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SUMMARY

The purvose of this investigation was to determine the
region of lubrication within which the bearings in & plain
cast-iron bolster type cotton spinning spindle operate so as
to facilitate the cholee of a proper lubricant for optimum op-
erating conditions.

In accomplishing the above 1t was necessary to develop
the apparatus capable of accurately measuring the magnitudes
of the varlables involved in the theory of hydrodynamic lubri-
cation. An attempt was first made to adapt a2 dynamometer pre-
viously developed for research vertaining to the measurement
of the power consumption of 2 cotton splinning spindle. The
dynamometer proved inadequate because it had to mezsure many
friction losses besides the bearing losses. All significant
figures were lost in the attempt to separate the bearing frie-
tion from the total friction measured.

The present frictlon torgque measuring device ls capa-
ble of measuring only the frictlon in the bearings of the
spindle. Thls was accomplished by mounting the svindle bear-
ings on a "frictionless" mount so that the friction force ap-
plied to the so»indle bearings was measured as a restraining
force on the outside of the bearings. This restreining force
was applied by means of a small cantilever beam edquipped with

two SR-4 electrical strain gages and a thread which was wrap-
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ped around the fixture holding the svindle bearings. A con-
tinuous recording was made with 2 strain time recording in-
strument. Cace this plece of apoaratus was calibrated, the
strain reading on the recording chart was directly oropor-
ional tc both the friction torgue end friction force on the
spindle bearings. Since the friction on the journal, rather
than the bearing, 1s desirable a simple relationship involv-
ing the eccentricity of the jJjournel with resvect to the bear-
ing was used to convert the measured velue to journal fric-
tion.

The plain cast-iron bolster type of spindle contains
two bearings. One is 2 plain jJournal tyve while the other is
a conieczl pivot type, czlled the step bearing. The friction
on these two cannot be measured sevnsrately. After concider-
ing the tyne of loading on the spindle, the assumptlon was
made that the step bearing consumed 2 relatively small amount
of the spindle power. This cssumption proved to be Justifi-
able.

The bearings were analyzed by comparing thelr perform-
ance with the hydrodynamic theory of lubrication and published
experimental data for the two tynes of bearings. A theoreti-
cal solution of the step bearing does not exist. Considering
the two bearings as one unit, use wasg made of the Sommerfeld
curves to determine if the unit was operating in the hydrody-
namic or boundary region of lubrication. This was sufficient
to accomplicsh the purvoce of the investigatlon.

The results obtalned indlicated that the journal bearing


sma.ll

viii

was operating hydrodynemically, while the step bearing was
operating in the region of extreme boundary lubrication. Un-
der these operating conditions & boundary tyne lubricant
would be necessary to decrease the wear and power consumption
of the step bearing.

Since during thils investlgetlion the spindle was not
subjected to all of its normal operating loads, it 1s recom-
mended that the work be extended to include 211 of the gener-
ally encountered overating conditions. In additlon it is
suggested that consideration be given to the theory of oil
whip.

In thls way only, may the proper selection of a lubri-

cant be made.
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CHAPTER I
INTRCDUCTION

In any vlant where large machlnes are used a relative-
ly large amount of power 1s exvended for no useful purpose.
This power 1s used to overcome the friction in bearings, the
enérgy being dissipated as heat.

It is seldom obvious to the owners of these machilnes
that such a large portion of thelr overhead 1is due to bearing
friction. For this reason a great deal of work has been done
toward educating those directly responsible for the mainte-
nance of the machines. They are generally told which lubri-
cant 1s best sulted for a particular bearing. In many cases
this procedure 1ls a2dequate because 2 bearing that has been
properly designed a2nd 1s continuously subjected to the ore-
dicted 1load needs only to be ovroperly msintained to insure
ootimum operating chearacteristics. However, there are an un-
estimable number of bearings in service today that, for var-
lous reasons, are not onerating 2t thelr ootimum. The rea-
sons may be that the bearing was originally imnroperly de-
signed, or that the lozd or speed is other than nredicted.

To overcome faults of this tyce the bearing needs to be re-
designed. Much too often this is accomplished by the pro-
duction 6f a newer model machine; yet the old machines.are

etill in oneration, verforming under the ur-to-date speeds



and loads.

