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Fig. 16 Cal ib rat i on We ight in Use 
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on the calibration post. This produced a strain which 

was recorded on the y-axis. Additional weights were 

added and removed so as to increase the calibration torque 

in 5000 mg-mm increments up to the maximum value anticipated 

for the particular test. Finally, all the weights were 

removed and the zero reading rechecked. In no case were 

less than three points used for calibration and in several 

cases as many as ten points were used. In all calibration 

checks, the recorder showed the indicated torque to be a 

linear function of the actual torque. The question of the 

effective lever 'arm of the calibration weight changing 

during small angular displacements proved to be no problem. 

At the maximum designed deflection, the change of the 

effective lever arm increased by less than 0.0015 inches. 

This corresponds to a change of 0.01% which was at least 

one order- of magnitude sma1ler than the recorder error 

alone. The calibration geometry is shown in Fig. 17. 

The primary advantage of this calibration system was that 

the calibration was carried out with all variables 

included for a given loading configuration thereby making 

the actual loading mechanisms less critical on the final 

results. 

Testing 

The speeds used for the evaluation of the data ranged 

between 1,000 and 40,000 rpm;however, the raw data from the 
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test runs began at 0 rpm. The lubrication criteria 

required that the bearings be run first with factory 

oil specifications and then re-run without re-oiling_ 

In practice, all six bearings were tested in the original 

run before they were re-run. For each bearing size, the 

test program began with the lightest loading, 50 grams 

radial and 0 grams axial, and the load increased by adding 

axial loads up to 200 grams. The radial load was then 

increased and the same progression followed with the 

axial loading. Generally, there was a time period of 

one-half hour between the original run and the re-run for 

a given bearing at a specific loading. Of course, .the 

bearings were cleaned and re-lubricated for each new load 

configuration. 

When recording the test data, the same origin relative 

to the edge of the paper was used. This greatly facilitated 

evaluation of the data by means of a simple transparent 

overlay which had the appropriate axes and scales permanently 

inscribed. The overlay and a sample plot are shown in 

Fig. 13. 

Because of identical test loadings and test speeds, 

some R-3 bearing data used in this investigation were 

obtained in tests by Edwards!2 Data from this source 

included runs for 100 and 200 grams radial 10ad and all 

axial loads for those two radial loads • 

. To ascertain whether there was a significant frictional 
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heating effect, a small thermocouple was attached to the 

stationary outer race of the bearing during test runs with 

200 grams radial and 200 grams axial load. One bearing of 

each size was tested up to a speed of 45,000 rpm. The most 

temperature rise recorded was 1.86° F for the R-4 bearing. 

This was considered to be negligible and no further 

consideration was given to heating effects. 

E. List of Equipment 

1. Strain Gage Apparatus 

Model 1515 

Serial No. 132912 

Brue 1 and Kj aer, Naerum" Denmark 

Use: To measure and amplify the strain signal 

from the torque sensor. 

2. Moseley Autograph 

Model 2 0 X-V Plotter 

Ser i a 1 No. 1 217 

F.L. Moseley Company, Pasadena, California 

Use: To record and amplify the torque signal 

from the strain indicator simultaneous1y with 

the output signal from the magnetic speed pick-Up. 



3. Electronic Counter 

Model 521 A 
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Serial No. 120-04376 

Hewlett-Packard, Palo Alto, California 

Use: To count and display the speed of 

the air turbine. 

4. Gramatic Balance 

Model H 5 

Serial No. 113176 

Hettler Instrument Corp., Hightstown, New Jersey 

Use: To weigh the test bearings and the amount 

of lubricant added to the bearings. 

5. Oisontegrator System Forty 

Model G-40CIP 

Serial No. 26733 

Ultrasonic Industries Inc., Hicksville, N.Y. 

Use: To clean the test bearings. 

6. Potentiometer 

Model 2745 

Serial No. P-3522 

Honeywell, Denver, Colorado 

Use: To measure test beDring temperatures. 



IV. DATA AND RESULTS 

The data and results are presented in three forms. 

The experimental data is presented in tabular form in 

Tables 4 through 39. The empirical values of running 

torque are listed in Tables 40 through 48e A graphical 

comparison of the experimental and empirical running torques 

is shown in Figures 18 through 53. 

A. Experimental Test Results 

Tables 4 through 39 1ist the average running torques 

from experimental tests on samples of six bearings as well 

as the sample standard deviation for the test sample at 

each reference speed. All of this information is given for 

the original run and the re-run for each test loading. 

The average torques for experimental values were calculated 

as the arithmetic mean of the torque values taken at each 

speed point. x. 
I 

Average Torque = X = 
N 

The sample standard deviations were calculated by normal 

statistical methods. 13 
X~ 

I 

Sample Standard Deviation = 
N 

where: x. = individual torque values 
I 

-2 - X 

N = number of torque values summed 

X = ~verage torque value 

54 
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Table 4 

TORQUE CHARACTERISTICS FOR BEARINGS, 0.0035 GM. OIL 

SPEED 
(RPM) 

lcee 

ftC 

BceD 

12CCO 

16cca 

2enco 

2 LIC 

28CCO 

32CCO 

36(CO 

4CCCO 

50'GM RADIAL LOAD 

o GN AXIAL LOAD 

ORIG INA L f"~UN RE:-RUN 
AVERAGE SAMPLE AVERAGE SAMPLE 
TORQUE STANDARD lORCUE STANDARD 
(MG-MM) CEVIATI ( ) DEVIATION 

( MG-t~fI, ) ( ) 

11.66 2~i':; 
-' -' 550 214 

2;!J-CO 408 1583 448 

2916 837 2 0 -c 
4250 989 3250 803 

72 1406 5833 1343 

8416 228C 6 3 it 

9666 2134 7(":rr, 
"'W"-."V 1732 

115CO 214C 6833 1343 

140GO 2GBl 7666 1374 

155(;0 1107 86c6 169g 

16hS6 1771 10166 1614 
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Tab 1 e 5 

TORQUE CHARACTERISTICS FDA R-2 BEARINGS, 0.0035 GM. OIL 

SPEED 
( RPt·D 

IceD 

4COO 

8CCD 

12COO 

16CCO 

2CGGO 

24000 

2Eoce 

32COD 

36GCO 

"CCCO 

50 GM RADIAL LOAD 

50 GM AXIAL LOAD 

ORIGINAL RUN RE-RUN 
AVERAGE SAMPLE AV AGE SAMPLE 
TORQUE STANDARD TORQUE' STANDAHD 
(~G-~M) DEVIATION (MG-MM) DEVIATION 

(MG-HfJ; ) (MG-Mr~ ) 

1666 552 550 111 

425C 1626 2833 1105 

7166 2114 4.75C 1145 

9166 1674 60(0 lace 

9166 1863 6333 745 

10666 leS5 7CCO lOGe 

11666 3197 8 1632 

13333 2981 8333 1885 

12166 3670 7833 897 

12333 3496 8333 745 

13333 2494 9833 1213 



57 

Table 6 

TORQUE CHARACTERISTICS R R-2 BEARINGS, 0.0035 GM. OIL .. 

SPEED 
(RPM) 

1eoo 

4CCO 

8000 

12(00 

16ceo 

2CCCD 

24C 

28CCO 

32000 

36000 

400 

50. G1vl RADIAL LeAD 

100 GM AXIAL LOAD 

ORIGINAL RUN RE-RUN 
AVERAGE SAMPLE AVERAGE SAMPLE 
TORQUE STANDARD TORQUE STANDARD 
(~G-MM) DEVIATION (MG-MM) DeVIATION 

( tjlG-t·H~ ) (1vlG-MM) 

1~~6 448 15(0 816 

3666 745 4166 1462 

6166 2C34 5833 195G 

8166 2339 7166 1863 

8166 2266 7166 1863 

85DO 214-0 7833 1572 

8833 2266 1833 195C 

leceo 2000 8166 2793 

10666 2134 90GO 2886 

11833 1674 lcceD 3000 

12000 2G81 10666 2867 
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Table 7 

TORQUE CHARACTERISTICS FDR R-2 BEARINGS, 0.0035 GM. OIL 

SPEED 
(RPM) 

1000 

4COO 

80CO 

12000 

16DCC 

2CCGO 

24·000 

28CCC 

32CCO 

36COO 

4CCOO .. 

SC GM RADIAL LOAD 

200 GM AXIAL LOAD 

ORIGINAL RUN 
AVERAGE SA~PLE 
TORQUE STA~DARD 
(MG-MM) DEVIATION 

(~G-t-4fi~ ) 

3666 2134 

7166 2611 

9666 3349 

12COO 3366 

13333 2624 

15166 2544 

14500 3685 

14·5CG 2500 

13666 2gBl 

14000 3511 

15833 3C71 

RE-RUN 
AVERAGE 
TOR CUE 
( ) 

3416 

51£6 

6666 

8166 

9666 

lC666 

11166 

110CD 

10666 

1(;833 

13166 

SANPLE 
STANDARD 
DEVIATION 
(MG-[J,jVi ) 

242.2 

2471 

3191 

291C 

3197 

3681 

11099 

2168 

3197 

3578 

3578 
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Table 8 

TORQUE CHARACTERISTICS FOR R-2 BEARINGS, 0.0035 GM. OIL 

SPEED 
(RPM) 

1 

4CCO 

aceo 

12000 

16000 

2CCCC 

24CDD 

28000 

32CGO 

36000 

4rrrr 
~u~v 

100 GM RADIAL LOAD 

o GM AXIAL LOAD 

ORIGlhAl RUN 
AVERAGE SAMPLE 
TORQUE STANDARD 
(MG-MM) DEVIATION 

(~G-M~) 

1416 448 

2 372 

45CO 50'C 

60CO 816 

8 1632 

11 ~ 1154 0 

12500 1500 

15CCO 1914 

16666 2494 

18666 2748 

19833 3484 

RE-RUN 
AVERAGE SAMPLE 
TORQUE 
(MG-MM) 

