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ABSTRACT

This report presents the results of scuffing studies conducted on the AFAPL disk tester developed earlier. A
total of 90 tests were conducted using AMS 6260 CEVM steel disks and a MEL-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,
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 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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INTRODUCTION

1.  General

In a previous rcporl.‘ * the authors desciibed in detail a disk tester for gear lubrication research, desigaed and
deveioped by Southwest Research Institute (SwRI) for the Air Force Aero Propulsion Laburatory (AFAPL). Also
included 1n that report were the results of some preliminary swuffing tests conducted using the new tester. These
tasts were considered preluminary because operating procedures were being developed for the tester as data were
being colfected. and the machine operator was ganung eaperience in test control and scuffing fatlure detection. In
additon, the torquemeters used m the carlier tests had a capacity that was too large compared with the reaction
toiques that were being observed on the disk shafts These torquemeters have since beent replaced with ones of
smaller capacity. As will be seen later, the new t juemeters have considerubly improved the accuracy in the
determination of the disk friction.

This report presents the results of a4 program conducted using the AFAPL dish tester to determine the effects
of shiding velouty, sum velocity, lubricant jet temperature, and environmental atmosphere on the scuffing phe
nomena ol dishs made from a typical gear steel (AMS 6260) and lubricated with a common synthe tic gas turbine
engine lubricant (MIL-L-7808G). In addition, the results of new machine loss and temperatuie colibrations used in
the calculation of the test results are also presented.

2.  Experimental and Analytical Approach

The philosophy of SWRI's approach to the scuffing problem hus been dealt with previously (1Y Buefly, it 1
felt that even though the luad-carry g capactty is ultimately the quantity of most practical interest to designers. it is
not o fundamental quantity that governs the scuffing process. This is evident from the lack of direct corela
tion of the load-varrymg capacity data from the various test devices and test methods. To find 4 more rativnal
means of lubneant selection and gear performance prediction, scuffing studies at SwRI have concentrated on the
evaluation of more fundamental approaches, such as the uritical temperature hyputhcsis.(l“ the elastohydro-
dynamic (EHD) film thickness theory.(‘” and other possible criteria.

With appropriate instiumentation on the dish tester, the quantities necessary tor input to the expressions ful
oittical temperature aud muinnnum LHD il thichness are measured and these two quantities caleulated. Then the
behavior of these guantities with sudd. operating conditions as speed, lubricant temperature, and environmentdl
atmosphere, ete., can be examined and evalaated,

The relationships used for the caleulstion of cntical temperature and EHD film thickness werz presented
detail in the earlier report (1)

*Supersenpt prumbers i parentheses reter to the st of Reterences at the end ot this report,
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SECTION 1l
TEST APPARATUS

1.  General

A complete description of the AFAPL disk tester, together with test disk geometry, the instrumentation, the
calibration and operating procedures, was presented in Reference 1.

Two majur changes in the test equipment were introduced during this reporting period. One was the replace-
ment of the two 2000-in.-b torquemeters with two 500-in.-1b torquemeters, The 500-in.-1b turquemeter capacity
was selected so as to improve the accuraey in the measurement of the reaction torques on the two shafts, from
which the dish friction torque must be denived. The reaction toiques encoungered in the program ranged from
approximately 25 to 250 in.-lb. The 500-in.-1b capacity was the smallest capauty available that would satisfy the
other application requirements.

The other change wes the provision for analiernative dive system, whidhi is described in the following section.

2.  Unbelted and Belted Drive Systems

As originally designed, the upper dish of the AFAPL disk tester is driven by a motor, and the lower disk is
connected to a moto./brake unit that can hold the Tower disk gt any speed equal to or different from that of the
upper dish. With independeat, stepless speed contiols un the motor and motor/brake units, any combination of
sliding and suan velodities can teadily be obtained., This o o fughly desitable feature for a research apparatus intended
to cover a wide range of sliding to sum velocity ratios.

A more conventional type of
diive system is one in which the
two disk shafts are connected by
either phase gears, or belts and pul-
leys. With this arrangement, the
sliding to sum  velocity ratio s
fixed. Thus, each time a differem
sliding to sum velocity ratio is de-
sired. the phase gear ratio or pulley
diameter ratio must be changed.
Thus type of drive system is less ver-
satile: however, it is the type more
commonly used in gear lubrication

lable copy.

est ava

and scuffing research,

..‘,.,uq
TR R
U

sl

In order to deteimine
whether there would be a difter-
ence i results it the disk tester
were operated i the conventional
4 compared with the mtended mamier. o pulley and fimag bele e wgement was devised to * gewn™ the o shalts
together. Figure 1 i o photogiaph ot this belied diive sysiemn, Thooug b e belting artangement showi,  motuon
drives the fower shaft which, in turn, duves o duectionreversinyg gewbos w b 200 gear tatw. The palley on the
vutput side of the gearbox then diives the upper shatt, By changing the pulley st various cowbiiations of shiding
aid sum seloctties can be obtatied. The quite mtetesting difteicnee i tesults odtanwd by operating the tester in
these two ways is discussed later.

