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REPRODUCTION QUALITY NOTICE

This document is the best quality available. The copy furnished
to DTIC contained pages that may have the following quality
problems:

e Pages smaller or larger than normal.

e Pages with background color or light colored printing.

e Pages with small type or poor printing; and or

e Pages with continuous tone material or color
photographs.

Due to various output media available these conditions may or
may not cause poor legibility in the microfiche or hardcopy output
you receive.

If this block is checked, the copy furnished to DTIC
contained pages with color printing, that when reproduced in
Black and White, may change detail of the original copy.




NOTICE: When govermment or other drawings, speci.
fications or other data are used for any purpose
other than in connection with a definitely related
government procurement operation, the U. S.
Government thereby incurs no responsibility, nor any
obligation vhatsoever; and the fact that the Govern-
ment may have formulated, furnisted, cor in any way
supplied the said drawings, specifications, or other
data is not to be regarded by implication or other-
wise as in any manner licensing the holder or any
other person or corporation, or conveying any rights
or permission to manufacture, use or sell any
patented invention that may in any way be related
thereto,
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. PROGRESS REPORT NO., li - CONTRACT NO. NObs-78593

SUITMARY

This renort conteins a review and recommendations on the followe
ing subjects: '

1, Study of characterlistics of Anderometer plckuv snd of
a more suitable pilckun,

2. New loeding device for Anderometers,

3, Study of the effect of the snindle assembly on bearing
vibration resdings.

A program of work for the next reporting neriod 1s also given,

The niezo-electric caellbration technique vresently used at
& and to be recommended for use in thls contract will be des-
eribed in a svecial report,




DETAILS

1. Shortcomings in the Functloning of Anderometers

No calibration can produce repeatable and reliable bearing vibra-
tion reedings on a tester which has certain types of shortcomings.
If the vibration tester contains electrical or mechanical elements
that distort the bearing vibration spectrum bevond acceptable limits
or produce poor repeatabllity, it 1is necessary to improve these
elements before a useful calibration of the equinment cean be made,

Exlsting Anderometers are known to contaln some such elements.
This report summarizes the results of Iinvestigations on the following
three elements which have been found alwavs or at least occasionally
to ceuse distortion or noorly revetitive readings:

b. Mechanical loading device (or method used in annlving an
: axiel load to the test bearing),

¢. Snindle assembly, including mandrels (this 1is an occasional
source of difficulties).

2. Pickun

; Enclosure 1 shows the frecuencw resnwonse curve of a tvnical Andero-
meter pnickup., (The method used to obtain the curve will be des-
eribad in a sneciasl rrvort.) The curve has a high nesk (of about

19 db) between LJOOO and £000 eps, which distorts the reading in the

~ high band (1800-10000 cns) and makes a comparison between bearings
in this band verwy unreliable. This is esvecially the case when com-
rarimgbearings with different vibration spectra in the 1800-10000 ens
range.

Because of thils dlsadvantage of tli¢ Anderometer plelun, 1t would

~be desirable to replace this nickun by one with a flatter response
curve, & [t I has available a tyne of imported nickuns (Ivpe MEA-100)
with much flatter frequency resnonse over the complete Anderoneter
frequency range (50-10000 cps). The response curves of three of
these MEA plckups are shown in Enclosure 1, on the same graph as the
response curve of the Anderometer piclun, It 1s seen that the varia-
tions from perfect flat resvonse for the MEA-100 nickup are small
(within 3 db) with no high resonant peaks below 10000 ecps.

The sensitivity of the Anderometer piokun tested i1s 7 millivolts/
inch/see. in the flat range, The sensitivity of the three MFA-100
Tvoe nickupns tested varies from annroximntelv 6 to 9 millivolts/inch/
sec. (This variation is accentable since the galin of the Anderometer
n?nli'ie; can be sdjusted to cdomnensate for the varlation between
nicluns, .

-?.




