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PREFACE

This report is the result of o study conducted by the Norwsod Develop-
ment Laboratory of Allis-Chalmers Manufacturing Company, Norwood, Ohio
for the Bureau of Ships under contract NObs 77171. The purpose of this
study was to analyze the factors which produce or amplify vibration and
airborne noise of alternating current induction motors, and to determine how
this noise and vibration may be eliminated or attenuated. This study is
specifically concerned with 60 cycle induction moters and various formulas
throughout the repert have incorporated this frequency into the equation
constants, The theory, however, Is mors general and may be applied to other
input frequencies. Motor vibration was of greater intérest than airborne
noise in this study.

Study performed under this centract falls into three categories: liter-
ature study, theoretical analysis, and test evaluation. Material obtained in
the literature study has been incorporated inte this report to make it as
comprehensive as possible. Both the theoretical work performed under this
contract and that reported in the litarature was varified by testing of sample
motors.

The results of this study are summarized in a list of recemmendad de-
sign criteria for low naise induction motors. |

im S. CampbeZ
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Project Engineer

Approved:

K 4. Goetorcs—
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SECTION 1
INTRODUCTION

The study of the sources and elimination of in-

duction motor noise is such a broad field that a tew
words concerning the organization end format of ma-
terial are in order. . ) :
" This study wes vonducted over a period of o
year and a half. During this time o considerable o-
mount of test.data was obtained. This material has
been thoroughly reviewed and duplicate tests have
been reported only where additional |nformation Is
thereby derived. The noise and vibration testing was
conducted using onesthird octave analysis. This fre-
quency analysis and other facets of the present state
of the art of metor noise measurement are briéfly re-
viewed in Section 2. The test conditions and noise
instrumentation utilized in this study are also de-
scribed in this sectjon,

The analysis of the test data has been accom-
plished by the use of tabulations of the anesthird oc-
tave levels. It is realized that these tables are not
sasily raad but the alternative bar graphs very close-
ly duplicate the recorded spectrograms and are only
useful for two condition tests. Important levels are
printed in bold face to facilitate reading of the tables.
The complats fiéquancy specirograms of ali reported
tasts are furnished at the end of the various sections
and often provide a ready visual indication of the
change in motor noise,

Insofar as was possible, the matarial has been
classified as to the source of motor noise. Studies
of magnetic, bearing, fan, and unbalance ncise are
treatad In Sections 3 through 6 respectively. The term

“fan noise’ is used to refer to noise generated by

the ceoling airstream as well as that directly caused
by the motor fan. Because of other scheduled wark,
a comprehensive study of unbalance noise was not
made under this contract. Adiscussion of the causes
of unbalance noise and certaln preliminary studies
are reported in Section 6.

The effect of motoer load on the noise production,
which affects all four sources of motor noise, is
treated separately in Section 7 because of the rela-
tive scarcity of information concerning this aspect,
Certain miscellansous studies, many of a transmis.
sion or attenuction nature, are treated in Section 8.
Section 9 furnished o description and noise analysis
of four prototype motors supplied under this contract.

The results of this study, summarized in Sec-
tion 10, are divided into design criteria and facts of
a more general nature.

Wharever the discusslen of motar nolge is based
on or verified by published material, refsrence is
made to the papers or books listed In the biblio-
graphy. In compiling this bibliography, only ths more
important and authorative sources were selected.

[ Ve
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: SECTlON 2
MEASUREMENT OF' MOTOR NOISE

\

2.1 INTRODUCTION

ln this section, the present state of the art of
noise ond vibration measurement Is reviewed. First,

- the various {nits used to specify the leval of airborne

hoise and strictureborna vibration produced by a nolse
scurce are dbacribed in the following sections:

2,2.1 Sound Pressure Levels - &\.,-
2.2.2 Sound Power Levels ’
2.2.3 Vibration Acceleration Levels

Next, the weighting and fiiteting networks employed
in frequency analyals are discussed in sections:

2.3.1.%slghting Metworks Y
2.3.2 Octave Band £gnlysi4 )
2.3.3 Narrow Band Analysis

2.3.4 Onesthird Octave Band Analysis

The Instrumentation used and the test conditions

maintained in this study are described, Definitions
of the important units and terminology are listed for

refarance at the end of this section, 3

33 NOISE AND VIBRATION.UNITS

(O

Pronure ratio ln db = 10’ log10 p. "’/p
=20 log ;4 p‘/p2

whereé p,/p,is the ratio of two pressurus In the same e

units,

t Is more conveniant to express a lound press-
-ure as.a pressyre level with respect to (re) a refer-
ence pressure. The standard reference pressure is.
0.0002 microbar (dyne/em »)» The definition of sound
pressure (Lp) Is:

Lp in db re 0.0002 dyne/cm2 = 20 log.,, )
(Measured preasure /0,0002). d\

1 The measured pressure must now be expressed’;
in mlcrobarl (dynes/cm?), This Is somewhat of atech- °

nicality since sound medsuring equipment is almest
always calibrated toread sound pressure levels direct-
ly in decibels. The reference level of 00002 dynas/

. em2is Implied aven if it |s not stated.

The decibel is an extremcly convenient unit to

~use. Zero db not only represents the threshold of

hearing at 1000 cps, but a difference of one db is ap-
proximately the smgilest that the average person can

“nitice. If ons sound pressure s twice anafher, the

2.2.1 Sound Pressure Levels

Aliborna #ound Is a varlation in alr pressure
about the atmospheric pressure as a mean, The extent
of variation inpressure ix measured in tarma ofa unit

called the microbar, which is a pressure of one dyne

per square centimeter or approximately one-millionth
of-the normal atmospheric pronuu.Acfuallyﬂm unit

is not often méntioned In noise measurement, but, as

will be shown, it |s implied when the more common
“term ““decibel” is vsed,

The loudest sound presiaure that a person can
hear without experiencing pain is approximately 10
million times the softest sound that is barely dis.
cornable under ideal conditiens. This ratie (107:1)
makes the use of a linear unit for sound presayre ex.
tremely impractical and suggests a logarithmic unit.
The unit in.universal use is the decibal (dk). A power _
ratio expressed indb is numerically equal to ten times \
the common logurlfhm of the power ratio.

Power ratio in db = 10 leg, 2

P

where P, /P, is the ratic of two powers mocsurcd in

the sume unhs.

Since sound pressure isproportional tothe square

“root of sound power in a linear system (1), *a press.

ure ratio expressed in db is twenty times the commen
logarithm of the pressure ratio,

“Numbers in parentheses refer to references listed in
the Bibliography.

souTR prassurs tevel will b very necrly & db higher
(6.021), If one prasaure is 10 times another, the num-

-ber of decibels is-exactiy 20; ¥ one pressure 18 100

times another, the nymber ix 40.
Anidea ofthe loudness of various common noises
i terms of decibels may be ga-ned from the following
toble. (},2)
TABLE 2.1

DECIBELS NOISE SOURCE

1‘01tw:u'lolonl.lThf.lhO'dOfPﬂlﬂ
130 e s e eveaesososs Pneumatic Rock Drill
uo--.---n-oa..--LoudAu'omob”tHcrn .
‘,Otnl'lllllllllllPUnChPl.ll
IOO--.-.-......-;Automaﬂ:Lmhn
9°|lo||llolllll\lNOllYFﬂcfﬁry
30.-......----..TrUCkPaulng
7°aooootcon-c-n;lNO‘lyof“cl .
606 000 ea0eae0eri Convarsational Speech
500eveeeovaceosd Private Business Office
'40.....-........AvorugoRnldonn
;,-0.........-....BmadcauSwdln
200 cssearreeesre Rustle of loaves
|5.-............Av5mgq Thrashold Q)fHaonng
Divveeasoseenees Acute Threshold of ['Ioarlng

2.2.2 Sound Power Levels

Although sound pressure levels are very ussful
in specifying the ''noise level'" of an areq, they are
rot indicctive of the noise produced by a source such
as motor. The sound pressure at ¢ given point near a
source is dependent on the directivity of the sound
radiation, the distance from the source ond the acoust-
ical characteristics of the environment. Sound power

2-1
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measurement is used to determine the total acoustical
power radiated from a sourca.

Since the range of acoustic powers that are of
interest is about one billion billion to one (1018 : 1),
the decibel is used to specify sound power levels.
Two reference powers are currently usad: 10— !3watts
and 107 12 watts. Sound power level refecred to 10~ 13

watts is:

L, indbte 10" L2 watts = 10 Iogm power (watts)
. 10— 13. watts

Sour\d power levels re 10=12 watts’ are 10 db lower
than equivalant levels re 10~ 13 watts,

Sound .power levels cannct be measired directly
but are determined from a number of scund pressure
measurements in a prescribed environment (3). Sound

power levels are essentially independent of the en-

- vironmental conditions or the distance from the source

and. can be used to calculate the sound pressure level |

at any point in the noise field of the source under
varying environmental conditions.
2,2,3 Vibration Acceleration Levels

Motor vibration, like any oscillatory motion, may
be expressed in terms of displacement, velocity or

- acteleration: The displacement- of distance that the

motor moves during vibration is important in design-
ing the foundation or substructure. Balance lor un.
balance) is usually meas  in terms of displace-
ment of the bearing housing hi'b. Much test data has
been taken in terms of velocity or, more usually, in
terms of velocity decibels (Vdb) defined below. it is
becoming more standard, however, to measure vibra-
tion in terms of acceleration, because according to

Newton's second law (F:=ma), the acceleration is pro- -

portional to the force that the vnbratory motion trans-
mits to the substrugture,

The values of acceleration” which are of mferesf
have a range similar to the sound pressurelevels de-
scribed previously, Therefore the basic unit of the
decibel has been adapted for vibration moasurement:
Since power is proportional to the square of acceler.
ation (4), an acceleration measured in terms of deci-
bels is 20 times the logarithm of the ratio of the ac-

celeration to a reference acceleration which hasbeen

standardized as 1/1000 centimeter per sacond?, rms.
The term used to describe an acceleration oxpres sed
in decibels is vibration acceleration level. It is cust-
omary to state these levels in terms of *‘acceleration
decibels’’ (adb)to avoid confusion with ‘Sound Press-
ure levels, Thus

Vibration acceleration level in adb =
20 log, , measured gcceleration
10— 3 cm/sec?

The measured acceleration must be in terms of
em/sec? r,m.s, Vibration measuring instruments are
usually calibrated to read directly in terms of accel-

2-2

eration decibels. A vibration acceleration level can
only be stated for motor vibration along a specified
axis. The adb readings along mutually perpendicular
axes are often quite dissimilar,

It is worthwhile to notice that sound. pressure
level, sound power level, and vibration acceleration
level include the word “level". Whenever “‘lavel’’
is included in the name of a quantity, it' can be ex-
pected that the value of this level will be given in
decibels and that a reference pressure, acceleration,
or ofher _quantity is either stated or implied. -

23 FREQUENCY_ANALYSIS

Defining the level of the sound pressure or ac-

celeration, while necessary, is not sufficient, The

human ear reacts quite differently to sounds having'

different frequencies. A certain sound pressure level
may be perfoctly acceptable at one frequency and un-
bearable at-another.<The freéquency of vibration is of
greater importance in this study because of the ate
tenuation (or amplifications) characteristics of motor

-components and foundation which vary considerably

with frequency. Several methods are used to indicate
the frequency composition of motor noise and vibration.

1) "Weighting Networks (Airborne Sound only)
2) Gciave Bond-Anviysis .

3) Narrow Band Analysis

4) Qna-third Detaye Apalysis

2.3.1 Welghting Networks

Perhaps the best known method of -frequency an-
alysis is the use of the weighting networks specified
by the American Standards Association. (5) These are
applicable only forairberne sound and are an approxis
mation of the varying apparent loudness that the hu-
man ear attributes to sound prgssures of different fre-
quencies, Figure 2-1 furmshez typical frequency re-
sponse curves of weighting, networks that meet the
limits spocified in the ASA Curves A, B, and C.
Curves A and B are the 40 and 70 db equal loudness
contours, respectively. Readings taken with on ASA
A or B network are not sound pfissure levels due to
the weighting and are termed “sound levels’’. As
shown in figure 2-1, the C I>urve diszriminates against
only extremely low and bigh frequencies ond is flat
between 20 and 35,000 c¢ps. This flat region is so
extensive. that fheC Curve is not really weighted and
is considered to glve an overull noise level.

ASA WEIGHTING N ETWOR_KS
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measurement is used tu determine the tota' ucoustical
power radiated from u source.

Since the range of acoustic powers that are of
interest is about one hillich billion to one {108 : 1),
the decibel is used to specify sound power |eve|s.
Two reference powers are currently used: 10="13watts
and 10~ 1? watts. Sound power level ruferred to 10— 1°
watts is:

L, indbre 107 1% watts = 10 log, , POWe! {watts)
’ 10~ 15 watts

Sound power levels re 10— 17 watts are 10 b lower

thon equivalent levels re 10~ 1% watts. -

Sound power levels cannot be measured direcily
but are determined from a number of sound pressure
measurements in a prescribed environment (3). Sound
power levsls are essentially independent of the en-
vironmental conditions or the distance from the source
and can be usedto calculate the sound pressure level
at any point in the noise field of the source under
varying environmental conditions. ;

2.2.3 Vibration Acceleration Levels__

Motor vibration, like any oscillatory motion, may
be exprassed in terms of displacoment, velocity or
acceleration. The displacement or distence that the
motor moves during vibration is important in design-
ing tha faundatian or substructura. Ralance {ar un-
balance) is usually measured in terms of displace-
ment of the bearing housing hub. Much test data has
beon taken in terms of velocity or, more usuvally, in
terms of velocity decibels (Vdb) defined below. It is
becoming more standard, however; to measure vibra-
tion in terms of acceleration, becuuse according to

Newton's second law (F=ma), the acceleration is pro- y
portional to the force that the vibratory mation trans.

‘mits to the substructure.

The values of acceleration which are of interest
have o range similar to the Sound pressure levels de-
deribed previously, Therefcre the basic unit of the
decibel has been adapted for vibration measurement.
Since power is proportional to the square of acceler-
ation (4), an acceleration measured in terms of deci-

.bels is 20 times the logarithm of the ratio of the ac-

celeration to a reference accéleration which hasbeen
standardized as 1/1000 centimeter par second?, rms.
The term used to describe an acceleration expressed
in decibels is vibtation acceleration level. It is cust-
omary to state these levels in terms of '‘accaleration
decibels’ (adb)to avoid confusion with Sound Press-
ure levels. Thus o i

Vibration uccelerahon level in adb =
o0 Iog measured acceleration
10 Tem/sec?,
103 cm/sec

. The measured accelerafi'on must be in terms of .

tm/sec? r.m.s. Yibration meosuring instruments d:e
usually calibrated to read directly in terms of ac:el-

2-2

eration decibels. A vibration acceleration level can

cnly be stated for motor vibration along a specified
akis. The adb readings along mutually perpendicular
axes are often quite dissimilar,

It is worthwhile to notice that sound pressure
level, sound power level, and vibration acceleration
level include the word ‘‘level’. Whenever ‘‘level’’
is included in the name of a quantity, it can be ex:
pected that the value of this level will be given in
decibels and that o referance pressure, acceleration,
or other quantity is either stated or implied,

- A\
\!

2.3 FREQUENCY ANALYSIS

Defining the level of the sound pressure or ac-
celeration, while necessary, is-not sufficient. The
human ear reacts quite differentiy to sounds having
different frequencies. A certain sound pressure level
may be perfectly acceptable at one freqiiency and un-
bearable at another. The frequency of vibration is of
greater importance in this study because of the at-
tenuation (or amplificatidns) characteristics of motor
components and foundation which vary considerably
with frequency. Several methods are used to indicate
the frequency composition of motor nolse and vibration.

1) Weighting Nérworks (Alrbomﬂ Sound only)
2} Octove Bond Anolysiz

3) Narrow Band Analysis

4) One-third Dciave Analysis

2.3.1 Weighting Networks

Perhaps the best known method of frequency an-
alysis is the use of the weighting networks specified
by the American Standards Association, (5) These are
applicable only forairborne sound and are an approxi-
mation of the varying apparent loudriess that the hu-
man ear attributes to sound pressures of different fre-
quencies. Figure 2-1 furnishes typical frequancy re.
sponsé curves of weighting networks that meet the
limits specified in the ASA Curves A, B, and C.
Curves A and B are the 40,and 70 db equal loudness
contours, respectively, Réadlngs taken with dn ASA
A or B network are not sound pressure levels due to
the weighting tnd are termed ‘‘sound levels’. As
shown in figure 2-1, the C Curve discriminates agamst
only extremely Iow and high frequencies and is flat
hetween 20 and 35,000 cps. This -fiat region is so
extensive. that the C Curve is not really weighted and
is considered to give an overall noise level.

FIGURE 2.1 -
ASA WEIGHTING HETWORKS
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2.3.2 Octave Band Analysis Y

Another mefh})d of. frequency * una|y5|s divides
the frequency speutrum into various octave bands,
A< octave is the frequency band between dny two fre-
quencies having a ratia 2:1, There are two sets of
standard octave bands presemly used. The first set,
specified in American Standard Z24.10-1953 (6), are
designated by their limiting frequencies. These stand-
ard octaves are.75 — 150, 150 — 300, 300 ~.400, 400

~ 1200, 1200 - 2400, and 2400 - 4800 cps. Two other

bands, 20 = 75 cps ond 4800 to 10,000 cps. arg
usually included. Octave “analysis using these fre-
quency bands prevails at the present time.

American Standard $1.6~1960 (7) lists new pre-
ferred frequencies for acoustical measurements. In
this standard, freqiency bands are ligted by their
cenfer or geometric mean frequency, ' i.e. the 1000,
2000, and 4000 cps octd(:s‘ The geometric mean fre-

qiéncy is the square roof of the product of the upper
and lower limiting frequencies. The recommended
octave bands and their limiting frequencies are listed
in Table 2-2. Qctave analysis using these bands is
not yet common since most measuring apparatus in
use wasdesigned to meet theprevious standard, How-
evar, the new standard provides a gulde 1o future de-
“3igh- nd-Eonatrocticn of notee medsuring apparatus;
In the future, octave analysis using the bands speci-

ficd i Table 2:2 witt predominars.

TABLE 2.2

STANDARD OCTAVE BANDS
American Srandard $1.6-1960

Lowear Frequency Band Center Upper Frsquency

1.2 16 . 224
22,4 HE T 44.7
847 = 6 89.2
89.2 SRR PY 178
178 - 280 355
355 500 709
709 1,000 1,410
1,410 2,000 2,820
2,820 4,000 5,630
5,630 8,000 11,200
11,200 16,000 22,400

Note: Higher and lower preferred frequencies are obtained
by succegsive multiplication and division by 1000,

Octave band analysis is applicable to and used
for both airborne and structureborne noise testing.
However, induction motors often have sources pro-
ducing more than one frequency of noise within a par-
ticular octave. This fact makes the identification of

“the source and thus the elimination of the noisediffi-

cult. For such complex noise generators, such as a

- motor, a narrower frequency bcmd is required,

2.3.3 Nalrow Band Analyzh

Various analyzers arebuilt for noise analysis of

i

frequency bands considerably smaller than an octave
in width, These may have either a constant hand-
width, or more frequently a constant percentage band-
width. In constant percentage bandwith analysis,
sach successive frequency band is larger than the
preceding bend. The bands have a width which isa
specnhed percentage (such as 5% or 8%) of the geo- .
metric mean frequency.of the band. Narrow band an-
alysis permits accurate identification of the motor
noise sources but the large number of ba R 1Y
make anywautomatic recording of the motor 2l
as a spectrogram, physically long,, The  iinc
analysis of test results are quite time cons

repetitive tests. : . o

2.34 Ono-T_thl Ociovo, Analysis

A fourth method of frequency analysis, cbming -
into -prominence, is a compromise between the rapid-
but.inadequate octave band analysis and the time
consuming’ but precise narrow band analysis: This
method divides the frequency spectrum into one-third
octave bands. A one-third octave is a band of fre- -
quencies in whichthe ratio ofthe extreme frequencies
is equal to the cube root of two. Standard bands,
which are essentially onesthird octoves, have been
normatized to provide for Tepetition of bunds Ly wul-
tiples of 10, Theyare bands having the characteristic

AL = 1058,

TABLE 2-3
STANDARD ONE-THIRD OCTAVE BANDS
American Standard $1.6~1960 L
Lower Band Upper Lower Bond - Upper
Freq. Center Freq. Fuq: Center Freq.
14.1 16 17.8 563 630 - 709
17.8 20 22.4 709 800 802
2.4 25 S 28.2 892 1,000 1,120
28.2 31.5 35.5 . 1,120 1,250 1,410
35.5 40 44.7 1,410 . 1,600 1,780
44.7 50 56.3 1,780 2,000 2,240
56.3 63 70.9 2,240 2,500 2,820
70,9, ™ 80 89:2 2,820 3,150 - 3,550
89. 2 100 12 - 3,550 ° 4,000 4,470
112 125 141 4,470 5,000 5,630
141 160 178 - 5,630 7 6,300 7,090
178 200 224 7,090 8,000 8,920
224 250 - 282 8,920 10,000 11,200
282 315 355 11,200 12,500 14,100
355 400 447 14,100 16,000 17,800
447 540 563 ! -

Note: Higher and lower preferred frequencies are obtained
by successive multiplication and division by 1000.

. One-third octaves are designuted by their gen-

~metric mean frequencies: a 63, 80, or 100 cps one-

third octave. The standard values for geometric mean
frequencies are those numbers whose mantissue of
their common logarithms are multiples of 0.1. (7)),
Rounded-off values of the center frequencies and the

2.3




" limiting frequencies of the standard onesthird octave
bands are given In Table 2-3. A comparison of Tables
2-2and 2-3 reveals that the standard one-third oc-
taves correspond to the new standard-octaves rather
than those in widespread use. The band width of a
onesthird octave is 23% of the center frequency, a

: fact which is useful in conelaﬁng data with paitaw

™ o band analysis. . i

“ mit ready Identification of the sources of Inluction

PR ’ motor noise. Most sources produce noisé at some
“ ' multiple of the rotational frequency. Rarely do two
prominent sou ges produce noise in the same /3 oce
tave. The rapi (y and ease ofmeusuremom more than
make up for the faduced accurgey in pinpointing’ the
exact frequency produced. Heivever, if there is any

- doubt as to the Nource of the noise or qs to whether
there is only orie noise source, a narrow band k\no]y-
sis should be taken. ¢

2.4 INSTRUMENTATION 'AND TEST CONDITIONS

In this sttu, most ohulyus were either based
upon, or verified by noise meakurements on motors,
The conclusions are dependent upon the quality of
the performed tests, Also, a knowladge of the Instiu-
mentation used, as well as certain test conditions,

Sré prérequisife fo correct inferpretation of the test
data. For these reasons, a brief description of the
- Instrumentation yswd in this study is presented hare,

The airborne and structureborne noise metering
equipment used in this study was manufactured by
Bruel and Kjaer, Copenhagen, {tenmark. The majority
of the tests were taken with a é\r}a-i Ird octave

spectrometer. A block diagram of the eyuipment used.

for one-third octave analysis is shown in\Figure 2-2/
The airborne sound measuring equipment consists of
a calibrated condenser microphone, a onesthird oc-
tave analyser, and a recorder. An accelerometer and
a preamplifier were substituted for the condenser
microphone for structureberns vibration measurement,
The preamplifier contains an integrating network pers
l{ mitting spectrograms of the vibration to be taken
either in terms of acceleration, velocity, or displace-
ment,

FIGURE 2-2 : !
; !
(Tt /5 OCTAVE - i
i i

MICROPHONE | precTROMETER
CARTRIDOE TYPE /1M TvPe 2u LEVEL

ko . RECORDER
8 TYPE 42l 4o Tw: 2304

K

ACCELEROMETER | [PREAMPLINER" I3 DCTAVE LEVEL .
TYPE 4829 TYPE 1606 PECTROMETER
L tyee 2u TYPE 2304

AIRBORNE & STRUCTUREBORNE
NOISE METERING EQUIPMENT

BRUEL 8 KJAER
COPENHAGEN,DENMARK
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A one-third octave is sufficiently narrow: -to par-

1

_These compenents are slectrically coupled to.
form an integrated unit which ‘automatically records
the noise or vibration levals for the standard one-
third octaves on-praprinted, frequency calibrated pa-
per. After recording the frequency spectrum from 4y 1 ¥
to 35,500 cycles per second, the levels measured on
the ASA weighted networks A, B, and C are récorded,

- "The levels for the ASA A and B° netyorks (an approx-
_imation to the hearing | résponse 0f the human ear)
,pré «ulfhf‘dgh automatically recorded, meaninglest
fn' vibration measurements. The C network hds, a flat
“reuponse to all frequancies bétween 20 andi35,000 .
‘eps, and records the overall level- for both a\\Larne T
and structureborne nolse measurements, THréughout
"this report the term “‘overall’ rafers to livels re-
corded on the C Scale as shown in Figure 2-1. .
+, .. The vertical scale of the recording paper has a
))nge of 50 db, Aﬂenumors, built In the analyzer,
pormit the scale to be positioned.w erever’ desired,
Wi, e;10-60 db, 20270_db, -etc. Eoi airborne nolise
measureiients, the equiprient is calibrated to read in
db re 0.0002 dyne/sq em, Vibration acceleration lev-
els’are mousured in acceleration decibols (ddb) re
10 = % em/sec?; vibration velocity levels may be
measured in velocity decibels.(vdb) re:. 10— & cm/se::.
Displacement measurements (made only ip the un«
—baloncestudy}—wers not taken with This sqoipment.
As indicated previously, vibration acceleration
levels, are, oniy meaningful for a specifiad wxiz. On
olmost oll Fests, readings were taken on’three muty-
ally perpenchcular axes on the motor feet, Tho X-Axis
ts parailal m the rater shaft; the Y-Axis is hotizontal
end perpenditular to the shaft; the Z-Axis is vertical,
For specific tests, other axes wers monitored. Axes
paraliel to the shaft and on the baaring housing (Hsg)
end bearing housing hub (Hub)were used in the bear-
“ing study. Readings on vertical axes on both the
frame and motor core were taken for magnetic noise
studies and for internal isolation tests. These axes
are shown in figure 2-3.co

*Test data token prior 1027 t' vember 1959 has alower
frequency cutoff of 35.5 cps.




Unless otherwuse specified, the following test
conditions were maintained: .

1) Motars. were mounted on resilient mounts
which have a vertical resanant frequency of
approximately 10 cycles per secor | under
load conditions. At 60 cps ar higher, these
isolators were attenuating .any transmi itted]
vibration a minimum of 20 db. P2

2) In érder to segregate noise sources, totally 3
_enclosed morors were tested without external
fans and fan bowls for other than windage-
noise studies. Dripproof protected moters
were usually tested with rotors cast without
rotor fan biades.

3) In order to further legregafe noise sources
(except certain bearing teits), preloaded
bearings meeting the. anderon limits of MIL-B ]
179314, Amendment_ 2, dated 16 September [ 6.
1959, were used to minimize bearing noise, ™~

4) During any one test, extfeme care was taken
to assure that factors, other than those being
investigated, did not change. For ihstance,

_related tests were taken in brief time suc.
cession, Often the initial condition was re-
tested to verify that the test conditions had
— TV shRARSI Howdver ne SNompl wes mode ————— -

t6 maintain conditions between different

tests. Thee=fors, compurison of tost rasults 7.
furnishe . ' separate tabulations is not
recomme—el--it

2.5 DEFINITIONS
The following definitions are summarized here s

~ for referonce purpeses: n

1. Alrborne nsise; Airborne noise i4 undesired
sound In air. It is characterized by fluctuations
of air pressure about the utmosphnric pressure :
as a mean. - 7

2. Structyreborne noise; Structureborne noise is un-

desired vibration in, or of solid bodies, such as
machinery or ship structures. .
3. Decibel: The decibel is o dlmenﬂonleu unit for
expressing the ratic of twe values of power. Oné-
of these values may be standard of reference.
"The number of decibels is equal to 10 times the 8.
logarithm to the base 10 of the power ratio, i. e.,

P
o i = —_l
Power ratio in db = 10 leg, , B, 9.
Under commonly accepted conditions quantities
proportional to power include the square of rms: ;
values of aither the pressure, velocity or accel-
" eration, For quantities whose squars is propor-
_ tional to power, the docibel is 20 1imes the log-
arithm of the ratio.
4. Sound pressure level: Sound pressure lavel is the
r.m.8. sound pressure expressed in decibels rel-
ative to a standard reference pressure of 0.0002

dyne per square centimetar. (NOTE = 1 dyne per
square centimater is equal to | micrabar,) Thus:

Lp indb ="
~ 20 log,, measured pressure (dynes/cm2 r.m.s.)
10 0.0002 dynes/cm -

~ Sound power level: Sound level is the sound

_rpower emitted by a-source expressed in decibels
relative to a standard reference power of 10—13
watts, Thus:

" Lw.indb =10 log 10'18!°!r3w“;:::’ : ’

It is a quantity that may be calculated fram sound

pressurs leve| measureménts in uknovyn acousflc ]

envirénment;
Yibration gcceleruhon/]ovel Vibratidn uccelem-

tion level is fFe f.m.4. vibration acéeleratién of

a hody along o° s/pemfledoxu; expressed in deci-.
bels relative tora standard reference acceleration
« of 10~ 3 cm/sec?. Thus: Vibration acceleration
lovel In .- .

edb =

Yibratisn velocify level; Vibration velocity level
is the r.m.s. vibration velocity of a bedy aleng a
specified ax!s, expressed in decibels relative to
a standard reference velocity of 10=° cm/sec.
Thus: Vibration velocity level in

_ measured velocity (cm/sec r.m.s.
b= 20 ooy B e, )
Vibration accsleration level in adb may be con-
veited to velocity level in vdb at any given. fre-

quency by the equatien: -

" vdb = (adb + 44) - 20 log, f

where f- fraquetity in cyclea per second, or by -

# the use of Figure 2-4.

Octave band: An octave band is a band of fre-

quencies covering a range of 2 to 1, i.e. tH/iL- :

2 where fjond f{ are the nominal cutoff frequon-
cies of the bundL

One-third cctave band: A one-third octave band
is a band of frequencies inwhich the ratio of the
extreme frequencies is equal to the cube root of
two, i.e. fH/fL-— 3J2= 1.259% where F and f
are the nomindl cutoff frequencies- of fhe banc}'
NOTE: ASA standard 1/3 octave bands provide
for repetition of bands by multiples of 10, They
are therefore bands having the characteristic f
/4 = 1001 =1,2589 which for all practical pur-
poses are 1/3 octaves.

2-5
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10.

- width is less than ondithird octave but not less

hl

Narrow band: A narrow band is o band whose 11.

‘than cne percent of ﬂ’b center frequency

Band center: Band center refers to the geometric
mean between the exireme fraquencies of the

band, i.e: k = JfufL.

v ; . . FIGURE 2-4
; - CONVERSION GHART vdb to adb
\-J . - _ one ‘third octave band levels
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 SECTION 3 I
MAGNETIC NOISE

3.1 INTRODUCTION : " ents, The three component waves l;ototing in ‘one di-
rection are displaced in phase by 120° and therefore

Magnetic noise of induction motors has two po- add vectorially to zero; the three ‘component waves

tential sources:. 1) the radial force waves created by . rotating in the opposité direction are in phase and —
the air gap flux density‘and 2) the magnetostrictive add algebraicoily. Thus, the three stationary wind-’
expansion of the core steel, Whereas the force waves - Ings combineto credte a rotating magnetic field whose
are imposed on the air-iron surface of the air gap, the magnitude is 3/2 that of each stationary fleld. (8)*
magnetostrictive expansionis an Internally generated This field rotates 360 electrical degrees in space
variation in dimension. Magne*ic noise may be cate- during orie period of the input frequency (60 cps).
gorized by the frequency produced: 1)Twice lins fre- The angular velocity of the wave is & = 2uf = 120n
quency and 2) Rotor alot frequency noise. Both po-  *  g|ectrical radians per secand. Since n P electrical -
tential sources af magnetic noise produce twice line . radians cotresponds to one revolution, the rotational
frequency noise (120cycle noise for60cyels motors). - speed of the wave |5 120/P revelutions per second or
Heowever, it will be shown that, for two pole motors = 7200/P, rom, where P = tho numbor of poles. This

ere 120 cycle, naise is a problem, the 120 cycle speedlis calledthe synchronox.- speed. The synchron-
magnetastrictive noise Is small compared to that pro- ous speed of twospole motars is 60 rps or 3600 rpm;
duced by the radial force waves. The high trequency that of four-pole moters is 30 rps, stc. The lower ro-
magn etostrictive effectwill be showntobe negligible, tational frequency of motors with more than 2 poles .
An Investigation of the effect of the rotor and stator " is exactly compensated by the incroase in number of
slot harmonics of the airgap flux density reveals that cycles of flux around the air gap periphery. Thus the
the radia) force waves ;roduca three frequencies ap- fundamental air gap flux of Induction motors has @
P'°"““°“IX equal to and three approximately 60 cycle per second variation regardless of the num-
equal to S8~ R These are termed the primary and sec- . . ber of poles. This can also be seen from,jhdm_thgt___ﬂ_J

;.k_%da'*‘w’"—‘l““fmmﬁfﬁw'lﬁk et gvartenory fi&lds which add fo form tha refating
After discussing the source of magnetic ncise, wave have 60 cycle variation, A

a treatment of the effect of the following factars ap ) _ =
magnetic noise is presented. : B ‘
1) Air Gap Flux Denslty _FIGURE 3-1
2) RotorsStator Slot Combination
3) Rotor and Stator Geometry
4) Stator Coil Piteh
5) Skew of Rotor Bars "
6) Grain Orlentation of Core Steel - ! ™

Po-MiEEh af fOLES

X INT MYy

i ymad
POACE IR TENITT
e

Maniay romc

7) Annealing of Core Steel e,
The methods of reducing magnetic noise indicated by . Yoo r

these studies ore summarized in fhc conclusion of
this section.

. i 12'»!5";&%1"

3.2 FUNDAMENTAL FLUX ANUJFLUX FORCE . RADIAL" FLUX DENSITY AND FORCE 4 -

WAVES 7 o INTENSITY WAVES

In three phase 60 cycle induction motors, oach, Figure 3-1 shows one cycle (two poles) of the ;
phase winding generates a stationary 60 cycle pulsat- revolving flux density wave.in the air gap of an in- -7 Q-’
ing magnetomotive force wave (mmf), The three wind- duction motor developed .lang a straight line. This -
‘ings are displaced by 120 eiectrizal degrees ih space maybe considered s the entire air gap of a two-pole '
from each other, When the windings “are excited by meter, or one-half the developedalr gap of a four-pole
balanced thres-phase currents, the generated mmf's " motor, etc, The flux density as a function of time Is
will be 120° phase displaced in time. Assuming sym- glven by the axpression:

metrical magnetic circuits, the mmf's will produce . - Sy

-..stationory pulsating magnetic fields of equal magnis = ~ : ; a1
fude, Because the three stationory fieldscre both time ) . B = B m $1 wt . :

and space dependent, sach may be resolved into two ) m 3D 2nﬁ . g

oppositely rh‘aﬂng compon ent fields having a magni. E :

tude one-half that of the gtationary fields. The result- . ‘ ]

ant fleld at any point Is the sum of the three station- *Numbers in parenthesas refer to references listed in

ary fields and, therefore, of the six rotating compon-  the Bibllegraphy.

T
W
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1 )
where' B = flux' densny at any point; in lines

9 /8q. in.
Bgm = maximum- flux density_in lines/
sq. in,
@ = angular velocity in radians/sec.
f = input frequency = 60 cycles/sec.

The magnetic flux exerts a radial pull across the

oir gap which is proportional to the square of the fiux .

density. The force intensity (pressure) at any point
expressed in MKS rationalized units (ug = 4n X 10-
is: -

=B? )] '
P, Bg/z "y 1.9

in terms of English units,

Pi

where p. = force lnienufy in pounds/sq. in.

H
g = flux density In lines/sq. In,
e

, l‘Subltn‘uhng the expression for By (Equation 3.1) into

equaﬂon 3.3 gives

1.388 x 10—°B I 2.3

|
.The number of nodes of vibration is of paramaunt
importance as the deflection will be shown to be In-

versely propartional to the fourth power of m for g
yqiven flux density. This is best illustrated by once
'&uin considaring the stator lamination ring developed
Into a straight line. Under this idealized conditien,
the deflection may be calculated by considering the = N
‘core.as a bgam freely supported at sach node, The
single amplitude deflection for such a beam under a
sinusolda}ly distributed load is given by the expres- *
sion:
d = - Wi 3 . .
) , 2_"5“5 -(3) 3.6 :
whera d = maximum deflection in inches
W = total load in pounds
L = distance between nodes in inches
E = modulus of elasticity in #/in? J
«
|

A
i

(3 x 107 for steel)
| = bendl_ng momant of inertid in inchas'.

In terms of the stator geometry

A

pr s

'
Wy

p, = 1,388 x 10™°B_ ?sin? ut
i ; gm

Since sin? wt = /2 (1 = cos 2wt)
=694 x 10~°B_

-694x10"’B 2eos 2ut 34

The ﬁrst term of equation 3.4 Is the uvof-uger

for/c/e intens ty shown in figure 3.1, which remains
constant ond ‘causes only a statig compreuion of the
stator core, T}ie\\second term Is o sinusoidally vary-
ing component ofitwice mpuf frequency or.120 cps.
Only the periodic \ly varying component will produce
nolse and vibration. The single amplitude of the force
intensity is

p —694x]0"B T as

As the above derivation indicates, it is the flux den-
«sity and force intensity waves that are interrelated,
However, these are usually termed flux and forco
“waves respectively,
it should be noted that this 120 cycle force wave
has four zero points per cycle of the revolving flux
s wave. |f the stator core is also developed into a
straight line, the core will deflect into a shape similar
to the force wave with points of zero deflection,
(nodes), at each zero point of the force wave. The
number of nodes, m, of stator core daflection is al-
ways equal to the number of force poles or, twice the
number of flux poles, 2 P.

3-2

=Nn-s =, he L g
e '3
wheffe D, = mean diaometer of the stator core in
inches
m = number of nodes .
b %;aLdaaﬂxg&d&nmm:Jr_:,::ﬂ
inches |

] L‘ = axial length ot gir gap in. inches ) _

Substituting these expressions in equation 3.4

1 .,
d= LA x 10~ Tinches 311_""/- .
m3 hd L . . . 7

Equation 3.7 rovouls that the doflection of the
_ stafor core.is inversely proportional to the third pow-
or of the number of nodes for a given load W. The
‘totel load however-is inversely preportional to m for
a given maximum flux density, The load may be col-
culated by taking the average value of the force wavc
over the area of the force:pole Y

W=lxp‘x 2“RQL9
n ' m

- 4pR9 Lg

m o

* where R = radius of the air gap in mches
Substituting the expression for p, given by equation
3.5; results in the total load being_.

