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EVALUAT ION

This contractual effort is part of the broad RADC Reliability
Program intended to provide reliability prediction procedures for
military electronic equipment and systems. These prediction procedures
are contained in MIL-HDBK-217B for which RADC is the preparing activity.
The final model developed in this study will replace the present
electric motor reliability models that are now in MIL-HDBK-2178.

’. . ! \ . ’
zca L"h /. 94\&"““-
LESTER J. GUBBINS
Project Engineer
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1.0 INTRODUCTION

This report summarires the resulta of a study directed towards the de-
velopment of a failure rate prediction model for fractional horsepower electric
motors. The objective of the study was to completely revise the information
and failure rate models for fractional horsepower electric motors as used in

electronic equipment currently included in Section 2.8.1 of MIL-HDBK-217B
dated 20 September 1974.

Te acconplish the program objectives, an existing failure data bank
(Reference 1) of over 2000 failures of fractional horsepower motors, was up-
dated and supplemented from a survey of ulectric motor manufacturers, The
major portion of the failure data history was furnighed by the Rotron Manu-
facturing Company. A regressiuon analysis was conducted on all failures
utilizing such variables as motor power, speed, temperature, failure mode,
insulation type and motor type to establish the dominant motor life influencing
parameters and their interrelationships.

Two competing failure modes were found to dominate motor life; 1{.e.,
bearing failures and winding failures. All becrings in the failure bank were
of the greace-packed ball bearing type, Separation of fallure by failure mode
indicated that both fallure modes could be described by a Weibull Commlative
Distribution, A mathematical model for each fa{lure mode with dominant varia-
bles was developed and a competing rick failure model established,

A literature survey of bearing failures and winding failures was con-
ducted to verify failure modes and dupendent failure variables, The follow-
ing sections of this report describe the data failure bank, failure modes,
litevature reviev and developmen: of the mathematica’ pradiction models. Ap-~
pendix A describes the ragression analysis, and Appendix B outlines the
recommanded replacament for Section 2,8.1 of MIL-HDBK-217B,




2,0 SUMMARY

A existing data failure bank consisting of over 2000 actual fractional
horsepower (FHP) mutor failures was upgraded and utilired to develop a failure
model for FHP motors, Motour failures were dominated by two faf{lure modes;

i.vw,, winding failures and bearing faf{lures.

A mathematica! relfability model was developed for each failure mode
utilizing a Weibull cumulative distribution function and regression technique.
Results of a literature survey of both failure modes were used to supplement

failure data where required and verify the daveloped models.

Fallure modes were recombined into a competing risk cumulative distri-

pution model for use in predicting overall motor life and failure rates.
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3.0 DISCUSSION

The development of a '""Reliability Model" for fractionai horsepower
{FHP) motcrz necessitates a well-documented data bank of motor rfailures on
vhich to base failure predictions. To develop such a data bank, 47 manufac-
turers of fractional horsepower motors were contacted for assistance. In
addition, a literature search was conducted through the Engineering Index
(EI) and the National Technical Index Service (NTIS) covering motors, wind-
ings, insulation, bearings and failure tmodes. As a result of these efforts
over 3000 failure histories were collected with 1614 failures suitably
documented for analysis purposes. The major portion of the failurc bank
was furnished by the Rotron Manufacturing Company.

The composition of motor types encompassed by the failure bank covers

power ranges from 15 watts input to 625 watts input, Motor types encompassed:

Synchronous polyphase motors Shaded pole motors

Polyphase induction motors Split phase motors
Capacitor-run motors Capacitor-start motors

All motors analyzed contained grease packed, single and double shielded
ball bearings to Antifriction Pearing Engineers Committee (ABEC) quality 3
and 5. Motor (NEMA) insulaticn classes F and H corresponding to IEEE classes
150°C and 180°C are the only classes used in the failure bank.

Operating psraméters of the motors cover the steady state operating
range from 18°C .» 140°C and thermal cycling from -65°c to 125°c, Operating
speeds varied 1.om 1750 RPM to 23000 RPM covering two input frequencies; i.e.,
60 Hz and 400 Hz, Motor input voltage included 115V, 208V, 230V, 416V and
440v,

Because of the larg- number of variables, all data was stored in a

digital computer with the follewing information available for each test
point:

e kL e
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PF + Failure mode + Ambient temperature

« Time to failure + Bearirg temperature riz=s

« Date of failure + Motor temperature rise

+ Motor type + Motor load

+» Bearing class + Motor frame size

* 3earing lubricant *+ Special construction feature

* Insulation class .

3.1 Data Bank Analysis

The major portion of the failure histories had previously been analyzed

(Reference 1) for failure modes with the following results,

Bearing failures 80.85%
Electrical failures 16,55%
Mechanical failures 2,607

These results clearly indicated that a failure model for electric motors
could be developed utilizing two basic failure modes; 1i.,e., bearing failures !
and winding failur.s. In a normal population of motors, it would be antici-
pated that the dominant failure mode would be the result of bearing failures.
This condition, however, is limited to non-regreaseable ball bearing motors,
As a result of these considerations only bearing and electrical failures were

analyzed from the data bank,

Fallure data are dominantly composed of life test results of individual

test populations. It was found (1) that the most effective way of handling
the data was by means of a Weibull Cumulative Distribution analysis of each
individual test population, The results of this analysis provides a linear
regression best fit Weibull slope (B) and characteristic life (a) for each

test group of motors, Additional regression techniques are applied to deter-
mine the 'nfluence of parameters such as temperature, speed, bearing lubricant,

motor type, etc, on characteristic life,

U e g i - s et e

Since a failure model of bearing failures as well as winding failures is

desirable, it is necessary to separate the two failure modes, Direct separa-
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tion from test groups influences che order ranking of failures inducing errors
in the predictions of Weibull slope and characteristic 1life. A technique for
separating failure modes as proposed by Nelson (2) is tc consider all failures
of one failure mude as suspended (censored) test units when analyzing a

second failure mode, This is accomplished by means of a Welbull Cumulative
Hazard function. Censoring of failures of all other failure modes except the
failure mode of interest was applied to each test group pppulation duving the
data analysis, The reader is referred to Reference 2 for a comprehensive dis-

cussion of censoring and only the definition of the cumulative hazard function
is provided; 1i.,e.

Weibull Cumulative Distribution Function is defined as:

-HP
F(t) =1 - ¢ (1)

Probability Density Function is defined as:
fey = & ey = B g L, - (2)
dt t of e a

Hazard Function (failure rate) is defined as:

h(t‘.) = ._f_(EL ﬂ tp'l

1-F(D) ~ 3
Cumulative Hazard Function is defined as:
t ¢t B
H(t) = f,h(t)dc - & )
0

A further data separation was found desirshle in tabulation of the re-
sults of the analysis; {.e., tabulation of bearing failures by grease type.
Three basic greases were utilized for the majority of the tests. Approxi-
mately 30 additonal grease types were tested in motors, but the majority of the

greases did not have sufficient test points to provide statisticslly signifi-
cant results.
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Tables 1 through 4 summarize the Welbull Characteristic life and slope
for three different zreases and for windings. These tables list some of the
significant test parameters such as temperature and speed, An additional
parameter that requires further definition is indicated in the tables as
quality code, The 0-Code refers to conmercial standards for motor construc-
tion while the 1-Code is of miiitary quality. Although considerably more
information is available for each data point, only the nore significant param-

eters as determined from analysis discussed in Section 3.2.2 are tabulated,

In order to test the data fit to a Weibull distrubition, the correlation
coefficient and an F test was computed for each test population group. Table
5 is = typical output from 45 test ppulations. Since a correlation coefficient
of 1 is perfect correlation of data fit to a straight line, values of 0.9 and
greater indicate a high degree of correlation of fhe data utilizing the Wei-
bull Distribution Function.

The correlation coefficient is not sufficient for testing the '"goodness
of {it" when the sample size is small. As the number of test points is re-
duced, this measure of fit is biased toward an unusually high value. In fact,
(R) is exactly 1 when there are two data points being fit. An unbiased mea-
sure of the fit is provided by the F-test when the sample size is small, The
F -test, which accounts for the number of data points being fit, was used
in measuring the "goodness of fit" when the number of test points was suall,
By inspection the F-test (t-test for this single parameter fit) shown in Table
5 reveals the Weibull function is a highly reliable explainer of the data
contained in forty-five tests shown, Note that the F-value is high (typically
10 or more) for the majority of tests. The significance level of the Weibull
fit exceeds the 95th percentile for most of the data displayed.

The motor failure prediction models finally developed are based on the

summarized data nf Tablee 1 through 4, This data, therefore, was stored in
a digital computer and subjectad to the analyais described in Appendix A and
sumarized in Sectionm 3.2.2 of this report.




TAR_ET L
LIFSE TEST SUMMMAaRY
CGIREMSHED 1

| TERT TEMP BUORE SPEFED NUMBER ©OF QUAL WEIBWL CHARACTER.

: AME  BRGC DIA HNDRS  TESY UNITS CORE  SLOPE LIFE
" C MM RPM TOTL #FAIL  # BETA HOURS
140 182 3.18 205 10 5 1 2.97 204

; 12% 1€3 A1 110 30 13 1 1.72 8261
125 177 3.18 205 2% 18 1 1.71 8735
125 177 3.1 205 4 3 o) 1.83 3656
125 177 318 205 20 14 (o] 3.27 3473
125 167  3.18 205 20 € o] 6.16 3927
125 163 4.76¢ 225 3 2 1 0.85% 4439
125 163 4.76 225 4 4 1 2.20 5001
125 163 4.7¢ 285 5 b 1 5. 71 3661
125 163 4,76 225 4 4 1 4.06 €419
125 190 4.7 210 3 3 t 2.52 2340
125 163  4.76 225 5 5 1 2.18 €057
185 163 4.76 22% 10 10 1 1.46 3562
13% 163 4,7€ 225 5 5 1 2. 26 9033
100 138 4.7¢ 225 S 4 1 1.30 10111

; 12% 167 3.18 205 17 12 1 4,92 6312
185 167 3.18 205 5 5 1 1.67 6800
50 87 3.18 200 7 3 1 7.38 €1380
185 167  3.18 205 12 11 H 4,99 9935

s 24 41 €.35 35 3 3 o) 1.11 308211

: 125 160 6.3% €0 5 5 0 13.43 4501 P

; 125 193 €.3% 117 5 4 o) 2.56 2273

7 135 160  6€.35 €0 5 5 0 3.32 4533

i 185 160  €.35 €0 5 5 0 2.65 5610

i 125 (160 6&.35 €0 4 4 o} 4,62 €558

4 125 160 €.35 60 3 3 0 10.51 6044

§ 125 145 6.35 110 9 9 o} 2.11 4€33

§ 185 145 €.3% 110 5 5 0 2.96 4786

$ 125 165  6€.3%5 55 10 9 1 5.65 3ER7
72 112 6€.35 220 5 3 1 1.63 13533

% 100 110 €.35 103 € € 1 5.33 27191

{ 125 165  €.3% 55 & € 1 2.34 4877
50 €65 6&.35 33 15 8 1 1.96 95907

1 100 120 €.35 35 14 12 1 1.45 40842 o
100 135 3.18 32 30 20 1 3.07 43975 .
100 135 3.1B 32 12 7 1 2.95 38352 :
72 109  4.7¢ P25 € & 1 2.94 42BE2

| 100 137 4.76 225 8 7 1 4.85 11646
125 162 4.76 225 10 10 1 2.90 €273

! 72 105  4.76 31 23 23 1 2.05 24848




ToBLE 1 CONTT

TEST ‘EMP BORE SPEED NUMBER OF GUAL WEIBULL CHARACTER.

AMB BRG OIA HNDRS TEST UNITS CODE SLOPE LIFE
o C MM RPM TOTL #FAIL » BETA HOURS
72 10S 4.76 31 12 11 1 2.25 25136
72 105 4,7T€ 3N € S 1 4.54 29433
72 105 4,76 31 8 8 1 0.80 32359
185 151 3.18 2a% 4 4 1 1.39 4544
100 13S 3.1B 3 12 10 1 2.18 41217
125 162 3.18 200 € 4 1 0.87 7342
50 88 4.76 200 24 4 1 0.70 765796
72 117 3.18 205 4 4 1 8.56 14307
100 135 3.18 a2 12 B8 1 1.€5 4746431
100 i35 3.18 32 15 15 1 1.94 29864
T2 107 3.18 32 12 7 1 2.08 39831




TAaBLE &
LIFE TEST SUMMARY
GREMNSED =

—-...--....._..—.-.-————."-—_—--.——_—...———-—--—_—-——-..--_—-——-—....————.—_—n—————-—-»_-..—

TEST TEMP BORE SPEED NUMBER OF GUAL WEIBULL CHARACTER.

AmB BRG DIA  HNDRS TEST UNITS CODE SLOPE LIFE
C C m RPM TOTL #FAIL » BETA HOURS
125 167 2.18 205 S 5 o 4,81 3341
125 167 3.18 205 5 S 0 B.14 4036
72 110 4.76 a3 5 S 1 1.72 41850
72 92 €.35 35 7 7 V) 0.98 17560
72 114 €.35 112 3 3 0 1.62 275
72 89 €.3% 33 3 3 1 €.00 26750
72 89 6.35 33 3 3 1 3.84 8133
72 9 8.10 a3 5 5 1 5.34 11994 \
72 105 4,76 CH 7 & 1 4.93 29966
) 72 105 4.7€ 31 7 7 1 4.58 36531
‘ 72 105 4.76 31 7 7 1 4.55 37944
: e 100 3.18 105 4 4 1 1.37 22081 !
! 72 110 4.76 33 € 3 o) 1.28 1€938
§ 2 114 3.18 33 5 4 1 2.18 173564
i 72 110 4.76 2a5 4 4 1 2.87 21322
: 72 110 4,76 33 2] 3 Y 1.28 16938
72 2 8.10 33 2] 1) 0 2.45 3936
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ToBLE 3
Y FED TEST SummisaRy

TEST TEMP BURE SPEED NUMBER OF GUAL WEIBULL CHARACTER,

AMB  BRG DIA HNDRS TEST UNITS CODE  SLOPE LIFE

o c MM RPM TOTL #FAIL # BETA HOURS '
125 167 2,18 208 14 9 1 3.63 2352

1288 167  3.1B 205 32 30 o] 2.41 4054

12% 177 3,18 20% a7 28 0 3.41 2854

12% 167 3.18 205 33 26 o] 2.€1 3109

128 177 3.1 208 13 8 0 3.91 22897

125 177 3.18 205 5 3 o] 1.57 784

12% 167 3.1 208 17 2 0 2.81 2799 '
125 167 3.1 205 10 4 0 3.62 4338

125 177 3.1 20& 5 4 1 35.61 1858

125 177 3.18 20% 7 5 1 4,34 2694

125 177 3.18  20% & 4 1 2.49 1687

12% 160 4.76 135 3 3 0 3.85 1440

125 163 4.7¢ 22% 5 5 0 1.26 1588

125 1€3  4.76¢6 22% 5 5 0 4,07 1066

125 163  4.76 22% 8 7 0 1.24 537

125 163 4.76¢ 228% 3 3 0 1.17 872

125 188 4,76 110 6 [ 0 1.79 3740

12% 163 4.7¢6 22% 4 4 0 3.60 1081

125 163  4.76 225 5 5 1 3.51 2647

125 163  4.76 235 4 4 0 0.76 BE.1

125 163 4a.7¢ 229 5 = o] 1.26 1588 .
125 163 4,76 225 S s 0 4.07 10€6

125 163 4.76 225 7 € 0 0.93 918 ‘
72 182 4,76 1€5 4 4 1 0.84 3237 ;
185 163 4.7¢ 22% 4 4 0 5.80 676 i
110 148 4,76 33 3 3 0 9,02 8669 :
125 150 6€.35 110 4 4 0 1.46 380 ;
185 160 £.35 €0 4 4 0 1.97 4345 ;
125 214 6.35 100 5 5 0 2.26 618 {
135 170 &.35 55 5 5 0 3.21 1130 i
135 170 6.35 &5 5 5 0 4.19 1530

125 214 .35 100 5 5 0 2.90 591 :
135 201 €.3% 55 s S 0 3.24 1611 |
185 214 €.3% 100 3 3 0 2.37 1170 !
138 203 6.3% “0 5 5 0 3.91 1868

125 185 €.35 a5 € € 0 3.0% 4006

125 145 6,35 5 € € (o] 3.32 2681

125 160 €.35 €0 7 7 0 4.54 853

125 193 €.3%5 118 3 3 M) 4,48 18€

125 193 €.35 118 3 3 0 1.23 1371
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TEST TEMP BORE SPEED NUMBER UOF QGQUAL WEIBWL CHARACTER.