FIGURE 1. THE BELTED DRIVE SYSTEM
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SECTION Il
IMPROVED CALIBRATION RESULTS

1. Improved Machine Loss Calibration

After the new torquemsters were installed, a second machine loss calibration was conducted using lubricant
0-67-22 (MIL-L-7808G) and the procedure previously outlined.{!? The results were in general agreement with the
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. 1t was previously shown(!) that for the upper disk shaft

T =Tg+ Ty (1)
and for the lower disk shaft
T2 =Tp =Tz ()
where ' ' ' N rpm
18} === OLO TECHNIOUE 4000 |
T; - disk friction torque, in.-Ib = HEW TECHHIOUE /”°°
T,y - reaction torque indicated by torquemeter on 1 i
the upper shaft, in.-lt
T,, - reaction torque indicated by torquemeter on
the lower shaft, in.-1b » oF 7
T,., — machine-loss torque for upper shaft, in.-Ib ‘g’
§ ) Y 1 1 1
T,,, — machine-loss torque for lower shaft. in.-lb 2 . . . .
-
o . . w =~ OLD TECHNIQUE
In Egs. (1) and (2), T, is obviously the same underany £ | Hoeom |
. X =0 . . . Z 19 e NEW TECHNIOUE 4000
condition of operation. Further, if the calibration is performed g
witl the two shafts operating at precisely or approximately
the same speed, then for identical bearings and shafts
10 o4
7‘m = Tml = Tmz (3)
where T, is the machine-loss tu.que, inob, at the specific | R
speed. load, and other operating conditions at which the cali-
bration is performed. With this assumption, subtracting Eq. (2)
from Eq. (1) yields Tye 190°F
. e [4] i ] L] 1
Ty - T 1960 2000 3060 4000 6000
7‘m = — H DISK LOAD, Ib

-
- FIGURE 2. COMPARISON OF MACHINE
Such a calibration was performed with lubnieant 0-67-22  LOSS CALIBRATION METHODS USING
and the new torquemeters. The results are shown us dashed LUBRICANT 0-67-22
curves in Figure 2, in which the data pomts have been omutted for the sake of anty . As mentioned previously
these results are in general agreement with those reported in Reference 1.
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New Technigue. 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 the preliminary scuffing studies, but this was attributed to the fact that the first machine loss calibration
contained some inaccuracies due to the less sensitive torquemeters.(l)

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 muchine 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 lincarly 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 tiiese two observztions, 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 + bNyf (5)
where
T,, — machine-loss torque for one shaft, in.-lb
P - diskload, Ib
N — shaftspeed, rpm
¥, = lubricant viscosity at T; and atmospheric pressure, cp
ab,c -- fitting constants

Since rthe 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 ¢. The details of the procedure are given mn Appen-
dix 1; the resulting equation for the machine-loss torque is

T = 0.0023P + 0.000968VuP-2* (6)
where
T machine-loss torque, in.-lb (7}, | for upper shaft, T,, 5 for lower shaft)
P - disk load, Ib
N - disk speed, rpm (either N, or NV, depending on whether the upper or the lower disk shaft is under
consideration)
#;j - lubricant viscosity at T; and atmospheric pressure, ¢p

The calculated results from £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 h her machme-loss
torques than the old technique, particularly at high disk loads,




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. 1t 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 fiiction 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 the 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 techmque gives the *“correct™ machine-oss torque, but rather which technique
gives the “correct™ disk friction coefficient which nature demands to be equal un the basis of either the upper or
lower disk. From extensive analysis and comparison of all of the scuffing test results available from the AFAPL disk
tester over the entire range of vaniable. employed tu date, it has been found that the two disk friction coefficients at
failure derived from machineloss data obtained by the old technique differ in most cases by approximately
10 percent and vecasionally by as much as 20 percent. On the other hand, by using machine-loss data obtained by
the new technique, the two friction coefficients usually agree to within 5 percent and only in rare instances to about
10 percent. On the basis of these findings, it is concluded that the new technique gives more plausible .esults.

2.  Simultaneous Temperature Measurements in Upper and Lower Disks

As explained previously (1) the AFAPL disk tester is equipped with a thermocouple probe located in the
center plane of the disks 1/3 in. ahead of the center of the conjunction. This thermucouple probe may be made to
suspend freely without touching either disk or to nde with a slight pressure on one of the dishs. Due to the complea
vil flow and heat transfer conditions prevalent at this vicimty, the temperature goross the oil film is generally not
uniform, and the probe reading with the probe touddung the upper (or faster) disk is always higher than the
reading with the probe touchmg the lower dish sometimes by as much as 30°F. In any case. regardless of the
probe’s pogition, it does not read directly the surface temperature of either disk.