Taking the preceding facts into consideration, it ap~-
pears Justifiable tc investigate the bearings in overburdemned
machinery in an attemot to reduce westeful power consumption
as well a2s to improve general performance.

Cne of the largest industries today that has found it
necessary to continue to operate thelr old machinery is the
textile industry. It is true that recently several credlta-
ble imnrovements have been incorporated into the latest tex-
tile equipment. A certain amount of the imorovement has been
on the bearings which exist by the thousands in textile me-
chines, Nevertheless, due to the abnormsl comvetltive nature
of the industry and the never ceasing demands for their pro-
ducts, much of the original machinery remazing in constant use.
It seems loglcal, therefore, that a great deal of pcwér is
being used ﬁeedlessly to overcome friction in bearings that
were not designed for their oresent operating conditions.

A piece of ancient textile eculpment 1s found in the
spinning room where o larger portion of the plant's power is
consumed. It is the cotton spinning s»oindle, which 1s located
on the spinning frame. . Slnce there are usually several thou-
sand spindles operating in one spimming room it appears logi-
cal to investigate the bearings in the spindle.

The spindles generally encountered 1n cotton mills are
of the following types:

l. 3Spindles with plaln cest-iron bolsters, and cast-

iron steps and guldes;



2., BSpindles with nlain steel tublng bolsters, and
wilth oorous-metal inserts for stens and guldes;

3« Spindles with plain stens and b2ll- or roller-
bearing guides;

4, Spindles equipped entirely with ball-bearings.

Many of the new frames are equipped with the ball-
bearing spindles. However, thousands of the first two types
of splndles are 1in operation today and are belng sold as re-
placements. At this time the plain bolstsr type of svindle
is predominant.

When attemopting to lnvestligate a lubricated bearing,
the basic theory of lubrication must be considered. The so-
called "perfectly" lubricated bearing 1s one that functions
according to the hydrodynamic theory of lubrication. 3Sear-
ings that do not function thusly ars conslidered to onerate
with boundary lubrication. The tyones of lubricants to be
used in eilther case can be radically different.

It 1s cquite posesible that the proper tyve of lubri-
cant could not be picked at random. In the case of 2 hydro-
dynamic bearing the viscosity of the lubricant 1s generally
the property to be considered. Ihe bearing and Journal are
completely sevarated by 2 fluld film, the source of friction
being the viscous drag imposed by shear within the lubricant.
However, 1f the bearing i1s operating in the boundary region
of lubricaztion the surface finish a2nd the physical and chemi-
cal propertles of the surfaces and the lubricant become im-

portant. Zoundary lubricants are generslly oroduced by the



addition of a relatively smell quantity of a nolar organic
chemical to a hydrocarbon lubricating oil.

In the past investigators have obtzined nower curves
for plain bolster spindles, but this information alone 13 not
sufficient for determining the true running conditions of the
bearings. Four graduzte students at the Georgla Institute of
Technologyls2,3:%4 nove nerticipated in research work connect-
ed with the power consumption of the plain bolster spindle.

A check of this and other published data shows considerable
disagreement. Actuzlly, this is understandable because there
are so many variables that affect the performance of a lubri-
cated beariag. It would be difficult to accurately reproduce :
the same results, even when uslng the same test-apparatus.
Jones? has found that vibration or wobble of a spindle very
decidedly affects the power consumption of a gpindle. The
magnitude of this vibration is very difficult to control for
test purposes.

The plain bolster conteains two bearings, a&s indicated
before. The step or thrust bearing is of the conical type.
The other is 2 plain Journal beering. According to Jdones,
the power consumed by the step bearing increzases 2s addition-
2l welight is added to the spindle or nackage. There appar-
ently is no data giving the actual magnitude of the power
consumed by the step bearling or the jJournal bearing alone.,
There apoears to be no publlshed theory for a lubricated con-
ical pivot bearing, and also no data exlsts showing the rela-

tlonshlip between vower and belt tension, which would be an
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indication of the rate of change of power consumption in the
Journ21l bearling.