AMB BRG  DIA HNDRS TEST UINITS CODE SLOPE ILIFE
C c M RPM TOTL #FAIL » BETA HOURS
2 140 €. 3% 100 7 7 0o 3.01 301
129 160 €. 2t 80 & 2 & 1.99 146
125 214 €.3% 100 3 3 0 .73 584
12 14 6.35% 100 5 5 0 1.69 396
125 160 €.3% €0 f 4 0 2.9 1585
130 165 6. 35 &0 15 14 0 4.3 9%
izs 160 €.35 €0 a 3 o) 1.14 6663
25 160 6. 3% &0 ) 5 o) 1.99 5456
129 160 6€.35 &0 S 5 0 2.064 41585
129 160 €.35 &0 15 is 1 2.98 1417
25 178 3.18 205 3 3 o) 1.08 1431
izs 200 3.18 210 3 3 c 1.01 879
125 200 3.18 210 2 3 o 1.57 831
28 175 3.18 205 5 5 0o 3.68 1746
125 192 3.18 205 ] 3 0 0.73 14448
72 105 4,.7€ A 15 14 1 3.97 18574
72 105 4,76 Ch 18 15 1 2.55 24438
T2 105 4.76 110 23 ) 1 1.8% 10604
140 182 3.1R 205 16 o 1 1.84 855
125 177 3.1 205 7 7 0 1.59 4023
12s 1717 3.1% eas 4 3 4] 1.56 4925
125 163 4,7¢ =<3 32 25 0o 1.55 1883
125 175 3.18 205 B € o 1.32 c474
125 163 4.76 225 12 7 o) 1.96 1038
125 150 4.76 a22% 7 7 0 1.49 3286
125 163 4.7¢ 2% 4 4 0o 3.21 gee
125 163 4. 76 225 1) 5 1 1.3 2127
125 178 3.18 200 S 3 0 1.65 3312

13




TARLE 25
_LIFE TEST SumMmmarRy
WL N T ING FaILURES
TEST TEMP BORE SPEED NUMBER OF GUAL WEIBULL CHARACTER.
AMB BRGC DIA HNDRS TEST UNITS CODE  SLOPE LIFE
C C MM RPM TOTL #FAIL # BETA HOURS '
125 177 3.1 205 4 4 1 1.47 452
140 182 3,18 0% 17 16 1 0.38 1348
140 12 3,18 205 12 11 1 0.74 726
125 177 3.1 205 7 € 1 2.65% 4569
125 177  3.1B 205 'S 5 1 1.36 4359
140 192 3.1B 205 € 6 1 .30 2689
140 182 3.18 205 10 5 1 2.41 2516
135 €3 3.18 110 30 17 1 1.35 8124
185 177  3.1B 208 25 7 1 1.62 15373
125 167 3.18 205 29 29 1 2.51 14527
12> 1€7 3.18 205 14 5 1 4,09 9568
185 167 318 205 A3 3 o) 4.45 2306
125 167 3.1B 205 5 4 o) 1.09 182
12 167 3.18 205 13 3 o] 0.77 4702
125 167 3.18 205 17 7 o) 0.75 2742
125 167 3,'8 20% 10 & o) 1.02 4073
185 177 3.18 205 20 € o} 3.63 4720
125 167 2318 2085 20 10 o) 3.77 4531
125 167 318 205 5 3 o) .29 6545
125 17 3,18 205 € ¢ 1 1.91 7429
140 1v4 3.18 110 12 10 1 3.13 a11 4
140 T4  3.1B 110 14 14 1 3.97 403
125 157 3,18 205 17 5 1 4,11 7930
125 157  2LIR 205 30 16 1 1.82 11270
S0 B7 3.iB 200 B 3 1 0.49 250883
4 66 3.18 205 15 '\ 1 0.51 716959
SO 92 3.1B 205 15 4 1 1.04 €0025
100 138 3.18 32 30 1C 1 1.14 20023
240 155 3,18 185 5 5 1 1B.2¢ 113
125 170 3,18 115 10 3 1 3.22 1890
15 170 3,18 11% 12 12 1 1.07 168
152 180  3.12 145 € € 1 3.28% 1532
140 168 3.i1B 145 11 10 1 3.70 8397
140 182 3.18 205 16 9 1 1.91 1476 i
125 163  4.76 285 33 4 o) 0.€8 15334
50 87 3.18 200 24 4 1 0.50 999999
125 163 4,76 225 5 [ 0 4,13 564
- 14
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NUMBER OF QUAsL WEIBWLL CHAR. CORR F TEST

TEST INITS CODE SLOPE LIFE COEF VALUE

TOTL. WFAIL e BETA HOURS » Ld
14 3 1 3.63 9352 983 204.1
a2 30 0 .41 4054 .954 2B6.3
a7 or 0 3.41 2854 370 423.0
33 &6 4 a2.€1 3109 903 10€.7
13 8 0 3.9 2297 - 72 102.9
5 3 0 1.57 784 . 956 10.7
17 g 0 2. 81 2739 « 949 55.¢2
10 4 0 3.62 4338 . 339 91.6
=) 4 1 as. 61 1858 .01 8.6
7 5 1 #, 36 €94 . 349 ar.6e
6 4 1 2.49 1687 . B84 7.2
2 3 0 3.8% 1440 » 30R 4.7
) 5 0 1.26 1588 « 340 23.0
5 5 0 4,07 1066 « R 14.1
8 7 0 1.24 537 .76 103. 5
3 3 0 1.17 87ra « IS 118.1
) & 0 1.79 3740 . 669 3.2
4 4 0 3.80 1081 .937 14.6
5 S 1 3.81 2647 « 965 40.9
4 H 0o 0.76 881 . B67 €.0
5 2 0 1.26 1588 « 940 23.0
S S o) 4.07 1066 . 908 14,1
7 & 0 Q.93 918 .B13 7.8
4 4 1 0.84 3237 <975 39.5
4 4 o) 5.80 €76 - B9 7.7
3 3 0 9.02 8669 « 999 s32.1
4 4 0 1.4€ 380 .82%5 4.2
4 4 0 1.97 4345 997 3€S. 3
5 S 0 2.26 é18 . 982 84.8
5 5 0 3.a1 1120 . BO2 5.4
S 5 o) 4.19 15320 « 904 13. 4
S 5 0 2.90 5N . 882 10.5
S S o 3.24 1611 « 966 42,5
3 3 0 .37 1170 .953 2.9
S5 5 0 3.:N 1868 . 968 45,6
€& 6 0 3.0% H006 . 957 43.7
) ) ) 3.3 2681 «919 2.0
7 7 0] 4.54 883 . 955 sa.2
3 3 o 4.48 186 . 987 3B.4
3 3 0 1.23 1371 927 6.1
7 7 0 3.0% 01 .99 29%2. 3
) 5 0 1.99 146 «'949 ar.6
3 3 o a.73 584 « 970 16.4
=) S o) 1.€9 39 « 949 e7.3
o 4 @) a2.91 1588 « IS 17.0
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32,2 Bearing Reliability Model

As previously diascussed, the reliability model to te developed for
FHP motors is dominated by two failure modes -~ bearings and windings. Wei-
bull characteristic life and slope at 4ifferent operating temperaturce and
conditions were calculated for each failure mode., The approach followed was
to develop a mathematical model of the influence un life of parameters such
as temperature, speed, motor type, etc, for each tailure mode. An expression
ocould then be developed to re-combine both failure modes into a single metor
failure model. The following section discusses the development of a failure
model for tne motor bearing, commencing with a literature review, developing
the model parameters of concern and summarizing the bearing data analysis

conducted.
3.2.1 Literature Review of Bearings

In order to assist in the data analysis, a8 literature review of grease
lubricated bearings was conducted. The purpose of such a review was to
insure that all of the significant bearing parameters that might influence
bearing life were encompassed in the bearing model, Furthermore, since all
motor failure data was run under light bearing lcad conditions, it was de-
sirable to obtain trends from literatu:a of load influences on bearing life,
Literature was also reviewed to obtain experience in the operation of grease
bearings at low temperature since data bank data in that range is somewhat
limited,

3.2,1.1 Load Influences on Bearing Life

It is commonly accepted that a lubricant film must be developed between
rolling elements of a bearing in order to insure long-life operation. This
film is tarmed an elastohydrodynamic lubrication (EHL) film for rolling ele-
ment bearings.

A generalized elastohydrodynamic theory for film clesrance in rolling
contact bearings is attributed to Dowsom (22), He expresses film thickness H
as:

16
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(5)
wo-13

-

He=

Each of the terms in Equation (5) are described by additional equations
which are not described in this discussion since the interest is {n load W,
A number of sources of the EHL film prediction analysis are available, This
exprassion, hovever, was selectad since it clearly {llustrates the influence
of load W on film thickness. The_reciprocal of load is raised to the 0,13
power compared to the other terms in the equation, Since lubricated related
surface distress is associated with operation in the absence of an EHL film,
ball bearing life in terms of surface distress is a finction of film thicimess.
Loss of grease film in a bearing due to load would lead directly to reduced
life. Equation (5) suggests th;t bearing load will not significantly in-
fluence film thicknecs unti% loads apprcaching the maximum copability of the
bearing are approached, )

Experiments conducted by Poon (3) indicate that grease film thicknesses
after run-in are generally less than oil films, These experiments do verify
however, the existence of a grease film in the contact region, The develop-
ment of such a film is unabubtcdly a hydrodynamic type of action., Therefcore,
it is anticipated that the influence of load on film for grease lubrication is
similar to that given in Equation (5) where speed contained in the (U) term
is an important parameter since it is raised to the 0.7 power. In practice,
Scarlett (4) indicates few grease lubricated bearings operate at loadings
that are crivical and load can generally be ignored., It is stated however,
at higher speeds grease does not act as a good coolant and load influences
become important. Therefore, heat generated at higher speeds is important in
reducing lubricant viscosity (uo). New Departure (5) provides a nomograph
that relates the 1ife reduction due to load on grease lubricated bearings.

The nomograph was reduced to equati:1 form for deep groove bearings utilized
in fractional horsepower motors where the inner race rotates, as follows:

17




Life multiplier 1= 1 - -5-‘ '6?vw,
o 33| W 6)

vhere: N = RPM
W =  Applied load (ibs)
SP = Specific dynamic capacity at 33-1/3 RPM (lbs)

To obtain an insight into the influence of load from this equation, consider
a typical FHP motor bearing, i.e.: 9 mm bore. The specific dynamic catalog
capacity of this bearing is, SP = 485 lbs, Except for gear or belt drive
motor applications, the typical bearing load is in the range of 2 pounds.
From Equation (6):

69
N P72
M=1- 1933 } %85

The normal speed range for a FHP motor is 900 RPM to 20,000 RPM maximum,
The life multiplier ranges from M = ,996 to .966.

The correction to life over the operating range is less than four percent
and could be ignored. If however the bLearing is loaded to 50 percent of
specific load, life is reduced 51 percent at 900 rpm and approaches zero at
2500 rpm, Therefore, high loads introduce significant reductions in bearing
14 fe,

In order to check the accuracy of this load factor, a comparison was
mads with the following data taken from Reference 6:

Bearing 204 (20 mm bore)
Speed 10,000 RPM

Amb 232°C

Axial Load Life Predicted Life
40 1bs, 1000 hrs, 1000 hrs,
230 1bs. 100 hrs. 293 hrs.

330 1bs. 10 hrs. 10 hrs.

18
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' The prediction of life assumed 1000 hours life at 40 1bs. load and predicted the

! reduction in life at 230 and 330 1bs. The correlation of 1ife reduction with
load checks quite well with Reference (6). Other direct correlations of load
influences on life at constant temperature and speed were not found and
therefore Equation (6) was selected as a suitable expression to relate load

influences on life.

Reference (1) developed a relationship of the influence of temperature

of the bearing on life in the form:

Log life u ,ér+ B (7

where: A and B are constants

[ = Bearing absolute tcmperature

It is desirable to describe the influence of load on life in logarithmic form
to provide compatibility with Equation (7). A close approximation of Equation
(6) in log form is:

W
- 001N % = Log M (8)

J

i ¢ 1.5

The generalized life formula of Equation (7) would thus be modified by
Equation (8) i.e,:
" o L5 9

L

Log life =

e

A
T

3.2.1,2 Low Temperature Influences on Bearing Life

T

As the operating ambiant temperature of a bearing is decreased, eventually
a temperature must be attained where the lubricant can no longer perform its

function bacause it approaches a solid state, It would be anticipated that the

e

lubrication mechanism does not cease ot ar. aexact temperature but is subject to

N i

a transition range where ilubrication becomes marginal. Following this assump-

tion, a temperature must exist where the 1ifé of the bearing no longer in-

19
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!’F creases but begins to decrease with decreasing temperature. The literature

/review provided no available data of grease lubricated bearing life at low

temperature. Low temperature testing by Crisp and Wells (7) resulted in

occasional damage in the bearing after short periods of operation at ambients

in the range of -38°, They concluded that damage noted in the sliding regioms

of the bearing was indicative of marginal lubrication; however, there was no
indication of the anticipated 1ife. Other investigators §8,9) have\begn con=- ’
cerned with bearing torque at low temperatures. In all torque measurement

tests of greases at low temperature, a temperature is reached where torque
increases rapidly with decreasing temperature, If Crisp (7) is correct that

the increasing torque level may be associated in part with marginal lubrication.
then the transition temperature to high torque operation may be indicative of
reduced lubrication and bearing life. At very low bearing speeds increasing
torque appears to be a function of lubricant properties (9) and lubricant

shear resistance. As speeds are increased, the onset temperature of increas-
ing torque increases (7) and at DN vaiues of 7000 a transition temperature of

sx 16°C outer race temperature was measured., If this is due in part to marginal
lubrication, then one might expect bearing life of FHP motors to begin to fall

off at bearing temperatures in the range of 16°C. Since literature concerned

with life at low temperature cf grease packed bearings is sc limited, consider-

able conjecture is associated with estimating the lower temperature bound of
Equation (7). Although actual life test data from the data bank is used to es-
tablish the useful range of Equatiom (7), it is desirable to verify these
trends from available literature. The trends worthy of note from this review
are that reduction in bearing life with temperature may occur at rather high
ambient temperatures, and the transition point is a function of bearing speed
and lubricant characteristics. The reader is referred to Section 3.2.2.4 for
a discussion of experimental results regarding low temperature life of bear-
ings.

{
3
1
!

3.2,2 Development or Bearing Life Prediction Model

The bearing life prediction model was developed from the data tabulated
in Tables 1 through 3 utilizing a multivariable regression analysis computer
program, This program and its capabilities is described in Appendix A,
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Reference 1 established bearing grease life as strongly influenced by
temperature in the form of Equation (7):

Log life = -'?T- -B %))

This equation linearizes the relationship between life and temperature per~
mitting the use of linear regression féchniques to establish the coefficients
A and B, To illustrate the relationship of Equation (7), Figure 1 is a plot
of the log of characteristic 1life of all data from the data bank including

PN

the data of Tables 1 through 3 as a function of the reciprocal of temperature.
Without introducing any additional variables, the strong dependency of life

on temperature is apparent. A linear regression of this data results in a
solution of Equation (7) as :

- 1.908 (10)

o 2342
Log lifeB T

where: Life = Weibull characteristic life (aB) in hours
N \ ]
{ T = Absolute temperature °x

This equation explains 54 percent of the data scatter of Figure 1. A further
reduction in scatter can be effected by including additional variables that
influence life. This implies that the coefficient I of Equation (7) is com-
posed of a number of additional variables.