In order to derive the surface tempeiature, Ty, ol a dish from the probe temperature, 7, with the probe
touching that disk, the relationship between the disk surtace temperature and the corresponding probe wmperature
must be hnown. Such a relatiunship can only be established by calibration, 1) which imvolves instrumenting a dish
with embedded thermucuuples and tahing stmultancous readings from the embedded thesmocouples and the thermo
couple prube riding on the same disk, As mentivned previvusly, however, the thermocouple probe always reads
higher when riding on the unper dish than when nding on the lower disk. The question then arises as to whether the
Tovs T, relationship 1s or 1s not the same for the upper and lower dishs. Indeed, 1f thus relationship were the same
fur buth disks, then the surface temperature ot the upper {(or faster) dish must necessarily be higher than that of the
lower disk. This would then yield 1wo caleulated
entical temperatures, which would be difficult to

/ interpret.
r - -0.173200058
In order to determine if the two surface tem-
peratures were different. simultancous temperat ‘e
measurements were made on both the upper and
4000 ! . _ lower disks. For this work, the holes drilled in the

1‘0.273 10003

(RER) calibration disks were relocated as shown in Figure 3.
3, oniLe Te A§ can b-c 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-
=t face, hence o more accurate extrapolation to the sur-
_J Lo 07310005 face temperature.
re—0673 £ 0005
FIGURE 3. THERMOCOUPLE HOLE LOCATIONS Both the upper and lower dishs were mstru-
IN TEST DISK mented with embeddea thermocouples, and  two
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identical mercury slip rings were - 220 T T
stalled on the two shafts to connect
the embedded thermocouples to

the temperature recorder. The disk 210 :38 3
tester was then operated with lubri- 20 s
cant 0-67-22 at various conditions

of speed and load, and the tempera- 200
tures at three different radial posi-
tions (as limited by the capacity of
the mercury slip rings) in the upper 190}

and lower disks were recorded si-
2
7o} \

=21

multaneously. Also, at each condi-
tion, the thermocouple probe read-
ings with the probe riding on the
upper and lower disks were both
obtained. This procedure was car-
ried out at T; = 140° and 190°F,
but more extensively at 7; = 190°F

DISK TEMPERATURE,*F

higher lubricant jet temperature.

since the majority of the scuffing 10t
tests were to be conducted at the 1\ \ \A
A

150
Fisure 4 shows typical tem-

perzaure distributions in the disks

for one set of speed conditions, ol

where V=300 ips and V, =200

ips. Figure 4a was obtained with

T,=140°F, while Figure 4b was 130 )

[ A\ N

LOAD,Ib UPPER DISK LOWER DISK_

210, :

250 o
] “°x 800 o
780 A

220+

LOAD,tb UPPER DISK LOWER DISK

a
H i
'y
4
\A N
] A

:
obtained with 7;=190°F. The ° - o
thrze curves were generated by
using three different values of disk
load. The surface temperature was
obtained by extrapolation of the
embedded thermocouple tempera-
tures, assuming a linear relationship between the disk temperature
and the lugarithm of the radial distance. This procedure has been
used as a standard technique throughout all the calibration work.
As shown in the figure, at each radial position there is little
difference in the embedded thermocouple temperatures, which
results in the extrapolated surface temperatures being nearly the
same for both the upper and lower disks.

Figure S shows all the results for T; = 140°F, where the
surface temperature for the upper disk is plotted against the sur-
face temperature for the lower disk. As shown in the [igure, data
were obtained for three values of sliding to sum velocity ratio, A,
The dashed line shown in the figure is where T,
can be seen, the surface temperatures agree well with this rela-
tionship. It will be noted that the disk surface temperatures do
not extend quite as high as some of the surface temperatures
obtained in the scuffing tests. This is because the maximum load
was intentiona'ly kept low i order not tu seuff the calibration
disks. which are extremely tume-consuming o make and were
limited in quantity. In about half of the scuffing tests, at

0
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FIGURE 4. TYPICAL TEMPERATURE DISTRIBUTIONS
IN TEST DISKS
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FIGURE 5. COMPARISON OF SURFACE
TEMPERATURES OF TEST DISKS

AT T, = 140°F
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T,=140°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

270 T T T T T T T T T
260} R
UPPER LOWER
2801 OISK (1) DISK (2} Vg,lps Vy,lps L3
L] o 100 1200 0.083
240}- ® o 200 1200 O.187 .
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FIGURE 6. RELATIONSHIP BETWEEN DISK

SURFACE TEMPERATURE AND UPPER

AND LOWER THERMOCOQUPLE PROBE
TEMPERATURES FOR 7} = 140°F
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FIGURE 7. COMPARISON OF SURFACE
TEMPERATURES OF TEST DISKS

AT T, = 190°F

for the two disks. For a given surface temperature, the thermo-
couple probe temperature on the upper disk is always higher
than that on the lower disk.