On the hasis of measurements on a number of MEA-100 TYpe‘pickups
the followling 1s recommended: 4

Recommended, for use with the Anderometer, is a pickup with char-
scteristics specified below:

Flatness of response: Flet within +0,5db from 50 cps to 7000 cps
and within -0,5db to +3db of the same level, from 7500cps to
10000 cps.

Sensitivity: Between 4 and 12 millivolts/inch/sec. in the S0~ 7000
c¢ps range.,

The MEA-100 pickup has the following further specifiéations which
are satisfactory (but not necessarily required): :

Spring load: Anproximately 25 grams for a stylus displacement of
0,005 inches, ‘

Weight of moving parts: Approximately 0.08 grams,

Plckups Type MEA-100 setlisfying these specifications can be
supplied by ™S I* Industries, .

3. Loading Device .

The effect of different losding methods has been discussed in pre-
vious progress reports, Hand loading was not found to cause excessive
distortion of the bearing vibration spectrum, but since readings with
handloading repeat poorly with different operators, a mechanical load-
ing device seemed desirable, Existing mechancial loading devices
did not, however, give good results, They either distort the apectrum
or give poor repeatebllity. Therefore work was done to develop a
new loading device with better characteristics than existing devices,
Such a device was recommended in Progress Report No, 3, Enclosure 2
glves the dimensions of the pressure e‘e¢ment of this loading device
for besrings with bore slzes ranging frdm 10to 75 mm, Enclosure 3
shows a sketch of the mechanical arrangement used in applying the load
to the presnure element shown in Enclésure 2, Test results indicate
that only the pressure element contacting the besring has a signie
flcant influence on the bearing vibration measurements, The detailed
design and dimensions of the arrangement of knclosure 3 have only a
m'nor influence, provided the construction is aturdy enough not to
vibrate excessively in testing the bearing., (The system shown in
Enclosure 3 utilizes a dead welight as shown) acting at the end of
& lever arm to apply the load on the pressure element. A hydraulic
or pneumetic system may equally well be used for this purposes. On
the above basia, the following is recommended: : :

Recommended for use with the Anderometer, is a thrust loading
. element per drawings given in Bnolosure 2 of thia
report, :




L. Influence of Spindle Mechanics on Readings

Difficulties experienced in repeating and correlsting measurements

on several Anderometer type bearing vibration testers operated by
mpe ™, led to an investigation of the effect of the mechanics of the
spindle assembly on readings. (In the investigstion covered herein,
only Medium Band readings were taken,) The investigation covered

two Anderometer spindles both of which had been 1n factory inspection
for a number of years, end a vibration spindle of & oS design (here
designated as the VKL spindle), One of the Anderometer spindles was
tested, also, with six different mandrels to determine the effect of
the mandrels,

'The test results indicate that the condition of both the spindle

" and the mandrel influence the vibration readings.

A brief description of the test procedure and results are given
below:

The effects of the mechanics of the spindle assembly on bearing
readings were determined by measuring, 1n addition to the vibration
of the bearing, the vibration of the spindle with the test bearing
mounted, This was done in order to evaluate whether the spindle
provides 8 fixed reference system for measurement of bearing vibra=-
tions or whether the vibratory energy of the bearing is divided be-
tween outer ring and spindle assembly., In the latter case of course,
vibration measured at the outer ring will very with the properties
of the spindle. '

The spindle vibration was measured by contacting with the pickup
a ball cemented to the center hole of the interchangeable mandrels,
Enclosure Y glives vitretion readings - directly comparatle to the
bearing vibretion readings obtained simultaneously ~ on the tall
cemented to the mandrel, ‘

The readinrs given in Enclosure 4 have been corrected to eliminate
the effect of the waviness of the ball cemented to the center hole
of the mandrel, For thile purpose the waviness of the ball was
measured with the ball held in & three-ball seat (the test ball rota=-
ting on a seat of three balls,all contacting each other), This :
arrangement, 1s used by ® 8™ Iin ball waviness testing to eliminate
the influence of apindle vibtrations.

