

f AHRRANGEMENT OF THI CAPACITANCE HEAD

To
Proximity ey M@asuriag
Neter _ Cirecuit

Piezo-eleotric Vibrator

. ' |
|10 AC | VARTAC VARTABLE He V. Step |, ti1Lze-riLtOTRIO :

Line [ AAT10 TRANSFONAR ::-TZ. ;af‘i" Vismaten

T

Capaoitance
Hero

'. 0. veLnren
Triplett
Model 630-NA

. — —— ——— - — —

CALIBRATION SYSTEM

Low SawD Passe
Jdodel 330-A

VoLTMETER RMS
READING
%A' LANTINE Taus
Voutmt1En
Jodel 320

(._ BLOCK DIAGRAM OF THE CALIBRATION AND
MEASURING SYSTEN

|

|

|

1

l

{

|

|

|

|

b

: Knonnef1 18 UL ThAe
]

|

|

|

|

I

!

! uEASURING
1

ENCLOSURE €8 GENERAL ARRANGEMENT OF TNSTRUMENTA™ION OF
CAPACITANCE GAGE FOR SHAFT VIRATION MEASUREMENT
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2

Vibration Accteleration Amplitude (Inches/second

1.8 Vibration Level of the 23240-A
* Bearing in the 100-200 cps Band

16 = 2 3d 40 8b 60 70
Axial Load in 1000 Lbs

[) 50 100 150 . 200
Radial Load in 1000 Lbs

280

ENCLOSURE 70 VIBRATION INDUCED BY ROLLER LOADS IN A 23240
SPHERICAL ROLLER BEARING ROTATING AT 800 RPN

-227-
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~ ENCLOSUR '

TADLE OF ORDERS OF WAVINESS CORRESPONULNG 10 v iOTATION
GENERATED AT OCTAVE BAND CUTOFF FHEQUENCIES FOR
23240 SUNERICAL ROLLELk BEARINGS

Vibration Frequency f':

50 100 200 400 Buo 1600 3200 6400 12600 cps i

Agn ke '

Wo 67 139 270 655 1110 2220 4440 0080 17800 wpo B

W: 53 105 210 421 842 1600 3320 6730 13500 wpe

W 8 17 33 o 134 269 530 1000 2150 wpo ;
";")'Q\;'l:w 23 46 92 104 360 731 1470 2080 ANNO wpe
we 10038 70 14) 282 563 1130 2250 4510 wpe
We ¢ 6 11 23 16 91 162 365 730 wpe

u00_LitN

wo U 1% 5 69 138 277 554 1108 . 2217 wpo
W ) 13 26 49 100 HINE) 359 199 1598 wpc

W, ! 2 4 0 17 34 60 137 274 wpo

Wo - viwus ul vuier cneu wavinuss

Wi :ordor of inner raca waviness

Web rorder of rollor waviness

e

-232-
RESEARCH LABORATORY BKF INDUSTRIES, INC.



¢ e e T AT T RITTOT

Tant 2 ¢t

AL&3LOGY T T o

C D34S ClF WAVINESS CORRESPONDING- TO VIBRATION

GAMELATED AT OCTAVE DBAND CUTOFY FREQUENCTIES FCR

NJ240 CYLINDRICAL W (LLER AEARINGS

Vihration t'requency

~12000 eps

F0__ 100260 0o 000 16003200 6400
106 BiM
W 76 152 503 06 1212 4% 4046 0607
Wi 61 119 st 416 R 1905 1810 7619
Wh D 16 J2 65 129 250 K16 1032
. 0 Iy '.I‘
.LW ny 4% o 102 L] T 3404 et
]
We 16 36 TVOoadn toe 71 1143 20u4
Wo P 8 10 10 1" 77 166 100
000_Lit
Wi 9 17 4 (& 147 274 Ol 1094
(]
Wi 1 13 " 54 107 M5 430 L)
Wb 0,9 1,3 A6 7,1 b 29 59 116

W : 0rder of Cutar hneo vaviness

Wi -order of Ynnar Lace Wnvinoss

Wb r0rder of heller Haviness

-233-

+ 191394 wpo

-15238 wpe

. 2065 wpe

4871, wye

€19 wupe
2160 wpe
1710 wpe

232 wpe
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e e somemme 8 RN,
'