The variables entered into regressicn included:

Bearing operating temperature Quality code and grease type :
Bearing speed Winding temperature rise
E Bearing size , Motor voltage ;

Number of motor poles Motor winding size

Tha standard F-test was used to determine the significance of correlation
between the observed cest failure lives and the various operating parameters
listed. The dependent varishles on bearing life were:
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Bearing temperature
Bearing size (bore diameter in mm) times speed
Quality code

Grease type

In separating grease type in the regression analysis, it was ¢ -erved
that the slope coefficient A of Equation (7) varied for each grease ranging
from 1730 to 2441. Although one might anticipate that different greases might
have a different slope of life versus temperacure, the distribution of fail-
ures over the temperature range for twe greases was skewed, This tended to
reduce the reliability of the slope prediction for individual greese. As a
rest' t, the slope for all greases was maintained at 2342 from Equation (10)
and the influence of quality code, speed, and grease type was evaluated,

Using Equation (4) for illustrative purposes, the equation is rewritten

in the followiug form to obtain the influence of quality code:

qual code: 0!

2362 _[*1
3 - See——————— i 11)
Log LifeB 'I‘B X, qual code: 1 (

R L T AUV VP RPINDIWITELS o NS

The mean and standard deviation of x_, and xq values are calculated, These

1 2 :
! corrections are then transposed to the left-hand side and the influence of ' -

; speed determined in the same manner; 1{i.e.

x
1
. 2342 _
Log 11feB - x4 DN + X4 (12
B Xy _

A regression is run on this equation to detarmine the coefficients x, and

Xy These coefficients are chen transposed to the left side of the equation
4 and the {nfluence of sach grease obtained: !

X i
2362 [ * l
Log lifey, - T - = Xy DN -~ x, o x, (13)
X
2« x7

As the coefficiants are determined, the predictive equations can be rewrittem:
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1.91 (10)

Log lifeB - -

B
Log lifeB - ;%&Z - 1.91 + q q = quality code (14)

B
Log lifeB - %%&3 - 1,91 + q - eDN e ™ constanc (15

B

2342
Log life = =—= - eDN + q - k K = grease constant (16)
B Ty g g
The data was tested against each of these equations and percentage of actusal ’ 4

lives falling withi- one standard deviation were calculated, A standard
deviation in log form of .35 for the intercept coefficient B of Equation (7)

wvas used. Table 6 summarizes the equations and data fit,

The general equetion for bearing characteristic life (hrs) may be written

in the form:
Log 11fe. = 2342 4 ¢ - 4.32 N x 10°° - & (17
B 1B g

vhere: q = quality code
comnercial quality q= -,27
Military spec. quality q = +,12
DN = Bearing bore (mm) x speed (rpm)

K = Grease constant per Table 7

e « 4,32 x ].0‘.6 a constant

TABLE 7 \

Granse Constant Kg

Crease K ) )
g

“ !
i 1 1.35
! 2 1.55
K] 1,74

2%
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TABLE 6

Test of Bearing Failure Data

Versus

Predictive Equations for One Standard Deviation*#*

Equation
5%53 - 1.91
B

\
2342 _[2.03 Lagk)
1.64 UQG

2342 _(1.77 LOG) . 4,32 x 10” %D

TB 1.38 UQG
[} \
1.50 GR1
242 | 22T L)~ 432 x 107%N - 1.70 GR2
B \1.89 GR3/

LQG = low quality grade
UQG = upper quality grade

One standard deviation was found to be
.35 on the log life (hrs) scale
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Percent of Data Within
One Standard Deviation

69.85

70.59

74.26

75.00
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The data bank did not contain sufficient bearing load variation to in-
cluda load influences on life predictions. It was necessary to develop a
load-1ife modifier from available information found in literature, As dis-
cussed in Section 1,2,1,1, Equatiors (4) and (5), Equation (17) may be rewritten
to include load effects. .
2342

Log life, = =5 + q - 4.23DN x 10~
B TB

6

r
- Kg - .001“ [

1.5
W
lsp] (18)
The useful temperature range of this equation varies from the maximum
recommended temperature by the grease manufacturer to a temperature in the
range of 15°C. Section 3.2.2.4 should be referred to for development of the

low temperature life characteristics.
3.2,2.1 Bearing Temperature Rise

Equation (18) was developed for predicting life requiring considerable
knovwledge regarding the bearing; i.e. the type of grease, the bearing temper-
ature, bearing size and speed, Since bearing temperature is the dominant life
influence, accurate determination of this temperature is quite important.

Motor bearing temperature is a difficult parameter to ascertain, Wind-
ing temperature rise above ambient temperature is often a good indicator of
bearing temperature. Generally, bearing temperatures (outer race) run 10%
cooler than windings. In some type of motors howaver, the bearings may run
hotter than the winding depending on their cooling and location in the motor,
Table 8 illustrates some typical mesasurements made on a rumter of different
type motors., As noted, hearing temperature rise above ambient ranges from 15°
to 150°C. The distribution of motor vinding temperature rise taken by resist-
ance measurements for a hundred and seventy-five different fan-cooled FHP
motors, ranging from polyphase to capacitor-run and shaded poles is pre-
sented in Figure 2. The mean value for winding rise is 36.4°C. The
mean value for bearing temperature rise would be 26.4°C. The standard devia-
tion is approximately 16%. Therefore, one can anticipate that a 68 per-
cent probability existe that the bearing temperature will fall in the range
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STEP

4, 000
2. 000
12. 000
16. 000
20, 000
24,000
28, 000
2. 000
36. 000
40, 000
P

5a. 000
56. 000
€0. 000
&4, 000
€8. 000
72,000
76. 000
80. 000
84.000
88. 000
92. 000
%'m
00. 000

NORMALIZED DATA HISTOGRAM

X

X

X

EXXXXXXXXXXKX
XAXXXXXXXXXXXXXXLXKXXXAXXXXAXXXX XXX KX KX XX
XXXAXXXXAXEXXXXXXXALXKKXXXXXRXXXX XXX X XXX KKK XX XX
XXXXXXRXAXAXXXXXAXNXXXXAXXXXXRXXX XXX X
XXXXXXXXXXXXXXXXXXXXXXXXXXKXXXXX XXX XXXXXAX XX XXX XXX X
XXXXXAXXXXXXXXXXXXXLXXAXRXLXRXXXX XXX XAXXXXAX XX XXX XX XXX
XXXXXXXXXXXKXAXXXXXXRXXXXXXXXXXXXAL XXX XXX XXX XXX XXX
XXXXXXRXXXXXXXXXXXKXXAXKXXXAXXX XXX XX
XXXXXXXXXXXXAXXXXXXXXXXXX
XXXXXXXXXXAXXAXKXX XL XXX XXX XK XXX

XXXXXXXXXXXXXXX

XXXXXXX

XXXXXXX

XXXXX

XXXXXXNX XXX

XXXXXXX

XX

XX

XX

X

XX

AREA = 175.0 STD DEV = 015.8507 PEAK = 020.

Figure 2

Motor Temperature Rise Distribution
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of 10° to 43°C. Recognizing that there is approximately a 50 paercent reduc-
tion in 1ife for every 10°C rise in temperature, this range is quite broc.d.

The conservative approach when the temperature is not known is to use & bearing
temperature rise of AOOC. This temperature agrees with the data failure_bank
analysis which indicated a mean bearing temperature rise of 37.9°C. 1t must

be recognizec for high slip motors and special application motors this temper-
ature may not be conservative,

TABLE &

. Typical Motor Temperature Rise Data

Winding Bearing
T T

Shaded Pole Motor 57°% 42°C (Full Load)
Capacitor .un Motor 160°c 150°C (Full Load)

{Totally Enclosed

No Cooling Fan) 77°C 66°C (Light Load)
Capacitor Run Motor 95°C 82°C (Full Load

(Vented -- No Cool-

ing Fan)
Hysteresis Motor 70°¢C 46°C (Full Load)

Polyphase (fan cooled) 46°C 23°¢ (Light Load)
Polyphase Motor 74°C 65°C (No Load)

(Totally Enclcosed --

No Cooling)
Inside-Out Polyphase 32°C 50°c

(Fan Cooled)
High Slip Motors 30% 15°C (Low Slip (5%)

(Fan Cooled) s0°c 90C (80% S1ip)
Polyphase Motor ° o

(Fan Cooled) 20°C 15°¢C

3.2.2,2 Ambient Temperature Influances on Bearing Life

It 1s often difficult for the user of FHP motors to obtain informmtion
regarding the bearing temperature rise over ambient temperaturs. It would be
desirable therefore, tc simplify Equation (18) and relate bearing life in
terws of ambient temps.ature. In addition, the improvemunt in fit of data
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within a standard deviation by correcting for speed, quality and grease from
Table 6 was only five parcent, therafore, the simple modal of Equation (10)
is recommended when detailed knowledge of the motor i{s not available.

As a further simplification, in lieu of entering bearing temperature into
regression, motor ambient temperature was utilized since this parameter was
statistically significant, Equation (7) could be rewritten using ambient
temperature as:

2357
Log ltfeB *T

sub

When the data in the data bank was tested against this model, 63.97 of
the data fell within one standard deviationr, This compares with 69,85 percent
using bearing tewperature, Due to the possible error introduced in estimating
bearing temperature, Equation (19) was selected as the general simplified model
for estimating bearing life. Under normal load-speed counditions found in FHP
motors, this equation will yield reasonable estimates oi life. For unusual
load ~apeed on motor designs, the more comprehensive Equation (18) should be
used,

3.2.2.3 Estimating Bearing Sfize and Speed

When utilizing Equation (18) for predicting bearing life, it is often
pcssible to estimate bearing size from the motor input power level. This in-
formation can be utilizud to calculate the DN value of Rquation (18). Table
9 1s a summary of average bearing size after reviewing over two hundred dif-
ferant motors of various horse-power level. Bearing bore diamater i{s tabulated
as a function of motor input power,
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TABL

Bearing Size Vs, Motor lnput Power ¢
é& :
Bearing Bore (@) Power Input . {
(rm) (watts) ‘
_f = 60 Hz f = 400 He

20 250-2500

13 100- 500 200-1000

8 ~ 20~ 200 150- 400

6.35 10- 50 80- 130

4,76 7- 12 60- 90

3.18 5- 8 20- 45

A

Motor speed can be estimated from

120£ '

N(RPM) = P (20)

vhere: f = line fruquency, Hz

s -]

=  pumber of poles

3.2,2,4 Bearing Failure Data Analysis for Low Temperaturc

In order to establish the low temperature characteristics of the bear-
ings, the cyclic tests of Table 10 were utilized to estimate life. Thermal

cycles for all testa were not identical and the duty cycles are summarized
in Table 11,




TABL.EZ 10
BEARING LIFE TEST SUMMARY
CYCL IC TEMPRPEROTURE TESTS

- ..-...—-—-......-......-..—---.......--....--_..-..-.-..-.-—...-..—.————_—-..‘-—————..—--.-————.-..-.---—.

TEGT TEMP BORE SPEED NUMBER (F GUAL WEIBULL CHARACTER.

TYPE DIA HNDRS TEST UNITS CODE  SLOPE LIFE
- MM RPM TOTLL #FAIL L BETA HOURS
AT 3.18 205 40 29 1 2.66 5533
TY 4,76 110 5 S 1 0.71 93a8
Ty 4,76 110 5 5 1 1.285% 10604
AT 4,76 205 S 3 1 0.94 4822
TC 4.76 22% 2] h 1 2. 36 6653
AT 3,18 200 30 3 1 1.37 17094
AT 3.18 200 10 8 1 2.7 13931
TC 6. 35 90 (13 & 1 —~.80 1758
TC €.39 20 4 4 1 2.09 773
TC €.3% 2 3 3 1 6.03 1879 "
TC €.3% 30 3 3 1 2.80 1516 D
AT 6.35 105 5 S 1 1.10 1167 N
AT €. 3% 108 S 5 1 1.16 28BS4 -
AT 6. 35 110 10 10 1 2.89 2738
AT €.35 €0 8 8 1 0.73 1902
TC 8.10 106 3 3 1 2.32 13965
AT 3.18 205 13 4 1 3.28 11966
AT 3.18 205 11 9 1 2.7 19518




_TABLE 11
Thermal Cycling Tests

Duty Cycles
Test Numbey The <
1106 8 hrs. off
4 hrs., at -a2°c to +55° at 3° per min,
656, 622 39 hrs. at -54°C

1384, 1324, 1456
1377, 1374

1492

700 713, 728, 313

1533, 1544

1556, 1517

765

241 hrs. at +93°%C
remaining at +22°C

2 hrs, off
2 hrs, at -55°C to +100°C

150 hre. at +25°C
56 hrs. at -55°C
100 hrs. at +125°C
200 hrs. at +75°C

100 hrs. at +25°C
50 hrs. at -53°C
250 hrs, at +55°C |
100 hrs. at +85°C 1

2 brs, off

1 hr. at «65°C

1.5 hrs. at -85°C to 71°%C
1.5 hrs at 71°

1.5 hrs, off

2.5 hrs, at -55°C

1.5 hrs. at -55°C to +72°C -
1.0 hr. at +72°C

15 hrs, at +72°%C ;
1 hr. at +72° to 23% o
7 hrs. at 23°C g




r\ From the characteristic life of Table 10 and the duty cycles of Table 11,

o the number of thermal cycles prior to failure could be determined. The life
at bearing temperatures of 50°C or greater could be computed using Equation
(18) previously developed. The characteristic 1{fe at low temperature could
then be solved from Equation (21).

f\rs. at Tl hrs, at '1‘2 )
No. of cycles (V) \iifeart, "Ifeatt, W~/ ™1 (21)
TABLE 12
Low Temperature Bearing Life
Test T.(°0) Characteristic
Number B Life (Hrs)

1106 +10 304
656 =21 46
622 -21 50
3 1384 +28.5 2041
1496 =17 1112

1324 +22.5 5432 -
A 1456 +22.5 4203
: 700 =35 382
; 13 -35 80
i 728 -35 406
; 913 -35 323
; 1533 -45 220
1544 «45 635
1556 +10 833
1517 +10 574
765 +20 4628
1377 +28.5 6225
1374 ‘ +28.5 9313

The resulting low temperature characteristic life determined from this
equation is tabulated in Table 12, The points are alsc plotted on log-

33

»




F’F' reciprocal temperature paper in Figure 3, The solid line is a fit of data
| between 10°C and 30°C. The equation of the line is:

Log lifeB - ;ﬂ%ﬁﬁ + 19.7 (22)
B

Considerable scatter in the data exists below 10°C and it was decided
to bound the minimum life at 300 hours. Life at low temperatures therefore,
could be expressed in the form

[1‘-‘17-%9 + 19.7]

Characteristic lif.eB = 10 + 300 hrs. (22)
This equation is shown as the dotted line in Figure 3,

From previous discussions (Section 3,2.1.2) regarding low temperature

" life, it is anticipated that the type grease and speed will have considerable
influence on the prediction model at low temperature. It is suspectad that the
ma jor influence is to shift the solid line of Figure 3 to the left or right and
the slope of the line will not be significantly changed.

Since an expression was derived to predict life of the bearing as a
function of ambient temperature in the higher temperature region, it is de-
sirable to obtain a similar expression for low temperature life as a function
of ambient temperature. Utilizing ambient temperature, the equation derived
for life wvas: '

Log lfey = %‘ﬁg +20 (23)

Setting the lower life bound of 300 hours Equation (23) was modified to:

%&m +2 (24)

.
Lty = 100 *® 4 300 hours :

-~

k
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Combining the low temperature and high temperature models, Figure 3 can
be modified to include the bearing 1ife model over the entire temperature range.

The combined life is illustrated in Figure 4.

It is not expected that the transition of lifa from an increasing to a
decreasing function is as abrupt as tha solid lines in Figure 4. Therefore, the
equations for high temperature life and luw temperature life were combined in the

form of Equation (25} and shown as the solid and dotted lines of Figure 4.