If Vi is the ball waviness reading obtained with the three-ball
seat, Vj the spindle vibration reading (obtained by contacting
the bali’camented to the snindle with the pickup). then the spindle
vidbrrntion with the effect of ball waviness eliminated is:

Ve PP it
This followa from the fact that all the readings are RMS values

(expressed in Anderons st 1800 RPM spindle apesd) and the assumption
that the bell wavinese reading is independent from spindle vitration,

wlp-
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To determine the effect of axial load on the tearing (applied by .
hand) end of radial loed from the pickup, the spindle vibration tests ..
were conducted under four different conditions:

(1) No losd, no pickup contacting the bearing. The inner and outer
race rotate both at spindle speed (no releative rotation between
the races). :

(2) Only axial load (by hand)

(3) Radial load from Anderometer pickup (approximately 1 1lb.), no
axial load,

(4) Radial load from Anderometer pickup, axial load by hand.

(Several mandrele were tested for purposes of compering their
effect on results) :

It 1s seen from the readinms in Enclosure 4 thet for any one mandrel,no
slgnificant 4ifferences exist retween results of tests (2), (3) and
-gh?. Test (1)! however pives significantly lower resdings than {2),
3) and (4), ©Since test (1) was the only test on a non-rotating
bearing, it may be assumed that the fact that the bearing is rotating
(and vibratin ¥ increeses the splndle vibration, The type and magnie
tude of load %ror light loads used in the test) do not seem to influ-
ence the results,

It 1s also seen that different mandrels glve different spindle vi=-
bration readings, A t-test of significance applied to average readings
using Mandrels B and D show that these mandrels glve significantly
different readings (with & probability exceeding 98,5%). :

Enclosure 5 gives vibration readings at the 0,D, of the hand loaded
bearinns, measured at the same time as the spindle vibration tabulated
- in Enclosure L, These reedings are also seen to be influenced by the
mandrel used. Differences between mandrels account for a varlation of
readings attaining 40% between extreme sample averages, This difference
is significant with & probability of ©7%.

" For a tentative theorstical interpretation of the expérimental re~
sults in bkneclosures L and 5 the spindle esssombly and test bearing are
conesidered a vibratory system with the following characteristics:

Both the bearing end the spindle operate as vibration generators,
They also both act as finite mechanical impedances, A part of the
vibration, generated by the bearings, 1s, thus, transmitted to the
outer race, another part is absorbed by the spindle, The vibration
generated by the spindle is transmitted to the bearing inner ring,
h:gcetgasaea through the hesring, and adds to the henring outer race
vibration, :

‘The vibration V& pensrnted by the benringa, mny he axpreanad as the

aum of the vitration Ve tranamitted to the outer race and the vibrae
tion V; tranam'tted to the spindle,

Vg-‘*Vo"‘V" (1)

- ‘:—




Ves Vi and Vo are RMS values of vibration velocity. Ve and Vi
are linenrly additive since the vibrations ere coherent and In phase,

The vibration \j, measured on the ball attached to the sapindle
(with a non-rotating bearing under no losad mounted on the spindle)
can be assumed to be transmitted to the bearing outer race, The vibra-
tion measured by the pickup at the outer race of a hand loaded bearing
may thersfore be expresred in first approximation as ,

\4 = J V2 + Vet (2)

because the readings eare RMS values, and Vo and Vi are assumed to be
independent, (they come from an independent source), It is postulated
here that the spindle vibrations are not attenunted in the bearing,

- which 1s, of course, a simplification, _

Following similer reassoning, the spindle vibration measured with
the teast bearing under load may be expressed as

V, = VW& + v~ - (3)

.

