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FOREWORD
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Task No. 304806, "Aerospace Lubrication." The work was administered by the Lubrication Branch, Air Force Aero
Propulsion Laboratory, Air Force Systems Command, Wright-Patterson Air Force Base, Ohio. The project engineers
were Messrs. E.A. Lake and H.A. Smith (AFAPL/SFL).

The report covers one phase of work performed under the subject contract ini the period of April 1, 1971
through January 31, 1972. This report was submitted by the authors in March 1972.

The contractor's report number is RS-586.

Publication of this report does not constitute Air Force approval of the report's findings or conclusions. It is
published only for the exchange and stimulation of ideas.

K.L. Berkey
Chief, Lubrication Branch
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ABSTRACT

This report presents the results of scuffing studies conducted on the AFAPL disk tester developed earlier. A
tolal of 90 tests were conducted using AMS 6260 CEVM steel disks and a MIL-L-7808G lubricant at various combi-
nations of sliding and sum velocities, at two lubricant jet temperatures, with two methods of driving the test disks,
and in air and inert environments. The load-carrying capacity is seen to decrease with increasing sliding velocity,
increasL with increasing sum velocity, decrease with increasing lubricant jet temperature, decrease with belted as
against unbelted drive, and decrease in the presence of an inert environment. The variations of the critical tempera-
ture, the minimum lubricant film thickness ratio at failure, and the friction coefficient at failure with respect to the
variables investigated are presented and discussed.
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SECTION I

INTRODUCTIONL1. General
Ini a previous repurt.,' the authors desciibed in detail a disk tester for gear lubrication research, dcsigaied and

developed by Southwest Research Institute (SwRI) for die Air Fone Aero Propulsion Laboratory (AFAPL). Also
included in that report were the results of some preliminary st-uffing tests conducted using the new tester. These
tests were Lonsidered preliminary because operating procedures were being developed for the tester as data were
being collected. and the ina'Jine operator was gamiung experieniýe in test .ontrol and scuffiiig Fadilure detea.ton. IIn
addition, the torquemieters used Iin the earlier tests had a ý.apaiity that %kas to'o large compared with the reaction
to~ques that were being observed onl tile disk shafts These torquemieters have since been replaced with ones of
smaller capacity. As will be seen later, thie new t, luemeters have conisiderably improved thle accuracy in the
determination of thle disk friction.

This report presents the results of a program conducted using the AFAPL disk tester to determine the effe~ts
of sliding velo,.ity , sum velocity, lubr-iant jet temnperature, and environmental atmosphere onl thle s'ýLuffing Pile
noneina ol disks, made from a typical gear steel (AMIS 6260) and lubricated with a common synthit tk gas trhbinle
engine lubricanlt (MIL-L-7808G). Ini addition, the results of new mathine loss anid temperatwe cji~ibratiorns used In
the calculation of the test results are also presented.

2. Experimental and Analytical Approaich

The philosophy of SwRI's approach to tlie scuffing problem has been dealt with previously.( 11 itell%. it J"
felt thaCVtIee though thle load-"arry ing capa,.ity is ultimiatcly thie quaintity of moust prad.ic:al interest to designisc.. It I"

not a fundamental quantity that governs thie s~uffng process. This is evident from thle la,.k of dire,-t ouriel'
tion of the loa1.tairymng _ipak.ity data fromt thle %afious test devices and test methods. To find a more raitioinal
mneawis of lubricant seleoion aiid gear perfurmaiiane, prediktiun, s"uffing studies at SwRI have concentrated on tilc
evaluation of more fundamental approadies, sudi as the kiitical temperature liypothesisP-11 the elastoliydro-
dynamnic (ElI-D) filmn thickness theory.(4) and other possible criteria.

Will) appropriatc instluileiitaitiunl onl thc disk tester, thle quantities ne~essar) fur input to the expressions foi

.riti,.al temipetat urc and miininium Lill II)film thii~kHNiisare meaCsured and these twou quantities Lalulatzed.Thieii tliL
bKiaviot o~f these quantities w itlh mid. upeiatilig uonditions as speed, lubri.ant temperature, and enmironmicntal
atmosphere. etc., canl he examined aind evaluated.

The relationships used for thc ~alulatiun of' .ritial temperature and LIID film thi,-kness preseiited Iin
dletail in thie earlier report.(

*Superwcril i Iltimers tit pairentheseC% reter it) t he Iilio drei%.i t 1w end oi thii reporti.



SECTION 11

TEST APPARATUS

1. General

Acomplete de~scription of' the AI2APL disk tester, tuogether wvith test disk geometry, tlie instrumentation. thle
calibration and operating p~rocedures. was presented in Refeorenice I.

Two major cihanges in the test equipment were introduced during this reporting period. One was the replace-
mnent of the two 2000-in.-lb torquenmeters with two 500-in.-lb torquemreters. The 500-in.-b ttarquenmeter capacity
was selected so as to improve thie accurakcy in tVic measurement ot' the reaction torques on thie two shafts. fromt
which the disk frictioni torque mnust be derived. The icact ion toiqlues encountered in thie progwi a ranlged I'romn
approxhnatlcy 25 to 250 in.-lb. The 500-ini.-lb c.apatity "~as the smallest capacity available that would saitisfý the

- other apptication requirements.

T'he other change w~ the provision foM an alteriiati~ e dr ive s~ stemi. which is described in thre follow ing section.

2. Unbelted and Belted Drive Systems

As originally designed. thle uipper disk of' thle AFAPL disk tester is driven by a motor, and thie lower disk is
con neMCLte to a miotu./1)rak~e unit ta " iatcn hold tirei lower disk at any sp~eed equal it or different fromn that of' thre
uipper disk. Witli independent,. st epless sl zed uontlols onl thek motor a nd mu t or,'bra ke min is, any cnifbi natiion olf
:liding und suaii Veloc-ities cani eadily be obtained. This is a htghly dkesiw ble feaiture for a research apparat us intended
to cover a wide range of sliding to sumn velocity Iiatios.

di~ A more conventional typ" of'
diesysteml is onle inl which thieI:two disk shiafts are connectedl by

14either phase gears. or belts and pill-
leys. With this arrangement. thie
slidiig to stim velocity rat io is

44 fix i~l~ed. Hilhls. each ltime a different
shod, tihe p~hase gear ratio or puilsley

*diameter ratio must be ehianioed.
______> This type of' drive system is less \,or-

sat ile: however. it is thle typ~e mole1
0.commonly used in gea I 6rica ,o

I and scufting research.

Ini order to (leteimfine
whether there would be a differ.

FIGURE 1. THE BELTED D)RIVE SYSTEM onee in resuilts it'fitle disk- tester
weire oper at ed tIn thre conventional

as compared v~ith thre intended maiiiiel. .a pulkyý and ttni1aig bellt1 .01zni l"e 1 \.I',tv de~ised to , geal" the tMo shialts
toehr igure I is a photogiaph of this belled dhiie sysiein. Tliooki I. hlc beltingo aiial.eien 1. a Motor

drikes thie lotmer shaI't which. ini turn. klii~es a kilCct 101140eC InSlg "Calbo\ v' b a 2.1 gear ilitio. Ihe pulleyc onl the
output sidek of' lte gcaibo\ thenl d~iics thec tippect Shalt. B\ cliaigiiig thec pullc> ,I, * \arious -.04"bliiatiois At sliding
and suill \eloc-tttes ~Ali bek obtainled. The quite unmemesming difticmiccii..:i iesults obt-i,.,d b% opeiating the tester In
these two ways k% dkelscuse latel.



SECTION III

IMPROVED CALIBRATION RESULTS

1. Improved Machine Loss Calibration

After the new torquemeters were installed, a second machine loss calibration was conducted using lubricant
0.67-22 (MIL-L-7808G) and the procedure previously outlined.(l) The results were in general agreement with the

i previous ones obtained using the less sensitive torquemeters in that the relationship between machine-loss torque and
disk load was linear at constant shaft speed and lubricant viscosity. Also, a linear relationship between machine-loss
torque and shaft speed at constant load was observed.

The machine loss was derived by two techniques which, for convenience, will be referred to hereafter as the
old and new techniques.

Old Technique. It was previously shown(1) that for the upper disk shaft

T = Tf+ Tn 1  (I)

and for the lower disk shaft

Tn 2 = Tf - T,,2 (2)

Swhere N, rpp
15 OLD TECHNIQUE ,.4000

Tf - disk friction torque, in.-lb -- 0W TECH0I0UE 3000

T, - reaction torque indicated by torquemeter on 100
the upper shaft, in.-lb 4000

- -'-3000

Tr,2  - reaction torque indicated by torquemeter on - - - -

thie lower shaft, in.-lb 5, -~ -- 500

it7;,, 1 - machine-loss torque for tipper shaft, in.-lb Tw - %..- C - -.--- - l - o

Tin2 - machine-loss torque for lower shaft, in.-lb / . . . .-7 I I I

0

In Eqs. (i) and (2), Tf is obviously the same under any w OL D ,,IU,x 15 -- NEW TECHNIQUE 40

condition of operation. Further, if the calibration is performed 0 3000

iwitl[ the two shafts operating at precisely or approximately // ,O
the same speed, then for identical 1,0arings and shafts1000

10 I0 500

wrT i 7s, = Tm I = 7 ;in2 (3) 4- ,000

where T d is tan e machine-loss tILque, in.-lb, at the specific 1 -- 00- - BOO

speed. load, and other operating conditions at which the cali- " -- "-"
bration is perfoi nied. W-.th this assumption, subtracting Eq. (2) / -

from Eq. (I) yields Tj O190*F

Tr- oT2 0 o000 20OD0 300 4000 5000
T,= ( 4) DISK LOAD. Ib

FIGURE 2. COMPARISON OF MACHINE
Such a -alibration was perfoimed with lubrimant 0-07-22 LOSS CALIBRATION METHODS USING

and the new torquemeters. The results are shown as dashed LUBRICANT 0-67-22
/.urves in Figure 2, in whk.h the data points lha•e been omitted for (lie sake of Jarit%. As inentioned pieiuutol),
these results are in general agreement with those reported in Reference I



New Technique. When the data reduction on the scuffing test results began, differences were noted in the two
"values of the disk friction coefficient at failure derived from the two torquemeter readings. A difference was also
observed in tile preliminary scuffing studies, but this was attributed to the fact that the first machine loss calibration
contained ;ome inaccuracies due to the less sensitive torquemeters.( 1 )

In order to bring the two friction coefficients into better agreement, a different procedure was tried. This
procedure involved first assuming a functional relationship for the machine.loss torque in terms of speed, load,
lubricant viscosity, and undetermined constants. Then, using the fact that the coefficients of friction as derived from
the two torquemeters must, by definition, be equal, equations were developed that allowed the constants in the
machine loss equation to be calculated from experimental data.

With the new technique, it is no longer necessary to operate the two shafts at approximately the same speed.
Rather, the shafts may operate at any speeds, as in the actual scuffing tests. Thus, the method has the advantage that
the torquemeter readings obtained during scuffing tests can be used to determine the constants in the machine loss
equation. These larger readings are more accurate than the relatively small readings obtained in determining the
machine-loss torques by the old technique.

