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I. INTRODUCTION 

In recent rears, the trends towar4 miniaturization 

and the needs for increased etf1c1eno7-. att4· reliab111 ty 

particularly 1n apace appl1ca tions have lecl to a marke4 

increase in the use of mtn1•ture an4 1n•t~'Ument ball 

bearinga. Thia neceaaaril7 haa pointe4 up a need tor 

more extens1"9 knewle4ge of t~e operational oharaoter11tlc1 

or ball ~aringa. 

From previous bearing experience, the 1tarting 

torque ot bearings was considered to be .the main 

performance parameter." of ·ball bearings. Kan7 dev1oe1 

were constructed to measure the start~ng torque or ball · 

bearings.· Smoothness of ·operation ot the ball bearinga 

alae> generated. considerable 'interest. .B7' ae~eaait7, ~hi• 

smoothness determination waa made at speeds generall'7 le1a 

than two :revolutions per minute. Few inve1tigator1 baT•. 

considered the running torque or ball bearinga at Ter7 . 

high speeds. In all or the above areas. et investigation, 

there were few caaea of the ball bearing• ~eing loade4 

.botli ra41all7 and axiall7. In the case of· high-speed 
· .... 

running torque, no report baa been made· et a deTioe to 

determine·:acou:raitelf the runn.ing torque. ot a bearing· 

loa~e4 both axiall7 ~n4 ra4ial17. 

· Aooordi~gl7, th• obJ•oiif: •t, tM• !nTe1tigation wa• 

.to 4e11gn, cievelo~:, and. oon1truo't • ·•e•1o•:~:·whicJi woul~ : . 
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permit the measurement ot the running torque ot 1n1trument 

ball bearing• operating at high apqeda -·Under combined 

radial and axial loads. 
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11. REVIEw OF LITERATURE · 

. . 
A study or methods of measuring the. running torque 

of 1nstrum9nt ball bearing• revealed that most w~rk has 
. . 

oentered ar,,und the d.,sign or a machine to test ball 

bear1n~a according to MIL-STD-206 a~eo1t'1oat1ona. 1 . 

Briefly, these speolfications are concerned with running 

bearings one revolution clockwise then one revolution 

counterclockwise at a speed of 0.5 revolut1nna per minute 

maximum. The bearin.~a- are loaded with either 75 grams 

or 400 grams axial thrust for the duration of the teat. 

All tests are conducted at ambient room temperature. 

Nearly all of the maJor bearing manufacturers have 

constructed machines to measure the running torque of 

bearings being teated according to the above apec1fioation1.2 

Fafnir Corpor.a'tio~ h~• a machine with a aena1t1rtt1. range 
\ . ·-' 

of o.1a to 1.eo gm-cm. Bendix Corporation and MPB 

Corporation have dual range machines with rangea of 

50 to 20,000 mg-mm and 2,500 to 50,00~ mg-mm.' HoweTer, 

the Bendix and MPS machines also have a\capab111t7 ot 

speeds up to two revolutions per minute a~d can Tar1 the 
,.. 't. axial load between 15 grams and 400 grama·. The moat 

i 
popular of the commercial testers is the Sunshine Torque 

Tester which 1• essent1all1 the same as the Bendix and 

MPB machines. In none of the above machines are there 

proT1a1on1 tor ~perat1on at high speed or under combined 
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bearing load. 

In an effort to produce a more flexible machine• the 

Sadamel Electro-microdynamometer3 was designed. This 

machine has sensitivity ran~es of 0.0003 to 3 gm~cm 9nd 

0.03 to 300 gm•om with 1. 0.5% accuracy. Althou?,h the 

be~r1ngs oan only be loaded axially, they may be run 

between 1 and 2800 rpm. Although the enot details of 

construction were not available, it 1s known that the 

operation is based on a wire resistanoe-type ga;e set in 

a null biil11noe b'l"id~e with a .. ~'1lvanom9ter being the direct 

torque reading instrument. To enhance readout 1tab1l1ty, 

the system was arran~ed with a spirql spring between the 

test bearing and the torque sensing device in order to 

smooth out the usual torque fluctuations. The shortcomings 

of this device are the low sp~eds available and the 

1nab111 ty to eub Jee t the bear1n; to combined loads. 

In studying the operation of grease-lubricated ball 

bearings under actual serv1oe conditions, Mr. P.R. M0Carth7 

of Gulf Resoarch4 built a device to test ball bearings 

at h1'~ speeds, hi ~h temperatures ,and under combined 

loading. The bear1n~s used in the grease· tests were or ,,, , 
relatively large size·: on the order or fi.75 to 1.00 inches 

bore. To supply the driving power for the bea·'inga, a 

radial inward-flow air turbine was uaed. The useful speed 

range was between 20,000 and 45,000 rpm. The bearings wel'9 

rad1all7 loaded by means or a weighted steel strap looped 
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over the stationary outer race of.the bearing. A beam was 

attached to the loop to prevent the loop from spinning over 

the be~ring. The cant1leve~ beam was instrumented with 

atrqin ~a~es and served as a torque sensor. Measurement ot· .. 
the deflection ot the b9am due to its restraining action 

served as an indirect measurement of the running torque 
or the ball bearings. The axial load was applied by meana 

of ~ weight and lever system. The wei3hts caused a dowel~ , ",, 

to make point contact with a cup which was positioned 

.a~ainst the nuter race or the bearing. Thus, a force on 
the pin caused the oup to apply an axial force on the 

bearing. Yet, the outer race or the bearing was still 

free to rotate since the point contact of the rounded 

dowel on the cup created very little frictlon to angular 

motion when the contact took place at the center or the 

cup. It will be ·noted th~t in the axial and radial 

loading meohaniama of thia machine some small amount or 
1nherrent friction was present althoug,h the frictional 

, forces were comparatively small and did not appreciabl7 

affect the results or tests on such larll;e bearings. Also, 

the speed r'lnge or the machine was limited· to the mid-to 

high-speed range due to the design of th~~ype or air 

turbine uaed. 

Oona1derable investigation ot the running torque ot 
instrument ba'll bearings has been carried out b7 H.H. Mabie. 6 

Thi• work waa done on bearings with bores ranging trom 
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1/8 inoh to 1/4 inch and at lpeeda ot 1,t)OO to 40,000 
rpm. However, in the entire aeries ot teats, the bearings 

were loaded radially only. 

The power source for Mabie' s tester was aga~.n an air .. 
turbine. However, the design chosen was similar to a 

Pelton wheel with~ single nozzle. The turbine wheel 

physically resembled a thick ratchet wheel with the nozzle, 

a copper tube~ directing the air stream tangentially to the 

turbine wheel. The desi0n was s9leoted· primarily for the · 

ease and speed or construction sinoe the efficiency or the 

unit was or little consequence it the desired ap~ed range 

could be attained. The outer ends or the turbine shaft 

•erved as the shafta on which the teat bearings were 

mounted. One test bearing was mounted on each end so 

that the machine could test two bearings •imultaneously. 

The inner races ·of· the test bearings were driven at turbine 

'speed while the outer races were restrained from rotation 

by a pendulous disk titted over the outer race or each 

bearing. In addition to restraining rotation, the pendulous . \ 
disks also served as the torque measurini; mechanism. 1 • 

Although the disks did not rotate, they .would undergo a 
'Ir 

'"" amall an~ular displac~ment proportional to the drag on 

the outer race ot each besring. Thus, a measure of the 

angular displacement could easily be converted into a 

measux-e of the running torque of the bearing. · To measure·· 

the angular diaplaoement ot the diaka, the .. d1aka had ·;, 
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marks machined on them at one degree increments around 

the periphery. A pointer was fixed to the top or a 
stationary part of the turbine frame and rotation or the 

disks was) observed relative to the fixed pointers• The 

torque disks weighed between 40 and 60 grams depending 

upon the size of the test bearings. The pendulou1 mass 

of the disks was approximately. 5 grams per disk. Thi• 

was found to be sufficient to permit torque readings 

between 1,000 and 30,000 mg-mm. Speed of the turbine was 
... 

mea:aured ei:e·ctroni'cri):]Jr ~ ,mean-·• .ot a 11ght and pbotooe"ll. 

The light beam was incident upon a oylindrioal disk 

attached to the turbine ab.aft. The disk was arranged with 

light and dark regions around the ciroumterenoe of the 

· cylindr!:&al"j portion so the light would rifleot · 1nto a 

properly located photocell when incident upon a light 

spot. Through appropriate circuitry, tne frequency of 

the pulses was displayed on an eleotronio digital counter. 
The frequency displayed was the ayerage1•rpm ever a one 

second period. Initially, there waa some problem with 

windage drag between the tachometer disk and the penduloua · 

torque disk on one side of the .turbine. Thia problem waa 

easily relieved by the placement of a baffle between the 

two disks. 

As is ohsraoter1at1o of ball bearings, the torque 

readout ayste~ showe·4 dist1:not torque tluo~uat1ons or 

spikes which tended to make the pencluloua 41ek· 010111at, . 
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slightly , thereby oomplicating the task of obtaining 

accurate average torque readings. To smooth out the 

fluctuations a,damper was added to both disks. The dampers 

· were small rectangular troughs filled with a damping fluid 

through which the lower part or the penduloua disk would 

move. The drag of the disk moving through the tluid 

greatly retarded any s~dden m~vement of the diak. The firat 

damping fluid used was mercury whioh proved to have ver7 

satisfactory damping oharacteriat10s. However, it was 

feared that there was a possibilit~ of 1ome flotation or 
the disk in the mercury causing erroneous data. To 

eliminate this possible source of error, the damping 

fluid was changed to SAE 50 oil. The oil proTed to be a 

satisfactory substitute in the damping trough.a. 

While probably not of primary importance in the 

initial design stages, one of the safety features or 

the Mabie machine was its tail-sate operation in the 
event of a bearing seizure. Since the only restrainta~·on 

the torque disks were the pendulous maa1ea at the bottom, 

a seizure would merely cause the ent"ire disk to rotate 

with the inner race at the test speed. Indication of the 

failure would be given immediately in the form of o,il 

slinging caused by the disk rotating through the damper 

at high speed. As a further precaution against failures 

at high speed, the entire teat apparatus was enclosed in 
s wood-lined steel oaae. Pro•i11ona fer observation we~e 
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•de by installing luc1te ports in the .oaae .·1n auch a ••J' 
that the oentera ot the ports coincided ws.th· the axil ot 
l'otat1on of the tul'bine .ahatt. 