Figure 7 shows the simultaneous surface temperature
determinations for T; = 190°F. The data were obtained for the
embedded thermocouple temperatures at five values of M. The
two highest ratios were identical to those used in many of the
scuffing tests. As can be seen, the two surface temperatures are
in good agreement over the whole range. The highest extrap-
olated surface temperature obtained was about 265°F, which
is as high as the surtace temperature at scuffing for the major-
ity of the tests conducted at 7; = 190°F.

The relationship between the extrapolated disk surface
temperatures presented in Figure 7 and the corresponding
thermocouple probe temperatures is shown in Figure 8. Simi-
lar to the case where T; = 140°F, the thermocouple probe tem-
peratures are not the same for the two disks. Likewise, for a
given surface temperature, the probe temperature is always
higher Yor the upper disk than for the lower disk.

It is clear from the above that with lubricated disks
operated over a wide range of conditions, both the temperature
distribution inside the two disks and the surface temperatures
of the two disks are the same. However, the thermocouple
probe temperatures with the probe touching the upper and
lower disks are generally different. Therefore, the T, vs T), re-
lationships for the two disks are different. In practice. cither
the upper or the lower disk may be employed to deduce disk
surface temperature, provided the appropriate T vs T), calibra-
tion is used.

3.  Improved Temperature Calibration

Having ascertained that cither the upper or the lower
disk may be used to derive the disk surface temperature, a
more detailed calibration was made with lubricant 0.67.22
over a wide range of conditions. This calibration was made
using the new calibration disks shown in Figure 3. and by
careful placement of the thermocouple probe at a distance of
1/3 in. ahead of the center of the disk conjunction. Following
the earlier practice! D, the Tower disk was used as the basis for
the temperature calibration.

Figure 9 shows the relationship between the extrap-
olated surface temperature, T, and the thermocouple probe
temperature T),,. for the two lubricant jet temperatures of

140° and 190°F. In contiast with the results previously

-~
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obtained using lubricant BC(I), no speed effect was noted with lubricant 0-67-22. That is, the T vs T, 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, T, For 7, = 140°F, the extrapolated surface temperature is given by

T, =140 +4.286 (T),, — 140) (7)
and for 7; = 190°F
T =190+ 10.000 (7,,,— 190) 8)
where
T, - disksurface temperature, °F
T, — thermocouple probe temperature, °F (with probe riding on the lower disk)

It will be noted that the extrapolated surfuce temperature is extremely sensitive to changes in the
thermocouple probe temperature. Thus, slight differences in the thermocouple probe temperature caused by
factors such as probe installation or characteristics of the probe itself can introduce large errors in the pre-
dicted disk surface tempeiature, which is used to calculate critical temperature. For this reason, eatreme
precautions must be taken in the construction and installation of the thermucouple prubes in order to ensure
consistent conditions from test to test,




Figure 10 compares the single curve obtained with lubricant 0-67-22 at T;= 140°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 T

LUBRICANT 0-67-22
9555 NgS3342 rpm
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EXPERIMENTAL VALUES FOR OIL BC
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FIGURE 10. COMPARISON BETWEEN TEMPERATURE CALIBRATIONS
USING LUBRICANTS BC AND 0-67-22 AT T; = 140°F




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 7 = 140°F, 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 the Batch B disks were tested at T; = 190°F. However, some tests were conducted at T; =
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 contrel from a single heat of steel, and with tests conducted under the utmost care,
replicate tests, as a rule, yicld scuffing failure loads of considerable scatter, typically by a factor of 2 to 3. In the
interest of statistical confidence, it was decided that, in testing with Batch B disks, 10 replicate tests shoald 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. 1t 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 the drive-
system effect ¢ or the widest range of operating conditions possible with the remaining Batch B disks, it was
necessary to run only 5 replicate tests for each of the 4 remaining series.