1 1 1 ;

. Tife " Tife (High Temp) * Tife (Low Temp) @5

; \

4 Two models have been developed for predicting bearing life. The more
§ comprehensive, Equation (18), requires considerable knowledge regarding the

i motor. The second, Equation (19), has a prediction estimate accuracy 11 per-
cent lower than Equatien (18); 1its use requires knowledge of the amhient

temperature only, These two equations can be modified to include low temper-
ature influences using Equation (25) with the fcllowving overall bearing model:

1 . - _ 1 +
Life A 1.5
[?Tiﬂ +q - 4,320 x 1078 - x_ - 001N (-i’-—) J .
B g S.Po
10
L
. {-‘-’,—;.15-‘1 ¥ 19.7]
| o B + 300 (26> ‘
* |
R T 1 + 1 _
: 1ife = - 2.537 [‘iggg. + 20] L
X e
10l " 300+ 100 ™ 27

The resulting life is the Weibell characteristic life or 63.2 percentile |
poiat of the distribution, The probability is that 63.2 percent of the popu- -

lation will have failed at this life.
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3.2.2,5 Weaoull Slope for Bearing Life

Equations (26) and (27) predict tie bearing Weibull characteristic life
(unl In order to determine the 1ife at any other pervcentile, it is neces-
sary to establish the Weibull Slope (BB). In reliability prediction for
electronic components, the mean life 15 of interest in order to determine
system failure ratesfor constant failure rate components. Although bearings
are an increasing failure rate component, a reasonable estimate of the mean
11fe is the 50 percentile point of the Weibull distribution. The average
failure rate at this percentile is suggested as a means of comparing bearing
failure rate with constant failure rate components,

In addition to establishing bearing failure rates, it is also desirable
on occasion to determine the 10 percentile point often referred to as the
Blo 11fe in bearing analysis. In order to determine life at any percentile,
Equation (18) or (19) can be modified with knowledge of the Weibull slope
(aB) as follows:

1 1 A
Log 1ife + By Log [1n F( " T + B (28)

vhere E(t) = failure percentile

The distribution and mean of the Weibull slope from Tables 1, 2, and 3
were used to> establish the average slope for use in Equation (28), Figure 5
is a histogram of the distribution of the Weibull slcpe of bearing failures.
The mean of the distriburion is 2,8789 with a standard deviation of 1.99. The
mean value of 2.878 was salected as Weibull slope B for bearing failures.

3.2.2.6 Bearing Life -- Grease Constarnts
In addition to the three basic greagzes, analysis was conducted on 21
wdditional greases to establish the grease constant Ks. The values of grease

constant ranged from 1,37 to 2,35 with a mean value of 1,823, A oumber of these
constants vere developed from a small test population and therefore a question
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arises as to the reliability of the estimates, The population of test units
for three greases was sufficiently large to include reporting the values of

the constants.

The grease constants were developed from Equation (18); i.e.

\
1 1\ . 2342 . ~6
Log life + 7878 log(ln l-F(t)) = TB +q-4,32 DN x 10

W 1.5
- Kg - OOOIN [.s.i]

AT AR UM LS Ce AF s gx ¢ o

The resulting l(8 values for all greases can be summarized as follows:
Grease 0il Thickener Mil Spec, Max, Temp, °c Kl
‘; 1 diester Sodium and solid MIL~-G-3278A 170 1.35
: Lubricant
: 2 diester  Lithium MIL~G-3278A 120 1.55
Z Silicone Lithium . cennn 150 1.74
4 Mineral Sodium MIL-G-18709A 150 1.41
5  Silicone  Lithium MIL~L-15719A 177 1.81
6 Syn. Non-gsoap MIL~G-81322 170 1.74

Hydrocarbon

2.7 szor %y . .ag Reliability Model '

Winding failures ars the second dominant failure mode of FXP motors.
Table 4 summar’ -~« winding failures as a function of temperature. By con-
ducting multi . .able regression amalysis using variables associated with
wvindings, a raliability model was davaluped for prediction of winding 1ife.
The following sections discuss the literature survey conducted on windings as
well as development of the predictive model,

T e e e
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3.3.1 Literature Keview of Electrical Failures

There i{s general agreement between 1n§.ntigltorl of electrical insulation
1ife that chemical changes of the insulation are dominant factors in irsulation
deterioration., It i{s well known that chemical reaction rates vary with the
temperature according to the Arrhenius Equation (29):

1
reaction rate

B/T

Insulation life = = A (29)

or Log life = log A+ %

This is the general form that is used to express insulation life. In review-

ing literature data, life was transpoged into the form of Equation (29).

Most testing done on insulation systems are not conducted directly in the motor
but are run in test units called motorettes. To accelerate insulation degrada-
tion, tests usually include cycles of 100 percent humidity and vibration, Data
presented in Reference 10 indicate that the humidity cycling introduces between
4 and 5 to 1 reduction in life. Beebe (11) suggests that actual winding life
in motors exceedsmotorette life by 4 to 1. This implies that humidity is the
dominant cause of life-reduction in motorette tests. )

Table 13 summarizes the test data and results reported in the literature:

JABLE 1)
era vi o a fl a on Lif
Weibull Insulation Humidity
Log Avg, Life _ Slope __ Class Type Unjt _ Iocluded _ Reference

5%# - 10.7 - B Motorette No 12

11%Q - 10,38 - " Motorette No 12

12%1 - 4,615 . - A Motor No 13
(continued)
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Table 13 (continued from previous page) \
Weibuil Insulation Humidity
Avg, L 8 Class Type Unit _ Included __ Reference
-‘%12- - 6.95 - A Motorette No 13
-1%92 - 8,62 - A Motorette Yes 13
Z%Zi - 11.97 - R Motorette Yes 13
1%”- - 12,2 - H Motorette Yes 13
7-'11‘12 - 10.0 - H Motor Yes 14
Q%!'-L - 11.92 - A Motorette Yes 14
%l - 7.02 - : B Motorette Yes 14
BIL . 503 3.0 A Motor Yes 15
3% . 10.0 1.6 B Motor Yos 1S
lrﬁ-Q - 5.24 - A Motoretts Yes 10
1 . g9 . A Motorette No 16
o AR e - /A Motor Yes 16
' &gj& - 6.06 - A }beo’: Yes 17
-?-‘1’:31 - 4.96 . A Motor Yes 17
liﬁi - 6.17 4.5 A Motorette Yes 19 ‘
-"%ﬁ - 7.398 - A Motoratte Yes 18
(continued)
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Table 13 (continued from previous page)

Weibull Insulation Humidity
log Avg, Life Slope  Clase  Type Unit _ Incluyded _ Reference
2 . 7.415 6.8 A Motorette Yoo 18
/S%Qi - 8,996 - A " Motoratte Yes 11
55,1;.1. -7.21 - B Motorette Yes 11
9%23- - 12,17 - F Motorette Yes 11
“;;% -8.71 - ‘\\ A Motorette Yes 19 |
%‘é - 8.575 - o Motorette Yes 19
;%g; - 8.?9 - A Motor Ne 20 i

A congiderable spread exists in literature regarding the experimental life

of windings. The reported reasons for the variation is due to difficulty in
controlling test cycles such as humidity, variations in the iunsulating materials
testad in each winding class, different voltages applied to windings and varia-
tions in {ntevpretation of failure when a failure occurs.

One further concern noted in the availadble lifis data is the temperature
1ange used to estsblish 1ife characteristics. The NEMA epacified winding ‘ !
clasges A, B, ¥ and H corrvespond in general to IEEE classes 105°C, 130°c, ‘
150°C and 180°C. These temperatures are the recommended oparational limits
for each insulation class to insuvre reasonable lives in the renge of 20,000 to ?1
40,000 hours. In order to accelerate testing, test temperatures are selected : N
above the minimum recommended rated tempsratures. This tends to force the j ‘
failure mode to ome of chemical dagradation of the insulation., At tampera- *; ‘
tures balow the recommended limits, other envirommental and mchanical con- Tl
siderations can influence life. This includes factors such as dirt, oil, e
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chemicals, oxygen and moisture as well as thermal stresses resulting from
thermal cycling. In addition to environmencal factors, the actual quality

in manufacture of production motors, such as nicks in the insulation durivg
winding, or improperly seaced wedges in siots can lead to early failures.
Quality in the very small fractional horsepower motors become even more
important because of physical size, All of these factors tend to induce oc-
casional failures at low tempsratures which would not be predicted by the
Arrhenfus equation. It is anticipated therefore, that data from the failure
bank will contain some early failures and will not be compietely compatible
with literature pradictions.

The following equations for 1ife may be derived for the average slope
and intercept from the pravious literature tabulation of winding life:

Class A (105°C) Log life = 4400/T - 7.49 (30)
Class B (130°C) Log life = 54%0/T - 8.78 (31)
Class F (150°C) Log life = 7000/T - i2.28 (32)
Class K (180°C) Log l1ife = 7800/T - 11.88 (33)

These equations indicate motor insulation life inciuding humidity cycles,
Lives of 3 to 4 times these values can be anticipated when applied to actual
motors, As previously indicated, cther winding failures may be anticipated
in motors due to quality factors and environmental influences. This is
especially true in the case of fractional horsepowar motors since the small
vire sizes can readily be damaged or over stressed duving winding. To verify
this condition, the failure data bank was reviewed for winding failure fﬁr
motors with stator lamination diameterc from 1.5 to 3.0 inches. The data was
reviewed considering tlie number of winding faitures versus the totel number
of failures. (The remaining failures were all bearing failures.) A similar
review was conducted on motors with stator laminations of ona inch diameter. i
Teble 14 summarizas these results. :

A e 9 o 1

For both motor aizes, it is noted that, the failure parcentage of wind-
ings below a winding temperature of 160°%¢ ranges from 3.5 to 11,1 parcent, The
average failure percentage of windings in this range is approximately 8X%,
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This is much higher than predictions from the l{terature would imply for this
Lemperature range due to degradation of insulation.

TABLE 14

MUTOR WINDING FAILURES
(1.5" - 3.0" Stator 0.D.) (Class F & H Insulation)

gtndi.ng Temparature Total Winding Percent
C_(By resistance) Tested Failures Winding Failures
75 K} | 2 6.5 :
114 172 6 3.5
130 137 15 10.3 | (
160 | 208 19 9.13 |
185 163 3 1.84
(1.0" Stacoy 0.D.) (Class H Insulation)
75 27 3 11,1
100 75 5 6.7
122 98 8 8.2
175 372 69 17.6 :

190 10 5 50.0 '

aem o~ a

The seccid point noted from'“ﬁhaee tables is that the smiler motors ;
have higher failure percentages of windings at the higher temparatures, than
the larger motors. In fact, windings become & small percentsge of failures
in the largar motors at high temperature. At these higher temperatures,
bearing 1ife drops significantly; therefore, it is expectad that winding !
failuras would not te too importart. Howaver, in the small motors, the
higher temperatures accelerate winding failure. The l;rger mctors are wound
with magnet wire of 0.005 inches and larger while the small motors use wire
of 0,0035 inches and smaller. Difficulty in maintaining uniform stress dur-
ing winding, the compactness of winding and the small turn radius necescary
for the small wire are considered primary causes for the premature failure at
high temperatura.

In predicting motor life, it sppears that consideration must be given
to motor sizse 28 well as to the random failures encrunterud in the low tempers-
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ture range. During analysis of the failure bank data these two areas were

considered,
3.3.2 Regression Analysis of Winding Failures

Table 14 oullines the results obtained by reviewing the number of wind-
ing failures in overall motor failures. It was pointed out that winding fail-
ures represented between 3.5 and 10 percent of the total fallures at winding
temperatures below 160°C, If we utilize literature predictions for winding
11fe, the resuits lead to lives orders of magnitude greater than bearing life,
This implies that winding faflures would not be encountered in motors using
grhane'pack ball bearings. Table 14, however, does not verify this condition,
Therefore, it is anticipated that these failures are not due an*tiroly to in-

sulation aging and may be more random i{n nziure,

Table 4 is the summary of winding failures from the failure data bank.
Insnrection of the data indicates that the significant portion of failures
occur at ambilent temperatures of 125°C and above. This also follows the
trend of data presented in Table 14 for small diameter (1.0 inch) motors.
Although not indicated in Table 4, all failures at 125°C and above are indeed
small diameter motors, Regression analysis of life versus temperature there-
fora will be dominated by the lower lives at higher temperature. A linear re-
gression was conducted of the data of Table 4 entering the following variables
texparature; number of poles; voltage; speed; winding size; insulation type,
and motor type. The analysis indicated that‘iédﬁurnture and motor quality
rapresented the significant variadles influencing winding life. The results
of the analysis indicated winding life could be expresscd as:

log life -L'&%; - 3.52 : q (34)
> v

vhere q = quality code
commercial qualicy = -,13
Mil-spec. quality = +.13

LY




' In comparing these results with Equations (32) and (33) for Class F and '
H insulation, there is very poor correlction, It would appear that the lower

lives of the small motors dominate the prediction model of FEquation (34).

To determine the influence of the high ambient temperature failures,
winding life of units operating at an ambient temperature below 125°C was
plotted as a function of temperature on Figure 6. Although the regression
line is drawn from only five points it does indicate a temperature slope ap-

proaching that of bearing life, 1i.e.:

Log life (winding) -'%222 - 2,064 (35)

amb

2357

Log 1ife (bearings) = T - 2.534 19
amb

If the lower temperature winding failures are random in nature, {t
would be anticipated that the Weibull slope would be 1. Theretfore, the mean
b‘ and standard devietion of the Weibull slope for all winding failuras as well
as low temperature winding failures was conducted as tabulated in Table 15,

TABLE 15

Winding Failure Weibull Slope

Mean Values

Mean Std, Dev,
§ All Winding Failures 1.961 1.195
; At or Above 125°C Failures 2.329 1.250
Less than 1257°C Pailurex  1.08% 716
(Baaring Failures) (2.878) (1.997)

g

From the Weibull slopes of Table 15, winding failuves below 125°c
ambient hive a mean slope approaching 1 indicating random type failures with
& constant feilure rate. Failures of the 1.0 inch dianeter motors &t 125%
cmbient have a mean Waibull slope of 2.329 indicative of wear out type fail-
ures. The {nfluence cf life 3sn temparaturs of data in the dats bank therefore,

e
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'ﬁ‘ | appears to be influenced by two different failuve modes, Equation (34) there-
fore, does not appear to be a reliable model for predicting tamperature-life
characteristics., The wear out Equation (35) for motors larger than 1 inch
diameier appears to be a more realistic model for winding influences., For ;
these motors, the percentage of winding failures versus bearing failures ‘
appear to be almost constant over the temperature range. If we make the as- ;
sumption that winding failures are a constant percentage of total failures over
the temperature range, Equation (35) can be modified to accommodate this re- :
lationship with the slope of log life versus temperature the same for both
bearings and windings.

N e T s e A2 W T

Figure 7 1llustrates a Weibull plot of bearing life of the equa:ion above

Log 1ife winding = -2%%"3- - 2,064 = 4,357

Characterietic 1ife = 22746 hours

Weibull Slope = 1.0 .

Log 1ife bearings = 3—3—% - 2.534 = 3,785 ;
4

Characteristic life = 6096 hours %

Weibull slope = 2,88 ;

and winding life at a slope of 2.88 and 1.0, respectively. ‘fhe cuives crcss at
the 11 percentile pcint indicating that approximately 1i percent of the failures ' i
will be electrical as a competing risk failure mcdel. This is slightly higher

than the average fsilure percent of 8.0 from Teble i5. The plot dces 1llustrate

X s — o

the method to be used for prudicting winding life. That is, the average 8 per-
cent winding failures is used from Table 15 as typical of the number of winding

iy s g

e W

failures of motors versus bearings. A Weibull slops of 1 is usul for winding 3
failures. The winding 1lifi und besring life at the 8 gerceutile point are

equal; 1i.e.

og life + 3
-

‘ i . L L
\los in z-r(c)} Log 1ifey + B log ln(l % t)] |

1-008

] ! 1 ! . - { 1
Log 11!0' = Log litcn *'2.88 10;\1n J T loekln 1-.08
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Log lifev = Log lifeB + .704

it

Log l1ife = -2,;3—5-7- - 2.5% + .704
A amb

RN B D

o

Log life = 3221 . 1,83 (36)
amb

Ir. a similar mamer, the life of the winding versus winding temperature
was developad as

o 2342 :
Log lifew 7ﬂ:— 1.206 + q

an
vhere: q s defined from Equation (34)

These two ejuations provide the analytical model for random failures
ercountered in windings.