GENERATED AT OCTAVE BAND CUTOFF FREQUENCIES FOL

- AL631,023

ENCLOSURE 77 ,
T, 4.2 OF ORDERS OF WAVINESS CORRESPONDING TO VIBRATION

96900/96140 TAVERED ROLLER REARINGS

50 100 200

Vihration Frequency

400

$00 1600 3200 6400 12000 cps
100 LM
Wi 68 131 263 526 10582 2108 4210 0420 16840 wpe
(-]
W 55 110 220 141 682 1763 3531 1060 14130 wpe
L
We 8 10 20 40 00 160 320 641 1280 wpe
300 Kb
W po 43 817 178 350 M 1400 L 8600 wpo
(-]
Wi 13 36 73 147 254 566 1160 2360 4710 wio
Wi 1.5 J 6 13 26 63 106 211 427 wpce
Q0 Ly
. W. 16 33 hh 133 266 332 1070 2130 wpe
©
WL 1 14 27 58 110 221 442 05 1770 wpe
Wb 0.6 1,2 R} 8 10 20 40 00 160 wpo

Wo =-0Order of Quter lkace Waviness

W( =Order of Inner knce Waviness

Wb =Order of koller Waviness
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1,00

0,757

]

0,50

045

X:M- Vibmﬂon amip11 tride- or ‘Etn?la-nw'*hminrwitﬂ"‘*————~ R

noning elements.

K= Vihration amplituds of dnub].a rOM henring w! th: Z T
._rollinp elements per vow.. . '

€ = Thana anrle hetween the rows of ronmr noments.

Sty My e - e

M= 1,2,3,lp000es O0oPTOSDONAINg O K. A ABE ST ~nter
Nnrr wavineu where Kem% +1.

1 l.'.. I FYO,

9.

Phase Angle ©

BICLOSUKE 78 VIBRATION AMPLITUDES IN DOUBLE=HOW BEARINGS WITH

IDENTICAL WAVINESS OF Tiik ROLLING PATH OF TILS TWO ROWS, T
VARYIRG "OFFSET ANCLB" © OF THE ROWS.
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AL63L023

VELOGITY BANDWIDTR AHPLIFICATICH FACTORG FOR OUTER RiMG WAVINESS, U, tWeR muia waviness, U,
aND ?u.en wavINESS, UJi,, FOR A BEARING nuTATING AT 100 RPM ' T e
TN RADLAL ¥ e e DALAL VIGHATIONS | :
! L .
BEARING 512§ R “Mb. OF . PITCH CIRCLE  CONTACT i !
otith mtm P TR A;II‘LE U Ut U Vo Ut U
& 1 H
29256 CAXe St \ 18 390m 130 0,008 0,065 0,138 0,20 0,288 0,618 .
232800K* I 19 262m 190 0,008  0,06% 0,13 0,213 0,282 0,55
NJ256 50 19 390 ne 0,070 0,09 0,214 - - - T
NJ240 M 19 26004 0>  0,06% 0,081 0,208 - - -
32?% . 0,938 a2 1,0 21,86 0,052 0,068  0,23% 0,182 0,186 0,638
;mg/. 0,933" 38 1,918 21,50 0,05 0,070 0,52 087 0,660
0‘4’"““/ 1, 0" ] 11,169 17,50 0,055 0,063 0,193 0,183 0,483
W7 6610-C
WAViNgSD TESYIR Spxeni 200 RPM ror luner anp Dutgn Rince

G RFN run wOLLERR

® THEBE BEARINGE ARE DOUDLE ADW GEARINGE, AND THE AMBLIFIOATION FAQGTORE AIVEN FAR THEM \RE BACKD ON
EQUAL LOAD LHARING BETWEEK THE T O Rewd 1ND ON & CAGE WITH STAGUCAED ROLLERB O A T./DeBIRGK GAGL,

-236-
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, ‘
. v, ENGLUSVRE §C- ‘

TAEULATIGR UF MATURAL FREGUENCIES UF THE BEAG NG LUTER RING FOR LaRGe ROLLER-BEARINGS

MATURRL FREGUInGIES A AXVAL MIERATION:
Bgar 1ot : Raptat VisRations . . " i

e S S, :§F3 §vé  Ses Sre Ser §F&; $u - -5a

P2E0E GRHERCAL 2130 2780 aeeo W0 Y02 4300 100 7980 - SAnD L3

232%0 SeeERICAL 2840 3640 4080  W760 5660, 768U et 12500 15601 '. 1210 £uh

BJIBE CrLmoRical 2¢90 3300 369C 4250 5RID cG'”ﬂ 8’.“?_0‘ 11004 sewd »':.'?.‘.{ -

MJ230 LvLimaRrcaL 3540 4509 5050 5300 TH00 580G j2aul 18l HERTHA ‘f.‘:'-’.;‘: -

SEI0H/IANNE TeeeReD 5330  753¢ 8120 70 Sen 11098 19100 1750 74500 137 AN
. e

} . . P f
fg = THE NATURAL FRELUENCY OF TH: Rapisy Visrations e 1he Raoie Boov!Mots