27765 x10-¢8 .
m{‘Rng pounds = 4g - -

Con‘{bining equations 3.7 and 3.8 results in the
expression for the deflection in terms of agiven maxi-
mum flux dens ity
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As stated above, this formula has been derived
for the idealized condition of the stator core ring de-
veloped into a straight line. The derivation of the
actiul formulas for varying number of nodes, - m, re-

_555B,

inches - 3 '9

“veals that equation 3.9 is sufficiently accurate for
. cases where m is equal to or greatér than 12 (funda-

mental force wave for.a 6 pole motor), As the num.
ber of nodes increases, the core segmerit under study

‘» has less and less curvature. The number of nodes in
“‘quastion is always’'a mulflple of four, since there are

four force. godes per flux pole pair. The value of de-
flection indicated by equation 3.9 must be multiplied
by 1.788 for 4 node.ond 1.188 for 8 node'force wadkas
(10) W i
Thus the singla amplituge deflection of the stater
core in terms o tte maximum fiux donslty for 4,8, 12

or more node fSL waves are
1

drodes g 92_1%’3%2‘_ 10-15 3,100,
8 nodes §\=632 m Br 2 0m10 3,106

SO mz DJL-— --M-Am_,_,::,
12:nzdsy — TEUESSS

The effect of the variables in equation 3.10 will
be discussed later in the treatment of methods of re-
ducing magnetic noise. However, the effect of the
number of nodes may be used to simpiify ensuing
derivations. Equatien 3.10 skows that tho deflection

.8 inversely proportional to the fourth power of the
" number of nodes for a given flux density while equa-

tion 3.7 reveals. an inverse third power relationship
for a givon radial force. Thus, in determining the ef-
fectof complex stator rore vibration, it is often poss-
ible to ignore all frequencies except those with the
lowest number of nedes. The rapid increase in de-
flection with a decrease in the number of nodes is
dlso the reason that a two pole motor has higher 120
cyele noise.

3.3 MAGNETOSTRICTION

Magnetostriction is the effect that ceriom ma-

» terials, such as stesl, have of expanding very slightly

along the axis of magnetization when magnetic flux
pass through them. The steel stator core expands
equally for flux in a positive or negative direction
ond thus expands and contracts (cycles) twice for
each cycle of flux passing through it, i.e., 120 cps
for 60 cycle motors. Since the frequency of magneto-
striction-caused noise js the some as that produced
by the flux force waves, magnetostriction must be
considered a potential ‘source of 120 cycle noise.
However, the magnetostrictive defiection of the stator

- deflections may -

gore of induction motors will be shawn te be both in

phase dpposition énd small compared to that produced
by the flux force waves.

To illustrate the relative effect of mugnetosmc-
tion it is necessary to compare the radial deflection
produced by the magnetostrictive effect with that
caused by the flux force waves. The mechanira!
‘stresses” in the steel resulhng from the surface im-
posed flux force waves is known to affect the mag-

- nitude of the magnetosirictive strain. The effect is

slight, however, and in this analysis the two: dﬂlec-
tions are considered to be independent, i.e., that the

The magnetostrictive expansion of the stator
occurs both in the teeth and in the core. As the teeth
arefrae to move at the air gap end, they will riot exert
any force on the _stator coré. The magnetostrictive

-expansion of the stator taeth does shorten the air gdp

slightly at the magnetic poles, but since thé tooth
fiux density rotates with the airgap flux density, this
change in air gap length doed not affect the radial

force wave deflections. The vibration of the stator -

teeth can produce airborne noise.but this is generally
small compered to that produced by the deflection of
the stator_core-periphary. Therefc

_ e calculated separately and then
.. suparimposed to obtain the total deflection. '

u_thg.fnllnw.mg._.= S

—

anatysis only He sfator core mognetostrictive eftect
is consldorad

The mognetostrictive sirdin or elongation per
viilt tength is a function both of the type of steel and
of the flux density through the stesl. A curve of the
magnetostrictive strain vs. flux density for the non-
oriented silicon stes! normally used in induction mo-
tors was not available. A literature search and cén-
sultations with feur principal stee! companies re-
vealed thht although much data has been taken on
transformer grade (oriented) steels, no Information

directly applicable to motor grade stesl was avails -

able. However, it was determined that for silicon
steels, the magnetostrictive strain-ls very closely
proportional-to the square bf the flux density,

With reusonable accuracy, it Is assumed that

s = KB.? amn

where e, = the magnetostrictive strain in the di- - -
rection of fluxflow (fonqomlol to core

periphery)
B, = core flux density at point under con-
sideration

- K = constant of proporrionolny (a func-

tion of the type of steel)
It has been observed that the volume of the steel
experiences only very minute changes when the body
is magnetized. Because of the essentially constant

volume, Poisson's fatio approaches the maximumval-

ve of one<half. (11) Therefore, the transverse strains

3.3
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inthe axlal and radial directions are approximately
‘onehulf that in the tangential direction. It should be.
noted that the transverse strains represent o shrinke
“age rather than an elongation for positive magneto-"
strictive strains. Considering alongation as poslflve,
the radial strain is
¢ = ~1/2K B2 n 3.12
7 The following derivafion of the deflaction of the
stator.core due to mag netostriction hu: been accomp-
lished for astwo-pole motor for twa roa’ons
1) Electrical and mechanical degrees are numer.
ically squal,. which aimplifies the derivation.
2) Tests reveai that 120 cycle noise is particu.
larly predominant in twa-pole metors.
Flgure 3-2 shows one-half of @ stator core of a two-
a pole motor represented as a thin ring of radius, R.
The radial-deflection will be calculated for the ins
"stant when the fundamental flux wave has a’ pole

center coincident with the verticle axis. The angle, -

a, Is measured clockwise from the axis,

FIGURE 3.2
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7 “ to have a sinusoidal distribution. The maximum core
i density, B, , occurs midway between pole centers

or of the horizontal or x axls In Figure 3-2. The core

density at any point p is glven by the expressien

o - B = B m Sine A
The tangential and radial magnofn:frlcnvo strains

are thus i
q = 'Y B,,7 sin?a 3.l4a

A

;- .  The stator core flux density, B, is consldered -

4 = 1/2K B 2 sin?a 3.14b

The elongation of a differential element of core
circumference, Rda, due to the tangential sirain Is

(Rda.) = q R da, 3. ]5
Combln%g’ qumlons 3. 140 “and 3, 15.gives
sRde)=RKB *sintada 316 , °
A(R da} = olanguﬂon of element R du
R = outer radius of core in Inchos
B = maximum core fluxdensity lalines/
8q. In.
a = angle measured clockwise from alr

gap pole center,
“The horizontal and vertical componoms are respec-'
tively =
wlsinfacosdda’

aldx) = R K B,

ady) = R K Byp 2 -nn"-’»;-v'd .

sin2a cos o= 1/4 (cos a = cos 3}

- —gnd-—sfn¥a——- - =1/4 3sina - sin3a)
Therefore L
A(dx) =1/4RKB, 2 (cos a~conda)dn
3.17
(dy)—-1/4RKB 2(3s|na.—||n3¢x)\dcl .
f? 18 .

From considerations of symmetry, it maybe& seen
that points on the core coincident with the horizontel
and vertical axes of figure 3-2 will only have radicl
displacements. Therefore, the Qnal horizontal com- .
ponent of displacement at any paint p is the summa- \ﬂ
tion_of the infinitesimal displacements from a /
(point of zero horizontal displacement) to a (point %)
Thus,

} a(dx)

0y =ax = .
’/\\ 1/4RK B, (cos & = cos 3a)da
1/4R K .ch [sln a=1/3 sin 3al.°

Since sin {0) = 0,
x = 1/4 RK ch"’ (lin o - 1/3 sin 33«;)‘
9

S'limllor|y the vertical component of displacemant at.
point p is the summation of the Infinitesimal vertical

displacements from % to a. v

]

= )Bf + 'J’.M"a Mgﬁﬂﬁﬁ {imny- *&M‘ﬂ!ﬂl e



fA(dY) =ay= ’ 3.20
Q . .
- -1/4RK chzf%(s sin a - sin 3a) da
. o
. l\\ =.1/4RK ch2 [—3.:05 a +1/3 cos 3&] It
\ : , z

§It{ce cos (%) and cos (%’l) =0,

=1/4RKB_,? (3 cos a - 1/3cos 3a)

The-vector sum of ax and 4y is the redial dis-
placement aR,, due to fangontial magnetostriction

R = ax sina + Ay ¢osa
= 1/4RKB 2 (sina = 1/3 sin 3q)
: (sin a)
+14RKB_? (3coc a=1/3cos3a)
(cos.a)

~Using trigonometric Idonmlol and simplifying results

in the expression

+ = 172 RKB 2 (1 41/3 cos 24) 3.21

The olongatlon of a rodiol element of holght, h, - T
emrme s oy sevhe dHTeTeTICE Batwash The moximu. deflecs .

is._

Al:l h_.., ¢ e M

The radial deflection, AR y varies between oneshalf
the height elongation for u thin straight section to
the maximum of the entire elongation for o solid cy-
linder. The radial deflaction of a statar core (s very
nearly that of the minimum limiting condition and may
be approximated as

=1/2he, 3.22

Substituting equation 3.14 into equation 3.22 results

in ihe expression for the radial deflectibn

AR, =-1/4 KhBpf sin®a

¢ 7. ==1/8K hB.y? (1 - cos 22) 3.23

. The total deflection due to magnetostriction,
4R, is the sum of the radial and tangential deflection
(Equations 3.21 and 3.23).

AR = aR, + Rr 3.4

=1/2K B[R - b/a)
+(R/3 +h/4) cos 20

The first term of equation 3.24 represents a static
expansion of the core anddoes not contribute to motor
noise or vibration. The second term represents a rad-
ial motion varyingat twice the angle a for aparticular
instantof time or a radial motion at twice the angular
frequency wt for a given point on the core periphery.

\
]

" The single amplitude of the magnetsstrictive deflece

tion is therefore

dp = 172 (R/3 + h/4) KBC\\F : 3.25)

_ 3.4 COMPARISON OF FORCE WAVE AND

MAGNETOSTRICTIVE DEFLECTIONS

The phase dilplacemerk\of the radial force wave
and magnetostrictive deflccf)\ ns of a two pole stator

- core are illustrated by Figur} 33, The core is shown

]

e the Instant that the air- gap magnetic pale centers
S-coincide with the vertigal axis. The air gap flux den-

gity is maxim l{ﬁ along the vertical axis and zero at
the hbrlzonml\&.‘uxit-,The stator core deflects inward’
at the magnetic poles and deflects outward between
the poles due to the radial force waves, The maximum
stator core flux density occurs midway between the
poles of air gap-flux wave or at the horizontal axis.
An examination of equation 3.24 and Figure 3.3 indi-
cates that the magnetostrictive effsct will cause the
stator core to deflect outward at the vertical axis and
inward at tha, horizontal axis. The cos 2aterm equals
+1fora =0 and — 1 for o = Z. The radicl force wave
and the magnetostrictive deflections are identical in
form byt oppawire in direction. The total core deflec.

tions dueto the two causes. (Equations 3,10 and 3,25).

FIGURE 3-3

Induchon Mator Stator Deflection
Two Pole Motor
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The relative magnitudes of the two 120 cycle
deflections are dependent upon swornl factors. The
most important are: q -

1) The number of poles

2) The core and air gap flux dan%ufles

3) Type of steel

4) The stator geometry

Y
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Due to the multitude of factors the. magnitudes
of the deflection may only be calculated for a speci-
fic motor design. A 5 HP, 2 Pole, 184 frame dripproof
protected motor has been chosen for Hlusfrurive
purpeses,

The radial force wave deflection for a twopole

(4 node) motor given-by equaﬂon 3.10a is repamed .

lyere for convenience,

Y
Voo Cdp = 092 J—.&——x 10— ¢ inches

3.26

“The values of the| puramefora in squation 3.26 for this

= design are:

B m = 40,000.Jines/sq. in.
D. = 6.58 inches

Rg = 2 (nches
m =4 numeric -

= (0.883 inches

Substituting these values into equation 3.26 reveuls

5

the deflection due to radial force wavel‘fo be 51 3,

microinches.
The deflection of a two polo stator core due to
: magnofps_,frlcﬁon \\s given by equation 3.25.

= V2R3 + 5/ K By ?

.

Determining the value of the constant K réquires in-
formation about the ‘magnetostrictive strain vs. flux
density characteristics of the nonsoriented stator core
steel. As previously mentioned, this information was
not avnilable. Figure 3-4 is representative of the
maximum magnetastrictive strains exhibited bysilicon
steels a& datermined from a survey of the literature,
The value ofK obtainad fromthis curveis 7.2x 10~ !¢,
Evaluating equation 3,25 for these values Indlcafas
the magnetostrictive deflection to be 4.27 microinches,™

Due to the 180° phase displacement, the total 120 ~

cycle deflsction is the radial ' *ce wave deflection

minus the magnetostrictive deflec.ion, For the above

exdmples the total deflection is 47.0 microinches.
The magnetostrictive deflection is 8.3%, or one-twelfth
the magnitude of the force wave deflection. This cor-
responds to o 0.75 db decrease in atator core dis.

placement, velocity, or acceleration lavels depending ~

upon the units employed. .. .

¥hile thie relative effect of magnetostriction will
vary with each individual moter deslgn, a general
idea of the variation due to motor size may.be ob-
tained by investigating the factors relating to stator
geometry. Equation 3.25 reveals that the magneto-
strictive effect is linsarly proportional to the +orm

e Sl S E—

_ The yalues ot the poramsters. ars:
R =373in
T By = 90,000 lines/sq. in,

FIGURE 34
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““wave deflection is proportional to (D, °R /ha) for a

given number of nodes. Lsing Am:-dﬁhmrs NEMA -
two-pole designs as a guide, the ratio of the abave
factors was caleulated for the frame sizes 182 through
405. in all cases the ratios wers identical for-frome —
sizes within a frame series of a given diameter,

If these ratios are referred to the 180 series as
a base, a frame series factor, Frg s my be obtainad.

£ = tatio for frame series
fs " “ratio for 180 frame uriu

This fucfor may be used to project fhu puvlous 184
framo, 5 HP calculation up through 100 HP. Table
31 furnishes the frame serie’s factors and the pros
jected relative miagnetestrictive offect as a function
of frames seories. The magnetostrictive deflection is
given in terms of the percentage of radial force wave
deflection and as a decibel correction. Only for the
320 series does the correction become appreciably
greater than 1 db. An investigation of the stator geo-
metry revealed that this was due to alarge radial core

thickness whichreduced the radial force wavedeflec. -

tion rather than a large magnetostrictive deflection,
TABLE 31,

Frome Serfes  [180 P10 . [250 B8O [320 360 [400

Frame Serles |} .04 [1.19 136 |f.66 [0.97 [0.90
Fogtor

?nefomlcﬂve 8.3% 9.9%
Detlection in %

?ndosfrlcﬂve 0.7Sdb0.78db0.9|db].04;:|b1.B7d 0,734 0.68d|#l
lection Indb} -

8.6% 11.3% (13.8% 18.1% [7.5%

Ve ki



The fact that the radial force wave and magneto-

strictive deflections are inphase opposition suggests -

the ‘possibility of making them cancel. To do this

would require careful attention to the parameters ex-

pressed in equations 3.10 and 3.25. The magneto-
strictive strain vs, flux density curves for motor grade
steel would have to be accurately determined. In add-
ition, it is likely that special steels would have .to

_ be developed with larger magnetostrictive strains.

8.5 EFFECT OF FLUX HARMONICS

The derivation ofthe expression for-the magneta-
strictive deflection was accomplished by considering
only the fundamental of the stator core flux density.
The harmonics of the flux density have a much small-
or maximum value than the fundamental. AsFigure
3.4 indicates, the magnetostrictive strain decreages

rapidly for lower flux density. These lower values of -

magnetostrictive strain alse act along a shorter core
path. Thus, it may be seen that the magnetostrictive
effec? of the harmonics is much smaller than_that of
the fundamental and may be neglected,

* Unlike the hatmonics of the core flux density,
certain alr gap harmonics may be shown to be ¢ sig-

dificani noise source. In the preceding analysis of
-~y alr gap Tadtat forcé Waved, thé effect of the bar-

monics was ignored. The harmonic content of the air
gop flux has been the subject of much mvestigation,
(12} # will be sufficient for this treatment to state
thaf mosf of the airgapharmonics are reduced to suf-
ficiently low valuas by such methods as proper pitch
and distribution of the stator winding and skew of
the rotor bars, In addition, the mmf wave of an induc-
tion motor contains no harmonics that are a multiple
of three due to the three phase winding. However, the
rotor and stator slots do create appreciable harmonics
by two methods: 1) permeunce ripples.caused by the
slot openings in the steel,and 2) mmf ripples caused
by the concentration of current in the slots,

In the discussion of the fundamental flux wave,
it was assumed that the permeance of the flux path
was uniform around the alr gap- periphery. Thus @
sinusoidal mmfwave produced a sinusoidal lux wave.
The presence of slots bordering the air gap causes o
variation in the permeance path viewed by the mmf
wave. These permeance variations moduiate the funda-
mental flux wave. In Figure 3.5, the fundamental and
resultent flux waves arl shown above a pictorial rep-
rount‘éﬂon of the teeth.and slot openings. The princi-
pal effect of this modulation is the creation of flux
harmonics of the order of the number ofrotor or stator
slots (R and S) respectively.

. The congentration of current inthe rotor and stat-
or slots causes the magnetomotive force (mmf) wave
to be made up of a series of steps. When the funda-
mental mmf is subtracted from the total, a series qf
ripples of slot frequency remains. This effactis vsval-
ly smail at no load due to the small stater current

1
i

and negligible rotor current. However, it should be
noted that even at no load the stator permeance rip-
ples may induce high frequency currents in the rotor
bars which will create rotor slot mmf harmonics. This
secondary effect is usually reduced to a minimum by
proper skewing of the rotor bars. :

FIGURE 3.5

) FUNDAMENTAL _ -
e WAVE

RESULTANT
WAVE

PERMEANCE RIPPLES IN AIR GAP MAGNETIC
FIELD DUE TO SLOT OPENINGS

conditions. As the load on a motor increases, the
load curramty oF both the: stetor ond rotor increass,
The load current of the stator sets up a load mmf
wave which is displaced 90 electrical degrews from
the no lead (magnetizing) mmf, The current in the ron
tor bars setup a mmf wave whose fundamental exactly
cancels the fundamental of the stator load mmf. How-
ever, both of thase inmf waves contain ripples-caused
by the concentrotion of‘current in slots, which do-not

~.cancel, As the currents increase with load, these

ripples increase proportionately, N\

The slot harmonics ars of such mugnitu:si coms /'

pared to other harmonics that the airgap fleld usually

p

may be considered to consist of only the fundamenial
and the rofor and stator slot harmonics. The mathe-

matical expression for the air gap flux is complicated
‘by the differing speeds of the fundomental and of the
slot harmonics. The fundamental wave has P poles
and rotates at synchronous speed, n, = rpm.
The stator slot harmonlc wave has 25 poles (S = num-
ber of stator slots) and Is stationary, The rotor slot
harmonic wave has 2R poles (R = number of rotor
slots) and travels at rotational speed, ny= (1-8) ng
= (l-s}l%ol rpm. o

In the section dealing with the fundamental flux
wave, it was shown thot a stationary pulsating wave
may be resolved into two oppositely retating compon-
ents. The stator slot harmonic wave may thus be rep-
resented by two fields, one with‘25—-P poles rotating
backward and the other with 25+P poles rotating for-
ward, The respective speeds of these fields are

7200 72 )
- "25_..P°"d Fopp- 1PM: The rotating roter harmonic
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wave may be similarly resolved into compononfs.Con-'

sidering only the fundamental and the siotharmonics,
the air gap field may be given by the expressjon:
B = B] cos (-z-e - wt) 3.27

+B ,cos (5--2-)9 +m]+ B, cos. [[s + E)e-wf]

+By cos (R—-)e+ t(] 2R(1-s)

+B geos [R+B)o - ot (1 + 2R(1=s )] (10)

where B1 = maximum value of fundamonful
flux density

82, B:3 = maximum value of negative and

positive rotating components of

stator slot harmonic.

%= maximum value of nagative and

positive rotating components of

rotar slot harmonic.

number of rotor and stator slots,

number of poles

slip in per unit

angular velocity 2, x input fre-

quency.

angular distance measured from

maximum of fundamental,

Equu?lonB Jreveals that the force intensity. pro-

ey

Siwonon

@
]

rotor slots Is greater than tha number of stator slots
(R>5), frequancy #2 will be the most prominent.Con-
versely, if R<S, frequency sd predominates.-R Is
never chosen equal t0 S in order to prevent cogging.
The last three frequencies are approximately equal

o + and are termed ‘the secondary or dduble ro-

tor slot frequencies., Of these threa, fraquency #5 has
the least number of nades and will predominate.

Tests of many motors indicate that the rotor slot
frequency noise s often the highest airborne nolgé:
producad. Vibration tests show that the double retor
slot frequency vibration often has the highast adb
levels. Onereason thot the double rotor slot frequency -
predeminates in acceleration measurements is that
the square of the frequency is reflected In the adb
levels.

If the expression for the air gap field (Equation
3.27) is réferred to the rotational speed of the retor,
the force waves causing- the rotor tor vibrate may be
determined. it can be shown that the rotor will bg
caused to vibrate at'stator slot frequency, Tests of
motor vibration of stationary components reveal this
frequencyto have very low nolse Ievels. Two reasons
for this phenomanon are:

1] Rotor core Is elther solid or rigldly attached

N

- eed

~duced by The fadial fiux is proporfional To The square

of the flux density. The squars of the right hand side
of Equation 3,37 contatms 30 terms after rexoiution
inte single catine functions, Of thase 30 terms, 22
are time varying. Only seven discrete frequencies
“with varying number of nodes of deflection are pro-
duced. The seven frequencies of stator core vibration
for 60 cycle motors and the smallest number of nodes
"of deflection for each frequency aregiven in Table 3-2.

}TABLE 32
Stator Core Vibration

.. Frequency of Vibration Number of Nodes

1 120 2Pl
72 ) 120 R ul )
Y 1=5) _ 120 |2R = 25 = 2P|
)] _2°_R_£.’-:L) [2R = 25]|
5=
4 120 RPgl.--) +120 [2R ~ 28 + 2P|
6  240R(1-5) [4R]
P
7) 240 RP(I-l) +120° [4R + 2f |

The first frequency listed in Table 3-2 is the -

fundamental force wave previously ducrikad. The
next three are appmxlmofely squal to

rotor slot frequencies. The rotor slot frequency pro-
duced by force waves with the least number of nodes

- will produce the greatest vibration. If the number of

3.8

and are
“often so designated. These may be termed theprimury

16 The s ir by a spidér, The rofer assembly |

is one of the most rigid motor components cnd
~srrongly resists-deformation. -

2) Rotor is partially isolated from the stationary
components.

it should be remembered that the frequencies of mag-
netic noise ware derived from the expression of thy
alr gap flux of an induction motor. The frequencies
produced by other rotating electrical equipment may
be quite dissimilar depending upon the harmenic con-
tent of the alr gap flux density. The possibility that
rotor vibrations may be transmitted to the driven unit
must also be remembered.

3.6 MEANS OF REDUCING MAGNETIC NOISE

The effactive source of induction motor magnetic

noise has been shiawn to be the force waves creéated-

by the rotating magnetic field. Since this field is the
medium by which power is transmitted from the stator
to the rotor, elimination of magnetic nolse is not feas-
ible. Magnetic noise may be minimized, however, by
several methods, The effect of certain factors on the

magnetic noise are described in the fotlowing sub-
sections,

3.6.1. Air Gap Flux Density

3.6.2, Rotor-Stator Slet Combination -
3.6.3, Rotor and Stator Geometry
3.6.4. Stator Coil Piteh

3.6.5. Skew of Rotor Bars "
3.6.6

3.6.7

.6.6. Grain Orientation of Core Steel
.6.7. Annealing of Core Steel”

o
i

|
|
)
i
1
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3.6.1. ‘Air Gap Flux Density

i Percent of Rated Voltage

As Equ.utlon 3']0, Indicates, the deflection c?f the Band Axis | 25% | 50% | 75% |100% [25%
stator core is proportional to the square of the airgap -
flux density. This deflection is transmitted to the mo- s X 1n 7 |8 8 83
tor frame where it both generates airborne noise and - Y |67 |76 |82 |88 N
is transmitted to the motor feet andthence tothe sub- Z n 76 [83 |8 | 90
structure, The factors of transmission and transduc-
tion are not necessarily linear, Tests were taken on 1,250 3: :g :: gz :g gg
various motors to determine if a general trend of mag- z h

i . 87 85 88 89 92

netic noise vs. air gap flux density could be deter- i .
mined. These motors were:run at no load with 25, 50, 1,600 X 84 83 .| 83 87 89
75, 100, and 125% rated voltage applied. Due to the Y | 87 89 (92 |96 98
no load operation the flux density may be assumed r4 92 90 94 97 100
proportional to the applied voltage. The vibration ac- - -

. celeration levels for the three axes on the motor feet 2,000 X 81 82 |82 e8¢ 92
were recorded. Test data on three representative mo- ; :‘; :: ;0 ;g ’31
tors are furnished: 1) a 3 HP, 2 Pole dripprocf pros . 4 10
tected moter, 2) a 5 HP, 2 Pole drippicof protected 4,000 x a7 |8 |as |ay 89
motor and 3) a 40 HP, 2 Poie totally enclosed fan - vy {87 |87 |87 |ao. . lon
cooled motor.  The adb lavels for prominent one-third z 9 {9 92 93?\‘ "o
octave bands that experienceda change in adk levels - - —
for these motors are furnished in Tables 3-3 3.4, and Qverall )Y( :g; :gg :g: :gi :g;
3-5 respactively: TABLE33 z 104 | 104 | 104 | 104 107

FLUX DENSITY Valuves taken from Spactregrams 3.6 theough 310,
" _3HP2Pole 144 Frame - ctrogran ah 10,
TABLE 3-5
. . Pareant of Rated Yolto ] # AP Z Pole 384 Frme
Band Anis | 25% | S0% | 75% | 100% | 125% _Vibeation Acceleration Levels
3 X 77 78 [ 77 78 78 . Percent of Rated Vo“og.
[N 83 “ u u -__“ = P, -
M 8 86 8 85 8 Band Axis | 25% | 50% | 75% | 100% |25$
6 "X | 94 | 94 | 94 | o4 94
125 X 68 48 66 72 73 Y 8) 8) 82 82 83
Y 67 73 78 - |83 | 85 z 84 83 84 85 85
z 9 75 78 82 86
ls, 000 x [eo [9a [o7 [0 [ 108 125 3. Mopwon ” ;2
. Y 84e 86 88" 91 95 - h :
NE: .89 92 24 97 100 z 75 77 70 82 93
B
’ : 10,000 x | 102 | 102 | 02 | 162 | 102
10,000 o IR O <A IS [+ Cx [ e e | e [ e | ms
z 9 9% | 98 100 103 b4 1¢ 118 Ne | na 118
Gverall x | 105 | 105 | 108 | 107 | 109 Overall | I %l he | 1y
Y 107 102 | 103 | 104 106 '
z | 103 | 103 | 104|106 | 108 B BV SR MU IO
. . Values taken from Spectrograms 3-11 through 3-15.
Values taken from Spoc're?rQMI 3-1 through 3-5. o FIGURE 36
N TABLE 3‘4 . . 2owe l:"lll MI'IA"IDI vERSUR
FLUX DENSITY
5 HP 2 Pole 184 Frame .{«L—
Vibration Acceleration Levels s o
b = onny
B Percent of Rated Voltage ¢ oY B g v ;\: i
Bond Axis 25% | 50% | 75% | 100% 125% ! N - v v
63 X |8 |es |88 |88 |88 HAGEAaN
Y 85 85 85 85 86 i
z |8 |8 |8 |8 87 - . i

3.9



\

In Figure 3-6, the average of the 125 cps band
adb levels for the radial axes (Y +Z) are plotted
versus the applied voltage in percent of rated voltage,
The curves for the 3 and 5 HP.motors show a slightly
decreasing rate of rise whereas the 40 HP curve is
linear at low values of flux density but increases

_rapidly above rated voltage, The maximum ajr gap flux

densities corresponding to rated voltage are 36,000;
40,000; and 28,000 lines per square inch respecyively
for the 3, 5, and 40 horsepower motors. Thus the rapid
inerease in vibration of the 40 HP motor does not
seem to be due to anumerically high flux density but
to nonelinear factors of transmission, The different
means of construction may be a cause of this varia-
tion. The 3 and 5 HP mators are constructed by press-

- ing-and tack welding a welded pre-wound stator core

into the frame, The 40 HP motor has the stater lams
inations stacked inthe frame and then wound inplace.
~ The effect of flux density on certain rotor slot
frequencies may be noted in Tables 3-3 and 3 4. The
3 HP, 2 Pole motor experiences analmost linear ine

- crease in vibration in the 4,000 ¢ps band which con-

tains the..doub e rotor.slot frequency. The 5 HP, 2
Pole moter, on the other -hand, reveals an incraase

" In the 2,000 cps bandirotor slot frequency). The 40

HP motor reveals little change in rotor slot vibratian.

3
minimum number of slots that may be used in a rotor
of a certain diameter. When allthese factors are taken
into account, relatively few combinations remain from
which the-quietest may be selectad,

TABLE 36

UNDESIRABLE ROTOR-STATOR
SLOT COMBINATIONS

“ Numbaer of Rotor Slots

Stator]
lots 2 Pole 4 Pole 6 Pole 8 Pole .

24 [21,22,23,24,(19,20,21,22,117,18,19,21,]15,16,17,20,
- 125,26,27 23,24,25,26, |23,24,25,27, 123,24,25,28,
27,28,29 29,30,3) 31,32,33

36 [33,34,35,36, 31,32,33,34,29,30,31,33, [27,28,29,32,
37,38,3¢  |35,36,37,38, 135,36,37,39, |35,36,37 40,
39,40,41  |41,42,43  143,44,45

48 [45,46,47,48, (43,44,45,46,|41,42,43,45,]39,40,41,44,
49,50,51,  [47,48,49,50, |47,48,49,51,|47,48,49,52,
. . |s1.52,53  |53,54,55  |55,56,57

.54 |51,52,53,54 |49,50,51,52,147,48,49,51, |45,46,47,50,
55,56,57  |53,54,55,56, |52,54,55,57, | 53,54,55,58,
| | L jsrsese [se.soel | lev.é2,63

i

_Qnesxasan for thisisthe-smelisr relstive-wsal bridge

over the rotor slots which is discussed under the

affect of slo} conflguration, Frequencies not listed

in these tables experienced slight or no changes.

The variation In the effect of flux density on
these motars praciudes the determination of_an.abse-
lute rule. The only recommendation that can be made
1s the use of the lowest practical flux density con-
sistent with obtaining acceptable motor performance.
(The four prototype motors furnished under this con-
tract had maximum air gap flux densities of under
40,000 lines/sq. in.)

3,6,2, RotorStater Slot Combination

. The proper selection of stator and rotor slots is
probably the most important single aspect of quiet
motor design. The number of stator slots is usually
chosen a multiple of 3 times the number of poles to
give a balanced 3 phase winding. Unbalanced wind-
ings are not permissible due to the unbalanead mag
netic forces they introduce, This limifs the choice of
the number of possibie stator slots for a particular
design to a very few; in some instances fhere Is no
choice at all.

The problem simplifies ro that ofdotermlnlng the

" optimum number of rotor slots for a given number of

pales and stator slots, Factors other than noise such
as elimination of hunting, crawling and cogging elim-
inate many possible combinations, which are listed
in Table 3-6, (13) In all cases the undesirable rotor
slots form a band centeredabout the number of stator

slots, Practical considerations limit the maximum and
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60 (57,58,59,60,)585,56,57,58,53,54,55,57,|51,52,53,56,
63,64,65 65,66,67 47,68,69

- |61,£2,83 . [89,80,81,82, [59,80,51;53; (59,860,764,

[ 72 [69,70,71,72,(67,68,69,70,{65,66,67,69,|63,64,65,68,
[ 73,74,75 71,72,73,74 |71,72,73,75,1 71,72,73,76,

75,76,77 77,78,7% 79,80,81

_ TABLE 37
PREFERABLE ROTOR-STATOR
SLOT COMBINATIONS
V Numbar of Rotor Slots
-1 Stator —
Slots| 2 Pole 4 Pole 6 Pole 8 Pole
24 32 34 32 34 3236 -y
02)06) (8)02) (4)02) i
- 36 22844 2628 44 46 48 48 52

qaqaa)| (2)(8x8)| (8)02) (8)8)

48 38 40 56 |~ 38 40 56 | 58 60 &4 68 58 64
602)02)]  Q2)(8)(8) ((8)32)20)28) |  (4)(6)

54 45 62 46 62 26 (8406670
012)02) {8)(8) (4)02)  [06)02)(8)08

60 526870 (44465276 | 444872 44 M
0202)82)[e4)20)(B)R4S | - 201202)| * Q6)16)

2| a-- -——- 0 | 5658
02 - 06)012)

I
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From a noise viewpoint, the. optimum number of

rotor slots for any pole-stator slot combinatioh is that
which produces deflections having the greatest num-
ber of nodes, For the primary rotor slot frequencies
{Numbers 2, 3, and-4 in Table 3-2); this requires the

largest practicable differsnce In the number of rotor .

and stator slots. For the double rotor slot frequencies,
a large number of rotor slots are required. Table 3.7
lists rotor-stator siot combinations frequently used.

. The numbers in parenthesis are the minimum numb er

of nodes of dibflection. of the primary rotor slot fre:
quencies, The combinations with larga numbers In
parenthesis are preferrad. Where more than one num-
ber of rotor slots produce the same number of nodes
of primary.rotor slot frequency vibration, the larger
should be chosen'to reduce the double rotor slot fre-
quency vibration. “ - -

~3.6.3. Retor and Sm;r Goom;try

Various factors related to the geomatry of the
rotor and stator effect the magnitude of magnetic noise
produced by an induction motor. Equation 3.10reveals:
the deflection of the stator core to be proportional to
.Elgf.?whoro Ry i# the air gap radius, D, Is the mean

of the core. The deflection may be minimized by re
dueing the volves of R amd B, & incréasing the vai-
ve of h, The air gap radius is nat sasily reduced; nor
can the core diameter be decreased without greatiy
decreasing the core depth, The principal reduction of
stator core deflection may be accemplished by in-
creasing the radial depth of the stator core, h. This
Iincreased core depth will cause the mean diameter to
increase slightly but the -overall effect will be ¢ re-
duction of stator core vibration,

The h? term |3 introduced into Equation 3,10 by

the bending moment of Inertia of the core, Therefure,

any design change that stiffens the core will increase
the effective value of h, -In the derivation of this
equation, any stiffening effact of the stator teeth or
motor frame was not considered. The stator teethwill
normally have little influence but the frame can help
to stiffen the stator core. Continuous peripheral con-
tact between the core and frame or the use of circular
rather than axial ribs will result In o .larger bonding
moment of inertia and thus less stator core deflection.
- Squirrel cage induction motors have either closed -
or semi-closed rotor slots as shown in Figure 3.7, a
and b, and semi-closed or open slots (b and ¢). The
partial or complete steel bridge over the slots de-
creases the permeance variation as sensed by the
opposing member. The decrease in permeance varla-
tionwill result in lower magnitudes of slot harmonics
of the air gap flux density wave, as expressed in
Equation 3.27. The amount of the decrease may vary
from appreciable to negligible, depending upon the
motor dimensions. :

FIGURE 3.7

Slot Cenéiguration

~ (@) CLOSED (b) SEMI-CLOSED (c) OPEN
Aclosed rotor slot causes less permeance vario-
tion than a semi-closed slot. However, the thickness
of the steel bridge is dependent upon manufecturing
tolerances and mechanical strength requirements and
is often kep? to a minimum to reduce the undesirable

= -rotor slot leakage reactance. As a result the bridge

thickness does not increase at the same rate as the
motor-size, The smaller relative bridge thickness of
larger motors may bacome saturated with leakage flux
even at no load. As the stes! bridge saturates, the

permeance varlation approaches that of a completely -

open slot, Figwe 3-7¢c. Under such clrcumstances,
the closed slot may not. appreciably. reduce. magnetic

978, and W i3 the radial depth — — Thoiss. A discussion of the sffect of motor load upon

this phenomenon is presentad In Section 7. Sincs the
useof closed slots never causes an increase in noise

it is recommended that rotors withclosed slot configs |

uration be used.

For similar reasons, stators should utilize semi-
closed rather than open alot configuration. The width
of the siot opening should be kept 1o @ minimum, The
ability to wind the motor will determine the minimum
opening that may be used. For noise critical applica
tions, where an increase in winding time and there-
fora cost is permissible, the minimum opening may be
established as twice the thickness of the slat liner
plus the diameter over insulation of the largest wire
size plus 20 mils clearance, For motorsbuilt in frames
larger thun 286 frame, the clearance should be in-
creased to 30 mils.

The length of the air gap also affects the éor-’

meance variation; the longer the alr gap, the less var-

. lation is sensed by the opposing member, The length

of air gap is also dependent on design criteria other
than noise. The merits of increasing the air gap to

raduce the slot harmonic magnetic nolse mustbe coms.

pared to the corresponding decreass in power factos
1nd efficiencyas well as an increase in starting curs
rent. |f both closed roter slots and stator slots with
the minimum openings are used, it is felt that air gep
lengths used for NEMA motors will be sufficient. For
example, NEMA motors built on the 180 frame series

have air gaps of .014 to .018"; those built on the 360 -

serles have .025 to .040" air gaps. The air gap. length

within a frame series increaser. with a decrease in

number of poles. - ) L
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3.6.4. Stator Coil Pitch

In the discussion of the air gop flux harmonics,
it was stated that harmonics other than the.slot har-
monics are reduced by the pitch and distribution of
the stator windings. The distribution factor for each
hamonic is a direct function of the number of stator

- slots, As previously mentioned, the number of stater
slots is often fixed by physical limitations and the
necessity of having a multiple of 3P. However, a
choice In the stator coil pitch usually exists. The

-y piteh fatio should be selected to give small pitch
factors for the lower order air gap harmoni& Due to -

the step function of the induced mmf wave, the lower
order harmonics predommate (except for the slot
harmonlcn)

The pltch factor for the nth harmonic is glven by
the expression

pn

K = cos n(1-Pitch Ratic} 90¢  3.28

In Table 3-8, the pitch factor for the fundamental and
the fifth, seventh and eleventh harmonics are given
for vatious pitchratios. Due to symmetry there are na

i@
i

—— e harmenics. The 1hi7d harmonic and all harmonics

a multiple of three are not present in three phase
mofors. Thus the optimum pitchratio 15 that producing
-low pitch factors for the fifth and higher harmenics.
Usually only the fifth and seventh Harmonlc pitch
factors need bo considered. .