Some work waa also undertaken at SKP !••~in~ Companr. 
6 . .. by J.C. Lawrence. H11 work was oonoerned with the l'unn1ng 

tol'que at vel'y low speeds and at mid-range apeeda while 
under very high thrust loads. The power 1ource tor th11 

teatel' was a3ain an ail' turbine which wa1 capable or speed1 

in the region of 20,000 rpm. The axi1 ot the driving 

ahatt was vertical so that any we1;ht resting on the teat ',: 

bearing would create an axisl load on the bearing. The 

actual loading mechanism was a steel cup which titted 

over the outer race ot the bearing while the inner race 

was titted on the vertical turbine shaft. The loading 

cup re1ting on the outer ~aoe or the teat bearing could 

be filled wit~. ··varying amount• or merourr to provide 

selected axial loads. The inner race or the teat bearing· 
waa driven at turbine speed while the angular motion ot 
the outer race waa restrained by a 1piral spring. The . \ 
rea1st1ng torque ot the spring wa1 calibrated according 

to torque watch reading1. Fttrther, the.torque watch 
'~! 

readings were uaed to calibrate angular'~iaplacement ot 
/ 

the loading cup aa measured by a pointer t1xed to the 

cup and moving relative to the f1xe4 f'rame ot the turbine. 

oa1e. Damping wa1 taken care or b7 the high inertia ot 

the loading oup on the outer raoe. Very little testing 
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was conducted at the upper speed ranges or the maoh1ne 

used. 

Torque Measurement·~strain Gages 
In addition to the obvious strain measurementa which 

ma1 be made with strain ggges, these gagea may be applied 

1nd1reetly to measure suoh things as we1:;ht, preaaure, 
torque,and other items of particular interest. Torque 

meaeuremeAts are most often made by the application ot 
strain gages at apeciflo an~les on the shaft being 

7 aubJeoted to the torque. However, this approach is not 

directly applicable to torque measurentttnt with instrument 

ball bearings mainly du~ to the very amall torquea 

involved. When applied to ~ very thin beam, however, 

the strain ga~es are very capable or detecting small 

forces applied to the free end or a cantilever beam. 

The force on the· end or the begm causes a small amount 
' or atr'lin to oonur all along the beam';· the atrain being 

greatest at the base of the benm. By attaoh1ng the strain 

gages at the base of the beam, the greatest sensitivity 

is achieved. The strain which causes some resistance 

changes in the strain ::;a.;es is measured by means ot a 

Wheatstone bridge. For dynamlc uses suoh as in fluctuating 

t~rque measurement, the bridge is not bal~nced for each 

re111ding, but rather a deflection of the· 1;1.lvanometer 

placed across the bridge is the strain indicator. Thia 

arrangement ia particularly convenient for making rapid 
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readings a1nce a meter reading only need be taken with 
, . 8 

no adJU&tments necessary for each reading. 

When uaing atr'lin gage a, there 11 alwa11 a· problem ·. 

or temperature compensation. Temperature compensation .. 
1• neoe1aar7 to prevent ••en amall ohan~e• or ambient or 
local temperatur• being 1nd1oated as changes or strain.' 
The moat popular method 1s to use two similar gagea, eaoh 

in separate legs of the Wheatatone bridge. B7 proper . 

selection of the le()s used, additional benefit• may be' 

obtained. In the case or a oant1lever beam, the gage1 

mar be oonnected 1n adJaoent le~s of the bridge. Thia 

arrangement baa aever9l favorable points. First, the 

1n1tallation is fullr temperature compensated. Second17, 
the gage• connected th11 war and mounted,c:.n opposite 
aides ot the beam will double the output or needle 

deflection for a 'given amount of strain. Thirdly, the · 

gages mounted in this way are insensitive to axial 
loading ot the beam. Fourth, the gages are 1naens1t1•e . 

to twisting of the beam such •• mar be oauaed b7 

a17mmetrioal loading.8 Thus, the cantilever beam 

installation 1• suited v~rr well to th~.deteotion and 

mesaurement of small forces applied at ~he end or the 

beam. The oontemplated toroea are due to a torque and 

beoauae ot.'oonatruotion toleranoea and geometrr cannot 

be expeoted to be perteotl7 •111metr1cal an• with axial 

oomponenta. 
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III. INVESTIGATION 

A. BEA RI NG HANDLING 

In considering the investigation ot the effects ot 
combined axial and radial load on the running torque ot 

' ball bearings, it was considered best to con.form in aa 
many respects as pos·sible to procedurea followed by other 
investigators ao that meaningful comparative data might 

be obtained. Due to the ready. ~va1lab111ty ot 11m1lar 
~ 

equipment and data, this investigation follows closely the 

work of H.B. Mabie5 with radially loaded bearings. Bi• 

work covered three sizes of instrument bearings, the 

basic bearing dimensions of which are shown in the 

following table. 

Table l Bearing Sizes 

Designation R-2 R-3 R-4 

Outside Diameter (inches) 3/8 1/2 5/8 

Bore (inches) 1/8 3/16 1/4 

The R-3 size bearing was selected for,thia investigation 
.. · .. 

because of 1 ts ·previous history of oonsiste.nt behavior. 

Only one bearing size was chosen so that very oomprehenaive 

and statistioally accurate data could be obtained tor the 

intended oond1t1ona within a reasonable teat period. 

It· was fortunate that the· same bearings uae4 in 

Mable's investigation were available tor further testing. 

However, this did neoeaaitate the establishment ot well 
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controlled h•ndling teohn1qu9s. 
A well-planned bearing handling program wai required 

to assure thorough cleaning of' bearings. between. teat 

segments while m1n1m1z1n~ the poaa1b111t7 or oontam1nation 

wh1oh oould produce highly erratic resul ta. · · 

Since the bearings to be used in the te1t1 had b~en 

run previously, the first step was to ~lean them 

thorou~hly. However, removal or the dust shields proved.'· 

to be a difficult task. It was extremel7 hard to hold 

the bearing and pry out the rets1n1ng ring holding the 
dust shield in. Even if the retaining ring would pr1 

lonae, it would generally spr1ns out and beonme lost. 

To assist in this d1aassembl7, a special J1S was 

fabricated wh1oh held the bearing securely without causing 

sny dams~e and which prevented the 1011.or the retaining 

ring•. The Jig which 1 s shown in Fig. 1 was baaed on a 

4 x 5 inch steel plate. The plate was drilled and tapped 

to take a screw which fitted through the 3/16 inch bore 

or the bearing. The screw thus held the inner raoe t1rml1 

to the plate. A swinging arm was positioned so that one 

end or the arm would contact the outer race or the bearing. 

In the contact region or the arm, was placed a small piece 
or thiok roam rubber. The arm was tensioned against the ' 

outer raoe by means or rubber b~nds attached to the other 

end or the p1vote4 arm. Thus, the inner race was held 

atationary bJ the hold down screw., 'E.he outer race waa 
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prevented from rotating bJ means of the pivoted arm •. 

The foam rubber prevented the arm from damaging the outer 

raoe,and,1n addition,oovered part of the top of the 

bearing preventing the retaining ring from springing 

completely free. The.actual removal or the retaining ring1 

was accomplished by means of two abeet metal scribes. 
One scribe was used to prevent rotation ot the ring in 

its· groove while the.other scribe picked the end or the 

ring from the .groove. Thie s1s tem proved very effio ient 

and allowed a _test sample of six bearing1 to be disassembled 

in less than ten-minutes. 

The identity of all bearings was maintained through 

all test procedures. This was done bJ working w1 th onlJ" 

one bearing at a time and-alwa1a keeping each bearing in 

its own numbered container. 

After removal of the bearing shi~lda, each bearing 

was individually cleaned. '!'he bearing was tirst soaked 

in benzene to loosen a~y remaining grease or oil. Then 

the bearing was removed from the benzene and soaked in 

acetone to remove the remaining benzene an4 to permit low 

residue drying upon removal from the·aoetone. When the 

bearing had dried, it wa.s placed in.· its own glass container . 

whioh had been ultra-aonioally· cleaned and sealed oloaed. 

This operation was :repeated tor the rest ot the bearing1 · 

in the teat group. The chemically washed. bearings were 

then .further cleanecl ultra-sonlcallJ in an.inert cleaning 
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tluid. Each bearing was 1nd1v1duall7·be14 on a plaatio 
coated rack while suspended in the oleantng.tlui~., The 
cleaning was oontinued tor five minutel -:ntf the. entire 

rack w~a removed from the oleaning tank while the fluid 
... 

wa1 still being agitated to minimize the po111bil1ty ot 
an7 foreign particles settling in the bearings. The 
bearing• were again placed in their individual glas• 
containers tor transportation to the w&1$hing and 

lubr1oat1on area. 

The cleaned bearings were weighed on an analytinal 
bBlanoe to obtain the dry w~ight to one.ten-thousandth 

ot a grem. The dry we1~ht was very important since ~11 

subsequent weighing tor lubrication would be dependent 

upon the dry wei~t. During the we1·~h1ng operation, the 

selected lubricant would also be added to the bearing. 

In the caae or oil lubricated bearings, Un1v1a P-38· 
conforming to Ml L-L-6085A waa used. It .. was added b7 1 . • 

meiln1 'ot a syringe and a #27. hypod~rmio·. ,n~edle. · It was'« . 

found that by adding the 011 to the balls ~n the area 

ot the ball retainer, little or no oil tell through the 

bearing an~ onto the balance pan. In the oase ot greaee 
lubricated bearings; Beaoon 325 conforming to KIL-0•3278& 

wma used. The grease was placed in the bearing in ama11 ··· 

quant1t1e1 by means or a Jewelers screwdriver. Here, 1t 

waa tound that grease could beat be added to the outer 
.• 

raoe between the balla. The gresae wa1 adde4 1n·aeveral 
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small quantities so as to control better the 'Wei;ht added 

as well as to assure th~t the ~ease w~s actually placed 

in the ball races and not deposited in the duat-ahield 

retainer-ring grooves where it would have no erreot on 

the aotual lubrication. Fig. 2 shows much ot the hsndling 

equipment used 1nolud1ng the bearing holding Jig with a 

bearing fastened in working position. 