- el X T ST
NP RO T e i e TR T et O i1 7l R :

o .
Wirding 11fe at ambient temperatures of 125 C for motors with stator dla-

meters of 1.0 inch and smaller have reduced 1life from Equation (36) or (37).

R

A regression analysis was conducted on only small motors at temperatures above
125°C ambient with the following results:

4500 _ 5
Log lifew T 6.328

(38)
w
Log lifew - 4900 _ g 5 (39)

g

Two chntiono were daveloped -- one using ambient temperature the other
winding temparature. It wes stipulatnd in tie sections discussing bearing 1ife
that it:io often d1fficul: to find the bearing tempersture without messurements F
or information furnished by the menufacturer. The same problem exists with pre- f5

“dicting winding tamperature. Tebls 8 provides & Jurmary of typical motor tempera- s

: _ 31
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ture rise data. Because of the broad range of temperature rise that could be
encountered, a mean rise of 36°¢C (see Figure 2) is recommended when better in-
formation is unavailable. To provide further simplication, it is suggested
~hat ambient temperature be used for the winding failure model when actual

winding temperature rise is uncertain.

To retain the simplicity of the winding failure model using ambient
temperature, it is suggested that the influence of quality and motor size be
disregarded for this model. The more complex model utilizing winding tempera-
ture which necessitates more detailed information regarding motor characteris-
tics would include quality and motor size. Equations (36) through (39) would
reduce to:

a) Winding life using ambient temperature:

A

1 ) 2357

Log lifew + Log {1n - 1.83 (40)

1-F(t) Tomb

b) Winding life using winding temperature:

i

Log 1:lfew + log (ln 1 - 2342

1-F(t): T
i v

- 1.206 + q, (41)

vhere: q, * -.13 commercial quality
= +,13 Mil. spec. quality

c) Winding 1ife uzsing winding fremperature and motors with :
stator 0.D. 2,54 cm or lees:

i S 1 — 1

+
% 2042 | 4 .206 + q 4390 . 6328 + g
v T,
10 10
vhere a = characteristic 1ife {hrs) (42) ;

Bquations (40) and (41 present the failures at any percentile (F(t))

while Eouation (42) is the predicted life for the characteristic life only,
32
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The multiplier for life at other percentiles {is:

At winding temperatures of 160°¢ and greater:

. 1 2.329
life a, (ln SI0) ) (43)
At winding temperatures of 159°C or lower:
life = o [ln 72— (44)
w 1-F(t)

It has been suggested that ambient temperature neglecting quality code
(Equation 40) be used for predicting winding life in the absence of detailed
knowledge regarding the motor. Neglecting the quality code introduces a 35
percent error in determining winding life, This is equivalent to an error of
8°C in estimating temperature. Winding temperature rise using Equation (40)
is an average rise of 36°C as shown in Figure 2. In many applicatiors, pre-
dicting ambient temperature duty cycle intrcduces errors in the range of 10°%¢c
or greater. The quality code therefore, is less significant in the introduc-
tion of errors than is the temperature influence and the use of a nominal
quality value is proposed to maintain the ease in use of Equation (40).

If it is known that the motor runs considerably hotter or cooler than 36°C,
Equation (41) should be applied.

Neglecting small motors of 1 inch (2,54 cm) stator lamination diameter
and smaller introduced error only when ambient temperatures exceed 120°C. The
motor size and ambient temperature represents a very small portion of the total
motor population. Therefore, neglecting small motors at high temperaturs is
felt warranted for a gensralized FHP winding failure prediction model,

It should be pointed out that in the development of fallure prediction
models for both bearings and windings, the simplified equations are developed
for use in MIL-HDBK~217B. The approach is to provide an ultimate FHP
motor failure model that requires the minimal of information from the

user to estimate motor life. 1
. ”

t is felt that the simplified equations can

53
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perform that function if the user is aware that a more comprehensive approach
is available for unusual applications of temperature, speed, load or environ~
ment.

3.3.3 Influenc: <« #iritude on Bearing and Winding Temperature

A number ¢f irdividual tests in the failure data bank were run at pres-
sures similaring altitudes between 50,000 and 85,000 feet. Bearing tempera-
ture rise at these altitudes were assumed to be 40°C. Since each test was a
single test point and several tests we-e run at each temperature, the average
l1ife at each ambient temperature plus 40°C was plotted on Figure 8. Also
plotted was the predicted life from:

e o 2342
1-F(t) | Ty
I

Log life + 51-83 log 1n - 1.91 (10

for both the characteristic life (F(t) - 0.632) and the B-50 or fifty percent
feilure (F(t) = 0.5). The B-50 1life is more suitable a comparison with
average life, It will be noted from Figure 8 that altitude operation of
50,000 feet introduces an underestimste of winding temperature of approxui-
mately 95°C. At a 125°C assumed bearing temperature, the reduction in life
can be sean to be 10 to 1.

Unfortunately, data 18 nct available at altitudes below 50,000 faet
to provide an indication of the influence of life versus altitutde. Since
ths 1ife influence is 85 significant, a deruting factor should be applied to
11fo with operation at altitude.

Veinntt (21) dces provide some indication of the influence of cltitude on
wotor temparatire. Figure 9 taven from Peference 21 indicates the temparsture
vise charactsriscics of internally fan cooled and non-fan cooled tutally en-
closed motors versus altitutde. At altitude levels of 50,000 feat, the tawper-
ature rise of fan cooled motors sre approxingtely S timus the ses level iempar-
ature rise vhile in totally enclosed motors tha rise is 2 to ] that at ces lev-
el. This explains the higher Dearing tewparature rises &ssucisted with Figure
8. Thase nunbﬁrn'ho-ovur, sve somsvhiat misleading since the ambient temnera-
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ture also decreases with altitude. At 50,000 feet for standard conditioms,

the ambient temperature is -55°C. For a fan-cooled motor having a 50°C rige

at sea level, winding temperatures can reach 200°C. At sea level, the winding
temperature would be 65°C. The influence of 50,000 feet altitude therefore
would be 3 to 1 over sea level temperature. In a totally enclosed motor, at
50,000 feet; the winding temperature would reach 50°¢c compared to 65°C temper-
ature at sea level. Thia simply points out that for a fan-vooled motor with

a sea level winding temperature rise, altitude will not result in higher wind-
ing temperatures below 35,000 feet. Above this altitude rapid reduction in 1life
can be anticipated. For totally enclosed motors, altitudes to 60,000 feet will
not influence life as compared to sea level. In aach case it s assumed the am-
bient temperature follows the standard temperature-altitude characteristics.

From these results, the influence of altitude on 11er for a fan-cooled
motor may be tabulated based on a 50 parcent reduction in Jife for every 10°¢
increase in temperature. Table 16 is a tabulation of 1ife multipliers versus
altitude based on Army maximum condition temperaturaes. N

TABLE 16 (Reference 21)

Iuflu Altitude on Moto fe for Fan-Cool {3+ }

Life Multipliers for
Sea Level Motor Temperature Rise

Altitude

_(thousands of feat) 20°% 30% 4%  s0% 6%
S.L. 1.0 1.0 1.0 1.0 i.0
25 1.0 1.0 1.0 1.0 1,0
30 1.0 1.0 1.0 1,0 0.5
40 1.0 1.0 N.25 0,0078 0,0625
50 1.0 0.125 0.0078 0.0005 ~cvv--
60 0.06 0.0055 cevimar  cesces  wemsee

It {s recommended that the motor life be computed for sea level condi-
tions and 22°C using equations of Table 17. Life is then deraced par Teble 16.
Alternately, the bearing tsmpersture and winding temperature cen be satimated
from Table 8 and applied to the equations of Tadble 17.
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3.4 FHP Motor Failurs Model

In Sections 3.2 and 3.3 aquations were developed to predict a bearing
failure model and a winding failure model respectively., These two failure
uodes dominate the overall 1life of FHP motors. Since either failure may occur
during the life of a motor they are considered as competing failure modes. In
Reference 1 a competing failure model was developed based on the following dias-

tribution:
‘[(ﬁ )BB * ‘% )p']
B Vv (45)

F(t) =1 ~ 0o

vhere: F(t)
t « time to failure (hrs)
a = bearing characteristic life (hrs)

failure percentile

aB = Weidbull slope for bearing failures
a = winding characteristic 1ife (hrs)

8 = Weibull slope for winding failures

By ceking the natural lcgarithm, Egquation (45) may be rewritten:

o[ ]

To solve this equation for motor life (t) knowledga of the Weibull slope and
charactafistic life sust be obtained. Equations (26) and (27) describe tha
failure modal for bearings providing the value of ag. Equatim (26) requires
considersble knowledge regarding the motor and bearing while Equation (27)
necessitater knowledgs of the ambient temperatura only ac the sacrifice of
spproximately 11 percent in the accuracy of the prediction., Figure 5 is

a distribution of Weiibull slopes indicating a mean slope of p' of 2,878, It
vill be recegnized iimediately that solution of Equation (43) will require
iteration techniques since th‘, fe raised to the 2,878 power, Changing the
equation to a cutic, which is within one standard deviatiom, sinmplifies the
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solution of the equatfion. In the general form therefore, a value of BB = 3 {ig
suggested while BB = 2,878 is suggested for the more complex solution.

Windi:g characteristic life a, can be computed from Equations (40),
(41), or (42). FEquation (40) {s the simplified general winding life model
using ambient temperature. Equationa (41) or (42) are the complex form in-
cluding motor size, quality and winding temperature. The Weibull slope for
winding failurss as outlined in Table 15 1is Bw = 1,0 for all motors except those
1 inch (2,54 cm) outer diameter of the stator, operating at winding temperatures
of 160°C or greater., For this special case B' = 2,329,

Table 17 summarizes the overall FHP motor failure models from Equation
45),

TABLE 17
FHP Motox lLife Prediction

A, General Case (simplified Model)

3
t
A<l 1ln (1-F(t)) = —[(—2— + T]
B w
vhere:
) 1 1 ,
A2 oy = -21:3-51 -2.53 * —-’{.m + 20
10 | “amb 10 amb + 300
2
A3 log o = 231 g3
o T
(centinued)
” -




TAELE 17 (continued from provim\xp page)
B, Complex Case (complete. model)

\2 .878

+ £ | for motors greater
than | in (2.54 cm)
stator outer diameter
and all motors with
winding tomperlture
less than 159°C,

(Bquation B-1): 1nl1-F(t) = - (-5—
‘ ' D

Q
ol

b‘..L. 2.878 +(L

( 2,329
Equation B~2): ln{1-F(t)| = -
n( ) 1_‘ ub 0' )

for motors equal or
less than 1 in. (2.54
cm) stator outer dia-
meter at winding o
temperature of 160 C

or greater
vhere:
(Equaiion B-3): _1 1
a 1.5
B [2—3-53 +q-432DNx10° - K -.oow(‘—"—‘ +
Ty g P
10 '
, 1
[‘-‘-‘,1?,—‘22 + 19.7]
0t B + 300

(Bquation B-4): Log ay ” -2%5 - 1,206 + q, (for use with Equation B-1)

(Bquation B-5): _1_ : -3 _ 1
2342 - 1.206 + q'] + [m - 6.328-qv]
10

[
. lo

W

(for use with Equation B-2)

It is obvious from inspection oi Tzbdle 17 that the simplified model

offers considerable advantags in the ease of use,
of the accuracy of prediction using the complex model.
60
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pevcent of the failures would be predicted within a life model. Although

the prediction accuracy is improved 11 percent, the ability to estimate all
constants in the complex model decreases the probable prediction accuracy.

The simplified model therefore, was selected as the general prediction model
for use in the reliability handbook with stipulations regarding its sufitability
for extremes of temperature, speed, load and motor size., For thonse type

applications the more complex model is recommended.
3.4.1 Failure Rates of FHP Motors

The method most often used to analyze failure populations is thru
determination cf the fallure rate of the population. The failure rate also
termed the hazard rate over the snterval ¢ < tf_tl -!-At:l 1s defined as the
ratio of the aurber of failures occurring in the time interval toc the number
of survivors at the beginning of the time Interval divided by the length of

the time intervil; {.e.:

b = [““,1’ - n(t) +8¢, I/n(tl) 100 5 o or hour

Ati.

The hacard rate is a msasure of the instantaneacus rate of failure and 1is
useful in describing the type of failure. Increasing failure rates signify a
wear out process; constant failure rates indicate a random failure mode and
decreasing feailure rates are associated with infant mortality failures gener-
ally due to design weakness or assembly defects.

For increasing failure rates such as encountered with bearings, the
instantaneous failure rate at any time (t) is not & good esiimste of the
number of failures that have occurred to time (t). The avercge failure rate
H (t) of the motor at the 50 porcentile failure is the suggested failure rate
to be combined vwith the othar constant failure rate components. The average
failure rate can be defined as:

= 1 2
@  eesseme h
H(e) -t L . (¢) de (46)
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F'ﬁ 1f the average failure rate to any time (tz) from time O is utilized, Equation
| (46) reduces to '

t
- 1 2 !
H(t) " = J h(t) dt
avg tz

However, the integral of h(t) is the cumulative hazard fu?ctlon H(t). There-
1

fore-
H(e) =+ H(v)
avg t

For the competing failure model, the cumuiative hazard function was defined

as:

B B
H(e) = (5 P+ Y (47)
B w

The average failure rate, therefore, is

= H(t
H(t)w8 = =
_ tB -1 tﬂv-l . §
H(t) v + (48) i
avg " By Py |
: B w

[N
[

Table 17 defines the values of ags 3 BB‘ and Bw' The time (t) is the

W’
motor 1ife as calculated from the equations of Table 17, If we comsider ouly

' the simple case of Table 17, Equation (48) can be rewritten as:
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ﬁ(t)‘va - 5—3 +‘l— x 106 failures/106 hours (48a)
uB )
: 1 1 . 1
wvhere —— = T
op 1357 . 3.5% ) =Tf‘—-"-‘l‘l)+ 20
10| amb 100 amb + 300
. = -2,-35’1 - 1.83
v amd
and t is calcviated from:
~t3 t '
In 1-F(t) = - + —/ | (49)
B w

The mean time to failure, as previously discussed, is estimated at the
50 percentile failure condition where F(t) = 0.5.

~,69315. Equation (49) may be rewritten as:

The natural log of 0.5 is

3

t t
.69315 = =— + o—
B w
This is a cubic in t and may be solved for t. (50)

— e e s .

e ———

t - o 'r‘3 ’ - - a \3 +
B\ .36657 +V.12011 + 03704 =&
L v

. v 10 3
V.34657 -V.12011 + .03704 '-S-‘
S

3.4.2 Use of FHP Motor Failure Models

In order to assist the reader in the use of FHP motor failure models
and prediction techniques, an example has been selacted that utilizes the
developed equations. Both the simplified model and the complax model are
applied to illustrate predictions using both procedures.
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It is desirable to ovtain motor 1ife and failure rate of a 1/4 HP
60 Hz motor that operates 50 percent of the time at an 18°C ambient and the
remaindar at 100°C ambient. The motor is assumed to be of commercial quality,
etandard end ball conetructicn, a capacitor start induction motor with silicone
lubricated bearings that are loaded with a ten pound load per bearing.