STANDARD 
DEVIATION 
(MG-~M) 

l1f6 372 

2833 681 

36f6 745 

soee 577 

6166 372 

B166 687 

ID6c6 1105 

125CC 1118 

145C 2813 

170(0 3958 

190(0 4725 
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Table 9 

TORQUE CHARACTERISTICS FOR R-2 BEARINGS, O.C035 GM. OIL 

100 GM RADIAL LOAD 

50 fM AXIAL LOAD 

ORIGINAL HUN RE-RUN 
SPEED AVERAGE SAMPLE AVERAGE SAMPLE 
(RPM) TORQUE SlANDARD TORQUE STANDARD 

( fliG-Nj\rll DEVL6,T ION (MG-j~N ) DEVI ttT ION 
(MG-r4t1 ) CMG-r']1; ) 

Ie 2083 1426 2 0 517 

40CO 3583 1592 4250 llD8 

8000 5916 1765 5916 1057 

12000 8166 1950 7G83 1169 

16CCO 10 ..... 2C76 80ca 1154 v 

ZOGGD 120CO 2466 9666 1213 

2L,CCO 13833 3023 10750 1865 

280 16333 2687 13166 2544 

32COO 18750 2545 155CO 36B5 

36C00 210 3055 lEGCO 3872 

4CDCO 22833 38ti-7 20333 4346 
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Table 10 

TO~QUE CHARACTERISTICS FOR R-2 BEARI 57 0.0035 GM. CIl 

SPEED 
(R P~1) 

lCCO 

4000 

8CCO 

12 

16(00 

2 n v 

24CCO 

280CO 

32COG 

36 

4GCCO 

IDe GM RADIAL lOAD 

100 GM AXIAL LOAr 

ORIGINAL RE-RUN 
AVERAGE 
TORQUE 
(~G-MM) 

AVERAGE 
TORQUE 
( iV,G-MI~) 

28.33 

5083 

82'50 

10833 

1166,;) 

13416 

151 

17CO(} 

14666 

163 

20666 

SAMPLE 
STANDARD 
DEVIATICN 
(MG-MI4 ) 

687 

931 

1282 

2094 

1699 

2168 

3023 

2943 

6~-'':l :JL..; 

1431 

5C55 

2050 

4833 

1833 

9750 

10583 

lI5cn 

1225C 

135CC 

15063 

17333 

19833 

SAMPLE 
STANDARD 
DEVIA,TIGN 
(iV.G-MM) 

1269 

1340 

1771 

1'150 

1693 

216( 

2165 

2629 

379C 

3944 

5047 
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Table 11 

TORQUE CHARACfERISTICS FOR R-2 BEARINGS, D.0035 GM. OIL 

SPEED 
(RPr~ ) 

1 

4000 

fCCO 

12CCC: 

160CO 

2CCGO 

24CCO 

ZEcca 

32CCC 

36CCC 

4CCCO 

100 GM RADIAL lDAD 

200 GM AXIAL LOAD 

ORIGIf\AL PUN RE-RUN 
AVERAGE SAMPLE AVERAGE SAMPLE 
TCRQUE STANDARD TORQUE STANDARD 
(MG-MM) DEVIATICN (MG-MM) DEVIATION 

(~G-;J,~ ) (MG-r~M ) 

5916 1643 3150 1464 

Ecce 216C 6333 2134 

10333 2321 B5E3 2316 

130CO 2236 lloen 20CO 

14(;83 262C 12333 2494-

15750 2479 15GCO 238C 

17333 2t71 16166 2733 

19(00 3651 1B166 3184-

21666 4642 210(0 469C 

22666 41·49 2275C: 4356 

25 3915 245(0 4645 
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Table 12 

TG~QUE CHARACTERISTICS FOR R-2 BEARINGS, 0.0035 GM. OIL 

20C GM RADIAL LOAD 

C GM AXlt\L LOAD 

ORIGINAL RUN RE-RUN 
SPEED AVERAGE SA!J,PLE AVERAGE SAP4PLE 
(RPM) TCRQUE STANDARD TORQUE STAND.ARD 

(MG-NM) DEVIATION (MG-l4N) DEVIATION 
UJ;G-NJ'fd (MG-Mrv; ) 

leoo 1333 471 1166 372 

4eeo 2416 1304 2833 891 

8ceD 4916 2168 50eo 2449 

12000 7166 3287 7166 2192 

16CCG 9833 2967 9166 3287 

2GOCO 11166 3236 11166 3A-84 

24CGC 13333 3636 12833 3933 

28000 16666 3636 16166 4179 

3zceo 19333 46G5 180(0 4434 

36((0 20833 5550 18833 4913 

40000 22166 6517 2C666 5878 
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Table 13 

TORQUE CHARACTERIStICS FOR R-2 BEARINGS, 0.0035 GM. OIL 

SPEED 
(RPM) 

10 

4000 

BCeD 

12CCO 

16COO 

zecca 

24 

280CG 

32COO 

36COO 

4CCGO 

200 RADIAL LOAD 

50 GM AXIAL lOAC 

ORIGINAL RUN RE-RUN 
AVERAGE SAMPLE AV AGE SAMPLE 
TCR STANDARD TORQUE STANDARD 
(~G-MM) DEVIATION (MG-MM) DEVIATION 

( MG- f~r~ ) {fItiG-Mt'1 } 

2666 1105 21t6 372 

4000 14-14 4166 897 

5833 1674 6833 897 

7166 1863 t;166 2034 

8833 4139 leGeO 4041 

llC83 5495 11250 4723 

13083 5570 1175C 4862 

135CC 6C4e 12166 48C1 

14250 6149 13'666 5676 

16000 728C 15083 7014 

laCOD 8144 181£6 8969 
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Table 14 

TORQUE CHARACTERISTICS FOR R-2 BEARINGS, 0.0035 GM. OIL 

SPEED 
(Rpr~ ) 

10 

4(00 

8COO 

12CCG 

16CCO 

2CCCO 

2 l 'LOO 

28(00 

32(;CO 

36(00 

4CCCO 
-. 

20C GM RADIAL LeAD 

IOC GM AXIAL LOAt 

ORIGINAL RUl\; RE-RUN 
AVERAGE SAMPLE AVERAGE SAMPLE 
TCRQUE SlANDARD TGRCUE STANCARD 
(MG-MM) DEVIATICN 1M ) DEVIATION 

(PG-MM) (MG-MN) 

3166 897 26t6 942 

45CC 1500 5333 1972 

650D 238C 77~O 3078 

8416 3114 9750 '1180 

9666 4149 10166 5273 

11333 457C 11833 tC39 

12166 4633 11916 6058 

12916 lt419 120£3 085 

14 L}16 379D 135CC 6C;75 

17166 ':JC'2,? 
...., .., "_l-J 150C[, 585S 

2 ~':J'''2 
-,._J~ 4268 18333 6420 
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Table 15 

TOR~UE CHARACTERISTICS FOR R-2 BEARINGS y O.OG35 GM. OIL 

200 fM RADIAL LOAD 

20C G~ AXIAL LOAD 

ORIGli\AL RUN RE-RUN 
SPEED AVERAGE SAMPLE AVER.l\Gf SAHPLE 
(RPM) TORQUE STANDARD TORC*UE STANDARD 

( fi~ G -lvlt·1 ) DEVIATION ( H G- rv:tJ! ) DEVIATION 
( r;:G- r(t< ) (1";;G-f!i1f-1 ) 

leGO 4333 2748 2666 1699 

4CCO 5833 291C 4833 242.6 

8000 9C 2886 8000 3316 

12COO 12333 3197 lOee 3316 

ItCCO lit 833 3184 126t6 3771 

2CCCO 16916 4·C86 14666 LI 618 

24CeC 18333 39't4 11333 5343 

280CO 20166 3624 185(0 6048 

32000 21833 2266 211£6 5756 

36CCO 255CG 2692 24666 6046 

Lice 3CQCO 4618 291c6 4775 
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Table 16 

TORQUE CH~.RA~TERIST ICS FOR R-3 BEARINGS, 0.0076 GM. OIL 

50 Gfoi RADIAL LOAD 

0 GM AXIAL LOAD 

ORIGINAL RUN RE-RUN 
SPEED AVERAGE SAMPLE AVERAGE SAl\'PLE 
(RPM) TORQUE STANDARD TORQUE STANDARD 

(MG-MM) DEVIATION (MG-MM) _ DEVIATION 
IMG-MM) (MG-MM) 

1000 3150 621 1416 940 

4000 6175 953 2233 1041 

8000 7883 10C 3200 1404 

12000 7591 1068 3516 1041 

16000 6815 1143 4966 980 

20000 5858 104 -5400- 932 

24000 5383 1330 5366 1367 

28000 5841 1232 6050 892 

32000 7658 636 67CO 529 

36000 8515 385 9733 286 

40000 10066 293 12633 359 
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Table 17 
TORQUE CHARACTERISTICS FOR R-3 BEARINGS, 0.0016 GM. OIL 

SPEED 
(RPM) 

1000 

4000 

8000 

12000 

16000 

20000 

24000 

28000 . 

32000 

36000 

40000 

50 GM RADIAL LOAD 

50 GM AXIAL LOAD 

ORIGINAL RuN RE-RUN 
AVERAGE SAMPLE AVERAGE SAMPLE 
TORQUE STANDARD TORQUE STANDARD 
(MG-MM) DEVIATION (KG-MM) DEVIATION 

(MG-MM) . CMG-MM) 

3791 652 2716 252 

11662 649 4325 647 

11710 1350 5450 1602 

14183 1371 5515 1077 

9058 1224 7250 1282 

9687 529 8991 1156 

10925 781 10241 806 

10700 2240 10958 1326 

13833 1381 12158 859 

16166 1795 15125 314 

11683 1228 11358 958 



69 

TabJe 18 
TORQUE CH.d.RACTERIST ICS fOR R-3 BEARINGS, 0.0076 GM.OIl 

50 GM RADIAL LOAD 

100 GM AXIAL LOAD 

ORIGINAL RUN RE-RUN 
SPEED AVERAGE SAMPLE . AVERAGE SAMPLE 
( RP1"l) TORQUE STANDARD TORQUE STANDARD 

( MG-t~M) DEVIATION (MG-MMl DEVIATION 
("iG-~1M ) tMG-MM) 

1COO 5366 687 2233 411 

4000 13150 1500 5800 911 

8000 16766 2536 7583 813 

12000 11000 692 1608 1058 

16000 10500 629 8375 1077 

20000 10591 465 ·9008 1118 

24000 12708 667 10833 1605 

28000 14058 1032 11233 2365 

32(100 15483 1958 12366 2547 

36000 18208 1954 14525 2550 

40000 20791 1944 17816 2218 
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Table 19 
TORQUE CHA,RAC,TERIST Ies fOR R .... 3 BEARINGS, 0.0076 SM. OIL 