It was. previously deter~ined that the quantitf of 

oil added at the faotory was approximately 0.0076 grams 

for this size bearing and this was the weight or oil 

used in bringing the dry bearings up to factory oil 

spec1f1oat1ons. The weight or oil in bea~ing1 ordered 

from a manufacturer ia generally not apeo1f1ed,and the 

bearings are used with the as•reoeived lubr1oat1on. 

However, grease lubt"1cated· bearings usuallJ have the 

we13}lt or deoree·or gre~ae pack apeoified. The degree 

or paok is the ratio of the weight of grease aotuall7' .. · 
added to the weight of '!reaae that it is possible to 

p•ok into a besring. The values or 1/16 and 1/8 pack 

were chosen ainoe they are tairly common speoif1e4 vslue1, 

and previous torque data waa available for read7 comparison. 

From attempts to paok oompletel7 a ball besring with 
grease, it w~s found that R•3 bear1nga held an average 

or 0.1408 grams or grease. Thia gave a oorresponding 

1/8 paok of' . 0 .0176 grams and a 1/16 pack ot 0 .0087 grsma •. 

Theae w.ere the weights ot gitea1e uae4 1n the l/8 pack 
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and 1/16 pack greaae testa. 

After each bearing was we1:;hed and properly lubr1oate4, 

the shi"tlds were replaced and the bearings were pl11cecl in. 

small 1nd1vidual envelop~a for subsequent handling • .. 
In any test sequence which called tor re-oiling, 

the bear1n~s were first we15hed t~ dGteJ'lmine if any 
lubricant loss had occurred. If there was any defioienoy,, 

the dust shield was removed from one ·side or .a bearing_·,.. 

and the weight of' lubricant would be brought up to the 

or1~1nal speo1f1catton. The dust cover w11a immediately 

replaced and the bearing placed bsck in its envelope. 

To aa great an extent as possible, the bearings were not 

handled by hand, but by tw~~zera and we~e alwaya kept 

·in their oontsiners. In an effort to reduce atmospheric 

variables as muoh as possible, the bearings were always 

stored in a ohem14al desaioator at a controlled temperature 

except when being weighed and aotuall7 teated. 

B. APPARATUS 

Power Source 

Several methods were oonsid~red for driving the 

teat bearings at speeds th~t ran;ed between 1,000 and 

40,000 rpm. Electric motors with direct drive, geared 

drive, and belt drive were initially considered. The 

d1reot drive electric motors were disosrded because ot 
the questionable reliability or the motor bearings. 
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rreared and belt drives used with electric motors were 

not acceptable becauae of smoothness c9naideration1 •. 

or the several types of air drives used by other · 

1nv9st1gatora, the most suitable type seemed to that 

type used by H.H. Mabie. Thia Pelton wheel type turbine 
had proved that it worked well over the entire speed 
r':lnge ·to be coveredi 1,000 to 40,000 rpm. In addition, 

·it was amooth running and had proved to be reliable and 

safe at the high apeeda expected. Thu1 a duplicate of the 

Mabie waa constructed. A detailed drawing ot the Mabie 

turbine is ahown in Fig. 3, The turbine 11 alao ehown 

w1 th the acoompan7ing torque test1n~ equipment in Fig. 4 

which presents an overall view of the apparatus. 

Torque Sensor 

During preli~~ nary inves t1 ~a tions, optical systems 

seemed to offer a method of very accurately and eaail7 

determining the running torque of the instrument ball 
bearings. The first method considered made use of the 

pendulous disk in which was mounted the test be9.ring. 

However, 1.t was . thou~ht. thri t by opt1ca l ·me!lnl, the 

me~suring arm oould be inoreased by 10 to 20 times over 

·measuring the torque d1reotl7 b7 angular rotation of the 

disk. A lii;ht-weight oelluloid cylinder wa1 conatruoted, 

and IO"Bduated markings placed on the outer wall• et the 

c711nder in a direction parallel to the ax1a ot the 
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cylinder. Thia cylinder wns plae9d on the pendulous 
disk ouch that the disk formed a bottom to the .oylinder. 

The op~n end or the cylinder raced outward, awa1 trom 

the turbine. A small electric 11ght source waa ~ounted 

10 that the light was within the c7linder and approximatel1 
on the axia of the cylinder. The theor1 11 that the light 
will shine out throu~ the c~llulo1d c7linder and through -'' 
appropri~te lenses onto a viewing screen. Angular 

diaplaoementa could be read by noting the graduated mar\d.ng1 ·~ 

on the cyl1 nd'!r as they were pro J•oted on the s; .. reen. 

Several problema were encountered, though, and the plan 

waa eventually ab~ndoned. Some such problems were the 

weight or the pendulous diak and cylinder ••••mbly, al 

well aa its balance, difficulty in producing the desired 

light source character1st1oe, and indioationa ot leae 
., . 

accuracy than expected. 
The second method or tor~ue 1en1in3 tried waa an 

approach uaing strain l•ges. With this approach, the 
teat bearing was mounted 1ri a 41ak which was atatioallJ'. 

'"' 
balanced ao that it would have no preferred orientation.· 
Thu1,rotat1on ot the inner race ot the bearing oou14 ' · 

, eventuallJ' cause rotation or the outer race and the .. 
attached d1ak. .To restrain this rotation,. the 4iak 

waa equipped with an L-ahaped con1cal-aoaecl·po1nter 
mounted near 1 t1 periphery and· pointing\ in'.: the: ~1reot1f:'D 
ot- S.ntended rntation. F1xe4 te:the baae·ot,th•··'••t.;''.. 
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stand waa a long, thin beam. Attaohed to the free end ot 
this cantilever beam was a smAll nylon cup,shaped to 

~accept the nose or the pointer on the disk. The pointer 

and cup in operating position are shown in Pig. 3 •. 

Thua,the cant1lev~r beam prevented the rotaticn nf the 

d1ak while allow1n~ some an,;ular d1splaoement to tl!\ke 

plaoe. It was decided that the maximum angular displacemen\ 

that could be permitted was 5~ This is the generally 

accepted upper lim1 t for which the sine and t11ngent are 

oona1dered equal. lt was further assumed that the max1rllum 

anticipated torque would be 40,000 mg•mm. It waa known 
from the anticipated disk diameter or three inches that 

0 the 5 limit would correspond to a lin~ar displacement 

of about 1/8 inch at the circumference or the disk. From 

these cons1de1•ations, a suitable beam was designed. The 

final d~sign wqa a stainless steel beam with the 

dim~n•ion• 0.004 x 0.375 x 2.0 inches. A beam of these 

dimensions, subjected to th" anticipated loads, would 
experience • maximum or 3800 psi at the base or the beam. 

This was oonsid,,red a vel'y moderate loading. The final 

dimensions were selected partly in eons1derat1on or the 

difficulty or fabricating straight, flat beama or small 

thickness. The desired dimensions and material rlqu1rement1 

were met in the form of a single blade trom a commeroial 

thiokneaa gage. 

Strain gages were mounted near the base ot the beam · 
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with one gage on eaoh flat side of the beam. The gagea 

used were Baldwin SR-4 type 0-7 gages. Theae ·gages had· 

a short gage length which was oonaide:red de·s1rable in 

order to take advantage of the relatively high strains 

which occur at or near the.base of the beam. In addition, 

C-7 gage.a have a gage .faotqr of approximately 3.59 which 
is relatively high. The high .gage factor means that ~he 

gage will undergo a relatively high resistance change for. 

a given amount of strain. More.over, the gages had a 

resistivity of approximately 499 ohms wh1oh,aga1n, 11 

relatively large. This large ·resistivity meant that for 

the 3 volt maximum bridge -voltage available, there'Yould 

be very little Joulaan heating of the gag~s. 

The gages were mounted on the beam with Eastman 910 

cement. This oem.ent was selected because of 1 ts extremely 

fast setting oharacterisitoa and need for little or no 

pressure during its curing time. After the gages were 

mounted, and. the ceme.nt had cured, the integrity or the 

bond was tested. The -testing was accomplished by means 

or a very· accurate bridge circuit used to measure the 

resistance of the gages. A resistance measurement was 

made on each gage initially. Then the beam was subjected 

to severe bending, but not so ~evere aa to cause any 

permanent deformation or damage to· the cement bond. The 
' resistances or the gages were again checked and matched 

the original resistivities exaotl7. Tb$ 1enaitiv~.t7 or 
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ot the mer1aur1ng bridge was 1 part in 50,000 which wa1 
quite sufficient for thi• check. The gage to ground 

resistance was alan checked and found to be e1sentiall7 

infinite tnr both gages. A large disorepanc7 in the 
• 

resistance readings before and after bending could have 
indicated a poor bond between the gage and the beam. 
Low gage to ground rea1atance would also have indicated 
an improper gage installation. 

The torque beam wa1 mounted rigidly and isolated 

electrically from the turbine by 1 t1 adJuatabl~ luci te 

clamp. Ri.;id mounting of the atra1n ga.ge lead1 was touncl 

to be important in preventing zero drift during operation. 

Thus, the leads were permanentl7 epoxied to the beam ol•llP•: 

The bea• installation i1 shown in Fig. 5. 

Diak Stabilizer 

The running torque of ball bearing• 11 not a oonat•n' 
. value but rather a tluotuat1ng torque 1uperimpoaed on 1ome 
avettage torque. Thia oharaoter1at1c makes S.t d1:f'fioul,:11e 

measure the average running torque.part1oularl7 if.iihe 

measuring device tries to follow the oacillationa. In 

attempting to damp the oscillations or the torque disk 

caused bf the torqµe fluctuation•, the lower edge ot the 

d1.ak waa immersed in a Y1acoua tluS.d. !hie damping metllot~ 

ma7 ea1il7 be aeen in Fig. s. · In1tia111 gl7oerine wa1/ 

t'l'S.ed as a damping tluitl. because ot. S. ta. :high viacosS.ty. 
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fluid. Preliminary tests,however, proved that it was 

not capable· or dsmping out the torque tluctuationa, 

particularly at higher rotational speeds. Although 

other investigators had little success with mercury as 

a damping fluid, it waa, nevertheless, tried. When the 

mercury was sufficienty deep in the damper trough, it 

definitely caused the torque disk to rotate away from the 

measuring beam. This was due to the tendency of one of 

the b~lancing weights on the bottom of the disk to float 

to the surt,aoe or the meroury,thus pulling the bottom of 

the disk with it. Mercury. was eliminated as being highly 

unsuitable. Finally, SAE 50 oil was tried ·in the damper. 