As can be seen in Figure 2, by the old technique it was found that the machine-loss torque varied linearly with
load at constant speed and lubricant viscosity. It can also be seen that, at constant load and lubricant viscosity, the
variation of machine-loss torque with speed is approximately linear. Based on these two observations, and being
guided by the results from the old technique with respect to the effect of viscosity, a general expression for the
machine-loss torque may be written as

T,,, aP + bNuq (5)

where

T,1 - machine-loss torque for one shaft, in.-lb

P - disk load, lb

N - shaft speed, rpm

P/ - lubricant viscosity at 7T and atmospheric pressure, cp

a.b.c -- fitting constants

Since the two shafts are identical and are mounted in identical bearings, it is assumed that Eq. (5) can be applied to
either shaft under any set of operating conditions. Thus the results obtained in the actual scuffing tests can be
employed directly to determine the fitting constants a, b, and c. The details of the procedure are given in Appen-
dix 1; the resulting equation for the machine-loss torque is

7T,,, = 0.0023P + 0.000968NP?- 23  (6)

where

TI1 nmachine-loss torque, in.-lb (T,,, for upper shaft, T.. 2 for lower shaft)

P disk load, lb

N -- disk speed, rplm (either N, or N, depending on whether the upper or tie lower disk shaft is under
consideration)

p 1i lubricant viscosity at T7 and atmospheric pressure, cp

The calculated results from l:q. (6) are shown as solid curves in Figure 2, for compariso- with the results
derived from the old technique shown as dashed curves. Note that the new technique predicts hI her machine-loss
torques than the old technique, particularly at high disk loads.

4



The discrepancy of results from the old and new techniques underscores the basic difficulty with all types of
disk testers for which the disk friction must be derived from the reaction torques measured on the shafts which, by
necessity, include the contributions of the support bearings. It is a moot question which technique gives a better
prediction of the machine-loss torque. The crucial question is which technique gives a better correlation of the disk
friction coefficient. Obviously, since the disk 1iction coefficient must, by definition, be the same for the upper disk
as for the lower disk, then the new technique, which recognizes this fact, is to be preferred.

Of course, in tile derivation of the "smoothed" data presented in Figure 2, experimental errors in obtaining
the raw data and the subsequent treatment of the raw data all tend to introduce some uncertainties. In the last
analysis, it does not matter which technique gives the "correct" machine-loss torque, but rather which technique
gives the "correct" disk friction coefficient which nature demands to be equal on the basis of either the upper or
lower disk. From extensive analysis and comparison of all of the si-uffing test results available from tile AFAPL disk
tester over the entire range of variable., employed to date, it has been found that thie two disk friction coefficients at
failure derived from machine-loss data obtained by thie old technique differ in most cases by approximately
10 percent and occasionally by as much as 20 percent. On the other hand, by using machine-loss data obtained by
the new technique, the two friction coeffikients usuall) agree to within 5 percent and only in rare instances it about
10 percent. On the basis of these findings, it is .oncluded that the new technique gives more plausible .esults.

2. Simultaneous Temperature Measurements in Upper and Lower Disks

As explained previously" 1 • tite AFAPL disk tester is equipped with a thermocouple probe located in the
,center plane of the disks 113 in. ahead of the ,enter of the ý.onjunction. This thermocouple probe may be made to
suspend freely without touh,.hg either disk or to ride with a slight pressure on one of the disks. Due it) the complex
oil flow and heat transfer .onditions prealemit at this vimit),, tile temperature ,.ross the oil film is generall, not
uniform, and tile probe reading \\ith the probe totii.hmg the upper (or faster) disk is alw,a•,s higher than the
reading with the probe touching the Iower disk sometimes b, as much as 30°F. In an, case, regardless of the
probe's position, it does not read directly thie surface temperature of either disk.

In order to derive the sturfae tempc.azire, 7,. of a disk from the probe temperature, 7',,. with the probe
touuhing that disk, the relationship bet, cei 1h,- disk Nswuta.c tetiuperatire and the ,ortresponding probe ecinperarturc
must be known. Sudh a relationship ",i only be established b, ,alibiatlon,( I) hliidh involves instrumenting a disk
%ith embedded thernu.ouples and taking sini,!t.tuicous icadings fliom tie embedded thernU,.ouple Cb and tile theniro
.ouple probe riding on the same disk. As nenltioied prcl,,usl), ho•ever, the thermououple probe al\as reads
higher when riding on the unper disk thaii \\hl tidindg un the lowecr disk. Tile que.stion then arises as to w, hether the
Ts Tp, r!lationship is or is not the same Iot the uppet and low er disks. Indeed, if this relationship %%ere the S.ame
for both disks, then thie surfa,c temperalure ol the upper (or fastcr) disk must neessaril, be higher thain that of the

23 ±0•005 lower disk. This would then yield iwo calculated
critical temperatures, which would be tlictit to

interpret.
0. 173 ± 0005

In order to determine if the two surface tern.
peratures were different. simultaneous temperat re
neasurements were made on both the upper ai,d

40I0 lower disks. For this work, the holes drilled in the
(REF) calibration disks were relocated as shown in Figure 3.

ORILL THRU As can be seen by comparing this figure with
4.HOLES Figure 14 in Reference 1, a hole was placed between

the first and second original holes to allow a more
accurate determination of the gradient near the sur-

-f lace, hence a more accurate extrapolation to tile sur-
-- 0 0073 ±ooos face temperature.

• "4' =--0 673105 tOOO

FIGURE 3. THERMOCOUPLE HOLE LOCATIONS Both the upper and lower disks were instru-
IN TEST DISK mented with embeddeo thermocouples. and two



identical mercury slip rings were in- 220 , 270

stalled on the two shafts to connect I
the embedded thermocouples to LQADIb UPPER DISK LOWER DISK LOA.Ib UPPER DISK LOWER 013K250 a 260 250the temperature recorder. The disk 210 00 ae o 500 0

7 0 6 A6 750

tester was then operated with lubri- 780 • £ 750 A £

cant 0.67-22 at various conditions
of speed and load, and the tempera- zooL 250

tures at three different radial posi-
tions (as limited by the capacity of
the mercury slip rings) in the upper Io0 240

and lower disks were recorded si.
multaneously. Also, at each condi- "
tion, the thermocouple probe read- 230 A
ings with the probe riding on the [
upper and lower disks were both .2
obtained. This procedure was car- 1i0 - 220-

tied out at Ti = 1400 and 190 0F, A
but more extensively at Ti = 190-F [ A
since the majority of the scuffing 6o0 0 210

tests were to be conducted at the . e A

higher lubricant jet temperature.IS 200

Figure 4 shows typical tern-
p;mture distributions in the disks 0

for one set of speed conditions, 140 190

where V, =300 ip3 and V, =200
ips. Figure 4a was obtained with
T, = 1400 F. while Figure 4b was 1301 ,1_ , 1801 i , ,
obtained with 70=1900F. Tile 0 0.1 0.2 (.3 0 0.1 Q2 03

i DISTANCE FROM DISK SURFACE, IN. DISTANCE FROM DISK SURFACE,IN.

three curves were generated by tb) tb)
using three different values of disk
load. The surface temperature was FIGURE 4. TYPICAL TEMPERATURE DISTRIBUTIONS
obtained by extrapolation of the IN TEST DISKS

embedded thermocouple tenmpera-
lures, assuming a linear relationship between the disk temperature
and the logarithni of the radial distance. This procedure has been 230 , , ,
used as a standard technique throughout all the calibration work. 220o /
As shown in the figure, at each radial position there is little a o.o03
difference in the embedded thermocouple temperatures, which 210 0 0.167

results in the extrapolated surface temperatures being nearly the A 0.20/
200 /

same for both the upper and lower disks.
S,90 /

Figure 5 shows all the results for Ti = 140 017, where the T I ,T;
surface temperature for the upper disk is plotted against the sur- 1

face temperature for the lower disk. As shown in the figure, data ,70o
were obtained for three values of sliding to sum velocity ratio, Ml. A/

The dashed line shown in the figure is where T = 7s , and, as 160 /"AA

call be seen, the surface temperatures agree well with'this rela- i1o 0

tionship. It will be noted that the disk surface temperatures do 140V,
not exteld quite as high as b me of the surface temperatures I4o IS 16o 170 i1O 19O 200 210 220 2ao

obtained in the scuffing tests. This is because the maximum load Tet.-F

vas Inteitllot'll, kept low in order not to s..uff the , alibration FIGURE 5. COMPARISON OF SURFACE
disks. which are extremely tilmeconsuming to make and were TEMPERATURES OF TEST DISKS
limited in quantity. In about half of the scuffing tests, at AT T, = 140°F

6



T= 140 0 F, the surface temperature was approximately 200'F or lower, which was the highest temperature
observed in the simultaneous temperature measurements.

Figure 6 shows the relationship between the extrapolated disk surface temperature and the corresponding
thermocouple probe temperature for the same conditions presented in Figure 5. It is apparent that, although the
surface temperatures are nearly equal as shown in Figure 5, the thermocouple probe temperatures are not the same

for the two disks. For a given surface temperature, the thermo-
270 ' I couple probe temperature on the upper disk is always higher

than that on the lower disk.
UPPER LOWER

250 0ISK (1) DI3K It) Vs.lps Vt, lps U
250 -00 DISK 0.0o Figure 7 shows tile simultaneous surface temperature

240 0 200 10oo o0.gr determinations for T. = 190 0F. The data were obtained for the
A AX 300 200 0.20 embedded thermocouple temperatures at five values of M. The

230 two highest ratios were identical to those used in many of the

b,. no -scuffing tests. As can be seen, the two surface temperatures are
in good agreement over the whole range. The highest extrap-

LOWER olated surface temperature obtained was about 2650 F, which
S2o 00 - OISK is as high as the surface temperature at scuffing for the major-

A ity of the tests conducted at T. = 190 0 F.

UP-0R h'ite relationship between tile extrapolated disk surface
Stemperatures presented in Figure 7 and the corresponding

iO r- thermocouple probe temperatures is shown in Figure 8. Simi-
o •10 lar to the case where T- = 140"F, the thermocouple probe tem-

peratures are not thie same for tile two disks. Likewise, for a
iso 1 1 given surface temperature, thie probe temperature is always

4o ,I I l higher for tile upper disk thllan for thie lower disk.
140 I5O 16o 17o tso ISO

Tpn. OR Tp. 'F It is clear fromn the above that with lubricated disks

FIGURE 6. RELATIONSHIP BETWEEN DISK operated over a wide range of conditions, both the temperture
SURFACE TEMPERATURE AND UPPER distribution inside the two disks and the surface temperatures
AND LOWER THERMOCOUPLE PROBE of the two disks are thie same. However. the thermocouple

TEMPERATURES FOR T."= 140°F probe temperatures with the probe touching tile upper and
lower disks are generally different. Therefore. tile T, vs T,, re-
lationships for the two disks are different. In practice, either

2*0
7 the upper or the lower disk may be employed to deduce disk

27o . / surface temperature, provided the appropriate T, vs T,, calibra-a 0.083 /
o 0.167 v/ tion is used.