50 GM RADIAL LOAD 

200 GM AXIAL lOAD 

,ORIGINAL RUN RE-RUN 
SPEED AVERAGE SAMPLE AVERAGE SAMPLE 
(RPM) TORQUE STANDARD TORQUE STANDARD 

(MG-MM) DEVIATION (MG-MM) DEVIATION 
{MG-t~M 1 (MG-MM) 

1000 6333 584 5066 359 

4000 15166 604 9916 628 

8000 19100 3428 12100 781 

12000 16033 169 13983 267 

16000 15000 1032 15933 935 

2eooo 15566 1353 15933 928 

24,000 i'6766 1502 16533 1463 

28000 11466 2083 17983 971 

32000 18500 1668 18083 1535 

36000 21800 2262 21400 1148 

40000 23566 1448 23366 1174 
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Tab1e 20 

TO~o.UE CHAR.aCTERISTICS FOR R-3 BEARINGS, 0.0076 GM.'OIl 

SPEED 
(RPftn 

1000 

4000 

8000 

12000 

16000 

20000 

24000 

26000 

32000 

36000 

40000 

100 GM RADIAL LOAD 

O'GM AXIAL LOAD 

ORIGINAL RUN RE-RUN 
AVERAGE SAMPLE AVERAGE SAMPLE 
TORQUE STANDARD TORQUE STANDARD 
(NG-KM) DEVIATION (MG-MM) DEVIATION 

(MG-Mr~ ) (MG-MMl 

2133 280 900 387 

6816 343 2283 1301 

10333 692 . 3100 1131 

10650 1901 3333 851 

6150 1054 3666 628 

5883 841 4566 ' 634 

,7800 525 7366 555 

9550 1090 9366 1004 

11583 895 11150 848 

12816 474 12383 1026 

13733 743 13433 558 
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Table 21 

. TORQUE CHARACTERISTICS FOR R-3 BEARINGS, 0.0016 GM. OIL 

SPEED 
(RPM) 

1000 

4000 

8000 

12000 

16000 

20000 

24000 

28000 

32000 

36000 

4COOO 

100 GM RADIAL LOAD 

50 GMAXIALlOAD 

ORIGINAL RUN RE-RUN 
AVERAGE SAMPLE AVERAGE SAMPLE 
TORQUE STANDARD TORQUE STANDARD 
(MG-MM) DEVIATION (MG~MM) DEVIATION 

(MG-MM) ''''G-MM) 

4116 517 2700 957 

11433 1282 4950 512 

16883 1005 6916 338 

11983 1442 7516 429 

9416 1952 8700 1029 

9133 438 9566 926 

10733 1054 11933 1411 

13600 1394 144CO 1290 

15766 1341 162CO 1024 

16483 1435 16916 773 

17450 1229 17183 821 
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Table 22 

TORQUE CHARACTERISTICS FOR R-3 BEARINGS, 0.0076 GM. OIL 

100 GM RAlJIAL LOAD 

100 GM AXIAL LOAD 

ORIGINAL RUN RE-RUN 
SPEED AVERAGE SAMPLE AVERAGE SAMPLE 
(RPM) TORQUE STANDARD TORQUE STANDARD 

(MG-MM) DEVIATION tMG-MM) DEVIATION 
(MG-tiM J (MG-MM) 

1000 5316 302 2666 414 

4QOO Ileao 1238 4766 167 

8000 16400 2402 6533 729 

12000 12133 1299 7450 793 

16000 9566 ·760 8050 828 

20000 10016 S89 9083 633 

24000 12566 1271 11833 1133 

28000 15716 2391 15616 1337 

32000 18283 2519 11800 781 

36000 21700 2235 20733 1081 

40000 26833 147B 25933 1205 
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Table 23 

TORQUE CHARACTERISTICS FOR R-3 BEARINGS, O~0076 GM. OIL 

SPEED 
(RPM) 

1000 

4000 

8000 

12000 

16000 

20000 

24000 

28000 

32000 

36000 

40000 

100 GM RADIAL LOAD 

200 GM AXIAL LOAD 

.ORIGINAl RUN 
AVERAGE SAMPLE 
TORQUE STANDARD 
(MG-MM) DEVIATION 

6200 

13983 

19425 

16816 

17100 

16558 

16954 

18300 

19766 

22408 

23016 

(MG-MM) 

472 

895 

2842 

1251 

1589 

1280 

1182 

1154· 

1348 

1258 

893 

RE-RUN 
AVERAGE SAMPLE 
TORQUE STANDARD 
(MG-MM) DEVIATION 

2433 

6016 

8225 

lOSes 

13416 

14050 

14316 

16408 

11433 

19283 

20858 

(NG-MM) 

508 

548 

463 

808 

587 

869 

982 

626 

590 

498 

591 
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Table 24 

TORQUE CHARACTERISTICS FOR R-3 BEARINGS, 0.0016 GM. OIL 

SPEED 
(RPM) 

1000 

4000 

8000 

12000 

16000 

20000 . 

24000 

28000 

32000 

36000 

40000 

200 GM RADIAL LOAD 

O-GM AXIAL LOAD 

ORIGINAL RUN RE-RUN 
AVERAGE SAMPLE AVERAGE SAMPLE 
TORQUE STANDARD TORQUE STANDARD 
(MG-MM) DEVIATION (MG-MM) DEVIATION 

(MG-MMl (MG-tJ,M) 

3663 119 2225 695 

8866 349 3930 731 

12416 712 5025 622 

10400 1083 5905 613 

7875 - 516 7178 785 

8441 .394 8561 845 

9483 233 9933 861 

10566 228 10708 864 

10791 458 10716 155 

10700 .378 10983 483 

10533 659 10758 589 
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Table 25 

TORQUE CHARACTERISTICS FOR R-3 BEARINGS, 0.0016 GM. OIL 

200 GM RA.DIAl LOAD 

50 GM AXIAL LOAD 

ORIGINAL RUN RE-RUN 
SPEED AVERAGE SAMPLE AVERAGE SAMPLE 
(RPM) TORQUE STANDARD TORQUE STANDARD 

(MG-MM) DEVIATION (MG~MM) DEVIATION 
(MG-Mt~ ) (MG-MM) 

1000 4300 391 3016 285 

4000 8566 531 4866 521 

8000 . 12566 371 6016 477 

12000 13450 1157 7166 696 

16000 9550 381 8150 694 

20000 10166 679 9916 1086 

24000 11700 571 11700 1112 

28000 12283 380 12450 937 

32000 12150 593 12633 "760 

36000 13600 685 13250 818 

4QOOO 14000 723 14183 539 
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Tab1e 26 

TORQUE CHARACTERISTICS FOR R-3 BEARlNGS, O.OO76GM. OIL 

200 GM RADIAL LOAD 

10C GM AXIAL LOAD 

. ORIGINAL RUN RE-RUN 
SPEED AVERAGE SAMPLE AVERAGE SAMPLE 
(RPM) TORQUE STANDARD TORQUE STANDARD 

(filG-MM) DEVIATioN (MG-MM) DEVIATION 
(MG-MM) (MG-MM) 

1000 4883 323 3366 749 

4000 11833 874 6333 1263 

80.00 14450 859 8183 1612 

12000 13600 1665 10183 1330 

16000 11450 1341 11383 128a 

20000 12316 367 12433 1930 

24000 13916 511 14366 1293 

28000 14883 669 1.5433 825 

32000 16883 942 16200 704 

36000 18100 1093 11066 1030 

40000 19183 1169 18300 991 
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Table 27 

TORQUE CHARACTERISTICS FOR R-3 BEARINGS, 0.0076 GM. OIL 

200 GM RADIAL LOAD 

200 GM AXIAL LOAD 

ORIGINAL RUN RE-RUN 
SPEED AVERAGE SAMPLE . AVERAGE SAMPLE 
(RPM) TORQUE STANDARD TORQUE STANDARD 

(MG-MM) DEVIATION (MG-MM) . DEVIATION 
(MG-MM) . (MG-Mf-l) 

1000 4933 997 3616 601 

4000 13666 829 9000 1562 

8000 16083 2002 12116 1693 

12000 16666 1261 14316 1508 

16000 14833 495 15150 1390 

20000 15716 1010 15916 1688 

24000 11100 1445 17816 1849 

28000 18200 1653 18150 1945 

32000 19883 2172 19650 2269 

36000 21233 2752 21183 2{)ltl 

.4-0CCO 22000 2773 21966 2189 
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Table 28 

TORQUE CHARACTERISTICS FOR R-4 BEARINGS, 0.0124 GM. OIL 

SPEED 
(RPM) 

lcoe 

4eeo 

aoco 

120CO 

lcCCO 

2CCCO 

240CG 

28CCO 

32000 

36CCO 

40cce 

50 GM RADIAL lOAD 

o GM AXIAL LOAD 

ORIGINAL RUN RE-RUN 
AVERAGE SAMPLE AVERAGE SAMPLE 
TCRQUE STANDARD TORQUE STANDARD 
(MG-MM) DEVIATION CMG-MM) DEVIATION 

(MG-Mr~ ) (MG-MM) 

3333 411 35(0 763 

6333 1795 5833 1462 

11500 1107 91c6 1~·62 

14500 3403 10166 2114 

18833 4561 125CC 3354 

21666 3144 14833 1572 

18666 149C 150(0 1414 

18333 1374 145CO 16C1 

17666 2134 145(0 1607 

17666 2134 15666 2681 

2 5C9C 18666 2748 
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Table 29 

TO~QUE CHARACTERISTICS FOR R-4 BEARINGS, 0.0124 GM. OIL 

. SPE 
(RP~: ) 

lOGO 

4CCC 

BOCa 

12000 

16COO 

2C(CO 

24CCO 

28COC 

32CCO 

36000 

Ld}CCO 

50 GM RADIAL LOAD 

50 GM AXIAL LOAD 

ORIGINAL RUN RE-RUN 
AVERAGE SAMPLE AVERAGE SAMPLE 
TCRQUE STANDARD TORQUE STANDARD 
(MG-MM) DEVIATION (MG-MM) DEVIATICN 

(MG-Mf1:) (lkG-MN) 