It proved capable of reducing the· oscillations to an 

acceptable level without causing any measurable flotation 

of the torque disk. The oil. damper ia. shown in Fig. 5. 

Speed Measurement . 
The rotational speed of tne turbine waa measured 

through electronic means and displayed on a digital 
\ 

counter. The mea~uring system.depended on the small 

disk mounted on the·non-testing.end of the turbine shaft. 

This tachometer dis'lc 1a shown in Fig. 3. The circumference 
of the disk was marked with six light areas alternating 

with six dark areas. A small light was direc'ted :at~.theae' 

light and dark areas, and a photoeleotrio cell was 

positioned so as to detect the reflected beam from the 

light areaa. The signal pulses from the photoelectric 
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cell were the input to ~ HPwlett-Pa~ksrd di;itBl c~unter. 

The timin~ gg te of the o ounter was set at one aeqond. 

Thua with the counter r~~lstering six pulse1 per revnlut1ol'· 

fnr a period of on~ second, th~ spe~d in rpm was obtained 

by ~1ltiplylng by 60 seconds per minute and d1vid1n~ bf 

6 pul1ea per revol,1tlon. 'l'he nflt t rfltsul t being that the 

·readin3a had to simply be multiplied by ten to obtain.the 

• Jtotat1,,nal speed in rpm. The tachometer o1'.'r'au1tr7 ia 

ahown 1n Fig. 6. This provided a quick and eas7·me~hod tor 
. aoourate'i7 measuring the rotational speed ·or the,_) turbine.· 

:without interfering with its operation. 

Spe~d Regul!ltion 

One of the major advantsges of the •1r turbine was 

.. tht.tt its 1pe'd oould he ea1117 regul11ted O'fer a wide 1peed. 

range •. The r.e_~la t1on was accomplished b7 1natal11ng an · 
... 

air pressure re~lator between the air line and the turb1ne.i · 

Tbs speed or the turbine co,1ld b8 re~lated to within 

plus or minus 10 rpm ovsr the entire speed range used. 

The regulator and pressurs ~age are seen mounted to the 

wall in Fig. 4. In order to :atreamline the testing procedure 

the tolerance uaed was 1~ ot the ditferenoe between speecl ·. ' 

intervals. Since in all but the initial case,· the interval• 

were 2 ,ooo rpm, the speed wa1 held to within 200 rpll or .. !~~-.:.~ 
nominal apeed while torque: reading• were •taken'!·\ A•! •o .. e~ 
S.ndloation ot the eaae and~ 1peed ot: thi1:::ie:tai.ts.~n.:11et~4,i ·, 
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.• series of 21 data points ranging from 1.,000 to 40,000 

rpm could te taken in a period of 10 minutes. .~ia meana 
that the apeed could be changed and atab1l1ze4 in a perlo4. 

of leas than thirty aeoonda. .. 

Strain Measurement 

The strain measurement and subsequent torque measurement 
waa accomplished by means of a Bruel and KJ•er Model 1516 

atrsin indicator. Aa mentioned previously, a tour-arm bridge 

••• uaed with the active atrain gagea oonatituting two 

adjacent arms or the brid~e. The common point betw~en th~ 

tVwo ·'11't:'t1'l'""" ga~2'J "\'M'S tlso 11onneated to t.ht"! ehie lc!in:~ uSl'!d 

on the strain gage leada. It waa imperative that all leada 

be shielded and the beam be grounded since measurements 

were being made near the limit or sensitivity of the 

instrument. P.rel1minary 1'1vestigat1on had shown that a 

Baldwin-Lima-Hamilton SR-4 Strsin Indicator used with an 

oaoilloaoope waa not oapable ot measuring the small 
resiatanoe change of the ,~ages. The Bruel and ltJaer 

instrument, however, proved oepBbl~ of producing a good 

indication of strain. This instrument 1a shown with the 

other apparatus in Fig. 4. 

Strain Recording 

After ertorts to use an oao1lloscope with a Polaro14 

camera to record strain readingaamplified from the Saldw1R 

Lima-Hamilton SR-4 bridge pro1ed unaucceat'ulj'l'a 14oae1JJ · ··· 
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Autograph x-1 plotter waa tried with the Bruel and KJaer 

instrument. Thia combination proved very oompatable an• 
provided satisfactory low-cost torque recordings. The 

x-1 plotter aocepted 11 x 15 inoh sheet• or paper. A . 
complete torque test series from 1,000 to 40,000 rpm 
tor a single ball bearing was put on each she~t. The 

torque values were recorded as a deflection on the 11 inob 
ordinate. The pen was manually moved along the 15 inch 

abscissa to a new position for eaoh speed test point. 

Beoaua• the ordinate was relatively large, torque readings 

could reasonably be expected to have an aoouraoy ot ~ 1/2~ 
ot the full acale deflection. 

Axial Loading Meohaniam 

The problem or axially loading the test bearing w•• 
originally beli~ved to be complex because or unknown 

variables which might be introduced in the final torque 

meaaurement. The calibration system used, however, 
eliminated this problem and cleared the way for several 

poaa,.ble loading method1. 

In preliminary investigations, compressed air waa 

used to load the torqu@ disk axially. A small tube waa 

fixed to the torque disk suoh that the ax1a of the tube 

wa1 oo1noident w1 th the. axia or th~ diak •. The d1ak; 
~ ' ~ ~-. 

formed a bottom to the· oylindr1ca·l ·tube. A amaller 

tube waa positioned 10 that it titted. in the ._,pen·e~4 
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ot the tube fixed to the d1sk, but neither. tube was 

permitted to oontaot the other. It waa thought that 

compressed air directed through the smaller tube would 

1mp1nge on the bottom or the cylinder formed by the 
~. 

larger tube and the disk. This impinging air stream 
would thus losd the disk and bearing axially. The air-

waa permitted to esoape through the annular area between 

the two tubes. The loading system did work and appeared 

not to induce any rotational motion of the diak. There 

was a problem, though, in that the air escaping from the 

annular area causing turbulence 1n the prox1m1t7 or the 
torque beam. Thie air flow caused ver1 erratic readings 

or the torque sensor. To combat thia turbulence, exteneiTe 

shielding and duct work waa fabricated and installed. 

However, the problem still· persisted and forced the 

abandonment or' the __ compressed air loading syatem. 

Because of this 1nd1oat1on or the extreme 1eri11t1•1tf 
or the torque beam, a much simplified method of axial 

loading was sought. The method wh1oh eventually proYed 
• suoceasful was a strin~ and roller system using a dead ,, 

weight as the loading force. The loading meohaniam·ia 

shown schematically in Fi~. 7. A small bar waa made 

whioh fitted aoroas the bearing cap using the existing 

oap screws tor attaclunent. To this bar was at1aobed a 
t1n1 loop which was located along the center•line et'. the 

bearing cap. The loading we113ht waa hung on a amall 
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thread wh1oh waa looped ovei a roller,ancl the oppo11te 

end ot the 1tr1ng waa ati~ach~ut to the 1oop on· the bearing·; 

·cap. The atring selected w111 wound Alookw1ae l:o. that the 
r \ • 

oounter•olookwia• mntion ot the 4S.itc'.4ur1ng te1t1ng would. 
' ' . 

not tend to tighten the string. 'The roller ••• oopper 

allo7 and titted over a brasa Journal bearing. The roller 
waa out w1 th a V•groove to poai tion the atr·ing. The trame 

holding the roller was &dJU&table in all· tbi'ee directi~ns~:·~ 

In this wa71 1 t wa1 asaur.ed that. the ·atr1ng exerted a tl'Ue 
' ~ ' 

' axial lcacl without akew radial component•'· The axial 

loading meohaniam ia shown mounted to the turbine baae ln 

Fig. 8. 

The weights used for axial loading were tabr1oated 

·trom lead 0711nders and plates, and titted with solder 

loops to attach them to the tensioning a_tring. The 

weight• were a'dJU&.ted in size by shaving awa7 ana 11 b1t1 

or metal until exactly the desired weight waa attained. 

The we1ghta used are listed in the following table. 

Table 2 Axial Load Weights 
. '* Axial Load Ratio 1ia ''1/4 1/2 

Weight (grams) s.84 11.69 23.39 
*notes· Axial Load Ratio is def'inecl,aa 

C· Aa1al Load/Radial Load 

Additional Air Shielding 

1 . 2 

46.78 93.56 

The high •ensi t1vl t7 ot tbe torque beam to random :· 

ail'" ·ourrent1 pointed out 'the need tor 11ore,:1i-i1olat1on."•t . ·.: ' ' . . . ·~·'"• '''.·:. 
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the beam from the :rest" or the test -equipment that might 
cauatt disturbances• . ~o this end, the tUl'bine wheel wa1· .. 

completely enolnsed and fitted 'A:i th an air duot ·which 

would oari'y the exhaust air outside o·r the proteot1ve 

steel hood. It was round that th1a .. encloaure and ducting 
also considerably reduced the no1ae level during operation. 

To guard :urthe:r ag91nst atray air currents, a small 
oardboard enclosure wa1 constructed to fit anugly around 

the !Olume enolosing the torque beam, torque disk, ~x1al 

loading meohansim, and th~ viscous damper. It was round 
that accurate C9libration or the instrument could not be 

made without this enclosure, even in 1till air. Thia 

box waa alao equipped with celluloid obaervatioa ports 

positioned ao that the enclosed apparatua could be obatrYe4 

with the steel hood in plaoe. 