TABLE 3-8
HARMONIC PITCH FACTORS
$lots Per Pole ‘ Plich Factot
Doc. 31 4] 4] 8] 9] 0] 12 [ 181281 21 [ 2 ["Kpr] %S | Ko7 | Foll
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which eontains a factor {1 + SK?) where

3.6.5. Sk;w of Rotor Bars

The practice of .skewing eit er the rotor or stator
slots with respect to the axis of rotation to reduce
noise and provide for smooth accelaration has become
so prevalent that the vast majority of induction motors
are skewed. Authorities dgres that skewing reduces
magnetic noise, butthere is no clear agreement onthe
optimum amount of skew. In addition, practically all

the literature refers to the effect of skew.on only the =

overall airborne sound pressure levals; little of noth-

ing Is said about structursborne, noise of fraquency.

analysis, It was the object of this study to investi-
- gate these areas.

The degree of skew affecfs the performance of a
motor-as well as the noise“dnd vibration. In fact, the
rapid decay of motor performance with inereasing
skew is generally the factor which limits the amount
a motor may be skewed, Therefore, it was necessary
to determine and to relate the effects of skew on both
mator performance and noise. The effect of skew

shows up principally in the parameters of the skewed -

member (rotor) and only slightly in the noneskewad
member (stator) through mutual inductance, (14) The
parameter most affected is the rotor leakage reactance

SK =N/
SK = skew in '‘rotor slots’’
X = radial displacement of ends of rotor
bars
= rotor slot pitch measured in same
units as X

Theroforc, skew is exprenod in terms of number.sf
-rotor slots for this study. /(

A5 HP, 2 pole, 184 frame motor design was used
for this study. Performance factors such as break-
down torque, starting current, starting torque, power
factor and efficiency were calculated for various
amounts of rotor skew. Although several methods of

- caleulating induction motor reactances are used, the

degree of skew was considered to affect only the rotor

- leakoge reactance withregard to parformance calcula.

tions. This method has besn found to correlate very
well with.cctua! tests. Other parameters, such as the
rotor resistance, also change slightly. This change..
‘is small and may be ignoied without unduly sacrifice
ing accuracy.

Much ambiguity exists in the technical literature
with.respect to the -effect of skew on motor noise.
(15,16) Calculation of the noise produced by varying
amounts of skew cannot accurately be made. There-
fore, the above motor was-built with four rotors, ident-
ical ‘except for the amount of skew. These rotors had
0, 1.41, 1,86, and 2.50 rotor slots skew respectively.
Alrbaorne and structureborne noise measurements were
taken of the motor with all four rotors.



Figure 3-8 shows the calculated pearformance TABLE 3-9
factors and the measured overall noise levels for this

motor for skews ranging from zero to 2.5 rotor slots. - g SKEW TEST

The breakdown torque, starting torque and starting 5 HP 2 Pole 7

current can be seen to drop off quite sharply as the - Sound Pressure Leveis

amaunt of skew is increased. The full load power " [Band 0 RS 141RS | 1L.86RS | 23R
factor and efficiancy curves show little change unt}| » - : :

" an extreme amount of skew Is used. Two curvesed | 125, [ 35 - " 29 30 28
test data are plotted to indicate the overall nolse . 2507 | 39 - 3 R 38
level of the motor with respect to skew. The sound “3“33 ;: :; :g ‘:
pressure level curve, L., i1 the overall reading taken - ,"’gso v » a | 2 1. :5

- at three feet from the front end (opposite the shaft ex- - ‘:900 V4 44.5 315 | 33 2%
tension) of the motor. The vibration acceleration level 5,000 40 34.5 365 34.5
curve, VAL, is a plot of the average of the overall . Pverall 59 P 52 55
levels for the three axes on the motor feet. Thase -
noise curves reveal a gradual decrease to a broad Values taken from Spactrograms 3+16 and 3-17,

valley followed by a more rapid increass.

FIGURE 3.8 o ] TABLE 310 .

Effects of Rotor Skew " :
On 5 HP, 2 Pole, 184 Frame Motor , SKEW TEST
- 5 HP 2 Pole

s I — ==y Yibration Accelsration Lavels
&»I 1 $d e | . = 5
IR - = d - | Bomd | Axis | oRS | 141RS | 1eRe’| 25RY  —
{1 SN F [ %l |
,: SR b} '\;—:»— \w\ : z §eu 755 - |8 — 88 -
1o Jun) Bl « 125 X 1o n % .
M ‘I g Y] -g H Y 87 83 | 83 82
g;'g: ” I z {8 | 83 82 Bl
109] & 40 5“ at N * . A
g 50 s g ¢ 200 x | 83 7 87 80
§ MR8 g s Yy |7 7 7 72
L FE LK === o e z 74 70 * *
i nsSSSnunn= kY
EN LR - I 2,000 X m 94 92 96
00| 1o oo o u[*E Y 103 94 92.5 98
sl § z |97 88 89 9
2 —— AL o b nn?
o B A e 2,500 x | 100 9 | NS 9
B - Y 101.5 93 90 94
o d o o z | o 8 8 88
e snew— naron itors 5
. 4,000 X 107 94 Nn 93
A clearer pictwre of the effect of skew on mag- Y |7 90 86 8
netic noise may be obtained by inspecting the one- z 109 90 88 .
third octave sound pressure and acceleration levels B i
listed in Tables 3-9 and 3-10, respectively, Since: 8,000 c :e; :',"_5,' :: :: :
magnetic noise first appears as motor vibration, Table z | 1055 | 88 87 9%
“3-10 is the more 1;icative. The low frequencies re-
veal a varying' patfe;. swith respect to Increasing 10,000 X {122 [ 1005 97 102.5
skew. The 63 cps X-Axislvibration decreases sharply Y | 1o #f e2s N 9
as does the 125 cps X-Axis band. The 125 cps band L AL WL i 101
shows a more gradual decrease in the radial (Y & Z) Overall X 124 105 10 .| 107
axes. The 200 cps band has o sporadic variation. This Y- | 1ns 00 | 99 104,
table reveals that the primary effect' of incredsing - Z | us 99 99 104.5|
skew shows up in_the frequency bands above 2,000 - *Values less than 70 adb were below range of recording
¢ps. All of these bands have o varlation similar to paper. , ,
the YAL curve of Figure 3.8, Yalues taken from Spectrograme 3-18 through 3-21.
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Of the low frequency bonds, only the 125 cps - increases. There are several potential reasons for
-radial axes band reflect magnetic noise varlation; _this increase.

the others reflecta change inbearing noise, The bear- 1. The skew has increased to the point that the
ings used in this test had large internal clearances actual phase displacements of the stator core
and were not Initially preloaded. The skew of the ~ vibratior from end to endare greatar than360°
rotor bors produces an axial component of the force - and are causing a greater total deflection.
on the rotor bars created by the magnetic fleld and o 2. The increase in skew results in a large leak-
the rotor bar currents, This axial force increases - age flux, decreasing the flux linking the rotor,
skew, and preloads one motor bearing similar to the - The rotor bar currents must therefore increase
manner described in Sectioi. 7on the effects of motor - : to supply the no load losses of the motor. The
load. The rotational frequency noise (60 cps) de. increased rotor currents cause an Increased
creasss due to the taking up of the internal clearances mmf and permeanceripples inthe same manner -
-which improve the concentricity of the air gap. The . as the rotor bar load currents described inSec-

125 cps band variation in the X«Axis is the second
harmonic of this rotational fraquency change. The
erratic variation of the 200 cps band is due to varia-
tion in preload force on the bearing. This varlation
is quite similar to that of the same band obtained in
the preload amount test (Table 4.2, Section 4). It will
be shown in Section 4 that the preload fopce may be -
adjusted to result in minimum bearing noise. These
variations in bearing noise are therefore extraneous
to this study of magnetic noise .and may be ignored,
Thus, only the high frequency and the 125 cps radial
axes bands reflect variation in magnetic noise. "

tion /. .
The relgtive effect of these factors was not evaluated,
since the deterioration’of motor parformance is suf-
ficient toprohibit this large amount of skew, However
it is important that a nolse minimum exists.

These noise measurements reveal that thers is
an optimum amount of rotor bar skew. For this moter,
it does not occur at either one rotor bar skew or ons
stator slot skew (1.4 rotor slots for this particular
motor), Both of these amounts are often proposed as

. -optimum values in the literature. The optimum point
for this motor is between 1.75 and 2.0 rotor slots
skew. The amount of skaw has slso bssn determined

_The initdal-decrense- in-magnetic:-noite withon - ;‘;;;wmwm‘:ﬁmy—m—ﬁfmm S

increase in skew is due to the reduction of the rotor rather than only isolated frequencies.
slot hatmonics. At sere show, the flux pylsations The sx180t-16 whish o sfdfor core willdeflect as
caused by segments along the axial length of the ro- a unit rather then os Individual punchings |s depen-
tor slots are In space phase, As the skew is increas- dent upon the censtruction of the afafor core. Thus
ed, the phase difference batwean the pulsations of the analytical determination of the optimum skew for
the segments becomes greater. To the exterit that the -~ an induction motor is not possible for the general
stator core may be considered as a unit rather than case, However, this study reveals that the optimum
as individual laminations, the effective rotor slothar- skew is not critical; that the minimum noise sccurs
monic may be considered the phasor sum ofthe pulsa- at the-bottom of a broad valley. An amount of skew
tions of all segments along the length of the rotor that will result in near minimum magnetic noise may
slots. An increase in skew causes a greater phase be selected analytically. The absclute minimum may
displacement and thus a lower effective rotor slot be determined by test of several rotors with varying
harmonic. Under these assumptions, a skew of one amounts of skew. : :
rotor slot would eliminate deflection caused by force " Skewing less than one rotor slot is net only ine.
waves set up by the rotor slot harmonic, Figure 3-8 effective in appreciably reducing the unit's noise and
and Table 3-10 indicate the minimum slot frequency vibration, but is ulso insufficient to minimize the
noise is achieved at higher values of skew. This stray load losses and the prebability of encountering
suggests that the stator core reacts to the skewed ‘cogging or crawling during acceleration. On the other
force wave neither as individual lamination nor as a kand, the rapid decay of performance with respect to
solid core but as some intermediate structure. The - —guo recludes the use of an amount of skew appre-
decrease in 120 cycle magnetic noise reflected in the ciably greater than 1.5 rotor slots. As o first approxi-
radial axes 125 cps band is also due to the reduction mation, it is suggested that the retor be skewed one
in rotor slot harmonic. Refering to Equation 3.27 the rotor or stator slot, whichever produces the greater
cross multiplication of the oppositely rotating rotor angle. An examination of the slot combinations |isted
slot harmonics can be seen to produce 120 cps vibra- in Table 3-7 reveals that one stator slot pitch never
tion with the same number of nodes as the square of exceeds 1.5 rotor slots. For the test motor, this meth-
the fundumentc’il.\'}Tho maximum flux densities of the od would recommend 1.41 rotor slois skew (1 stator
slot harmonics ‘are much smaller than the fundamental slot)which results in neer minimum metor noise with-
and the decredse in the 120 cps vibration is thus much out too great a sacrifice of motor performance.
less than that of the rotor slot frequencies, One aspect of this test requiras further explana-
At values of skew greater than 2 rotor slots the tion. Table 3-10 reveals that in the high frequency
magnetic noise pr;?duced by the rotor slot harmonics region not only the primary and secendary rotor slot
t
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_' "__;,fs_otii}:‘nci‘n (approximately 2,000 & 4,000 cps, ré-
L s';;qctivi‘ly) are_affected by the amount of skew, but
o . Gls

o harmonics of these frequencies. These harmonics
die introduced by the variation in permeability of the
core steel described in the next two subsections.
«Thus the 8,000 & 10,000 cps bands reflect magnetic

- nolse-at<low values of skew. The skew dngle uffects
the harmonics to a greater degree than the primary
rotor slot frequancies. At higher skews the magnetic
noise levels in the high fraquency bands falls below
that noise produced by the bearings. Throughout this
report, it will be noted that the 8,000 & 10,000 cps
bands vswally reflect variation In bearing noiss since
the motors under test had skewed rotors.

"~ 3.6.6. Grain Orlonl;m of Core Steel .

Inthe evaluation of the effect of grain orlentation

_on motor nolse, two external sources of information
were consulted. A thorough literature search was un-

dertaken and stes! companies supplying electrical
sheat stesl were consulted. The data on orientation

in the-technical literature is concerned only with the -
magnefostrictive effect and specifically, with regard,

to transformers. Contact wos made with four steel
companiss to determine if studies were underway but

panies had Investigated the effect under quastion but

one compony hes begun on experimentat study on the

vorying permeability of the sheat steel as a function
of angle with respect to rolling direction. This is a
prerequisite step to any therough study and lacking
such information, only a preliminary investigation
could be made, General information and certain theor-
tes developed in this study ave given below.

The effect of orientation is caused by the crystal -

structure of the steel and the rolling process used In
making the steel into sheets. Stee! is composed of
- crystals or ‘“‘grains’’. Within the grains, the atoms
are arranged in systematic order, At the boundary be-
tween grains, there exists adisorganization of atoms.
Magnetic flux finds it easy to tronsverse o crystal
_-but the disorganization of atoms at the grain bound-

-ary causes a barrier. Relling the steel causes the -

crystals to elongeate In the direction of roll, Thus,

~_flux traveling in the direction of roll crosses fewer

grain houndaries and thus.encounters less resistance
to the flux (reluctance). The steel is said to have a
high permeability in this direction of roll.

Most electrical sheet steel used in induction
motors is termed *’non-oriented'’ while steel supplied
mainly for transformer use is termed *‘grain-oriented’’.
Actually non-oriented stes! is made only somewhat

" less oriented than the transformer grade by rolling
s the shests in two directions at right angles to each
other. The grain-oriented steel has a permeability at
right angles to the roll direction (lateral) one-tenth,
or-less, of the permeability in the roil (transverse)

Henssttheaseems iithe 3%

direction, The non-orionted steel hasa Iaterg| perme-
ability of 80 — 85% of the transverse permeability.
The transverse permeability of motor grade steel is
lower due to the bi-directional rolling operation. The
permeability of motor grade stesl at a 45° angle to
roll is believad to be lower than In either the lateral

“or fransverse directions but exact velues are not

available.- v -

This variation in permeability resuits in w‘haf

may be termed a “‘pole’* effect. Thers exists an in- -

herent tendency for flux to form a streng pair ef'poles
in the transverse direction with a somewhat weaker
pair of poles In the lateral direction and with *'val-
leys'" in between all four poles., This pole effect
causes, in theory, second and fourth harmenics of all
air gap fluxes, such as the slot harmonics, as well
as the fundamental.

To -determine if orientation is important in an
induction motor, a'3 HP, 2 pole motor was built with
two sample stator cores of motor grade steel. One of
these cores had all stator punchings lined up with
respect to the direction ofrell (oriented) and the other
had each punching rotated 45° with respect to the ad-
facent punching (nonsoriented); With 120 punchings

the second core were averaged and resulted in & high.
ly uniform permeabitity. The corss wars wound: {dunt-
ically and tested with the same mator frame and other
components,

Table3-111ists the vibration acceleration levels
for this test. Thess band levels indicate the nen-
oriented core-to result in an appreciably lower axial
X-axis vibrotion in the frequency bands below 250
cps. The radiol (Y and Z) axes show o smaller de.

- crease. The rotor slot frequency (2,000 cps) increases

slightly but the double rotor slot frequency (4,000
cps band) experiences a 5.5 adb decrease In the rad-
lal axes and a 2. adb. decrease in the X-axis. The
8,000 and 10,000 bands reflect an increase in bearing
noise due to. deterioration of the bearings.

This test indicates that the non-oriented stator
core experiences less vibration than the criented core.
It is especiaily interesting that the decrease in vi-
bration tokes pilace in the shaft axis for harmonics
of the fundamental flux wave and the radial axes for
the second harmonic of the rotor slot frequency. The
varlation in direction is not fully understood at this
time. However, since elimination of arientation re-
duces magnetic noise, the stator core should be so
constructed to minimize variation in permeability. |f
the number of stator slots is @ multiple of 8, the suc-
cessive laminations should be rotated in steps of
A5° (one-sighth’revolution). For stators with 54 or 60
slots, the laminations should be rofute,f.l in steps of

. i

90°..

i
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TABLE 3-11

Grain Orientation
Vibration Acceleration Levels

Band Axis Oriented Core Non«Orianted Core
63 X 86 74
Y 78 ) 75
z - 73 74
3 .
125 X 89.5 76 "
Y 8l . . 78
4 sy’ e 78
200 X 85 < 77
Y n N n
z 65 67
250 - | X w0 | 7
Y 67 - 65
. z 72 Y
" |a,000 X 90 90
Y 90 9N
z 87 9
4,000 X 89 ' T 87
Y 91.5 86’
SN FUNRS SO W 7.8, .. 92
8,000 X 92 " 96
1 Y ¥ ] L7}
z 93 98
110,000 X Nn 98
Y 9 95
z 92 28
Pve rall X 103 104
Y 101 ) 102
4 103 104
Values token from Spectrograms 3-22 and 3:23.

3.4.7. Annecling of Core Steel

A test was conducted to determine the effect
that annealing rotor and stator punchings hes-on in-
duction meter noise, Many manufacturers use annealed
laminations to take advantage of the lower core loss
of annealed steel. During annaaling, the crystal grains
enlarge inthedirection ofroll. The rasulting decrease
In grain boundarles increases the permeability in that
direction. However, the difference between roll and
transverse directions becomes greater,

The 3 HP, 2 pole motor design was again usod
for this test. Two stator cores were built with punch-
ing aligned with respect to the direction of roll: one
of annealed steel, the other of non-annesled steel.
Table 3-12 lists fho prominent acceleration levels
for the X, Y, and Z axes and the stator core for these
two motors. The rotational frequency indicated in the
63 cps band shows a sporadic variation, as does the
1,250 cps band. The 2,000 cps band containing the

3.76

bands noi'"{'ully ref

i
i

i

rotor slot frequency shows an avarage 4 adb. lowar_

acceleration leval for the non.annealed core, The
double rotor slot frequency (4,000 cps band) reveals
an even greater change especially on the stator core.
The 8,000 end 10,000 cps bands reveal an average
20 adb decrease of stator core vibrations for the non-
annealed core. This effect reveals itself to only o
minor degres on the three axes on the motor feet.
These high frequency magnetic-enduced stator vie
biatiens are greatly attenvated in the transmission to

and through the motor frame, Thus while the stator

core has a high levelof 8,000 or 10,000 eps magnetic
vibration, this has only a nominal effect on the me-
tor noise as normally measured on the feet. The high
freque ncy bearing noise, on the other hand, is more
easily transmitted to the feet due to the continuous

- peripheral contact between the bearings and the bear-
ing hous ing. Thya the 8,000 and 10,000 eps magnetic’

noise revealed i‘n\this test does not invalidate the
statements made
et baaring noise. }

W,

- i MBLE 3127

Isewhere that these fraquency ;

Values taken from Spectrograms 324 Nm‘:ugh 3.27.

~Anneal Stater Cere Test ) \,) ¥ §
Vibration, Accalaration. Levals. 7 .
Band Axis | Annealed Con Non-Annqel_cd Core 4
63 X 82 82 B
Y 74 79
Z 82 .
Core 75 75
1,250 X 80 a8
Y 86 - 86
FA 82 il
Core 7% 78
2,000 X (T ”
Y 84 L
z " 90
Core 90 [ 7]
4,000 X 89 88
Y 98 94
-z 96 %0
Core 112 2
8,000 X 96 93
Y 99 93
4 103 0
Core . 104 - 83
10,000 X 98 ) 100
Y 105 100
b4 101 98
Core 102 80
Overall X 08 108.
Y 108 104
. Z 108 ) 105
" Core 13 103



TABLE 3-13 .

Anneal Rotor Core Test
Vibration Acceleration Levels

b

3.7 CONCLUSION

The predominant source of induction motor mag-
netic noise has been shown to be the radial force
waves set up by the air gap flux density. The im-
portance of the frequencies produced has been proved
to be Inversely proportional to the fourth power of the

~ number of nodes ‘of the force wave producing the fril-

quency for a given flyux density. The frequencies and
the smallest number of nodes producing mach fre.
quency are given in Table 3-2,

The steps that may be taken to reduce magnetic
noise are these: :

1. Use of fow air gap flux densities. Maximum
density of 40,000 lines.per square inch is
recommended. However, a low flux density is
not consistent with compact motor design, -

2. Selection of proper rotor-stator slot combina-
tion to produce high node force waves. Ac-
ceptable combinations are listed in Table 3.7,

3. Increase in actual or. effective radial thick-
ness of stator core, Effective thickness is in-
creased by frame modifichtion such as cir-
‘cumferential bibs. .

4, Use of closed rotor slots and narrow neck

oy

Baond Axis | Annealed Core Nen-Annealnd Core
63 x | TR T A
Y 89 . 9t
Z 81 89
Core 89 88
2,000 [ X 98 w7
v i e
Z 50 90 i
Core 87 © 88
4,000-]  x 94 92
Y | 100 96
z 100 98
Core 92 . 92
6,000 X ' 9 88
Y 88 86
z 86 ) 85
) Core 97 . . © 89
8,000 X 9% 96
Y 94 92
z 88 88
do ] Core | 82 . 87 .
Overall X 106 108
Yy | 106 | 104
R 704 1 103
Core 104 101

Yalues taken from Specitograms 3 - 28 through 3-31.

A similar test was conducted to determine the

effect of annealing rotor punchings on moter noise.
Two rotor cores were bullt for the 3 HP motor similar
to the stator cores previously described, As Table
3-13 indlcates, the non-annealed rotor core caused
slightly less vibration (an average 2 adb overall re«
duction). The greatest differance was 8 adb recorded
on the core at 6,000 cps, There are two reasons that
annealing of rotor punchings has less effect than
annealing of stator punchings.

“1) The skewing of rotor punchings reducas the

pole affect slightly.
2) At no load, the rotor is rotating at almost syn-
~chronous speed. The rotor poie effect there-
fore, only modifies the synchronous flux wave
to a slight degres,

These two tests indicate that annealing of align.
ed punchings increases the pole effect caused by"
grain orientation and, therefore, introduces harmenics
of the stator core vibrations, However, If the stator
and rotor punchings are rotated inthe manner describ-
ed in the previous test, the pole effect is not piesent
and annealing will not cause an increase in motor
noise. Annealed punchings should be used only if the
punchings are staggered to minimize variation in
permeability.

S. Selection of stator coil pitch to minimize 5th
__ond 7th haemonic of gir gon flun density.
6. Skewingroter bars one rotor slot or one stator
slot, whichever is the greater amount of skew,
7. Rotation of succastive stator core laminations

to minimize permeance variation due to grain

orientation. Punchings should be rotated pre- -

ferably by 45° steps or, if the number of stat-
or slots prevents this, by 90° steps.

8. Lominations should be annealed only if punch-
-ings are rotated as specified in 7,

R
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SECTION 4
BEARING NOISE

4.1 INTRODUCTION

The bearings used in induction motors are a
source of noise and vibration because of the sliding
or rolling contdct of bearing components. Two types
of bedrings are commonly used: sleeve. bearings and
bali bearings. The formar type has sliding centact
betwean components, wlile the latter has acombina-
tion of rolling and sliding contact. (17)* The relative
merits of these two types are discussed and form the
basis for the recommendation of using ball bearings
for multi-purpcse motors. Various studiés.of ball

_bearings and the means available o the mator manu-

facturer of reducing ball bearing noise are reparted:
The effect of the following factors on bearing noise_
were studied: . ey,

1) bearing preload I

2) shaft-betiring | rference fit

3) bearing locknuY N

4) bearing lubricant -

I

i : :
where f, = the bearing slot frequency
) f. = the rotational frequency
N = number of-bearing_slots

P = number of poles

The external systam needed to pressurize the liquid
is also o noie source. Inthe comparison of the neise
produced by differingtypes of bearings both the bear-
Ing and the means of lukrication must be considerad.

‘A dynamic fluid film bearing is based on the ec-
centric pump action inherent in a sleave bearing. Just
as o common pump must turn to produce a pressure,
the journal in a dynamic¥ilm bearing must turn to
pressurize the liquid, Th' Lisasurized liquid is cap-

— _ able of transmitting sufficient force to lift the journal

Recommendations for minimizing bearing noise ore

summarized In the conclusion.

from the mating sleeve. The lubricant film may be can-

". sidered as a series of laminar layers. The innarmost

layer of the liquid will whirl arclind with the journal;
the outermost layer will he stationary on the sleeve
surface, The viscosity of the liquid will determine
the sase of relative motion of layers between these

. two, Note that without relative motion, there is.no

presswe andthus. no support from. the liquid. At stand.

LEWY

4.2 SLEEVE BEARINGS

A slesve-bearing consists of o rofaling journal-

or shaft in a stationary " aleeve of speciol weoring
material whose bore is several mifs larger than the
shalt diameter. A thin litm of liquid tubricant (usualty
oil}is provided to reduce the sliding friction between
the opposing members. This simplicity of construction
underlies the general belief that sleeve bearings are
quiet compared to ball bearings. Hewever, certain
modifications are usvally made In the basic slesve
' bearingdesign to maintain the lubricant film and there-
by to improve the bearing performance. Thess modi-
tications generally result in an increase in bearing
noise. Siseve bearings may be divided into twe cate-
goties based on whether rotation of the shaft is neces-
sary to maintain the lubricant film; i.e., static film
beatings and dynamic film bearings. <
In o static film bearing the lubricating fluld is

put under pressure from an external source such as a
pump and then fed 1o the bearing surface by means of
certain cavities or slots provided in bearing surface.
This pressurized film which separates the bearing

companents ond eliminates metal-to-metal contact, is

independent of journal rotation. The slotting of a
sleeve bearing produces an additional noise frequency
which is N tiraes the rotation frequency:

120N .
P

'f!u:N_"fr a8 4.1

*Numbers in pu;enthesls refer to references listed in
.the Bibliography.

members, and during a subsequent starting there will
be metal-fosmetal sontust und therefors wear. -

Adynamic film bearing also has groaves or slots
cut into the sleave 1o distribute the Tubricant to the
bearing surface. The frequency of the noise produced
by these slots is that given by equation 4.1, Various
means of feeding the lubricant to the bearing grooves
are used:

1) Gravity Feeding

2) Wick Feeding "

3) Flood Lubrication .

4) Pressure Feed (from an internal or self-driven

sy stem)

5) Oil-Ring Feed
The noise produced by these lubrication systems
varies from slight o considerable. The more exacting
the load requiremants, the more complex and noisy
the lubrication system will be.

— still; the Tiquid is pressed ouf from ihe fwo bearing

Certain low noise aspects of slesve boerlngl-for -

integral horsegower motors may be utilizedto agreat-
er extent in the neor future. New sleeve materials
having low coefficients of friction and sufficient di.
mensional rigidity may eliminate the need for lubri-
cated sleeve bearings or ball bearings in many appli-

- catlons. Among the materials currently used only for

special motors, but under evaluation for broade: ap-
plications, are filled and unfilled thermoplastic
resins, thermosetting resing, and several sintered
metals having a partial fill and coating of plastic.

Preliminary studies indicate that these non-lub--

ricated bearings will have a noise spectrum that difs
fers greatly from a static or dynamic film lubricated

4-1



-

iy
by

sleeve bearing. The sliding contact between two
solid bodies will produce minute, high frequency,
vibrations regardless of low coefficient of fricti
and proper surface finish, while the interlaminar flow
of a lubricant is ideally smooth. On the other hand, a
non-lubricqted sleeve bearing has two decided ad-
vantages: \‘, the sleeve materials are normally poor
vibration 1rldnsm|ftau, parhcularly in the higher fre-
quency.bands, and 2) the provisions for constantly
maintaining Y lubricant in the beurmg gap are elimin.
ated,

Nen-lubricated sleeve bearings, fherefore, will
create very little motor vibration while airborne noise
in the higher frequencies will be present to a degree
varying with the wearing characteristics of the sel-
ected sloeve material. A comparison of.the noise-
producing aspects of this type bearing to ihoae of a
ball bearing cap,dnly be made when the n m«rous
sleeve materials” i’mve been evaluated and d eloped
for application in the integral horsepower frames, At
that time an establishment of the functional andnoise.
producing , relationship between nonelubricant and
special ball bearings is recommended.

4.3 BALL BEARINGS a

f - = fundamental rotational frequency of train in
cps,

E = fundamental rotational frequency of rolling
elements in cps.

)
i

f. = frequency due to outer raceway in.-cps.

0
1

= number of poles

Accordlng to the geometry of the bearings, the
radii are interrelated as follows:

fr SRt ‘ .

Clearance is neglected here because the nominal
dimansions provide sufficiently accurate data for the
calculation of fraquencies. The speed of the train of
rolling elemenits and the rotational speed of the ele-
ments may be calculated as follows:

—-Antizfriction-besrings-uss-u-train- ufmiﬂa};iu:« —
ments such as balls to essentially replace sliding
frietion with o much lower friction consisting mostly
of rolling friction and a small amount of sliding bee
tween the balls and raceways. Ball bearings with
their numarous components moving relative to aach
other have long been recognized as a motor noise
source. These bearings produce both random fre-
quency and discrete frequency noise. Random fre-
quency noise and vibration is caused by the balls
rattling within the raceway clearances and sliding on

- the raceways. The discrete frequencies of noise are

produced by irregularities of the ball bearing com-

‘“ponents and may He determined if the bearing geo-

metry and the sh #t speed are known. {18)
The follow}éq symbols are defined:
g = radiu)l of inner raceway

ro = radiv  of outer racoﬁay

re= radius of rolling elements

re= radius of train of rolling elements

E = number of rolling elements (numeric)

np= speed of inner raceway or shaft in rpm.

= speed of train of rolling elements in rpm.

ng= spin (rotational speed) of rolling elements
in rpm,

fR = fundamental rotational frequency of shaft
in cps.

4.2

i = frequency due to inner raceway in-cpa.- - -

The five most prominent discrete frequencies

produced by ball bearings are listad helaw.

1) The fundamental rotational frequency which
appears at the slightest unbalance or eccent.
ricity of the inner race is

fR = ng /60 cps 4,2

2) Any irregularity of a relling element or the
cage causes’hoise with a frequency,

fp=np/é0cps 43
3) The spin frequency of a rolling element is

fE = ng /60 cps 4.4

Any. rough spot or indentation of an element

causes o frequency component fg' = 2 f be-
cause the spot hits the inner and outer race
alternately,

4) Another frequency occurs if there is an irregu-
larity (high spot or indentation) on the inner
raceway

f, =E(n

- nl.) /60 cps 4,5

in the case of many /spots, the harmonics of f
will be more pronounced.

{
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- ings is treated |ater in this sectien, -

5) The fifth frequency component depends upon ment in bearing noise is considerabls, since this
the existence of irregularities on the outer amendment essentially reduced the permissible vi-
raceway. ' o bration by 59%.

" ) The decision as to which 1yp¢ beuring to use
f° =E ny /60 cps 4.6 will depend upon the -application of the motor. If the

motor is designed for a specific use where the radial
" and thrust loads on the bearing are both known and
not excessive, zleeve. bearings are recommended.
If, however, the motor is a general design for multi-
purpose applications or if the bearing loads or speed
are high, ball bearings meeting Amendment 2 of MiL.

The speed of the train of rolling elements, n, is
roughly 1/2 the rotatienal speed, n,. Equations 4.5
and 4,6 may be approximated by the expression:

E/2xn__ 60E

fRf A —R= e cps 4.7 B-17931A are recommended.
! 60 P : \ oo
) Bearing manufacturers: are presentiy attempting
Since the bearing noise is-produced by irregus . to solve the problem of producing shielded or sealed

bearings meeting Amandment 2. The raceways of such
bearings are honed or specially ground to obtain an
eccentricity of less than 25 millionths of an inch,
The grooves for the seals or shields are too narrow
(about 1/32"*) for grinding and must be cut, The neces-
sary heat treatment of the begring results Ii an out-

larities of the bearing components, it follows that
reduction of bearing noise requires a reduction in
component irregularities. The means of manufacturing
quiet ball bearings isbeyondthe scope of this study.
However, the optimum utilization of quiet ball bear-
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- of-roundness of these grooves. The shield or seal,

4.4 RELATIVE ADVANTAGES OF SLEEVE AND which is crimped or préssed into the outer race, und |

BALL BEARINGS to deform the raceway.to correct this out-of-round- !

: ness, Because of the thinness of the outer raceway, ‘

a A lluvo bearing is inherently quletor than a ball the force exerted by the shield is sufficient to cause ) )
baaring. The advantage of a sleavae bedring lies in defoimetion of the order of 500 mililonths of an Inch, .
= Wa simpHety ob desigrn-which Urizeyo mimimom o7 20 ThE & The Toceway ToIsTancEs. 15 BHmi T
number of components. One disadvantage results deloterious affect of these warped raceways, only i
from- tha diametist &lediance which is-initially dov- open-bearings were used in fhe foliowingstudies and o
oral mils in moqnmlsdo Under load, flvtw shaft rides in the profotype units.
up the side of the sleeve; thus the refotive position .
of the rotor with rezpect to the stater Is beth a fune- 4.5 MEANS OF REDUCING BALL BEARING NOISE
tion of the load and the condition of the bearing. This ~ Varlous studies were made of ball bearings and
variation is undesirable since an eccentric air gop the means available to the motor manufacturer of re-
results in unbalonce magnetic forces, A more imports ducing bearing-caused motor noise. With the excep-
ont disadvantage of sleeve bearings lies in the meth- tion of the first study of three classes of bearings, all
ods required 10 maintain the lubricating film between tests were conducted with bearings meeting Amend-
the shaft and-the sleeve, ment 2 of MIL.B-17931A, The test data furnished is

The major advantage of ball bearings is their that taken on several 3 HP, 2 Pole, 184 frame open
high performance qualities, They can be used for op- motors. The effacts of following factors were studied:
'plications involving high spyeds, high radial and 4,5, Bearing Prelood
thrust loads, and frequent stdrts with prolonged idle a) Effect of-preloading three classes of
periods. Ball bearings usually are grease lubricated, bearings
thus eliminiating noise produced by lubricant feeding b) Amount of preload force
devices, The internal clearance in a ball bearing is ¢) Type of thrust washer
less than one mil and does not increase with bearing 4.5.2 Shaft-Bearing Interference Fit
use, thus aliminating ona factor in maintaining a uni- 4,5.3 Bearing Locknut
form air gap. The disadvantoge of ball bearings is 4.5.4 Bearing Lubricant
%!\:ir numerous ;omzon:nf; "?rv;"g _utdlfferirgg lpe:ds. 4.5.1 Bearing Preload

e noise produced by ball bearings is dependent

upon the sphericity of the balls and the surface fin- . 4.5.1a Effact of Preloading Three Classes of Burlngl
ishes of the components. Recently ball bearing manu- One of the best known methods of reducing ball
facturers hdve perfected manufacturing techniques to bearing noise is the use of a thrust washer to axially
the point fhbf they can produce ball bearings meeting , preload the bearings. This wosher acts as'a springto
the anderonfequirements of MIL+B<17931A, Amendment exert a force on the outer race of the ball bearing.
2, dated 16 September 1959, The anderon is a unit of . The reactive force is supplied by the shaft pressing
measure which represents: the vibrational velocity in against the inner race of the bearing. This force
the radial direction in microinches per radian of revo- couple across the bearings takes up the internal
lution of the bearing. The magnitude of the improve- clearances and causes each ball to follow the same



path on each beurmg raceway,

Three classes of bearings meeting FF-B-171,
Amendment 1, and Amendment 2 of MIL-B-17931A
raspectively were investigated. For the non-praloaded
condition, the test motor had axial end play.as speci-
fied in MIL-M-17060B. For the preloaded condition,
o bearing housing modified to accommodate a thrust
washer was substituted for the original one, Except
for the bearings, the same components were used in
the three tests.

Table 4-1 lists the vibration accelsration levels
for prominent onesthird octaves and the overall read-
ings for this study. For the first twe classes of bear-
ings, preloading has detrimental effect with the prlncl-
pal exception of the rotational frequancy vibration
(63 eps band) aleng the shaft axis. On the other hand,
preloading beunngs meeting Amendment 2, MIL-B-
17931A results in an appreciable decrgase in vibra-
tion in all prominent frequencies and ‘en average 5
adb overall reduction. Note espacially the 14 adb de-
crease in the 4000 eps X = axis vibration. This is
sspacially interesting as the 4000 cps band primarily
reflects the double rotor slot frequoncy {See Section

"

\\ B
rattling within the raceways and. cage and |mproves
balance by the removal of bearing leoseness. But,
preleading also causes the balls to closely follow
‘the surfaces of the raceways. If the surface finish of
the raceways and the sphericity of the balls are of
high quality, then the bearing will run smoothly and
" thus quietly, However, if the surface and balls are
not of this high quality, preloading may cause the
balls to follow surface irregularitied that they other-
wise might have skimmed over, Tl'l,le reason for the
large reduction in 4000 cps shoft axis vibration is

not known.

During these tests the beurmgs were run with
the amount of preload force indicated by rule-of-thumb
that the preload force in pounds should-be five times
the bore size i.e.,25 pounds for an05 bearing. It was
observed that the 200 cps band is erratic and highly
sensitive to the amount of preload force.A test to
determine the optimum amount ofpreload force became
necessary.