Before discussing the results, it will be helpful to summarize the test program by tabulating the test series
numbers and the test conditio:s for euch series. This is done in Table 1. Seven test series, Series VIil to XIV, were

conducted with the unbelted drive system. TABLE 1. SUMMARY OF TEST SERIES AND CON-
Series X, XI. and IX were intended to deter- DITIONS WITH BATCH B AMS 6260 DISKS
mine the effect of changing sliding velocity at - AND LUBRICANT 0-67-22

constant sum velocity, while Series X, XII, and

XN were conducted to determine the effect of Senes Nl:_’;“"f :':" :p's s=vgr | s LIt toronment
changing sum velocity at constant sliding veloc-

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

groups of three serics. Series VIII was con- X 1w | 3sof 10s0] 0333 |20 190 Aur
ducted at T; = 140°F, both for comparison X 100 1450 [ 10501 0429 ] 25 | 190 A
with Batch A results and for comparison with X 10 630- -l_(’,s_'[*.o;f'f)i)_ Rl Rl A
Series IX to determine the effect of lubricant X 10 350 t0s0f 0333 |20]190 A
jet teinperature, T;. Series XIV was o be cém- ‘(fl'lll :g ;:g :‘;; 3:233 f; :gg 2:;
pazed with Series XI for the effect of an mcrl B S S

environment. vit | 10 | 630 1osof 0600 {40 ] 140 A

X 10 450 | 1050 0.429 25 1 190 Nitrogen

In the belted mode of operation, compari- telted dnve
ori . 1
son of ‘St.ncs.XV and XVI .woulu.show fhe XV s |asol wsol 0333 |20 190 e
effect of varying sliding velocity while holding i s [4s0] 10s0f 0429 |25 190 Au
S ity constant. while comparison of [~
um velocity - consta part Y s | 3s0]w0s0] 0333 | 20( 190 An
Series XV and XVil would show the effect of xvil s Lasol w17l o3 |25 190 An

varying sum velocity while holding sliding veloc- f—-

. . . XVill N 00 il ¥ 333 20 )
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both groups of series. Series XVIII was conducted to obtain results at M = 0.333 by using a different combi-
nation of ¥ and V, to compare with Series XV.

The detailed results of the various test series are presented in Appendix 1. Each table in Appendix 1l
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 film 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 conft ‘ence. Therefore, pending
additional research, greater emphasis will be given to an examination of the failure load and the friction coefficient
at farlure. Both parameters are derived from actually measured quantities and are not subject to arbitrary situations
other than measurement errois.

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

Before begiuning the test program with Batch B disks, it was desirable to conduct ai I2ast one series of tests
under the same conditions used for Batch A disks. This comparison was made for several reasons. (1) the dishs, 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, = 140°F, V=630 ips, and ¥, = 1050 ips. For these tests,
the disk tester was uperated in the unbelted mude (two shafts independently driven), as was done in all tests with

TABLE 1. COMPARISON OF AVERAGE TEST RESULTS FOR BATCH A AND B
TEST DISKS WITH LUBRICANT 0-67-22,T; = 140°F, V, = 630 ips, V, = 1050 ips

Before break-in At end of break-in 4 failure
Batch 51162, 54, Sa0 | hm» 5 | bmp Py we, | Tp2 | To | AT, | Typ.
wine | wine | wine | wim | Am | i | i [ MO & b | pei | F | oF | oF | °F

A 8.6/9.3 | 179 | 140] 35 {026] 194 ] 123 | 0.88 | 0.014 | 762 | 6179 [ 169 | 263 | 146 | 409
B 120/13.2 ] 25.2 | 151 ] 46 | 031 223 ] 133 | 0.88 | 0.022 | 655 | 5535 | 162 | 231 | 227 | 458

*Based on b4,

Batch A dishs. Tuble 11 compares the results with those obtaized using Batch AL This table shows the average values
of the measured and valeulated quantities for 5 tests on the Batch A disks and the 10 tests on Batch B dishs. The
Batch A results are tahen from Table IX of Reference 1. However, they have been modified to currect tor the new
machine loss and temperature calibrations obtained for lubricant 0-67-22. The previvusly repurted values were
obtamned using the cahibration results for lubneant BC, which were the only values available when Reference 1 was
published.

As van be seen by comparng these corrected results for Batch A dishs with those in Table 1X of Reference 1,
the mam etfect of using the new calibration data 1s to increase the dish surface temperature, Tg. Other quantities

remained relatively unaffected by the new calibration results.

In companng the results of the two batches of dishs m Table 11, note that the average mitsal compusite surtace
roughness, §,. of Batch B dishs 15 somewhat larger than that of Batch A. However. the breah in process biings the
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two measured roughnesses *5 within 1 pin. of each other. At failure, the calculated minimum film thickness differs
by ouly 1 uin, The film thickness ratic at failure, Ay, is identical for the two batches. 1t should be noted that the
film thickness ratio at failure should ideally be based on the calculuted mmimum film hickness and the composite
surface roughness at, or immediately prior to, failure. In practice, however, the surface roughness of the disks cannot
be measured at, or immeciately prior to, failure. Thus the § -measuscments must be made after failare. In most
cases, the scuffiug had progressed ull arourd the disks by the time the machine was stopped, and considerable fur-
ther damage to the surfaces n1ad occurred. Consequently, no reliable measurement of 8, can be made. For this reason,
this report has based A,,, s on 8,4, the composite surface roughness after break-in, rather than on .