Sare ty Measure 1 

The primary hazard considered was the posa1b111ty ot 

< i. ~ " • 

a ra1 lure or the rotating part a at.· high' rota t1onal~ 1pe&da. To· 

beat protect against hum~n 1n3ury, it waa decided to coYer 
the entire turbine and torque sensing gear with a strong . 

and absorbant hood. The hood case w&a constructed trom 

1/4 inoh steel plates on both ends and the top. The a14ea: 

w~re.l/8 inoh steel plates. ~e steel gave the hood 

1uftioi~nt· ·strength. ' Imp.~ct ·~l>aorpt~on ~ ••.. b~1lt 1• b7 . 
lining the entire hood with 1/2 inch plJWood. The aides 
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of the protective hood w~!'e fi·i:"ied with 4•1nch luo1te 

porta to perr:ii t obser•J~,t-1 '"; o.f'" ~t .. est .!l s during 

operation. See Fig. 9 fc't' the inte~ated system achematic .• 

C. PROCEDURE 

Ca11br'.'l tion 

One of the most i~portant phgses of ea~h t•st ser1ea 

was the calibration of th~ torqu~ sen~1ng unit. This 

wgs p'lrtionllirly neces:Jary since full-soale recorder 

d'9fleot1nn wan usod 11s m11ch as possible to 1noresse the 

a~our•~Y of the f1n~l r~~~in3e, 
Calibration was oarried out by the use of dead 

weights hung on the per1ph~ry of the torque disk. A 

oal1brat1on w~ight may be seen hung on the left side ot 
the torque disk in Fig. 5. The weiyits were specially 

made so that when. .. hung on the post provided on the torque 

~isk, they would produce even equivqlent torque toroea. 

The torques chosen were 1/2 g-om, l g-cm, 2 g-om, and 
3 g-om. The wei~hts themselves were fabricated from 

lend and fitted with a am:1ll hook to fit on the oalibrat1on 

post on the disk. The exact wei~ht was obtained by 

ahav' ng llw11y tiny b1 ts nr lead from the we1 ~hta until the 

desired pre-oalo,tlated we1 ;ht ""• obtained. The geometrr 

ot the ealibration·method is shown in Fig. 10. 
··For the aotual cal1brst1on1·the test bearingwaa 

mounted 1n tba torque disk and the assembly fitted: ·1on· 
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FORCE,.. ... 

CALIBRATION I 
WEIGHT 

1
1VERTICAL 
CENTER-LINE 

Fig •. 10, Torque Calibratiori. Oeometr7 



the turbine shaft. rr.he' tr>r~·,11 ... q.,nsin.~~ "1>11;~\n wqs c:irefullf 

a lignerl w1 th the pniti\~~;.fn th;• torque 11isk. ''k z1'ro 

ust out or v 

cont~ot to asaur' ~ zern strq1n cond\ti~n. A trsce of 

this z.ir:ro st7.""A~n condit.ion w~s m•Hie by the reco.:•der an4 

may be se"n :i:n Fig. 11. N~:·~t the 1/2 g-cm c8l1brat1on 

Table 3 Torque Cnlibrqtion ~ei~ht~ 

'l'orqu~ {g-cm) 1/2 l 2 3 

Ca 11bi::>r.t t lon 'lit. ( gr~ms) .1382 .276~ .5528 • 8292 

we1~S}lt was hung on the o'll ibra tton post. This produeed · 

a atrR1n which was reoordftd as s trQce across th$ absoiaaa 

of the o~libra tinn she~t ~ 'I'h~ we 1 ;ht w~a removed and 

the zero str~in condition &gain oheaked to assn~e no 

Zfllro drift 6rror 1n the aalibr!:ltion. Th_, procedure waa 

repeated with each 1noreqs1n~ size wei:i;ht until the 

sntioipated maximum value had been reached. In no case 

were leas than three points uaed tor o·llibration and 1n 

seve·al C8ses ~•many as five points w~re used. Jn all 

oal1brat1on oheoks, the re,,order showed the indicated 

torqu~ to be a linear funl}t1on of the actual torque. 

The question or the effective lever arm of the calibration 

wei~ht ohan ;ing dur1n~ small an;~U19.T' displacements proTed 

to be no problem. At the maximum designed deflection, the 

change or the efteot1ve lever arm increased b7 less than 

0.0015 1nohea •. Thia corresponded to a change of 0.01$ 
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which waa at least 'on~ _ordr·r f'f magnitude smaller thah 

the recorder error ·•l?r1~. Ar( 'ld tilt lonr,i l!·''4dvaritage of 

th1s typ" of c'.l lH::r'.'1 U.nn \'.'·'; s t! '. t var1ab1i'' ! whioh might 

system b•i;fore C!l.libration, a!:'lc! '~he 'plotter deflf'l,,t1on 

would automat1nally oompan~ate for thin Vh~i~bl~. ~ore 

. simply, the system was c9llbrated with the v~ri~ble 

already included. This assured acourat~ :results wh"t'tler 

or not the axial loading syPtem was used. 

Tes tin; 

The spaeds chosen for th~ fin~l investigation w~re 

1,000 rpm and thea ranged from 2,000 rpm to 40,000 rpm 

1n 1norementa of 2,000 '?'pm. Lubrication spec1f1o~t1ons 

required that tests be run with factory oil, re-run 

w1 thout re·o~ Hng, snd re-o1 led to factory speo1f1eat1 ona 

and re-run. :"1.lao, bearin:s w~re run with 1/16 and 1/8 

~ease >)n nk and re-run w l th out r"-.;r,r~'l 3 in·>,. rh1 s 

conatit'i~ed thre" oil to:1t s"r1,-,s and 4 :;rerise test 

aeze1e s for 0, l/3, and 1/4 ~.xi~ l load r:i tlos. After 

this group '.if tests was coripleted, it was necessary to 

'."'Un additional teats for axlal load r11tios or 1/2, 1, and 

2 ... From the results of th!"! first battery of tests, 1t 

was thought necessary to conduct tests for only the 

faotory oil, 1/16 pack, ttnd 1/8 pack eonditiona. Thia 

oon1t1tuted a progttam or 30 test series. Each series 
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consisted of t~sts on six i~divi~~al ball h~srings. One 

group or six bearings was 1i's'ed f' or a 11 t··'"' 1 v ~ oil tests. · 

Anoth"r group of six bearL;.:;a W'ls used for tr:e nine l/16 

gt"~U.88 pa"k testlli. A thlrd g?"!">Up of six bellr1rt:~s Wiii uaecl 

rn:r th"' n1. ne 1/8 ;Jrea s., 'le t~ !'l ts. 

The teet eer1.-.a were .;ond'1.~,Jted·auc.b·that all $!X 

bearing• in a group would be run as orS3inall1 lubricated 

before f~oing on to the re-run tests. This generally 

allowed one to two hours between the original run and 

the re-run. 

Data was tak~n from the ori1ingl torque reoording1 

by meq~m~ing the diapl!ic"mAnt from the zero bitse by meana 

of a seal.,. Thii, me:is1tr,,m.,nt was made tn th., ne~rest 

0.05 inohl)s. The torq'l"' r1J<ld1n~ in ineh.,s was 

converted to milligram-millimeters by multiplying by the 

t1ppropr1ate scale factor ll3 determiried from the ccil1bration 

oharta for each test ser1e$. 
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D. L!ST OF EQTnPMENT · 

1. Strain ~age AppQratus 
Model 1516 
Serial No. 132912 
Brue 1 and KyHn', Nafl'Mlm, Denmark 
Use: To m"lgsur" and amplify th& a traill a1gnal. 
from the torque sensor. 

2. Moseley Au to3r:iph 
Model 2 D X-Y Plotter 
Ser.:.a 1 No. 1217 
F.L. Mosel~y Company, Pasadena, C911forn1a 
Use: To record and amplify the torque signal 
from the strain indicator. 

3. El~ctronio Counter 
Model 521 A 
S~r1al No. 120-04376 
Hewlett-Packard, Palo Alto, California 
Use: To co11nt and di a play the apeed of th!t 
a1 r turb1 ne. 

4. Nullmat1o Presnure Regulator 
Model 40 E 100 
Serial No. 3827M2966l 
Moore Produots Company, Philadelphia, Pennsylvaaia 
Use: To re~late the preaaure of the inlet 
a1r to the air turbine. 

··-5. · Gramat1c Balance 
Model H 5 
Serial No. 113176 
Mettler Instrument Corp., Hightstown, New Jersey 
Use: To we1 gh the test bearings snd the amoun1; . or lubricant added to the bearings. 



The dat.'l and results ~re 1)r,sent~d in two forms. 

FlrAt, in Tables 4 throu~~ 13, the avera3e torque1 and 

eampl., stand~rd dev1'lt1.6ns for correspondin•; speeda are 

shown for V#lT'i.oua lubri~·1 ~~ ccni11t:tnnE! r.and !lxjr:.l l!"1:tds. 

51 m1 lar h1brtoant condi tin~s are ~rouped to~ether in 

order of incre•e1ng 9Xial load. The 9econd method of 

presents ti on is ~r11phical. Fi _snres 12 throu ~h 41 ahow 

average torques as a func tlon of running spe')d. In 

addition, plus and minus values of sample st~ndard 

deviation are shown as vert1C9l lines at each or the 

data points. The avera3~ torques were caloulated as 

the arithmetic mean of the torque values taken at each 

speed point. 

Avera~e Torque - - EX1 x - -N 

The sample stantiard deviations were calculr;.ted 

aooording to normal stat1st1oal method1. 9 

Sample Stand·'trd Deviation == 

Where: are the individual torque values 

N is the·number or torque value1 aummecl 

~ is the avera~e torque value 
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TABLE 4. FACTORY 01.L (0.0076 gm ), ORJGINAL RUN 

SPE£0 
(rpm) 

1000 

2000 

4000. 

6000 

8000 

10000 
12000 . 

14000 I 

16000 l 
18000 

20000 

22000 I 

24000 

26000 

28000 

30000 

32000 

34000 

36000 

38000 
40000 

975 

1690 

2450. 

2520 

2920 
2850 

2520 

2390 

2420 
.2190" 

2230 
1990 

1470 

1690 
1420 

1195 

1110 

815 

637 

755 
1048 

1690 

3850 

5400 

6325 

7575 
8275 
7750 

7075 
6675 
6600 
6650 
6850 
6700 
6950 
6800 

6900 

7350 
7825 

8350 

9025 

1052S 

1/8 AXIAL LOAD 1/4 AXIAL LOAD 

1052 

2130 

1710 

1880 
1455 
1276 

1393 
1200 

1410 

1428 
1175 

1422 

730 

823 
1285 

1640 

1381 
380 

590 
1619 
2100 

AVG. S. 'S. 
l'ORQ. DEVIA. 