Performance of bearings.—As mentioned previously a bearing

operates either in the boundary or hydrodynamic reglon of lu-
bricatlon. This is dlagramatically illustrated by the curve
in figure 1. This curve 1s essentially a2 plot of the coeffi-
cient of friction agesinst the Sommerfeld number®. The Som-
merfeld number is & dimensionless combination of the varilables
ry, ¢, u, N and P that appears in the theory of hydrodynamic

lubrication in the following form:

re  ulN

c2 . <
where r = radius of jJjournal
¢ = radial clearance between Jjournal and bearing
u = absolute viscosity
N = speed, rps
P = Load per unit projected bearing arsea.

The coefficient of friction is defined by the expressiont

where FJ = friction force on the journal
W = total load on the bearing.
To establish the tyoe of lubrication a bearing is op-
erating with the Sommerfeld number and friction force should

be determined éxperimentally, using them to plot a curve simi-
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lar to the one in figure l. The tyoe of lubrication present
should then be evident.

Oftentimes in this tyne of exverimental work the frie-
tion force on the bearing rather then on the jJjourn2l 1s meas-
ured. One may be converted to the other by the following re-
lationship:

Fy 1-n2

F 1+2n2

This expression may be obtzined from the two equations

involving the friction forces on the bezring and Journal.

They are:
r ul (2en2)(1-n2)% r ull (2+n?)
c Fj - 42 (1+202) ’ e Fé h 47'!‘2(1~-z12)7?E
where Fj = friction forece on Journ2l »er unit orojected bear-
ing area
Fl = friction force on bearing ver unit projected bear-

ing area
n = attitude of the Journal.
Values of n can be obtained for & full Journal bearing from
the following equation, by calculating values of the Sommer-

feld number for various values of n and plotting an s-n curve.

(2#n2)(1-n2)%
&= 12ﬂ9n

Limitations on obtaining necessary deta.—The design of the




plain bolster pronibits the measurement of the frictlon forces
of the two separate bearings. The frictlion measured is the
total friction force for both bearings. If the bearings ap-
pear to be operating hydrodynamically, an approximation of

the individual friction forces may be obt2ined by using theo-
retical equations to calculate the friction in the Journal
bearing.

Published expefimentel data’ on conical thrust bearings
indicates that the step bearling can operate hydrodynamically.
Therefore, the preceding suggested method seems feaglble.

The absolute viscosity of the lubricant, as it appears
in the theoretlcal equations, 1s the average viscosity of the
cil film in the bearing. To determine this viscosity it 1is
necessary to determine the temperature of the oil film, A
method for doing this 1s suggested by luskat and Morgana.

They mounted thermocouples in the surface of the bearing in
questlon and measured the temperature directly. Due to the
relatively small size of the bearings 1n the spindle it would
be very difficult and possibly detrimental to the operation

of the beariags to attemot to imbed thermocouples in the bear-
ing surface. However, it seems feasible to measure the tem-
perature on the back slde of the bearing, assume the heat
dissipated through the beariang, and use heat transfer theory
to establish an approximate oil film temperature.

When in actual service, the bearings in the plain bol-
ster are subjected to complicated &nd varylng loads. The step

beariang carries not only the thrust load, but a2lso a radial



load due to the tension in the thread. The Journsl bearing

is subjected to the belt tension a2nd thread tension load, Al-
80 a certain amount of wobble or vibration of the spindle
takes place due to the unbalance of the bobbin. Jones® shows
that the power consumotion 1s increased considerably with an
increase in amplitude of spindle vibration. For this partic-
ular investigation, however, an attempt will be m=de to keep
the amplitude of vibration 2t a2 minimum. Also no thread ten-
sion load will be appllied to the s»nindle. These conditions
will be left for further investigation.