4166 372 4000 816 

11333 2211 95(0 1979 

18 2986 135CO 3149 

2C833 2608 16CCO 3000 

21166 2544 16333 2981 

21333 3986 16333 4027 

2ISCO 4462 170CO 4618 

2f50C 373C 16833 4740 

195(0 4~81 16833 4775 

19CCC 4725 161£6 2608 

20333 5343 11333 3496 
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Table 30 

TORQUE CHARACTERISTICS FOR R-4 BEARINGS, 0.0124 GM. OIL 

50 GM RADIAL LOAD 

10C EM AXIAL LOAD 

ORIGINAL FUN RE-RUN 
SPEED AVERAGE SAtijPLE AVERAGE SAt;lPlE 
(RPM) TORQUE STANDARD TORC!UE STANCARD 

( ~G-f~f'.r1) DEVIATION (p"G-~r~ ) DEVIATION 
(M{;-r~M ) (MG-rU"1 ) 

1CGO 50GO 1632 4333 1195 

4COO lL •. 3696 11833 1067 

BCOC 21333 5527 195(0 2432 

12GCO 25333 528C 22333 2624 

16COO 26166 3760 236(::6 3299 

2CCCO 24833 4179 240(0 3958 

24000 24000 4163 240(0 4434 

28Cbo 24166 4179 240(0 4434 

32000 23833 3933 23666 4533 

36CCO 23833 3184 23333 4988 

40CCO 2' .. 666 2426 23666 5217 
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Table 31 

TORQUE CHARACTERISTICS FOR R-4 BEARINGS, 0.0124 GM. OIL 

50 GM RADIAL LOAD 

20D GM AXIAL LOAD 

ORIGINAL P,UN RE-RUN 
SPEED AVERAGE SftMPLE AVERAGE SAMPLE 
(RPH) 'TORQUE STANDARD TORQUE STANDp.RD 

( r-tG-fi-lf>-\ ) DEVIATION (MG-M~~ ) DEVIP,TION 
(MG-MM) (11G-~f4 ) 

lOCO 6333 2134 66f;6 1374 

4000 16333 5249 155CO 3149 

80CO 26CCO 6298 245CO 4153 

12000 30500 4C72 29666 3901 

16000 32166 3381 310GO 3415 

20cca 30833 3435 311<:6 4017 

24000 30166 3281 31000 3958 

2Boeo 30166 3287 320CO 476(; 

32000 30833 3184 32CCC 476C 

36CCO 30333 2867 315(0 431C 

4COCO 3C833 3184 31666 '.533 
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Table 32 

TORQUE CHARACTERISTICS FOR R-4 BEARINGS, O~C124 GM. CIl 

SPEED 
(RPf1 ) 

lCCO 

4000 

BCOO 

12CCO 

1600'0 

2(000 

24CGO 

Z80CO 

32CCO 

36GCO 

4·CCCO 

10C GM RADIAL LOAD 

o GN AX LAl LOA.D 

ORIGINAL RUN RE-RUN 
AVERAGE SAMPLE AVERAGE SAMPLE 
TORQUE STANDARD TORQUE STANDARD 
(~G-MM) DEVIATION (MG-MMl DEVIATION 

(MG-MM) (f>ijG-f>~M ) 

3333 1247 2166 1067 

8833 26C8 4GCO 2236 

15666 3858 7833 3347 

20666 5705 11166 4879 

24833 5241 16833 5785 

26166 5727 211£6 5428 

27333 582.1 24166 5013 

27666 5185 27833 4099 

30333 2624 310CO 2828 

31333 3349 311co 2.91C 

31666 3399 31833 3131 
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Table 33 

TORQUE CHARACTERISTICS FOR R-4 BEARINGS, 0.0124 GM. OIL 

SPEED 
(RPM) 

ICOO 

40CO 

8CCO 

12CCC 

16CGO 

20CCO 

24000 

2ECCO 

32C(0 

36CCO 

4CCCO 

lOCO GM RADI AL LOAD 

'. 50 GM AXIAL LOAD 

ORIGINAL PUN RE-RtJN 
AVERAGE SAMPLE AVERAGE 
TCRQUE STANDARD TORQUE 
(MG-NM) DEVIATION ( MG-MNl 

(fiiG-M~ ) 

5666 1699 5166 

11833 2608 lC5CO 

11333 5990 160(0 

20333 5120 IBlt6 

25333 3901 23666 

26666 3543 25666 

275CC 4609 215(0 

285CO 4031 296co 

29833 367C 31166 

30500 3253 31833 

30500 3253 31166 

SAMPLE 
STAND.ARO 
DEVIATI 
(MG-Mf><l ) 

2034 

3041 

4358 

4879 

2624 

3299 

531? 

6446 

5241 

5112 

3933 
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Table 34 
TORQUE CHARACTERISTICS FOR R-4 BEARINGS~ 0.0124 GM. OIL 

SPEED 
(RPM) 

1000 

4CDO 

8COO 

12000 

16000 

2CCOC 

24COO 

28000 

32CCQ 

36CCO 

40000 

10C GM RADIAL LOAD . '",','. 

100 GM AXIAL LOAD 

ORIGINAL RUN RE-RUN 
AVERAGE SAMPLE AVERAGE SAMPLE 
TORQUE STANDARD TORCUE STANDARD 
(~G~MM) DEVIATION (MG-MM) DEVIATION 

(MG-MM) (MG-Mf<'! ) 

5833 1614 5833 1674 

13500 39E9 11333 2924 

225CO 3593 185CO 4031 

28166 4740 235(0 2929 

32500 4193 27833 1863 

35166 5047 295(0 4609 

35333 4714 310CO 5416 

37333 4887 330(0 4582 

37833 4-66S 34666 44·22 

37666 4714 350CO 3741 

37833 4669 -35333 3543 
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Tab1e 35 

TORQUE CHARACTERISTICS FOR R-4 BEARINGS, 0.D124 GM. OIL 

SPEED 
(RPM) 

1000 

4000 

acno 

l20CO 

16000 

2eoco 

24COO 

28000 

320CO 

36000 

itCOCO 

100 GM RADIAL LOAD 

200 GM AXIAL LOAD 

CRIGlt-U\l RUN RE-RUN 
AVERAGE SAMPLE AVERAGE SAMPLE 
TCRQUE STANDARD TORCUE STANDARD 
(~G-MM) DEVIATION (MG-MM) DEVIATION 

(p.;;G-MM) (ft/,G-MM) 

6833 1343 55CC 214C 

15333 1795 IlCte 2236 

27166 3670 16166 1674 

34666 2981 225(0 3774 

Li0166 376C 29666 4346 

44000 3915 29166 3131 

43333 5647 33166 3847 

44333 5e88 31833 367C 

45500 5852 40833 3435 

43500 6671 41666 2981 

42COO 8266 415(0 3862 
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Table 36 

TORQUE CHARACTERISTICS FORR-4 BEARINGS, 0.0124 GM. OIL 

SPEED 
(RPM) 

lOCO 

4000 

Bceo 

I2ero 

16C(;0 

2uCCO 

24CCO 

Z8cca 

32C(:0 

36000 

4CCOO 

200 fM RADIAL LOAD 

C GM AXIAL LOAD 

ORIGINAL RUN RE-RUN 
AVERAGE SAMPLE AVERAGE SAMPLE 
TORQUE STANDARD TORQUE STANDARD 
(MG-MM) DEVIATION (MG-MM) DEVIATION 

(fJ;G-MM) (MG"';fi.M) 

4500 1258 4166 2852 

9333 1374 10833 3287 

175CO 1384· 155CO 3730 

24666 1598 19666 3448 

29500 3304 22833 3531 

26500 2629 236t:6 3399 

25166 2910 2lt1t6 4099 

24666 3144 235(0 3905 

25500 2986 231f:6 4291 

26166 3184 255CC 5377 

2850C 2565 21833 5639 
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Table 37 

TORQUE CHARACTERISTICS FeR R-4 BEARINGS, 0.0124 GM. OIL 

SPEED 
( RPtJD 

1000 

4000 

BOOO 

12000 

16CCO 

200(0 

24000 

28COO 

32000 

36000 

4ceco 

50 GM AXIAL lOAC 

ORIGINAL RUN 
AVERAGE SAMPLE 
TORQUE STANDARD 
(MG-MM) DEVIATICN 

(ts:.G-MM) 

-6COO 2236 

14·166 3236 

240GO 3000 

29500 3201 

33333 4109 

32166 4058 

32COO 3915 

315CO 3989 

31500 3774 

32333 2867 

32333 3197 

RE-RUN 
AVERAGE SAMPLE 
TORQUE STANDARD 
(MG-MM) DEVIATION 

{ r4G-Mr., } 

50eo 1527 

11333 3681 

20500 3593 

26333 4346 

26833 3847 

27666 5055 

298'33 75B1 

27833 13981 

31333 7695 

31166 7335 

31166 6938 
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Table 38 

TORQUE CHARAClERISTICS FOR R-4 BEARINGS? 0.0124 GM. OIL 

SPEED 
(RPM) 

lCOO 

4000 

Bceo 

120 

16000 

2C 

2 l , COO 

28CGC 

32 

360DO 

40CCO 

20C'GM RADIAL LOAD 

100 GM AXIAL LOAD 

ORIGINAL RUN RE-RUN 
AVERAGE SAMPLE AVERAGE SAMPLE 
TORQUE STANDARD TOReUE STANDARD 
(KG-MM) DEVIATION (MG-MM) DEVIATION 

(l";G-MM) (NG-MM) 

6166 1171 4666 942 

165GC 2753 125(0 2291 

26166 3131 195CO 4031 

29166 3890 23833 4258 

34166 2477 28CCO 1825 

35166 2671 290(0 27G8 

350CO 238C 3C333 l8ES 

35833 2910 310(0 20D0 

35333 2748 32CCC 1732 

36166 2192 31833 1950 

36333 1912 32333 2426 
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Table 39 

TORQUE CHARACTERISTICS FOR R-4 BRINGS, 0.0124 GM. OIL 

SPEED 
(RPM) 

lCOO 

4000 

8000 

12C 

160CO 

2CCCO 

2lrCCO 

28GGO 

32CCO 

36000 

4CCCO 

20C GM RADIAL LOAD 

200 GM AXIAL LOAD 

ORIGINAL R~UN RE-RUN 
AVERAGE SAMPLE AVERAGE SAMPLE 
TORQUE STANDARD TORGUE STANDARD 
(MG-MM) DEVIATION (MG-MM) DEVIATI 

(MG-MM) (MG-MM) 

7166 3077 75CO 4856 

13333 5312 11833 441.2 

26166 5698 19666 46C6 

34CCC 6298 27166 83 

36833 5871 326t6 6896 

38333 5763 30666 13337 

39166 7104 39833 8858 

41666 6394 40666 8111 

40500 5 3 4C66,6 8595 

39833 5C47 41166 (3687 

',1666 5185 430CG 8225 
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B. Empirical Results 

The torque values calculated by empirical means are 

listed in Tables 40 through 48. Each table is for a given 

bearing size and radial load and all combinations of axial 

load •. ·The speeds at which values \-I/ere calculated correspond 

to the same points where experimental data was tabulated. 