(mg•rmi) (mg•mm) 

2090 

3278 
4070 
4225 

4070 

5l04 
6160 

6534 

7194 
8294 

9702 

10890 

11088 
10516 
10120 I 

265 

403 

594 
1210 

1805 
2400 

2030 
1660 

1202 

1040 

1108 

1443 
1202 

1780 
1740 

10098 1348 

10010 1365 

9812 1365 

10230 1202 

11154 

12210 

1140 
1165 

AVG. 
TORQ •. 

(mg-mm) 

.3593 
' 4718 

6214 

6932 
7612 
9047 

9301 
8544 
8640 

9127 
9320 

10000 

10271 

8894. 
8369 
8136 
8039 
8232 

. 8330 

856.3· 
9534, 
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TABLE S. FACTORY O.IL :·t 0~0676 gm:.),·, OR~IG'fNAL ·RUN 
. ·~ . ----

1./2 AXIAL LOAD. 1 AXIAL LOAD 2 AXIAL LOAD . 

SPEED s. s. AVG. s. s. AVG. S. S·. AVG. 
(rpm) DEVIA. TORQ. ·.DEV IA. TORQ •. OEVIA •. TORQ. 

(mg-nm) :(mg-nvn) (mg-nm) (mg-nm) (mg•nvn) (mg•mn) 

' !, 
' t'' ' 

' .. 

1000 1170 -'453 637 3446 2370 :. 5338 
., 

2000 1040 5892 1600 6052 3030 . 7963 
4000: 1600 7644 1445 9555 3960 12027 

6000 1880 7963 1770 10234 3200 13459 
\ 

8000 1910 7326 1380 10669 4320 1457'5 

10000 1880 8322 1065 11.785 3940 14575 
itlf 

12000 1495. 9186 1490 10937 4070 14575 
14000 1273 8509 1465 9874 4300 13613 

16000 . 1992 9447 1160 9874 : 4350 ' 13778 

18000 . 1705 .. 10561 1100 10879 3690 13696 

20000 1395 I 1835 935 . 11893 3390 15128 

22000 2060 12689 1060 . 12313 . 3630 .. 15205 '· I, 

24000 2670 12262 1940 12154 3570. 15607 

26000 2915 11835 2190 12313 3260 16664 

28000 3345 11039 2230 12581 3660 ' 16664 

30000 3160 10459 2240 12211 4100 . 17123 

32000 3380 10511 2410 .13058 3120 l 17995 

34000 3000 10937 2080 14385 .. 3690 ; 18792 

36000 2290 ·12371 2140 14696 1425 ' 19352 

38000 . 2230 12313 2110 13854 . 3570 .~' 18155 . 
40000 2570 12529 2560 14014 2650 : l6326 

\.· ,.) .. ' 

. ' 
',.,.'.: ',. 
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TABLE 6. FACTORY Ofl \ u.0070 gm ), RE·RUN 
.... ---~,-

0 AXIAL LOAD ii/8 AXIAL LOAD J/4 AXIAL LOAD 
SPEED s. s. AVG. s. s. AVG. s. s. AVG. 
(rpm) DEVIA. TORQ. DEVIA. TORO •. · OEVIA. TORQ. 

(mg-mn) (mg-nm) (mg-mn) (mg-tnm) (mg-nm) (mg-nm) 

1000 582 1331 516 2231 768 ; 1708 

2000 826 1784 650 2808 .860 2648 

4000 1286 1928 690 3096 842 2772 

6000 1004 2387 705 3327 906 3284 

8000 1300 . 3060 515 3731 830 3904 

10000 1090 3228 577 4654 592 4500 

12000 1558 3672 635 4750 1115 5056 

14000 1765 3311 456 5231 748 5568 

16000 1490 34'70 674 5923 995 6484 

18000 1645 3510 1155 6913 1080 7040 

20000 1680 3849 860 8019 1302 7444 

l 22000 1790 4207 1292 8288 1955 7596 

24000 1955 4703 1292 8211 1955 7596' 

1 26000 1990 4691 1122 7673 2050 6699: 

28000 1890 4691 920 7557 2180 6441 

30000 1830 5098 860 7596 1850 6252 

32000 1825 6096 1155 7615 1653 6764 

34000 1445 6628 1525 7480 1770 7636 I 

36000 

11 

i270 8109 1537 7461 1808 8448 I 
38000 2125 9434 1462 7923 1840 9516 
40000 2695 11068 1415 863 .. 1l88S 10752 
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TABLE· 7. FACTORY OtL ( 0.0076 gm ), RE·O~LED ' RE-RUN 

0 AXIAL LOAD 1/8 AXIAL LOAD 1/4 AXIAL LOAD 

SPEED s. s. . AVG. s. s. AVG. s. s. AVG. 
(rpm) OEVIA. TORQ• DEVIA. TORQ. DEVIA. TORQ. 

(mg-mm) (mg·mm) (mg-mm) (mg•nm) (mg-mm) (mg-mm) 

1000 1175 3333 1240 3477 1530 5651 

2000 · 1725 4571 849 4587 1850 . 6872 

4000 2075 5924 1432 6191 2010 7825 

6000 3560 6959 1700 6159 2385 8479 

8000 2265 6065 1600 6001 2720 8361 

10000. 2090 7562 1625 7001 3060 9282 

12000 1832 7704 1280 7795 3390 10146 
' 

14000 1650 7590 953 7795 2650 10085 

16000 1470 7821 . 1335 7207 3200i.. 10828 

18000 1925. '.. 8221 1115 11+77 i2210 11156 

20000 1640 8566 672 8731 1850 12227 

22000 1365 8856 490 9382 375. 12702 

24000 1580 8597 575 9302 ·2110 12917 

26000 1850 8684 427 . 8433 2110 12674 

28000 1850 8339 695 7477 1490 . 12227 

30000 2910 7704 850 6938 1755 10917 

32000 1545 7849. 346 6858 2160 10917 

34000 3220 8021 968 6968 2505 12345 

36000 2610 8797 105 7049 1265 11842 

38000 2440 8970 347 7906 1215 12049 

40000 2150 .9660 1251 8921 800 ' 12941 
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TABLE 8. 1/16 GREASE PACK . ( 0.0087 gm ), ORIGINAL RUN 

0 AXIAL LOAD 1 1/8 AX I AL LOAD 1/4 AXIAL LOAO 
SPEED . s. s. AVG. s. s. AVG. s. s. AVG. 
(rpm) DEVIA. TORQ. OEVIA. TORQ. OEVIA. TORQ. 

(mg•mm) (mg•mm) (mg•mm) (mg-mm) (mg•mm) (mg-nm) 

1000 697 8057 1870 6777 2825 8004 
2000 1020. 10058 2170 8390 2690 10278 
4000 2)0 12286 2200 10397 3230 13613 

. 6000 1253 13006 2680 12173 3080 15394 
8000 1540 14280 2150 13613 2450 16448 

10000 2490 15561 2815 13894 2320 18116 

12000 3510 17342 3140 14674 2480 . 18896 

14000 2150 18116 2720 15281 2815 19843 

16000 2250 19843 2320 16281 3170 18676 

18000 2930· 20117 2530 16281 2065 18396 

20000 1640 20677 2980 17896 2290 19176 

22000 1915 20950 2380 18729 1920 19509 

24000 1915 20730 3460 19116 2195· 18783 

26000 1840 21284 2770 19176 2060 19563 

28000 2800 211 17 3840 20450 2285 18616 

30000 2445. 20730 3710 18949 2440 • 18478 
I 
I 32000 1720 20844 3180 19009 2520 18843 

34000 1220 22011 4260 20510 2360 19616 

36000 1650 19563 5740 20450 1890 18449 

38000 1775 19676 5630 21011 18.35 18343 

40000 3000 21177 7800 23452 2710 21451 



SPEED 
(rpm) 

1000 
. 2000 

4000 
6000 
8000 

10000 
12000 
14000 

16000· 
18000 
20000 

22000 
24000 
26000 
28000 
30000 
32000 
34000 
36000 
38000 . 
40000 

... 
' . 

•, .. 
'• ,,,,· 1~. ·1 . 
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1/2 AXIAL ~OAD 1 AXIAL LOAD 
s. s. AVG. s. s. AVG. 
OEVIA. TORQ. DEVIA. TORQ. 

(mg-mm) (mg-mm) (mg•mn) (mg-nm): 

1745 4948 2630 7084 
2355 7708 2880 10340 
2585 10844 . 3680. 15792 

. 2630. 11528 5140 18296 
3190, 12408 3860 19424 
3575 13475 3880 20439 
3680 14852 3410 ·20928 
2520 16859 4220 21146 

. 2195 18236 . 3430 21432 

2740'. 18739 2940 21304 

3155 20432 3320 23252 

2565 20552 2280 23816 

3470 20055 2165 23748 
3610 19364 2500 . i.3936 
4995 17672 2990 23748 

3995 16108 3420 23124 
3300 16168 3810 22808 
3530 . 16792 3710 21680 
4620 16920 . 3700 21808 
4420 16168 3100 20552 . 
3190 16980 3270 21620 

·; ' . 

.. 
" . ; "" 

·, 

. .. . . . 

2 AXIAL LOAD 
S. S·. AVG. 
DEVIA. TORQ. · 

(mg-nm) (mg•nm) 

3030 .• 9528 
3650 14160 
3460 -.20116 

i •• 

4400 23816 
3500 ; 25004 
3915 ; ·27072 
3220 : 27320 
3565 ,, 26192 

4520 . 24876 
' . 

1+080 ' 24004 . !··:, ,· '; 
" . 

2830 '. 25132 
.• 

3320 ~ 24124 
' 976 '. 24944 

'2400 ; ... 25440 

1680 .: ·26259 
1680 .: 2669~ 
1810 . 28012 ~ · .. · ; i 

; 

:;·( ,"·; :{: .. \ .;' 

.. 1680 . ;. 30456 

2460 . 32396 

2660 : 31.396 .. 
. 3700. 28892 

;· ' 

',;. . ,.·, 



59 

';;~· ',, 
TABLE 10. 1/16 GREASE PACK ( c:Loo'87 gm), RE-RUN ' 
I ' 

0 AXIAL LOAD 1/8 AXIAL LOAD 1/4 AXIAL LOAD 

SPEED s. s. AVG. s. s. AVG. s. s. AVG. 
(rpm) OEVIA. TORQ. OEVIA. TORQ. OEVIA. TORQ. 