4.5.1b Amount of Prelcad Force
For this teat, one bearing housing was milled

3. - . out to accommodate an uncompressed thrust washer,
TABLE 4 ! Successive tests were made with an increasing num-
e eyt gl ma-plveedlealting sl thruntworglrenThe -
Eﬂ.ci 0( Pulocd On Bearings preload force was determinad by measuring the mini-
184 Frame 2 Pole Moter mym. force applisd to the shaft that would cause the
Vibration Acceleration Levels rotor to move axially. This measured force includes
: amendment 1T Amendmem 21 the frictional resistance of the bearing 0.D. sliding
; PE_B 17y -8 A bart 8179314 within the housing bors as well as the preload force.
Band JAxis|Unlaoded]Loaded Unludodil.oadodénludadil.u:hd This frictional resistance is of the order of o few
43 X1 a5 20 ) a5 81 80 pounds and, as Figure 4-1 shews, remains constant.
v!| 82 82 Y 84 78 78 The linear characteristic of the thrust washer over
z g1 | 78 82 84 76 76 the normal operating range could only result in the
- straight line portion of the curve shown in Figure 4-1
200 )Y( Z: ;g :z :52, 74 7,‘ if the frictional force were constant, As the friction-
2| e6 68 80 80 72 R al force is both small ond constant, the meosured
force has been considered to be equal to the preload
2000 x| o5 |95 | 94 |95 [ o0 |0 force.
Y| 94 97 9 100 | 95 90 FIGURE 4.1 ) o
z 96 94 93 97 93 9‘ PRELOAD vy SHIM IVVI ma WASHER
4000 ) X 102 100 94 96 100 86 "”ﬂ*nu‘l"i‘n‘m.: MOTOR 140
Y N1 92 95 95 89 87
¥4 96 98 96 97 97 97 ) 120
- : i
10,0000 X | 101 | 100 | 100 | 100 | 100 | 93 24k mg
Y 104 106 10 102 106 101 - - - l :
Z 102 104 100 104 102 98 ! b g
Overall] X 109 109 107 107 107 101 £
Y 108 109 106 109 108 103 80
2| 108 | 10 | 106 | 109 | 106 [ 103 - _—

* Volues less than 70 adb were below range of recording
paper for Spactrograms 43 through 4<6. ’
Valuves taken from Spectrogram 4«1 ﬂruugh 46

These tests reveal that preloading allfhrutypos '

of bearings eliminates noise caused by the balls

4.4
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Table 4:2 lists the adb levels for important one-
third octaves for various amounts of preload force.
The 200 cps band shews an initial decrease, then a
gradual increase reaching a peak at 21.5 pounds pre-
load followed by a gradual decrease.This is especial
ly prominent in the X —axis readings. The other

bands show an initicl decrease andthen sither remain - -

essentially the same or increase very gradually until
excessive preload force (above 60 pounds)is applied.
These large forces cause an abrupt increase in vibra-
tion, The beerings weais parmanently darsged and
subsequent lowering of the preload force did not re-
sult in lower vibration levels.

The initial decrease noted in all frequency bands
is due to the removal of internal bearing clearance.
Since the thrust washer was originally uncompressed,
the initial measured force was all frictional resist-
ance. The minimum vibraticn levels occur when the
bearing is only slightly preloaded. All bands other
than the 200 cps band sither remain constfant or rise
so slightly that the range of 7to 27 pounds effective-
ly results in the same noise production, i.e., a bread
minimum exists. The 200 cps band, however, shows
an increase of 20 adb in the X ~ axis reaching a maxe
imum at 21.5 peunds preload. This band, which has
been termed '‘preicad band’’ due to its sensitivity 1o

" of preload force to between 7 and 12 pounds, Note

that the 25 Ibs, ingiroted by the rulmofthumb pie-
viously mentioned causes near maximum vibration in
the 200 cps band. This test indicates the optimum
preload force to be the minimum force that tokes up
the intemal bearing clearances.

The usual methed of prelooding bearings is to

-determine If the results of this taat are indicative of

must be compressed to assemble the motor. The norme
al end play tolerances are such that maintaining the
small amount of preload force indicated by the pre-
vious study is difficult, In addition, the optimum pre-
load -force has been determined for only one size and

make of bearing. Additional testing is required to

ofher sizes and makes. )

A means of adjusting the amount of préload ofter

motor assembly i3 shown in Figure 4-2. Use of such
a device eliminates ralying on previous test and com-
pensates for production variation. The prelead force
is adjusted by screwing the preload adjustor in or
out, thus varying the compression of the thrust was h-
er. A locknut is used to lock the preload adjuster in
the position resulting in minimum noise.

L PRELOAD

LOCKNUT

\ BEARING

machine the bearing housing to accommeodate a thrust HOUSING
washer as used in the preceding test. The preload
force is determined by the amount the thrust washer
. Prelood Amount
TABLE 4-2 Vi & evels
Preload Force in Pounds
Band JAxis 3‘-‘22 719 [11.5]14.5]16.5]19.5]21.5] 24 6.5&.5 32 135.5]44.5] 65 ] 100] 155
260 X 173 {73 [724 {76 l? 8s (a8 |9t ;3 92.5[92 (86 [86 [84 [82 [78 (76 [274
Y 180 1723 1+ | |7 73 |75 )76 9 |78.5]78 |76 |74 |73 |72 |* [
Z |7 n 1 * * 70 (72 [73 |74 |r4 175 |72 [72.5]7 71 |+ N
0 Xl [ T To 18 bs 1% Bs 12 1s 15e 120400 122 |2 |
Y |82 179 |26 |75 176 |76 |77 1725 |75 |75 |75 |73 |74 |74 ‘|74 |80 |78 |8}
Z |88 128 180 180 79 178 (79 179 |78 |79 |77 |79 178 |81 |79 |84 |B4 [83
1250 X 198 [96 3: 82 182 gg 82 (83 (81 [84. [81 (82 180 (82 183 84 i8S [84 1} —
Y 1100 ;90 91 {86 {83 83 |84 B3 i84 |85 |86 |86 {84 |83 (87 (g8 ”
Z 198 (97 188 ]82 |81 |80 |81 |79 [81 le3 (B2 163 |82 |81 |82 |84 |&é
2000 X (103199 194 {86 (87 (87 {88 (88 (868 (69 [B9 [90 [91 {90 {90 [94 (|96 [97
Y 1104 [102])9s5 |90 |92 |91 |91.5[90.5|91 192 (93 |92 191 |93 |93 |96 {97 |97
z_[i01 [100]92 |88 |88 [88 [89™ [e9" |90 Joo o0 [90 [89 90 [91 |94 |94 [o4 |
4000 X 195 199 (95 (98 196 195 93 o4 [93 P93 196 [97 [94 95 [97 [96 [96 |97
Y |93 |91 |90 190 |89 |88 |88 . {88 |88 [90 (89 {90 |90 |20 |90 (93 |94 |95
1 Z |97 |98 |92 194 |92 [94 |91 [91.5]9) P2 |94 94_ |96 94 (94 |97 |100 |10}
10,000 X 100 (72 (86 [89 [90 93 (%0 [ev [? AR RN R
Y 1103 1103|196 [96.5[97 |99 198 1100 |98 99 19 100 |98 |99 [100 |99 |101
Z 1100197 192 [96 |98 192 |94 |94 |95 100 |95 95 196 (97 194 |97 {95
Overalll X (108 [107{103 {101 {101 [107 {100 [100 1 1ot 01 1101 1102 {101 {101 {104 [105 {105
Y [109 1091102100 |01 {101 {101 [101 | 100|102 |102 1102 {102 |102 |102 [104 |104 |106
Z {108 1081101102 J102 {107 |100 [101 11101 03 |102 {102 {102 102 103 {106 {106

*Values less than 70 adb were below the range of recording paper.

i — -
Yoalyes fﬂko/ from Spectrograms 4-7 through 4-24.
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4.5.1¢c Type of Thrust Washer

A test was conducted to determine if the tyne of
thrust washerhad any effect on bearing noise. A wavy
spring washer having three point confact with the
bearing outer race and a Belleville washer having
continuous contact with the outer race were tested.
Since the spring constants of the two washers ure
different, a bearing housing was milled out to accom-
inodate either uncompressed thrust waliher. By adding
a different number of shims, the preload force was

" adjusted to 12 pounds for each test. Spectrograms of
the motor vibration were practically identical, (Spect-
rograms 4425 through 4.28,) indicating that the type
of thrustwasher used has no effect on bearing nolse.

45,2 Shaft-Bearing Interference Fit

It is necessary that the inner ring of a ball bear-
ing be tight. enough to prevent turning under load.
This is accomplished by an interference fit between the
shaft and-bearing or by means of a locknut; or o com-

" bination of both may be used:When the bearing has.a

tight fit on the shaft, the inner race expands. A study

) TABLE 43
p—————— me = smA
Vibration Acceleration Levels
Band Axis 0.1 Mil 0.6 M1t 1.1 mit
63 % 8 94 85
Y 84 95 o8
2 84 94 97
R 75 84 89
F 82 [ ] 94
200 X 73 83 74
Y 72 75 73
2 70 n. 74
R 70 85 78
F ” 86 7
800 X 74 76 79
Y 73 75 76
Z n 73 73
R 90 107 103
F a8 90 N
1250 X 88 86 90
Y 89 N 92
r4 8 ' 86 89
R 97 102 105
F 92 93 96
10,000 X 96 90 96
Y 102 100 106
z 99 94 100
R 105 102 106
F 101 101 102
Overall X 104 105 106
Y 105 105 108
z 106 106 108
R 107 112 112
F 106 110 m

Values taken from Spectrograms 4+29 through 4-34.

4.6

was made to determine the effect that this expansion
has on the bearing noise. The bearing bore dimen-
sions of the test motor were measured to be 1.1810
inches. Three special shafts were made, having bear-
ing seats 1.1811, 1.1816, and 1,1821 inches in dia-
meter raspectively. The resulting amounts of inter-
tarence (.0001", 00"\6\ and .0011" cover the range
obtained using AB EC\\r\ade bearings and tolerances.
Vibration readings wereltaken of a motor with the
bearings on fhe\shah wlth)the smallest interference
fit. The bearings were then carefully removed, the
second shaft substitutéd in the rotor unembly, the
rotor rebalanced, and the bearings carefully pressed
on the new shaft. The same procedure was used in
changing to the Q011" Interference fit shaft.

Table 4-3 indicates the vibration levels for all
three conditions for the'(X,Y,Z) oxes on the motor
feet as well as axidl readings taken on the rear and
frén:, bearing housings (designated as R and F in
Table 4-4). Once again, the 200 ¢ps band X-axis re-

> flects the effect of slight variations in the amount of

preload forée. This test reveals that minimum bears
ing noise results from the minimum bearing-shaft in-
terferance, |t is recommended that a light press fit of
botween 0 GOOI"ond 0 0003" be u&ed.

bearing would require fhaf the boarmgl be individ-

vatly-measured-and sslsctad, Use of higher ABEC. .

grade bearings reduces this variation and is mare
compotible with the internal tolerances necessary to
meet Amendmeant 2 of MIL-B-179314.

4.5.3 Bearing Locknut

The light press fit recommended by the previous
test may be insufficient to keep the bearing inner
race from rotating on the ghalt. If this proves to be
true, It is recommended that a bearing locknut be
used rather than a tighter press fit. A test of a motor
equipped with 305 beorings revealsd o negligible
change in bearing noise as the torque on the locknut
was increased from zero to 12 lb. ft. See spectro-

_grams 4-35 through 4-38,

It should be remembered that preloading of the
bearings forces the inner race up against the shaft
shoulder and this olso tends to prevent rotation of
the bearing on the shaft, The disadvantege of using

Y bearing locknuts is the possibility that they may be

overtightened and deform the bearing raceway. Bear-
ing locknuts should only be used where necessary.
to present slipping of the bearing on the shaft,

4.5.4 Bearing Lubricant

Two tests were made of the effect on motor noise
of bearing lubricant. The first concerned the cleanli-

_ness of the grease used; the second was a test ofthe

relative quistness of three high temperature greases.
For the first test, two samples of the brand grease
were usr, The first was a particularly clean sample
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and the second was o sample rejected for high dirt
content. The dirt.counts of the two samples are furn-
ished in Table 4-4 with the limits set by the beonng
manufacturer,

TABLE d-4
Dirt Count
510 201 [ 21 to 50; | 5V 16 755 | Ovar 754
Porticle Size .0002 | .oooan | .002" Over
to to to 003"
,0008" .002" .003"
Moximum Number 5000 2000 50 0.
Particles Petmited
Cleon Grease 468 59 g 01 0
Rejact Grease 7652 526 1.68 0

The dirt content permitted by the monufacturer is less
than that ollowed by certain military specifications.
For example, MIL-L-3545 sets the following limits.

Particle Size Number Permitted
25 or above 7,500

751 or abdve 1,600

12510 or above 0

_Nete that both grease meet the military requirements,

The test moter was vibration tested.with the open

- haarings.consscutively: lubrigated-qa-fatioms: -~ ——

1) light machine oil
2) clean grease
3) fight machine olf
4) reject grease
5) light machine oil

The foilowing methad was used to remove one
lubricant and replace it with another, The bearings
were not removed but cleaned on the shaft. The en-

~ tire rotor assembly was submerged in clean solvent

and fhe bearings rotated by hand. The bearings were
fhen forced-air df\ned and the process repeated with

" new solvent. The bearing grease cavity and end caps

were similarly cleaned. The grease was placed in
bearings and grease cavities with a clean stainless
steel spatula. The grease cavities of the bearing

housings and end caps were half filled with grédse

and the bearings were one-third filled. In Table 4.5,
the prominent one-third octave vibration levels are
shown for the three.axes on the motor feet and for
two axes parallel to tha shaft and measured on the
rear bearing housing and rear housing hub respective-
ly. The reject grease caused an increase in the mid-
dle fraquency range varying from slight to 20 adb in
the 1250 eps one-third octave band. Another inters
esting feoture of this test is that cleaning the bear-

ing lubricated with the clean grease and replacing”

the machine oil essentially duplicoted the first mach-
ine oil readings. The dirt in the reject grease possibly
damagedthe bearing surfaces since a similar replace-
ment of the reject grease with light machine oil did

not reduce the vibration to the previous levels. It is
recommended that lubricant with extremely low dirt
content be used.

TABLE 4-5

Effect Of Grease Dirt Count
Vibration Acceleration Levels:

Band Axis | O/l | Clean Groase | DIl | Reject Grease | O1)
63 X |78 81 78 81 78
Y |a3 By W2 . 83 82

Z 186 85 86 86 84

Hsg. |76 78 76 80 79

Hub., | * 76 * 74 *

1250 | X |88 86 90 94 86
Y |86 87 86 85 87

Z |85 85 83 88 83

Hsg. | 81 80 80 97 178

Hub. | 94 90 $0 110 92

2000 | X |81 81 80 88 80
Y |86 85 86 89’ 86

Z |89 89 85 87 86

Hag. |80 81 77 . 7 |76

Hub. | 78 74 73 85 79

4000 | Xx}*]8? g7 sy 92 89
Y |97 97 96 99 97

z |92 89 86 89 88
92\ .93 349 19— -9%

- "Hub. 7 79 92 €0
W00 X Lt . 99 9% w 58
Y |95 96 % 92 50

z |92 93 [ 92 92 93

Hsg. | 96 98 98 103 100

Hub, | 94 97 95 97 96
Overall] X {100 102 100 104 103
Y |1027~ 102 102 108 103

Z |1y 102 101 - 104 102

Hag.] 102 105 103 m 106

Hub. | 103 108 102 114 108

*Yalues leas than 70 adb were below range of recording
paper, T
Values taken from Spectrograms 4-39 through 4.48,

Care must also be taken to maintain the clean-
liness of the lubricant, Improper relubrication can
permanently damage the ball bearing surfaces. The
grease used for relubrication should have as low a
dirt count as the original, ‘Extreme care should be
exercised 50 that no impurities from the grease open-
ings or the surroundings can pollute the lubricant,
The housing-bearing-end cap grease cavity should
never be completely filled. If the bearings are re-
greased while the motor is not running, the bearings
will be complete]y flooded with grease. The viscous
friction of the balls churning throughthe grease
cauus overheating, This heat will melt the grease,
which will thea flow out into the motor, However,
operation at high temperaoture and with the scap part-
icles- as well as the cil in the path of rotating balls
will result in permanent surface damage. The dongers

of overlubrication are great enough that it is recom- ¢

mended that the bearings be relubricated as seldom
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as possible. [f relubrication is necessary, a high de-
gree of clean/iness must be maintained. Although it
is not normal practice for shielded bearings, an open
bearing should be relubricated with o limited amount
of greose with the motor running. '
The relative quietness of three hngh temperatyre

_ greases were tested. The greases were fépldced in

the same manner as in the previous test. Table 4-6
furnishes the adb levels for the prominent onesthird
octave s ..for the following corisecutive lubriconts:

1) light machine wil
2) Andok 260 Grease
3) light machine oil

4) Aeroshell 5A Grease
5) light machine oil

6) Texas TG 3007 Grease
7) light machine oil

The difference between the three greases was not

great but the Aerosheil 5A appeared to cause less vi- -

bratign. This grease was used as the bearing lubri-
cant for the prototype motors.
TABLE 4.6

~ Grease Type Test
Yibration. Accaleration. L

Band {Axis Ol JAndok 260[0il |
25 - {—X—{75-—— 87— %‘* -

Y |84 gl (85 6

Z 180 86 (86 6

Hs @476 83 |83 | 5

Hub {78 80 |85 5

00 X 187 86 |89 75 84 79 3
Y |83} 74 (80 2 79 73 8

Z |83 0 N * 7 n 2
Hsg.86 s |88 78 87| 7 9

Hub (79 8¢ |86 80 83 74 3

1000 | X |93 88 |84 85 87 85 85
4 Y |95 90 |87 87 87 87 B6

Z |90 B8 |85 85 86 85 84
Hag.98 98 |98 9N 95 9 6

Hub [109f 107 |99 102 03] 93 95
2000..| X |103] 102 (98 95 97 94 97

Hsg487 88 187 % 88 T8 93
Hub |95 92 |92 8?2 90 ag 52

10,000( X [ 88 |94 91 96 95 95

HsgJ101 98 102 100 104 101 |97
Hub |93 90 (102 96 98 100 |100

Dveralll X [108] 106 {104 105 106 105 [106
Y |107] 107 {10 104 108 106 |107
Z {1080 107 (10 103 1050 104 (105

Hsgd107} 108 |10 106 107] 106 106

Hub |11 112 1M 110 n m 19

*Values less than 70 adb were below range of recording
poper,
Values taken from Spectrograms 4-49 through 4-62.
{
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It wos noted that ail three greases resulted in

less noise thanthe light machine oil, This was some-
what unexpected since grease is composed of mineral
oil and soap. The socap acts only as a carrier of the
lubricant and ence the grease has bean channeled,
the bearing is lubricated by an oil film. Soap particles
that migrate into the path of the balls are either
thrown out or the balls must roll over the obstruction.
Either way noise is produced. Perhaps grease iubri-
catedbearings are quieterthan oil lubricated bearings
because the grease also acrs as a dampmg agent,

4.6 CONCLUSION

An appraisal of the application of sleeve bear.
ings to squirre} cage induction(motors in the 1.100
HP range indicates the probability of attaining noise
reduction when thebearing is designed to a:particular
speed and a moderate radial or throst louding.” The
design and means for noise reduction of these bear.
ings, either lubricated or nonslubricated, wers not
included in this stydy. Ball bearings meeting the
anderon limits of Amendment 2 of MIL-B-17931A are
racommendad for motors designed for general appli-
cations, heavy external loading, or prolonged periods
at rest. The following racommendarions ars mads to

-——————— minimiss-beil beoring cavsed moter noteer

1) Use of boll beorings mooting Amendment 2 of
MIL-B-17931A.

2) Ball bearings should be preloaded by use of o
thrust washer,

3) The amount of preload force should be the min.
imum that takes up the internal clearance. If

~means for adjusting the preload are provided,
the preload should be adjusted to give minie
mum motor noise. )

4) An Interference fit of between 0.0001 and
0.0003 is recommended for the shaft-bearing
fit. Use of ABEC.5 or higher bearings is an
aid in obtaining the light press fit and is more
compatible with the internal tolerance necess
sary to produce a low vibration bearing,

5) Where bearing locknuts must be used, they

-should be no tighter than necessary to prevent

“rotation of the inner_raceway on the shaft,
6) The dirt eount should be determined for sample
quantities of grease used in service oratplace
of motor manufacture, It is recommended that
limitas to the maximum dirt count permissible
tor lubrication of low vibration bearings be

established,
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SECTION &
FAN NOISE

5.1 INTRODUCTION

Fan noise, differs from the majority of motor noise

in thot it is. created In the airstream rather than. In . .

the motor components, Thus this noise is created as
airborne noise rather than as vibration. For fan noise
to appear as motor vibration, a transducing element
is required. Vibration tests of drip-proof protected
and totally-enclosed motors with and without fans in-
dicate that motor componhents do not readily transduce
this fan naise into vibration.

Fb\\ noise has recelived considerable attention
in_the pdst, not only with respect to elec_trlc\\moton,
but other/typps of equipment such as blowers and air
condition ing“units. The method:of reducing fan noise
are generally well known and will only be reviewed in
this section where they apply to specific noisesproe
ducing ‘areas “in dripproof protected end tetally en-
closed motors.* |n addition, special fan dimensions
and configurations were fabricated and tested to estabe
lishthe degree of noise reduction attainable by devi-
ating from high production, bi-directional fan designs.

Fan noise consists of three principa! components

“which ate tre ~ 4lansy

PP L

| - s

o

8.2 Turbulence Effect

5.3 Siren Effect
5.4 Whistling Effeer '
The meons of reducing fan noise are summarized in
the concluaion of this section. .

5.2 TURBULENCE EFFECT

Air ‘turbulence noise is random frequency noise
caused by vortices in the airstreom, or, more speci-
fically, any lateral component of air velocity. The
air turbulence may be produced by either the fans
moving relativetothe airstream or the airstream mov-
ing relative to a stationary member. Minimizing this
noise calls for the eliminaticen of shorp edges and
burrs on afl parts in contact with the airstream. It re-
quires aerodynamicaily designed fans, fan bowls; and,
In foct, the entire airstream path. The airstreem path
through a dripproof protected motor does not lend it-
self to aerodynamic design’to the degree that the air.
stream over o totally-enclosed motor does. Therafore,
minimizingthe airturbulence effect of these twotypes
of motors is treated separate'y.

. P

5.2.1 Dripproof Protected }xi_}ou

Dripproof _nrotacted motors are cocled by air
drawa inta the intarior of-the motars ond Sver iho ox-
posed winding and core by internal fans. Most manu-

*For a more extensive treatment of fan noise in gen-

eral, the redder is referred to Chapter 25, Handbook
of Noise Control (Reference 18 in Bibliography).

___encebatween. moter- and: the-

facturers use fan blodes cast as an in-tagrul part of
the rotor end ring, and these fan blades are invariably
of a purely radiol design, This construction Is dictate

_ed by the desirability_of the bisdirectional-operation.

Two cooling methods are presently used: end-to-

end and end-to-center. In the end-to-end method, the

cooling air is drawn in through one bearing housing

and oxhausted out the other bearing housing, which -

does not cantain an air deflector, The rotor fanblades
at this end serve only to prevent decd air spaces and
resulting hot spots, In endsto-center construction, alr
Is drawn in through both bearing housings and ex
hausted through openinga”in the motor frame. This
method results in-more. uniform cooling; therefore,
less air is needed. - -
The most effective way of reducing fan noise is
to reduce the amount of air drawn in by the fan. Low
current ond tluxdensities should be incorporated into

- thé motor.design. Also, sufficlent steel and iron must

be used to conduct the internally generated heat away
to the exterior of the motor, where the motor may lose
this héat by convection and radiation. The rate of
heat transfer is a function of the temperature differ-

i+e., the temperature rise, A quist motor should be de-
tigned o operats ot 2 temperatur :
tien class limit to fully utilize the insulation and to
optimize the efficiency of heot removal.
Economy of manufacture has prompted Industry
to use one rotor end ring die for motors with moere than
ons rating or spesd, i.e., a four and o six pele motor
may have the same fan, This results In economicel
construction rather than the most quiet or most effi-
cient cooling system. The optimum fan-blade length
is a function of many variables such as the physical
geometry of the air path, the amount of heat generat-
ed, and the amount of heat removed by radiation or

conduction. A general formula for determining the .

length of fan blade would be complex and can better
be determined experimentally. The experimental meth-
od consists of multiple heat runs with varying fan
blade lengths.

This method is illustrated by the following test
of the effect of shortening the axial length of cast
rotor fan blades of twe motors;

1) a 3 HP, 2 Pole, 184 frame open motor and

2) a 3 HP, 4 Pole, 184 frame apen motor ,
The two pole rotor core had a 4 inch 0.D. and was 3
inches long, The corresponding four pole dimensions

noiza and tamnaraturs rleae warn massurad fo; the

“original fan blade lengths and for various fractions

of these iengths. _ ,
The airborne noise produced by these motors at

varying fan blade lengths was so nearly identical that

only the curve for the two pole motor is plotted in

5-1

___were 4% and 3% inches respactively. The sitberne—— -—

<m o e sl

tomposatuce near the imsvlee -
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Figure 5-1. The airborne noise curve is a plot of the
overall sound pressure levels recorded 3 feet from the
front end of the motor which are representative of
those recorded ot other positions. (See Spectrograms
5-1 & 5.2) Reducmg the fan blade length resulted in
a decrease in airborne noise except at zero length,

This increase in noise is probably caused by-the bal-- —-

ancing methed. Since the balancing lugs were also
removed for the zero length test, holes were drilled
in the end ring. These spectrograms reved! that- the
predominant peaks of airborne noise most effectively
reduced by shortening the die cast rotor fan blades

~ were at 250 and 800 cps bands. The latter frequency

band was the highest in the sound pressure level
spectrum, and a reduction of this band, therefore, re-
sults in a corresponding decreasd inthe overall level.
FIGURE 5-1
' \ TEMPERATURE RISE AND NOISE
vs - :

only a few degrees below fho “level" temperufure
tise. Thus, this minimum is mainly of academic in-
terest, However, it illustrates the ineffectiveness in
increasingthe fanblade length beyond a certain point.
Note that this motor not only has excess fan

" blade length but also operates at a tempsrature con-

siderably-below the-insulation class limit (40°C for

a class A motor). Therefore, for minimum noise the
fan blades should be shortenad to less than 25% of
the original length, Because of the steepness of the

curve in this region a tolerance for production veria- -

tion should be used.
The temperature rise curve of the two pole motor
closely resembles and expanded curve of the 0to 25%

region of the four pole motor, This twe pole motor -

illustrates @ motor with the optimum fan blade length
for class A insulation. If this motor hed closs B in-
sulation the fan blade should be shortened to 30% —

40% of the original length to take advantage of the-

4db decrease in sound pressure level,

It is recommended that the fan blade length of
dripproof protected motors be chosen to result in a
temperature rise slightly under the Insulation class
limit to allow for production varlation. New and ring
dies con be made, or the fon blades made by existing

" end ring dias may be sherfened ot the same fime the
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PERCENT OF ORIGINAL FAN BLADE LENGTH

Figure 5-1 reveals that the temperature rise vs.
fon blade curve of the four pole motor has an initial
sharp decrease, rises slightly, and then becomes lev-
el Notice that the motor has a slightly lower temper.

“ature rise at25% fan blade length as with the original =

- fon blades. The 28% fan-blade longth movey o vnivme
of alr 2t & volscity aullicient 1o fomove The nhear ai

. the same rate at it is generated. The remaining 75%

serves only to create additional fan noise and wind-
age losses, This minimum temperature rise occuring
between the steeply sloped and the level sections
hasbeen cbserved on a number of units and is always

52

An attempt to realize less fun noise was made

_ by Hmittng ™8 #iéler Yo one direction ofrotation, Suv.
aral backwerdly inclined fobeicatad fans were fasten.
ed 1o the retor of the two pole motor which had the

TEMP. RISE 3up P {on blodes removed, asshown in Figore 5-2, Table

5-1reveals that these units produced almost identical
alrborne’ readings for various temperature rises as
these for the stondard (radial, dlescast) fan. The 15

and 60 degree designations in Table 5-1 refer to the -

intersection angle between tangents at the extreme
ends of the curved blades.

FIGURE 5.2
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TABLE 5-1
Undirsctional Fans for Dripproof Motors
Sound Pressure Levels

. Backword |Inelined

Band Axis Readial 15° 60°
200 Front 37 40 35
, Side 36 35 32

i - .- :
250 Front 46 47 - 44
Side 44 4 42
315 Front 52 52 52
Side . 52 52 54
400 Front 50 50 - 46
Side 51" 52 ey
800 Front 49 48 44
Side 53 51 49
. Pverall Front 59 9 58
Side 40 60 59

Values taken from Spectrograms 5.3 through 5+ 5.

The lower air velocity and turbulence over the
tralling edges of o bockwardly inclined fan blade, as
opposed to a-radial blade, should result in a quieter
operation with unidirectional fans. The reason all
test data failed to 1eveal this noise reduction lies in
the alratrsam path of a dripproof induction motor. The. .

——turgtence Hrough ond around fhe oir defleciors and

itregular end windings, over the stator core, and be-
Twéén The ribs-supporting the stator assembly is large
compared to the fon turbulence and cannot be elimin-
ated. It can only be minimized through the cptimize-

- tlon of heat tiow as praviously described. Unidirec-
tional fans for dripproof protected motors do not ap-
pear to cause any raduction of noise.

5.2.2 Totally-Enclosed, Fan _Coolod Motors

TEFC motors are cooledby an external fan which
blows qir over the motor surface. The frame and bear-
ing housings are ofter ribbed to provide a large cool-
ing surface, This air flow path con be streamlined.
The greatest improvement can be realized by an aero-
dynamic design of the fan and fon bowl, Use of o
purely centrifugal fon causes two abrupt changes in
the air stream. First, whan the air drawn into the fan
bowl has its direction changed from axial to spiral.
Second, when the spiral airstream strikes the fan -
bowl, and becomes helical in shape.

While more than one solution is possible, the
use of a fabricated unidirectional fan (Figure 5-3)
and properly shaped fan bowl has been found to be
highly effective, This fan relies upon a conical-shap-

- —ad shroud t2 cause-the alrsiream to maké oniy a par-
tial shancs t2 = hellcal Jirecrion, The backwardly
curved fan blades direct the air spirally outward with
a minimum of air turbulence. The fan bow! is 50 shap-
ed that in conjunction with the bsaring housing, the
alrstream is gradually directed over the surface of

— FAN

the motor as shown in Figure 5-4, Spectrogram 5-6
reveals the use of such a combination to result ina
7db decrease of the overall noise produced by a 40
HP mator over that produced by the propeller type
unidirectional fan, originally used. '

FIGURE 5.3
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5.3 SIREN EFFEZT edges of unremovable obstructions. Figuwe 5-5 illus-

trates the elimination of i .
The siren effect Is caused by the tips of the fan raies the ination of causes of whistling nolse

blades, or other components acting as fan blades,
passing close to a series of protruding stationary
members. The frequency of fan blade noise is the ro-
tational fraquency times the number of fan blades.

FIGURE 5-5

WHISTLING EFFECT

= o /—> — —>
where fgy, = fan blade frequency incps 7 i :

= number of fan blades

= number of poles . INCORRECT

The fan housing of tetally enclosed motors amplifies
the second harmonic of fg, which often becomes the - ' Sy
highest airborne noise frequency. o ¥

The number of fan blades should be chosen to
avold any prominent frequencies of noise produced
by other sources. it can he seen from the above equa.
tion that, if the number of fan blades is the same as .. N
the number of poles, 120 epsfioise will be produced.
Since 120 cps noise ondvibration will always be pro-

_duced. by. the force. waves. of &0.cps. induction. motors,

|
“Is..mn
.

the numlnr ‘of fanblades lhoulu nevar equal the num-

ber of poles. It was shown in Section 4 that ball bear-

ings produce fwo fréquencias which mcy s be approxi-

mated by the expression F = E x 42 (Equation 4-7}.

To prevent adding to the levels at this frequency, the

number of fan blades should not equal half the num- 3

ber of rolling elements. in addition to avoiding dis- '

crete frequencies, the fan blade frequency should not

lie within any prominent band of frequencies such as'y

the preload band, er the number of jslades should not 1\ ;

equal . x P/120vhere f_ equals th ) center frequency

of the c\.':lot:fiormblo band. ;
In dripproof protected motors, rotor fan blades s

-do not normally pass close enough to any stationary

irregularity to produce an appreciable siren effect.

Even in totally-enclosed moters with external fons,

the siren effect may be eliminated by increasing the

clearance between the fans and stationary parts, |t

is recommended that the bearing housing at the fan

" end not have external ribs.

A treatment of the siren effect caused by radial

CORRECT

rotor and stator air ducts, utilized in motors above 5.5 CONCLUSION
100 HP, may be found in the 1957 AIEE Transactions. . , :
(See reference 19 in the Bibliography) . Fan noise of induction motors may be minimized
by these means:
5.4 WHISTLING EFFECT _ 1) The number of fan blades should be chosen to a-
T= o ST vma ‘producing ihe sume frequency Toise as pro- -
Any cpnstziction, esr scially o pddah one of the urac{ by othar, gourr.s.,,‘l'h» .¢r‘,‘_\_flfr o E zrqmbim-
clilgtream lith |prq-JuLM o hwhagﬂ.lq. v effect. TL fre- lFuon‘ ta W avo, HM are: ! L
--quency of this whistle is dépeatient upon mdny actors ‘a. Nurber bf fan'blades equal to number of pules
such as the size of the constriction and the volume of (120 eps).
air. The necessary .preventive (or corrective) meas- b, Number of fan blades equal to}; number of roll-
ures are ¢limination of constrictions and roundingthe ing elements in the ball bearing.

5.4




2

c. Number of fan blades equal to {.P/120 where
f.equals the center frequency of ony objection-
able band.

" An odd number of blades minimizes pulsations

~—

3

—

4

~

3)

caused by blades passing near symmetrically lo-

cated ribs, etc.

Within_the range of acceptable performance, cost

and weight, the emount of coo|ing air necessary

will be reduced by:

a. Use of low current and flux densnies to mini-
mize generated heat.

b, Use of sufficient iron and steel to convey gen-
erated heat to motor frame.

c. Full.load operation at a temperature near the
insulation class limit,

d. Use of higher temperature insulation systems.

The more efficient end-to-center cooling method

should be used for dripproof protected motors,

The minimum axial length of fan blades of drip-

proof protected motors should be determined for

each motor design for noise-sensitive applications.

Use of a backwerdly inclined conical shroud be-

hind the fan of a 40 HP, 2 pole tofally-enclosed .

motor reduced the overall sound pressure level by
7db. A similar shroud design is recommended for

tally-encliosed, fon-cooled motors.

"

T BT T

" n ,nl.l

r

Vro

||',|

6)

Clearance between fans and stohonary parts
should be sufficient to prevent a siren effect. The
wide range of motor sizes, speeds, and construce
tians precludes the determination of a numerical
value for a permissible minimum clearance, Great-
er attention to thisfactor is needed for externally
fan cooled motors than for dripproof protected mo-
tors with integral fan blade - end ring construction.

"Sharp turns and constrictions in the airstream path

should be eliminated. The areas that require spe-
cial attention are:

. 6. The external fan housing opening and exhaust,

8)

bath. uwam"-laadﬂmgmgﬂﬂmmi:

b. The intake and exhaust ports of dripproof pro-
tected motors. Screening with a large. percents
age of open area should be used.

¢. Ared' between air deflector and end turns,

Sharp edges in the airstream path should be olim-

inated. "Parts in contact with high velocity air

should be given prime consideration.

a. The fan should be smooth and free from burrs,
blow holes, etc.

b. The fan bowl should present no sharp edges to

the airstream. A cast fan bowl is preferable to

a fabricated sheet stesl one. |f sheet steel is

used, the edges should be rounded during the

similar materiaf,

:
I\ -

:proeess-and conted-with-plastieor.oom -
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SECTION 6
UNBALANCE NOISE

6.1 INTRODUCTION

At the commencement of this contract, extensive
studies of the effect of motor unbalance were plane
ned by the Naval Engineering Experimuntal Station,

It was decided to concentrate on other aspects of

motor noise rather than duplicate this work, However,
cerfain preliminary work was necessary to relate un
balonce with other moter noise sources. A discus-
sion of this work and of the couses of unbolanco
noise are presented in this section.

Unbalance primarily produces rotational fre-
quency noise, The rotational frequency of a 60-cycle
induetion motor at any load is

= 120 xL=t) , .
P ) ) \_\
= rotational frequency in cycles \per
second

where f,

s = slip in per unit

P = number of poles

Thé unbalance noise produce y two o poie motors is
approximately 60 cycle noise; thot produced by four

‘pole motses is nearly 30 cycles; stc. The second

harmenic of rotational frequency has been observed
under conditions of extreme unbalance,

6.2 CAUSE OF UNBALANCE NOISE

In retating machinery, unbalance noise is pro-
duced by an unequal weight distribution of the rotat-
ing member around the axis of retation. This uneven
weight distribution of the retor assembly of induc-
tion motors is caused by

1) Voids in cast aluminum bars and end rings

2) Non-uniformity of core steel

3) Keyways

4) Outsofsroundness of machined surfaces

5) Eccentricity of machined surfoces wlfh axis

of rotation

6) Eccentric location of slots
In addition, lock of shaft rigidity and locoseness -of
fits will permit rotor assembly to deflect under un«
balanced magnetic forces. This deflection will rotate
with the rotating flux wave, thus creating o cam
effect, .

3 RELATIVE EFFECT OF UNBALANCE MOICE

The degree of balance is usually specified in
terms of the motor vibration caused by the unbalance.
The dynamic balance vibration is measured on the

- bearing housing in the directlon giving the maximum

amplitude., Table 8-1 lists the maximum allowable

amplitude of this vibration os specified in MIL-M-
17060B. Note that the vibration is specified in dis-
placement units (mils), whereas the unit of accelera-
tion decibels is coming into prominence for vibration
measurement. Displacement values may be converted
into acceleration levels at a specified frequency but
the frequency bandwidth of balance vibration measure-
ment is not specified.