260 A 0.250 4
0 0.333 3. Improved Temperature Calibration

250 V 0.429 /0

6 4 Having ascertained that either the upper or thie lowerS*40 iA/00 •-T disk may be used to derive tile disk surface temperature, a
o230 - v0 more detailed calibration was made with lubricant 0-67-22

220 /o over a wide range of conditions. This calibration was made
a o using the new calibration disks shown in Figure 3. and by

210 ,~/ careful placement of the thermocouple probe at a distance of
200 , /113 in. ahead of the center of the disk conjunction. Following

" tile earlier practicet ). the lower disk was used as the basis for/

190 200 210 220 230 240 250 280 20 28 tihe temperature calibration.
T81. *F

Figure () shows tile relationship between the extrap.
FIGURE 7. COMPARISON OF SURFACE plated surfaice temperature. T,, and the thermocouple probe

TEMPERATURES OF TEST DISKS temperature 7'T . for the two lubricant jet temperatures of
AT T.= 190°F 1400 and 1901%. In contiast with the results previously

7



350 1 1 1 1 1 2S00 3401

340 230 o0 a30go
UPPER LOWER 7DISK (1) DISK (2) V$,lp$ Vt. fps330 270- 320I

a to I 200 0 0,0613

320 / 0 too 1200 O.1 1241026 310
S/ 300 100 0.250

0 350 1050 0.333
31 T •7 450 1050 0.429 ,•250 30

0I 0I Io

300 240- 0 290-

240 -PE Ic- 22300SO

2300 Y 270 m20 m
-. . LOWER0

a220 -, 0120 3 27 21 -260- 0 7
0 0d67

oft, to" 25034220
200 A .40 I80 0

240 e 140 6 230 2
2PPER 4 P a

IDIO

230 8 I IP 17BT EDF 2209

2'20- IS |O- 0 1273 210 0 or#7

21(] ,of 106C a• 3342 . 200

200~ ,• !140 1 !I0 I I

140 150 160 170 180 190 200 210 220 230

t I I I-PROBE TEMPERATURE Tpa.-*F

190 200 210 220 230 240
TpI. OR Tp . IF Wo Tj -i40*F Mb Ti 1l190 F

FIGURE 8. RELATIONSHIP BETWEEN DISK FIGURE 9. TEMPERATURE CALIBRATION

SURFACE TEMPERATURE AND UPPER FOR LUBRICANT 0-67-22
AND LOWER THERMOCOUPLE PROBE

TEMPERATURES FOR T7 = 190OF

obtained using lubricant BC(I), no speed effect was noted with lubricant 0.67-22. That is, the T. vs TP relationship
is a single curve for all disk speeds between 955 and 3342 rpm. and is linear. The slope of this curve is dependent
upon the lubricant jet temperature, Tr. For T7 = 140 0F, the extrapolated surface temperature is given by

T.= 140 +4.286 (TI,2 -140) (7)

and for 7) = 190 0F

Ts 1 90 + 10.000 (TP.2 - 190) (8)

where

- disk surface temperature, 'F

TP2  - thermocouple probe temperature, 'F (with probe riding on the lower disk)

It will be noted that the extrapolated surface temperature is extremely sensitive to changes in the
thermocouplc probe temperature. Thus, slight differenes in the thermoiouple probe temperature faused by
factors such as probe installation or characteristik.s of the probe itself wan introduce large errors in the pre-
dicted disk surface tempcituire, which is Lused to ,.alculate -riti,al temperature. For this reason, ,xtreme
precautions must be taken in the construction and installation of the thermoouple probes in order to ensure
consistent conditions from test to test.

8



Figure 10 compares the single curve obtained with lubricant 0-67-22 at T7 = 140 0 F, with the curves
obtained using lubricant BC at the same temperature. As can be seen, there is considerable difference in the results
for the two lubricants. This demonstrates the need for the temperature calibration to be conducted using the same
lubricant that will be used in the actual scuffing tests. It is believed that the difference between the results can be
explained by the fact that lubricant BC is about seven times as viscous as lubricant 0-67-22 and thus results in a
thicker lubricant film that affects the thermocouple probe temperature.

200

,.o.LUBRICANT
955'5KS34 p

S170

90 to

1600
A (

0 2626

I, I

WI

a:

14 I 01017

2 170-

W
U

A

160

EXSNPERIMENTAL VALUES FOR OIL BC

150_I N,.rpm
I0 3342
I0 2626

4 1671

140 150 160 170
PROBE TEMPERATURE Tp2, OF

FIGURE 10. COMPARISON BETWE5N TEMPERATURE CALIBRATIONS
USING LUBRICANTS BC AND 0.67-22 AT 7) = 140-F
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SECTION IV

RESULTS AND DISCUSSION

1. General

This section presents the experimental results of 90 scuffing tests conducted using disks operating at various
combinations of sliding and sum velocities, with lubricant 0-67-22 at two lubricant jet temperatures, and in air and
nitrogen environments.

The test disks used in these experiments were fabricated from a single heat of AMS 6260 CEVM steel and
represent the second batch of disks, Batch B, tested on the AfAPL disk tester. The first batch of disks, Batch A, also
of AMS 6260 steel, were all tested at a lubricant jet temperature T, = 140 0F, but using three different lubricants.
The results of these tests have been reported previously.(1 )

The properties of lubricant 0-67-22, a MIL-L-7808G lubricant, have been previously given in Reference 1.

The majority of tile Batch B disks were tested at T, = 190'F. However, some tests were conducted at Ti
140°F for comparison with the results obtained with Batch A.

In the experience of SwRI with a very large number of disk tests, it has been noted that even with test disks
made under very stringent control from a single heat of steel, and with tests conducted under the utmost care,
replicate tests, as a rule, yield scuffing failure loads of considerable scatter, typically by a factor of 2 to 3. In tile
interest of statistical confidence, it was decided that, in testing with Batch B disks, 10 replicate tests slhould be con-
ducted at each set of test conditions so that reliable averages would be obtained. This was done for 7 series of tests.
thus accounting for 70 of the 90 tests conducted. It was then discovered that quite different test results were
obtained by driving the test disks with the two alternate drive systems mentioned earlier. To explore thie arive-
system effect c,, r the widest range of operating conditions possible with tihe remaining Batch B disks. it was
necessary to run only 5 replicate tests for each of the 4 remaining series.

Before discussing thie results, it will be helpful to summarizw the test program by tabulating tile test series
numbers and the test conditio:ns for each series. This is done in Table I. Seven test series. Series VIii to XIV, were
conducted with the unbelted drive system. TA6LE I. SUMMARY OF TEST SERIES AND CON-
Series X, XI, and IX were intended to deter- DITIONS WITH BATCH B AMS 6260 DISKS
mine tile effect of changing sliding velocity at AND LUBRICANT 0-67-22
constant sum velocity, while Series X, XII, and
XliI were conducted to determine the effect of Series No. i I"$ I M I's/l'l Invrru nt
changing sum velocity at constant sliding veloc. - I ] 1PI Ir iI

ity. Note that Series X is common to both Unbelled drive

groups of three series. Series VIII was con. x io 351) 1050 0.333 2.0 190 Air

ducted at T = 140*F, both for comparison X1 10 450 1050 0.429 2.5 190 AirwihBac ix 10 630 1050 0.6010 4.0 I190 Ai rwith Batch A results and for comparison with
Series !X to determine the effect of lubricant x 10 350 1050 0.333 2.0 190 Al
jet temperature, Ti. Series XIV was to be cdii, xii 10 3501 817 0.429 25 1901 AIr

I- XIlII 1 350 583 0.600 4.0 190 Ai
pared with Series XI for the effect of an inert -
environmnent. 'Viii 10 630 101511 0.6011 4.0 I 140 Air

XIVI 10 450 1050 0.429 2.5 190 Nilrogvn

In the belted mode of operation, compari. Ilted drive

son of Series XV and XVI would show thie xv| 5 350 1050 (.333 2.0 1911 Air

effect of varying sliding velocity while holding x'1 5 450 1050( 01.429 2.5 190 Ai

sum velocity constant. while comparison of -

xv S 350 10150 (1.333 2(019 Avarying sun velocityXVII would show the effect of xvi 350 817 0429 2.5 1901 Air

-__-( 5 2(0( 60 ._ 0 33. 2.0 1901 Airity constanlt. I here Series XV is common to EvII ;E .

h0



both groups of series. Series XVIII was conducted to obtain results at Ml 0.333 by using a different combi-
nation of V, and V, to compare with Series XV.

The detailed results of the various test series are presented in Appendix I. Each table in Appendix 11
contains the specifi,. break-in and test conditions of each series, the results of each individual test in the series,
as well as the average results of the series.

In the following material, the various effects will be examined on the basis of the average results of the
appropriate test series. In the examination of the various effects, all parameters of performance such as the
failure load, the friction coefficient at failure, the critical temperature, and the minimum lubricant filn thick-
ness ratio at failure will be compared. As mentioned previously, from the viewpoint of evaluating the validity
of some form of a generalized scuffing criterion, such parameters as the critical temperature, the film thick-
ness ratio, or some other suitable index should be of more fundamental interest. However, the calculation of
all these generalized indices involves some assumptions or arbitrary decisions. Currently, the amount of
research does not permit an evaluation of the generalized indices to be made with confi ýence. Therefore, pending
additional research, greater emphasis will be given to an examination of the failure luad and the friction coefficient
at failure. Both parameters are derived from actually measured quantities and are not subject to arbitrary situations
other than measurement errors.

2. Comparison of Results for Batch A and B Test Disks

Before beginning the test program with Batch B disks, it was desirable to conduct ai Ieast one series of tests
under the same conditions used for Bathh A disks. This comparison was made for several reasons. (I) the disks, even
though made of the same material, were manufactured by two different companies from different heats of steel,
(2) Batch B disks were, in general, slightly rougher than Batch A, and (3) the new, more sensitive torquemeters
permitted a check on the friction coefficient results previously obtained in testing Batch A disks.

Ten tests were conducted using Batch B disks at T = 140F, V = 630 ips, and V, = 1050 ips. ror these tests.
the disk tester was operated in the unbelted mode (two shafts independently driven), as was done in all test. with

TABLE If. COMPARISON OF AVERAGE TEST RESULTS FOR BATCH A AND B
TEST DISKS WITH LUBRICANT 0.67-22, Ti = 140WF, Vs = 630 ips, V, = 1050 ips

Before break.in At end of break-in *" failure

II
,atch 6iI+2, &f. Tlr, F 6. hmf.V Pj.. we 7 2. T5,_2,. T,,.

piin. n.piin. n. m in, .am. Amf• f! lib ppi[ F *F *F *F

A 8.6/9.3 17.9 14.0 3.5 0.26 19.4 12.3 0.88 0.014 762 6179 169 263 146 409
Ii 12.0/13.2 25.2 15.1 4.6 0.3 1  22.3 13.3 0.88 0.022 655 5535 162 231 227 458

* Bawid on ba.

BaIdi A dhisks. Table Ii .o•ipares the results %ith those obtau:;ed using Batih A. This table shows the average %alues
of the measured and .ahulaied quantities for 5 tests on the Batch A disks and the 10 tests on Batch B disks. The
Bah.h A results are taken fronm Table IX of Referenic I. However, they have been modified to correct for the newc
nadInle loss and temperature .alibrattons obtained for lubriant 0-67-22. The previousl) reported values %kere
obtained usn.ig the lahbratlon result., for lubnant BC, %,hilh ,erc the onl, values ,available %%[hen Referenl. I was
published.

As L'a|| be seen by -oniparing these ,.orre.ted results for Bat.h A disks with those in Table IX of Reference I,
the mnaim n elt ol using the new .alibration data is to inkrease the disk surfa.e temperature. T.. Other quantities
remained relatively unaffected by the new calibration results.