The empirical values were calculated form the following 

expression: 

T= Nl/4 [(4569 - 28030dm + 45327d!) 

+ (-1.33 + O.03R - 6.7xl0-5R2)(746 - 3906dm + 5482d!> 

+ (-167 +I072dm)(O.025A - O.00005A2)] 

+ N2 [(~27 + 20ld - 313d2) m m 

+ (-1.33'+ O.03R" - 6.7xl0-5R2){18.14 - 109d~ + 170d!> 

+ (-0.17 + 2.68dm)(O.025A - O.00005A2)] x10·6 

where: N = rotational speed (rpm) . 

dm= mean bearing diameter (inches) 

A = axial load (grams) 

R = radial load (grams) 

T = running torque (milligram-millimeters) 

The development of the above expression is covered in 

the Discussion of Results. 
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c. Graphical Comparison of Results 

Figures 18 through 53 show a graphicaJ comparison of 

the experimental test results and the empirically computed 

results. Each figure is for a given bearing size and test 

loading. Along with the average experimental test values, 

the samp1e standard deviations are also shown as short 

lines essentially perpendicular to the average torque 

curve. Only the re-run data from the experimenta1 tests 

are used in these figures. 



:E 
~ 

I 

~ 20,000 
~ 

oEXPERIMENTAL 
AEMPIRICAL 

w 
=> 
o 
~ 10,000 
o 
I-

w 
(!) 

« a::: 
IJJ 
> 
<C 

o 
o 4 8 12 16 20 24 28 32 36 40 

SPEED - R PM X 10-3 

FIG. 18 COMPARISON FOR R-2 

50 RADIAL) 0 AXIAL 

o 
N 



':E 
2 

I 

~ 20,000 
.ci! 

lLJ 
::::> 
o 
!k: 10,000 
o 
I-

W 
<.? 
<C 
~ 
W 
> « 

o 

o EXPERIMENTAL 
A EMPIRICAL 

° 4 8 12 16 20 24 28 32 36 40 

SPEED - R PM X 10-3 

FIG. 19 COMPARISON FOR R-2 

50 RADIAL) 50 AXIAL 

o 
().I 



.::?! 
~ 

I 

~ 20,000 I 0 EXPERIMENTAL dE! 

1:1 EMPIRICAL 
w 
=> 
CJ 
Ot: 10,000 
o 
I-

w 
(!) 

« 
a::: 
IJJ 
> 
<C 

o 
o 4 8 12 16 20 24 28 32 36 40 

SPEED - R PM X 10-3 

FIG. 20 COMPARISON FOR R-2 

50 RADIAL, 100 AXIAL 

o 
~ 



~ 
~ 

I 

~ 20,000 

w 
::> 
o 
0::: 10,000 
o 
I-

w 
~ 0 

o EXPERIMENTAL 

I:A EMPI RICAL 

ffi 0 4 8 12 16 20 24 28 32 36 40 
> « SPEED - R PM X 10-3 

FIG. 21 COMPARISON FOR) R-2 

50 RADIAL) 200 AXIAL 

o 
(J1 



106 

C\J ..J I 

a:: <l -
It) X 
I 0:: « 0 0 
)( lJ.. 0 
~ ~ 

a. Z ..J 
et: 0 « (f) -- 0 
0 0: « 

....J w ~ 0::: « lJJ ..... a. ~ z ....J 0 W « (f) 0 0 :E (.) 

a::: - 0 
0:: 

1LJ -a... a... C\J x :e 
w w C\J 
0 <3 .. 

(!) 

0 lJ... 
0 0 
0 0 0 
C>.- O 
0 

... 
0 

C\J -
V\t V\t - e ~'J - 3nO~Ol 39'V'~31\'tJ 



:E 
~ 

I 

~ 20,000 

w 
=> 
C1 
c:: 10,000 
o 
I-

w 
(!) 

« 
et: 
w 
> « 

° 

o EXPERIMENTAL 

A EMPIRICAL 

o 4 8 12 16 20 24 28 32 36 40 

SPEED - R PM X 10-3 

FIG. 23 COMPARISON FOR R-2 

100 RADIAL, 50 AXIAL 

o 
-..J 



:E. 
:2! 

I 

~ 20,000'" 0 EXPERIMENTAL 
~ 

w 
::> 
o 
fl: 10,000 
o 
I-

w 
(!) 

« a:: 
w 
> 
<C 

o 

A EMPIRICAL 

o 4 8 12 16 20 24 28 32 36 40 

SPEED - RPM x 10-3 

FIG.24 COMPARISON FOR R-2 
100 RADIAL,IOO AXIAL 

o 
CD 



• 

30,000.., 0 EXPERIMENTAL 

:E A EMPIRICAL 
~ 

I 
(!) 

:E 20,000 

w 
=> o 
~ 

o 10,000 
I-

w 
(!) 

<t 
Q:: 
W 
> 
<:( 

o 
o 4 8 12 16 20 24 28 32 36 40 

SPEED - RPM x 10-3 

FIG. 25 COMPARISON FOR R-2 

100 RADIAL, 200 AXIAL 

o 
CD 



30,000 .... o EXPERIMENTAL 

~ 
:E 

I 
(!) 

~ 

w 
::> 
o 
~ 

20,000 

o 10,000 
I-

w 
(!) 

« 
a: 
w 
> 
<t 

o 

6. EMPIRICAL 

o 4 8 12 16 20 24 28 32 36 40 

SPEED - RPM x 10-3 

FIG.26 COMPARISON FOR R-2 
200 RADIAL,O AXIAL 

o 



~ 
~ 

I 
(!) 

30,000 

:2: 20,000 

w 
:::> 
C:J 
~ 
o 10,000 
I-

w 
(!) 

o EXPERIMENTAL 

A EMPIRICAL 

<:! 
a:: 
w o I I I I 1---. I I I I 

> 
<:( 

o 4· 8 12 16 20 2~· 28 32 36' 4-0 

SPEED - RPrA x 10-3 

FIG. 27 COMPARISON FOR R-2 
200 RADIAL,50 AXIAL 

--



112 

_0 
-. f ~. 

to 
r<> C\J ---I 
C\I J « 
i~ r.> CC 

X . I 

CO 0 « 
C\J et: 

)( 0 0 
~ ~ lL. 0 C\I n. 

~ ~ __ 0 Z -1 IN 0 « ...J 0 (f) « I~ 0 l- tt L!J 0"" z--' I w '- <l w« 
C\J CL ~ CC 2U - CI) 

O::~ ~ 0 w-
0.0.. 

CO 0 0 X~ 
WW 0 (\j 

o <I r: CO 
I ' I I C\J 

0 0 0 • 
0 0 0 0 (.!) 
0 0 0 LL .. ... .. 
0 0 0 
f{) C\I 

V\! V\J - E) tAJ - 3nO~OJ. 3€)'\ItJ3/\~ 



:=E 
:i! 

I 
(!) 

o EXPERIMENTAL 
30,000-, A EMPIRICAL 

:E 20,000 

w 
:::> 
CJ 
0::: 
o 10,000 
I-

w 
(!) 

~ 
oc 
w 
> « 

o 
o 4 8 12 16 20 24 28 32 36 40 

SPEED - RPM x 10-3 

FIG. 29 CO'MPARISON FOR R-2 

200 RADIAL, 200 AXIAL 

OJ 



:; 
~ 

I 

~ 20,000 
~ o EXPERIMENTAL 

b. EMPIRICAL 
lJJ 
::> 
(3 
a:: 10,000 
o 
I-

w 
(!) 

« 
0= 
w 
> « 

o 
o 4 8 12 16 20 24 28 32 36 40 

SPEED - R PM X 10-3 

FIG. 30 COMPARISON FOR R- 3 

5 a RADIAL, a AXIAL 

..t!la 



~ 
2 

I 

~ 20,000, 0 EXPERIMENTAL 
~ 

Il. EMPIRICAL 

w 
::> 
o 
~ 10,000 
o 
I-

w 
(!) 

« 
a:: 
w 
> 
<C 

o 
o 4. 8 12 16 20 24 28 32 36 40 

SPEED - R PM X 10-3 

FlG. 31 COMPARI SON FOR R-3 

50 RADIAL, 50 AXIAL 

--(]I 



::E 
~ c;;. 

I 

~ 20,000 
~ 

w 
=> 
o 
O! 10,OOO~ 
o 
I-

w 
~ 0 

o EXPERIMENTAL 

A EMPIRICAL 

ffi 0 4 8 12 16 20 24 28 32 36 40 
> 
<C SPEED - RPM x 10-3 

FIG. 32 C OMPAR I SON FOR R- 3 

50 RA DIAL, tOO AXIAL 

0) 



~ 
:2! 

I 
<.!) 

:2 

W 
:J 
OJ 
0: 

30,000 I o EXPERIMENTAL 

A EMPIRICAL 

20,000 

o 10,000 
I-

IJ.J 
C) 

<t 
0:: 
W 
> « 

o ° 4 8 12 16 20 24 28 32 36 40 

SPEED - RPM x 10-3 

FIG. 33 COMPARISON FOR R-3 

50 RADIAL, 200 AXIAL 

--....., 



:E 
~ 

I 

~ 20,000 I 0 EXPERIMENTAL ~ 

IJJ 
~ 
CJ 
~ 10,000 
o 
I-

w 
(!) 