TABLE 6.1

Dynamic Balance Vibration

Maximum dllowable total amplitude
—| Weight of moters | Standard ™ Precision Supereprecision
. : balance balonce balance

Pounds Mils Mils Mils

Up to 350 1.0 0.5 0.2
From 351 to 800 1.5 0 75 0.3
From 801 to 2,000 2.0 0.4
From 2,001 and up 3.0 | 5 -

A test was conducted to determine the relation-
ship between balance measurements taken with an
IRD dynamic balancing device on the bearing houss

ing hub and readings taken there and ot other places -
N —7 | Y )T - T K{whmwmsm»dsmmm»;—m

tion 2. A 5HP, 2 Pole, 184 frame open motor was

equipped with special besring hovsings to- pnrmﬂfpf”;#}

addition of balance weights to the end ring lugs with.
out motor disossembly. This motor had initial dise
placement messuremants of 25 ond .20 mits on the
front and rear beoring housing Hubs respectively:
Weights were added to the rear end ring to increase
the unbalance at that end while the displacement at
the front end was maintained at.25 mils. Acceleration
readings were taken with the B & K equipment on the
three axis on the motor feet and an axial and a radial

axes on the rear bearing housing hub. The radial hub.

reading was taken at the same point as the displaces

ment readings. The test data for rear bearing hub dise,

placements of .20, .45, .85, and 1.70 mi|s respective-
Iy are fumished in Table 4.2,

TABLE é-2

Balance Test
Vibration Acceleration Levels

Band | Axis ] Reor Bearing Hub Displacement in Mils
: i i
63 X 85 93 97 102
Y 78 83 90 105 .
z 82 86 20 105
Axial 79 78 81 82
-Rodial . 83— 04— 102 67 — -
125 X 78 79 78 79
Y 89 88 88 89
79 80 80 82
Axial 75 74 79 83
Radial 79 80 72 74

Continved on next page
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and are reflecting vibration of other than the rota-

Values taken from Spectrograms 61 theough 6-9.

The rotational frequency of this two pole moter
lies within the 63 cps onesthird octave, An investiga-
tion of the adb levels for this frequency band reveals
that the radial axes (Y, Z, and Radial Hub) exper-
ience o greater change than the axial axes (X and
Axial Hub), The 125 cps band shows little change on
the X, Y, & Z axes while the hub oxes reflect the
time variation of i?g’cycle noise explained in Sec-
tion 7.3. The only remaining bond with appreciable
variation is the 200 cps band which once again re-
flocts variation in preload force.

The 63 cps levels for the radial hub and Z axes
are plotted as afunction of the displacement measure-
ments in Figure 6-1. The balance designations ‘‘super-
precision’’, “*precision’’, and '‘standard’'' are those
listed in Military Specifications MIL-M-170608 for
motors weighing less than 350 pounds. Note that the
vibration decreases sharply in the regionbetween the

_“*precision’*“and the **super-precision’ designaiions. -

Unfortunately, the achievement of a higher degree of
balance also becumes more difficult in this region.
The **hub'’ curve is lower than the calculated curve
obtained by converting the displacement values to
adb at the rotational frequency, 60 cps. This indi-
cates the dispiacement values are broadband in nature

6-2

Band || Axis Rear Bearing Hyb Displacement |n Mils
i& ﬁ‘_j% Ll7° tional frequency which the 63 cps adb levals do not.
200 X 88 8% B4 80 The drop in adb values from the hubreadings to thess
Y * n * * -taken on the feet show the attenuation characteristic
AZ | 72 g; 7% ZA of the housing and yoke as a function of bearing - hub
R:.li?cl % - 33 74 displacement. )
. FIGURE 4-1
500 X 77 76 78 78
il B B B 8 e
Axial 97 98 99 99 oAgoutprenl | —11 |
Radial 100 104 99 ., 105 / I
) L
2000 )Y( gg p gg gg gg ..!P /,/ k] TEST ON] Wy
i 2
z 97f" 96 96 . 96 L YER] gul ragt
Axial 84 84 83 ' 83 o o
Radial 89 88 89 90 02 qop—
4000 | X K] 92 91 92 kL
Y 98 98 96 9% e .
z | e e 97 o3 st
Axial 85 84 84 85 (i B
Radial 90 . 89 89 88 EE
w
8000 X 102 102 103 104 2y
Y 98 97 o4 97 u e
z 100 101 101 102 - ;
Axial 101 -9 9?1 1 -
1. [Rediet] 102 w3 w02 _ 10} Eﬁ
Ovarall X 106 106 107 109 % b
Y 108 105 105 105 £s B N N
4 10¢ 106 106 107 : - -
Axisl 1% 134] "o 110 °
 Radlal 109 112 112 LAC) ' “* | anoaseans |oissLhcament 1 wiLe o
TValows lwss ihon 70 odb weie below fangs of recording o
poper. PRECISION

STANDARD

sup N

PRECISION
This test reveals two points worthy of note.

1) Conversion of displacement levels to adb levels
cannot be made with sufficient eccuracy unless
filters are used to reduce frequency band of bal«
ancing equipmant.

2) The bearing housings and yoke have a non-linear
attenuation characteristics. Thus while speci-
fication of bearing housing hub movement (s indi-
cative of the unbalance vibration transmitted to
the load, it is not necessarily indicative of the
unbalance vibration transmitted to the substruc.
ture from the motor feet.

6.4 REDUCTION OF UNBALANCE NOISE

Reduction of unbalance noise falis into two ‘cate-
gories: preventive and corrective actions. The pre
ventative steps that may be taken are careful attens

—tion o folerances and providing sufficledt shoft
rigidity to resist deflection under unbalanced mag-
netic forces. However certain sources of unbalance,
such as small voids in the cast aiuminum are diffi.
cult to control. Thus, there must be o method of cors
recting this uneven welght destribution. This is ac-
complished by either adding or removing weight at



o

various points around the axis of rotation, Diescast
induction motors are usually balanced by the addis
tion of small weights to lugs or cavities provided on
the rotor end rings. In addition, motors for ultra-quiet
application are often provided with external balance
iings to facilitate insplace-balancing at the load site.
The prototype motois were equipped with external
balance rings and certain observations about their
use are included in Section 9.

6.5 CONCLUSION

This section treats only a preliminary study of -

unbalance noise. The cause and nature of unbalance

noise are described but the methods of reducing un-

balance are only cutlined. As previously indicated,
this phase of moter noise was not to be studied in
detail here because of other scheduled work. It should
be noted that of the four sources of mater noise, enly
unbalance may be directly attacked. Whersas the mag-
netic fields, bearings and fans are all necessary for
motor operation, unbalance is a byproduct of manu-

facturing variations, The theory of reducing ‘unbal-

ance noise Is exceedingly simple: Reduce the un-

 “balance of the rotating component. However, the
_achievement and maintenance of the reduced value of

unbalance becomes very difficult at low vaives of
unbalance. The balancing work performed on the
prototype motors (Section 9)"is an example of the
difficulties one may encounter, ..
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SECTION 7

7.1 INTRODUCTION

The degree of lcad may be shown to affect all four
principal classificotions of motor noise: magnetic,
bearing” fan and unbalance. Few references in the
technical literature consider the change-in noise due

: ' EFFECT OF LOAD

TABLE 7-1
Load Test

.5 HP.2 Pole 184 Frame
Vibrotion Accsleration Levals -

U R
. 'r.m' !'. v \

to load, and no comprehensive treatment is avail Band | Axis | No Lead | Minimum Lead | Full Leoad
able. The effects of load are shown to be dependent 63 X 26 103 100
upon many factors, and methods of minimizing the : Y 85 96 94
difference between load and no load noise are pre- b4 88 102 98
sonted. A proposed test procedure for determining
L& ' this noise difference is also prasented. 200 )Y( ;? g; g‘g
7.2 TEST MOTORS z 1 80 ll
Tests were conducted on two § HP, 2 Pole mo- 1250 | X 80 82 89
tors and one 40 HP, 4 Pole motor undei varying load® ; gg g} ?3‘
conditions. The 5 HP motors were connected to a
dynamometer with a flexible.rubber coupling and'were 1600 X 85 90 94
isolated from the dynamometer base with 10 eycle ; gg 3 103
Barry mounts. Figures 7-1 and 7-2 show the dyna- Lid 108 |
mometer test site and the rubber coupling, respece 2000 X a5 84 94 |
tively. The 40 HP-unit was also mounted on 10 cycle Y 92 94 102 |
isolators. However, a flexible metal coupling was z 96 101 107
“used due to the higher power fransmission. The mo- 000 | X | 8 | 8 | ¥ T
Tors were TesTad under ThEZE CORGITIONS (1) UNCOURTed S e - I SRR G S ¢ e S
ﬁvo;“7d the dynamometer (no IMdf)' (2)) drlvlng{tho unexs Z 95 90 " g
cited dynamometer (minimum joad), {3) ot fuil rated ] Tad —
load, TZbln 7-1 and 7.2 show the vibration ecceler- Overa] § 13; :3: }gz |
ation levels for prominent one-third octaves and fhe z 1[0} 109 I3
overall reading for the 1B4 frame open, and the 213 ]
frame, totally-enclosed, 5 HP motors. Levels for the Valusa taken from Spectrograma 7-1 through 7-3.
40\HP open motor are given in Tuble 7-3. The cuuses TABLE 72
of the vibration changes listed in these three tables . Lood Test

periencing the change.

FIGURE 7+

iJ Wi N

-~ are discussed under the ciassifications of noise-ex- -

5 HP 2 Pole 213 Frame
Vibration Acceleration Levels

Full Load

Valuas taken from Specitrograms 7;4 ‘and 7s5.

7-1

| Bond | Axis | Minimum Load
83 ¢ :3 98
1 [ |
z 7 9% . T
250 X 9 88
% 90 87
z 95 85
. 2000 X 100 101
¥ 301 104
? 100 102
2500 X 103 103
. Y 106 100
z 100 103
s0e0 boox o[ e | w .
! z 90 100
Overall X 12 12
Y 110 114
4 12 114



TABLE 7-3

l.oad Test
40 HP 4 Pole 364 Frome
Vibration Acceleration Levels

--—wo o= - - |- Band- | -Axis-| No-Load-| Minimum Lead | Full Load
125 X 73 76 89
Y 70 n 73
z 73 - 73 72
160 X 78 . 81 93
Y * * L ]
Z 72 70 7
315 X 7n 72 77
Y 7 85 92
Y4 84 76 80
500 X 99 86 . 82
Y 86 87 84
Y4 86 85 82
2000 X 105 103 4 99
Y 109 106 105
4 13 107 105
2500 X 96 99 94
Y 103 108 105
S z 104 109 108
== —Ovwratt X 08 [ 0% | 106 ]
Y 110 nm 110
B NN SO TN S T ¥ N N ¢ b SN S O i N
* Yatues less than 70 adb were below range of racording
paper.
Yoiues token from Specerograms 7¢6 through 7+8,
4 \1 _ 7.3 MAGMETIC MNOISE
Ry
%/P ’ The effect of load may cause the slot frequency
Y magnetic noise of an induction motor to either in-

croase or decrease, Factors which cause an ampli-
. T " fication of slot fraquency noise aré Increased rotor
and stator load currents, and the increase in appor-
ent permeability variation due to the rotor slots. The
et ) factor which tends to decrease slot frequency noise
Lo is the reduction of magnetizing flux with increasing
load. Depending upon which facter is the most yto-
nounced, the magnetic noise may be either amplified

or attenuated.

As the load on a motor increases, the load cur-
tents of boih the stator dnd rotor increase. The load
current of the stator sets up a load mmf wave which
is displaced 90 electrical degrees from the no load
(magnetizing) mmf. The current in the rotor bars set
up @ mmf wave whose fundamental exactly cancels
the fundamental of the stator load mmf. However,

‘,‘\(J}'.'[".’A_‘.-?.‘}(L"ff"f;\\'
o v “tHe coricentratian of izurrents in, -1tit, which Ho nof
cancel. As the currents increlise with load, these
ripples increase proporﬁoncfely. 1t is shown in Sec-
: tion 3that these ripples cauge flux force waves which
cut the stator at the frequencies shown in Table 7.4,

The eoffect of the type of rotor slot configuration

7-2

,, d /" both 2f theue, rumf. wcveg,,gmfnin ripples coused, LI

on the permeance ripples is also discussed in Sec-
tion 3. The partial or complete steel bridge over a
semiclosed or closed slot causes an apparent de.
crease in the permeance variation of the rotor slot
as sensed by the stator. At no load, this steel bridge

" is carrying only the small component of the stater-

generated flux that leaks across the rotor bridge. Un-
der load, the rotor bar currents produce rotor leakage
flux, which crosses and tends to sqturate the slot

bridge. As the bridge saturates, the permeance rip»

ples approach those of the open slot configuration.
Thus, the permeance ripples and the rotor slot fre-
quency noise can increase with load.

A third factor may result in a reduction in mag-
netic noise. The magnetizing current of on induction
motor decreases as the motor load is Increased. This
is best lllustrated by the use of the exact equivalent
circult, Figure 7.3, where the magnetizing branch
lies between the primary (stator) and the secendary
(rotor) branches. The increased current due to load

- causes a greater resistance and reactance drop, Es,

across the primary with a resultant decrease in volt.
age (E<Es) ocross the magnstizing branch. The total
flux per pole is properticnal to this veltage and the
rnultonf vurlutlon as o function of load will depend

-dn- CEEEESNET

Whoﬂm Iocd wIH Increase or decreaso the overall

_ magnatie noiss depends on which of the thres fae.
" tors predominate, :

FIGURE 7-3

EXACT INODUCTION MOTOR
;7 EQUIVALENT cCIRCUIT

1

.%l.

Righ)

Although the 184 frame motor’s overall vibration
Increased by only 4 adb, the one-third octaves con-
taining the rotor slot froquonclu indicated an -in-
crease of up to 12 adb. The three primary rotor slot
frequenciss- (Numhers 2, 2 and-4 in Tobje 7-4) are
1920, 1800, omj;2049 mps.. oo leud These ;até-ufl
contained wiiiiin ihe 2000 cps one-third octave. The
1800 cps noise (which is most prominent since R>$)
also appears in the 1600 cps one-third octove, as
1800 cps is near the boundary between the two one-
third octaves. At full load, the frequencies become
1850, 1730, and 1970 cps respectively due to the de-

Ey
Xg Ry X
. A Primory Brar:c/h\/.-y\(—,, ..l . 8stondary Branch . L iterees v
Magnetizing
Branch Ra
E _
Rm Xm

K

\

o




crease in mc'tor spead. Under this condition the fre-
quencies are olmost evenly divided between the two
bands. The next largest increase occurs in the 4000
cps band which contains the secondary rotor slot fre-
quencies. This motor's large change in magnetic
noise under load is attributed to its closed-siot-con-
figuration rotor slots. This causes a maximum per-
méance variation between miinimum and full load, and

therefore, an increase of twice slot frequency noise.

TABLE 7-4
. Stator Core Vibration

Frequency of Vibration Number of Nodes

1.| 120 Izpl
{

2 \_1.29_350-_')_ 120 |2R - 25 = 2P|

| J20R0-0 R-P 1=t I2R ~ 28]

4| 120 RP 1=8). 4120 I2R - 2§ + 2P|

5. 240 RP 1=3 - 120 |‘R - QP‘

& Mﬁ(‘_‘-_ﬂ_ ' 14Ri

R i i B T

_____enadisappenr e

The 213 frome motor reveals o different pattern
of vibration change with load. The primary slot fre-
quencies of this moter (1920, 2040, and 2140 cps ot
no load) all remain within the 2000 eps one-third oc-
tave and Increase only very slightly, This small in-
crease of rotor slot noise, as compared to the pre-
ceding case, is due to the rotor having a semisclosed
slot. Therefore, fho variation from no Ioad to full load
was minimized. :

The 40 HP motor is an example of a motor expere
lencing a decrease in magnetic noise with an in-
crease in load, Since this magnetic noise was the
most prominent, the overall noise level also decreas-
ed. This decrease in magnetic noise is due to the de.
crease In magnetizing flux. The permeance ripples
produced by this motor did not increase because of
twe factors.

A1) Semi-closad rotor clots were utilizedi— — -

-+ (2) The thickness of the partiol steel bridge over
the rotor slots does not. increase appreciably
for large diameter motors.

The combination of these factors resulted in an
effective open :Iof at any load.

~The Ol’fvzf of load on the 120 cyci@ magnefic "

“noise CeidYR bs” dafdmmed ufi; thie Yost mobor! tor
varlous rcosons. ‘The prelocd band of the 40 HP, 4
iPole motor .was reflacted in the 125 cps one-third
magnetic noise.

The change in the 120 cycle noise of the two

— o po——

pole motors under load was insufficient to register
above an inherent variation in this frequancy noise.
In two pole motors whose torque is low compared to
their horsepower, operation at no load con cause a
time variation of twice line frequency noise. When
these notors have small no load losses, the rotor will

" totate at almost synchronous speed. For example, a

40 HP, two. pole, totallyeanclosed motor with the fan
removed was observed to <!ip only one revelution
every three minutes at no load. The variation in pers
meance of the rotor steel due to rolling (described in
Section 3) will rotate at slip frequency with respect
to the synchronous wave. Thus the minimum reluct-
ance path will coincide with the synchronous wave
at twice slip frequency. This tima variation inrotor
permeability will modulate the amplitude of the fundas
mental flux wave and thus the 120 cycle magnetic
noise generated by this flux wave,

A similar phanomenon, commen in two polo mo-=
tors, produces a beat frequancy effect at twice slip
frequency similar to the modulation of the 120 cycle
noise described above, This beat effect ia caused by

“the alternate aiding and bucking of noise sources

preducing twice line frequency and twice rotational
frequency. (20)* The addition of fairly small loads
such as the air flow resistance to the extemal fan

effect upprociably. ‘Av moderate loads, these phenoms
ompietely. (Seo-Specnagrams 7-9-and:
7']0.)

7.4 BEARING NOISE

The standard straight line skew of retor bars
normally used in induction moter design, in conjunc-
tion with the slowing down of the rotor under load
causes a variation in the amount of axial force on
the bearings. This istrve whether or not the beorings-
are initially preloaded. The variation In preload can
cause either an increase or decrease in the amount
of noise produced by Initiclly preloaded precision
bearings and will cause an amplification of the neise
praduced by non-preloaded standard bearings.

As motorload is increased, the roter slows down
relative to the synchronous flux wave. The rotor bars
“cut’’ the flux wave at a greater rate. This produces
a force, F, on each rotor bar which Is perpendicular

“to the bar.

F=KBIi K 71

where F = normal force
K = constant of pfoponlom-luu
M . Alyx danchy ~ _
A = fength of conductor i
i = current in conductor

“Number in parentheses refer to references listed in
the Bibliography. .

@né»nducerﬁmwmw“w T




I1f @ is the ongle of rotor bar skew, F cos® is the
tangential component which supplies the motor torque
F sin® is an axial component, hereafter termed F .
This axial force is readily camputed for any load and
speed if the rotor dimensions are known.

= 5,250 HP tan © . Ibs 7.2

nr

where Fy = axial force in pounds

HP = load in horsepower
© = skewangle
n = motor speed in rpm

rotor radius in_feet

“This axial force may vary the prelead force on
the becrings in one of four manners, depending upon
the manner of initial preloading. in this discussion,
the subseript | indicates terms refering to the bear-
ing at which the axial force is directed; lubncrlpt 2
refers to the opposite bearing.

r

Fa = axial force due to load

Fi = initial preload force for bofh boar-
ings. ]

) 7F1 = preioad force under load for becring
H.

Fg = prelaad force under toad for bearing

Ky = spring constant of spring washer ¥1
‘_ Ka = spring constant of spring washer #2
Xy = initial deflection of spring washer #1
Xg = initial deflaction of spring washer #2

Condition 1:  Beorings not preloaded, i.e., F; = 0.

Shaft is fru to move and moves in
direction of F, . After shaft hos taken
up the end play.

Fi=Fp Fp=0 7.3

7-4

Condition 2:  Spring washer at bearing #2, i.e.,

Fi =KaXg

(Note F; preloads both beoring;) .

Shaft is not free to move, therefore,
spring ¥2 remains compressed the
- ocmwm.

Candition 3:  Spring washer ot bearing #1, i.e.,
Fi =KXy

{Again F, preloads both bearings)

N Fo BEINF
B B
y .

/I E42F, which is the normal case,
Fi=F Fp=F -F 75a
If Fy 3 F; the shaft will move

Fi=F  Fp=0 7.5



-

Condition 4: " spring washer; at both bearings, l.e.,

Fi = KiXy = KaX2

The amount of initial preload on each .

bearing must be the same for there to
be no net force on the shaft. If dis-
similar spring washers are vsed (K
# Ky) due to different size bearings,
the wcshen will deflect amaunts in-
versely .proportional to their spring
constants.

N

taves. These bunds showed an incréase of 12.13 adb
on the Xeaxis (parallsl to the shaft). The second har-
monic appears in the 315 cps band, This motor had
standord electric_motor grada -bearings which were
not preloaded (Condition #1). As explained in Sec-
tion 4, preloading of standard bsarings (FF-B-171)
of'on results in an increase in motor vibration. -

1.5 FANNOISE

Meter load has only a nominal effecton fan noise.
This slight effect ts dus to the decreased rotating
speed of the rotor, which diminishes the amount of
air pumped, -See Section 5. The frequency of fan noise,
Ilkolmost motor noise, Is decreased by the percentage
of slip.

7.6 UNBALANCE NOISE

It was noted that the unbalance noise of the mo-
tors tested varied with load. The 184 frame motor ex-
perienced about 3 adb less rotational frequency (63
cps band) noise at full load than at minimum load.

. The 213 frame moter reveals a decrease of 5 adb for
-~ the- same-load._change. The-40.-HP unity on. the-athes.

Rr——
o

@

Shaft moves a distance X, due to
force, Fy.

= Kj(Xy +X) Fp = Ko(Xg=X)

but F~Fp = Fy

therefore, Fy = F; + Fy K:ilxz

: _ Ky )
=F -F 7.6
R 1= K1+ K

This variation in preload amount may vary -the

bearing noise in either direction. As is discussed in -

Section 4, there is a preload band of frequencies
which occurs in the range between 150 and 250 cps.
This band was shown to be hjghly dependent upon
the amount of prelcad. The 213 frame motor was pre-
loaded in the manner of condition #2. The full load ~
axlal force was calculated to be 5.9 pounds using

Equation 7.2. The initial preload was approxlmutolv;

95 nounds, which—was s bscsusntly found to result
in near max}iium prelcad noise. The décrease of 8 to
10 adb 'ﬁaf the 250 c¢ps one-third octave correlates
quite well with the data furnished in Table 4-2 in
Section 4.

The preload band of the bearings in the 40 HP
motor lies within the 120 and 160 cps ones-third oc-

hand, did not experience a change in rotational fre-
quency noise. Thase variations may be the result of
the magnetic pull onthe dynamometer rotor which was
transmitted back to the motor. The motor-dynamo-
meter combination was not dynamically balanced as
a unit at minimum load; thus, no conclusions of this
part of the study can be made.

7.7 CONCLUSION

This study reveals {at no load nn'n tests of

" &n induction motor are-fet, In general, indicative of

the motor vibration at full or even partial load. The
frequenciss of most electrosmechanical noise wiil
become:

fr = fq) (1-9)

" where f{| = frequency of noise under load

€ motor slip in per unit

fnl = no-iood frequency of noise

__ The amplitude of the vibration may increase or de= __ _
" crease dépending vpon n the source of the noise and

other conditions.
Increase in motor vibration due to load may be
minimized by: .
1) Using herringbone skewed rotors. The two
straight line skew segments will produce ax-
ial forces equal in magnitude and opposite in

7.5



direction and thereby cancel each other.*
This permits the optimum preload force on
the bearings to be set at no load and to be
independent of load. The amount of skew is
determined by the maximum peripheral dis- -

plocement of the rotor. bars.. Therefore,the - -—-—. - -..--

equivalent herringbone skew for a standard

straight line skew requires that each half of

the rotor bars have an angle whose tangent -
is twice that of the straight line skew rotor.
bars, as shown in Figure 7.4. - e

FIGURE 7-4

EAUIVALENT STRAIGHT LINE
ond HERRINGBONE SKEW

herringbone

4

~

power factor requirements. As shown in Sec-
tion 3, a large air gap minimizes the effect
of parmeance ripples which increase the load,
The variation of motor noisa due to load dem-
onstrated in Tables 7-1, 7-2, and 7-3 indi-

-cates ‘the -need for noise testing under load

conditions. Measurement of motor noise under
load ‘presents the problem.of isclating the
ne.se of the.loading device. It is recommend-

ed that full load testing be done in the fol-

lowing manner:

1. With motor iselated to highest degres ob-
tainable, take noise measurements at load
site, such as dynamometer, under no load
conditions (uncoupled).

" 2. Take noise measurements with metor con-

nected to load with a flexible caupling”

(rubber,” if possible) and driving a minis
mum load such as an unexcited dyname-
meter,

3. Take noise measurements with motor at
full load (excited dynamometer). -

The corrected full load reading is:

Reading 1 + (Reading 3 — Reading 2)
This. method. raliss_on.the. iseletien-yeed

3

W

| E—

2)

Zﬂm fine

If herringbone skew cannot be used, ameunt
and manner of preload must be selected such

- that an Increase in preload as calculated by

o s —

3)

Equation 7.2 will not cause an increase in
vibration. The vibration vs. preload charaet-

“*gristics will‘have to be determined forsach

size of bearing used and, until consistency
is verified, for individual bearings.

Use of as Iargo an air gap as is consistent
with meeting necessary starting current and

*Another cause of axial movement, significantonly une
der starting conditions, is a result of an initial axial
misalignment of the rotor and stator magnetic centars.
The retor end rings will encounter unbalanced trane
sient fields. The rotor will move In the direction of
the end ring farthest from the stator magnetic center.

7-6

{such as mounts, couplings, separate founda-
tions, rooms, efc.) to minimixe ths noiss

~“change in the loading device due to load re-

2R .

ther than the total noise produced by the load-
ing device. The difference between the firat
two readings is assumed to be caused by the
dynamometer since the motor is only slightly
loaded by the dyhdmometer’'s windage and
frigtion Iouu. (The 5 HP motors in this
study were supplying only 0.35 HP whenthey
were drlving an unoxclfod 15 HP dynamo-

“meter) - —

This study Indlcatn that a moter with semi-
closed rotor slote experiences less increase
in vibration with respect to load than does a
motor with closed slots. However, the per-.
meance variation due to o closed slot under
load conditions only approaches that of o
semisclosed slot. The closed siot causes a
greater increase in vibration with load only
because it is quieter at no ioad. Use of a
closed rotor slot rather than a semisclosed
slot is recommended, ,

(LT
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8.1 INTRODUCTION "

This section deals with two Important aspects
of motor noise. One, vartous foctors in induction
motor construction can aither amplify or difénuate
the noise produced by the four sources previously
discussed, The effect of these construction factors
is considerable and, thus, of as great an /mportance
as the sources themselves, The following construe-
tion factors are treated in the indicated subsscctions.

8.2 Tolerances
8.3 Frame Materials and Rigidity
The second aspect treated in this section is thot
of attenuation devices. If the desired level of motor
noise cannot be achieved by reduction of the noise
source, then the noise produced by the source must
be attenuated between the point of generation .and
where it becomes objsctionable. The following attene
vation devices were studied.
- 8.4 Damping Compounds
8.5 Encapsulation Compounds

" by the air gap eccentricity,

| SECTION 8
"MISCELLANEOUS STUDIES

"

- and measurement of the air gap at both ends of the

motor, The motor was first tested with o concentric
36 mil air gap. Then the rotor was adjusted such that

- the rotar axis was 8 mils below and parollel to the

stotor axis, Next the rotor was adjusted so that its
axis was 8 mils above the stator axis at the front

.end of the air gap and 8 mils below at the recr end.

Finally the votor was adjusted to give a uniform 36
mil air gap again. : .

Vibration readings for these conditions are given
In Table 8-1, The F and R axes are parallel to the
shaft, and on the front and rear bearing housings,
respectively Moving the rotor 8 mils off center cous-
ed a general increase in high frequency naise. The
varlation ranged from a 2 adb decrease to a 12 adb
increase. This general increasy is due to an ampli-
fication of the rotor slot frequonciel\ond to the intro- 4
duction of odditional harmonic magnetic fields caysed

) TABLE&’BRX 7
., Effect of Eccentric Alr Gap

8.6 Internal Isclation -

e Mg TerEsMeRN— - L and | Axia]Cancantislpasallal|anspivailaiCancamsa] 7]
, 63 X | 94 94 94 94 B
, Manufacturing telerances can affect motor noise Y 80 80 79 82 =]
- 2 cioaral - wavE " X z =3 % 7=
? in several ways. The most important are: F a8 86 86 88
1} Eccentricity of the airgap causes unbalanced | R 90 88 89 88 :
magnetic forces which result in magnetic 5000 | X 88 92 21 92 _ |
- — noise. , : Y| n 97 9 9 N
) 2) Non-parallelism of the rotational axis with Z 100 103 103 100 ;
i B F 9 98 98 98
. the bearing housing bores causes deforma. R 97 97 97 97 !
tloln of the bearing and resulting in bearing 2000 X %0 % %8 %
noise. ) - Y| 13 14 106
3) A tight fit between bearing and shaft alse z 107 109 14 106
deforms the bearing and increases haoring ) ; n ‘]g ‘?g }!9
B noIee. 14 14 i 1o
No less than twelve manufacturing tolerances 190,000 5 ?39 }gg }?f }?}
affect the concentricity of the air gap excluding ins z 108 115 14 115
ternal bearing tolerances. These tolerances apply to ; ”3 :ﬁ }f: }%g
the rotor and stator air gap surfaces and ane for each
moting part of the following five fits: stator core - Overall| X 106 109 108 109
yoke, yoke = bearing housing, bearing housing = bear. Y m ¢ [§1 116
4 13 117 118 117
ing, beoring = shoft, and shaft ~ rotor core. These F 19 124 127 12r
tolerances can cause the mognétic axes of the rotor R 123 124 122 130
and steter to diverge. Similarly six tolerances affect Values token from Spectrograms 8-1 through 8-8,

the alignment of the axes of the bearing housing
bores after motor. assembly: One for each -housing
bore, housing OD, and yoke fit. Misalignment causes

_ _the rotor axis to be non-paralleltaboth-bearing houss

T T S 7 -ing hores £dd, thesefore, the bearing inner races are

ol ™ nud<patailel to e outer races. .

npet LA 40 HP 2 Pole, 364 frame TEFC motor was

* chosen for the investigation of the vibration caused

by these misalignments. This motor wos supplied
with speciol bearing housings permiting adjustment

Changing the rator axis from a paralle! off-center
alignment to the non-paraliel alignment resulted in o
very slight increase in vibration levels. The increase

~iA-bearing Toise due 1o hon-paraiiei “bearing rates

was balanced by a decrease in magnetic noise, al-
though the magnetic noise remained greater than for
the concentric condition. The average eccentricity of
the air gap was only half that of the previous test
since the rotor and stator axes crossed at the mid-
point of the cores. The bearings were. permanently

8.1
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damaged by operation under non-parallel condltions.

as evidenced by the high vibration levels after read-
justment to o concentric air gap.

While the increase in noise was appreciable in

these tests the eccentricity of the air gap was also

considerable. The 8. mil change in rotor axis place-
ment resulted in air gap measurements of 44.36-28-36

measured at 90° intervals starting at the top. This
variation is larger than would- result from normal
tolerances. The variation can be held ta reasonable
limits by the following methods:

1) Performing all machining operations on one
component at the same time, thereby main-
taining concentricity of turns and bores.

2) Decreasing the tolerance allowances of the
bearing hounlng bores. An ABEC-5 or highor
tolerance is recommended.

3) Preloading bearings to take up the lnfernol -

bearing tolerances,
4) Use of a light press fit (1 to 2 mil interfer
ence) between the bearing housings and frame.
Other measures, such as both“boring out the
bearing housings and grinding the stgtor bore when

- sach part is assembled into the frame, can be taken
as -additional precautions but the measures listed

above are considerad sufficient to control the oir

-gap concentricity,

-—ﬂ%rmu:mfamm“— fostvely-with Thess
tolerances which affect the air gap concentricity,
corducred-

Additional talerance studies wers tn-asne

“junction with the censtruction of the protetypa moe

tors and are reported. in Section %.3.1.

8.3 FRAME MATERIALS AND RIGIDITY

A test was conducted to determine the relative
merits, as far as noise is concerned, of thres matei-
ials used-jor cast components, The casting materials
tested were nodulor iron, cast steel, and aluminum,
A 7-1/2 HP, 2 Pole, 213 frame TEFC motor was used
for this study. The same stator and roter assenblles
wero cofisecutively assembled into the frames and
bearing housings cast of the different materials, The
castings were made from patterns which were identis
cal except for shrinkage compensation, Results of
this test are furnished in Table 8-2, These vibration
acceleration levels indicate that nodular iren is
preferable,

in addition to the attenuation and transmission
of vibration through frame materials, the moter com-
ponents must have sufficient rigidity to resist des
formation caused by magnetic forces, weight of rotor
assembly, etc. A rigid component is not necessari ly
o heavy one, although adding material is one method
of attaining rigidity, Auuming a constant applied

w/ﬁely prapuitional to die'mass of the unif. In Yzrms’
of decibals, o doubling of the weight of a unit will
decrease the adb levels by 6 adb, if the added weight
is inert. H, however, the heavier unit has a higher
horsepower rating, this is not true. Generolly speak-

8-2

foren, the accelarsti. of s vicfatory movion is ine
v T

ing, the vibration remains essentially constant as the
size of the unit increases.

TABLE 8.2

Frame Material Smdy‘ _
Vibration Acceleration Levels

Band Axis | Nodular Iron . .Cu-t Steel | Aluminum
63 X 9 9% %
Y ] 87 92
z N 87 N
2000 X 8y 87 95
Y 86 91 102
A T, 86 9 104
2500 X 97 100 - s
Y | 90 104 5
z 1] 103 8
6300 X 100 97 97
Y 94 92 95
1z 9 100 110
10,000 % 107 n 0)
- Y, 102 106 07
b4 102 109 05
Overall X 110 113 08
Y 108 113 1
2 109 14 12

Values taken from Spactrograms 8-9 through 8-11,

"m:mmmod force umalns the same. if, however, 1ho

unlt is made mery rigit by the addvd wEig, 4 ne

gain will result. Materlal added in the farm of ribs
on the yoke or bearing housings decreuses the vibra.
tion more than would reault from-the mere weight ins
crease, (21) in specific instances, a component may
be redesigned for greater rigidity without a welght
increase or avan with o weight dsersaass, Usually,
however, some Increase in weight may be expected.

Yariations among the mechanical designs of dif-

forent frome sizes and different manufacturers pre-
ciudes spacific racommendations. The following gen-
eral recommendations regarding the frame materials
ond frame rigidity are made.

1) Nedular iren castings are preferable to cast
stael and aluminum for attenuvating the overall
vibration produced in an induction moter. The
differences in these materials is particularly
noticeable at frequencies abave 2000 ¢ps.