In ,.onmparing Ihl results of the tou batihes of disks il Table Il. note that the average initial ,.omposite surfae
roughness. hP of l;ath B disks is somewhat larger than that of' Bah.h A. llow%.vet. the break in process biings the

+I



two measured roughnesses la within I pin. of each other. At failure, the calculated minimum film thickness differs
by oitly I pin. The film thickness ratio at failure, Amnf, is identical for the two batches. It should be noted that the

film thickness ratio at failure should ideally be based on the calculated minimum film thickness and the composite
surface roughness at, or irrmediatel, prior to, failure. In practice, however, the surface roughness of the disks cannot
be measured at, or inineCiately prior to, failure. Thus the bf-measu.cments must be made after faillre. In most
cases, the scuffiwig had progressed .11 around the disks by the time the machine was stopped, and considerable fur-

thir damage to the surfaces ,aad occurred. Consequently, no reliable measurement of 6f can be made. For this reason,
this report has based A,,f on 5a, the composite surface roughness after break-in, rather than on 6f.

The friction coefficient is considerably lower for Batch A disks. This difference is attributed mainly to the
inaccuracy of the torquumeters that were used in tests with Batch A disks rather tihan to the difference in surface
roughness. From extensive experience with disk testing at SwRI, such a large variation in thie friction coeffikient at
failure with surface roughness has never been observed.

The failure load, P., for Batch B disks is 14 percent lower than that fc,r Batch A. and may be attributed to the
Lombimation of the effects of a different materia! batch and disk surface roughness. This difference in Pf is real
because P1 is a directly measured quantity. The thermocouple probe temperature, Tp2 , and the disk surface
temperature, Ts, at failure are both higher for Batch A disks due to the aIglher P1 . ror otherwise constant conditions.
these two temperatures should be some function of ffP1 . From this consideration, it is seen that thejý for Batch A
disks must be too low. This error in f4 causes the AT at failure to be too low for Batch A disks. consequently, the
critical temperature, Ter, for Batch A disks must be too low.

3. Effect of Sliding Velocity

The effect of sliding velocity on tile failure load is shov, i in Figure II. Roman numerals denoting the test
series are placed near the ,ata points to aid in identif, ing the ,urresponding test .ounditions shown in Table I. Th,
upper curve in the figure was obtained while operating tilt tester with the unbelted drive, the lower . urve was
obtained while operating the tester with the belted drive. Fir both operating modes, life failure load de,.reases with

increasing I'.. At low values of sliding velocity, the failure load is 2 to 3 times higher when the drive shafts are not
belted together. However, this difference in the load-cart> ing capacity beCoUmILs small, at high Sliding vclocities.

This difference in behavior is not full> understood at this time. A possible explanation is that the unbelted
slfts peimt the disks to shift slightly with respect to each other in the angular sense, even though tile speed ratit,
between shafts is nominally constant. That
is, the indicated speed of either shaft will
var) by I or 2 rpm at typical running speeds
of 500 to 3500 rpm. On the other hand,
when the shafts lie belted together, there 3oox

is a positive relationship between points X

on the two disks. Thus. any surface distress UNBELTED
DRIVE

that may be initiated when two particular
spots come into contact is reinforced as the 000o

same two spots continue to collie into con-

tact during successive revolutions. It is possi-
ble that a small angular shift occurring when x1
the shafts are not belted together is sufficient 1000- BELTED 0

to prevent two potential trouble spots from x D

coming into contact often enough to cause
failure at a lower load. Further work will XVI

0' I- 1 1 1

need to be performed to verify this theory. 300 400 500 600
V~, Ipl

A logarithmic presentation of the data FIGURE II. EFFECT OF SLIDING VELOCITY ON
in Figure I I is shown in Figure 12. Note SCUFFING FAILURE LOAD AT CONSTANT
that a nearly linear relationship exists SUM VELOCITY I" = 1050 ips
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between log Pf and log V., and that the slope for the
belted drive results is nearly the same as the slope for

3000- ex the unbelted drive results. Computing the slope of the
lines yields

2000- UNBELTED 138
2000 DRIVE (S~(9)

1000- 9X That is, at constant sum velocity, the scuffing failure
900S load is inversely proportional to sliding velocity raised
903 \ nearly to the fourth power.
700

6032

BELTED'---" Figure 13 shows the effect of sliding velocity500I DRIVE
on critical temperature. For the unbelted drive, the

400 XV critical temperature decreases as the sliding velocity\ increases; for the belted drive, the critical tempera-
is0 :x ture remains essentially constant. It appears that, at

high sliding velocities, the two modes of operation
200 would tend to yield approximately the same critical

temperatures.

The effect of sliding velocity on the minimum

i0 .i elastohydrodynamic film thickness ratio at failure is
100 200 300 400 500 700 1000 shown in Figure 14. It is seen that, within a range of

v -±5 percent, this ratio is nearly the same for both

FIGURE 12. LOGARITHMIC PRESENTATION OF modes of drive and nearly constant with respect to
DATA FROM FIGURE 11 sliding velocity.

700
The effect of sliding velocity on friction coeffi.

ýx cient at failure is shown in Figure 15. It is interesting

GOD UNBELTED to note that the friction coefficient is not a function
DRIVE of sliding velocity. This is true whether the tester is

operated with the belted or the unbelted drive. How-
500 ever, the friction coefficient is higher when the belted

*XI drive is used. Whether tile higher friction coefficient
*•IVIx for the belted drive is due to the repeated interactions

400 111-- between corresponding points on thle two disk stir.
xvDRELVED faces, as suggested earlier, remains to be established

by further work.

300 400 50o 600
V,,IpS 4. Effect of Sum Velocity

FIGURE 13. EFFECT OF SLIDING VELOCITY ON
CRITICAL TEMPERATURE AT CONSTANT SUM The effect of sum velocity on tile load at scuff-

VELOCITY Vt = 1050 ips ing failure is shown in Figure 16. The effect of in.

creasing V, while holding V, constant is to increase
the failure load. The failure load is again lu.ver fur the belted drive and, as I't is lowered, the .urves tend to merge.
A logarithlin presentation of the same data is shown in Figure 17. Unlike the relationship between P) and I',( the
slopes of these lines are different for the unbelted and belted modes of operation. Computing the slopes of the lines
yields for the belted drive

Pf'- (Vt)3.66 (10)
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and for the unbelted drive -.00

pf (VI) (11) 0.90

0.60- bELTED

The effect of sum velocity on criti- DRIVE

cal temperature is shown in Figure 18. 0.70 xv /x
The critical temperature increases signifi- . o0.0 >-o-
cantly with increasing sum velocity for A UNBELTED

the unbelted drive, and increases only 0.50 DRIVE

slightly for the belted drive. As V, is de- 0.4o

creased, the difference between the two
modes of operation becomes less pro- 300 400 500 G00

nnounced. V8,Ips

"FIGURE 14. EFFECT OF SLIDING VELOCITY OiNI 'MiNIMUM
The effect of sum velocity on the FILM THICKNESS RATIO AT FAILURE AT CONSTANT

minimum elastohydrodynamic film thick- SUM VELOCITY V, = 1050 ips
ness ratio at failure is shown in Figure 19.
The belted and unbelted modes give 0.04 , ,
about the same A./f to within
=5 percent. However, an increase in sum BELTED

velocity increases A..f moderately. o.0V XDRIVE q
The behavior of the friction coeffi- -o

cient at failure with sum velocity is U T0.02 "X X

shown in Figure 20. It is interesting that DRIVE

while f does not vary appreciably with Vs,
it does vary with VP, decreasing with in-
creasing Vt for both the belted and un-
belted drives. As was the case when V, 0 I I

was held constant and V, varied, the fric- 300 400 500 600

tion coefficient is higher when the belted V, iPS

drive is used. FIGURE 15. EFFECT OF SLIDING VELOCITY ON

5. Ef-:,._ of Sliding to Sum Velocity FRICTION COEFFICIENT AT FAILURE AT

Ratio CONSTANT SUM VELOCITY V, = 105lt ips

It would be of interest to compare 4000

the data at constant sum velocity with
the data at constant sliding velocity using
some factor common to both test groups. 3000

This comparison can be made only by E

using the ratio of the sliding velocity to UNRELTED-

the sum velocity. DRIVE

In Figure 21a, the failure load is
shown as a function of velocity ratio, ?,I

for the unbelted drive. It is seen that XII1
L BELTED--

the results for constant sliding velocity 1000o DRIVe

do not differ significantly from those at _..I °xv
constant sum velocity; at Al = 0.429 and X0-x

0.600, the failure load is slightly higher 0 To 'VI
for the constant sliding velocity case. 500 600 700 Bo0 900 1000 1100 1200

The results for the belted drive are V,. 1p

shown in Figure 2lb, it is seen that at FIGURE 16. EFFECT OF SUM VELOCITY ON SCUFFING FAIL-
11 = 0.429 the failure load is also slightly URE LOAD AT CONSTANT SLIDING VELOCITY Vs = 350 ips
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3000- Jx

2LUNBELTED-

D000 

DRIVE

S? XVII

1000 /
900 /
800 0 XV

700

BELTED
D00 I DRIVE

000 0 /0 XVI0

400-

300-*XI

200-

1001I I
300 400 500 700 1000 2000

Vt

FIGURE 17. LOGARITHMIC PRESENTATION OF DATA
FROM FIGURE 16

700

X

600-
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higher for the constant sliding velocity case. For both unbelted and belted drives, the failure load is seen to
decrease with increasing M and the decrease is more pronounced with the unbelted drive.

Figure 22a shows the variation of critical temperature with Al for the unbelted drive. The critical temperature
decreases with increasing Al for both the constant sum velocity and constant sliding velocity cases: at M = 0.429 and

0.600, tie critical temperature is noticeably higher for the constant sum velocity case. Figure 22b presents the
results for the belted drive, and it is seen that for the constant sum velocity case, the critical tenmperattire increases
slightly with Al, while for the constant sliding velocity case there is a slight decrease. The variation with II is
significantly more pronounced for the unbelted drive.

The variation of the minimum EHD film thickness ratio at failure with M for the unbelted deive is shown in
Figure 23a. Note that at constant sum velocity, the variation in A,,f is nonmonotonic, showing first an increase as
sliding velocity increases, and then a slight decrease with further increase in sliding velocity. lovowever, at constant
sliding velocity, A 1,, is relati"ely constant. The results are shown for the belted drive in Figure 23b, and it is seen
that Amf decreases with increasing Al for both constant sum velocity and constant sliding velocity tests.
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be representative of another point along the line of action. Thc abscissa is the sliding velocit), I. litmo~e~er. the sumi
velocity, V,. could have been used just as well since as either one is varied, the other changes such that their -1t1o
remains constant. In addition to the data that wvere presented earlier, the results of Series WViII, %Vh11,1 %%ere
obtained at 1'. 200 ips and I't 600 ips with the belted drive, are also shown. At thie top of the figure it is seen
that the load at failure decreases with increasing speed for both values of,11 whether the belledt or unbelted dri~e Is
used. The minimium filmn thickness ratio at failure, A ..f increases nioJerately %% ith speed tls,, for both vakies oft
and for both drive miodes. The friction coeffih.ient at failure decreases %. ith in..reasing speed fur both 'values ot',1J and
drive modes. I lowvever, thfe critical tenipera.,fre, i ,, decreascs sliglhay with increasing speed at M = 0.333. but
increases with speedl a!t it 0.429. The same behavior is observed for thie surface temperature. T,. in that it deý.reases
slightly wvith increasing speed at ill = 0.333, but increases with speed at ill = 0.429.