Purpose of Investigatlon.—The purpnose of the investigation

is as follows:

l. To develop the apnaratus which is capable of meas-
uring the variables involved in the hydrodynamic theory of
lubricetion;

2, To obtain the necessary data for attempting an
an=alysis of the plain bolster tyoe bearings;

3. To compare the experimental results with the hydro-
dynamic theory;

4. To attempt to establish the reglon of lubrication
in which the plain bolster s-indle operstes.

It is hoped that in the future the investigetion will be ex-
tended to ineclude the thread tension load and vibration ef-
fects. In this way 1t may be possible to determine an opti-
mun renge of operation, and an avnoropriate type lubricant, or

posglbly & design modification.
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CHAPTER II
INSTRUMENTATICN AND EQUIPMENT

In 1949 Robert L. Newellz, a graduate student at the
Georgla Institute of Technology, with the ald of technical
peraohnel at the West Foint Manufacturing Company developed
a dynamometer for the vpurpose of measuring the vower consump-
tion of a cotton spinning snindle. The dynamometer is capa-
ble of measuring the total iaput power, which ineludes the
belt windage losses, the idler pulley bearing end windage
losses, and the bearing and windage losses of the spindle.
This dynamometer ﬁas used by three of the Georgia Institute
of Technology graduate students2:3:%4 referred to previously.

An attempt was made to adapt the same apparatus for
this investigation, It wes found, however, that after sepa-
rating the bearing power from the total input power all signi-
ficant figures were lost.

It then beczame necessary to design a torque measuring
device that would measure only the friction torque of the
bearings in the bolster. This was accomplicshed by mounting
the o0il reservoir on two ball-bearings as shown in figure 2.
The turning moment of the reservoir due to the frictlon force
on the spindle bearings was restricted by a thread wrapped
about an extension at the base of the oll reservoir. The

other end of this thread was fazstened to the free end of a
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Figurs 3
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Figure 4

Spindle Dynamometer - Cpnerating Equipment
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Figure 5

Spindle Dynamometer - Ocerating Equlpment
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Figure 5

Spindle Dynamometer - Component narts of Soindle and Friction
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Figure 7

Soindle Dynamometer - Coatrols #nd Recordiag Instruments
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2.

4,
5.
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small cantilever beam that had two SR-4 electricael strain
gages cemented to it. The beam was made of 75ST-Aluminum.
The strain gages used were SR-4 (AB-7) gzges. By using two
gages, one on either side of the beam, & reading of twice the
actuzl strein was obtained. A Foxboro SR-4 strain time re-
cording lnstrument was used to record the strain. Its power
supply was furnished through a voltage regulator for more ac-
curate results. Naturally, this type of apparatus must be
calibrated to eventually glve an equivalent friction torque
reading. The component parts of the straln measuring device
are shown in figures 5 and 7. Figures 11, 12, 13 and 14 are
samples of the recording charts. The time for one complete
revolution was thirty minutes.

The bearings walch support the oll reservoir were
mounted in a bulky cast aluminum base for the purpose of damp-
ing vibrations. ©BSee figures 2 and 3. This base was then
mounted on a large ball-type thrust bearing in such a manner
that the center of rotatlon of the spindle was located a cer-
tain distance from the center of rotatlon of the thrust bear-
ing. In this way a load could be appnlied to the base that
would create tension in the spindle driving belt. This force
was applied by a cord attached to the base and vassing over a
pulley, the other end having vearious weights applied for var-
ying the load on the spindle Journal bearing. The cord 1s
shown in figure 4. The place for apvlying the welghts is
shown in filgures 4 and 5. The line of actlon of the applied

load was in the same vertical plane as the action line of the
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load on the s»2indle and was nareallel to the latter so that
the load on the spindle was equal to the applied load, neg-
lecting the friction in the pulley and thrust bearings. The
friction wes found to be negligible.

The bottom race of the thrust bearing could be moved
parallel to the load line by means of & screw attachment
shown in figures 4 and 5. In this way the direction of all
loads coculd be maintained, during the run, as the driving
belt stretched or contracted without changing the magnitudes
of the loads. This is esszential since a2 constant and accu-
rately determined load is required for a bearing analysis.

Temperatures wlthin the oil reservoir were measured by
means of two thermocouples. One was silver soldered in a
groove on the outside of the Journal bearing, while the other
was positioned loosely in the lower portion of the reservoir.
The exact location of these thermocouples are shnown in figure
2. A switching unit was used 1in conjunction with a Foxboro
portable indilcator to glve direct tempersture readings.

The ambient temperature was controlled by inestalling
the equipment in a speclelly built ailr conditioning unit that
controlled only the dry bulb temperature. Heatlng elements
with 2 fine rheostat control were used since temperatures a-
bove 75 F were desired. A clrculating fan wae used to keep
the temvnerature uniform throughout the enclosure. 1Ian this
way temperatures could be regulated with negligible deviation.