Combining equations (1), (2) and (3) we get for the total bearing

vibrationt
VB‘-"' IV,-‘-,"VJ: + IV:_V‘L

V, 1is ottained from Enclosure 5 and \/, and \4 from Enclosure h.
\ 2

The valurs of V3 computed from the results in Enclosures L and 5,
are shown in Enclosure 6, If the spindle contribution to mesnasured
vibrations were constant as assumed, V4 should then be constant
for a given bearing, It is seen, howsver, that the mean value of

Vs varies within approximately +15% ihien measured using different
mandrels, The difference obtained from mandrels A and C is signie
ficant with a probability of 99%, which indicates thnt the varintions
in Vs cannot he explained only ms random errors, It is believed
that vibrations mey be absorbed or additional vibrntions penerated
through imperfect fit between mandrels and teat bearing and that this
- f1t varies from one mandrel to another, This would explain variations
in the computed value of Vj

Good running acocurscy, ar tight f£it betwsen benring and spindle and
a atiff support between centers can be secured in a test arrangement
‘Wwith the bearing tested on a tapared mandrel between dead centers,
It would be ressonnble to exprot thint this arranpement would yield
outer ring vibration readings oqual to V3 defined ahove, Tents were
conducted in this manner and results are given in Lnclosure 7. The
bearings penerally read higher when teated between the dead centers
than the readinpge obtalned on the Anderometer spindle, It 1a seen,
however, by comprring Enoloauras 6 and 7, that the averaps vnlue of

Vs ecomputed for the Anderometer apnindle over all mandrels (10,3
Anlarone) is in spreement with the vibrrtion reading obtnined batween
fand oenters (17.2 Andarona),

o()-
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This shows that:

a) The outer ring vibretion reading obtalned on an Anderometer or
similer device, is not the same as the totel besring vibration,
Consequently, a precise definlitlion of the vibratory character-
istics of the spindle assembly 1s necessary to insure repest-
able reasdings and correlation hetween instruments,

b) The mandrel 1s a significant variable in determining vibration
readings, A precise control of mandrelto spindle flts and
other characteriatlcs of the mandrel essembly 1s needed for
repeatable results,

To investigate further whether several Anderometer spindles tested
with the same mandrel would produce significantly different results,
one hundred 6203 bearings were tested on two Anderometer spindles;
designeted as Spindle No., 1 and Spindle No, 11, The readings were
made on the same smplifier, using the same pickup in both cases, For
further comparison, the same bearings were tested on the VKL spindle,
using the same Anderometer nickup and amplifier as before,

In conducting these tests, it was found that both Anderometer
spindles gave results varying by several Anderons, 1t was found that
the spindles themselves, as well rs the flexible couplings connect=
ing apindles and jeck-shafts were in poor repair and alignment,
Attempts to correct this situation by minor repairs and realignment.
were unsuccessful, . Results obtained at this time were not recorded
as they were not repeatadble, Both spindles and couplings were then
reconditioned with extreme care: Jjournals were relapped, couplings
changed and realigned, Readings were then recorded and average reade-.
ings for the 100 bearings are as follows:

1

Spindle No, 1 14,67 Anderons (300-1f00 cps band)
Spindlo No., 11 1}4.;7 " ‘
VKL Spindle 14,55 "

It 1s seen that the two Anderomete: spindles (in good repair)
and the VKL spindle read essentially the same in the medium band,

It anpears from thias test thet, with the spindles in good con-

~dition, differences between spindles would not influence the results
’ aignificnntlysin the medium band at least, Whether differences

between Anderdmeter mandrels can be similarly reduced by improving
the taper hetween mandrel and spindle has not yet been determined,
It is own however, that a mandrel taper of somewhat different de-
eign, featuring a drawbar to hold the mendrel in the spindle, will
give excellent repeatability (See LEnclosure € for an i1llustration of
this design),




Recommended that Anderometer spindles be carefully overhauled before
calibration, 1In callbrating, readings on besrings mounted
on the spindle tested must he compared to readings on a
reference spindle of known characteristics, A recommenda=
tion to control the mandrel 1nf1uence, wlll be plven later,

Plans of Work for the Next Reporting Period

A description of the presently used ‘plezo-electric calibration
technique will re prepared.