6. Effect of Lubricant Jet Temperature

There is a marked effect of lubricant jet temperature on the scuffing failure load, at least for the one set of test
conditions investigatcd. The results are sho%%nI in Table 111. Series ViII was conducted at T, = 400F~ and Series IX
%vas conducted at thie same test conditions except with 7' = 190 0 F. As seen in the table, thie averaige surfacee
roughness of thie disks, hotlt before and after break-in, was about the same for both series. The disks tested at
7; I 140'1' failed at acalculated mniniamum DIID filmn thickness about 30 percent larger than those tested at

* 1T, I l(0 0F. This larger film thickness is due to the higher vistosity of the oil at the lower temperature as indi~tted
*by the thermocouple probe temiperatutre, Tp2. The load at failure in thie tests with T', =l40'F %%as muore than va iX
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TABLE 111. COMPARISON OF AVERAGE TEST RESULTS FOR P'S= 630 ips
AND Pt = 1050 ips USING LUBRICANT 0-67-22 AT

TWO LUBRICANT JET TEMPERATURES

TesBetifore break-jin At end of break-in At failure
Testl TIl. A. * 0  

6f. h'f "mPf . se T 7 2. 7's. a T. Ter.
pin. pil i.mn in. lb ppti'

Vill 140 12.0/1 3.2 2S.2 15.1 4.6 0.31 22.3 13.3 0.88 0.022 I655 5535 162 I231 227 I458
IX 190 12.2114.0 26.3 16.9 4.5 0.27 22.4 10.4 0.62 0.022 I290 3237 197 264 152 415

B. tlsd on6.

that lit tile tcsts at T,= 190*F. Thle aveiage friction coefficient at lailurej,fj is identical for both series. Since friction
*coefficient is thle samec for both series, it is thle higher fatilure load in Series VIII that accounts for the higher critical

temperature.

7. Effect of Inert Environment

To determtine tilte effect of alit Inert Civil i~inineti onl sculling behavior, [lie disk testei w~as operated itt (lhe