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

The failure load, Py, for Batch B disks is 14 percent lower than that for Batch A, and may be attributed to the
combrnation of the effects of a different materia! batch and disk surface roughness. This difference in Py is real
because Py is a directly measured quantity. The thermocouple probe temperature, 75, and the disk surface
temperature, Ty, at failure are both higher for Batch A disks due to the Ligher P;. For otherwise constant conditions.
these two temperatures should be some function of f,Py. From this consideration, it 1s seen that the f; for Batch A
disks must be too low. This errer in [y causes the AT at failure to be too low for Batch A disks: consequently, the
critical temperature, T, for Batch A disks must be too low.

3.  Effect of Sliding Velocity

The effect of sliding velocity on the failure load is shown in Figure I 1. Roman numerals denoting the test
series are placed near the Jata points to ard in identifying the corresponding test condittons shown in Table 1. The
upper curve in the figure was obtained while operating the tester with the unbelted dnive, the lower curve was
ubtained while uperating the tester with the belted drive. For both operating modes, the fulure load decreases with
mcreasing V. At low values of sliding velocity, the failure ioad is 2 to 3 times higher when the drive shafts are not
belted together. However, this difference in the load-cantying capacity becomes small. at lugh sliding velocitics.

This difference in behavior is not fully understood at this time. A possible explanation is that the unbelted
shafts pesmut the disks to shift slightly with respect to each other in the angular sense, even though the specd ratio
between shafts is nominally constant. That

is, the indicated speed of cither shaft will 4000 ! ' ! ! ! '

vary by | or 2 rpm at typical running speeds

of 500 to 3500 rpm. On the other hand,

when the shafts e belted together, there o000k \ x i

is a positive relationship between points °
on the two disks. Thus, any surface distress
that may be initiated when two particular
spots come into contact is reinforced as the
same two spots continue to come into con-
tact during successive revolutions. It is possi-
ble that a small angular shift occurring when

the shafts are not belted together is sufficient 1000 - BELIED '\ .
to prevent two potential trouble spots from
coming into contact often enough to cause o \_2‘.

failure at a lower load. Further work will

UNBELTED
DRIVE

: . o A 1 1 1 L |
need to be performed to verify this theory. 300 400 N 500 800
(TR A4
A logarithmic presentation of the data FIGURE 11. EFFECT OF SLIDING VELOCITY ON
in Figure 11 is shown in Figure 12. Note SCUFFING FAILURE LOAD AT CONSTANT
that a nearly lincar relationship exists SUM VELOCITY I, = 1050 ips
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between log Pr and log Vs, and that the slope for the
belted drive results is nearly the same as the slope for
the unbelted drive results. Computing the slope of the

lines yields
< 1)\3-88
P~ —
! Vs>

That is, at constant sum velocity, the scuffing failure
load is inversely proportional to sliding velocity raised
nearly to the fourth power.

©)

Figure 13 shows the effect of sliding velocity
on critical temperature. For the unbelted drive, the
critical temperature decreases as the sliding velocity
increases; for the belted drive, the critical tempera-
ture remains essentially constant. It appears that, at
high sliding velocities, the two modes of operation
would tend to yield approximately the same critical
temperatures,

The effect of sliding velocity on the minimum
elastohydrodynamic film thickness ratio at failure is
shown in Figure 14, It is seen that, within a range of
15 percent, this ratio is nearly the same for both
modes of drive and nearly constant with respect to
sliding velocity.

The cffect of sliding velocity on friction coeffi-
cient at failure is shown in Figure 15, It is interesting
to note that the friction coefficient is not a function
of sliding velocity. This is true whether the tester is
operated with the belted or the unbelted drive. How-
ever, the friction coefficient is higher when the belted
drive is used. Whether the higher friction coefficient
for the belted drive is due to the repeated interactions
between corresponding points on the two disk sur-
faces, as suggested carlier, remains to be established
by further work.

4,  Effect of Sum Velocity

The effect of sum velocity on the load at scuff-
ing failure is shown in Figure 16. The effect of in-
creasing 1/, while holding V; constant is to increase

the failure load. The failure load is again luver fur the belted drive and, as I, is lowered, the curves tend to merge,
A logarithmic presentation of the same data is shown in Figure 17. Unlike the relationship between P, and ', the
slupes of these lines are different for the unbelted and belted mudes of uperation. Computing the slopes of the lines
yields for the belted drive

Pf ~ (V')l.ﬁﬁ

13

(10)




and for the vnbelted drive

Py~ (V)8 (1)

The effect of sum velocity on criti-
cal temperature is shown in Figure 18.
The critical temperature increases signifi-
cantly with increasing sum velocity for
the unbelted drive, and increases only
slightly for the belted drive. As ¥, is de-
creased, the difference between the two
modes of operation becomes less pro-
nounced.