Controlled speed of the s»indle for such an iavestiga-

tion is also essentlial. This was accompliched by driving the
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belt with a synchronous motor through a specilally bullt nine
speed transmission. The output sneeds of the transmission
were from 2,000 to £,000 revolutions ner minute with an in-
put speed of 1,800 revolutions per minute. The belt nulley
ratio provided spindle speeds of approximately 4,000 to 12,000
revolutions per minute with increments of 1,000 revolutions
per minute. The minimum alloweble bz2lt tension to a2void slip-
page was calculated to insure constant speeds.

In order to minimize vibration of the spindle an alu-
minum reservolr was bullt to renlace the bobbin. The reser-
voilr was to be fillled with welghed amounts of mercury to pro-
vide various thrust lozds on the conical thrust bearing. A
screw fitting in the reservoir could be adjusted so that the
mercury could not climb the walls of the partially filled res-
ervoir.

To insure a smooth running belt, an idler pulley was
mounted rigidly to run on the slack side of the belt.,

All of the running eguipment was mounted on a heavy
cast-iron nlate, which was designed for the purpose of elimi-
nating the transfer of vibrational effects to the spindle.

See figure 4. The plate has mounting holes for Yewell's orig-
inal test apparatus so that further data may be obtained on
windage losses with slmilar environmental conditions.

Some of the apparatus as shown in figure 7 was designed
to be used with Newell's apparatus, That pzrt of the appara-

tus will not be discussed here.
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CHAPTER III

EXPERIMENTAL PROCEDURE

Calibration of torcgue measuring device.—I1It was necessary to

calibrate the torque measuring device because as the thread
wrans around the base of the o0ll reservolr, with inecressing
frictional torcue 1n the Journal bearings, the direction of
the cantilever beam chsnges glightly. Also to be consldered
is the fact that strain readings obtained with SR-%4 strain
gages on relatively thin sectlions cannot be accurately con-
verted by strength of matericls theory to give the applied
load,

A smell amount of static friction exists 1n the ball-
bearings supporting the oil reservoir. If the torque measur-
ing device is not calibrated correctly, this static friction
will give incorrect results.

The first step in the calibration is to clean the
ball-bearings thoroughly with a solvent. Then one or two
drops of very light oil should be plzced on the inner &nd
outer races and the bearings rotated to distribute the oll.
The purpose of the oll 1=z to prevent oxidation of the metal.
Any more oil tends to iancrease the static friction.

The next step 1ls to wrap & thread around the bage of
the 0il reservolr in a similar manner to the way the thread

connecting the cantilever beam is wranped, only in the oppo-
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site direction. This thread is then run over 2 ball-bearing
pulley attached to the spindle mounting base. The vulley is
shown in figufe 3+ Known welghts zre then applied to the
thread to nroduce toraues covering the expected range. In
this way a calibration curve of tordue versus strain can be
obtained.

It is of utmost importance that the driving motor be
running duriag the ealibration. The regultant vibration 1s
responsible for jarring loose the static friction in the ball-
bearings. This condition would then be similar to the actual
test condition.

Calibration of the ball thrust bearing.——If this bearing is

keot clean as described above, there is no need for a callbra-
tion. The static friction i1s Jarred loose by the slight a-
mount of viobration in the table. As & result the load devia-
tion due to static friction is negligible.

Speed determination.—Though the solndle is driven with a syn-

caronous motor, it 1s necessary to determine the speed of the
spindle with a stroboscope. This 1s because the belt pulleys
do not give the exact speed ratlos as indicated by the pulley
diameters. As long as no sllppage of the belt occurs the
spindle speed will remein constant. Therefore, only one speed
determination needs to be made for each output speed of the
trensmisslion. Frequent checks can be made during a run to
verify the 1lnltizl callbration and to check for belt slippage
which might result fromw an olly belt or insufficient belt

tension. During this investigatlion some belt slippnage was
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allowed, but the soeed remained constant.

Amblient temnerature control.—The ambient dry bulb temperature

1s controlled by means of four hezating elements, one of which
1s in series with an external rheostat. Each heating element
1s controlled by a separate switch.