presence of nitIrogent. The nilrogett used w as Ifi ou a copcsdgscy inde atnd Cointained less tl1,,,t 1011ppm1
- ~~~~iltipti lilies includinog 5 ppitt 02." 1 ppitt 12 I ppnt Co . I ppm ('0,w~itI i adew~poitli of 600 F. The liiiIiogen gas ~us

initrodurced Ithrough Itie botottom tt tilhe lobti kdit Iso ntp beneta thI the disk cit Joso re. It %%,is fo rced to flow uplb) trough

tite loibricnc t . thtrough the disk ent-luso rc * anid outt a % cit I atI tite l op of tile COL loso re. The kIrlobni..ott antd disk eli! 0osuIC

were notrged for 2. It Pto i~t) to al.i test b) aillowi ng (ite nit i igeit to Ilk)%%v whl' I the I oh i katit was15L LUI--i Ic d tftl~ough

tilte s) steitt a I lest leitt pet at tire. Thte nititrogent Contintuted to flo(m ill this manoite r 1 Iiroiigltoti tiIlie test.

AlleIC 1pls wici nude ito break itt tile l est disks litt Itie ince Ii emt ii on iticit I. osing tile prIOLedte Lit'o PC I liltt ill (gIlie
nititogeit to 1105% tilotiogt thle S) stelit %% 11tilte lobo)[L.ill 0dIlolatliig aut thec break-ut1 teliletratotre oft"W'I 10t 2, Ill pnI)kl
ito beginnitg itig e bi C11cak-ot . II osses c Iwo bets oft disks stuliffed duLiing tile blreak inl pi~~s (0C5 c aotel 1000-1 -lbIoad anid

antothler at1 tile mta.xintoin hreik -in loaid of 2000 lb ). TI tlee I Ioi t his proc ed utet was ana~itoi d atid l e disks
were brotkeni in in -.it enivi rontmtenit ot ant

The lest lestil Is .ii sh owsn iii Table IN\'. I or- cootpa risont tilie Series XI iestil is. ohbtaiited at [lie samte lest
L~ond itlolls li it .11eM:sii o1let itici I oF *. arc lilsost) issiim itt Table IV. As lio~ t itt le tableI. tilie ave rage sourfaice
tooglt ness of tlte disks hotItl beti foe and at leti bca.k -in ti1c tile saiote fot hothI serlies. Itt niiiIrogen . tilie scutiffiitg
lfol ti te oL Luicd at .i ,11liglt) h y ighe icI.l o Ld it l11ilt lntt 1.111) fill Iii I It L itSs ratio thtan iii air. Tile fr ict ion
WCefIL ICIt 1 at I*Li ilie %Va.i 0ot)tll gl ii hl\ s kwei foi tilt tests s iý,lli In I ogell it ~lle (cIlie 'a ilurfe load was signi fkanI ly
lower. The lower load an~d fnLitioti ot ietat tafi. lle icuot ill a lON~ er La'lt~ onJulotliol temlperat tire rise'.
AT lThis lower AT, ottubined withi tile lowser stirfai-e temipera (tire, T, alLtuitls for tlie large differeneC lin critikal
teitperal tire.

TABLE IV'. COMPARISON OF AVERAGE 1']EST RESULTIS 1:OR I1, = 450 ills,
I', = 1050 ips. ANID TI = 190"F. USING LUBtRICANTO0-67-22 IN

AliR ANI) INERT ENVIRONMENTS

iBctole bleak-iii At enid ol tbrcik.,1 At failure
'l~lvitol~llfle 6 ib 1. %,. 6a. /m I hp .hl P1,. $ie; T  I'. 4T.1'pin7 r. Ul;pl. lt l.Pl re..

XI Ai It 89110.7 22.4 14.3 S 1 1137 10. 9 Li 0.0 0,022 1000 7Wb 199) 280 189 46.9
xIv Nitrogen 101.6)111 7 22.4 14.2 S.2 ti0 37 18. 10. (1073 0.0241 455 4358 194 225 121 146.

IFj`ed onh



These tests indicate that the chemical effects of oxygen and/or moisture in the environment are
important in the lubrication process, not only at the higher temperatures and speeds, but also at the lower
temperatures and speeds used in the break-in process.

8. Statistical Nature of the Data

The discussion of the results thus far has been concerned with tile average test results of the various series of
tests rather than the individual test results within each series. It was mentioned previously that with a 10-test series,
the failure load varied by a factor of two or three even though all test conditions were the same for each test. This
suggests that the scuffing failures may follow a statistical distribution similar to fatigue failures.

Figure 26 shows that the scuffing failure load follows a Weibull distribution relatively well. These are the
results from Series X, XI, and IX, where Vt was held constant and V, was varied. Using these curves, or equations
developed from them, one could predict with reasonable accuracy the percentage of a sample of disks that would fail
at a given load.
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FIGURE 26. WEIBULL PLOT OF SCUFFING FAILURE LOAD AT I' = 1050 ips

Figure 27 presents the results for Series X, XII. and XIII, where I's was held constant and I'l was
varied. Although the results for the tv o higilet ,tint VelotiC.ites follo the \Vcibull distribution ieliathelb v ell.
the results for I',= 583 ips do lot. rhits couild be indicatime of the ,•act that some plhenomenon that affects
scuffing at the lower I, is not present at the two higher values of I't.

To predict the scuffing failure load over the .oniplete tange of operating variables of interest, it %\ould
be necessary ito have plots similar to those sli, itn in I igures 20 aind 27, using eilher a Weibull oi sonic othei
distribution htuotion, covering the entire range of the ',triahles. The results of such plots vIould, .tl best. be
empirical since they do not offer Ihe pwrt)sleL of generaliiion, I'or tile purpose of geteraliiaton, sonic stl-
able generahied s•uti'fng paramueter stilt as the .ritiial temperature, the lubricant fiHm thickness ratio, or
somhe other critelrlon ill have to be treat•.d stat.,sttall) in a simil ar manner. Moreover, Iub ricant s*, teri~ds.
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FIGURE 27. WEIBULL PLOT OF SCUFFING FAILURE LOAD AT V, = 350 ips

and factors other than operating variables alone must 'also be considered if a generalized scuffing paraneter is

being sought. Information of such broad scope is not currently available. However, statistical treatment of the

data, hitherto not used in gear.scuffing work, is suggested as a possible approach once sufficient data become

available.
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SECTION V

CONCLUSIONS

From 90 individual scuffing tests conducted using a MIL-L-7808G lubricant (0-67-22) and test disks made
from a single heat of AMS 6260 CF.VM steel, run at various combinations of sliding and sum velocities, at two
lubricant jet temperatures, with two methods of driving the test disks, and in air and nitrogen environments, the
following conclusions are drawn:

The load-carrying capacity was found to decrease with increasing sliding velocity, increase with increasing sum
velocity, decrease with increasing lubricant jet temperature, decrease with belted as against unbelted drive, and
decrease in the presence of an inert environment.

The coefficient of friction at failure was found to change little with increasing sliding velocity, decrease with
increasing sum velocity, change littie with increasing lubricant jet temperature, increase with belted as against
unbelted drive, and decrease in the presence of an inert environment.

The critical temperature was found to decrease with increasing sliding velocity at constant sum velocity,
increase with increasing sum velocity at constant sliding velocity, decrease %kith imreasing lubnriant jet temperature,
decrease with belted as against unbelted drive, and de•.rease in the presence of an inert cnvironmenit. At a sliding to
sum velocity ratio, M, of 0.333, the critical temperature was found to decrease slightly with increasing speed.
However, at Al = 0.429, the critical temperature was found to increase with increasing speed.

The minimum lubricant film thickness ratio at failure was found to change little with increasing .Aidmg
velocity, increase with increasing sum velocity, decrease with increasing lubricant jet temperature. .hatage lit .,c %% ith
belted as against unbelted drive, and increase in the presence of an inert environment.

Judging from the very low values of the mininituni lubricant film thickness ralio experienced at Il,ilrir, k.%er
the eoiire range of all variables investigated, operation of the disks with lubrit.ait 0.o7-22, a MIL-L-7808 d luhri~.ant.
has definitely extended well into the boundary lubrication regime before sLuffing fallure. Thisil.,%olifiriis thi cailicl
findings in Reference I, in vhich it was noted that a straight mineral oil failed as soon as the operation ino ed Iroikl
elastohy drodynamic into a boundar. lubrication regime. Tvo syntheti, oils, lihtmcer, indudiilg lubriLant O-'4722.
were able to operate substantially into the boundar) hibrication regime w ilhiut failurc. This being the ,.asc, the
applicability of the lubricant film thickness ratio as a generalized scuffing ,Lritcrioi. vill require more Lon m•ing
theoretical and practical justification.

The .ritical temperature, the more popular generalized scuffing criterion, has been Ifbund to bchaac differently
for the belted and unbelted drives. With the unbelted drive, the critical tempelat ure is dearly lfar front being
constant with respect to any of the variables investigated herein. On the other hand, the critical temperatuire
remained fairly constant with the belted drive, for %vhich it was only possible to stud. the effets of sliding and sutal
velocities over a rather limited range. The nonconstancy of the -.rilkal temilxratutie for the unbelted drive \v ith
respect to all operating variables, its contrasting behtviors vvitlh rcspet to the itcilhod of drive, and espeLilly its la6k
of cunsistent behavior with respect to speed at t%%o different sliding to sium %eloity ratios. ,,nnot be explained by
any conventional theoretical justifikation of the crit•kal temperature hy potlesis. lBen as a stiim.tl, arbitrary s•ku'fing
criteria, its generalized relationship with all operating variables has yet to be developed. 'Tis rlatitonhip ,iiamiot be
accomplished with confidence without a great deal of additional research.

22



APPENDIX I

DETERMINATION OF CONSTANTS IN EQ. (6)

Since, by definition, the disk friction torque, Tf, as measured by the two torquemeters must be equal, Eq. (2)
may be subtracted from Eq. (1) to give

T - T12  Tm I + Tm2 (12)

From Eq. (5), for the upper shaft

TmIn =aP + bN ic (13)

and for the lower shaft

Tm 2 =aP + bN2 pi' (14)

where

Tm , - machine-loss torque for upper shaft, in.-lb

Tm ,2- machine-loss torque for lower shaft, in.-lb

N, - upper shaft speed, rpm

N 2  - lower shaft speed, rpm

and other symbols were defined after Eq. (5). Now substituting Eqs. (13) and (14) into Eq. (12)

T.I - Tr2 = 2aP + bui(NI + N2) (5)

But N, can be related to N2 by the ratio of the shaft rotational speeds. S = N,/N 2 , so that Eq. (15) becomes

TrI - Tr2 = 2P + (S + I)bN214 (16)

To determine the constant a, let S, N2 , and p1 be held constant and the load be varied between two values, say

P and P'. Then for load P, Eq. (16) gives

(Tr - Tr2 ) 2aP+ (S+ l)bN2p p (17)

or rearranging

(S+ I)bA2 i (TI - Tr2 ) -2P (18)

where (TrI. T12) is the difference in torquemeter readings corresponding to load P. For load P', Eq. (16) gives

(TrnI - TI2 )'= 'a'+ (S+ I)bN2 , (19)

or rearranging

(S + I )/,Np.i = (T I -Tr 2 )' -- 2aP' (20)

where (7,1 T,2)' is the difference in torquemeter readings -.orresponding to load P'. Equating Eqs. (18) and (20).
and solving for the constant a, one obtains:
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(Ir, Tr2 )' (TrI Tr 2 ) (21)
2(P'-P)

To determine the constant c, the data from two runs are needed where P and N 2 are the same, but the lubricant

viscosity is varied from mi to ju. Then for viscosity Mi, Eq. (16) gives