(mg-mm) (mg·rrm) (mg·rMl) (mg-nm) (mg•mm) (mg-mm) 

1000 1340 6276 2170 7837 1515 7891 

2000 1540 8891 2370 10392 1640 ' 9611 

4000 1930 11612 3110 13560 1915 11779 

6000 1870 13894 2890 15448 1350 13447 

8000 2480 16115 3230 ., 16728 1420 .14894 

10000 3260 17115 3200' 16948 2650 16115 

12000 2850 17782 3180 16281 2370 17562 

14000 2310 17562. 2270 14781 '2480 17229 

16000 2460 18009 2270 14561 1710 17115 

18000 1680 - 18896 2150 15114 1895 17842 

20000 1570 20784 2270 16342 1955 19116 

22000 . 2770 17675 2770 17675 1180 19509 

24000 3650 21844 3000 17949 , 2020 19677 

26000 4100. 22398 2810 18616 1720 19116 

28000 2400 20950 3560 18116 2120 19i83 

30000 3290 20063 3560 18116 1585 18282 

32000 3010 19616 3720 18175 1990 18949 

34000 1930 20230 2040 18449 2665 20230 

36000 1615 17675 2150 16948 1640 18116 

38000 1420 17895 845. 18282 1500 18676 
40000 2075 ·19509 · 1060 19283 1305' 21617 
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0 AXIAL LOAD 1/8 AXIAL LOAD 1/4 AXIAL LOAD 
' 

SPEED s. s. AVG. s. s. AVG. s. .) ~ AVG. 
- . . ~','' 

(rpm) OEVIA. TORQ. OEVIA. TORQ. DE.VIA. TORQ. 
(mg-nm) (mg•nm) (mg-nm) (mg·nm) (mg•nm) (mg•nm) 

1000 5100 14903 2795 14742 3130 .···11662 

2000 4510 16346 3740 18869 s 110 · 14679 
4000 5770 19348 .5250 22903 4900 , 18564 

6000 5070 20672 5720 25883 ,, , 5660 . 21106 

8000 4300 20999 4610 28034 5610 23486 
10000 4350 22115 . . 3580 29305 . , 5880 25780 .. 

.. 12000 . . . 5700 l 23229 2910 31243 .. '1450 :i. 30302 

14000 6080 24845 3040 30716 1730 :;.:31892 
16000 6400 27557 4320 30358 7150 2'9436 . 

" , 

18000 6260 .. . 29326 3250 30358 ,, _;. 3130 . 30149 . 
20000 5800 30614 ~840 32643 ' 2130 31816 
22000 5060 30922· 4820 32643 3580 '·32444 
24000 5370 32056 4360 33349 :. 1>4750 ;: .33796 

26000 4830 30768 5150 32200 . '4420 j ··33482 
', ', 

28000 5020 31095 . -4390 30537 . ~~ss50 -~- .32368 
' 

30000 4300 30287 4810 29042 ' 3630 . 't30388 

32000 5440 29806 2999 28252 ·. 4290 Lr.29436 

34000 3320 33498 4255 29305 ' 3130 ~ 32444. 

36000 5440 . 32056 2425 28084 4020 :' ·27294 

38000 9400 31979 . 3670. 28778 -~. 3640 ~.; 24752' 

40000 11700 33653 5160 30~89 1505 1,.25942· 
. 
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1/2 AXIAL LOAD I 1 AXIAL LOAD 2 AXIAL LOAD 
-· 

SPEED s. s. . AVG. s. s. AVG. s. s. AVG. 
,(rpm) OEVIA. TORQ. OEVIA .. TORQ. DEVIA. JORQ. 

(mg-mm) (mg-mn) (mg-nvn) (mg-rrrn) (mg·mm) (mg•rrrn) 
-

1000 2020 6900 4080 14800 5250 20000 

2000: 3050 10700 3160 20200 5250 25670 

4000 2980 14400 2900 28100 4500 32580 

6000 3760 17400 4430 32000 2880 40050 

8000 4430 20800 2450 34200 2590 41750 

10000 3900 23600 4700 34800 3420 46330 

12000 4030 25500 3000 34900 . 4830 47420 

14000 4590 27900 2450 35200 6260 46920 

16000 2640 28200 5480 35800 6700. 44330 

' 18000 3320. 28500 5480 34800 5170 43750 

20000 3130 29700 6000 36500 4380 44920 

22000 3440 32700 5390 37600 ·4090 44830 

24000 4130 33500 4360 38400 4830 44830 

26000 4340 31900 4700 39700 4280 48000 

28000 4990 30700 5660 39400 4820 ·50500 

30000 6010 29800 5830 40000 5550 50670 

32000 6900 29400 7280 41300 5480 53250 

34000 6800 30800 5920 40400 5630 56670 

36000 5080 32400 5100 40500 .5320 56000 

38000 .5570 29400 4700 39300 7410 55500 

40000 4670 28400 6000 34100 4090 51750 
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- ); 

TABLE 13. 1/8 GREASE PACK ( 0.0175 gm), RE·RUN 

0 AXIAL "LOAD 1/8 AXIAL LOAD 1/4 AXIAL LOAD 

SPEED s. s. AVG. s .· s .. AVG. s. s. AVG. 
(rpm) DEVIA. TORQ. OEVIA. TORQ. DEVIA. TORQ. 

(mg-mm) (mg-nm) (mg-nm) (mg-nm) (mg•nm) (mg-mm) 

1000 5030 13317 2510 12080 5500 10330 

2000 6140 18062 2970 15920 6450 13250 ~· . 

4000 8460 24645 5180 19850 6050 17000 

6000 8960. 28402 6310 23000 6590 20250 

8000 10120 30799 9050 25670 6050 23580 

10000 10330 31139 9560 26830 4930 . 26080 

12000 9960 30799 9310 27420 4370 ·" 27920 

14000 8900.J 2930.1 8350 27080 4810 28580 

16000 7540 27972 . 7390 26000 54·10 . . 27330 

18000 6970· . 28551 6790 26830 6230 27640 

20000 6989 29471 7520 28170 6740 28080 

22000 9060 29800 7650 29250 6850 27830 
' .. 

24000 6940 30389 8400 30580 6900 . 29330 
.. 

26000 7440 30719 7420 30670 7600 i 30080 

28000 7150 30549 7790 29580 6910 ·29920 

30000 6450 30219 7550 28410 6990 . 29000 

32000 6040 29221 5400 28080 5380 ' 29000 

34000 6320 29970 6120 28670 4910 34170 

36000 6320 29970 3820 27240 4910 30000 

38000 6440 29800 4490 26970 .·4200 . 30500 

40000 6340 . 31638 4960 26670 ·. 3940 . 32000 

·t- . 
> '.~ .. !" ·:~~~~-·.< . . i . . 
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V. DISCUSSION OF RESULTS 

The raw data,as shown in Fig. 11,was physically 

measured with a aoale and converted to a torque value 

through multiplication by the appropriate constant,aa 

determined from the o~libration chart for.the particular 

test. ey:'obs·ervation ot'ma?ly test aeries, it was found 
. 

that the shape of the average torqde curve oould be 

varied slightly by the speed with whioh the test w~s 

conducted. By conducting· the test slowl7, which gave the 

lubricant ample time to be pushed into a low resistance 

configuration, the average torques tended to be slightly 

lower. This was particularly true in the initial low · 

speed phases of the test •. The prospect of setting up a 

test criteria for. the rate at which the speed steps were 

traversed seemed artificial and arbitrary. It was thought 

that in general practice, ball bearings are brought up to 

their operating speeds .as· rapidly as the dri vin,g source 
wi 11 permit, which in most oases 11• mo?"e rapidly than the 

·' 

speed ranges were traversed during the tests. Fer thi• 

reason, 1 t was considered most realistic to traverse the " 

speed ranges as rapidly as speed stabilization within 

200 rpm at the data points would permit. It was found 

that the response lag due to the viac~ua damper waa less 

than two-seconds, so that the only c~iteriallimiting the 

speed at which.the teats were conducted wa1 the speed, 



atab111za ti on. Thi1 s,a typloa 1 s pe"d traverse would require 

10 to 12 m1nuten. 

The aooum11la ted d!i ta 'f'rom the author's tes·ts ·could 

be compared in two basic wa.y1. First, the effttct or 

re-runs and re-oiling could be comp11red for fixed values 

or axial loading. Secondly, the etreot of axial load tor 
aimi lar lubricant oondi tions could be compared. It was 

the intention of this study to consider primarily the 

effect or axial loading on the running torque. It should 

be remembered during· comparisons that the radial load 

w~s held constant at 4G.7e ~rams through all the ~oat:. 

Because the radial load was constant, it 1a not mentioned 

in the d1sousa1on,or shown 1n the data tables or on the 

graphicql presentations. The axisl load, wh1oh did Tsr7, 

is referred to aa some proportion of the r!ldial load. 

'.lr«1phs for -oornparing the factory oiled bearinga are 

shown in Figa. 12 through 17. The plots of the average 

running torque show that an increase or axial loading 
tended to create al1t;htly higher running; torques in the 

mid-speed range for axial lo~ds of 1/4 or leas. The 

starting and high-speed torques seem to take on 

approximately the same values for low-ax1Bl loada. 

However, as the axial lnad was increased to 1/2 and above, 

the entire average torque curve was raised. The 1/2 'axial-:··. 

load caused approx,imately a 2()% inoreaae ot the average 

running torque'. The 1 axial load inorea1ed the ••erage 

. . 
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torque by about 50% ,~nd ~the 2. axial .l~a:qi:ng approximatelr 
' .,,'-_"" ;:!·.: 

doubled the zero axial loading avera~ torqu~. 

The re-run factory oiled bearings may be compared 

using Figs. 18 through 20. The results are similar to 
the original run bearings tor axial loadings of 1/4 or 

less. The bearings were ,not re-run tor ··higher axial 

loads• 
Torque p~ots for re-oiled and re-~ bearings are 

shown in Figs. 21 through 23. Only' tHer' 1/4 axial loading 

showed any torque 1noreaae, and this amounted to about 

20%. It was ·no1i\'knb1rnt"d.f t~~·1.no~~a·a- wa·e~~·csiu•:.d b7 

contamination during re~oiling or by the axial load alone, 

or· some combination of the .. two. Re"'."oilecl .bearings we~e 
not tested at axial· loads a.bove 1/4. 