5p"'§,—:,; o THE MATURAL FREQUENCIES OF THE LOWRST £10HT MiAMONICE OF PUEMRIL VIGFATIONS

§A= THE NATURAL FREQUENCY OF AXEAL VIRRATIONS N THL KiS10 BOCY MODE

. gH_: THE NATURAL FREQUENCY. OF THE RADIAL VIBRATISNS OF A SYSTSH CONSISTING OF TwE
BEARING MOUNTED IN 1TS rlOUSING OM THE VIGRILTICHN “ESTTR,

_ -237-
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Exponent
P
°
i
O

005

50~ 10b- 200- 40o- 6do- 1400~ -3100— 4400~

200 400 80 1600 3200 6400 12800
100 Frequency Band ?cpc) 4

ENCLOSURE §4 ACCELERATION. - SPEED EXPONENT FOR THE SEVERAL OCTAVE
S 0,000 LBS FOR 23256 SPHERICAL ROLLER BEARINGS,
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, 21 oeoea
nzhes/second ) X3

z

Acceleration {

O " l{orizontal

== Vertical

el Ax 181

2.9 t
10,5
—
17,
e Jansn
11.25
o o Jaumn
7.5 . e
# b
3.75 e \———f o
* o
o O '
0 .
50 100 200 Loo 800 1600 3200 6400 12800

Frequency Band copsa )
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ENCLOSURE 96

SQUARED AMPLIFICATION FACTORS WHICH SHOW THE RELATIVE INFLUENCE

AL63L023

OF OUTER RING, INNER RING AND ROLLER WAVINESS ON THE

VIBRATION LEVEL OF THE ROLLER BEARINGS TESTED WHEN

ROTATING AT 300 RPM

Frequency Bands (cpr)

50- 100- 200-
Bearing 100 200 400
23240-A Spherical
iy 0,20 0.02  0.03
Z‘." 0.24 0,66 0,24
2: 0.5 0.32 0.73
NI240-A Cylindrical
e 0.04  0.09 0,10
Zl." 0.02 0,09 0.25
2"" 0,94 0,83  0.67
26900/7G140-A Tapered
i 0.02 0,07 0,02
2'“ 0.00  0.02 0.04
Z' 0.97  0.91  0.94
b
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ENCLOSURE 102

THIORETICAL AND EXPERIMENTAL VIBR'TION RATIOS BETWIEN CGYLINDRICAL AND
SPHERICAL ROLL™R REARINGS AND RETWEEN TAPIRED AND SPHERICAL ROLLER BE\RINCS
OF DIFFERENT QUALITY LEVELS

Fraquency Bands (cps)

50- 100- 200 %00- A00-
Vithrntion Ratio 100 o200 no 00 1400
T 1,28 1.50 2.1R 1.6) 1.52
/_V.c:A_)
Rotio —TI}I- 1436 DG N2k 0.020 0.30
By ¢
. 2./\ 3 .‘) .ﬂ i .' "! . ﬂ
-'JQEA) Th ¢ 1.20 1.70 1.7 1.3
\ Vs-A Bx 1.0% 2.5 oS 11.50 16430
Ratto --Ih- 1.0t 0.75 0.1 0.12 0.08
B
(.\! . \ T™h P.12 1.60 ;,03“. é-h.h 2.70
s/ Ea 1,00 1.51 1.63 2.29 2.23
Rntio —gh-— 2.2 1.0f 1.53 1.08 1.25
X
] ) T™h .86 6,08 7.72 9.84 7.70
Vs.c Tx 1,03 ”.25 .75 13.00 10,40
Rotio —il— 5468 2.70 1.82 0.76 0474

MR SRS ARTTM A PRRRRE TN PEARTHNES O STANDARD PRODUICTTON ATATTTY,

THL SUNAARTPTS B AND £ TO TMPRAYTN NBARTHC!,

Th = Theoretical Subscrint ¢ = cylindrical
s = spherical
Ex = Experimental t = tapered

-259.-
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ENCLOSURE 104 VIBRATION LEVEL OF A BEARING AS A FUNCTION
OF THE NUMBER OF ROLLING BODIES.
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