Because of a considerable time lag in the temverature
control, it 1es necessary to warm up the apparatus to the de-
gslred temperature some time before the test runs are made to
attain thermzl ecquilibrium. This must be done with the spin-
dle running. As the power consumption of the spindle in-
creases the output »ower of the heating elements must be de-
creased.

Oil temperature a2nd viscosity determination.—The length of

thread on the end of the cazntilever beam should bes 2d justed
so that, when the oll reservoir is in equilibrium with all
the loads, the thermocouple on the journal bearing will be in
the area of the maximum pressure reglon of the oil film. This
will insure a maximum temperature reading, when the thermo-
couvle leads are comnected. The temperatures may be read only
after thermal equilibrium has been reached, and only when
torque readlngs are not deslred. When the thermocouples are
gecured to the connecting post on tne top of the spindle base,
they 1nterfere with the torque readings.

After calculating the approximate temperature of the
oil film, the average viscosity of the Journal bearing oil
film can be read directly from the ASTM chart which was plot-

ted from the data glven for the varlous oils.
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Test procedure.—The test nrocedure was as follows:

l. The oll reservolr was first filled with the most
viscous oil to avoid the 2oseibility of burning out the bear-
ings at high speeds before most of the data could be obtained.

2. The synchronous motor, heating elements and cir-
culating fan were turned on for the purpose of obtaining ther-
mal equilibrium at the desired running tem-erature. DIuring
this time the thermocouples in the Journal bearing and oill
reservoir were connected so that thermal equilibrium could be
checked in the spindle. Thermal ecullibrium was checked in
this menner before each run. In the case where the loads on
the bearings were varied, the loads were added before attempt-
ing to establish thermal equilibrium.

3. When thermal equilibrium was attsined, the thermo-
couple leads were disconnected from the connecting post in
order to free the oll reservolr for strain readings. The
strein was then recorded on the time recorder for approximate-~
ly twenty minutes.

At the end of each run the thermocoupnles were again
connected, the reservolir positioned to obtain the maxlimum
temperature reading, and the reading recorded. This was for
the purpose of rechecking the thermal equllibrium,

Types and order of runs.—Two series of data were desired for

this investigation. They were obtained by:
1, Varylng the speed with constant loads for five
different olls;

2. Varying the load on the Journsl bearing using the



lowest speed aad least viscous oil.

The dsta were obtalned in the same order as listed
above.

29
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CHAPTER IV
DISCUSSION OF RESULTS

Performance of equipment.-—0One of the main purvoses of this

investigation was to develop the avnparatus capable of accu-
rately obtaining the necessary data., Though not much time
was left for proving the capabllities and accuracy of the
equipment, the little data that was obtained indicates that
accurate and reproducible dota can be obtained. Several cal-
lbrations of the torque measuring device show that the static
friction in the bearings supporting the oll reservolr is neg-
ligible, if special care is taken to keep the parts clean.
Also, ﬁo obtain best results excessive tenslon 1n the driving
belt should be avolded so 2g not to increase the load on the
bearings.

The results of the torque measuring device czlibratlion
curves look very good. Calibrations were made before and
after the test runs. The results were the same each time.
Figure 8 ies the average calibration curve used for obtaining
the data in this renort. It is noticed that a stralght llne
was obtained., All calibration curves for this deviece should
appear as such, for it signifies that the stress in the alumi-
num beam is well below the yileld stress. (The major nortion
of a2 stress straln diagram for aluminum alloys of the type

used is & contlnuous smooth curve.) The ilmportance of the a-
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bove condition lies in the fact thst SR-4 strain gages tend
to creep when subjected to fairly high strains. This is most
likely not to occur when the stiress strein diagram obtzined
1s 2 straight line. The straight line also indicates that
the deflection of the cantilever beam did not appreciably
change the direction of the applied force. If this had oc-
curred, the rate of change of torque with resnect to strain
In the beam would have chonged in such a way as to maike the
instrument less sensitive at the higher values of friletion
torque.

Most of the above conditions can theoretically be cal-
culated before making any runs. However, the test results
indicate that the more accurate results are obtainable when
frequent checks a2re made on the anparatus.