(T, -Tr,) 2aP+ (S + I)bN2 Ai (22)

or rearranging

MT. I T, 2) -),P
(S + I)bN2 (- (23)

Pic

where (Trt - Tr2) is the difference in torquemeter readings corresponding to the case where viscosity is mi. For
viscosity uj', Eq. (16) gives

(Tn -rT, 2 )' =2a +S+ I)bN2jic (24)

or rearranging

(TrI T,2)'- 2lP
(S + l)bN2 = (25)

C

where (T. - Tr2)' is the difference in torquemeter readings corresponding to the case where viscosity ib ,. Equat-
ing Eqs. (23) and (25) and rearranging

V, I C(r Tr 2) _ap
PT! (TI - Tr2 )' - 2aP (26)

Taking the logarithm of both sides
/ ,(gi•=p;,\ F(Tri Tn2 ) -2aP1

C R, n L(TrI - TI 2)' - 2' (27)

or

Trm- T 2- 2,aP

(Tnt I T12)2eP

C = (28)

'ti-

To determine the constant b, Eq. (16) may be written

b =ý- Tr2 2aP (29)
(S + IVV "

from which b may be calculated since all other quantities are now known.
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APPENDIX 11

SUMMARIES OF TEST RESULTS

The results of all tests performed during this rt.porting period are summarized in this appendix. Each table
contains the individual results of a series of repiicatL tests conducted tinder one set of conditions, as well as the
average results of the series. Summaries of the results of Series I through VIi. ionducted with lubricants B, 0-64-2.
and 0-67-22, together with Batch A of AMS 6260 steel test disks, were presented in a previous report.( 1 ) This
appendix presents only the results of Series VIII through XV111, conducted with lubricant 0.67-22 in combination
with Batch B of AMS 6260 steel test disks.

The break-in and test conditions, as well as other pertinent details about each series, are shown at the top of
each table. Unless otherwise specitied, the series was conducted in an air environment and with the unbelted drive
system.

Break-In Conditions. As is customary, the break-in process involves ,•cprating the test disks through a step-load
seql,'nce. at a sufficiently iow% lubri .ant jet temperature and at sufficiently low sliding and suni velocities, in sut•.l a
manner that, while no scuffing should oLcur during lte break-in, the final or maximum break-in load should be
higher than the anticipated scuffing failure load to be obtained later during the test. The rationale behind tils
procedure is that if the failure load obtained during test should be higher than the maximum break-in load, then thl.
failure could occur at the edge, i.e., on the outside, of the broken-in track so that this failure load could be lower
than it would have been had it occurred inside of the broken in track. We have followed this break-in protcdurc
throughout this program. but have found that edge failures still occasionally occur. These edge failure% are bchli' d
to be caused by tihe shape of the COnstriktion in the conjunction due to th, effeX t of side flow in tile conjuntion.

As shown at the top of the tables, all break-ins were conducted at the same lubricant Ijet temperature of t0' l.

However, thie break-in speed conditions and the load sdedule were not strictly the same fur all series. In tile intitresl
of brevity, the break-in load schedule is show ii in an abbreviated form For example, the notation 4 X 300((15)
indicates four load steps of 300-1b increments, each step being run for 15 main.

For Series VIII and IX, lhe break-in conditions were identical. The maximum break-in load of 1200 11l
Lxceeded all observed failure loads. When Series X was begun. the same load sthedule and speed Londitiois %%Cre
used for Test 1B24. In this test, failure oL.t,rred at 900 lb. whitl is less than the maximum break-in load of 1200 lb.
For the next two tests, 1125 and 1126. the failure load ex.cedcd this maximt,i= break-in load. It appeared fromn time
observed failure loads that a 3000-lb maximuin break-in !,ad might be more appropriate . lhis 3000-1b load \a.is
implemented for Test B27. howeier, the shaft speeds had io b, intreased to preveent the disks from Lh.attering at th:e
high loads. In the next attempt a: break in (Test 1328, %\ huh v..' distarded). the disks scuffed at the 3000-1b load,
even with the increased shaft speeds. It w%,as then dc~ided to redu,.ic the maximium break-in load to 2000 lb, but to
continue using the higher shaft speeds. From Test B29 on. the break-in was standardized with 1, = 47 Ips., I, = 141
ips. with a maximum break-in load of 2000 lb acheved in four in.rements of 500 11. eaCdli run for IS min. No
difficulties were encountered with break-in thereafter.

Test Conditions. The test Londitions were %,tried for eahi series as noted at the t(p of eahl table. I lowever. time
test load sclhctlule, designated as 50(3) hereini. was thie samc throughout the tests. After the speed condilions wcre
reached, increments of 50 lb of load were applied, allowing 3 minm at catli load step to aLliieve equilibrium. until
scuffing failure was dete,.td b) the operator. The "Mode" ,olumn in tile tables. shows the niode or mIdidL.ation of
failure (CR for cuntad resistanie. T for torque intrease). Ea,.h fItmlure %%as \ermfied b% visual i•spe"ltion after stopping
the test.

Otler Svrmbols. As for tlie \arious quantlties t dibulatd.d lost have alread. been dis,ussed, and all are defined
in the List tot Symbols The mnetal monitor reading (amm) is .ihowun bt1 for break-in (13131), after break-,n (ABI), and
after test (AT). The first %,ilui is for the upper disk and the siaLond is for the loucr disk. Tile metal monitor reading
itself does not yield an quaitlitatiLe informnatlon about ill, harawter ofl the disk surfac , but a ,hange in mne-,al
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monitor reading may suggest a change in the surface qualities of the disks.( 1) For example, the formation of a surface
film due to chemical reaction between thelubricafit and Inetal surface can generally be detected by a change in the
metal monitor reading.

The tables also show the composite surface roughness of the pair of disks before break-in (6), after break-in
(5a), and after failure (6f), as well as the film thickness ratios at the end of break-in (A m) and at failure (Am).
Details of calculations are given in Reference 1. It should be pointed out that the film thickness ratio at failure, as
used in this report, has been calculated using the composite surface roughness after break-in. This quantity should
preferably be based on the composite surface roughness just before, rather than after, failure since it is intended to
indicate the degree of asperity interaction occurring just before failure. Moreover, in most cases, the scuffing failure
extends completely around the periphery of the disks so that bf is usually higher than 8a and cannot, in general, be

accurately measured. Therefore, rather than using the questionable 8f, the tabulated Amf has been calculated using
Sa in all cases.
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TABLE V. SUMMARY OF RESULTS FOR SERIES VIII

Test lubricant: 0-67-22
Test disks: AMS 6260 (Batch B)
Break-in conditions: Tj = 90'F, Vs = 24 ips, Vt = 70 ips, 4 x 300(15)
Test conditions: Tj = 140°F, V, = 630 ips, Vt = 1050 ips. 50(3)

Teq Min Hot, e 1twil .in I At end W Neal, inA fjiloie
rino 11111 AlI AT 6,,. b , . b,. It, 6 'f . " '... I tp2. T, 1. T",. .ode

3 2 3n. ,in • n. m , mtin Ain. . Ami ' lb pAm, o d' 1

B3 10105 31(t?2 11I 117114.5 262 144 46 032 214 132 092 (2022 450 4355 164 243 190 433 ('1
H4 20/1.0 30/32 25)'1 1261163 289 5.2 46 0311 224 235 089 O021 450 4355 162 234 183 417 (22
225 2I21s 2 32130 1 5/2o 13 1112 3 25 4 14 7 46 2222 234 98 2267 02222 101K) 7416 191 357 287 644 CR
226 222226 2223.2 2.1.2 2 ;1 V229 246 1,16 46 (234 2 I2 227 086 02222 95(2 7167 171 271 288 559 1(2R.
17 15125 302)33 15126 24 2S42 I 294 149 45 030 204 144 097 02224 $00 4672 154 2011 223 425 R('.1
B9 2 5iOS 3 (2112 2t I N1( 112 Ho 2 214 152 48 031 221 7 14(0 091 (14121 6522 5565 155 203 2202 423 (R..I
BIQ( 2.3116 32/28 N 522 121(1641224 210 158 4 7 0330 2220 1441 0289 0018 650 ( 563 W55 2223 191 394 C(2R.I

2222 2 7/32 3 2132 20116 9922 23 2 22 1522 46 2231 202 1226 2184 2/0224 9/28 6911 16.3 217 220 S217 (R.I
2I22 331212 34122 10125 1302134 264 I38 46 22 2/ 253 14' 1193 22222 500 4672 152 VolI 22027 2 ('CR.I
B2 3 20 2 25 25 2 512 2 22,1 Z . 2218 116 46 2 29 25 2 15 3 i2t5 (222042 5$11 4672 148 174 189 16 1 R.1

,1 kcw, 12.0113 2 2! 25 1 46 2131 22.3 133 2280 (22222 655 5535 162 231 .27 458

S2t .21 ] 32 2)2 22 (22 2 . 228 0122/N2 .227 2207 1 2 $2 44 X

* 2jwd on •,

TABLE VI. SUMMARY OF RESULTS FOR SERIES IX

'rest lubricart: 0-67-22
Test disks: AMS 6260 (Batch B)
Break-in conditions: Tj = 90°F, Vs = 24 ips, Vt = 70 ips.4 X 300(15)
Tet condition,.: T) = 190' F. V8 = 630 ips, Vt = 1050 ip,. 50(3)

8mm lefoi8 hicak-in A, end of W3min At faill I
6, . . h .. , It T1 , e., I P". ,.

2214 12111,. 18120 2.2(/005 9.4/12.h 22.2 16.1 46 2229 23.4 22222 062 0.022 402/ 4/26 199 276 282 458 (CR.I
2225 St.1201 1.21' 0 (05/2.3 11.3/24.2 23.4 1"76 45 I 026 2... 2I25 0260 2.02S 2'S/ 2943 197 (260 162 422 (2R.1
1116 251220 2 2120 13/16 10.7/12.4 23.1 16.8 4S 027 225 1213 2261 2221 300 3323 197 63 2148 411 ('R.2
2227 10106 1.0/ 5 1.2/20 122114.6 26.8 17.2 4,5 22.26 2422 103 060 22o22 3202 3323 198 270 159 429 ('CR.
1118 2 1.010 22111212 8/022 11.6112.9 29S 19.1 46 0.24 21 7 105 02 55 241.222 2521 2943 197 256 1320 386 (22.2
229 225225 0512 5 1231222 22 81211- 238 166 46 0.28 2029 2223 2262 0 o.22, 3022 3321 198 2722 156 426 (2R2I
1220 2512 5 1.422 6 I2J26 13.1116.2 29.3 17.j 45 2226 22 3 222 262 01 020 350 32483 198 27(0 150 420 ('R.I
121 2 .52l 5 1.8i1 5 ./2220 129116.5 29.4 18,9 45 0.24 .24 3 105 0)56 02(120 250 2943 197 260 127 387 ( R.1
B22 204222 1.54228 2.221,1 12.5i15.3 27.8 15,4 4.5 0.29 22 2113 067 0022 3(2/2 3323 197 260 153 413 CR.2

B!3 20125 2.221! S 20 5/2.2 15.9/123 28.2 24.3 46 e131 222 22208 2274 220225 20/0 22536 296 253 249 4(22 ('22.

A.rij 11 222/24.0 26.3 26.9 4S 027 !!4 104 22)2 22222 290 3237 197 264 232 425

S id d , , 1 .7 1 1 .6 2 .S 1 .4 02 1 )0 2 2 2 2 2 2 02 2 5 (20 • 03 5 7 4 2 2 1 7 26

22s4,ed 4414
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TABLE VII. SUMMARY OF RESULTS FOR SERIES X

Test lubricant: 0-67-22
Test disks: AMS 6260 (Batch B)

BLeak-in conditions: Tj = 90°F, Vs = 47 ips, Vt = 141 ips, 4 X 500(15)
Tect conditions: Tr = 19001', Vs = 350 ips, Vt = 1050 ips. 50(3)

Tsn Belore break-.i At end or break.mn At f(tdu-e

h. 
It

no. Bill AlII Al 1 '-6 r 1- Am Model P" '~O 11

B124 0011,3 (120/. 10/-.05-O 16,1117.6 I337 16,6 4.6 0281 8. 93 0 !6 00130 9"11 6:1)53 1981 270 194 464 CR.I
825 1.31/I , 4/10 2!1/i.6 10.4111.7 22.1 144 4,6 032 177 7.8 054 0022 2.950 15,254 20 390 255 625 CR1S

B26 0511.5 -.02100.S 1:.011.5 11.7110.1 21.8 1i 8 4.5 ((.28 168 76 (148 0022 3.3100 16,438 210 390 271 661 CR.'

B27 00/10 -4)5/08 00/02 146111.4 26.0 13.2 42 032 191 68 0$1 0023 2.300 12.922 231 603 238 1141 CR.T

1B29 05102 1 0/0 1.511 6 11.5112.2 27.7 12.3 54 (144 1 15 1 8.1 01t6 01123 231 12 : 34 2106 35 226 579 (.R.T

1B30 00I.3 -- I0512 15116 100110.$ 205 131 52 0411 142 75 ((57 ((1119 343)) 16.932 217 491 24" 653 R.T

1131 13115 1.2/2.5 2.5/2 S 1(1001126 226 11.5 32 045 139 71 062 0018 4.350 19.762 216 403 2.. 7103 (