The effect of sum velocity on the
minimum elastohydrodynamic film thick-
ness ratio at failure is shown in Figure 19.
The belted znd unbelted modes give
about the same A, , to within
=5 percent. However, an increase in sum
velocity increases A, p moderately.

The behavior of the friction coeffi-
cient at failure with sum velocity is
shown in Figure 20. It is interesting that
while f, does not vary appreciably with V,
it does vary with V,, decreasing with in-
creasing ¥V, for both the belted and un-
belted drives. As was the case when V,;
was held constant and ¥V varied, the fric-
tion coefficient is higher when the belted
drive is used.,

5. Eff:z.i of Sliding to Sum Velocity
Ratio

It would be of interest to compare
the data at constant sum velocity with
the data at constant sliding velocity using
some factor common to both test groups.
This comparison can be made only by
using the ratio of the sliding velocity to
the sum velocity.

In Figure 21a, the failure load is
shown as a function of velocity ratio, M,
for the unbelted drive. It is seen that
the results for constant sliding velocity
do not differ significantly from those at
constant sum velocity; at M = 0.429 and
0.600, the failure load is slightly higher
for the constant sliding velocity case.
The results for the belted drive are
shown in Figure 21b; it is seen that at
M=0.429 the failure load is also slightly
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FIGURE 20. EFFECT OF SUM VELOCITY ON FRICTION
COEFFICIENT AT FAILURE AT CONSTANT
SLIDING VELOCITY V=350 ips

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 proncunced with the unbelted drive.

Figure 22a shows the variation of critical temperature with A for the unbelted drive, The crit‘cal temperature
decreases with increasing M for both the constant sum velocity and constant sliding velocity cases: at Af = 0.429 and
0.600, the 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 temperature increases
slightly with M, while for the constant sliding velocity case there is a slight decrease. The variation with Af is
significantly more pronounced for the unbelted drive.

The variation of the minimum EHD film thickness ratio at failure with Af for the unbelted drive is shown in
Figure 23a. Note that at constant sum velocity, the variation in A, is nonmonotonic, showing {irst an increase as
sliding velocity increases, and then a slight decrease with further increase in sliding velocity. However, at constant
sliding velocity, A,/ is relatively constant. The results are shown for the belted drive in Figure 23b, and it is seen
that A,y decreases with increasing M for both constant sum velocity and constant sliding velocity tests.
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Figure 242 shows the variation of the friction
coefficient at failure with the velocity ratio for the
unbelted drive. The friction coefficient increases with A at
constant sliding velocity; but is constant at constant sum
velocity, indicating that the friction coefficient at tailure is
a function of sum velocity. In Figure 24b the belted drive
results exhibit the same trends: that is, /i increases with M
at constant sliding velocity and remains constant at con-
stant sum velocity.

In the practical case of a pair of gears with fixed gear
ratio, the velocity ratio, M, is a functdion only ol the local
radii of curvature of the meshing teeth and will vary
throughout the mesh. The speed of operation of the gear
set, however, has no effect on this 1atio. Thus, at any par-
ticular point aleag the line of action. a change in the speed
of operation will micet the magmtudes of the sliding and
sum velocities together: bui the ratio will remam constant,

The data from Figures 21 through 24 can be pre-
sented in such a manner as to demonstrate this effect of
changing the speed of operation of a par of gears, Fig.
ure 254 shows the results for M = 0.333, which would be
representative of me point along the line of action, and
Figure 25b shows the results for A = 9.429, which would
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be representative of another point along the line of action, The abscissa is the sliding velocity , P, however, the sum
velocity, V. could have been used just as well since as either one is varied, the other changes such that their tatto
remiins constant. In addition to the data that were presented ecarlier, the results of Series XVII, whih were
obtained at g =200 ips and 1’; = 600 ips with the belted drive, are also shown. At the top of the figure 1t 15 seen
that the load at failure decreases with increasing speed for both values of 3, whether the belted or unbelted dimve s
used. The minimum film thickness ratio at failure, Ay, , increases moderately with speed alsu 101 both values of M
and for both drive modes. The friction coefficient at failure decreases v.ith increasing speed fur both values ol M and
drive modes. However, the critical temperaware, 1., decreases slighuy with increasing speed at M = 0.333, but
increases with speed at 3 = 0.429, The same behavior is observed for the surface temperature, Ti. in that 1t decreases
slightly with increasing speed at M = 0.333, but increases with speed at A = 0429,