A certain amount of vibration was detected in the s»nin-
dle. Preliminary runs wvere made with and without the mercury
reservoir installed. No difference in vibration was detected.
Since 1t was intended that several runs be made with mercury
in the reservoir the reservolr was left on the snindle for all
runs. It 1s now suspected, however, that the reservolr caused
an excessive amount of vibration. Also, when an attempt was
made to make runs with the reservoir partially filled with
mercury, the mercury worked its way up into the empty compart-
ment and caused consideravle vibration. Undoubtedly, some
other means for welghting the spindle will have to be devised.

Lubrication of the bearing.—The purvose of 1lavestigating

the spindle was to establish the type of lubrication with
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which it generally oneratesgs. The curves 1in figure 9 indicate
that the two bearlngz together operate as a hydrodynamic bear-
ing. This is true beczuse the curves rise to the right. As
is shown in figure 1 hydrodynamic lubrication exists in the
region where the coefficlient of frictlion inereases with an in-
crease 1n the Sommerfeld number.

It should be noticed that the coordinaﬁes of this curve
are not identically the same 2s for the general Sommerfeld
curve as shown in filgure 1. The value % f has been replaced
with K which is simply the time recorder chart reading. This
can be done because the load and torque are constant. There~
I f. The Sommerfeld num-

e
ber has been revlaced with the svindle speed since the load |

fore, X 1is directly ovrovortlional to

is constent and for each o0il the viscosity is nearly constant.

If this had not been done, only one curve would appear in-

stead of five. As shown, the curves a2lso »rovide a relative
comparison of power consumption.

The problem of determining the type of lubrication for
each of the two bearings separctely was easily solved by re-
moving the spindle from 1te bezrings and observing the piwvot
or pointed end. It was evident that metal to metal contact
hed been taking place, creating a condition of severe boundary
lubrication. Only about one eighth of the area of the tip
had made contact.

Curing the test runs it was notlced that the tempera-
ture of the oll bath near the step bearing was equal to and

gsometimes excesded the tembnersture of the Journal oil film.
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Such a condition could exist only if the step bearing was op-
erating with 2 high coefficient of frictionm.

Since the spindle used in this investigation was a new
soindle it 1s possible that with sufficient running-in time
the stepn bearing surfzce will wear down until metal to metal
contact ceases. Actually, & ster bearing should operate hy=-
drodynamically7.

Assuming thet the Journsl bearing consumed the greater
portion of the power, the frictlion curves in figure 10 were
plotted. The theoretical curve was obtained by substitution
of general values in the theoretlical equations for a full
Journal bearing. The experimental curve was obtained as in-
dicated on the graph. The curve is & very good illustration
of the tyoe of lubrication attainable with 2 spindle. How-
ever, 1t 1s not & true reoresentatlon, even if the step bear-
ing may be neglected, because, when cocaverting from bearing
to Journal frictlon, values of n corresponding to a full jJour-
na2l bearing were used. It is evident that the experimenta
values of the coefficient are less than the theoretical in the
hydrodynamic reglon. This 1s explained by the fact that par-
ti2l bearings operate with a lower coefficient of frictlon in
the hydrodynamic reglon. Also 2 »artizl bearing operates with
a larger attitude, n, than a full journal bearing. Using the
larger value of n to obtain the friction on the journal, know-
ing the friction on the bearing, larger values of T are ob-
tained. Thls affects the boundary region more than the hydro-

dynamic siace the n values for Journal bearings decrease in




12
Theoretical Cdyrve
o Full Jourpal Begring
10
8 f.yé
/ &
x|/ @
© ‘y ;
6 . —e
X
/ A ,/
- X
= |7 -
—
4
/ o
; / / ‘
2 X /@r’
0 5
0 0.20 040 060 080

Sommerfeld Number

® Variable Journal Load, RPM:=3940, Type "E" Oil

X Variable Speed, Journal Load=l.1 Lbs.,Type "E" Oil

® Variable Speed, Journal Load= Il Lbs.,Type “C" Oil
Avariable Viscosity, RPM=3940, Journal Load=1.1 Lbs.