3.4.2.1 Simplified Model

In this model, it is necessary to use oanly the ambient temperature for

prediction of motor life and failure rate. In the case cited, operation occurs

at two different temperatures and bearing and wirnding life must be computed

for both, From Table 17 Equation A-2 eand A-3 are used.

a) Bearing Life (Eq. A-2)

°s, T%’-L - 2.534] {%&g + 20L
amb amb
10 10 300

(+)
at 18°C Apbiear

5 " TER 24500

s, |3 2.534] [ 500 4 20 |

10 10 J+ 300

-1 = 00000272 + 0060288

1’1

Gx *  3i677 hrs

"
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at_100°C Ambient
1 1 + _1
r—~ -
°s, '2373 - 2.53% [ 373 +20
10| o, " + 300
1 = .000164 + ,000000011
s,

= 6095 hrs
u‘z

Overall bearing 1ife

Equation (21) is used to obtain 1ife under thermal cycling conditions.

hy h '.
N[+ 2 =1
(GBI 8, 1

where N = no. ¢f{ cycles, h1 = hrs. at Tf, and onBt = J{fe at Ti'

By substituting —;—-B;—h— for N where ag * cycling characteristic life,
1 2

chen:
" % \+ P B k1
hy ¢ hy s, M*h \%,

Since proportion of time at each temperature = .5(or 50%), we have:

.5uB + .Sua 1
aa'l GBZ

or .Sua .50‘
et e !

ag * 10223 hr.
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b) Winding Life (Eq. A-?) Staes T
at 18° Ambient

.m—-—— - i : .
log =, = W¥II. e N
a, Y a 1860614 hrn
1
¢ 100°C_Ambi
o 2331 | l
Log a.wz 373 1.83 L ,):
a = 30834 hrs
")
2
Oversll Life (Equation 21)
S a o3 a
Teoee * 8% "

a = 60663 hrs
v

o Motor Life (Equation A1, Equation 49)

¢ 1n(1-F(t)) = -[——- +-;—] R (A-1) ,
s "
) at ¥(t) = o.{s m%W (55{ a {,,‘.J

-

j
3 ,
t= 10223L:\/ .69339% ‘VL 000255

[ Crptow v

¢t = 10223 [.usx - .06337]
P

é
) o

t = 8400 hrs
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d) Motor faiiure rate (Equation 4B8A)

st ibad e o

buetinh

&

- 2
o . +.s—]nmﬁ
t 33 a

L B v

Cga00®

) ] 6
¢ | 102223 60663

x 10

J R 4 A AR AL Ty

A = 82.3 failures/10% hrs
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3.4,2.2  Cowplex Model

In this model it is necersary to obtain winding temperature, bearing
temperaturc and bearing characteristics. To obtain the operating temperature
refer to Table 8. For the motor in question, the high alip category is used

with temperaCure rises sel:cted at low slip; i.e. motor temperaturas rise
3000, bearing temparature rise 1s°c. For more accurate results the mamufacturer
should be consulted.

a) Bearing Life (Table 17 Equation B-3)

It is necessary to establiah quality, grease type, DN and
load as follows:

e Gl IR ) B AR5 e A G iy 55 A . 0

quality (q): See Equation {17); commercial q = -,27
grease (x'): See Section 3.2.2.6 grease 5; Ky - 1,81
DN : See Table 9

«23HP = 186 watts; D= 13 mm
Equation (20): N = 120 x 60 = 3600 RPM
2

DN = 46600




w : given as 10 1lbs .
SP for 13 Ses brg. wufgr. catalog for 0.5 in. brg.
mm baaring:
(Specific SP = 505 (R-8 brg)
load st
33-1/3
rom)
T, ;. 18 + 15 + 273 = 306°K

and
100 + 15 + 273 = 388°%

Life at C
From Equatiocn (18)
r "1.5
log Hfe, = 232 4 o _ 42 08x10% -k - .00 NE
8 Tp 8 'S

- -

f

1.5
2 . .27 - 4.32(.0468) - 1.81 - 3.6[15%5]

= 00000435 + ,000070
a = 13414 hrs

Brg, Life st 100°C
Equation (18) partially solved above; 1i.e.

Log 1ife = ggéz_ - 2,293

Log 1ife = 3,743
Equation (B-3) us above

T
By 103.763 ‘°L”‘ +19.7 + 300

a

B, = 3539 hrs




o5 GB S Qg ,.’:

%14 + 5539 1 :

ag = 7840 hrs

b) Winding Life (Table 1/ Equation B-4)

g o =322 1206 1o, .
: Y Nind Ty, = 18430 + 273 = 21k

Ty, * 100 + 30 + 273 = 403°K
From Equation (42) q, " .13

4
Life at 18°C
| L 2382
D
: a = 311906 hrs H .
. '1 %
5 3
. !‘gl ‘s !ﬂoc 5
log o, = 2342 _ 506 - .13

-———J -—-—l.
911906 * 29082 " !

a, * 37868 hrs
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e¢) Motor Life “50 Life) Table 17 Equatiom (B-1)
2,878
In(1-F(t)) = - | = + {-1
» v
In(1-0.%) = -0.693147

2,878 ¢
.693147 = 7840 + 7868

emae v =TT

s 1ot

Tiis equation was solved by computer
t = 6492 hrs ;

¢} Motor Failure Rute

1.878 |

r w |So— & L] x 10° fatlures/10® hre i
e gzt t G {
i

A= .5_1!21.1'878 + ——1-——] x 106 ;
t ;
Jap 2-878 T 57888 | ;

At = 107 £a£1uru/106 hrs

The resulte of the complex model indicate s failure rate )\ ¢ of 107 i
while the simple mode? Ae is 82.5.
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4.0 CONCLUSIONS

A review of failures and failure modes of FHP motors was completed and
a reliability prediction model developed. The following specific conslusions
and recowmendations were developed as a result of these studies:

1. Two failure modes dominate the life of FHP motors utilizing
grease packed non-relubricated ball bearings; i.e. bearing
failures and winding fetlures, Bearing failures represented
approximately 80 percent of the total failures of these type
motors. Winding fatlures were more prominent in the url'y 1ife
of the motor and were attributed to shorts and grounds resulting
from assembly quality rather than long term insulation degrada-
tion. The winding failure percentage of small motors of
2.54 cm lamination OD operating at ambient temperatures of 125°%
increased to 50 percent which was attributed to the small wire
size used in these motors.

2, Both failure modes were analyzed utilizing a Weibull cumulative
distribution function. A Weibull shape parameter in the range of
2.8 to 3.0 was used to describe bearing failures indicating an
increasing failure rate and wear out condition, Winding fatlures
were described by a Weibull shape parameter of 1.0 indicative of
a constant failure rate and random type failure.

3. Multi-variable linear regression techniques were utilized to
develop a mathematical model of both failure modes., Life of
the bearings and windings was most sensitive to temperature of
operation. A simplified model was developed for both failure
modes as a function of ambient temperature only. This model
proved sufficiently accurate for general predictions of motor
l1ife. Sccondary influances including wotor load, speed, grease
type, winding tempsrature use, bearing temperature rise aud
quality were used to davelop a move cowplex model for life pre-
diction., This model was suggested when unusual operating con-
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3.

ditions were anticipated., The added complexity of this model was
not deemed necessary for most lightly loaded FHP motor applica-
tions. .

The two failure modes were recombined as a competing risk failure
wodel for predicting overall motor life. Equations ware also
developed for prediction of the average failure rate .ising the
50 percentile failure point as an estimate of the man time to
failure, '

Appendix B was developed ss a recommended "failure prediction
modal"” replacement for both fractional horsapower motors and
slectronic cooling devices in MIL-HDK-217B.
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f 6.0 LIST OF SYMBOLS

A Constant
B Constant
Bb Denotes bearing faiiure .
°c Temperature, degrees centigrade
C. Characteristic
Cc Denotes combined bearing and winding failures
Ck Total squared error coefficient
D Bearing bore diameter in millimeters
D.F. Degrees of freedom
DN Bore diameter (wm) times speed (rpm)
DNL Limiting DN
e Constant
E Constant
f Line frequency hz
; F Statistical, F-test value
f(t) Statistical, probability density function
F(t) Statistical, cumulative failure distribution function
G Dimensicnless material paramrters
h Time at temperature (hours)
hrs. Hours
h(t) Statistical, hazard function
h Dimensionless film thickneas
H(t) Scatistical, cumulative hazard fumction

i(t).v‘ Statistical, average failure rate

Hz Cycles per second

°x Degrees Kelvin

k kumber of parameters in regression

l’ Grease constant

L Life (unless noted otherwise, L is the Veibull charactaristic
life when F(z) = .632)

Log Log to base 1U (common logarithma)

LQG Lower quali.y grade

in Log to base & (2.71828) (natursl logarithms)
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' ' M Multiplier

’ stk Mean sum of squares of errors
! n Number of units or thermal cycles
N Speed in revolutions per minute, cor number of data points
ORI1G Original
P Number of poles
q Quality code
9 Quality code for winding failures
R Correlation coefficient ”»
g2 Square of the correlation coefficient
Rzk Coefficient of multiple correlation
RPM Revolutions per ainute
S.D. Standard deviatfon
S.r. Specific load
SQS Squares
.‘s,;s Sum of squares
; t Time in hours
* T Temperature, °k
‘l‘t Life cortection factor
u Dimensionless speed

Upper quality grade

Load in pounds

Denotes winding fajlures

Independent variable

Avarage oi all independent data values
ith jndependent variable data value
Calculated data value

Dependent variable

Average of all dependent variable data values
1th depeudent verisble dats value
Calculated Data value
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tubricant viscosity

o

o

4 Percent
SUBSCRIPTS

amb refers
avg refers
B refers
1 refers
w refers
X refers
y refers

to
to

to
to
to
to

Standard deviestion

ambient

average

bearings

ith data value
winding

independent variables

dependent variables
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APPENDIX A

MULTIPLE LINEAR REGRESSION ANALYSIS
TECHNIQUES & EXAMPLES

A. INTRODUCTION

This appendix contains a general description of applied regression pro-
cedures. Application of these procedures is widely used today by management
and scientific personnel. Successful use requires an understanding of the
underlying theory as well as the practical data problems which can arise from
everyday applications.

The following subjects are addressed:

Regression Analysis

Use of Regression Analysis

Correlation Coefficients and Matrix Arvays
Correlation Coefficients of Transformed Data
Selecting an "Optimum Set" of Explaining Parameters
A Large Number of Independent Variables

Regression Tables Explained

Exsmples of Data Reduction

A.1 Regression Analysis

Regression Analysis is & technique which can be used to describe and
establish relationships between two or more sets of data. It is particularly
useful in cases where the data is statistical in nsture snd has scatter if
plotted graphically. The relationships derived from this technique may not
always provide a perfect description of asscciated data; nevertheless, it
can be & powerful tool even when approximations to data variations are found.
Problems that could only be handled by guesswork can be confidently handled
onte interrelationships are established with regression techuniques. i

e

A.2 Use of Ragrsssion Analysis

Regrassiom procedures can be used to: ;‘}
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a) describe
b) conlrol, or

c) predict

In each case one must use a set of data which is numeric in form. 1In
some instances the data can be separatod into either dependent or independent
groups. The dependent response variables are usually what is to be descrihMed,
controlled, or predicted. 1In other cases, a knowledge of which variables are
"independent" are not known before examining the data. Regression procedures
can be employed to establish the interdependence of such sets of data.

In sowme fields, engineering concepts or mcdels can be used to help
select the independent variables to be employed in the regression relation-
ship. Once established, the functional form of the relationship can be
used to predict or control the system response from a given set of independent

variable values.

The pover of regression analysis is best used whenever the response of
the system to be described is affected by several operating parameters simul-
taneously., Often times system response to a single indepcudent operation
parameter is uot available. Either single variable coutrol tests on the sys-
tems are much too costly or cannot be implemented in practice. Given a col-
lection of dsta, regression procedures can provide insight as to which varia-

bles, if any, are most useful in describing the system response.

A.3 Correlation Coefficients

The association between two variables is coftem examined by plotting in
graphic form one variable against the other. Whmaver a large number of
variables are involved this process is not always practical. The calculation

of a correlation coefficient is cne scresning tecnnique which avoids data
plotting but cas still provide iniormation on data interdependence. The
“correlation coeffficient” defined by (R) below is one wmeasure of the degree
of association between two varisbles-
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The values represented by X and Y are the means of all the X 4 and Y, values
vhoae associaticn is being tested. The Oy oy are the standard deviations

of all xi and Y { values. A positive or negative (R) results whenever the

slope of the association between variabies is positive or negative, respective-

ly.

It can be shown that the correlation coefficient (R) is always within

tlie range:
<1< rRK1

A sample set of correlation coefficients is shown in Figure A-1 with & dis-
play of the graphic data used to obtain the coefficiente. As shown, the
closer the (R) value {s to the extreme values of (+1) or (-1) the less
scatter there is in the data. As (R) approaches zero the scatter approaches

a random pattern for the variables being tested.

A.4 Correlation Matrix

Correlation coefficients are oftem calculeted for more than just one
pair of varisbles. In fact for any number of (k) variables there can be

k(k-2)

2

unigque pairs of linear associations which might be evaluated. Correlation
coefficieats are often displayed in ar-ay or mstrix form for couvenience. The
elements of the array are the (R) values colculated from each pair of variables
whoss association is being tested. Tha rov and column numbars of the matrix
merely reprecent the variables for which the correlation ccefficients have
been calculated. For example, see I'fgure A-2. The last column of that
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figure 1s all (R) values for the interdependence between temperature and the
characteristic life of the FHP motor. The row and column variable assign-
ments are as tabulated at the bottom of the figure. The first row-column
entry (.99) is a number very close to (1.00) and represents the high correla-
tion of the awbient temperature data with itself. All diagonal elements of a
correlation matrix will be very near 1.00 if a linear association betwcen
variables is being tested. In Figure A-2, the diagonal :lements are all one
or near one, but are shown as (~.##) due to an overflow in the format print
condition of the coaputer printout.

The correlation matrix is a convenient way to display all tabulated
asgociations, (R) values, whenever two or more sets of data variables are being
evaluated.

A.5 Correlation Coefficients of Transformed Data

The correlation coxfficient (or matrix array) is a numeric procedure
whereby the potential relatiomship between two sets of data can be examined.
Nonlinear as well as linear tellt;qnahipo can be tested for their
relative degree of association if the data are firat transformed. Data
interdependence which can be linearigzed on log~log or semi-log plots can dbe
inspected analytically by taking the appropriate logarithms of the data be-
fore computing the correlation coefficients. Systems governed by the laws of

: physics can often be explained by one of these functional relations. Testing
; for one of these relations at the onset of examining the data caam provida quick
review of the most obvious data dependencies.

4

A.6 Selecting an "Optimum Set" of Explaining Parameters

The "Lest" regression equation is the one which can sufficiently describe
the system under study with the smallest number of variable parsmeters. There
is no unique statistical procedure that will provide the “best" descriptive
equation in any given instance. Personsl judgment is always required. Scien-
tific insight and engineering principles should never be substituted by some
automatic statistical screening method for obtaining the "best" model of
representation of a given set of data. Some analytical procedures are sore
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useful than others in helping find an "uoptimum set" of parametera that

can cufficiently describe the system or data being studied. Two types

of tests are common; parameter acceptabilicy tests and optimization criteria
for gathering the "best" set of parameters.

Single or multiple parameter acceptability can be established for a
linear set of data through ths use of the F-test

F = Mean Scuare of the Regression Components
Mean Square of the Error Components

Where a regression and error component are defined s follows:
Regreasion componsats = (91 -

A
Error components - (\'2 - Y:l)

Each is shown graphically for a single parameter fit in Figure A-:. This
ratio can be calculsted sequentially as parsmeters are being added to thae
model or collectively to all parameters in the modnl.

The (F) number for parameter acceptability can be established by
using any of a mmber or prepared tables whick show the level of significance
for any nwmbar of data points aznd parameters in the model. In general, the
higher the F-number the better chance there will be of the model successfully
describing some additional set of data similar to that from which the model
was developed.

Other analytical means are oftan used to establish an “optimum set" of
parameters from those available. The methods commonly used involve the
determination of all errors associated with the data and the explaining
model. The srrors being defined as the differcnces between the actual data
snd the corresponding predicted caes.