Further experimentation to find e wey of minimizing mandrel influ-
ence, will be conducted and spindle influence in the high and low
bands will be tested,

-8.
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No Axilal Load
. Brg. No Pickup

ENCLOSURE U

VIBRATIONAL VELOCITY OF SPINDLE
(IN ANDERONS, 300-1800 CPS RAND)

READINGS RELATE TO ANDEROMETER PICKUP

No Axial Load Handload " Handload
Anderometer Pickup No Pickup - Anderometer Pickup’

Averape

No. Contacting Brg., Contacting Brg. Contacting Brg. Contacting Brg.
Mandrel A '
Ly 2.2 L. 3.0 3.8
70 1.7 3. uo; ﬁ.a
60 2,2 5.8 L5 .5
5 1.7 2.6 3.0 3.4
5 242 ﬁ_% .8 .
Average 2.0 . 3. 3.
_ drel B :
m 5,2 Henjrel B 7.2 5.8
70 2.6 7.2 7.2 6.5
60 1,7 . 5.8 5.8
g l.1 3.8 %.1 g.s
Average %fg . &:3 Efg Efg
m” 2.6 Mandrel C g2 p
70 1.7 315 6.5 215
go é.l 5.2 ! g.g E.g
.0 . .2 .
Eéerage %77 . gf? é?ﬁ
Mandrel D
Lb o] 3.0 2.6 2.6
ZO 0 3.0 2.6 3.0
0 0 3.8 2.6 3.0
2 % 17 £
Average O 7. ?fﬁ ng
’ 'Mandrel E
Ll L5 ' §.§ 5.8 5.8
o u.l 5.8 h.g 5.5
0 1.7 5.8 . 5, 5.2
gﬁ 0 3.% 2.1 .éLg
Average . ﬁfg - :
'Mandrel F
L 1.7 N Ll 5.8
0 0 5.8 6.5 5.
2 £ i i
e.:.r %:3 Ye

i




ENCLOSURE

VIBRATION, , OF 6203 BEARINGS

MEASURED ON THE 300-1800 CPS ANDEROMETER BAND

.UNDER_HAND_LOAD

Brg. No. - Readinps in Anderons
Mandrel A |
Ll 16
70 16
60 11
: :
1
Average 12.6
Mandrel B
L 12
70 15
: :
5 1
Average Tﬁ.u
Mandrel C
i 16
70 16
60 1,
:
Average T7.2
Mandrel D
Ll 15
T0 lg 4
go %6
Sﬁ 1
Average 15,2
Mandrel E
Ll 16
: i
5 8
Sﬁ . 12
Average 1.6
Mandrel F '
Ll 12
0 15
0 16
g 12

Average

.o




ENCLOSURE . 6

VIBRATIONAL VELOCITY COMPUTED
FROM RESULTS IN ENCLOSURES L AND

Readings in Anderons
Mandrel A

e
oo™

» * [ ] [ ] [ ]
-3 O

Average
Mandrel B

NN
H O OW
e o ¢ o o
DWW E-30

-iﬁ

Aversge
Mandrel

N 1) = O
N0 HO

,

L] ® ® L ] L ]
L howune

~ Average
Mandrel D

17
2l
19
16
1

Average

Mandrel B
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T WO Mo oo

o
Lo~
* @

~+

[
per
-

£

Average
Mandrel

&
2

Averape of all Mandrels
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ENCLOSURE 7

VIFRATION MEASUREMENTS ON TESTED BEARINGS MEASURED ON

- MANDREL BETWEEN DEAD CENTERS AT 1800 RPM UNDER HAND LOAD

Readings in Anderons
(300-1800 CPS Rand)

1l

18

- 16

18

20

Average
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