-2) The ottenvating choracteristics of the frame
are greater at higher values of vibration. (See
Section 6, Figure é-1)

3) Ribbing of housings and yokes wlll increase
their rigidity and reduce their vibration and
the airborne noise generated by this vibro-

tion. Several important. u.-:'s cbom rlhbhjg y

o _mus’be considerédi AP
.a. Use of circular rather than oxlul'ribs will
cause a greater reduction of deflections
dve te radial air gap forces.
b. Ribs should not interrupt a high velocity
air stream. For example, the fan end bear-

ing ﬂw occclcrcﬂon -tevsly Bf rl‘picmc L
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- o [ ) L:ghl:::ls;:g”::’LEFc motors ’hOUId not be Band Axis |No Coating | Aquaplas | EC_244 | 1378
8.4 DAMPING COMPOUNDS - I B S 4 b 4
A study was made of the feasibility of using ) z 7 7 70 7
damping compounds on motor components. These
: compounds, usuclly of either a tar or plastic base, 200} X 85 79 88 87
- are applied te the metal.surfaces. Any vibration of Y 74 77:5 775 | 78 -
= - the metal results in a stretching and contracting of | z 72 ’s 7 75
£ the metal surface and therefore of the coating. This 1,250 X 85 85 87 86
flaxing of the compound dissipates some of the vi- Y 91 90 92 92
bratory motion in the form of heat. These compounds 4 89 86 82 88.5
. are particularly effective whbn applied to large, thin, ~ 2,000 X 90 92 .90 94
S unsupported plates. The purpbse of this study was to Y 94 94 96 96
determine if these compound) were effective on cast z 9N N 92 92
motor components whose shal:es are quite dissimilar 4,000 X 35 07 98 24
from o got unsupported plite: : Y 9 9 92 .| 89
w7 Tests were conducted on becrlng housings and z 98 99 " 99 96.5
_air deflectors of open motors and“fan housings of 0000 X %8 100 92~ 1100
" totally enclosed, fan' cooled motars.: The (housmgs\\ 1" ¥ o 100 % |10
! worfa -of cast iron whilethe air deflectors wera stamp.” -z 98 103 97.5 |10z
ed from sheet steel."Foyr sets of components were e
prepared. The first set was not cocted, the other °"f'°" $ 103 105 103 :04
three were coated with H.L. Blachford's Aquaplas, 7 :gi :gi :gi lg;
] Minnescta Mining and Manufacturing Compony's come ;
i pounds EC-244 and 1378, respectively, Before as- Values token from Spactrograms B« 12 through 8+ 15. :
. gembling the comhngzn;: inio the.test maotors, the ) Y TAB.%‘.EE ,:‘.‘;; T - -
T gompanents. were | rom.a.wire anll- then stuels——————cooro ""’"’%h";L-
r“:‘f‘"’—‘* T I was observed that the uncoated air deflectors pro- Une Tressure L"’" =
i ) duced a prencuncedring effect, while tha coated ones Band | Mo Ceabing | Aquoplss | ECv2as | 1378 =
§- T did-ne¥, indicating that all three compounds drastie- 318 T Y] 52 51
) ally reduced the vibration decay time of this part, 1,000 49 82 49 50 -
. : The castbearing & fan housings produced little 'ring’* 1 5,000 _ 7 40- 42— | 3%
oo in ehhar the coated or yncoated condition. Overati 58 59 508.5 58
A 3 HP, 2 Pole, 184 frame open motor was suc- Valuss token from Spectrograms 8-16 and 8- 17
% p—, N lcﬂli\‘OJY Tq:‘?f"iwm!rﬂrl ‘%"5 ';" of t“”"qnh?tr Table 8«5 shows the airborne sound levels for a
' | 98 anc alrcsectors. a5 ¢ 8:3 shows the neg lglh e 5 HP, 2 Pole, 213 frame TEFC motor supplied with
2::3?1::"1.‘;"5':'8'?4" I::;;',:'::r: u'i.r;:::ed::i:: ‘::: the four fan housings previously described. The f‘"‘
| also unaffected by the use of domping cbmpéinds. housings are simplerin construction thon the bearing
z This is attributed to the following reasons: h°:|'1“"gl:' h‘"'ﬂ'h‘""" w:”"' T;: 31"”{ 'h':'T':‘°|":
] rather than continuous contact w e frame. Thes
: n T:\:.:’f::cfumlly complex shape of fhe com: factors, In conjunction with the possibility of the:
2) q’he relatively thick cast construction. porous compounds absorbing some of the fan-caused -
3) Assembly of components into motor increased airborne noise, prompted this test. As Table 9-5 indi-
their rigidity, Thus, while the noise generat- cates, the effect of the compounds is again neglig-
ing characteristics of the air deflectors were Ible, Therefors, It is concluded that the use of damp- g
3 grectly changed, there was no discernable ing compounds on cost or small fabricated motor com- v
: B ©_ chonge in motor nolse. : ponents will not reduce motor nolss. This venclusion -
5. == : : “ will not apply to shoct metal enclusures mounted on
H TABLE 8.3 s the motor frame.
H Bearing Housing Coatings TABLE 8-5
z Vibration Acceleration Levels _ Fan Housing Coatings
- Band | Axis [ No Coating | Aquaplas | EC-244 | 1378 o Sound Pressure Levals [
E R ) § )gar.s :; ggs gg Band | No Coating | Aquaplas | EC-244 | 1378
z 82.5 825 | 8ns | @ - 4 44 @ s
125 X 76 78 73.5 84 2,500 63 62 62 62
z * Y 85.5 84 85 84 Overall 78 78 77 78
z 83 81.5 79 81
b

Valyes taken from Spectragrams 8-18 and 8- 19

8-3
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8.5 ENCAPSULATION COMPOUNDS

- Airborne and structureborne noise tests were
conducted to determine the effects of encapsulation
compounds on motor noise. Use of these compounds
to seal off the mator windings from the environment
is becoming widespread. Tha encapsulation method
for the test motors utilized molds to insure complete
fill of the winding and end turns. The encapsulation
material used was Epoxylite's compound #293-12,

A 3 HP, 4 Pole, 184 frame dripproof pratected
motor was usad for the airborne test. Airborne read-
ings were taken at eight points around the mofor be-
fore and after’ encapsulation of the motoer windings.
The ‘spectrograms (8-20 thru 8-25) reveal an appre-
ciable change in the directivity of various frequen-
cies but the average levels remain essentially con.
stant. Although the presence of the encapsulation
material neither increase nor decreases airborne

"noise, the directivity of airborne noise is appreciabl
changed because the air flow path is changed. ‘

The vibration test was conducted on a 2 HP, 4
Pole, 182 frame open motor Table 8-6 lists the prom-
inent 1/3 octave vibration accelaration levels for two
vertical axes: (1) the Z«oxis on the motor feet, and
(2) an axis on the stater core, The stater core axis

The & adb decrease in magnetic noise may be
caused by two factors: (1) the epoxy encapsulation
material completely-fiils the stator slots. if the com-
pound is sufficiently rigid, this will add to the stator
.core and ‘tooth rigidity and, thus, reduce the deflec-

tions_caused by the mognetic force waves. (2) the. ...

presence of encapsulation around the end turns and
through the slots-can act as either a rigid support or
a damping agent depending upon the rigidity of the
materiol. .
The 6 adb decrease obtained using the Epoxy-
lite epoxy compound is sufficiently large that fur-
ther work in this field is warranted. It is recommend-
ed that a study be made to optimize the encapsula-
~tion compound te a maximum reduction of magnetic
noise. . )
An enkapsulation insulation systemhas recently
been developed that can withstand occasional sub-
mergence in salt water (BuShips Contract NOBS
72314). Incorporation of this development with the
vibration reduction caused by encapsulafion suggests
“the feasibllity of utilizing quister encapsulated mo- ~{
tors {h many-applications now requiring totally en-
closed motors. -

| WG )6 TPk

—  wos TeETOreed (R Order Y8 €

in core vibration due to the stator coil encapsula.
—— - fion; The primary rofor-siot-frequencies of this-movor
reflects in both the 1000 and 1250 cpa bands. The
two axes In these bands reveal an average .6 odb de-

creaye zaused By the encdpaylation. The speetres

grams for the encapsulated motor also reflect spur-
ious changes due to bearing deterioration which
" caused an Increase in the 31.5 and B000 cps bands
on the Z-oxis, Both the 31.5 eps band, which con-
tains the rotational frequency (30 cpg), and the 8000
bond often reflect bearing noise, The core axis shows
a decrease in these bands indicating the changes do
not originate in the stator core. Since the change
was so clearly a result of a defective bearing, the
test was not repeated.
TABLE 8-6 Encapsulation Test
Yibration Acceleration Levels

Band Axis Unencopsulated Encapsulated
U sz L ys o800 a4 |
Core 76 --73
125 z 72 70
Cors 77 75
1000 z . 10 96
A ] Cere | _ 99 I R [
T 1250 z 107 101
Core 110 104
8000 Z . 97 103
Core 101 98
Overail z 112 109
Core 112 108

Values taken from Spectrograms 826 and 8-27.

8-4

~ The feasibility of providing internal lsolation
material between the stator core and frame was in-
vestigated. The fundomental theory of vibration ise-
lation and the problems of praviding internal igalas
tion and the problems of providing internal isolation
are treated, Tests of a sample isolation system indi-
cate a large decrease in motor vibration, especially
in the high frequencies. :
© Any isolotion material has a transmissibility
versus frequency cluracterisiic similus o that showa -
in Figure 8:1, The equation for this curve con be
given exactly for steel springs because they have
straight line load deflection cheracteristics and neg-
ligible damping.

T = transmissibility

Fy = force transmitted through the
7 Tresilienf mounting. Tt
disturbing force in same units
as F, .

frequency of disturbing vibra-
tion in cycles per second.
natural frequency of the re-
siliently mounted system in
cps.

Fd=
fd=
f =

n

R
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The natural frequency of the resiliently mounted sys-

tem, fh‘ is
- 188 /1

but - d =

¢ = 188 /& 8.3
60V W

(=) {-]

 m1E

where d = static deflection of the resil-
ient mounting in inches,

k = spring constont or stiffness
factor of the mounting in pounds
per inch of deflection.

W = weight on the mounting in

pounds.

As indicdted above, these equations are exact only
for steel springs or the equivalent. For rubber and
neoprene, 50% of the static deflection may be used

constant, k, will lower the psak at f_ and raise tha
trensmissibility beyondﬁfn, until the extreme case
of no isolation results in o horizontal line through
“unity transmissibility.

Because the use of any isolation material re-

sults in an amplification of_ all frequencies below

T2, it is imperative that f, be equal or less than
the lowest frequency vibration of importance. In in-
duction motors, this frequency is the rotational fre-
quency, f. Therefore, the natural frequency must
meet the foliowi ng condition:

fn<:7r7_

or f, <1500 | | 8.4

g
v

Since the isolation must be effective at no load (s =
0) as well as full load, Equation 8.4 maybe simpli-
fied. . -

85
<2 8.5

|

Transmisgpeiry T= = .

when calculating f, (22) - I addition o~ praventing, any amalification of s
] ZIGURE 7 rotayional TrequUEncy 16158, G [5W r&s0nant frequency p
FIGURE 81 Is desirable to reduce the transmissibility of any vi- =

:'|
! g Theoraticot Guivk
T -

!

199

T %1 avmianbttye -
- 1)) AT

Teansmitting Effact
/‘w-n\oul Isoloton

G 00 V2 o 50

GATIO:": b aounlmqn Noturat tuqunncy

The notural frequency, f_, of a resiliently mount-
ed system is the frequency di which It will oscillate
by itself if o force is oxerted on the system and then
released, A system ‘moy have up to six natural fre-
quencies, but it will be found that in the practical
selection of machine mountings, if the vertical nat-
ural frequency of the system is made low enough for

a low transmissibility, the herizontal and rotational
Aa

' natural frequenciez will aenerclly be dowar thanshe

vertical and can be disregarded.

The curve in Figure 8-1 passes through unity
transmissibility o2 f,. Betwoen zerc cps andwZ f,
cps, the transmitted force is greater than the disturb-
ing force, Although the amount of damping may affect
the value of fs the transmissibility curve will always
pass through thev/2 f.. An increase In the spring

bration having a fraquency grearer than the¥/7 f,. This
can be seen from Equation 8-1. The larger the term
{f4/t,) 2 bacomes, tha lower the transmitted force,

-The disturbing frequency, f4, is that of the vibration
being isolated; thus the on?y remaining variable is
f.. Reducing f, by Increasing the static deflection
(Equoﬂon 8.2) reduces the vibration transmission.
As Equation B-3 indicates, the deflection may be in-
creased by either decreasing the spring constant or
Increasing the walght W,

Application of the theory of vibration isolation to
the interior of an induction motor presents several
problems: (1) A minimum of space is available for
the isolation material, (2) The low natural frequency
required by Equation 8.5 requires both a low stiff-
ness (high resiliency) and a relatively high compres-
sion force.

A survey of the isolation materials presently
manufactured revealed that a waffle shaped pad (man-

vfactured by Fabreeka) designed for use under mach- -

inery came closest to meeting these requiremients.
Figure 8:-2 shows samples of these pads ond the
modified stator core of a 5 HP, 2 Pole motor which

ool - totmemml tmnloat YR
--waa vsed foi Tesilag internalisclationi The materiai

was cut into a strip and wound around the stator core

0.D. A metal band was clamped around the pad to .-
compress it and to supply a metal surfoce to permit |

pressing the assembly into the motor frame, The pad
was compressed with a pressure of 50 lbs, per square
inch and resulted in a natural frequency of approxie-
mately 20 cycles per second.

8-5
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FIGURE 8.2

Table 8-7 lists the prominent 1/3 octave vibra-
tion acceleration levels for the original 2 Pole motor
(not isolated) ond the same unit medified to accom-
modate the-isolated core, All frequency bands other

: . than 315¢cpa ind

ST 5y Tsolaled Unil. This reduction is greatest for the

, radial axes (Y and Z) In the 4000 eps band, which

EE s -~ contains the double roter slof frequencies described
in Section 3. The next highest vibration reduction

occurs in the 63 cps band indicating that appreciable

amount of rotational frequency {60 cps) originates in
the stator, The 315 cps band for the motor contains
the preload bend and its erratic variation is of ne
consequence, [nternal isolation results in an appre-

ciable decrease in vibration levals, not enly of the .

magnetic nolse but of the entire frequency spectrum,

TABLE 8.7 Internal Isolation
Vibration Accelaration Levels
Band Axis Not {selated isoloted

63 X 89 [ 1]
Y 1 83
F4 90 83
315 - X 80 88
Y 90 83
B 4 83 92
2000 X 93 - 90
Y 95 92
B 4 100 98
4000 X 89 83

Y 92 | _8
e T N SR . 82
P 10,000 X 96 93
- Y 94 . ?1
Zz 95 92
(o] i X 109 105
vere Y 1o 104
z 107 104

Values taken from Spectrograms 8-28 and 8-29-

8-6

dicate. o lowsrvibrotion.for 4! Mcﬁm—/——ﬂ'—“—l’-‘m

.Table B-8 gives an indication of the attenuation
of motor vibration between the stator core and frame
of the isolated unit, Prominent onesthird octave levels
are shown for both the motor running oY no load and
for a half-voltage locked rotor condition, The latter
test was conductedto sliminate all rotation-dependent
noise and vibration, .

TABLE 8-8 .

{solation Ten
Vlbruflon Accaloraﬁon Levels

Bend Running Half.VoIfugo Locked -Rotor . v
) Frame Core Frame Core i
63 B4 90 LM Lt
25| 73 95 =108 ™ m
250 84 9N 115 122
s 87 88 107 ) 103 -
2,000 Y 100 99 . 106
4,000 82 89 9 . 96
-1 10,000 88 777 * * .
‘|Overall 102 107 122 124

* Values loss than 90 adb were below range of recerding
paper for the locked rotor condition.

Snectiograms 890-and el o

Although the effectivensss of intarnal jsintien e

“In reducing motor noise has been proven, several - :
prebiems arise through their use. The isolation ma-

terial is as an efficient o thermal insulator ag vibre-—- - --
_ tion isclator, The location of this material between
the stator core and frame places it in the path of one
of the main avenues of heat removal. In additicn, the
isolation material must be resistant to any contamin-
_ants-in the atmo sphere. Two isolation manufacturers
ave expressed the opinion that internal isclators
can be made of materials resistant to both contamin-
ands and the maximum hot spet temperature of Class
B motors. Whether motors with such isolation can bs
cooled sufficiently is not apparent, It is recommended

that this aspect receive further study.




N b.con o 009016 Cc0300 000 NCE
qpe OF(J 0 ..mn € ] ,wﬂmll - s T T I..T ¥
g ]
T3 1 _« _~ -
K—9E-9E~9E = : - =
9E=9E=9E=9E == u
SUIoqeInNoNING ——
0961 2w 9T !
0841 e Y9¢ =T
o104 Z dJH O -
£poyg soueierol — —
qre 0C1 - : — n h —
Ahonno 1900 :;ﬁfuorwoouo ) 0}
RN L AN A A A = ),1 > )
qpe O\sﬁ ] zw.n E J F T ° \& - Z

T f %m.l 3

]

1)

I
1

ST

e

sTXy-1
9€~9£-9€=9¢

1
H

¥ t
| D )

PTTTTTTET I

A808boaoguncao0)
o LU TR T
vl p. -

o T

TR

AR

J
—
—1

1

i

T

T

B

1

n.nomwmms <J\.J,7

e 02T I <_,.

CQcooo Rk

e

o000 0codo L”ddoocooooauo.

i

i
_

$8-1



1

1 s

vl ol

sy

o

Yoo

OOQ.!L%OOD);QJ.M#Ot)‘.a_«,.DOO..OA.WOODAJODO.UUO- ;
00002 Ld 00T GO s o Ol [ . o
eﬂs.ﬂ.,« : IJJ .1| L ‘sm,id __.l‘.l..l. T Nﬂ i
*3sg Teey - HI” T ) i
96-9€~9€-9€ H —— i
9E—9€-95-9¢ = = o — :
PUIOqeIRIINIFS 1 : Py tHt ”
0967 £ 9T . i JE——h 5 ]
044l emeai ¢ \ = "MIII J
eT0d Z 4 OY “ =
Avlomﬁuuu._ ﬁj 3 2 P n
b e , d 7
?ooooooo:oaf;co 2000 Ic0b8b000D3d000D,
. 0 Qg Bt S ! 3o.mnnqﬁoo%o.,:ruoo.wnuohwoo‘uwﬁo
Ll L w— - ] s : oy o .= e = S
*Sog uozg : e am L ,
9E-9E-95-9€ = == :
9E—IE-96-9€ = e e e LS
STIOqEIRIONIS A% —
096T LR 9T i i an
0331 smexy %9f : = == 1
oTod T dH oY s ¥ —
fpnayg eowslerol e— .
eﬂcﬂ.ﬂtt M %uﬂl.l:l n a At M r -: 1
mooooocaocoo\mmouom DOCGODODL moocooo._o,ocﬁ:
;
- |
}
f
|
B l\\\|?¥‘|ill||lrr'.|\r.;&|;||.|[’| P N\ N

$8-2



1J‘i ° - i
ﬁ |
«.Mdﬂoc.:..{..w\ S P . .o,_.lc,,ll“i 3.!.”- L.'r.“wvl |. ,8«( .mﬂ b wno ) ,ml Ty
. e Ol T =7 o ~— T “«, re=y!
* o 117 T b
STXY-Z - e e ¥ o :
9E-92=~9L~ry - = : i, 2 1z
9E-9T-9t-4ry I 0 Fongr ! -
Oes’ug&ﬂ ” fnlt - T
096T emp T — o s -
O] ewexy Y9 . R Sl A i
STod € dH oY : L i
£pnjg sowszerog ] - =
E==S=c= =t |
We 0T wer it 0o b oo * i e
0LOO oo a 000000000 2000020C00b00322QA000
5 @ ot o ,d<‘(r‘.\..u..ﬁc. O LwBIGLoL Josao B Lo
."_-'?‘....__..,.‘.na.i“.aaan,< o0 ol e 89 Smlc one eﬂﬂ_ _B_.. S N
. 3 = 7 j— T i}
STXV-X ; ; T :
9E-Ge=9E=1r m == Pyt +
9E~9T-9E~1 p— — ” - I .
SRLI0qAINIINIFE : ] =t
0961 emnp T : i e =:
OJiL JWeXJ 9t ! i 7
o104 2 JH o7 : = T
Lpnyg eouwaetol ; e
= n = HH ~
e.gu k| .I A r ‘%ln _..n: 4 o nﬁ - A ¥ o
dheoeolEBodlc 000U Cu00885D00 0000 o 000,
,, o
o\.w C Gy Y S Al “ et L 90D 00 U o 3 0L S0 8o
T T P AT LS
. SPXY-YX (Al‘ﬂw L 4] , ] p——
9E-52-9€~4Y : B &
9E~—9t~Y — = s I
euroqeInyonIjg g o— 1
0961 eumg T —H fin? =
OH1L ewmexd 19¢ ! —1 —F =
oTod 2 au oY " s == =
h!#ﬂQ?ﬂﬁQdﬁ : 1!
elgn_uﬁn-.‘. B L r e P )m Py ) A -_ 1y
. ;occocoﬁuc ucoc@oicmxcolc,clpmoco L000C00G000

R R 4 L

$8-3



N “
_;,
!
_
:
|
|
@ 08 3 o .....‘.;bA o2 );WB&. il bmmh - \84!1.. SH 2 )S,m. 2 naﬁ »Hm. - S Ilmw\lm.,wlnm
, Mt 2 £ W“H - |llwwnlu ...H ‘ ] |1x.|+lln,u.)..,“.-.||l i1 o il sN/. .Jiu
! *Seg Jeoy — e et = T e —
YE~9e~9EArT s e e 151 T i
FE=ge=9E=4r1 e e = -
IIOGAINIONILG o = S e = M — i
096T sunp T : = B S L o o
ML ewall %9¢ — e i —r—
°Tod Z dH oY — e =
£prag eowsteral , = R S ﬁ =
, Hi=ES
e opr T T s e e e
00080300 BrGR0000000CGa0E00CC050,0000)
|
. P — o ' |
N T e 3 T OO I R
elﬁ‘w...: T z...\a .m....-.b 00002 050 L o005 > e rwoﬂm. ~ e o o5 -2 “ c o]
. T - = o - ——
*8sl quoxy : M i — :
9E=90-9E=4rY- : = 3 o
I—-92-9E~1" s B B i
SUIOqEINIONIAG - = T - e My a1
Q96T sunp T _ s 1=
0L SwBII %9E ] ! =
oTod Z dH Of —_1 i =
£pnig eousaetol : =
7
qpe gi’(ﬂ(‘ M - xlhﬂ.._u_.._ M )|.l.1- .- PTEY S W ¥ W N Al al g
0002098930003 000.0-0:00:00-C00DHBDVGOG000D00 0
y
p
B !
mm )
- - = ,//,,//,.,

s8-4



| D
|
i _4,
i
L — , N e r— — e e —
Qpe Q\Cl.._.u .._\-u\u R.HJH\ ﬂm!. s~ o © ~ e L, (lﬁv D) P _& o (S C . ; “ \m.
J— _ e T =
=T e
GE-1-96-9z L e T S ey L
9EAPr~9E~52 , : o ; i =
SWIOQAINIONIYS — = Sl : — :
096T smp 1 = HEE TR R = e —
OJAL ome3y Yo : S} a2 — ”
oTed 2 & 0 : e o .
o —e — ———- —— e g —ir :
) . £puyg eotezetoy : 710 1St e e = T
= 7 . =T :
= — i :
qpe CQFU <M.<< ¥ D a0 - A N ] 1 -
LT TR S L R R e o NN EEENEr Y
e Dm.&..,.. :ma T £ G G ars..ﬁ.rr" . Sﬁ ” anm-, = ,vom.n e ..r- © e . “ .\.IJ.'..m
. : o : I F== _ o S———
L O O E. - _ 4 J]J
SE-se-9E-1 == : FoE
9E~r1-96~g¢ e : _«_ N —
SUIOAITONRITG = H i : s ! — —
096T eump T i B e S - _
OddL smwexJ f19¢ . e m— —H —-— ‘o
oTod Z JH O T T , —-
hﬁ.ﬁ eowsIeTOL i ot _
i JrlLﬁ -
&.ﬂnﬁ ¥ L _ j,l-l}' T T
/\\.\ VST 5 O e T ) . g - - .
SR Lclu:_cun :;:Ju Thoonouow sl
WoOL L v T ol e es o 0 0G0 g o R
= EIESE T e
9E—9T~9E-ry — ; = : I
a 7 mmIQN : ! ; .I“IHM‘I ,”HI.I =y ) -
suloqainioniyg I o T e L y
0961 emp T : w 11 - =
O4EL owalg f19¢ , s o
oTod Z dH oY o —
Apmg ssuezeToy = i nf
We RTTE s —
SUuuudDo oy ; ) ’ = o=
0buvuod mhhc_.ccctcc‘occﬁcv @oggckcnucu
AR AR
u-— e
e
[
.,,,,,,, N
- //

§8-5



‘ . B B
Z !
= ;
|
§
ﬁ
3
3 S s eyl ot A e oo e R T I
qpe 0g e 5 _ooom oo | oks wie ¢ o 7 o 2 G 2 < w J“ N
w12 n« ] — L ] N bt i T T
- *Bsy dwey = 1 : —
o . = o - - - =
IC~9E=r" : il o i i 1
9ET~9E~92 g 1 e e e ;
swoqemonIyg . : i g e T e : ,
096T eump T : — IR s i —
IaE1 ewrslg #9¢ i : S am fabrap et i
. oTod Z JH.0Y T i e :
Apayg sousispoy — i o :
' PR g1 B : -
{ , =
- " A ” ._Y.|||| r! RN T R
e R.H \.tm.li. A,-«,,-; .u...v.Jd-WMﬂ ~ «i u\ » . : *Jv - } . _\n ALt Lt
anon s g~ elg o p2O=(~=0-C-0 0000 00000 a5
ln ﬁ . — - ..Jull‘ L
\\T‘.. 7
ﬁ |
, ) } ,
PO e - - ) ¥ Wy 0N ol
@ 08—, .ﬂn - > ooooe 00004 000k, ooz o [ o o o5 . oz
v —F -] - N Y RN ]
*Ssy qmoxg | i i S 124
9L~gZT~9L=irY T i il
99657 = , SR tee T
; -

T
]
|

Hrikdd

sTod Z dH Of 1 =

Lpmg eousIeTol e T AT S X

i - - o —_— ,,

m— I+ —— ]

o, LR R . 1 —_

qpe om.ﬁ U)<M( <>1 2 a ! ."I.JId_!n:n\ M 2l o 2t r n_ 't M_ I 2
CUBNCCLOGTIIO0 3000 000D RERDD GO0 200 0
Y SR SRS SO : 13

- —

$8-6 .



qpe 0L " S R T L w @ Vax o wwAJO,un.n;O).mp o
o ST EESt FEmtiee:
T T - - T 1 {
. Qﬂl@hl@ﬂl@ﬁ : RS X — ittt a— l_i_...ml, 4 = T
9E-9E~9E~5¢ i e i s 1=
© UIOQSINIONIZS - . a e . .‘m. RN
0961 £ror 9 —— S U Lo b e :
O4EL owmexd 49¢ e — e =
. eTod T JH OY — e L e
£pngg. sowstsTo) s i e e} s o s s
qpe QNHU <m<|m T ﬂ.aﬂrw’;. P v 2 ' o !:m -_. -5 FE
cLoouo ,L Juutovsoo o Cunst000U00U0N00T94
SRR MU T T
[
qpe OF.-.. et~ =1 = - : I & M T Hlﬂw A
exxy-x e g Lt —t—H A —
9E-9E=4c~9E e — Gkt [ b Nt Er —
96-9€~9€-9¢ —— — : -H P e i e 90 S S e 8 =
SLIOQAIRIONIZG - o =T e T %
0961 £Tp 9 - - , === B =T e - i —
DAL oy H9¢ ——— t ~——= = —
oTod T 4 OfF ., - : ERY IR} Jhunenges g -

M1
Pl
Tl

£pnag e0mISTOY, - e— Tt o T o —

AﬂIONHu TV = . d . Al — i
R n:...wﬁ,c_}f«rcc%.%:} f?cr _ooo,o
qpe QM‘ * ag > G0z ( doo Em.wl.l\. B.nln ..I.HQL ~ e w7 w” o5 \. o B |
oy =3 g==———=eEs conneonacacs
9E-96-96~9€ == T
eﬂlﬁﬁiéﬁloﬁ : = S S L3 S Ly —
PUIOGAINFINILE : = == —E
09T Amp 9 = W BN b ca
031 oweli 9¢ Sy e S— o=
STdzaBOY = — =
Lpmag somieTor | = = -
x ] =
. ape B e - = o

- gcccgce .vc SR EUERUR TR R .qdccgcggoucc
N 4 o

N
X,

o o " . i

$8-7



1
i
- T T ol T e m = lt e e e
Sag~ e 55 oo o 4 [ EENS Yo Oy N o - « R ATV
qpe 8._ Tz € ] ! — ;ﬂlllu — 89. o M.Rr — .,-lpwem.l Y ..8_ I lam%: T nn. B -
P = A S T e e
9E~9E-9€-9€ W 8 e et s ey o L =y - =
9E~9E—9E=0€ - o o 1 e e i o A R el ko Btk - =
onroqamisnilg 1= | £ M TR s =TT
096T £ur 9 = o e e e [ e et it 2 o S
OJFL ewexy 49¢ (o — i —
oTod 2 JH oY - A o e e IE T !
-~ - 1 —rd fm—— exy S R
- &pusg eoueleroy —7 e - e =
B — T = o — K = ).
_ + 0 - = Y
qpe Qﬂ.ﬂwﬁh..”z uh-.lu$}]l-.. el iy C s s ATaTx Al s h, 3

- al ..iu. g . 2 n + . T . a y TH]
D000 0UBPVL L VLTLULI0OOD0L0000D0U D!

/- -

C
r)
C
¢
r
(
.
.
8o
o
C
C
c
o
-
t
i
2 2
t
(

3
2
3
i
R
g
g

)
-]
THE
Hi
il
i
L

AT

|

2
N
&
S
I

T

._Wu_.m. .!-z L

¢
&
<
Q
el b
Y
.
N
[

\:\‘ B

I

[

|

]

)
7

$8-8



b B . 1
| aP® 02T e

Il u § janig

,
| = ol = — — x
b - : U B s it ; A
[ ; i A S b = = = ;
] Pl i e it 3 :
UOIT IETUPON o sE e S e L A —
SWIOGMINIINI S e o 0" 1 ] s 7 Cala e S e :
096T UdIeR g2 : : B S o ey e 1 ik e ey e e V
j— 1l - - = P 715 e o e :
M T tr = ) e et et p Nl I o iy A et T MY
b . Lo T T = ot e mre— e e
ST03 T 4 §°L = b A e = =T —
TrRIoIe omnta : =¥ | Blamal e Ao e e . e B = m
| . — : N I PO i 2 e o B O L S St
| = o s | St S g ) A et R ZEme
i P RPN e iy ; b
K —& LIRS W TNy iy S
)

n
u._,C Gon

g

! qpe oL

...“.:ag‘:,

A TR A

- = H=ET Ect— R =
STXY-X L O B | et e —— 1 e
uoll JeTnpoy el i ) A o s e
ouIoqernyonLYg . o —h e B S el S
0961 UOIER $=2 : _ e 8 | "SRR a3 Sl s S gl ;
DAL w1 CTZ — = A e S e e T s ,
STOd 2 dH §°4 = ot -3 | R RCT : - ; ”
.nq,..._oﬁz ol.".mﬂ — e S ettt I s = oy e o B e st : .
__ = : i il o £ Rttt ey ap Em . — -
. — ey i — IR T e T T o : _
Tu- oﬂfﬂ.‘ o g A=l -+ iy P s o
I I < ) Pl

MR S I
005

.CC(. U _‘ .(EC:,_L
Lo .jr

oz o o

e o.f S —— oo s
| — o i tptome b Sy S Bl e o e ; ! Lot e
_ — = St o e i Gl .. %t s R RO A e G :
uoxy ﬂﬂéo.m Hin = i e —
suleqeInyontyg rmn T e L & o St e ; : .
096T "Iy 3z s (S5 4 A e Bt i ol e et = :
oL ome1i €Tz A il gt o o b R 5 Sl e et o :
oTod Z 4H S° g i Py — =
TeRIeIwH !th HiErT u e B el o o A l..||lmll”l.|l R i e d
= o i i o St w R B —
v g . g £ e o) Bl s ——-—F—F |
B e T ol T e ek i
S A R L | BEE SR ,,.n.,..d.»_.,;cacr::uu:Z?l

P2

|
-

wre

o

58-9



J

e e ——— et e e s e . ~ — . -
O L oL OO U 00D U0ORECOS YLl 0o
w0 TR oo o) Hoe =] L] o — on [ ® -

= Wﬁqb.Lv S—rPH T CEn
| 1
[
3 pl A N ]
— O T 1
- 5
I 3
i | I*H_
id
P Y 1
m. N s
! P
.
l_):.s . ]
ﬁgt e -y . [
32 1) 5 1o0g . %-g
CQCCCGCCCGQ;CJQGCOOGDDCG OGOOOOO.GTOOA
C oG wD OO cl_uluo:rnLocof,cccccccoooﬁbch
e TR oo 000K - ostn o 05
. Tz € : - > 1 ; — -
1 -
——— 3 T
T 2 iy - 1
| T y
X L Wil )
Il —HI I o
: = _
. ] H | N .
: e
MUY Z
A
dbe 02T gt , , ok
cCCocoCccbc¢¢:ccuoccocu Qdoéécocccc g |
e s T A R G J s 0B 50 0T G0 s 0B 0
NG x4 Q00R _ 000 3 [N 0Om oS . . Q0% OB 05 xm
mrzc T —— , _— Xy
p— 1 1 ' S 4
-—— - i | - —r
= T 2t —
‘l,\lln 1.-... ¥ 1
aw d it
Y T ral
! IR 9
1 i —
— ¢ :
t
T
ol i
-
o TN - " ' 1 4
sy 8.'}

o oacd&céocha¢a¢cctcc¢ 00030000000000%

N )

e ! 1)

i I

! r
& f

I :
. N
) AN

58-10 -



! ‘
B {
I J f
o |
P ol L : i
| S ~ ~ o~ ~ G 1 o . - . R - - e —
v oL T G DR T D g g O 2 2o ny AT
j, A1z € Y L Pt s T I_. — = % 3
i_ JON S T “ t 111 x —
. 1 T _.,.. ... S ) ,_
ez | — o] it EEssts :
; ! N i e - | ,,
mmuRayy _M e | W o S o . i =
suroqerniontys | AR -t e =
096T WX Sz T 3 i ot et oo i | ,
9251 oWy €T M ot —
ofod 2 dH §°L ! Touj |y
I
|
|

]
RARERR]
LT

s . s —
) fg i i e N r i -.A. Y - 2 NN i
m A SO0R00 0 300300000000 0 0 00 0HDD-0- 000 0D 000K
: e o e P 1l R I U [ — S,
..H..n.nll...w A—_‘ an-!.ﬁ -CI..«.DO»...J».M-W ofw\eﬁo N v“u-ﬁ-a ¢ ”_ < i DLW\,,“... Adeh 3 OHMV <t fJ..\”HN.J it .\W.r.«,., O \./_m - 3 a oo
| . s : = ; = e o ~eey
- I = o ping i i = —
_ . i — , 5
: SEXY-X _ N X .,W..H . it )
R : el massli: buss
outoqammyonisg = = = :
o 0961 WIWR ST | T oy W I =
. OB eIl € : L o s
- erodzT JmSL | e -
TPHOIEH oy | == e &8 N e | e s
_\l J A3

00 00 000 500 HCH-NFTN 000000508 8 0000000 0D~

|
s S o B O S ol o B o S T g T T T e 7 WP,
A&.Oﬂﬂ--ﬂnn\-\ T o —— L] oo _eS. o ﬂ_..-.'v..“no.o_enﬁ.ﬁ.,
, h— ] ! ™ ™
STXY-Y | p— : T
gy | = = A T
SWIOGAMAONIS | T s e =
096T uotey G2 | =] - BaEunE
b
oL *wesd €T | ==
oTod ¢ JH S°L - T ]
ToTejwy ewm1y | 1 ;
T w-!l.l_ -r\.a\(l! ; m\ - —
| 2 § >
qpe 2 & ¥
ott R

OV OO-C.O0 0000

e

8- 11



T T ;
S "
!
! .
| 7 | |
I | :
i i 7 "
! i I
| I
| iy |
S { |
: o r R L‘ - 7 W|IL T ”.loll J o nlﬂ o — l..|.l|| Ilululnjyo )
Aaﬂ - Imn - 3 00002 00008 0 r 600Z oot oos o o = ’ (PR AN
7 P bl o e e T A
: o g 7 B N I ——
r i s el =N 1T
L d = s sy T
Sutyecy oy : = T - =+
“wroqeImionrag i = ————; —- —]
096T Luit 9T ! P
uedo emety 4gT = ooy &
9104 T JH € —_—
punodmo) Fupdmeq =
. firog _ o !
A—w,_- A R & X S . e * A g r i) risen
Pooseourguygoedgoacussosnuoaldibosunsopoyog
" . b ot o "
| L Sea o d P T N LT T Ty T AT
wa P gooR 0000~ 5 0902 oo A~ = - . - -«
n‘ﬂ QN-\_ T ¢ € T —T L . < T T = § -
g Fim = Y .J’I e .%ry T - i
———— L H T
a‘le } -— =5 LA o - ; y
Jupywoy of | _ S e— : :
SUIOQAIRIONIS IJ]I o
096T Lox 9T | 7 T
ued swely 79T | = o=
sTod T dH £ , = o
vﬁﬁj Supdweg st
| = =
e 02T = G X TR ﬂ:l.,,,« . a0
VR CRINVERCRT NN Rt !

o
e

,,,H\..ﬁ.w.“‘_n,\,\_.ccoccmwmm@cc;occcai

|
|
-
|

N R, SR N U

g
R
I8
S

I . é
QTI s
§

: -, o Tt C sma” - pcs [ o B,
e P e U ik DA ST
T ] L= LN R ) YN ; = Ty
; ~—7 == L o 1 : o
; ‘ﬂ‘.’“ _ .]l,' = .\. : L nw -
upiwon oy — Potgron g =
; Pt e ft e
eutoqemionryg =1 el b ke et -
. I i o
0961 L 9T . = L e o
do emaxi g7 — i s st
ga&uw.mNmmn = Eame
Bupdueg I e i e
i — =
oTE v - . T —i
nﬁﬂ_g Ccmf P i3 e o ala n N PN O LISl B
! HOE HEGER IO S T N [T S0y AR ey ) - s N .
POLEV LU URULLORCULHU0CUD Y DLOOC0CU L B0 0

—— -

58-12



§8~13 "

. “NIG YR o000z % [N IR ] T ....:-’ R
jﬂ. - gooot s gooz oo, o0s o o0 (3 P az -
| il s e | niunl et R pe st e G Ml A i mET

—— e — = e e | .. Y o
— e [ i R e g i o ! =k
, - —_— — e — b N 4
nqﬂn_nnvd_u : — : e o b Ml oy v g e I...,..lil - =l
SUIOqAITYONISE | . e £ e i sl e e =
09T fep gT | - : o o et S s e ol e , _,
. —_ T N Y :
usdq ewers 49T | , e R e e s e B o it
STod 2 dH € _, e T : el A et s :
z S Pt e = [ I e et B —
punodmos gni R [ tat Sy s i o = mm i ok s
Jdis T — — — =
_ apu oﬂ...LIFFrLIE =y eie I e Sl o e e
1 ! O I B P =g !
| AR S 0 i ! A RN SR I ST

N nﬂ_,.ﬂ D~..5 e e 050z~ ooom .‘ .W.... - 0602 oo s e o 6 1 or_
L ___ ! R =k =4t = HHH'] : BN : :
“ " _ 1 A= _ S k] i i
Y | — ] blw.] I ,x.t( IR R . : T o et .
suroqeumionryg — e ] R e e E=Ss=
06T fot 91 —F i3 Fo— s e e S e
e0d Z JH € - i 0= 1= SeEsE=E i
pmodusy Suvime | = i e
i — — “
3

[

IR

!

|'
H
I
I
i1l
4
L

3
1

i

1
TR T

NIET

i
il

|

3

:

A
HlminBn

-.,, !..J.TrlnL a -J: ML 1
0 ﬁu.CCQ((m.Qr_ukm

e

e
Lo
-~
o

<
E

5

o

<

Q .-
[

5

= H

ow




| =
i ¢ ~ - ~ » - ~
ﬁag;r_unrnl.wmﬁ(p\ga O HuV P eV Ok U O .(.c..a(c,..“.c.rvm“uc.._m G o
il S I [ Qg 3 ¥

| T o e ) S m P ——

. Al - E 7 “ i G

n—"‘ - N )| v ; -

're-01 ; -- = == ol
swoqemionayg | : "t =
096T S8R 9T _

ol0d T dH €
spunoduoy) Supdmeq

i ——
wody omerg 43T | :

|

,

H..u_,chccf_ha@go,

| L

I B =

’-4
By

§ i

o
(¢
¢
¢
C
H7C T
f
- Tl
r
-

sy -1 | e e e
|‘rye~-od o
SUIOqeINIONIS : g
0961 f¥ 9T —
uedp emsag 49T Pa— " :
oTodiZ dH € _ o e e
spunodmoy Supdweg = -

+H
_ o T B’ 2 i N N

e_-aﬂ vsv oty 5 ong

o U C COUOUlauU »J L

Li4.}

1 PR} - B r T t a.!.,
530J03000 @ 35E5 00 o 000, Q 9.9

‘ o = 5 S.RN\ w 6u.-( ot~ .‘r:ﬁ “ o < Yo > Lé (SIS n .( ) :m..-(v o} nﬂ oo ,) o
R 4 g AT € ] - e 1 y i H— ,n o
7 I [ +— mEc T ima -
L m p— — i . o :
ot S , a1} ol e o '
*‘N‘a ' 4 Hﬂ? =] iy m]
SWIQAMMPRIIE . 2 ey T —=F —
096T Lej 9T i Ry
uadp omel3 49T | — T !
s dzME | == £
spunodmon Supdweq _ — —
’ Pt e ]
_ | ! i ; —— n
o : S n = 3 i
I RN AT | NI .».\_Rc_(._c_..!_.b-m«ocooorlugooo