« 
0.:: 
W 
> 
<t 

o 

A EMPIRICAL 

o 4 8 12 16 20 24 28 32 36 40 

SPEED - R PM X 10-3 

FIG. 34 COMPARISON FOR R-3 

100 RADIAL,O AXIAL 

CD 



~ 
~ 
• 
~ 20,000 
~ 

w 
::> 
CJ 
c:: 10,000 
o 
I-

w 
~ 0 

o EXPERIMENTAL 
6. EMPIRICAL 

ffi 0 4 8 12 16 20 24 28 32 36 40 
> 
<:( SPEED - R PM X 10-3 

FIG. 35 COMPARISON FOR R-3 

100 RADIAL, 50 AXIAL 

-CD 



w 
=> 
CJ 
ac: 
o 10,000 
I-

w 
(!) 

« 
0:: 
w 
> 
<! 

o ° 4 8 12 16 20 24 28 32 36 40 

SPEED - RPM x 10-3 

FIG. 36 COMPARISON FOR R-3 

100 RADIAL, 100 AXIAL 

-N 
o 



::E 
~ 

I 
(!) 

30,000 

~ 20,000 

w 
=> 
o 
Q: 

o 10,000 
I-

w 
(!) 

« 
~ 
w 
> 
<! 

o 

o EXPERI MENTAL 
A EMPIRICAL 

o 4 8 12 16 20 24 28 32 36 40 

SPEED - RPM x 10-3 

FJ G. 37 COMPARISON FOR R-3 

100 RADIAL, 200 AXIAL 

-N 



::E 
~ 
III'!'!';; 

I 

~ 20,000 
ar;.~ 

w 
:::> 
o 
0:: 10,000 
o 
I-

w 
(!J 
<C 
0::: 
W 
> « 

o 

o EXPERIMENTAL 

A EMPIRICAL 

o 4 8 12 16 20 24 28 32 36 40 

SPEED - R PM X 10-3 

FIG. 38 . COMPARISON FOR R-3 

200 RADIAL, 0 AXIAL 

I\) 
N 



~ 
~ 

I 

~ 20,000 -, 0 EXPERIMENTAL 
~ 

I.JJ 
::::> 
o 
~ 10,000 
o 
I-

w 
(.I) 
<.( 
ere: 
w 
> « 

o 

A EMPIRICAL 

o 4 8 12 16 20 24 28 32 36 40 

SPEED - R PM X 10-3 

FIG. 39 COMPARISON FOR R-3 

200 RADIA L , 50 AXIAL 

N 
(.IJ 



~ 
:2! 

I 
(,I) 
,~ 

~ 

w 
::> 
01 
~ 
o 
II .--

w 
(!) 

<t 
Q: 
W 
> 
<C 

30,000 

20,000 

10,000 

° 

o EXPERIMENTAL 

A EMPIRICAL 

o 4 . 8 12 16 20 24 28 32 36 40 

SPEED - RPM x 10-3 

FIG.40 COMPARISON FOR R-3 

2 00 RADIAL, 100 AXIAL 

N 
~ 



:E 
~ 

I 
(!) 

30,000 

~ 20,000 

W 
:::J 
o 
0:; 

o 10,000 
I-

IJJ 
(!) 

« 
a: 
w 
> 
<t 

o 

o EXPERIMENTAL 

A EMPIRICAL 

o 4. 8 12 16 20 24 28 32 36 40 

SPEED - RPM x 10-3 

FI G. 41 COMPARISON FOR R-3 

200 RADIAL, 200 AXIAL 

N 
(.Jl 



;~ 

~ , 
~ 20,000 
~ 

o EXPERIMENTAL 

A EMPIRICAL 

w 
=> 
0 
0= 
0 
I-

W 
<.!) 

« 
~ 
w 
> « 

10,000 

0 I I I I 1 I r - -- r --1 I 

0 4 8 12 16 20 24 28 32 36 40 

SPEED - R PM X 10-3 

FIG.42 'COMPARISON FOR R-4 

50 RADIAL, 0 AXIAL 

N 
0') 



::?! 
~ 

I 
(!) 

~ 

w 
*:J 
01 
DC 

3o,OOOl o EXPERIMENTAL 

A EMPIRICAL 

20,000 

o 10,000 
1-

IJJ 
(!) 

« 
0:: 
w 
> 
<t ° o 4 8 12 16 20 24 28 32 36 40 

SPEED - RPM x 10-3 

FIG. 4 3 COMPARISON FOR R-4 

50 RAD1AL, 50 AXIAL 

N 

'"'" 



:E 
s ....... 

I 
(!) 

30,000 

~ 20,000 

w 
::) 

01 
oc 
o 10,000 
I-

w 
(!) 
<'( 
a: 
w 
> 
<C 

o 

o EXPERIMENTAL 
6 EMPIRICAL 

o 4 8 12 16 20 24 28 32 36 40 

SPEED - RPM x 10-3 

FIG. 44 COMPARISON FOR R-4 

50 RADIAL, 100 AXIAL 

N 
en 



, 

129 

It) 40 I 
0 

>C 

::E. 
~ 

I 30 (!) 

~ 

w 
::::> 20 
0 
et:: 
0 
I- o EXPERIMENTAL 

W 10 
A EMPIRICAL 

(!) 

<:C 
0:: 
L&J 
> « 

0 
0 4 8 12 16 20 24 28 32 36 40 

SPEED - RPM x 10-3 

FIG. 45 COMPARISON FOR R-4 

50 RADIAL, 200 AXIAL 



· 130 

-? 40 
o 0 EXPERIMENTAL 

)( A. EMPI RICAL 
~ 
~ 
J, 30 
~ 

lLJ 
::> 20 
o 
a: o 
I-

lLJ 10 
(!') 

« 
O! 
IJJ 
> « 

o 
o 4 8 12 16 20 24 28 32 36 40 

SPEED - RPM x 10-3 

FIG.46 COMPARISON FOR R-4 
100 RADIAL t 0 AXIAL 



131 

w 
::::> 20 
0 
0:: 
0 
I-

W 10 (!) 
<:( 
0::: 
IJJ 
> 
<3: 

0 I I I j I I "I 
-0 4 8 12 16 20 24 28 32. 36 40 

SPEED - RPM x 10-3 

FIG. 47 COMPARISON FOR R-4 
100 RADIAL, 50 AXIAL 



132 

'? 40 0 EXPERIMENTAL 

2 6. EMPIRICAL 
;< 

~ 
::E 
c.b 30 
::E 

lLJ 
::> 20 
o 
0: o 
I-

w 10 
(!) 

<C 
a:: 
w 
> 
<C 

o 
o 4 

• 

8 12 16 20 24 28 32 36 40 

SPEED - RPM x 10-3 

FIG. 48 COMPARISON FOR R-4 

100 RADIAL, 100 AXIAL 



If) 
I 

50 

040 -

IJ.J 

~ 10 
a:: 
w 
> 
<:( 

o 

133 

o EXPERIMENTAL 

A EMPIRICAL 

o 4 8 12 16 20 24 28 32 36 40 

SPEED - RPM x 10-3 

FIG. 49 COMPARISON FOR R-4 

100 RADIAL, 200 A)(IAL 



It) 
I 
0 
)( 

~ 
::E 

I 
(!) 

~ 

w 
::> 
0 
a:: 
0 
I-

W 
(!) 

« 
a:: 
IJJ 
> 
<C 

40 

30 

20 

10 

0 
0 

134 

o EXPERIMENTAL 

A EMPIRICAL 

4 
I I J' I 

8 12 16 20 24 28 32 36 40 

SPEED - RPM x 10-3 

FIG. 50 COMPARISON FOR R-4 

200 RADIAL, 0 AXIAL 



-? 40 
o -

IJJ 
::> 20 
0 
a:: 
0 .... 
W 10 (!) 

<t 
0: 
W 
> « 

0 

135 

o EXPERIMENTAL 

A EMPIRICAL 

0 4 8 12 16 20 24 28 32 36 40 
• 

SPEED - RPM x 10-a 

FIG. 5 I C O~I1PARISON FOR R-4-

200 RADIA L, 50 AXIAL 



'? 40 
o 

w 
:::> 20 
c 
0:: 
o 
I-

w 10 
<.!> 
<C 
a:: 
LLI 
> « 

o 

136 

, 

o EXPERIMENTAL 

A EMPIRICAL 

o 4 8 12 16 20 24 28 32 36 40 

SPEED - RPM x 10-:; 

FIG. 5 2 CO~J1PARtSON FOR R-4 

200 RADIAL, 100 AXIAL 



10 
I 

50 

040 -

IJJ 

~ 10 
a:: 
w 
> 
<.t 

o 

137 

o EXPERIMENTAL 

A EMPIRICAL 

o 4 8 12 16 20 24 28 32 36 40 

SPEED· - RPM x IO-!j 

FIG. 53 COM PA RiSON FOR .R-4 

200 RADIAL t 200 AXIAL 



v. DISCUSSION OF RESULTS 

In the planning stages of this investigation, the 

primary consideration was the development of an analytical 

expression, if feasible, and comparison of the predicted 

values with experimental results. As mentioned in the 

Review of Literature, the factors considered were: 

1. Elastic hysteresis in rolling 

2. Sliding due to deformation of contacting 

elements and bearing geometry 

3. Spinning of rolling elements 

4. Gyroscopic pivotal motion of rolling elements 

5. Viscous friction dUe to lubricant action. 

6. Sliding between cage and rolling elements 

and between cage and bearing rings 

7. Seal friction 

These factors and their re1ation to running torque will 

be discussed individually. 

The elastic hysteresis due to rolling is traced to 

the cyclic stressing of the ball and raceways as the balls 

rotate about their own axes and the main axis of the bearing_ 

The maximum stress a given ball is subjected to is 

dependent upon its position around the bcuring since for 

a radially loaded benring, the top ball is carrying the 

greatest load while the bottom b~11 may be completely 

unstressed. The point around the bearing where a ball 

begins to be loaded or becomes completely unloaded is 

138 
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highly dependent on the radial play in the individual 

bearing. This requires that considerable geometrical 

data be available for each individual bearing before any 

calculations may be made concerning the stress states of 

the balls. The result of these difficulties is that it is 

not feasible in design ca1culations to determine the stress 

states of the balls and consequently it is not possible to 

make a determination of losses due to a hysteresis effect. 