(B32 00/1.0 08/'20 211/10 1 2/13 1 24.3 13.3 52 039 161 7.3 ((56 0020 3.34)1) 16,438 213 420 233 673 (RT

133 1./1. 20/31 2 2.011/.5 11.011 1 221 126 52 041 167 77 061 ((022 30:11 15.426 209 380 254 634 ( R.I

1 2 2.2/20 11.8114.1 259 136 52 1038 140 73 ((54 0)120 >370(I j 17.741 215 436 262 '698 None÷

134 264 3 3136. 49.2/20 4.1
I i ,,,..° 11981123 2 4 9 1 7 1(2 14.715 212 .11)5 241 648

_____11 _,_ . 2 4 7 1,653 9 
4 1704027 ,IL. 1

l.*I(Cd on, 6
tSuppot beauing lIviehd Test eilmlJlwd betoid ¾0(ifl ,,cd Altjgo and ofld sloidld &%tjl1ion dto notl inmltde ahi Ie'l

TABLE VIIi. SUMMARY OF RESULTS FOR SERIES XI

Test lubricant: 0-67-22
Test disks: AINS 6260 (Batch B)
Break-in condiIions: Ti = 90°l, V 47 "ps, Vt = 141 ips, 4 X 500(15)
Test conditions: Ti = 190OF, V, a 450 ips, Vt 1050 ips. 50(3)

"l, - mm 1B_ ° efobk in A'' I 1 T0I
n Bill ABI AT 6,/S,. 6, 4A t. h, Po, . I

1135 0010 0011/5 11,5/10 16.7103 6 U 169 52 1i11 1, 0 t 1 59 19(12) 1 417.8 :14 21 I' 1 ('62 (R.I

1117 25/1 0 2.2/20 25/1 0 8.61105 19.1 IS I 4 : 014 1 91 '12 1 21 111(11I ,o 3 9h 2710 191 463 ( R.I

1(38 1210 2.01 56 13/1.2 1(.5199 21(4 .1,6 51 (14t 149) 91 ((64 ((1121 11411 1 41,, 197 2661 1911 4." (R.I

1(35 1011,2 I 6.1 5 1.2/1.5 9.3/101.5 20 3 13 3 5 2 4 • 14 6 h 6 )63 11122 14511 91,11 2111 32111, 1 ,F , I" R..

1140 -10105 015120 06/1.5 14.6111.7 26.3 (46 5. ((17 1111 9S, 1(64 1(122 71)11 5547 19h 2711 16. 414 ('R.I

141 (15/12 20110 210112 13.6111 I 24 7 S)1 92 IIAt (71, 9.2 1(7 11:121 91111 6(11" 2.101 29'' 111 479 I R,I

1142 1.5/03 I 5/00l 161)15 11.71101 216 14(1 62 (t (6)0 9 S :168 11'922 11 ( 1,64 1 , 2A) 176 411 ( R.1

1143 1.211) 116/I 2 I h11 8 13 217 7 219 126 1 I 1411 142 1 f h 111 011(21 12 W0l 8(6116 202 %t11( 2 4(1h R.

1144 1 9/19 115100 15511 o 90199 189 (7 I 1144 842 19 ((71 111(2(1 115(1 111 02 lilt 1 1 4111 1
1145 20117 06110 191201 98W11 1, 214 141 96 (141 11.4 ' 116 11121 11.0111 766 1 2 2911 (66 478 (R.I

Avluc, 11 8I1107 !224 53 1(17 62 '12 ((6% 1o(1Q2. 1001 7162 199 2180 1 IN 4169Sort dIe271 1
*lla•,d 10 Sid deo 27119<. 1, (3 $ t12 10104 I (4 146 ((((I11 261 (125 k 2) Ii 86
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TABLE IX. SUMMARY OF RESULTS FOR SERIES XII

Test lubricant: 0-67-22
Test disks: AMS 6260 (Batch B)
Break-in conditions: Tj = 90'F, Vs =47 ips. Vt = 14 lips, 4 X 500015)
Test conditions: T= 190'1F. V, = 350 ips. Vt = 817 ips, 50(3)

rin r0m, 4'•vr, in V end 4,f h'eik in i__i
no IMl AMI AT I,, A. 6,i 6'. hnn, ,,. Pf. %t. TO2, I, t. ý . Ter. Mod

anl m ur u" A m u /nln lin Ib ppm I I "1 I

1146 1210)5 05105 1 2108 84197 181 106 53 050 116 75 071 0(122 1330 91159 198 273 203 47f T
1147 12105 2.0/16 1 8116 1041128 232 134 32 039 IS5 73 (436 0022 1300 8833 199 276 195 471 CRl
1148 10135 20'20 28)22 h 1)64 17$ 14 1 54 038 151) 77 113$ 0024 7 $)00 79(03 197 260 193 453 ('R.1
1149 ,O2023 1,2/20 12120 91P115 206 145 5$.3 0137 153 82 017 01)23 730 6122 194 230 156 386 (-P.'I"SI0 1A0/211 24124 2.2)25 9 'M87 184 12 3 5. 041 2611 77 062 0)021 1300 8833 197 25o 190 446 (R.,
1151 1.2/10 24120 2.S2 (0 86n12 3 209 140 1 5 036 162 83 039 0026 650 SW65 195 236 163 399 (1 R.
1153 16)1.6 24115 2.2[1 S 12o41417 2.27 169 55 0.33 16.7 7 7 046 ').023 2150 8140 197 260 208 468 CR.1
2104 1 0 1.511' O 2.3 921128 22 ( 1529 53 035 3.52 76 0448 0 024 1200 8A74 198 274) 208 478 ( R.I
2133 28/15 32120 (4 2218 72/Ill3 174 12.4 60 (148 159 76 061 6 009 1300 8813 99 .1 270 174 444 (R1.
1156 I0 ( .8122 1220 2 121 24 2 2 138 353 040 184 78 ( 06 00.20 1150 8140 196 2S3 167 420 (C.1

Awgc 91,27 29 5 136 54 04/4 236 78 =0$7 (1 (((23 112$ 798I 19' 258 186 444

Sid de, (6211 1 2i I IS 1(3 0 1006 1 7 03 1 007 (0912 24/0 I1 t 41 28 1 19,

Illed on 6, .

TABLE X. SUMMARY OF RESULTS FOR SERIES XIII

"lTest lbricant: U 67-22
Test disks: AMS 6260 (Batch B)
Break-in conditions: T = 90°F, Vs = 47 ips. Vt = 141 ips. 4 X 500015)
Test conditIoio,; 1j = 190'i1. Vs= 350 ipn,. Vt 583 Ip'., 500(3)

Min 1, Il,. b le d' hn %t - -W l IIII 2 1Tet T
fl, 21111 122 f.1,II inQ, ' ( i I ' 1 ' 1 81 4

7 _1 I
3 

min W i in minl .n Ilb r'l I I

1158 140211 .2411 6 12•4 24 1., 61 x . 1 I ' 1 1 4'44 218 77 (4/166 2814 20.14 Jill 29)1 It' .1W I R.1
S2159 1 2'i 21 1 W I ) 22'' 8210 814 2I II1 I I (4 27, 72 ( 489 11 (2 I 8I 24 4 I 292 212 2 (1 .26((61 (1 2' ll, 2828 1424i 44 1 ,1 ') (488 11 112 l18() 294 I'41 22) 12' A 1 Rt41 2

61 14 i12 I 1I 28, (8i IK l e I .' '(II Il I ..l61 2''' 77 118 8 o 1 J111 2 8i4ll 21104 pil11 I Il %.'I, (RI
41 1 II 2 I I 14 ' .44' 1 41) • 4 1 I . 2% 4 ( 4 . (14 34 1124 si8( 40'%. I8 2I'm' 1 96 4)2 1

IlQ• I I). 1 21) it 4 i• 41 1 .• 1 . 2:. :: * •• Il 1 1 ill ¢l 9 1 lt 0 1 1, • R
116 4 2 116 2') 1 , 1 24 ' Ill2,, I482 . I4 , I 1 -2 1 2I2 "7 7 149 41,119 21 i 21114 I'l2 2919 4 14 4 14 1 .R

JI t 1 1)0 1 0 1 .1' 1 1'.2 1 4 Iwo it", 194. ,• Ii I~u I"~i 22M Rtl 1 2

2(64 1(6 1(8 24 21 18 4 It1 1 . 191' 41 4' 68 14 :.'21 /8' 7, 2 2 - I2(6 '1128222 2''' 414812'' 28, 2 *44 41 .4 144 1112 71?,4 884' 2' l 219129 42 RIl
2(66 1 ('lý1 111 0 Is kl ' 12 (2 4 ill I( 4 1 1.)1 2 1 4 h 14( ''(2 2/I 22 20 1 4 2''' 48I84 I,
2187 1 2 01 11 8 8 2. (-I/8 41 2 ' 2A. '4, 31 t .10311 2 14' it(, (.): 22,1 24141 8 .1,

*1Sidc '1" 4
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TABLE XI. SUMMARY OF RESULTS FOR SERIES XIV

Test lubricant: 0-67-22
Test disks: AMAS 6260 (Batch B)
Break-in conditions: Tj = 90*F, Vs = 47 ips, Vt = 141 ips, 4 X 500(15)
Test conditions: Tj = 1900F, Vs = 450 ips, Vt = 1050 ips, 59(3), nitrogen environment

Test Before btrek.m At end .1 breakin At (1•1ure

no BBI 4B1 AT 6,16/, 6i, . 1, hm,. Am I. hm, A f Pl .Ie, 2, Ts. aT. Ta, Mode
i'ln. mtiln. min. ain in mtin I b ppl I

B68 1.2100 2011.0 05/0B 9.9/11.4 21.3 14.1 5.1 036 166 99 070 011022 W0O 5276 195 240 151 391 CR.T
B69 0.8/1.0 1,0/.O$ 03/05 91/14 I 23.2 14.3 SI 0 36 188 108 076 0(123 250 2943 193 2201 100 320 CR,1
B70 L12/0S 1.5/1.8 ! 0/1.0 12.31116 239 IU 5.2 034 19,3 101 067 0023 5(W) 4672 l1. 230 143 373 CRJ
B72 3.0/2.0 32125 2011.8 11.2111.9 23.1 I.(C 3.1 032 204 108 0)67 0019 300 3323 192 210 93 303 CRT
B73 1.2/1.2 1.8/1.5 1.5110 13.5/11.4 24.9 146 5 I 035 189 100 069 0024 350 4978 194 230 155 385 CR.T
876 1.0/1.3 1.2/1.0 1.010.5 13.0/100 230 136 5.5 040 19 1 104 076 0018 400 4026 193 220 101 321 CR'.1
B77 3.1/2.5 26/2.5 2.3/1.8 9.7/15.7 25.4 IA.4 5.2 036 17 1 103 1172 0(019 450 4355 193 220 112 330 CR.I
B78 1.6/1.2 1,5/2.0 1,0/2.0 8415.8 14,2 130 52 0140 17,2 102 079 0019 5100 4672 193 216 118 334 CR.1
B79 I 8/1.0 1.0/IS 1,0/05 P 8/14.4 2.2 12 1 5 3 044 171 Is 5 086 0017 450 4355 191 200 99 299 CR1
880 05105 1.5/1.2 0,5105 104/11.1 215 146 33 0.36 189 98 067 0020 550 4978 197 260 135 395 (CRT

Asetage 106111.7 224 14 2 5.2 037 183 103 073 ((020 455 4358 194 225 121 345

Std.deo 1812.7 3.1 IA 01 014 12 03 006 o1 112 743 2 17 23 37

*Bated on 6,.

TABLE XII. SUMMARY OF RESULTS FOR SERIES XV

Test lubricant: 0.67-22
Test disks: ANIS 6260 (Batch B)
Break4n conditions: Tj = 90°F. Vs = 47 ips, Vt = 141 ips,4 x 500(15)
Test conditions: Tj = 190*F, Vs = 350 ips, Vt = I5O ips, SO(3). bel:ed drive

Tes11mm 1,efote brn.Oim At end of break-in At 1,1110C
Test -' 6- -" A. -f -n A( Pt. I "" I Tt %lodno IT T AB1 AT min 0i1 m in. n mm. l mmn It t"I 1 lI fl I '(,m m~n~t ,,o ,m ,, I I I
1181 10/I8 I V20 13X2 1 8.3111.8 201 162 5 3 033 4Q.1 99 (61 tlll•t 6511 5S6W 194 1, 126 .52 R
B82 1.6105 20,. 2 1.8/1 9.8114,0 23.8 145 46 032 13I 91 0162 (((s26 11MI 8140 199 2611 191 473 (R1B33 1.6116 20120 20125 1161122 238 160 5.2 033 149 94 059 0(127 6511 01 197 2610 16) 429 (1
884 20100 1.8/06 I 110 9 I194 206 15 1 3 033 144I 95 1163 (1((25 ;10( 6(91 146'251 i15 41(8 (R
886 0.5/20 06 61 I 1022 95194 189 130 55 ((43 478 97 (174 (1024 751 6122 196 2416 142 38h (i

.41 1, -1o
A"eugv 10.11114 2135 IS 2 ((35 2' 1 9 5 064 1(23 841 60'5 I'll,

- -51d de. 13)20 22 1.3103 (1( 4 179J OI 1 Isi 964 4 11, |4s

rBa.ed on 61 -
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TABLE XIII. SUMMARY OF RESULTS FOR SERIES XVI

Test lubricant: 0-67-22
Test disks: AMS 6260 (Batch B)
Bieak-in conditions: Tj = 90*F, Vs = 47 ips, Vt = 141 ips,4 x 500(15)
Test conditions: T, = 190°F. Vs = 450 ips, V, = 1050 ips. 50(3). belted drive

T~(mm Ilet~e bleak8 In Al CIAd 0? bleak in At failhal

n10 1(1111 ABl Al bl . 6 ' m'. h. ) m b an * I f WC. 1p P2 1 ~ '~ id
! iin m manm.in, , Am I hmin A(* If Il, w I 1 i --'a,'

1187 20(1.0 ... 116 1.5/1I 11011126 236 1W S5 (a 1 154 96 062 1)1i25 650 5565 19h 2"0 178 448 (R
1188 1.811.0 181 0 I 3j05 121 133 254 176 $1 III I'K ISf. 158 o1 2$ 35 0 3683 196 253 134 387 (R
1189 I 0100 0211 5il 201lIS ) 11179 275 19,2 5$ 412h I6 li, (01 1 ?2 4)026 350 3683 199 24,3 036 419 CR

i90 1 .O S12 0 1 5 1.8 1.312 0 12.14 13 I 52 14 9 '8 0 33 1 "4 1113 069 20 0 23 30 0 1323 19 7 1 26 3 20\ 3769 1e B | I M O O0 1 .8 ,1 1 .1 . 0 1 1 1 I | 1 5 1 |( 1 2l l 2 " 8 2 7 h 9 $ 2 t o 2 9 1 7 •6 1 1 1 4 0 |5 8 ( ) 0 2 " 3 0 4 .1 3 2 .t 19 6 2 5 1 " 1 1 1 [ 3 8 4

jAwtage 12011313) 2$9 17 1 S$ l() A] 2 17114)1 11601 1112S 3911 391$ Mi7 126 =I.. 423I .

Sld d" 2en. . . I 16 8 1 2 ool4 I I iI 1 1 (106 (100 1 148 940 I I 24 4

iw ' 8eon 6,

* _ TABLE XIV. SUMMARY OF RESULTS FOR SERIES XVII

Test lubricant: 0-67-22
Test disks: AMS 6260 (Batch B)

Break-in conditions: T) = 908 F. Vs = 47 ips, Vt = 141 ips, 4 X S00t 5)
. Test condition,;: Tj = 190•F. V, = 350 ips. Vt = 817 ipi. 50(3), belted drive

MITIm l|Howre bleak in %I ,n ,( I bre6i k -in %I lailuleM) bill ,A111 AT Mm NMI Nt" 1 ýJ • '
ma n m gn min man millH • PP

1192 15 20 1618 .120 1036bO II6 I 16 4'4 14 1 h4 6 ( a,. i1 4'" 49 1 ' "' a R
"193 26 15 2111$ ' 80 20 1761it 5 26,1 164 16 ((( 16 ' 8h il•2 4,i• , 1 4i.i .2 , I'l 4. 14', 44 ' R

1B94 (•.21( 18 21 2222 9691 189 142 14 1119 I0 14 .1
4

n ' 19.24 :.. , '2i . I' 4 ,4 (4. ' (I
9 252 13.24 22.6 12 2 96 216 h 6t, 0 19 9 NW 2'' ~46 04 '. 't, ( (H

896 05118 1 )214 1 2(0 110112 3 233 1i5 $8 N (39 149 '" 141) 00i b o'. I' . "1)I I

9wig 129" ,f4 .m.01.4614)4I4b

I Q 1)w

• Jiltd on 6,
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TABLE XV. SUMMARY OF RESULTS FOR SERIES XVIII

Test lubricant: 0-67-22
'rest disks: AMS 6260 (Batch B)
Break-in conditions: Tj = 90*F, Vs = 47 ips, Vt = 141 ips, 4 X 500(15)
Test conditions: Tj = 190 01', Vs = 200 ips, Vt = 600 ips, 50(3). belted drive

Ttst mu, Befoie b k.in I At end otbreik.,n Al 1bil:-
no BBI ABI AT 6,1/6,. 61. &i. h," Am If* hp h, I Is. 

1 
,, ... I

u -in M m .in, 60 Min hin rb pl I m I I I

B97 0.5120 1.011.5 1.812.0 13,7/12.3 260 16.6 52 031 165 5 8 035 4)(13 ) I.N50 12.17,. 2140 1)1 214 11: (I
B98 0.5/1.0 1.0/1.3 I5118 103/10.7 21.0 17.1 5.2 030 168 66 038 0031) 756) ,.2. I2 j 241) IWI 1 I I
899 0011:2 0/.1:0 1.0/1.5 12,7/10.2 22.9 17.5 5.2 029 170 67 11038 1033 6511 .565 19$ .236 14h6 '74
1100 1.5 1.8/1,5 1.51.5 *. 2,1/0.5 22.6 136 5.2 032 161 65 0.48 0013S 8410 6.3ý9 I:I. .5( 261 411 III

11202 00/10 05110 10/2.5 10,2/13.3 235! 165 56 033 16 6.1 2 037 0031 I 100 63 .2" 260 211 441 III- -
Average 11.8/I14 23.2 16.3 53 031 165 6,4 039 0032 1.1170 (.7 6d ' I2$' 171 126

Std den 1.511.3 18 1.5 02. 001 0.4 04 005 0002 503 2 3110 ,7 O f -

*21,ed on 6i,
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