58-14



oy -z |

BLET ==

omuon_’n:aos&_.m _

R A N R I N > o
G o COB.M \\(urhn(COam .W/OOO”.
MmN ¢ % ! o | — — T ] v Y
i [ - LI I
: ——— - 3
-—— . h— ; !
— T ) N

09%T fe gT =

) .JvL,Tnm_ RN i IMM - - m‘l.
uedg owexg #gT | =1k e . i
STOI ZaH € ! = T X
spunodno) Suydureq T . - i ,,
| = st R P g T e e e
AE gﬁm”( * * nekﬂ—vsml.“l-Um.l lﬂ”l 'ﬂlﬂ Lh % . S B ’ 1 h|J-,” A I
o FEoeonTETY c& JJd8cvotccocdtiboooocoaonn
7 T e e — oL R - —e - — T e e —_— [EN— <
T u e et SV N RN N R s o s orpoiim g e
TP 0L " e e g - o’ S f e O 2O C® 0T EET UCT 20 o :
i ol 12 € : ] -t " I 1 _. ] " N du_ii
i ! PSS N S b L Y
r._ B S “nllxll | M ] _ "1 - N
i ok S , T e — - = = 2
*sleT = w i ey e ;
swmermgontys = : ) s et e P ;
096T LW 9T | Y o %I&Mu_kﬂ s
wed swezg g1 ] T el e
S04 dH £ = | Sl M s
spunodmoy Supdmeq — b ot aund e
et —EE
T O vV Iy g (eaig *
OLOCCUOU0oe gy

- ——

©0L00000000008D000000 D0

, |
. ; I . == a — I 1 ,:
STy - x 7 m —— , — ! IR
swrogernioniyg " ;lHﬁlquW . :
096T Lo 9T H i T i
go Q’hh g i i 1

—ts

TN FP8

WmOoooocoQacodﬂﬁhﬁQ

00

58-15



u

4
1
. It - - . +
..... . 7y Lo S RO SIED I A L VG . SRR B T o X \
i oo00z odos od0: 008 oo ox ooz o [ @
i < - L Rt s S— e ] -
m M : : «.Ww| T H_+|H a i 7
T ; v
Tt — : : > yaa
T Tt T s A r h
U e 4L VR Wl Y LW
PR S sty — -1
o e oy S g Sty ot it o : =
e K i i B I ] e k-
e LA g = =]
; A o o R g itk s
R A ol A N B ¢ SR e
: s - !
e e .,ll’lltll
i i = i
M R e .T'W;l.. T flu
| — - p—
i 1 e oy i i i
1 T I
ruae k¢ P ol S e S-Sk g ' i ;
oy 9 onig, ~ mr ._ﬂn.wk = s *
NP a o o \ ! Cr e e | \
EEUIE IS RS RS AR S SN A 6 JU 2oLl utu F.CW((,.F.P(.CLCCC:
. —— i Eay - . i
: ) ! .
! | -
_ ——— —_ \
VS ~ T U . v S e ) (RGN Q -
P x 37 Qo0 D000 . [ L oS 002 o o5 . L
@t ¢ ¢ 1 S SR iy SN - J ) I — I :
] T B e gt m = i e
: T i s e ; — 1
= 1 > - T 7 ! IT
[] - baf (K | i
T e 0 el jm rond
! i (7~ L i
JRO 0 | s - i O S I v PR i
T AT T PR
T i
JONE | o g —— -
= e 1 i e g el M & AN ] - S
e 1 e it 3 Pk . ,
i i s e iyl PO ) J N —
1 et 2 i 4 T
— : T .
[ PN A 0 B S M) ¥ i
I IV 20080 R S s St g ol :
iill —_— = — ~— v e
DS R S— — Sy e T
T T T ] E
: i :
B ety B e s e e o T
r i d P - St v et s wedl i ]
L) . . oIy ol .
SL0UCosUan JL VIO VIR G VRN B S R NS S ) JULd U0y

$8-16



! o I S 1 ' FY ,I b r.|”v|u|.|..|. ._R\m o .PKC N .n..- - o 2 I8 “ - (l_
| NIQ TTTTEYS 00002 000G+ k@n'l.., 008 ¢ o0m - :
. qpe ON: Tzt - e T —] R 3 +
| g uson £8 bnengoun i j " T
' A . MENEE I K N : _, L 4rr
. 7 - : - — - |...”,1.“I.|..l.| T : — P Efs... 51 ......, o [ a_ 1
aLer | , ‘ — R i ct e P L g B
Uy UATS 94 € | — pR————— v A b O S s S R I = . ' ;
. - OUIOQITY | — : R U R R —— , .
096T TRy L2 | , i e 5 et S[R3t s s T .
uad( ewezg 4gT | B e S it :
#10d 2 dH € — 1t 0 P s A Morufos o e o
QVEO%B mﬂ.ﬂﬁaﬁ = a_ e T
o 5 it o s G I ]
O T T T [ T i :
‘qpe gu <M<|< ‘-,ld_vasﬂ + v 11 Fa— -,- N P‘nx Lt n 1 - IR
TS SRR

[
=
T
c
o
-
<
w
\
=
i
<
o

pog J90xd 3 € | il peu it IS
S SUIOQGITY : - ,
096T Tyadv L2 | g i I
wad ews1g gL | A
oTod 2. dH € | —
spmmedmo) Fupdmeq —

3
DTEY i
| e 0L~ viv ofy 5 ja0ig_

cLoouocaveLl

N

$8-17



3upiee] o |

POY quoxy *91 € |
SuIeqITY
oom.nduaqa
o441 %@sxi €I
9T ¢ dH §
spunodmoy Supdwsqg

0 0906 g 00 GAEGONT

P
Al sd )i

o3 .u.,, . %mnﬂ Bl LOQ o\nohP&u,Wmﬂmmcho

ooqln

130 /0" o._.o

Al P

-

TR

=

ooc;cc.o

C 0. “u_.munm 00000 @n@

Q,QQO“

d@do-uo ..... % QUJQQ

AN ¥}

Adme

w

H

=3
O

H.Daom:uoooooo

— TR

0000000000
1

S8-18



!

v lj A B § _,
| | W |
, |
7,
N T N sk i I S N s g e S B o W R A N D e o I
i N /3 ;90002 [ S 008 002 e”- = .
qp 3: T & € F— : — . 1 > ~./....<.
177 T ~+ L
N — I + N
T R — o= - = - : .
oug moxd 94 € — T = : 7
0961 Trdy o2 sl I | e 1.7 : :
DZL oI j CTC o ot iy i | = 1 - -
ﬂnﬂ@& N mm m - - -4 4 o —_— m i -
spunodmey wn.«n-ﬂn 7 P s 4 = =i —{——
= — R ] p— = : : — ] :
— R} B o , piil s 1 s B s _
e e e e Sk al i Fount Souti P gl s s S
Sy y.u.ua 0 . TRy §
AT coconnthyagan o :@guo@&%pggﬁuooacuaoo Yo

R P2

8-19

TR LG O N RN T R RN TN SR NN
g 35 . Z.-ND = u.,d g gll 19!4« — ﬁdRN 00O oS —— 1]8« o . 05 _ ‘ﬂﬁﬂ“\
! : i il St — : rie
| : == _ =t
re=od : o i et s - N s : —
v oIy "3 € i e —" : — 1 ;
096T THdY 02 | o e e e e
ol smerg £ A St S i 2 _ w
STg TAHS' = = M
eprmodeny Supimeq| e o : :
o ST
ioqp gu’m.‘ s i H-s Py

k] _!:m

1

AON0500D00 0900000000000 o@.mvoﬁ 0 o_ho,,,ﬂ.,m..m 9D ¢

m
,

. ” ﬁ
| . |
i |




Lvaw o@.a.«....{..%h& ?.hs_.« L,ruuﬂ_hmc.c,_sm "l T T WV R Lo ML..,.
[ T 3=3 i — o S e s
I == ] e mem ==
poywnedsousty | : e
: H EIT h! Summndy vk n
L | e e
6561 ydeg ¢ | . = Pl n L £ =
. wedp emerd 9T . : : : —it —— - —L L] iy
sSTod Y JH € ! ! 0 M : ; —
3908 uofyeTnedeong | ; =i
| S=="""%. o — 1 2 : -
- . —— X 1
ﬂwg o] <v.n<< Y !-ui-_ 1 5. - rN o ' N i 2
R s R L oi.c._ccc_:,u: SH5bcooocoogoo o]
< e e O ¥ FE R I qn'ﬂ,.. Gowoo o oy ..,.Juf . \“ D G My .WJ_
q o oa #0000k aoon DO onoz o0 005 oz . om o %
T — — ,. =
==t : :
voaqnnnndog ” ! . 7 T o ) T T
003ZT P9z 2 , - : e Bl i B WA —
SuIOGItY o A 2§ et st — e O P s —
656T *ydeg ¥ | : = e et e St 4 s S
wadp omasg ygr | ; = e S ot B . e , _
9Tod ¥ dH € X e e T e o . , —
18] uopywTnedecuy R, bvz, A sty e W
- s+ : : : —
— e ey Ssvan sl it} 1 ; : T
ig b <nnﬂ'¢ PN | ut-o i r. i -W .,h ,F, .. N - ”\y _ LY T
G cwcccccLc.cc;occrococcc Yy ccc,c,:\cc.,.uw,o;
® oz o ..r.\._.V\, ﬁ-n.lr ™ a,mﬂ‘ [~ Sqw ) .lw - .Ae_.u.w =) u?na‘»\ o ,mn.h o ,Mm C o (.a (o) ,
Az B o P v o !
| / S== == |
pejeTuadvoneuq ﬁ ,.--lLu,h! T _ +h __ 1
PO 3a0sd | 34 € , R e S
suloqIry _ , e , - A
8561 “3des (. — = o N .ﬁbﬁ_ e
Oedg swexy 49T | : ” A~ —— =B ——5 Y ~
STod Y M € ! : i i o P 5 =
1883 uoryeTuadeouy e + .441 o : 1 7 1"
_ %. .u.l._IJ —= = B
; ~ J" o —F P - T JM - n o
Q@@ , I.HJJH,‘] x.:...\m . 1.1] —a— i & 24 . —
A youg ucu“ rh:qﬁub,c_,ccru ?Céc,wnﬂmmmcczazm
: | “
,__ o
i g é |
m N
N "y
Caf A sy G G SV LA A !IL». L " 2y B ] il sl N S

$8-20



Pogernadwoneny
0039 7003 z

6S6T °3deg 4

uedp ewery +gy|
*Tod ¥ dH €,

389 %.Bn.?&noﬂ_

1
i R A I RS 3noooB oo
P oz na =35 ooz 0000 Bhos w00z oot 05 () L) o5 .
_ L I €] B e ST R P - — - : "
: yHH.W :
e el T :
T e =
g — T n (19
m .i.‘ A H....JL.H, : r-.. _,-.._ ol ..,.,. T - —
N T ™7 . T - A RATTE B —
i ,“ e o R :
| . =3 : ,
T e — -+ i,y
o | e i
— i | S I S M —
T — v ] T
: ~— i
@ E.m g e i e S e
. N X X i i ~
0D0C000G08dd0 000 ooggoo\l} foooocofcf
. L . U | -.u..nli,ul|1u-.f| — e T T N
3oy B s R A T S N TPy 00 B X
Q:GN \in......b‘&a«‘rg LMTV‘ Lﬁ ool (Sm, .NS - 3rr¢3nl‘l\,.000
| TE T E e — R I ] - :
W o - I :
( _ e T — - 4
" T 5 hrvay T 4 )
- S | HY, ] SRR, I 02 r—t —f———]
H L LN J
| i A | : o [P 1} " -
_ “ HH — L ,:-#. -
] = B e JLII_, - i
I u == ;
, == _ , ,
= o L - } —— A
e_g Ty P ; 3 I R o T -+
| sy, ] .V)ud.!.n o . ~ o .3.? P
.QO,OOQQH\OOO(OQOQQCDDCCDQQLO Oooouo OOQ
LGy s ATl I e ‘co.v)/.]o, Bco.
ea NG "t 4 00002 0000 oo: X oz oo 005 oo
! L] [} k3 ﬂ.u ‘,\ “a J,T _’ T w
A T — : ;
1 T — —_1
! __ ..x_. T —T I m "
u “ a [ et - ! } .
t 1 T = L3 T (T 1 _—
n S i | p— : _
7 T ] )
T I |4
] T i M —7
T ; 1
T : e
“’)\J
_ .
WL I i i r b P
, % |on. , L \
| oooooooooooof_o 1000000000 0508CC0000001
, I
| _,
|
|
al , ¥
! | Hi ,:
| I
|
i A 2
1 \\ ,,, /1
_, N\

S8-21



peyeTnsduousuy

OC0T Jwed z - =

suleqIty

6561 *adeg v . 7
wdo owezz wer | - ,

°T°d ¥ dH €

3e9] uopjemedeony

1 17 .
|
| ;
| i
, Q
-~
i
- — ——— s - e @  — . P 7
T U D O 3 . I . Ta U . g ¥
qp 81_ ing e oo s~ " e oo oo w v w [ >~ B
" : _ o T T T =T <!
— T ' —i] it - -
, . a3 S R IS BT i
- s JENN D R . 1 :
A 1 -1 t
+ -y JRS ER DU A U
1 1 i A Hi:
: : N T : :
I R i i Yol b . E 3 carees)
. R | Sl e O (S o Ta— LT S = &
; | R NN P S S T L. T I —=
et ) | Sl s - s..ﬂ.mm it e i s et -
: , i ikatet s S . RS i S
- — i ; l
“ i | St st ot e R o
PO SERE S N T kl 1T
— = 4= == - 11— — -
- Il . — Ll -
L = T — - Iy
= DO |/ S S e g el ,
P OL e wi T o foswmynl ot el (S0 e el e e Sl i e i
, 0l T = i Gt Y Phewrt i 4_; N
_ ». _.b mlv h-. .\\_ o ! AI . -

iy 5 jerug . r..h.r-!.. n“- N Lll HIJM
| J0¢C cggoccc Yoo ceeoovucitfhoooooobowod
b : T } - T
e e Vel wh tei @ Y ) a v gt S Lo Boos
—r PR m q“
pejwncdeoweny < ——— i : :
0€:L wexz | - ! SR ; =13 L
QUIOGITY = 5 — Vo — —
€s6T *ades 4 | » e 0 aERASS ERS
uedo omerg 49T | ; P : 4 =
S NAHE | - A . = _
_ 3®9 uoTyvmedeony I = : = k=h = =
R . : _ frow i JH].IJI T ‘l. —
@ L S : e e {2 _
= R i A g s Ty - ol s
fclolm.-lvc 6C%%0 Lol 0500000 00D, 0VU0COU0UD o_
; 2ot —s —2 L

e

$8-22



peqeTnsdesty

0ETT 904 2
oWIoqITY

6561 .tov. e
wed( emaxy 791
Tod ¥ ‘qH €

999, nﬁagd

.4 — . RV O m i e ey
Iy A DL GO OA N DI 0CDAND O OG0 A RS e
qp ¢ ma 1552 00002 ooom < ooog 906 ool o T e o5 -
R B R 2 I A !
| o i e
t -
| - 4 14
-
1 13 —A - T —
— v = b s jony ] — ] s T L
1Y T ] -
\ P ¢ - —] u 3] ,..&,Mlu H T A
T
| s o Ju . i i h 4
' + [ SRS R __K-
“I’r||. I R P nf ;
[l -
= | - R = I =
7 [ . PSR TITT T ny
I == " g : : =
— o ol S s — ! ; —
B, Ty e S R Sa e o P
v ~ 5 ] 2 ~ A \ O.Nw. .!:f .,
oo s BN IENe 5 DD.V.QCUDCD 3000000000
—_— ————— g - 1 N
— ———— ———— e - e ] e - - - - - - vy
! Gy S I D DD S TR R i S - » BC D
qP OC L] =35 oo ] dbos (] 0000 (3 e on o5 Y
-zt [ ] T : =
H "ﬂ T T Y
- T 1L vlll‘l] .| T !
H = (4 Jil MU AR DUV 2 —_—— r
! : 7 B = . - T3
FRA SV R = =T J=
_ R e I <) — o =
— I e ;P N T..;.wﬁ S ._Jﬂ. 7 - . :
: &2 P ¥ Y PR § I T h T
" — JREAN U S P 1 LI ) i : -
_ Rl S e 1 - :
e St Ol Y . 1 .
1 R —
_ 1 a [ e ) s ey = =)
. _ ol G i —
| . T .
' — s o i S ol B ;
P oET T T ;
| » S g Gy v T
1
@ ol 15— AT & a2

7_ ysvY

«L:;o;ao:; IS¢

L

oo
E

3 [1&!L z 2 2
uoocﬁommm, oooa:ou:?

|
=T
ej Ntz €

G S G e y o LG L 0d et A oA mfcln,m.(;m 4
NG > Q000e RS L . oo 005 0% o o ——
H DN P e T —F
T i - S
. by 1~ 1l o~
: SEiE s -
! e
. H”..I,||...L
i :
ocooo m_msooo_:o;oooaooooxmﬁw.ooooooopoo
|« ik 000800

L

e NN

58-23



7

.{,C....Cc,ccn:au;c.&;:c&crOC....O:»rCGﬁAO_\GOO
fua gy o o000 0002 oon 00 ae o L
N\v J S— “m HH Y

¥ L.
I =1

pejuusdeouy
0039 985 ¢

6561 *3deg B2
uedp swsay yHT
oTod 7 JH €

389, wopjernedeoay

s EARN
]
L

i

i
T 13 T
H . 1 —
!
1

REERRREN

I
CETTTTTT T TR
I
IRl
WL
RAR
3
1+

1 T - . i gl

eAE- ..U'ml“<’ 2 - |-|_._l. w3 (A 2 M | x s b ol 3
. ..w.sa \ - AT R
ocggacgr g anrc 5;@05::3_.,ccbc:_c.c,oc_co.om
AUAON P i it R : oz i e Dt T wT T sl |f]m < ©
_, a1 2t —pe—— wl,]] .l .
: | - == e s e I =
pojumedecty | 8| Smp— I E—— “ M
0ty a1 2 = : Congr W - L3y 1 e
SUIOQITY , it il e v e lla‘_mm; bah -
66T *Wpg sz ' : e R o Bttt o B S ety o e B
wadg swexy 79T “ o — ] B e A . s
ST Y JH € . =: | et et gl oo i A el ey :
389] uorywLnsdeong — Cx i W | St o
: ,-||\ -~ —— e —
’ G_R P e " o u:,ﬂ .Jan/m«ll_. S wl r we P ... orin - % iy
h 50000l G N0 NA000C LT UELDOD L0 U 0:0 01
l o ot o T ume bl 5 RO, [V VIR B ool oo
i 1 1 2 nﬁ . i N T
peseuadesuy | ; L o e —— __
3 piid i M I Py S L T _.‘. |
00 e | i T e o
656T *3deg gz — S s ST a2 1 i
uedp ewalg ygT , | o b - 7 ,
oTod Y 4H ¢ ,. : = —- ; . =
488} uopjwrnsdeowy pom— T ol iy et o :
D e o oy ﬂ !
| RS 00! e el s e ey i i RO o —
ﬂ‘g <M<< 2wt g -Ilm—ll%ﬂ.:._ﬂ r W XY Y X -uhdML _Os-du A T \,-. 2
P OUR0C0DUUUEl o esU0000 FEE 10000009 RaboC

|
l

§8-24



|

H

I

| b [
q*P 0T N8 Trw

S

i <

I H;l, o

3

A

Ll
N s T

T
_\ Ty ¢ Ivl..yoWLI.. R — == !
, , : S e p— — —
pesvusdecny | e e T e e
30T 1004 2 | —— | TR s = e
ouT | A AN u-.l., - .iJ.»HM.I Tty ; —_ T

6S6T *3d05 gz | — e T A e e e
ued( ewmxy T | = v et | (] Bl Bt [ 5 et B i i b s e et
STOI Y JH € - ; i Tiapitien ol e e e i e
1901 woTIeTnedvony | — o et x| il O gl (50 ot Sl A e st St Aoty s et
e — e SR e
A__v ol Ar<m<;<‘ \. ,- N w 3 ol iy _!.:m. aSRIeS SR ..II.H

L Sl eon R g o oue TEED a0 G oy n 0y
L e B S

Tz T A R ']
| = Tr=F
| - , B i i ——
pojeTnsdecuy | : ERR . —— .
006 wOI T | e e g e =
, SRIOQITY : — il ot o e I bt e Iyt bt Byt
M , il e sy o 0 O B o S I e A ,
656T *3des gz —— o i— — (449 Aoy 3 e —
wed( omely 8T S——— ————l R A R Lo e T el e
STdYJHE S e  A— AR b e [ e SN S —" CR— o
3501 wopienedeony - | = RSE ST T o e St 11 e ! el
e SERgE - =~
i, = : SENP i el : B
@ ol VJ<M<|,< N J- ; .dzﬂ.n - I w Ty _Hlv i L‘.I Py -
: L r s e . L - T
| iR, EEEEREEEEE T (o T EEET T Y
Lt . ) <o y ol .y T ——
Ma - I 2D e 2 - o
Av._ﬁ a2 258_5 = -t ... oo [ eﬁrrﬁﬂub,u‘mﬁ,u.:a"v )
_ I : A 0 o e . =T
A k) Mwll!ﬁ T “ w -
poyvTnsdeony i o : f

ocilieesz | =

e

|41

66T "3dog 2 ——- =

uedp ewssy ¥gy _A ;

gom#mmm

T T
5% ] Y
. T T
v s A T
chmed T 4 m T !
4—]— = i o 2 — :
JI R SR S q } —
5 ] — - — IR —
- : b — ——
N § SR hyw— i !
— !
e . ]
= . —
[ . T T a—]
bt -~ —
_—— y
: =
A H |
B

| oc;ccoﬂ:

6o o

- ,Qv
[

lgooo

N

0000,
|lluFPFW

58-25



&

. 8J0p
pejurnsdeousuy
STIOGOIUIORIZY

096T 10Q0390 CT
wedg ewsdd 28T
oTod 7 dH ¢

389] uoTyeTmadeowy

390], wopjumedeoTy |

,ar

R

Ay S
conNnoozgoCoo

e

ey

9K

VODI200D000DD22000
oone oo "
[

H.J-L”nm;
il

sy . -
003000000022

[ J - SN WA WU S BE T - —- SER :
- : +34-- N _ -
: . BTN (Y 5 A RO S 7 ]
1 - 1 L " T J -
— : ot =t S Rl s i ; ;
[
p—— iy e el A 1O 0 MO I i |
—— Py L A MO T b N1 :
= Nm— 15 R b i i i ,
e A e :
= s T 3
- - T - T T
” IJI :I:I:l.!:‘l‘l T 1
’ [t e I — 1 3
T A T 7
: — . B e = 4
T 1 {0 e e i I ;
N - 0 i . 2 N A 5
ST . %Mu Q .

$8-26



C—— e e - e

G ONO OB 0OBOCCOOGCCoo0n N e &
3 DeOT - OODs [ [ o0 H . -
Ty d L
o~y

58-27

T S s o g et LR 2o ]
[ - i | SRS e gl e —H i
o) | —— o i I =] = " ,_
pogeTuedecy | — oo e = - -
PUIOQEINIINIFS —— . = : !
0961 10903130 92 | i sal SRS B ! = ! e
\io gh g — - : .. = [ — -
oTod 7 dH T oo ] = m =
3595 uorjuinedesuy | = "
= ;i -
1o IS ' -

\'Di_

o
(=)
1 D)
[on}
o
5

E

|
i
|
<. B e - PR . ——
- . . N . . . . N A erate- o TITNE
CGCOC e G0y oo de o CZUNL000600 000 ﬁm,.o.&ﬁ.n.d,.,

: §as |
e 0L A i3 nﬂ...mLMW‘ 38 Rt I B B ER I - oy i T ¥ =
i e i i e =—ir=f
. — . - T i
S|V -z . —mo—— e iy pis - ! ,
pegurmedeony | i TN Sl -
PUIOqaInYINIg S S S S — :
096T 10G0390 92 S v il ..,,H.,.lxmﬁ d — _
wed) emexy gy — - : — i
stodrYaHz | I = = "
© . 988], uoTywTRedeOwy 7 - o = = o —
.; s T R
@e 0T vsY 3% 1P

. .
> RS 13 N -
CLnnoccogongtuand




i
|
|
|
i
T ,M,...] T - . ; S 3
loocogoceocm ol cCcCo O QLDODOCROORO0COCcooollog
QACN.J.. _..M.n =5 ooom oo g [ 005 [ ﬂ-., . o - L
- o A T T »
D = =ik =— e
- ! IR Pt : e i |
Xy -2 = S = =
ewIoqernionIIg : ! =
0961 LR T | : 1=
ﬂ&.oﬂluh.an ) “
SlodZal S | ——f
UOTIVTOS] TewlojuY ;
! oeooooo.m.m.ocJa.aoooeaoooo%mﬂﬂooooanooo¢
I Tt oo rBlomoRonhiridonct e i fiAhcotsrcocnRo o3
e.gl._.-ﬂ.._n.._vonﬁ 000N -,mam 000 00 00s (3 ﬂ-. 8~<.‘ ’
T — : : 1
- 7 — o Tk - H
_iaw - : s fa_ _l\ag_ n.a.«\ L. ! =
agﬂg n... _1. . w ] -s- !
096T S TC “ _ =
wdo exsxf ! i
STodzaH S | -
Toy3vTosT Tenejuy |
l
| — 1
aaﬂULr\‘! 1 2 1 n
O T 000000 00D 00000G0C000Q ooooocooo,
. o e e e s — .
S R e R i R ,, o <
e.ﬁg w 1 Z € IR0 Jﬂmﬂ
i : Y T : LU
B e (S . N [
Xy -X ,f = - A " : F
 POYULOST - _.. - <J = {Hi T = =
SUIOGEINIONIFS = pe e
0961 Awy( 1€
wedy eweig 8T —
STOdzZdH S | : :
UOT3ETOST TWWIeqUY ‘ : =
| —3 -
|
AH_ION.H..P«.-H_F it i e s . 2 n o a: s
ﬂ, @wooooo:_o.oo._Q.uoooooooooo,,@n@_@.oooo.aobb\
7 2 . _W
|
, 3 _
h e 1
! s j i
= . m” \. \
s o N ”LVLF !i[,[\'\’“‘\ //

58-28



_ - - S |
oy < T e e N B
U ke« B Ul SR S R S IV RV 5oL AT
o e L Lz - .
B Ny e s o e s S S o et o R M
| | ST, e s
) ‘E'N T | ru.n..|lw.l 1" w ? “‘1 J_xl.
. — : LR [ i bl i oA o H x -
pejeTosT J0d __H* et e e e A T R
suloqarnioniyg __f .- , - ga ...I_uﬁi,l : o :
096T 4K 2T = h —S=T RO T T e e e s e R
m ! ! e et i et s e e s i o ot s P
~ uedg smwey 49T | ” LT T e — - 1
sfod T dH & > : e ! Qe ey it : Cor P iy s et
uopjefoe] Tewlegmy 0 =g “ L e et et o s e g gl A 0 i o st -
. o , | fuiunfs gty i e : 1
P e s S e el v e e e e R i
Qe 0CT " wsv Ty 3 g et . Ayt A e
_ YBUS OOl 0D NBL0LLs0n ,,_T.w.ﬂoagc R

- I e
Sy -1, : = s o
pejuTosy joy o= |- ¥ h g i
Ngﬁwgubﬂhﬁm , n - |1 .M.IL 1» T
96T Mo zT - o e S e S o
ued() iemery 9T : , —1 i TILT T
SIod 2 dH § = —— o R i o =it
UOT3eToS] TWIequI - ] = i T "
T T T ==
qpe" ONH N LR thatth iTs i S S .

ccccroro:: ;333300003

o R R T R
qpe wa =5 odooe oo foos oo "
Oh .t z ¢© T T -

T
jdd
1

T

| =

I
%

TR

uﬂ—!:.

; 50000 ,og.,uugomoa_oomooiqm@d‘ow.o.ooo@

3

)
i

it Lidogte 1l 1§ DA mm— i 4 n R T - i —_ "STIRNIH

$8-29



; !
_\ .
. )
|- : ]
_r i Y
|
L
I v ;
| ' i
! n W )
- W ! _,
! i
[ |
_ : f g
| '
_ I ,
! _ _ J
. ) To o . z FEENCEE BN N
D ag e ..rwarx.t......bwcr s = 0 “ woiiz 8:0 (nmu ) u.sn( > % wvm Y . .
Qe 0L Stz % ,_ : nﬂ..ll.+| — m s I LA d
ey == =re ﬁ = =
pooT on e e =
suroqaIngontyg : S : At , ,
096T £oN TE H ; - — -
uedo caaid g1 __ +=
eTogz 4M § “ = :
3991 uSTIRTOSL — -
xuo,NH o - i-a._!:h 2 % 1 :.m.m. : L o
LNTHOUVOUO0UBIBI GBIBJUOTOD YT JU0000U0DN0C00]
-, .
Mu |
- SH o = — T
Qe ol wo %o e " w Y dk T e Y Yan T Yew 7t T w2 g
. _ wl- 1z € 3= . 7/“ kY % .ﬁ\
) . — = i 1 !
owary L e : = : :
~ peo] of . =] ST ) e e A :
JBIOqRIRIONILG . —E= = = i }
096T LeR 1€ . = Pt e - ]
uedp owmery Y97 —— e u
9T0d 2 JH § .
389 WOTIRIOST T — =51 o
—= = w
| E u
eﬂ.ONﬁ Jo} <M< Y A a1 R " r. \Jq 2 My
S iubunun3iBugdoncoavsae 50 ouasnoiono,
o v
li _
| ,:
7 1
_ I
_ I
T
|
' |
0 _
;7 ,,./,, A
Y R T | N

$8- 230



— | |
= , T ,

R T S BJR. ¢ @ " ”ﬁ. 89«.-. vaﬂ. S e \.rﬂ/u < M.l...-U B | “ Lo

qpe Q6T [ ¢ t x:bw.”qun : T £ I RN AR |

—— SUrLES) RSN N E T I R LN PR

= 5 S svtmmptind : 1 Ot Mt '
ax0p e _ !
Joj0g peooT | — et [ et et e R as i
T N ) Bt sutelng (b omianl R F
ofeqT0A JTOH | S : — B Et] Tl e 2 o = TF |
096T LeR 6T L T Pty it e | i sonaebra sy — - == r
T L pa— i oot o T — ey . i3
uedp omexy 49T “ g | i oo [ : ; o
eTod T 4H § ro— 1 (g el o s vy 5 -
788] UOTIETOST - — e i o _— : 1
00 b it s . h
: ) ot eyt I J_

apel . : B s ey S Sy 5 :
OAﬂHb <M<< T .ulm_z|-_a.. ¥ _, x T YA e 2 -.. .jﬁ! 2 71 43
S S RS R e el u:.:uicﬂ_ccbcm.(l".LO.,UUD,DaODD

T ———— 5 _ T e P O A SN
a_a gl._\ _(.luur.h.uf.,n-ws,m. aw.l\nllrw.\ w - ,IM.H-.\ t s~ 7 ook : < o0 S I\Q.MU 30 Oﬁ( fo) rﬂi( rl\r|4ln“m oo
- i “ — I uﬁ P HH_W. ..MM.HI".Hl H N _7‘_ - d.w v .r_u m
omexy - ] g St = ¢ —~H—4F ;
20308 PeARoT = U sl i : e
om-a. TOA JTwH | . i o ) il S i i S I
CLIOIPINISUIIE =] it i el 7 : _
096T Loy 6T 1 A pam g g il ; : _
uedp| sumrg %91 = : A il + .
STdZ S — — i a—
9881 UOTIWTOSY B— o I S o

58.31



vweoanslasa -2
S et KU R TR P ATt - i e i g

SECTION 9‘
PROTOTYPE MOTORS

9.1 RATINGS AND PURPOSE

Four protetype were built as part of this study.
All were olternating current, 440 volt, 60 cyele, 3
phase, 2 Pole induction motors. One each of the fol-
lowing was furnished: i

1) 5 HP, dripproof protected, 184 &‘\\ma.

O _B MDD sassll a5 L.

A amalad

3) 40 HP, dripproof protected, 324 frame.
4) 40 HP, totally enclosed, fan cooled, 354
frame.
These motors were designed to meet the specifica-
tions of MIL-M-17060B to the maximum extent com-
patible with the low noise criteria developed In the
preceding sections, The minimum acceptable per-
formance values given in this Military Specification
were considered to be design requirements.
The purpose of building and testing these mo-
tors was threefold:
1) Te verify the conclusions: of the Individual
studies. The different ruflzﬁgs, frame sizes,
and enclosure types_constitvte a-comprehen-

ey

2} Teo determine the mutual compatibility of the
design criteria. The motors wers snsentially
o summation of the low noise cendition of
the individual studies.

3) Todatermine additienal design criteria, Three

principal aspects ware planned for study in
conjunction with the prototyps motors: toler=
ances, use of external belance rings, and
preload adjustors. Additional design criteria
were developed as a result of the onalyses
of the prototype motors.

92 DESIGN DATA

The protetype motors incorporated all appropriate
design criteria developed at the time of their design.
The dasign criteria used for these mators are those
in Section 10,1 that are marked with an asterisk.
Those not marked were developed subsequent to the
motor design. Specific data pertinent to these de-
sign criteria is furnished in Table 9.1, Masterplans
of these motors are at the end of this chapter.

TABLE 9-1
o — .= __Protetyne Msiore Daslan Daia” )

Frome Size 184 213 34 364
rn:lmum Alr Gop

Flux Density 38,800 40,000 36,800

umber of

Stator Slots u 36 48 48
INumber of :

Retor Slots 32 28 38 8

el

Several comments are pertinent to the consfruction =

of these motors.

1) The desirdbility of short pitching the ceils
of the two_pole motors to facilitate the wind-
ing of the motor made it impossible to reduce
both the Sth and 7th stator harmonic. The
pitch rotio selected for the prototype motors
effectively attenvated enly the 7th harmenie.

2) Open bearings were used because of the un-
availability of shislded cr sealed bearings
meeting Amendment 2 of MIL-B-17931A.

3) The dripproof protected motors were bullt on
the 184 and 324 frames specified by MIL-M-
17060B. The NEMA frame sizes specified
for 5 and 40 HP, 2 Pole DPP motors are the
213 and 326 respectively. *

4) The motors were provided with external bal-

- dnce rings for fine balancing and in-place
balancing. The totally-enclosed motors utile

. _ . ized.a balance rina weded to. the z2nieal fan..

shroud. The other balance rings were mach. -

ined from one piece of stock rather than fab.
ricated. A discussion of the effect of balance
tings on motor noise is presented In Section

. 9.3.2‘ V -
5) Preload - adjustors similar to that shown in
Figwe 4-2 were incorporated in the motors’
design. See discussion in Section 9.33. Ta
facilitate the trial inclusion of this device,

9-1

Frame Slze t 184 213 324 364
Lowest Numbet R - R ) -
Nodes Slot Frequency | 12 12 16 12
{Stator Slot )
Neck Opening 130 130 RAD] 130
Kaw __ lrases [ 1.00Rs | ).00RS [LA7RS: |
1.008S 1.2988 1,2685 | 1.008$5
[Prich Rotto 2 | 108 | 1324 | 13/24
Interference
Fit ~ Front 0002 0003 ,0002 0001
Rear 0003 0003 . .0003 +0002
No. Internal . .
Fan Blades 7 é ) 10
No. External :
Fan Blodes & 4 - 4
Full Load : ;
Temp. Rise 62°C 58°C | 86°C | 67°C l
Alr Gap : a0t 3
_Langth _+018" 025" | 030" _-040" .
mlleii Bl = = —asa&mkﬁsm::m: poo= a——“"‘i
h’wiov Weight - — ——{— J0# —|—T48¥ —{— 4458 —{— §Y&eh{-—- =4



the prototype motors have no provision for
regreasing the bearings.

| 6) The space required by the prelood adjustor i

and necessary clearance for ad|ustment oc-

9.3.1 Tolerances

The ottainability of reduced tolerances of three
noise-affecting machine surfaces was studied in con-

L cupled the space normally used for the sta- junction with building of the prototype motors:
\ tionary end cap _bolts,. Replacement of the - 1) Air gap eccentricity, ) )
’ stotionary end caps with rotating end caps 2) Out-of-roundness of bearing seot on shaft,
| was made on an experimental basis. The ro- 3) Shaft-bearing fit. .
tating end caps fit on the shaft bearing seat It was desired to hold the steelstossteel air gap
[ ond the bgor]ng inner roce presses nglnﬂ occonfrlcity toless than 2 mils. As mentioned in Sec-
——— - 4ho—end-cap-shoulder rather tlan the ohofs _ _ tion 8, ten metor tolerances plus_internal and extern- - _
shoulder. It was feared that obtaining a sate al bearing tolerances affect this eccentricity. How-
isfactory face run-out of this shoulder might ever, it may be expected that many production varia.
be difficult. The effect of this surface on tions will be of a compensating rather than an accum-
bearing noise (not studied under this con- vlative natura., The special precautions taken in the
tract) is considered to be appreciable by construction of these motora to reduce the air gap
some bearing experts. The face run-out of the eccentricity were a 102 mil interference fit between
shaft shoulder of all four motors was measut- bearing housing and frame and a 1 mil tolerance for
ed, as well as the face run.out of the rotating the rotor turning, The measured eccentricity of the
end cap held in place on the shaft by clamps air gaps of all four motors was less than 1 mil,
which simulated the preload force. In al! The out-of-roundness of the bearing seats were
cases, the face run-out was less with the end held to less than 0.0001 inch by special grinding by
caps in place. It appeors that the prelood skilled machiniats. It was found that the eccentricity
force causes the rotating end cap to assume of the bearing seat with respect to the axis of roto-
o position suchthat the surface irregularities tion increased markedly after the rotor. core was ]
e o e commangntary-in-naturec The yse-of re. . _pressed on. the shaft. Attempts.to.alleviate this.con S
tating end caps is considered compatible dition by decreasing the cors-shait interterence and
with. low noise design. grinding the bearing seats after the core was inplace,

7) The use of preload adjustors and external
balonce rinys affected boththe overall length
_and weight of the machines. The preload ad-
justers were ploced in the front bearing hous.
Ings of all four units, This device extends
beyond the bearing housing approximately
one<half inch. This the balance rings of the
dripproof protected motors and the fan-bal-
ance ring assemblies of the totally enclosed
motors were located farther from the motor
center, Tha compenents of the totally en-
closed motors wers designed so that stand-

ord fan housings could be used. Therefore,.