The same problem mentioned above of determining the 

exact stress state of a given ball at each position around 

the bearing also carries over into attempts to determine the 

area of contact between the ball and raceway or the ball 

Ufootprint ll • The previously discussed Reynolds' slip 

corresponds to sliding due to deformation of the contncting 

elements. Heathcote~s slip corresponds to sliding due to 

bearing geometry and spinning of the rolling elements. 

Friction losses due to these two types of sli~ ~re very 

difficult to determine and are highly theoretical in nature. 

Consequently when the information concerning the stress state 

and subsequent area of deformation is not known with any 

degree of certainty, losses due to these sources cannot 

be calculated. 

Spinning due to gyroscopic motion is caused by forcing 

a rotating element to follo',', a curved path in space. In a 

ball bearing, this causes D spinning torque about an axis 

perpendicular to the raceways at the center of contact with 
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the baJI. The gyroscopic spinning may be considerable 

at high speeds;however, because of the unknown state of 

restraint of the ball as it travels around the race, the 

spinning and friction effect of gyroscopic spinning cannot 

be comput~d. 

Lubrication is another factor which is relatively 

easy to consider if it were not for the change of ball 

loading around the raceway. Because of the ball load 

cycling, a given ball is constantly cycling between 

hydrodynamic and elastohydrodynamic lubrication. This also 

means that the viscosity of the lubricating oil is 

constantly varying in the region of a given ball as it is 

known that the viscosity of oil increases with pressure 

at a fixed temperature. However, the increase in pressure 

is known to raise the local temperature which decreases 

the viscosity of the oil. 1 The net effect of these two 

phenomena is not known for the microstates existing in the 

region of a ball under stress. Frictional heating was 

determined not to be a significant factor in the test 

run for this investigation by operating the loaded bearings 

at high speed and monitoring the temperature with small 

thermocouples. 

'Another lubrication problem encountered when a ball 

is lightly loaded is skidding. Skidding can be corrected 

by making the outer race slightly out of round thus 

artificial1y loading the bal1s~ However, this technique 
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is not used in instrument bearing manufacture. 

A major source of bearing friction occurs at the 

points of contact between the balls and the ret~iner. 

In practice, retainers are stamped from thin gage sheet 

stock and crimped into place during final assembly of the 

bearing. The consequence of this is that it is very 

difficult to determine precisely the ball retainer 

clearances without disassembly which of course destroys 

the sample. Determination of pertinent friction parameters 

from this cause is rendered useless by production methods. 

Seal friction need not be considered since instrument 

bearings rarely use seals. Instrument bearings usually have 

shields but these shields do not make contact between two 

moving parts and consequently do not contribute to the 

friction torque. 

In considering the analytical approach to an expression 

for running torque of instrument ball bearings, it may be 

seen that the primary reason that an ideal approach does not 

apply is that m~nufacturing tolerances keep the bearing from 

being an ideal component. That is to say that the tolerances 

introduce errors which show up in radial play and areas of 

contact which in turn prevent ideal analytical determination 

of the torque contributing fDctors. 

Because of the failure of an analytical approach to 

provide an expression for the running torque, an empirical 

appro~ch was tried. The development of an empirica1 
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relationship is difficult to describe in distinct steps 

since to a large degree it depends on interpretation of 

trends in the data which can possibly vary from one 

investigator to another. In the development of the torque 

relationship finally used here, speed was considered to be 

:the common variable and hence the variable which had to 

be determined first. Although not present in every torque 

speed plot, there was a definite trend for the curve to 

rise rapidly, level off, and then continue rising again so 

as to form a type of dip in the 15,000 to 30,000 rpm 

range. To account for this dip, it was thought necessary 

to use two speed terms. The first speed term was raised 

to a fractional power to account for the initial rise in 

the curve. The second term was raised to a power greater 

than unity to represent the secondary rise in the torque 

plot. The terms finally arrived at, N1/ 4 and N2, were the 

result of considerable trial and error experimentation with 

combinations of exponents. 

The next most com~on factor in the experimental results 

was the bearing loading. This was divided into radial load 

and axial load. At this point, the general solution WDS 

felt to take the form: 

T = Nl/4 [f1(dm) + f 2(dm,R) + f 3(dm,Ail 

+ N2 ~4(dm) + fS(dm,R) + f6(dm,A)1 

where: T = running torque 

dm = mean diameter 

R = radial load 

A = axial load 

f. = arbitrary function 
t 
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It was possible to partially isolate the radial load 

effects by starting with the zero axial load condition 

which was assumed to cause the terms with axial load 

drop out of the equation. Isolation of the radial load 

effect resulted in the following terms: 

f 2(dm,R) = <-1.33+0.03R-6.7xlO·SR2)(746-3906dm+S482d;) 

and 'fS(dm,R) = C-J.33+0.03R-6.7xlO·SR2)(IS.J4-109dm+170d;> 

These two terms were slightly more complex than originally 

anticipated. 

The next step was to add in the effect of axial load. 

This was simplified slightly since the effect of radial 

load was already partially established. The axial load 

was found to add the fol1owing terms: 

f 3(dm,A) = (-167 + 1072dm)(0.025A - O.00005A2 ) 

and f 6(dm,A) = (-0.17 '+ 2.68dm)(0.025A - O.00005A2) 

Again, the resulting expressions were more complex than 

anticipated in the general formula. The additional 

complexity is attributed to the interaction between radial 

load or axial load and bearing size. 

Combining the radi~l and axial load terms and adding 

a size term, the final expression became: 

T = N1/ 4 [(4569 - 28030d + 45327d2 ) rn nn 
+ (-1.33 + O.03R - 6.7xlO-5R2)(746 - 3906d + 5482d2) nn rn 

+ (-167 + 1072dm)(O.025A - O.00005A2)] 

+ N2 [(-27 + 201d -313d2 ) m m 

+ (-1.33 + O.03R - 6.7xl0-SK2)(18.14 - 109d + 170dm
2) m 

+ (-0.17 + 2.68dm)(0.0?5A - 0.00005A2 >]X10- 6 
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When an empirical expression is developed in this 

manner it is difficult to justify all of the terms in 

purely analytical arguments. Nevertheless, some explanation 

should be offered whenever possible. 

By noting the trends in the experimental data, the 

plateau in the curve in the mid-speed range shou1d be 

apparent in most cases. It is thought that the initial 

rapid rise of the torque is attributable to the balls 

ploughing through the lubricant which tends to remain in 

the bearing races. However, after the bearing attains 

sufficient speed, the restoring forces acting on the 

lubricant are not sufficient to permit it to flow back 

into its original place in the bearing race before the 

next bal1 passes this point in the race. Thus, rapid 

ball rr~vement prevents the lubricant from collecting in 

the races and also causes the lubricant to be splashed 

-against the dust shie1ds. From this point on,- the 

primary contribution to the total running torque is 

probably due to viscoelastic forces, microslip, gyroscopic 

spinning, windage, and other purely frictional forces. 

The behavior of original run bearings as compared to re-run 

bearings lends some credence to this theory. The original 

run bear~ngs in general have a more pronounced initial 

hump in the torque curve. This could be associated with 

the fresh lubricant being concentrated in the benring 

races. The re-run bearings h~ve already had the lubricant 
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forced out of the races during the original run and 

possibly splashed up on the dust shields thereby 

accounting for less lubricant being accumulated in the 

races. Less oil accumulation in the races could account 

for lower plough~ng forces in the lower speed ranges and 

hence a lower and less pronounced torque hump_ 

In relating these physical theories to the empirical 

expression for torque, the N1/ 4 term represents the 

lubricant buildup in the races and is predominunt below 

20,000 rpm. likewise, the N2 term represents the purely 

frictional forces and drag terms. This speed term becomes 

dominant above 20,000 rpm. 

Comparisons are made between empirically calculated 

running torques and experimental running torques in Figures 

18 through 53. Those comparisons for R-2 size bearings are 

made in Figures 18 through 29. By looking through these 

plots, it can be seen that the empirical values correspond 

closely to the average experimental values. In fact, the 

empirical curve falls well within the range of the sample 

stDndard deviations in most cases. However, there is a 

tendency for the analytical curve to predict slightly 

higher running torques than evidenced by the experimental 

data up to approximately 8000 rpm. Some of this error 

is attributed to the compromises necessary to allow the 

curve to fit better elsewhere and with other size bearings. 

Similar comparisons for R-3 bearings are shown in 
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Figures 30 through 41. For this size bearing, the empirical 

predictions compare quite favorably with the experimental 

results. The empirical values occasionally differ from the 

experimental values;howeve~ these differences seem to occur 

in a random fashion and are small in magnitude. The random 

variations are acceptable. 

'The comparative data for the R-4 bearings is shown in 

Figures 42 through 53. The empirical and experimental results 

differ more for R-4 bearings than either of the other two 

sizes. It should be noted, however, that the sample standard 

deviations are larger for the R-4 bearings than for R-2 and 

R-3 bearings and that the empirical torques generally fall 

within the envelope of the sample standard deviations. 

Most of the differences encountered seem to be in the mid 

speed range where the empirical values are consistently 

low. The differences in this region should be attributed 

to efforts to make the empirical expression agree with data 

in the high and low speed ronges as well as other sizes of 

bearings. In examining the relatively large sample stondard 

deviations, bearing contamination might be considered. The 

same cleaning nnd lubricating procedures were used for all 

three size be~rings. If there was some possibility of 

contamination occurring, it should have occurred with all 

three sizes and the sm~11er bearings should have been 

affected most. Th is vIas not the case as may be seen by 

the experimental results. 

From the comparisons of torque vnlues for all three 
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sizes of bearings, the empirical and experimental results 

appear to be ~n good agreement. In most cases# any 

differences between the two values of running torque seem 

to be essentially random in nature. This would seem to 

imply.~hat any differences observed would be due to 

statistical variation of individual samples rather than a 

problem with the empirical equation developed here. 