:; From: a · revi;ew ·of .the·~ data 'shown 1l'l Pi gs • 12 through . 

. 23,trom another perspective, the average running torqu~s . 
for re-run bearings·ia ~een to be lower than those ot the 
original run bearings for comparable axial loads. Also, 
re•oiling caused the running torques to be. slightly 
~ ... -· • • •.• -~-,. ,1 ·' 

higher than tbr~uestfor.··ei.ther the. original runs or the. 

·re-runs with similar axia 1 loading. Because of this 

consistant torque increase, ·there is a 'good possibility 
o~ some degree of contamination occuring during re-oiling. 

The 1/16 grease pack tests were conducted similarly 

to the oil tests in that the entire axial loading range 

was used only with original runs while re•runa were 

r .. 

.. 
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) . 
conducted with axial loadings up to 1/4. 

The. 1/16 grease patic:; ~,.ul tif are!' •hc>Wn in Figs• 
24 through 29 for the original runs. Bearings with 

light axi~l loads showed running. torquea very close to. 

each othe.r. However, an.:. upward ahift of. the average 

torque was noticeable wh:en ·the axial .load l'ft&ched·,1. 

Here~. the torque curv~ exceede.d the. se.tto . axia 1 load curve . : · · 'i .. .. 
by approximately 20 ~. l'or an axial .load ~t 2.,. the average 

torque was about 4~ higher· th!ln the ·zer·o axial lciad torque 

curve • 

. The curves for ~he.l/~6 grease pack re-run bearings 

aee anown in Figs. 30 through 32. The. curves were verr 
. . 

close.over the entire speed range tor the axial loada 
. -·· 

. ',. 

"' t', 

tested. The only exception ~as th&t ·the zero axial load"' 
curve was slightly highe~ in the ·~1d~.apee~d range than··.·.·:·:, .. ,. 

curves for the 1/8· and 1/4 axial loadings. Considerable·· 

overlapping of the s'mple standard deviations gives some 
ind1ca tion as to the a_greement among the curve a. . I 

. . 
In. ·comparison of ,::··the original· .runs against the · 

I 1, 

··-·· 
•• ;<,_ 

., ... -
:_,~·:_'-\ ~-~: ;·: 

'· 

. : . 
\ 

.: ... 
• '•'» 

; ' . : ~ 

re-runs, the re-runs exhibit higher >:tunning· torques: "in·. ·. . . . -;; ~ . 

. the ;Lower speed ranges seemingl7; regardless of axial 

loading. This ·1s not. quite·-.~hat. would be· expected, 

especiall7 .with grea'se ·lubricated bearings. It would . .. . 

. seem that _the torques would be slightly higher w}).en. tirat 
. . . . , . . 

run while the lubricant ~aa .being displ•o•d f)tom the 

. • . 

raceways. Lower torque:.· 1h~u1ci -~eault · 1n. 1ubaequent runa. 

/ 
. ' . . ... 

. .r 
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'. .. ~' ... ~~ 
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as 

·k.ctually, the opposite sequence was observed. There 

is some question about a chemioa l change o,courrtn·g '.in '.the 

grease either due . to atmospheric exposure, ".working" fi.ltonr:-

the aQtion of the balls, or some combination of both. 

However, .a definite answer was not found to 'this unusual 

torque sequence. 

Figs. 33 through 38 repreBent the data for 1/8 grease 

pack bearings during original runs. Axial loadings of 

1/8, 1/4,and 1/2 produced running torques only slightly 

greater than the running torque for zero axial' load. 

Any differenc'es were very. slight as is indicated to some 

extent by the overlapping sample standard deviations lt . 

every $peed point. An axial. load of 1, however, increased 

the average torque appr_oximately 30% above the zero axial 

loa~ values. Further, an axial l'oad of 2 increased the 

torque som~ 70% above the zero readings. 

The re-run data i.s shown in Figs. 39. through 41 for 

1/8 grease pack. As with the 1/16 pack bearinga, these. 
also showed a defin~te tendency far the .average ~orques 

of the re-run bearings to. exceed the average torques for 

the original run bearings. This tendency seemed to more 

pronounced in the mid-speed ·range than at the upper or 

' ' 

lower speeds. Nevertheless,, the original runs and re•rune. l 
, I 

were in reeso~able agreement with eaoh other. 

A third method of comparing the ~i1Jrtr0edf.ng~ data, 

from Fig. 12 through Fig.41, might be on .~h~ basis of 

• ' • < 

,,., .. ,. 
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type and quantity of lubricant used. From this point 

of view, the oiled bearings very definitely exhibited 

the 16west running torques over the entire .speed range. 

· They had maximum values of running torque in the region 

of 10 ,ooo mg-mm. When lubricated with a· similar weight· 

of grease,· 0 .0087 grams of grease versus 0 .0076 grams ot 
oil, the bearings exhibited running torques approximately 

twice as grea tr· a• the oiled bearing torques. When the 

weight of grease was doubled, as in going from ·1/16 pack · 

to ·l/8 pack, the running to:rques rose f:rom approximately 

20 ,ooo 1Dg•mm to. ,ovei-· ;50·,.ooo .mg"'.'mJll •S ., 'lbi;a··:rep:resent.,d •.n . 

increase of more than 50%. All of these comparisons · 

. were made for bearings ~t th an axial l~a<i 'or 1/4 or le~s. 
It was possible to make· direct comparisons wi.th th~ 

wor~ of H.H. Mabie on the same bea:rings under several of 

the same conditions. Compara t·ive plots of Mabte • 1 data 

with the author's.data is shown in Figs. 42 through 48. 

'In oo~paring the.two sets of data under oonditione ot 
factory- oil lubrication .shown in Figs. 42 through 44, .... 

the plots ma·y be seen to correspond very closely in both 

shape and magnitude. Altho'1gh the sa.mple standard deviations 

for these oil ourves are ~mall, they still overlap in 

.nearly all instances. A slight tendenoy can be seen ·for 

the author's data to be slightly greater in. magnitude in 

the mid- to low-speed range and slightl7 lowe:r in the 

mid- to upper speed range. . 
'-.,. 
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In comparing the r;r"''lse lubr1oat1.nn t«"sts, the 

same tendency noted above Jor rhe tor<:ues to vary sli~htl7 

as some function of speed, 1s displayed but in a more 

pronounoed manner. The o~mpa~ison between Mab1e'a ourve1 

gnd the author's curves for 1/16 and 1/8 grease pack 

nriginal runs aJree reasonably well. However, the data 

for re-run grease lubr1011ted bearin3s as seen 1n Figs. 46 

and 48 contrast appreciably. The author's data is seen 

to rise rapidly to torques considerably above Mabie's data, 

but th~ author's data reaches a plateau and remains 

essentially constant while Mabie's data continues to 

rise considerably above the author's vglues. The 

differences r~r re-run greased bearin3s ar~ seen to be 

as great as 66~ for 1/16 grease p~ck shown in F1g. 46. 
-Although there are a few points of difference between 

'Mab1e 1 s work and that of the author, the data compared 

is in reasonable agreement. From this agreement w1th 

other expe~1mental data, a reliable baaia was eatabliahed 

for conolusiona oonoerning the effects nt axial loada. 

';• 

'( 
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VI. CO!lCT.rJSI<';ls 

From the results of the subject investigation, the 

rollowing oonolusions oan he drawn: 

l. the strain gage method of torque sensing will accuratel7 

measure the running torque or R•3 aize ball bearings 

at ambient temperatur~s. 
2. the results presented ere in substantial agreement 

w1th 1nvesti:;st1ons5 working in the same speed and 

temperature range. 

3. the erreot or axial loading or • ball bearing lo~ded 

with 47 grnms radially is ne311g1ble until the axial 

load equals or exoe~ds the radial loading. 

4. grease lubricated bearings demonstrate ru~ning 

torques approximately twice as great as bearings 

lubrioate~_witb a similar quantit7 or oil. 

' 

' . 
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VII • RECOMMENDATIONS 

1. It is recommended that larger .values of radial load 
and corresponding axial load ratios be tried since 

47 grams is far below ·the expected capacity of an 

R-3 bearing. 
2. It is recommended that in future 1nve~t1gations . 

re-runs and re-lubricated runs be discontinued 

because of the cona11t.snt similarity to the original 

runs. 
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THE MEASUREMENT OF THE RUNNING TOttQ'O'.E OF 

OIL AND GREASE UJBRICATED 

I HS'l'RU'MENT BALL BEARJNIJS' ' ·. 

UNDER COMBINED RADIAL AND AXIAL WADS 

by 

!leorge Edward Clarke III . 

ABSTRACT 

Although many s.tudies have be·en made on the operating 

characteristics' of instrument .bearings·1· m'ost. were 'oond~'cted 

at two rpm or less and with thrust load onl7. ·A study 

by H.H. Mable tested the running torques of .radially 

loaded· beari_ngs. from l,000 to 40,000 rpm. The purpose of 

. this investigation was to study ~he running torques ·Of 

R-3 size instroument ball be~rings· at speqdsup to 40,000 

rpm while under combined ra4'1al .~and axial load. 

Much of this investigation was devoted to the 

cons truotlon of an aoour~te 1torque sensing device. The 

method employed rel1e.d on the amplification of strain gage 

signals by a s_trgin gage indicator and an x-y plotter. 

The strain gages were used ~o detect the.strain at the 

b4se of a small beam that prevented ro·tation of the outer 

race.of a test bearing· while. the inner race was dl'iven 

at test speed by' an air turbine.· The· accumulated data 

was the· result or 30 test series, with each series being 

. "<'.,. 



o·ons ti tuted of a test sample of six ba 11 bearings. 

From th" study, it was consluded that. the strgin gage 

method of torque sensing 1looura tely measured the running 

. torque of R-3 size ball bearings at ambient temp~rg.tures. 

It~was .. also·oonoluded that the effect of axial loading or 

an R-3 ball bearing loaded with 47 grams radially is 

negligible until the axial: load equals o.r exceeds the 

radial loading. 

By comparing lubriosnts, it was concluded that grease 

lubricated ball bearings demonstrate running torques 

approximately twice as great as bearings lubricated with 

a Simi.tar weight Of oil. 
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