Three calculating procedures or criteria are helpful in determining
vhether one combination of parametera is better than another. Each is
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calculated as follows:
Sum of Squares of the Errcrs L(Yi - 91)2
e, -9 2

-

Total Sum of Squares

Sum of Squares of the Errors X(Y 4" 91)2

MSE, = -
k (N-k-1)

c . (Sum of Squares of the Brrors)

k Mean sum of Squares of
Errors for all Possible
Variables in Regression

- (N -2 (k+1))

wvhere N i{s the number of data points and k is the number of parameters
entered into the regression model. Note that when no parameters are in

regression the sum of the squares of the errors is taken as the total sum
of the squares.

The following comments are partinent to the use of the three criteria:

Value Approached as Mumber of

Criterion Comments Variables in Model Increases
Ri Does not account for the Rapidly approaches 1
nurber of variables in

model.

Change in Rz often very
small as nusber of
variables in model
increases

T

HS!k

May increase slightly upon
adding model paramsters

Changes in MSE often very
small as numbel of
variables increase

Optimam test for finding
models that give the
smallest squared error

Minimum Ck occurs for models

containing either bias or
random errors.

83

Approaches a ninimum (the
variance of the errors)

Approaches k + 1 for
"best" set of variables.

(k= mmber of parameters

in model.)
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The computed valiies of R:. Msxk. aad Ck are shown graphically in Figure
A-4, In each case those combinations of variables providing a value of
: R:, Hsnk. or Ck that lies nearsst the solid line (the left boundary of the
{ shaded regions shown) will likely bs “he optimum combination of variables for
' wodelling. The final selection, of .ourse, being made from a scientific
knowledge of the system being studied.

A.7 A Large Number of Independent Variables

T
R

U A etk o

s

The "optimum" gelection process cannot always be used when a large number
of independent parame¢ters exist. Since each potential independent parameter
can be included or excluded from the model there are (2k'1) possible linear

oy g

i
§ regression equations that exist with k possible parameters. In addition, a h
é few parameters may become & large collection of different parameters if cross §
i products, logarithms, or other typical ways of modifying the data are to be %
g examined. Even with the availability of large computers running all possible 3
; regression models for review becomes unwieldy. In the case of a large number %
é of available parameters other procedures must be employed. i 1
E Among those used are the:
a) Forward selection techniqua, ; ﬁ

b) Backward elimination procedure, and
c) Stepwise procedure.

The objective of each procedure is to give the best description of the response
data (dependent variable) with the fewest mumber of convenient paraseters in
the functional expressior. Unfortunatealy the above procedures do not always
lead to the same solution for a given s&t of data. In those instauces whare
the dota variables are mot highly interrelated the above procedures will

often achisve the same solution. Im cases of highly interrelate. paramaters '
& unique description of the data is not always available. In thess in..:ances B
the "bost" solution will require a value judgment or ajnimum errors critsria
tast to make the finel selectiom.




The forward selection technique insgrts variables into the regressic;.

aodel until a satisfactory equation is achieved. The order of insertion is
usually based on a calculation of tha fractional correlation coefficient be~
tween the sxisting model and the paramaters not yet entered. The parametaer
with the aighest coefficient is entered next.

The backward elimination method begins with all variables in ragression.
Parameters are then removed sequentially. The procedure stops when the
explaining equation is sufficient to describe the data. Partial correlation
coefficients and F-values are used to establish which, if any, of the
parameters should be taken out of the regression equation at each step.

The stepwise p~ucedure is an improved version of the forward selection
process. The improvement involves a re-examinatiom of each parameter in
regression after one is entered. A variable previously entered may be found
to be unnecegsary after other parameters have been brought into the model.

The partial F-test is applied to each variable after each parametar is entered
into regression. If any variable is gshown to be nonsignificant at any stage,
it is immediately removed from the model. The entry-removal procedure com-
tinues until the model is found to be acceptable.

A further improvement of this standard technique can be made by running
the Ck test (see previous discussion) on those parsameters that are in the
model when the stepwise procedure is emded. 1In doing so, a fewer number of
parameters may be found which yield an equivalent soclution. In any case, the
search method does not require that all regressions be analysed.

A.8 Regression Tables Explained

Every useful computerised regression program has a tabularized output.
Most programs provide a similar set of output results convenient for many dif-

ferent applications. Figure A-5 is a sample analytical output sheet with
annctated explanation of the pertinent elements. More of these tablas will be
presented below vithout aamotation. '
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A.9 Examples of Data Analysis Reduction

As shown previously in Figure 1, a knowledge of the motor temperature
is very significant in estimating how long it will last. In fact, the in-

verse of the absolute motor temperature has a correlation coefficient of
Re.86 (See Figure A-2 column 16). As shown in Figure A-2 this is the best
transformation of the temperature data that was explored. All other tempera-
ture transformations showed a lower degree of correlation with motor life.

The practical aspects of gatting available temperature data tends to
make the information provided by the ambient operating temperature more
useful than the others. When one wants to predict motor lives he does not
always have the motor bearing or winding temperature at hand. The ambient
motor operating temperature, however, is usually available. In order to get
a feel for the ralative importance of ambient and bearing temperature, a
single varisble "fit" to the life data was performed for each.

Tabulsr outputs of the regression information for the bearing related
temperatures and the ambient operating temperatures are shown in Figures
A-6 and A-7. The "best fit equations" from those figures are:

2357

Anbient Temp. Log (C. Life) = T 7373 " 2.534
amb

Bearing Temp. Log (C. Life) = :3‘2 - 1.908
’+273

Each of these variables are shown to be significant in estimating
motor life. Both have F-values in axcess of one hundred.

Bearing temperatures show a better "fit" to the data than the ambient
(1.0, P~value of 159 versus 124). In sddition, once the bearing temperatures
are entered into regression, there is no justification for using the ambient
or winding temperature infoimation. This conclusion is drawn from the
small F-valuss related to the ambient and winding temperatures shown in

[P

A I,

P

S Y s R R e




Figure A-6 (T F-value = .407 and T F-value = ,115 after T had been
amb wind brg

accounted for in the regression equation If, however, the ambient tempera-

ture has been entered into regression, there is still significant ambient or

winding temperature information left in the data as shown in Figure A-7

(Twnd F-value = 10.0 and 'l‘brg F-value = 18.7). Even though the bearing

temperature is more significantly correlated with the life data as a practical

engineering matter it was decided that the ambient temperature should be

ugsed in estimating motor lives. Since ambient motor operating temperatures

are more readily available and are highly significant as shown, T was

amb
chosen as one of the'primary predictors" of motor life.

Other parameters chosen as life predictors were reviewed extensively
in the main body of this report. As explained in the previous discussion,
the selection of an optimum set of "predictor" variables makes use of
several regression procedures. The single interrelationship between the
logaritﬁﬁ of motor life and listed variables can be seen in Figures A-8 and
A-9. Column sixteen, the last column of each matrix shown, reveals typical
single variable dependence (R values) with respect to motor life. Some

comments are appropriate.

The first three coefficients in columm sixteen of Figure A-8 again
show the dependence of life on absolute temperature. Temperature shows the

strongest correlation of any of the variables listed.

The fourth element of column gsixteen, however, is misleading as shown.
There is no apparcnt dependence (R=.00) of 1ife on the D x N (bearing diameter
times rotational speed of the shaft). The speed dependence does not show up
until after the data has been corrected for the stronger effects asuch as
temperature and type of grease used in the motor hearings.

The fact that motor life is dependent on D x N is shown quite well in
Figures A-6 and A-7. Although D x N is listed as "not entered” intc regres-
sion, the partial F~values are shown. Thise partial F-values represent the
F-value that would be cbtained if this parameter were to be includad next
in the explaining equations. The P-values of 3.8 (?igure A-6) ard 5.4

87
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(Figure A-7) represent a highly significant dependence between I x N and
motor life. Other variables found to be significant after accounting for
temperature were the quality code (listed as iter. 7 in Figures A-7 and

A-9) and grease.
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High Positive Correlation

Rs +/

High Negative Correlation

Re—1/

Some Correlation

R=5
(Or near .5)

No Correlation

R=0

{(r near Zero)

Figura A-1

Schamatic Plots Depicting Various Amounts
of 3Scatter, as Wall as Correlation Coefficient
(R) between Variable X and Response Y

14 W

e
bz

i

89 . .
& s Wil
W .ot




.93 .9 L 62-.09-.57-.08-.10-.08 .B1 .75 .72 .72 .66 .64-.17
LIE- B DD DT N2 56, 02-.0B-.05 .82 .79 .76 .74 LTO .€68B-.13
L6 DD WB L B0 6,50 ,01-.04-.01 LB4 .81 .79 .77 .72 .71-.10
—.63-,57-.5C .99 .97 .9 .66 L6 ,67-.22-.12-.09-.10-.01 .01 .56
-.59-.58-.56 .97 .99 .99 .71 .75 .73-.15-.08-.04-,.03 .04 .07 .€0
e BT~ 5656 9% LYY .99 T4 7B 7T7-.11-.03-.00 .00 .08 .11 .66
=, 08-.,02 .01 €& .71 .74 .93 .98 .99 .49 .57 .60 .60 .€7 .70 .86
-.10-.08-.04 .68 .75 .78 .9B .99 .79 .46 .53 .56 .57 .63 .66 .BE
- 08B-.05-.01 .67 .73 .77 .93 .99 .99 .48 .55 .58 .60 .66 .68 .87
L1 .82 .R4-.28-,15-,11 .49 .46 48,8 .98 .98 .99 .97 .96 .36
LTS .72 .21-.128-.08-,02 .57 .53 .55 ,9B-. %% .99 .99 .99 .98 .43
L2 LT LT 09-.04-.00 .60 .55 .58 .98 .99*.;# «99 .99 L. .45
72 .78 JT77-.10-.03 .00 .60 .57 .60 .99 .99 .99-.#% .99 .98 .47

L6 LT70 LT7E-.03 .04 OB .67 .63 .66 .97 .99 .99 .I-.#% .99 .53

; B8 68 .71 .01 L0V L11 ,70 .66 .68 .96 .98 .99 .98 .99-.## .54
2 -, 17-.13-,10 .56 €0 .66 .86 .B6 .87 .36 .43 .45 .47 .53 .S4-. %% .
6 TEMPERATURE CORRELATIONS WITH LOG(CHARACTERISTIC LIFE) 1
: !
% 1 = AMBIENT |
& 2 = BEARING : 1
3 = WINDING
4 = 1/AMBIENT
S = 1/BEARING b
€ = 1/WINDING L
7 = 1/(ABSOLUTE AMBIENT) .
8 = 1/(ABSOLUTE BEARING)
9 = 1/(ASEOLUTE WINDING) :
10 = LOG(AMDIENT) i
11 = LOG(BEARING) :
12 = LOG(WINDING) i
12 = LOG(LOG(AMBIENT)) 3
14 = LOG(LOR(BEARING)Y) i
15 = LOG(LOG(WINDING)? g

LOGCCHARACTERISTIC LIFE)
Figure A-2
CORRELATION MATRIX FOR OVER 1000 FHP MOTOR FAILURFS
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— Best Fit Line

. s —— e ——— cme e wm

OBSERVED DATA (X, ;)
CL BEST FIT POINTS (X,,¥))
RESIDUALS  (¥,-¥)
ERRORS (v - %)

X,

X| b e e e . S G- — — ——— ——— —

N = Number of Data Points
1 = { th Data Point

Figure A-3
Schematic Data Plot Showing Observed Data Joints (xi, Yt)’
Best Fit Points (X, Y,), Average x “TX /N, Y 3¥, /N
Error Values (Yi-Yi)’ and Residuals (Yi'Y)'
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XXXXXXXKXXXX XXX
DESCRIPTION TOTAC
DESERVATIONS 135
CORRLATE SS 1

ORIG UNITS SI. 383560694
CORR MEAN SQS

ORIG WNITS
F TEST MUMBER

VARLABLES ENTER.D NOTE:
T BRG ABS-1
VARIABLES OUT OF RECRESSION

1 AMB ABS-1 (NOT ENTER<=D)
T WND ABS-1 (NOT ENTERED)
EARLY =1 (NUT ENTERED)
LATE =1 (NOT ENTERED)
uso =1 (NOT ENTERED)
B35 =1 (NOT ENTERED)
D33 =1 (NOT ENTERED)
D XN (NOT ENTERED)

FERCENT VARIATION EXPLAINED
STD. DEV. OF RESIDUALS

AXXXXXXAXX X XXX XX XXX
VARIABLE SLOPE

T BRG ABS-1

RESPONSE VARIABLE
LOG C.LIFE

D i o R

i

R34, 767986407

REGRESSION

1

. 543523800251
29. 28692767346
. 543523800251
29.2B699767946
159. 5530323051

F-VALUES

T #159, 5530923051
. F-VALLES
\: 4075622283483

1153236849238
38.6195427391
38. 61954272783
42, 78808757997
« 9609179303038
41. 1387084556
3.82090228193

STD DEVIATION
185.47127348

Figure A-6

Regression Table for Bearing Temperature
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XXXXXXKXXXXLXXXLXXXAXXKXKXRXR XXX XXALXXLXLXX XXX XXX XL XA XXX XX
REGRESSTON TABLE FOR STEP 1 XXXXXX TERADC XX

XXXXXXXXXXXXXXXX XXX XX XK XXXXAXXXRXLX XXX XXX XXXXXXXL XXX KKK XX XA XK X

REUIDUALS

134

- 456476199749
24, 59656301454
3. 40653880E-03
« 183556440407

AXXXXXXXAXXKEXXRAXXXXKXEXAXRXRXXRXKXXXX XXX XX KX XXXXXXXA XA XXX XXX XX XX

CUT OFF VALLES
3.29

R2 W/RESPONSE
1.39454206E-03
3.95465495E-04
. 1027208313472
. 1027208313249

. 1111095972538
3.27435920E-03
« 1078384091908
1.27476936E-02

XXXXAXXXXRAXXXXXXARXXAIXXXXXXAXXXXAXR KX XX XXX XA XAKXX XXX XXX XXX XXX XX XX

S4
« 42843487301

EQUATION OF REGRESSION  XXXXXXXXXXXXXXXX

CONSTANTS
5.550021179435
TOTAL CONSTANT

~-1.908089974872




iy s T e
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XXXXXXXXXXXKXXXKAXXKXXXXKKXXXKXKIXXEXKXKXXXHXXXKK KKK N XXX KKK XX KX

XXXXXAXXH XXX XXX

REGRESSION TABLE FOR STEP

1 XXXX'X TERADC XX

XXXXAXXXXXXXXXXX KX XX XXX XXXXXXAXXXXXLKXXXXXXXXAXKXXAKXX XXX XXX XX XXX

DESCRIPTION

OBSERVATIONS
CORRLATE SS

ORIG UNITS 5232, BB835606934

CORR MEAN SQS
ORIG UNITS
F TEST NUMBER

TOTALS

135
1

REGRESSION

1

. 480712282208
25.90248943471
. AB071 2282208
25.902489343471
124.0457719465

RESIDUALS

134

« 51928771779
27.98107125%3
3.87528147E-03
. 20881 39646216

XXXXXXXXXXXXXXXKXXKXXXKXXLXXXXKXHXXXXXXXLXXXXXXXXXAXXAX KX X XXX XXX XK

VARIABLES ENTERED

F-VALLES

NOTE: ————t01 24, 0457719466

ENTERED)
ENTERED)
ENTERED)
ENTERED)
ENTERED)
ENTERED)
ENTERED)

T AMB ABS-1

VARIABLES OUT OF REGRESSI
T WND ABS-1 (NOT

T BRG ABS-1 (NOT

EARLY =1 (NOT

LATE =1 (NOT

uso =1 (NOT

B3S =1 (NOT

D33 =1 (NOT

D XN (NOT

ENTERED)

F-VALUES
0.04881945347
18. 76455763472
39.08B778BO6A
39.0887787890S
$1.99320038a74
. 2886183445159
S4.23319985223
5.414027820727