In summary, an analytical approach to predicting the 

running torque was attempted and it was determined that 

it was not possible to develop an analytical formula because 

of the random variables introduced by manufacturing methods 

and tolerances. Since there was a wealth of experimental data 

obtained in tests on R-,2, R-3, and R-4 bearings with several 

different load confi9ur~tions, it was decided to develop 

an empirical expression to represent the running torque 

within the limits of size, speed, and load of the experimental 

data. The resulting expression is shown elsewhere in this 

discussion. The computer was progrummed to calculate an 

empirical value at each speed where there was a known 

experimental value. A comparison of the empirical and 

expor i menta J va 1 ues was made to sho\v the va 1 i d i ty of the 

empirical expression •. This completed the objective set 

forth at the beginning of the investigation of developing 

a suitable design expression for predicting the running 

torque of instrument ball bearings at least within specific 

limits of size, load, and speed. 



VI. CONCLUSIONS 

From the results of the subject investigation, 

the following conclusions can be drawn: 

1. There is sufficient uniformity of behavior of ball 

bearings to permit an empirical expression to describe 

this torque versus speed characteristic. 

2. The empirical equation developed in this investigation 

accurately represents the torque versus speed behavior 

of ball bearings ranging in size from 1/8 inch bore to 

1/4 inch bore loaded with radial loads between 50 and 

200 grams and axial loads between 0 and 200 grams and 

all combinations t~ereof over a speed range of 1000 

to 40,000 rpm, at ambient temperatures. 

3. Manufacturing methods and production tolerances of 

instrument ball bearings are not accurate enough at 

this time to permit the development of an analytical 

expression to predict the running torque of these 

bearings. In addition there is little known about 

the interaction and relative magnitudes of the 

friction inducing components. 
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VII. RECOMMENDATIONS 

I. It is recommended that larger values of radial load 

and axial load be applied during testing in an effort 

to extend the useful range of the expression developed 

. " herein. 

2. rt is recommended that a test device be constructed and 

operated to obtain data with no radial load on the test 

bearing to provide data which was previously lacking 

in this area. 

149 



VII. BIBLIOGRAPHY 

1. Harris, Tedric A., Rolling Bearing Analysis, John 

Wiley and Sons, Inc., New York, 1966. 

2. Timoshenko, S., Strength of Materials, Part 11, D. Van 

Nostrand Company, Inc., Princeton, New Jersey, 1956. 

3. Mabie, Hamilton H., "The Effect of Dry and Fluid 

Lubrication on Instrument Ball Bearing Torques at 

High Speeds lt , Lubrication Engineering, June, 1965 

4. Hersey, Mayo Dyer, Theory and Research in Lubrication, 

John Wiley and Sons, Inc., New York, 1966. 

5. Clarke, George E., liThe Measurement of the Running 

Torque of Oil and Grease Lubricated Instrument Ball 

Bearings Under Combined Radial and Axial Loads", 

V.P.I. Master's Thesis, November, 1966. 

6. Palmgren, Arvid, Ball and Roller Bearing Engineering, 

Third Edition, S.H. Burbank and Co., Philadelphia, 1959. 

7. Kragelskii, I.V., Friction and Wear, Butterworths, 

Washington, 1965. 

8. Wilcock, D.F., and Booser, E.R., Bearing Design and 

Application, McGraw-Hill Book Company, Inc., New 

York, 1957. 

9. Styri, Haakon, "Friction Torque in Ball and Roller 

Bearings", Mechanical Engineering, Vol. 62, P9 886, 

1940. 

150 



151 

10. Moore, C.C., and Jones, F.C., "Operating Characteristics 

of High Speed Ball Bearings at High Oil Flow Rates", 

ASHE paper 55 LUB 10, 1955. 

11. Graneek, M., and Wunsch, H.L., "Testing the Performance 

of Precisiort Ball Bearings lt , The Engineer, Vol. 198, 

pp. 732-34, 1954. 

12. Edwards, E.G., "Development of a Pneumatic Sensor 

for Measuring the Torque of Instrument Ball Bearings·!, 

V.P.I. Master1s Thesis, May, 1968. 

13. Hoel, P.G., Introduction to Mathematical Statistics, 

John Wiley and Sons, New York, 1951. 



152 

Bibliography Not Cited 

1. Barnard, T.P., and R.S. Guyette" "Determination and 

Correlation of Fundamental Instrument Bearing Parameters", 

lubrication Engineering, Vol. 16, No.2, pp. 61-68, 

Feb., 1960. 

2. Bro\-Jn, R.D., R.A. Burton, and P.M. Ku, "Long Duration 

lubrication Studies in Simulated Space Vacuumtl , 

Proceedings of the USAF-SwRI Aerospace Bearing 

Conference, March 25-27, 1964. 

3. Eastman, E.C., IITorque Measurement Simply and CheaplyU, 

SAE Paper 458 E for meeting Jan. 8-12, 1962. 

4. Eckman, D.P., Industrial Instrumentation, John Hiley 

and Sons, Inc., New York, 1950. 

5. Emmerling, A.A., "Torque Heasuremcnt Transducer 

Systemtl , Electric~l Engineering, Vol. 35, No. 10 

pp. 621-625. 

6. Ettelman, D., and H. Hoberman, ItTorquemeters", .Machine 

Desi~, Vol. 35, No.5, pp. 134-139, Feb. 28, 1963. 

7. Frocht, H.M., Photoelasticitt, John Wiley and Sons, Inc., 

New York, 1962. 

8. Lockery, H.E., "Applying Strain Gage Torque 

Transducers tt , I SA Journ<11., Va 1. 8, No.3, pp.' 64 ... 67 , 

March, 1961. 

9. Lockery, H.E., HTheory and Application of Strain Gage 

Measuring Oevices ll , ASI,1E Paper 59"'A 314, for meeting 

Nov. 29-Dec. 4, 1959. 



153 

10. atprecision Torque Tester Jl , Electromechanical 

Components and Systems Design, Vol. 4, No.5, 

pp. 32-34, May 1960. 

11. Popov, E.P., Mechanics of Materials, Prentice Hall, 

Inc., Englewood Cliffs, New Jersey, 1959. 

12. Semat, H. and R. Katz, Physics, Vol. 2, Rinehart and 

Co., Inc., New York, 1958. 

13. Thomson, W.T., Mechanical Vibrations, Prentice Hall, 

Inc., Englewood Cliffs, New Jersey, 1964. 



x. VITA 

The author was born in vlashington, D.C. on December 

15, 1942. He dttended Parochial primary school and 

Arlington County Public Schools for his secondary education, 

graduating from Wakefield High School in June, 1960. 

He entered Virginia Polytechnic Institute in September 

of 1960 as a civilian student on a partial academic 

scholarship. While working toward the Bachelor of Science 

Degree in Mechanical Engineering, he was employed by NASA 

in Greenbelt, Maryland, during the three sUrP.mer vacations. 

He is a member of Pi Tau Sigma, Tau Beta Pi, and Phi Kappa 

Phi honorary fraternities. He was also an officer of 

Omicron Delta Kappa leadership fr~ternity and chairman of 

the student section of ASHE. In his senior year he was a 

member of the German Club land elected to \'Iho's vlho of 

American Co11eges and Univarsities. He was graduated in 

June, 1964. 

He was married to the former Christine Gray Biren of 

Arlington, Virginia, in Ju~e, 1964. They have one daughter, 

Ch r i 5 t i • 

In July, 1964, he returned to V.P.I. to begin work on 

fulfil1ing the requirements for a Master of Science Degree 

in Nech<)n i cn 1 Eng i neer i ng 'r'Ji th the f i nclnc i a 1 support of a 

NASA FellovJship. \'Iork tov-;'S1rds fulfi i 1 ing the requirements 

for this degre(:! \vas completed in November, 1966. The topic 

15~ 



155 

of his thes is was liThe Meas'urement of the Runn i ng Torque 

of Oil and Grease Lubricated Instrument Ball Bearings Under 

Comb i ne.d Rad i a 1 and Ax i a 1 Loads. It 

Work was begun in November, 1966, on fulfilling the 

requir~ments for the Degree of Doctor of Philosophy in 

Mechanical Engineering. This work was supported by NASA 

until September, 1967. From September, 1967, to September, 

1968, this work was supported by a Ford Motor Company 

Fellowship. 

~?~p;-
George E. Clarke III 



npredictingthe Running Torque of Instrument Ball Bearings 

at High Speed under Combi ned Rad i a 1 and Ax i a 1 Loads lt 

George E. Clarke 

ABSTRACT. 

The purpose of this investigation was to develop an 

expression to represent the torque versus speed behavior 

of instrument ball bearings between 1000 and 40,000 rpm 

with various combinations of radial and axial load ranging 

between 0 and 200 grams. Because of the lack of experimental 

data for instrument bearings over any range of speeds, loads 

and sizes, it was necessary to construct a suitable bearing 

tester and accumulate the required data. The testers used 

were based on previous work by H.H. Mabie at Sandia 

Corporation and G.E. Clarke at v.p.r. The driving source 

was a small air turbine developed by Mabie which performed 

smoothly and reliably between 0 and 50,000 rpm. The torque 

measuring system employed strain gages on a very smD11 beam 

which was used to sense forces on the stationary outer race 

of the bearing while the inner race was driven at speed. 

Each test was conducted from 0 to 40,000 rpm. The radial 

load took on va1ues of 50, lOa, and 200 gr?ms. The axial 

load was 0, 50, 100, and 200 grams. All combinations of 

~hese~loads were used for each size be~ring. The sizes 

tested were R-2, R-3, R-4. Six bearings of each size were 



used with all six bearings of~each size undergoing the same 

test program in order to yield statistically reasonable" 

averages. 

Investigation of analytical methods of predicting 

the running torque indicated that production tolerances 

of ball bearings rendered such an approach impractical. 

This led to the development of an empirical expression 

to predict the running torque within the same range of 

sizes, loads, and speeds for which experimental test data 

was obtained. Such an empirical expression was successfully 

developed and the reSUlting torque predictions compared 

with the experimental values of torque. The empirical 

expression proved capable of predicting the running torques 

within the envelope of the sample standard deviations for 

a given bearing size and loading in most cases. 

During the investigation of supplementary topics, it 

was determined that frictional heating was insignificant 

during the conduct of the torque tests which had a duration 

of approximately two minutes.All tests were at ambient temperature. 

All tests conducted were with oil lubricant and ribbon 

retainer ba1l bearings. There was no evidence that the 

empirical expression for friction torque developed here was 

valid when extrapol~ted beyond the limits of size, load, 

and speed used in its development. 