- these motors were not langthened at the front
end. The dripproof protected units wers;
lengthened approximately 1% inches at this
end and all the units were extended 1" for
the rear balance ring. The 40 HP units are of
a satisfactory welight, but the 5 HP motors
with the balance rings slightly exceed the
welght limit specified in MIL-M-17060B. With.
out the balance rings but with the totally en-

9.3 ADDITIONAL STUDIES

- The third purpose of building these motors will
be treated first because mony of the steps necessary
to conduct the additional studies affect the construc-
ion of the motors.

f/' tcts meet the weight specification. .
|

9-2

T mmm T T —(oged fan-balanse Fing awsembiy, bofh mo= -

met with little success. However, it is the out-ofs
roundness, not the eccentricity, that deforms the bear-
ing Inner racewoy and creates bearing noise. The
beqring seat accentricity is but ane cause of the air
gap sccentricity described above which the four mo«
tors indicate may be adequately controlled.

The third tolerance investigated was the shaft-
bearing fit. The study reported in Section 4 indicates
the desirability of a light press fit (0.0001 inch to
0.0003 inch) betwaen the shaft and bearing. The pro-
totype motors use bearings with ABEC.7 external
tolerances and the shaft bearing seat tolerances were
those recommended for ABEC-7 bearings by the Anti-
Friction Bearing Manufacturers Association. These
folerance limits permit sufficient variation that sei-
ective mating of parts is required but is not difficult,
The measured shaft and bearing dimensions were
such that over 90% of the bearings supplied could be

. vsed without exceeding the 0.0003 inch interference.

9.3.2 External Balance Rings

The rotor assemblies of the prototype_motars -
“were=boioncaéd as fine as possible using Gisholt

machines. After assembly and without external bal-
ance rings, the motors’ unbalance varied between .\
and .3 mils displacement of the bearing housing hub.
After addition of the balonce rings, which had also
been dynamically balanced, the motors’ unbalance
increased to between .8 and 1.6 mils displacement,
Unfortunately, the dynamic bulancing equipment on
hand ot the time of this study (IRD Model 400) was



inadéquate for balancing to less than .2 mils -dis.
placement. Lack of time prevented the acquisition of
additione! equipment; therefore, the motors were re-
balanced to the moximum degree possible with the
existing equipment. One-third octave analyses of the
acceleration db levels produced by the motors with
and without the bolance-rings revealed that the bai-
ance rings not only increased rotational frequency
(60 cps) vibration, but also the levels of the 125, 507,
800 and 2000 cps band. As the noise tests of the mo-
tors Indicate, the 60 cycle lovcls are not as ob|ec-
tionable as the. hicher frogy

type motors had a better frequency composition of
vibration without the external balance rings.

Due to the inadequacy of the balancing equip-
ment, no concrete conclusions as to the advisability
of the use of xternal balance rings con be made.
This work dods indicate the need for a comprehen-
sive study of motor balance and methods of correct-
ing unbalance.

9.3.3 Prelead Adjustor

It is shown in Section 4 that the beering noise
is highly dependent upen the axlal preload force,
This force is produced by the compression of o thrust

T sl -
vigner—frgqusncissr Thue fnw piolo-

9.4.3 Bearing Moise
9.4.4 Fan Noise

The one-third octave test data of the prototype
moters is supplied in Spectrogram shests 9-1 through
9.12. The structureborne noise recorded on the feet
ot the front and rear ends and the airbarne noise re-
corded in the Allia-Chalmers reverberant sound room

-are furnished for the motors in order of increasing

frame size. The sound spectrograms at various posi=
tions around the motor are essentially identical be-
___ cause of the reverberant room. Theratore, enlio-mini-
mum number of sound pressure specfrogroms are furn-
ished. The sources of discrete frequencies and fre-

" quency bands of noise produced by these motors are
fumished In tables 9-2 through 9-5. The primary and .

secondary rotor slot frequencies are those calculated
using the formulas of Table 3.2 that have the least
number of nodes, Spectrogram sheets 9-13 and 9-14
contain a narrow (6%) band analysis of the airborne
noise produced by the 184 frame motor for illustrative
and comparative purposes.

tional to this comprestion. The normal variation in

end play due to tolerance limits can ba as great as
50mils, For the spring characteristics of thrust wash-
ers normally used, this con couse an excensive var-

- tation in preload fom. The use of a preload adjuster

eiiminares these problems concerning axial toler-
ances. The prelcad adjustor also permits the ready
ad{ustment of the preload force that results in minie
mum motor noise. This adjustment moy be made with-
out motor disassembly but should be done with the
molor ot rest to prevent momentary overloading and
subsequent bearing damage. The prototype motors
were the first applications made of this device and
ho difficulties were encountered. Use of this preload
adjustor is considered agreat aid in minimizing beare
ing nolse on a practical production basis.

- 9.4 NOISE ANALYSIS OF PROTOTYPE MOTORS

The analysis of the noise and vibration reduc-
tion achieved in the design of the prototype motors
is necessary to satisfy the first two purposes of their
construction. Both the verification of the individual

nud ies and the mutual compclfibllify of the study re-
- wults (demign critéria) wili be treared simulicnvousiy

with the analysis. The noise produced byall four mo-
tors will be analyzed for each noise source to facili-
tate reference toi\the individual studies. The noise

i

preduced by the four sources are treated in the fol-,—

lowing sub-sections:

9.4.1 Unbalance Noise
9.4.2 Magnetic Noise

TABLE 9.2
- Sowrces of Nolse And Vibration -
1/3 Octave | Frequency Source
63 60 Unbalance
125 | 120 | Fundamental Redial Force Wave
200 Band Preload Band
$00— 480 Beoaring Noise
1600 1800 Ptimory Retor Slot Frequency
2000 Radlal Foree Wove
4000 3TN Secondary Rotor Slot Frequency
Radial Force Wave
6300 4300 Whistle
8000 Bond Baarlng Friction & Surface
Roughness

Frequancies taken from Spectrograms 91 through 9:3

TABLE 9-3

Sources o‘f Noise And Vibration
S5HP 2 Pole 213 Frame

1/3 Octave | Frequeney Source
63 60 Unbalonce
125 120 Fundamental Rodial Force Wave
200 Band Preload Band
_1ans - Y 1800 Ptimaey Rotor Slat Feaguaney
2000 == 1" Rodial Force Wave
2500 Band cen- | Bearing Noise
tered ot 2700 , ;
3150 3240 Socondap/Ro'or Slot Frequency
Radlal Fotce Wave
6300 Bond Bearlng Weorsin
{subsequently reduced)
8000 Band Beoring Friction &
Surface Rouphness

Frequencies taken from Spectragrams 9+4 through 9-6.

9-3
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TABLE 9-4

Sources of Noise And Vibration

Airborne
Spectrogram Sheet

Structureborne
Spectrogram Sheet

Prototype
Motor

40 HP 2 Pole 324 Frame 184 Frame 34 Top Spectrogram
1/3 Octove | Frequency | Source on 5.1
63 60 Unbalance . ) 5. .
125 120 Fundomaental Radial Forco Wovc 213 Frome 7-4 ) Middle Spectragram
250 Bond Preload Band + on 8-18
2nd Harmonic of 120 cpay ) :
1000 Band Bearlng Nolse + 324 Frame 915 & 9414 917
- - : _ BehHumenteatMene. V. o -
2500 2400 Primary Rotor Slot Frequency 464 Frame 314 Top Spectrogram
Rodial Force Wave " on 5-19
4000 4440 Secondary Rotor Slot Frequency
5000 . Radial Force Wave |
10000 Booring Friction & _ ."
12500 Band Surface Roughness % 9.4.1 Unbalance Noise

_Froquenclu taken from Spectrograms 9+7 through 9-9

TABLE 9-5

Sources of Naise And Vibration
40 HP 2 Pole 364 Frame

The unbalance noise of these two pole prototype
motorc reflacts in the 63 cps one-third actave of the
structureborne apectrograms, The spectrograms of the
184 frame motor reveal that this band is one of the
lowest levels recorded. The levels become progress-

ively higher for the harger fromes but only on the 364 -

frame motor is the unbalance noise level within 10
adb of the highest level produzed. Thus, even con-

sidering the balancing difficultiss provious deseribed, L —
- thot unbalonce-{s-ant-tie.-

1/3.0ctave_|.Prequency Source. - ———it-may w-teen: -froublesomg— -
63 0 Unbslonce source of vibration in the prototype motors. “
125 | 120 | Pondomentat Rudtat Farzs Waove Comparing the pretetyss meters with their son-
250 240 Fan Blade Frequency ventional counterparts reveals the prototype motors
3I5 Band | Preload Bond have approximately 10 odb less unbalance vibration .
NI e et Fraven alang. the oxlal {X) axis and 15 ta 21 adb less along -
“Rodial Foreo Wave radial axes (Y and Z) for the 184, 213, end 324 frame
4000 - Bond | Rear Beoring Netse motors. The 354 frame has sssentially the some lev.
10000 Bond | Beating Friction & els on the radial axes as its counterpart. With better
Sutfoce Roughness dynamic balancing equipment, thase levels could be

Frequencies taken from Spectrograms 9-10 through 9-12 further reduced.

9.4.2 Magnetic Noise

An investigation of the 120 cycle magnstic noise
produced by the prototype motors reveals thot the
levels are almost identical té that of the convantion-
al motors. This is consistant with the design features
as the only criterion employed which would minimize
this frequency vibration, was the limitation on the
maximum air gap flux density. Both the prototype and
conventional motors under discussion have air gap
flux densities of less than 40,000 lines per square
inch. The corresponding TEFC units have identical
.values, while the prototuna DPP motors have slight- - —~ . -
ly higher Fiox densities because of their somewhat
cramped design. Thus, the 5 HP, 184 frame prototype
has 4 adb more 120 eycle vibration than the convens
tional unit because its air gap flux density is higher
than the 3 HP conventional motor. Note that the lev-
els for the 5 HP totally enclosed motor are less than
the DPP motor even though the flux density is high-
er. This is a result of the greoter rigidity imparted to
the stator core by the totally enclosed frame which

Determination of the noise reduction achieved.in
the design of the prototype motors requires compare
ison with the mest nearly equivalent conventional
(not low noise design) motors. Tasts of such units
reported in earlier sections will be used to:minimize
the amount of test data supplied. As outlined in Sec-
tion 2, the test motors wers modified in various man-
ners te reduce noise generated by sources other than
the one under study. Certain of the tests were con-
ducted with conventional motors, however, and these
include units similar to thres of the prototype motors.

-Tha 5 11P;-2 Pola, 184 frome motor used _in. various
tests was essentially identical to the 5 HP prototype
motor and therefore cannot be used for comparative
purposes. No tests of a motor similar to the 40 HP,
2 Pole, 324 frame DPP motor have been previously
reported, Tests of o 40 HP, 2 Pole, 326 frame DPP
motor meeting MIL-M:17060A are therefore supplied
on Spectrograms 9-15 through 9.17. The following
spectrograms are used for comparison with the pro-
totype motors: .
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has continvous peripheral contact with the statoer

core. The 364 frame TEFC, 40 HP motor has lower .
values than the 324 DPP motor but also has less air

gap flux density. The stiffening effect of the frame
is less on the lorger frame sizes,
Additional design criteria were employed to re-

duce the more objectionable slot frequency-vibration..

The test data inditates that the prototype motors
have an average 13 adb less primary rotor slot fre-
quency vibration than the conventional motors. The
secondary rotor slot noise of three smaller units is

_an_average f adh less than_thair counterports, The

ucondary rotor slot frequency vibration in not evi-
dent on either 364 frame unit,

Even though the reduction of slot frequency vi-
bration is greater than the 120 cycle magnetic noise,
the level vremains higher. However, the steps that
should be taken to further reduce magnetic noise will
be effective at bath high and low frequencies. They
are:

" 1) Anincrease in radial thickness of stator core.
As shown in Section 3, this dimension has o
pronounced effect on the deflection. of the
stater core due to the radial air gap force
waves,

L

P

t

i

ribs to impart odditional rigidity to stator

cora, o

3) Rotation of successive stator 7 ..e I nina-
tions to minimize permaance variation due
ta grain arientatian, . _

4) The dripproof protected ‘motors could have
encapsulated windings to reduce stator core
vibration,

5) Use of Internal isolation material. If the
above four steps are insufficient te reduce
the high frequency vibration to acceptable
limits, steps may be taken to ottenuate this
noise between the source andthe motor frame.
As shown in Section B, internal isclation of
the stator core to reduce magnetic noise is
feasible. However, odditional work is neces-
sary to evaluate the cooling of motors utiliz-
ing such isolation.

9.4.3 Bearing Noise

The principal design criteria employed to reduce
becnng noise and vibration were the use of high

" quaiity, iow vibratidn -Leariugs, careful altention to ~

.~ mating zarts, and setting the optimum preload force
by means of the prelocd adjustor previously describ-
ed. An investigation of the tast data indicates thot
these steps liave apprecicbly reduced bearing noise
over a wide frequency range. The low frequency beare
ing noisa hos been essentially eliminated as o
troublesome noise source. The prelood band is pres-

— ——eod in bonds-frem- EJL,GGG S PETUav U -Gipay {s-causad—

_ _the prototype motor

ent dus to the use of thrust washers but the laval is
minimized by the setting of the preload adjustor ex-
cept where a greater or more important reduction of
another frequency band wos desired. The 184 frame
motor reveals a slight preload bond on the X-axis
which was minimized by the setting of its preload ad-
justor.-In the case of the 213 and 324 frame motors,
the prelood adjustor was locked ot the setting that
resulted in minimum high frequency bearing noise be-
cause of the oppreciably higher levels at theue fre-
quencies..This high frequency bearing nouo,roflecf-
~m hm ANNAN a1 oo P
by bearing friction and surface roughness of the bear-
ing components. The prototype motors have an aver-
age of 7 to 24 adb less vibration produced by this
source. However, the levels in these bands remain

the highest produced by the motors, Further reduc- -

tion of this high frequency noise primarily requires
use of ball bearings with lewer values of high fre-
quency vibration. If these bearings are not obtain-
able, the bearing noise may be attenuated by the use
of isolation material between the bearings and the
bearing housings.

The 213 frame motors are examples of a rather
rare phenomena. These motors are some of the few
tested where the magnetic noise-in the middle fre:

i*%ewmmm“tmmmt::_ummmwmﬁ_“ Aol more prom--—

inant than any other source. Narrow band analysis of

centered ahoyt 2700 cps which had higher lavels.
This is not & prominent bedring frequency and the
even higher levels of this band on the conventional
motor suggests a rasonant condition,

9.4.4 Fan Nolse . '

The prototype motors are no exception to the
rule that fan noise is principally airborne in nature.
Therefors, the analysis of this source of noise must
concentrate on the sound pressure spectrograms. The

. airborne spectrograms of the four prototype motors

ond the specially tested 324 frame conventional mo.
tor were taken in the Allis-Chalmers reverberant
sound room at Norwaod, Okfo. This room, which has
smooth concrete walls to provide high acoustic re-
flection, was designed to facilitate sound power con-
version of the measured sound pressure levels, Table
9:6 furnishes the corraction which must be added to _

_sound pracsura lavels accided in this room to ob-
tain sound power levels. As an aid in comparing the

airborne noise test results with MIL-E-22843, Table
9-7 furnishes the maximum sound power lavels per-
mitted for Grades B and C equipment and the corres-
ponding sound pressure levels for the Allis-Chalmers
Sound Room only. The levels for Grade A equipinent”
are 20 db lower than the corresponding Grade B and
C levels.

9-5

reveoted o bund of beurtng-notse -

[

e -4

il

e b

B RS

Bl |



TABLE 9-6

Sound Power Conversion
; Lpto Ly

To convert Sound Pressure Levels re 0,0002 dynes/sq.em.

A

TABLE 9-7

Sound Power Levels re 1013 Watts
Permitted by MIL-E-22843
" ForGrade B&AC

recorded in the AmC Sound Room to Sound Power l.evels
re 10~13 watts, the following cerrection must be added.
1/3 Octave “Corroction
10
] U s
E - e, T T ows T T T
4 ) - 20
: 25
31.5
. 40,
50 n,
! 63 '
E 80
| ) 100
] \‘ [’ - 12§ 1.5
| (i \( 160 "
1 s
i 200
E «."’./ © 250 AV
5 ' 315
1 e — ——— ——
S—— R 400 s N
- 500
Fy
S SR - | S )3 .
800 13.5
1000
1250 14
1600 14.5
w2000 15 °
2500 15.5
3150 16
4000 16,5
5000 17.5
? 6300 18,
é 8000 19
; 10000 2
; The reverberant roem, in addition to facilitating
sound power computation also permits more accurote
determination of high frequency lsvels. Tests of many
motors. indicate higher sound power levels at high
frequencies when measured in this room than when
calculated from sound pressure levels measured un-
K der lass reverberant conditions. It appears that the
difference is dus to absoention of high freauency
s - néise “under semi-anechoic conditions rather thar —
L= amplification under reverberant conditions. The test
- condigions definitely affact the levels recorded and
/ the above described tests were conducted under the

more unfavorable condition.

The sound pressure levels at frequencies below
100 cps shown on the test data taken in the reverber-
ant room are caused by the room ambient which fluet-
vates as shown in the third spectrogram of sheet 9-3.
Repeated tests have verified that any levels on. the

9-6 .

motor spectrograms that are higher than the recorded
ambientare due to the rapidly changing ambient rather
than moter noise, This ‘ambient condition was the re-
sult of the newness of the reverberant test facility
which could not be corrected in time for these tests.
However, as Table 9-7 indicates, the low frequency
lovels permitted by MIL-E-22843 are for higher than
the omblient,

An investigation of the prototype spectrograms
reveals 'hé)t the prominent vibration frequencies are
not transdijced into olrborne noise. This is due to
two reasoris; 1) the vibration levels have been re-
duced considerably and, 2) the prominent vibration
is of high frequency which is readily attenvated in
transmission and tronsduction. Thus, for the proto-
type motors, not only is fan noise not evident in
structureborne tests, but unbalance, bearing, and
magnetic noise are not evident in the airborne jevels.

Comnnariean. ab_saund seazaues

Pl-..'lu
under reverberant conditions with those taken under
semi-anachoic conditions is difficult due to the ape
proximately 10 db increase caused by the reverber.
ant room. This variation is frequency dependent which
compounds the difficulty. However, even under the
more adverse test conditions, the prototype 184 frame
motor can be seen to produco both lower levels and o
better frequency distribution than its counterpart.
The sound pressure level produced by this motar is

ievels recorded— ——

... Permitted .. Permitted
Sound Power Level Sound Pressure Lovel
173 Octave | db re 10=13 Wares | db re 0.0002 dymes/sq. em.
In A-C SOUND ROOM ONLY
40. .92 81
50 -~ —e0 __ _L_.___ N E—
63 88.5 77.5
80 87 76
100 85 73.5
125 83.5 72
160 82 70.5
200 80 68
250 78,5 66.5
315 77 45
400 75 62:5
§00 73.5 61
630 72 59
800 70 56.5
1000 68.5 55
1250 67 53
1600 65 50.5
2000 63.5 48,5
2500 62 46,8 _
3150, | 60 S N,
1o 585 .74
5000 57 39.5
8308 .55 B -
8000 53.5 34.5
10000 52 32



essenticlly constant (approximutely 45 db) between
250 and 8000 cps. The only high frequency band that
is more prominent than the rest is a 6300 cps band
thot reflects a slight whistle caused by air passing
through and around the end turns. The overall levals
of the 184 frame motors are the some-but -the rever-
berant ambient produces levels higher than those pro-
duced by the motor, thus the overall reading (desig-
nated on this spectrogram as Lin or C) is not indica-
tive of the motor's neise output. Taest of an earlier

ed a 52 db overall reading. (See Spectrogram 3-16).
The principal design feature that caused the reduce
tion of fan noise was the shartening of the axial fan
blade length until a temperature rise near the Class
B limit resulted. The prototype 184 frame motor has
50% of the original length removed,

The comparison of .the 324 frame prototype motor
with lts 326 frame conventional counterport is con-
siderably easier and more indicative of the reduction
achieved because both motors were tested under ident-
ical reverberant conditions. The prototype motor has
a 13 db lower peak and a 10 db lowe: overall reading.
Again, the reduction ia mainly a result of a reduced
fan blods-length: The 324 frame motor-has o fon blade .

S T

326 frame meter).

o _The 213 frome prototype_motor hes ¢ pesk Javel

aof 3 db less thon the conventional motor and a 5 db
lower overall level. This reduction is (ess than an-
ticipoted due te two mdmmm within the fan

‘ . housing enclosure;

1) The inclusion of the prolood adjustor in the

. fan end bearing housing requirad the place-

ment of the fan nearer to the fan housing ln-
take grid.

2) The incotporation of iho balance ring and the
unidirectional fan into one assembly prevent-
ed a reduction in the fan diameter over the
customary bidirectional fon.

The factor which set the minimum diameter was the
necessity of the balance ring occupying the space
above the bearing housing hub. Thus the eptimum
design unidirectional fon could not be utilized, A re-

duction in fan diemeter would have resulted in alarge -

decrease in air velocity. The only modification that
could be made was the reduction in axial length of
the unidirectional blades which reduced ihn%:(clume

“The 364 frame tofally enclosed. prototype motor
has a similar reduction in fan noise. The peak ond
overall levels of this motor are 4 and 6 db lawg;«*fﬁ:n
those of the conventiona! motor recorded under semi«
anechoic conditions. The balence ring and prelood
adjustor of this motor did not cause an oversize fan
diameter but did cause the fan to be located nearer
the intake grid, The fan noise of the totaily enclosed
motors could be further reduced by placing the pre-

) ﬁrcoollngol:. o =

L . IR Y O W PR Iy
version of this moterin-u-semi-anechslsrosmreveal

load ddiuuor in the rear end bearing housing, there-
by permitting -optimum location of the fan. This de-

.. sign change would result in an intrease in overall

length of between % and ¥ inch.

9.4.5 Norrow Bund Analysis !

Narrow band (6%) anclyses were "‘tqﬁodo of the vi-
bration and airborne noise produced by the four pro-
fotype motors for two reasons:

2) to detarmine unknown disciare froquenclas of
noise.

No appreciable difference in amplitude was noted for
any prominent frequency in any of the above tests,
Also, whenever there was noise of an unknown fre- .
quency, narrow band analysis indlcated the presence
of a band of frequencles rather than o discrate fre-
quency. Thus, the narrow band analyses of these mo-
tors furnished no additional information not supplied
by ‘fhe one-third octave analyses, Therefore, only
one narrow band test is furnished for {llustrative pur-
poses. Spectrogram sheets 913 and 9-14 centain the
narraw band analysis of the airborne noise recorded

ooy ISR siooka-originel- WM%HM—% - fram-tha.sean end.of the 184 frame.motor,.

Ahhough Mlmury lpcclﬂcmlon MIL-E+22843 was
not issued until just prior to the termination of this
confract, o comparison of the noise produced by the
prototyps motors with this present BuShip specifica-
tion may be of interest.

The airborne noise for any size equipment Is the
same and is specified in farms of sound power levels
for onesthird octave bands between 40 and 10,000
cps. Table 9-7 lists the permitted levels for grud- B
& C equipment and the corresponding sound levels
as measured in the A-C scund reom. The permitted
levels at low fraquencies are considerably higher
thoan those produced by the prototype motors. The
rapid decreass in-permitted levels which approxi-"
mates on ambient condition results in all the metors
exceeding the specification ot high frequencies. In
the case of the 184 frame motor only the levels at
frequencies greater than 4000 cps are above the
specified limits. At the other extréme, the 364 frame
totally enclosed motor exceeds the limits at oll bands

“higher than 250 cps,
The structureborns-_naise praduced by the ornta.- - .

type motors does not increase appreciably as o fune-
tion of frame size. However, the adb levels permitted

"by MIL-E-22843 decrease as a function of motor

weight. The weights of the four prototype motors are |
shown in Table 9-1; The correspending adb lavels
permitted for Grade C. equipmant,for all one-third oc-
taves betwaen 25 and 8,000 cps are 91, 88, 83, end
81 adb respectively in order of incroasing frame size.

9.7
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- The i84 frame pr,ofollypa barely exceeds “the

- specified limit in the high frequency bands. The 213

motor pxceeds the limit for units of its weight by a
few db'on some axes but the average band levels re-
main below the iimit. The 324 frame motor has the

highest structurebome levels and exceeds the speci- -

fication for its weight by o8 much-as 12 adb. The 364
frame motor has lower acceleration levels but again
exceads the specification,

In summary, the smaller two motors come very
¢lose te meeting the pronnt sfructu?eborne apeclh-

. patien and sthe 104 fhome

specification at very high frequencies. The larger
motors exceed both the airborne and lfructuubome
limits by appreciable amounts.

e S

9.5 GENERAL COMMENTS

A comparison of the protetype motors with sach
other indicate that the totally enclosed motors have
lower vibration levels but higher airborne levels than
the dripproof protected motors, The vibration is less
due to the more rigid frame and continvous peripheral
contact betwaen the frame and stator cere. The higher
airborne levals are caused by the torally enclosed
external fans, The vibration levels remoin assentially
< constant as the moter size and raﬁng increases. The

vs-184 frame-only-excuwdsiliw-oirbure— " diTborhe Noi 16 Ppredyeed by Fhe iarger induction mofor

is greater because 1) the higher peripheral spead of
larger fans ond, 2) the larger frame is o more effect-
ive transducer of vibration inte alrborne noise,

d

)
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- SECTION 10
! ~ SUMMARY

Bl

The resuits and findings of this study fall into

~ twe cotegories: those which may be considsred de-

sign criteria for low noise and vibration motors anc

- faets concerning motor noise ond vibration of @ more

general nature. These are treated in subsections 10.1
and 10,2 respactively. .

10.1 DESIGN CRITERIA

orientation. Punchings should be rotated pre-
ferably by 45° steps or if the number of stotor
slots prevents this, by 90° steps. (3)
10} "Ldminations should ba annealed only 1F punch.
ings are rotated os specified in criterion #9.(3)
*11) Stael-to-siss! eccaniricity of air gap should be
less than 2 mils, (3)
*12) Un of low vlbrcﬂon ball beorings meeting

gndmeni-T of Mit=D+1 I%‘Af/\‘)
13} Bull bearings should be preloaded by ute of a

8) Selecﬂon of stator core pitch to minimize 5th
and’ 7th harmonie of air gop flux density. (3)

9) Rotation of successive stator core laminations
to minimize permecnce variation due to grain |

d. Use of higher tamperature insulation sys-
tems.

items b, ¢, and d essentially cause an increase

in the ratio of naturel cooling (radistion and

10-1

The followinq dnlqn cvl'orlo for low nolu and i
® vibraifon induction motors are recommended. Numbers thrust washer, (4) ;/
in parenthasis refer to the sections in which the cri- *14) The amount of preload force should be the min< 7 -
teria are developed., Those criteria available ot the’ imum thet fakes up the Internal clearance. If b
time of, and used in, the design of the prototype mo- metns for adjusting the preload are provided,
tors are indicated by on aaterlsk, the preload con be adjusted to give nlnlmum X
“motor noise. (4)
*1) Use of low air gap magnetic flux densities, *15) An interference fit of between0.0001 and 0. 0003
Maximum density of 40,000 lines pet’ zquare is. recommended for the shaft-bearing fit. Ude
inch is recommanded. Howovcr,u low flux dnn- of ABEC-5 or higher bearings is an aid in obe
sity is not conalstent with compact motor de- taining the light press fit and is mere compat-
sign. (3) lble with the internal tolerances necessaty to
'2) Solection of proper roter-stator slot combina- roduce a low vibration bearing. (4) ]
- - tien to preduce high node force waves, Accapr: - ) q‘h- number of fon blades should be’ ehoun 10 =
= = e -in-Teole 37 =S yvoid picducing The same fraquency ncise as |
Equcﬂom for (.ulculuﬂnq the number of rodes produced by other sources, Th. Impﬂrﬂlm come =
B =™ pradueed by oll _are- - ——--——binationy 1o -beaveided ure! - =
r Table 3.2, This erlurlc_m it ane af the mast " o, Number of fan blades equal to number of
importont in reducing the roter slet frequency poles (120 cpa).
vibrotion and has ne advarse affect an the me- b. Number of fan biodes equal to }2 number of
tor performance, {3) . rolling elements In the bali bearing.
*3) - Skewing rotor bars, ond rator slot ot ane stater ¢. Number of fan blades equal to fcP/120
~ slot, whichever |s the greatar amount of skew, where f. equals the center frequency of
This amount is qulte prevalent in industry and any objectionable band. -
raquires little or no design mediflcation. (3) d. Numberof fan blades a multiple of the num-
*4) Une of closedrotor slotsto minimize permeance _ ber of protruding ribs, fugs, stc.
varlation, Use of this and the following criter- An odd number of fon blades will usually, but
ion will result in an increase’of loukagc flux not always, maeet the above requirements,
-and reactance. (3) *17) Clearance hetween fons and stationary parts
. . *5) Use of narrow neck semi-closed stator slots. should be sufficient to pravent a siren effect.
A " The minimum opening may be estoblished as The wide range of motor sizes, speeds, and z
twicp the thickness of the slot liner plus the consttuctions precludes the numerical deter-
... diometsr over insulation of the largest wire mination of o permisgible minimum clearance,
size plus 20 mils clearance, For frames lorger L (8) .
N than 286, the clearance should be increased to . #18) Within the range of acceptable performance,
! 30 mila. (3) cost, und the welight, the amount of cooling air
6) Inciease in radial thickness of stator core. Only necessary should be reduced by:
e a minimum increase is possible without an in: " @, Use of low current and flux densities to =
. - - - 228538 in the frame dimensicns. (3) * minimize gensrated heat. S
L . 7) Frome modifications, such as circumforenﬂcl b. Use of sufficient iran and steel to convey
) ) L - ribs,te impart oddhlonalrimdlfyl Atater corn..,, . % e e ORI BRGT Lo ot BdmR e AR
L iy Y- [ 11 1Y T this criterion wilf result in o c. Full lood operation ata Mmperoiure near
N ¥ non-standard ond possibly -larger frame. (3) the insulation class limit.
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"19)

. *20).

2y

.3)

convorﬂon) to forced cw“ng on a glven unit.
(5)

The more efficient enc-to-center cooling meth-
od should be used for dripproof protected me-
tors. (5)

The minir::m oxial -length of fanblades of drip-
proof protected motors should be determined
for each motor design for nalse-sensitive appli-
cations. The principol reduction of the airborne
noise of the dripproof protected prototype mo-
tors was realized by the use of this criterion.

Totally enclosed, fan cooled motors shauld use

unidirectional rather than bi- -directional extern-

al fans, (5)

External fans should be aeradynamically de.

signed, For example, backwardly inclined curv-

ed fan blades on a conlcal shroud as shown In:

Figure 5-3. (5)

Sharp turns ond conatrictions in the airatreem

poth should be eliminated, The areas that re-

quire apecial attention are:

e. The sxternal fan housing opening and ex.

haust. The aerodynamis. design of the fon
heuting must be performed in conjunction

‘24
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—————gith-the-fo desipnrerisesisn A

b. The Inteke and exhaust ports of drlproof

___pratagied moters. Srresning with
percentage of open area should be und

c. (A;)M between air detlector and end turna,

Sharp edges in the airstraam path should be

eliminated, Patts th coMod?wlth high velocity .

air should be given prime Sonsiderations:

a, The fan should be smooth ond free from
_burrs, blow holes, ete,

b, The fanbowl should present no lhd!p edges
to the olrstreom, A cast fan bowl is pre-
ferable to o fobricated sheet steel one. If
sheet stesl is used, the edgas should be
tounded during the stamping process or
coated with plostic or a similar moterial.
(5) 1

Rotor bars should be iherringbrne skewsd to
?revom an increase in l\uving nolse with lead.
7)
If herringbone skew cannpt be used, the omount
and manner of preload shivld be ulocnd such
that o change in preload force will not couse
an increase in vibration. The vibratian va_sre--

tuud characteristics must! be determined for

" sach size of bearing used ond until consist-
‘ency it verifiedy Tor individual’ Beufngsl Ty v

As lgrge an air gap as is consistent with maeet-
ing necessory starting current and pawer foctor
requirements should ba used. (7) N
Machining operatiens should bx performed with
o minimum number of set-ups to maintum eon-
centricity of turns and bores. (8)

N

*29) An ABEC-5 or higher toldrance s ;'\mcnmmond«

ad for the bearing. housing bores. (B)

*30) A light press fit (112 2 mils Interference) is
recommndod betwaen ﬂu bearing housings
ond frame. (8) -

*31) The threa costing materiala evaluated in this™
study In the order of their prefarred usage are:
 a, Nodular iron i

b, Cast steel ra

- e Aluminum (8),

'~ 32) Ribbing of housings {hnd yoku will increase
thelr rigidity.and raduce thair vibration and the
oirborne noise ganeratnd by this vibration, Two
Important aspects about ribbing must be con-

:Idob

se of eireular rather than axial riba will
cause a greater reduction of deflections
due to radial alr gap forces.

b. Ribs should not interrupt a high velecity
-alratream, For example, the fan end bearing
of TEFC motors should net be othally

B ribbed. (3, 5, & 8)

33) For suitable applications, meter windings
should be encapsulated to reduce stator eors
vibrotion, (8)

The fo"owlng facts conc_omlng ‘Induction moter
noise are of a more general nature than the design
¢riterio. In many instonces, they furnish the baais for
the more lpor.;?;c design racommendations.

1) Specification of motor vibration must include
' the points of measurement and the axis along

which the vibration Is to be recorded. Vibro-

tions recorded along mutually perpendiculor
axes at the same point are radically dissimilar,
2) The oxis of measurement of motor vibration is
often indicative of the direction of the genera-
tion of the vibration, Thus, vibrations caused
by the radial air gap force waves will be re-
fleztad in the radial oxes on the motor feet.
3) The effective source of 120 cycle magnetic
nolse is the air gap, force wave created by the

_rotating fundamental (60 cps) magnetic fleld. .

The 120 magnetostrictive expansion is beth

smaller thon and out of phase with the force .

wave deflection.
- ‘-) ‘_ﬂ'ni ":":vmipﬂi offeci vf-haiiwunics of ie funda-
mental air gap flux wave is the production of

=2 iiialely equal fo A8 and LA whete R and
P are the number of roter slots and magnetic
poles respectively. ’

5) A comparisen of the noise producing aspects
of solid lubricant sleeve bearings to ball beor-

ings shauld be made when the numarous newly-

. deveioped sieeve mdterials have been evalu-

stator core vibrations wlth frequencies spprax: [P

+

P U T S S ———— |
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ated and developed for application in the Intes
gral horsepower frame sizes.

8) Pral?udlng of bearings other than those with
low vibration choracteristics couses .an in-
crease in recarded nolse levels, The mator may
sound quieter to the ear because of the jemoval

: zf Il;lghly irritating rattling noise causeq by the
alls, b

7) Bearing locknuts should only be uu(’{when

. necessary to prevent slipping of the |
on the shoft. Locknuts must nat be overtight
ened. : ;

8) It ls recommended thot lower limits of permis-
sible dirt count of lubrication used fer low vi-
bration bearings be established. . . .~

9) nidiractional Rynd o driperiof protectsd mo-

“itors did not result in § ¥dichion of motor nolse:

because of thy complicated airflow’ pattern.
10) A comprehensive study of the effect of motéy
" unbulance um/nmaom of correcting the unbali
ance i3 recommended. S
11) Conversion of the unbalance displacement val-

earing .

(rubber, if possible) ond driving a minimum
load such as on unexcited dynomometer.
c. Take noise measuremants with motor at
{ull load {exclted dynamometer).
The corrected full load reading is:

. Reading "'a"' + (Reading *'c'' = Reading ''b"")

This methed relies on the isclotion used (such
as mounts, ceuplings, seporate foundations,
rooms, ste.) to minimize the nolse change in
the loading device due to load rother thon the
total nolse praduced by the loading device.
The use of domping compounds on castor small
fabricoted mstsr companents -did nor reduce
motor nolse. This observarion may, or may not
apply to large sheet metal enclosures mounted
on the motor frame. .

Encapsulotion of mator windings was found to
affect the diroctivity of cirbarne nolae radle-
tion but not the sound power emitted. .
The effectivensss of internal isclation mater-
ial in reducing motor nolse has been establish-
ed. The development of a functional syatem

::-:—;J 'P;;ﬁ::—“ir e Jék*wmwww&ﬂ‘m&%:j“:, bESa—

\ i
uss normally racorded to cccalevation declbels \“ *  incorporoting contaminant résistance and odes
(adb) levels may be highly- Inaccurate Gnless * quate cooling Is strongly recommended,
flltering networks are utilized. . 18} As the motor size and raiing Increcss, the vi-
12) The beoringhousingd ond frame have nen-iinear - - bratisn lsvsis produced will ramain sssuntially -

P ——— ————

T TS

Tore, specification of moter vibmlonrlhculd
only bs made ot points of prime Intesess; j;e.,.

1 b . CE
19) The airborne noise produced by larger induc- o
tion-metors witl be-graater

~"“where this vibration |s externally transmitted.

13) The noise produced by various foctors may
either increass or decrease with mator load,
but the overall effect will be an increosed
noise production,

14) The measurement of motor noise under load -

prasents the problem of inclating the nolse pro-
duced by the loading device. The following
method was employad in this study:

a. With metor isolated to highest degree ob-
tainable, take noise measurements at load
site, such av dynamometer, under no load
condition (uncoupled). '

b. Take noise measurements with motor con.
nected to lead with o floxlbli\' coupling

bscgvss, ———— - =
a, the higher paripheral spand of larger fans,

b. the larger frame is o more effective trans-
dueer of vibration inte alshomne nolea,

The degree of compuciness of moter design s
in an’Inverse relationship with the nolse pro-
duced. The steps that must be takan to increase
the horsepower rating in @ given wrame aré the
opposite of the steps to reduce motor noise.
For the same motor speed ond horsepower, the
frame slze specified by MIL-M-170608 Is small-
ot fer dripproof protected metors than for TEFC
motors. This will result in dripproof protected
motors having higher amplitudes of vibration
but lower amplitudes of airborne noise than the
TEFC motors of the same rating,

] 10-3
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