Fig.10.Spindle Friction Curves


ltr.ll

37

magnitude with an increase in the Sommerfeld number. 2y trial
and error a better fitting curve might be obtained. The crit-
ical or transition vpoint would appear at the same Sommerfeld
number, but the minimum value of the coefficient of frictlon
would be greater.

The location of the ecritical polnt 1ls very important
because it 1is an unstable region in which to operate. A small
decrease in the Sommerfeld number could result in a very high
coefficient of frictioan, which would mean excessive power
losses and snindle wear. To obtain the critical point and
boundary condition during the test, the load on the journal
bearing was increased while rumnlng at the minimum speed with
the least viscous c©ll. The critical point occcurred with a
Journal load of about six pounds. The Sommerfeld number was
aporoximately 0.07 as shown in figure 10. It 1s not likely
that such a smell Sommerfeld number would be encountered in
practice because higher sneeds are generally used in a spin-
ning room. However, 1t should be remembered that three var-
lables besides the dimensions of the bezrings affect the Som-
merfeld number. The same relative change in any one of thenm
willl give approximately the same change in the cocefficient of
friction. This 1is demonstrated in the hydrodynamic region of
the curve by the »nlot of several points obtalned by varying
the different quantities u, N and P. According to theory,
exact correlation should exist.

Vibrational effects.—0Cne of the advantages of the torque

measuring device 1= that 1t cen record contlnuously the reac-
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tion of the spindle in relation to the oil film. Flzures 11,
12, 13 and 14 are photographs of some actuzl records obtained
during the test runs.

Cne interesting z2spect of the device is that it appears
to be cavable of indirectly measuring relative magnitudes of
vibration of the srnindle. As yet this has not been »roven,
but it is interesting to examine figures 11 and 12. Figure 11
ls a2 record of the spindle running with the mercury reservolr
vartially filled. During the run, centrifical forces caused
the mercury to leak into the upper chamber of the reservolr,
causing vibration of the spindle. The amplitude naturslly in-
creased with an Ilncrezsing amount of eccentricazlly displaced
mercury. The flgure shows thls trend by means of an lncreasg-
inzly wldened inked line. The recording pen wag vibrating
with a very low frequency, which could havs been 2 harmonic of
the splndle frequency.

Figure 12 is a complete record of one oil wlth variable
splndle speed. Though ezch recording was for only 2 six min-
ute duration, & sufficient length of time was 2llotted between
runs for thermel ecquilibrium to be obtained. It 1s observed
that the second torque readling 1s not eqduslly spaced radially
as the others. 3esides glving too large 2 readlng, the inked
line is thicker than the rest. It is reasonable to suspect
then that vibration of the spindle 1ls causing the abnormally
high friction. This is 2lso probably the cause of the rough
distribution of points in figures 9 and 10. Figures 13 and

14 are very good illustrztions of the effects of vibration on
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Figure 11

Strain-Time Recording Chart

Amplitude of Vibration Increasing

Mercury Reserveir Partially Filled
Spindle Sneed = 11,400 RPM
Tyne Cil: A

Journal Load = 1.1 1hs.
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Figure 12

rain-Time Recording Chart

Increaging Frictlon Torque

Spindle Spneeds

Empty liercury Reservoir
= 3940, 5700, 7600, 9500, 11,400 RPM
Type Oil: E

Journal Load = 1.1 lbs.
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Figure 13

Strain-Time Recording Chart

Vibration and Damping

Empty Xercury Reservoir

Snindle 3Speed = 5700

Typne 0il: A

Journ=2l Load = 1.1 lbs.
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Figzure 14

Strain-Time Recording Chart
Irregular Vibratlon zand Damping
Empty Mercury Reservolr
Spindle Soeed = 7600 RPL
Tyoe Oil: A

Journal Lead = 1.1 1bs.
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the power consunption. These were obtai ned using the nost
viscous oil. There was a difference of approximately 2,000
reenin their speeds. @ course it is apparent that danping
took place. The irregular danping in figure 14 indicates that
conditions were such that a critical danping region existed.
A condition such as this could certainly be detrinental to
the production of uniform thread.

After several tests, it was found that the critical
danpi ng as shown in figures 13 and 14 occurred only for the
two particular speeds and one oil. S nce the oil used was
the nost viscous of the five, it is possible that conplete

danpi ng took place only for the two runs,