CUT OFF VALLES
3.29

R2 W/RESPONSE
3. 647B6549E-02
6. 42060601E-02
. 1179526223525
« 117952622312

. 1459482311328
1.12444680E-03
- 1504347480364
2.03118007E-02

XXXXAXXXXXXXXXXXXXRXXXX XXX KAXX XXX XXX XXAXXRXXAX XXX XXX XXX X

PERCENT VARIATION EXPLAINED 48

STD. DEV. OF RESIDUALS « 45696166647

XXXXXXXXXXAXX XX XX XX EQUATION OF RECRESSION  XXXXXXXXXXXXXXXX

VARIABLE SLOPE 8TD DEVIATION CONSTANTS

T AMB ABS-1 2357.544811901 211.67471 6. 175985477438

RESPONSE VARIABLE TOTAL CONSTANT

LOG C.LIFE -2, 534054272875
Fignre A-7

Regression Table for Ambient Temperature

95 -

A a0
¢ s a——— =

e e genmeae 0 Y

. -

| b




¢ 9(3 - 9('.\ - 97 » O’.'.* . (.)E'..( . ()’ » ‘-i(':- . 0‘3 . (zilii - 01 " 1 3 . 37- - 0" » —,5 . eb . 73

LAG LD LA L1323 .00 L0 4T 03 L60-.08 L1€6 L5012 LT3 .23 .77
LAT AT LR L11 L0 08 45 .02 L64-.04 .15 L40-.0B .74 .20 .75
L09 .13 11088 3% 18-,03-.01 ,03-.05 .31 .09-.13 .06 .07 .00
L0 .09 ,03-.35 .99 LB9 L2B-.06 .13 ;33~.E‘—.04~.03 19 .22 .24
L07 09 LOR-.12 .82 .9 26,05 .11 .35-,11-.032-.03 .19 .22 .17
LH6 .87 L 45-,03 .28 .26-.848-,00 .20 .10-.08B .05-.48B .57 .46 .64
.02 .03 .02-.01-,06-,05-.00~. #%-.00-,.046-,.06 .00-.00 .06 .01 .02
LB .60 .64 .03 .12 .11 .20-.00-.%% .26 .19 .85 .13 .77 .17 .32
L01-.04-.06-.0% .2 .3% .,10-.04 .26 .99-.15-.07 .03 .10 .12 .00 1
.13 .16 .15 .31-.25-.11-.08~-,06 .19-.15 .93 .13 .02 .13-.08-.08 |
37 .80 .40 .09-.04-.02 .05 .00 .2%9-.07 .13-.%% .09 .29-.10 .1R
~.06-.12-.08-.13-.03-.03-.48-.00 .13 .02 .09 .09-.##-.10-.a2~.44
LTS 72 .7H L0619 019 .57 06 LT7 L10 .13 La29-.10-.8% .40 LGS
.25 .23 .20 .07 .22 .2 .46 .01 .17 .12-.08-.10-.32 .40-. %% .44

373 l-"_" 175 .OO .:‘."') al? 06"“ .03 .3’53 -00"-03 olB'-t’q .€'3 .‘qq-"-#*
ROW AND COLUMN VARIABLES ASSIGNED AS FOLLOWS -
i

= 1/{TEMP AMB ABSOUUTE)
= 1/(TEMP BRG ABSOLUTE)
1/ CTEMP WNG ABSOLLUTE)
= N (DIA. X RPM) ‘
© NUMBER ON TEST ;
NUMEER FAILED
= QUALITY CODE
= WETIBIN. SLOPE ‘
TEST CORR CUEF |
F-TEST VALUE .‘ '
- WIRE S1ZE

NUMBER MOTOR POLES

GREASE CODE

. TEST DATE

b 15 = SCRIES

1€ - LOG ( CHYRACTERISTIC LIFE )

CORRELATIUN MATRIX FOR VER 1000 FH™ MOTOR FAILURES

N>y
L}

[l Tl
24
(N I O T 1O

10
1]
12
12
14

{ i
3
i

F1 I

1T H

Figure A-8
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P s I SRS 5 TR ('S G | & B N SR L0606 B3 L0O7 L4 .48 .21 .92 .65 LT76
SAA- L L9 40 L0 .17 .50 .06 LBS .07 .49 .48 .21 .22 .68 .75
LOD P L 40 .30 .17 .50 .06 L8B4 07 .49 .48 .21 .92 .67 .75
L1 A0 L A0 81 L 11-.08-.15-.04 L 47-.05 .72-.00 .52 .42-.16 .31
L30 L3C .30 L11-.89 .46 L32-.19 .33 .85 .32-.01-.03 .32 .24 .49
16 17 L1708 L46- 0 L0209 .32 L46-.00 .16-.2% .32 .24 .11 |
.49 .50 L5C-, 15 L32 L3232 .99 .17 .34 .12-.06 .50-.24 .55 .59 ,51 1
LO8 L0 LO6-.04-,19-,09 ,17-,##-.06-.16-.09 .45-,09 .14 ,1B-.17
L83 LB4 LBH L 47 .33 .32 .34-,.04-.8% .34 .55 .36 .29 .89 .60 .€0 |
.07 .07 L07-.08 .2% A6 . 18-,16 . 34—, ##-.00-.02-.16 .18 .15 .14 {
LAD 49 40 T2 L 32-.00-.06-.09 ,55-,00-. 4 .02 .45 .47 .26 .36
LGE 48 L 48-,00-,01 .16 .50 .45 36,02 .02 ,99-.03 .53 .56 .05
L21 .21 .21 .52 03,05 . 26~,09 .29-.16 .45-,03 .99 .21 .00 .13
L9 .92 .92 .42 LHP .32 LS5 .14 .83 .18 .47 .53 .21-.#% .€8 .63
.65 .68 LE7-.16 .24 .24 .53 .18 .60 .15 .24 .56 .00 .68 .92 .40
3 .76 .75 .75 .31 .49 .11 .51-.17 .60 .14 .76 .05 .13 .63 ,40 .99
v ROW/COLUMN VARIBLES AS FOLLOWS :
% = TEMP AMB ABSOLUTE
) = TEMP BRG ABSOIUTE ;
& = TEMP WNG ABSOLUTE
» = DN (DIA. X PPM) .
* NUMBER ON TEST S

NUMBER FAILED S
= QUALITY CODE
= WEEIBUL SLOPE
= TEYGT CORR COEF
= F-TEST VALUE

[y
D2WR-IMmInD>ITY -
1

Eov ik ey -

11 = WIRE SIZE .
12 = NUMBER MOTUR POLES 3
13 = GREASE CODE 3
14 = TEST DATE =2

15 = SERIES 4

16 = L.OG ( CHARACTERISTIC LIFE )

CORKR IMIASTRIX WINDING FalluRES

Figure A-9
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APPENDIX B

RECOMMENDED REPLACEMENT
OF
RELIABILITY MODEL FOR ELECTRONIC
COOLING DEVICES AND FHP MOTORS

FOR
MIL-HDBK-217B

B.1 Motor Reliability Prediction Model

This section dascribes the method to be used for calculating failure
rates of motors with power ratings below one horsepower. The types of motors
that the predictive techniquea were developed frum include polyphase, capacitor
start and run and shaded pole, 1Its application may be extended to other types
of fractional horsepower motors utilizing rolling element grease packed bear-
inga. The model is dictated by two failure modes, i.e.: bearing fallures
and winding failures. Application of the model to D.C. brush motors assumes
that brushes #re inspected and replaced and are not a failure mode. Motors
included using these models cover applications of electronic cooling using
fans and blowers as well as other motor applications., Reference (1*) con-
tains a more comprehensive treatment of motor life prediction for motor appli-
cations wherc¢ continuour oparatfon at extremes of temperature, speed or load
are anticipated. The reference should be reviewed when bearing loads exceed
10 percent of rated load, ap‘Bds exceed 24,000 rpm or motor load.. include

motor speed slip of greater than 2T percent.

Feilure rates experienced by motors are not constant but increase with
time. The failure rates described in the section are average rates obtained
by ‘dividing the cumulative hazard rate by the time period (t) of interest.
Failure rate is most significantly influenced by operating \empcrature. Care

’ ¥4hould be cxercised in using the best estimate of temperature for determination

of faflure rata,

*3ee Bibliogrephy Number
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The failure rate model is:

2
t
Y - -2295 + ;l x 106 (failures/loﬁhours) (1)
t 5 "
B
where: Xt = the failuvre rate (failures/l()6 houra)
sub T time period for which average tailure rate {is

calculated (hours)

tl = Egtinated average failure rate at MIBF as
tabulated in Table A calculated from
Equation (4). Tables are used for constaut
tempurature operation and equations (2),
(3), and (4) used for cyclic temperature
operation,

t, = If failure rate using t, is excessive relative
to equipment requiremenls, user may select &
smaller value of t; {,e.: t,. All motors how~
ever, must be repleced at t %o make this failure
rate valid, User selects tﬁis value, it {8 not
calculated,

a, = Bearing Weibull Characteristic Life as determinud
from Table A or Equation (2).

@ = Winding Weibull Characteristic Life as determined
Y from Table A or from Equation (3).

B.2 Predicting Failure Rate Without Utilizing Tables

Table A tabulates the Weibull characteristic bearing life and winding

life ( ag and @, respectively), If tables are not used, the following pro-
cedure may be followed:

1. Determine operating ambient temperature in degrees centigrade.
Calculate GB and 0' from

) S 1 - 1 (2)
a [2357 _ . '+ "-4500 ;
B | To273 - 2493 ™273 * 20 4300
10| 10 )
99




P MOTOR FAILURE RATE TAaBLE

TABLE A
AMBIENT BEARING WINDING MOTOR FAILURE RATE
TEMPERATURE LIFE LIFE NUMBER
ALPHA B ALPHA W PER
(DEG C) (HRS) (HRS) {MILLION HOURS)

140 1489 7533 574
138 |SB7 8031 538
136 1693 BSE7 504
134 1807 9144 472
132 1930 9766 842
130 2063 10438 514
128 2207 11163 387
12¢ 2361 11947 361
124 2529 12794 338
122 2710 13711 315

‘ 120 2907 14704 294
118 3119 15780 274

| 11€ 33c0 16948 255
114 3601 18215 237

! 112 3873 19591 220
110 41€9 21088 205
108 4490 22717 190
106 4841 24430 176
104 5223 26423 1€3
102 5640 28532 151
100 €095 30834 140
98 £592 33350 129
2% 7136 36102 119
94 7731 39114 110
%2 8384 42416 101
a0 9099 46037 93
88 98B 50013 86

8¢ 10747 54382 79

84 11695 59188 73
82 12740 64481 e7
80 13990 70315 61

g 15159 76753 56

76 1655% B3BES 51

74 1814 91729 47

72 19812 100434 43

70 21700 110082 39

€8 237190 120787 35
66 26101 132679 32

€4 28658 145903 29

€2 31484 160627 &7

&80 34605 177042 24

100
WS eepm——— A S




pﬁ (DEG C) (HRS) (HRS) (MILLION HOURS)

58 38044 195364 a2
56 41821 215840 20
54 45948 238754 i8
52 50427 264428 16
S0 55234 293233 15
48 €017 325596 14
46 €5571 362005 1
44 70827 403024 11
EY< 75829 449303 11
40 80224 501592 10
38 83575 560761 10
3¢ 85398 627815 9
34 85256 703921 9
32 BeB7S 730433 9
§ 30 78255 888951 10
2B 71716 1001301 11
26 €3838 1129648 i2
24 55318 1276517 14
22 46812 1444875 16
| 20 38827 1638206 20
> ; iB 31677 1860614 24
: 16 25502 211€943 30
| 14 20316 2412923 3
i . ie 16050 2755341 48
& 10 12598 3152259 a2
8 9840 3613269 79
5 1 7657 4149814 102
: 4 5944 4775570 131
i 2 4609 S506924 1€9
0 3574 €£363552 219
-2 2776 7369142 ena
-4 2165 BSS2277 361
-6 1698 9947532 461
-B 1343 11596838 583
-10 1078 13551182 T28
-12 873 15872719 897
-14 722 18637433 1084
-16 €09 21938464 1286
-18 585 25890310 1491
~-20 463 30634128 1689
-22 417 36344462 1875
-24 384 43237786 2036
-26 360 51583418 2174
-08 342 61717476 2c8s
-30 330 74060813 2370
-32 321 89142125 2439
~-34 314 107627855 2489
-36 A0 130360998 252¢<
-38 207 158411692 2549
-840 304 193143380 2570
101
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———— —

o o 2357
w ™273 1.83 (3)

10

2, Utilizing the above aquations fm-ut]3 and L the mean time between

failure (t) may be estimated from:

3
t = o ¢ \[34657 1\/(.34657)2 + .oa7oa| %]’
) Qa
w

b
N

+ '\I.{az.ssv -\/(.34651)2 + .03704 . [3-;}3'> )
%
3. Calculate the failure rate from Equatiom (1), )
B.2.1 Bearing Characteristic Life Rasulting from Thermal Lycling

h, + +h, + = «««- h

= P - X
1 + 2 + - + - °° :.L
'1-51 2 “53 ‘Bin

where: (See Figure 5-1)

T " time at tempersture ‘l‘l

h
h = time to cycle from temperature 'rl to 'l‘3

3

h3 =  time at temperature T
h ® time at temparature T,

= bearing 1ife at T, from Table A

1

bearing life at 'rz from Table A

= bearing life at T, from Table A

102
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Thermal Cycle
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from exampls of Figure A-1l,

. T3 + T

1
m = L4 Z ]‘“‘“‘u'“a

¥

o

B.3 Winding Characteristic Life Resulting from Thermal Cycling

0-(h1+h3L+h3+ ----- "n)
("] h1 h2 hm
—"s e o @ e ™ e em—
a\l a\' a\l
1 2 ]

vhere: (See Figure A-))

h1 = time a* temperature Tl
h2 = time to cycle from temperature Tl to '1‘3
h3 = time at temperature T3
h = time at temperature T

a = winding life at '1'1 from Table A

e
]

winding life at Tl to T3 from Table A

o = winding life at Tm from Table A

» T, + T
T, = t*T
2 )
frou example of FigureA-1 T =T, = 3 +* 71 andn =n
8 m= T T A Lend = hy
B.4 Examples of Motor Failure Rate Prediction
B.A.1 BExample No. 1. Given: Fractional Horsepower Motor operating at an

ambient tempereture of 120°C. Find failure rete for replacement of motors




P

TR T MBS B

in 1000 hours. Also find failure rate at estimamted mean time between fail-

ures.

a) For replacement of motors in 1000 hours:

From Table A at 120%C
GB - 2907 hours

a, = 14704 hours

From .Jquation (1)

2
2 L b
At % 3 + » x 10
B v
At - 3 + 4706 * 107 = 108.7 failures/10 hLours
2907

b) For failure rate at estimated MIBF
From Table 1 at 120°¢

At - 294 flilurea/106 hours

B,4,2 Example No, 2 Given: Fractional Horsepower Motor operating at a
thermal duty cycle of:

2 hours at 1oo°c ambient
8 hours at 20° ambient
0.5 hours to change temperature

Pind average failure rate at MIBF

a) Tabulate operating temperatures:

'l‘1 - 100°C; h = 2 hours

1




T, = 39-0—-2*'—-2-0—- 60°C; h, = 1 hour

o
T3 = 20°C; h3 = 8 hours

b) Determine bearing and winding life from Table A

T1 = IOOOC; ag = 6095 hours; a, = 30834 hours

", = 60°C; ay = 34605 hours; a, = 177042 hours

T, = 20°¢; ap = 38827 hours; o, = 1638206 hours

¢) Calculate bearing life and winding l1ife from Equations (5)

and (6)
- 2+ 1+8 = 19535 hours
Og 2 4 1 L 8
6095 34605 = 38827
2+1+8
o = =3 - 5 = 145899 hours

3083 T 177042 T 1638206

d) Calculate (t) from Equation (4)

3
3
19335
19535 ‘\[;4657 + -\[1201 + .0370 (145899 +

t -
3[ ‘\/— 19535 |3
\/.34657 - .12+ .03704 ( T
3 3
= 19535 V69325 + +/-.00011
- 19535 [.sssoa - .oaaa]
t = 16346 hours




d
e

e) Calculate average failure rate at MTBF from Equation (1)

2
t 1 6
t aBS o'

2
| e34) 1 6
A (19535)° + {osage | * 10

Ay = 642.7 failures/10% hre

P

B
&
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