6.  Effect of Lubricant Jet Temperature

There is a marked effect of lubricant jet temperature on the scuffing failure load, at least for the vne set of test
conditions investigated. The results are shown in Table II. Series VIII was conducted at T, = 140°F and Series 1A
was conducted at the same test conditions except with 7, = 190°F. As seen in the l.:ble. the average surface
roughness of the disks, both before and after break-in, was dbl)ll( the same for both series. The dishs tested
T,= 140°F failed at a calculated minimum EHD film thickness about 30 percent lurger than those tested at
[ 190°F. This larger film thickness is due to the higher viscosity of the il at the lower tcmpemlure as indicated
b} the thermocouple probe temperature, Tp2. The load at failure in the tests with 7, = 140°F was more than taiee
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TABLE I1l. COMPARISON OF AVERAGE TEST RESULTS FOR V= 630 ips
AND V, = 1050 ips USING LUBRICANT 0-67-22 AT
TWO LUBRICANT JET TEMPERATURES

Test T, Before break-in At end of break-in At failure
. I | 81ls2 5 5 i 5 h P ) T2 | Ts. | AT | T,
e ot: 2 i as me f mf - f We. b 5 ’ cr
series | 7l win. pin. | win. | pin. Am win. | uin. Amf I b o <pl-‘ °F | °F | °F

VIL ] 140 | 12,0/13.2 ] 252 | 15,1 ] 4.6 | 0.31 ] 22.3 | 13.3 | 0.88 | 0.022 | 655 | 5535 | 162 | 231 | 227 | 458
IX 190 1 12.2/14.0 | 26.3 ] 169 ] 45 | 027 224 | 104 | 0.62 | 0.022 | 290 | 3237 | 197 | 2064 | 152 | 415

*Based on 6,.

that n the tests at Tj= 190°F. The average friction coefficient at failure, £, is identical for both series. Since friction
coefficient is the same for both senes, it iy the higher failure load in Series VI that accounts for the higher critical
temperature.

7. Effect of Inert Environment

To determme the effect of an inert envitonment on scuffing behavior, the disk tester was operated in the
presence of mtrogen. The nitrogen used was fiom a compressed-gas cylinder and contained less than 10 ppm
imputities including 5 ppm Oy, 1 ppm Hy 1 ppm COy, 1 ppm CO, with a dew point of - 60°F. The nitiogen gas was
mtroduced through the bottom of the lubticant sump beneath the disk endosure, Tt was foreed to flow up through
the lubnicant, through the dish enclosure, and vt & vent at the top of the enclosure. The lubncant and disk enclosane
were purged for 2 hir prior to each test by allowing the nittogen o low while the lubrwant was ciseulated through
the system at test temperature. The nitrogen continued 1o flow in this manner throughout the test,

Attempts were made to break in thie test disks m the et enmy wonment, usmg the procedue of permitung the
mtrogen to Now thiough the system with the Tubncant arculatimg at the break-m temperature of 90°F for 2 lu pr
to beginming the break-in. However, two sets of dishs scuffed dunng the break i process (one at 1000-1b load and
another at the maninien break-m load ol 2000 1b). Theretore, this procedire was abandoned and the dishs
were broken in in an environment of air.

The test results ate shown i Table IV, Tor companson, the Series N1 1esults, obtained at the same test
conditions anan- eimvnonment of e, are abo shown i Table IVL Ay shown i the table, the average surface
toughness of the dishs both before and after breah-in we the same tor both senes. In nitrogen, the sculling
fulute occurted wt g shightly  Tugher calealated mumnm LHD film thackness tatio than in air. The friction
woefficient at Lalure was only shigluly lower fou the tests with mitrogen, wlule the fature load was sigmiicantly
tower. The lower load and foction coeflicient at falute result in g lower caleulated conjunction temperature nise.

AT, Thus lower AT, combined with the tower surface temperature, Ty, avcounts for the large difference m critical
temperature,

TABLE IV, COMPARISON OF AVERAGE TEST RESULTS FOR 17, =450 ips,
1", = 1050 ips, AND 7, = 190"F, USING LUBRICANT 0-67-22 IN
AIR AND INERT ENVIRONMENTS

lest Betore breakan At end of breakan At fatlure

| tovironment [ 84/8), b | 80 |l YNNI N Pro | weo | Tp2 Is. | aT. | Iy
senes . am. | pin | un S pin. | o \mf I b M ‘pl °F R A e
Xl Au 18107 | 224 d1SY 1037 e 92 (U0 00221 1000 | 7362 199 280 189 | 469
Xiv Nutrogen 10,6/1V7 | 224 | 142 8.2 [ 037 183 ] 103 ] 073 | 0020 458 4388 | 194 228 | 121 | e

*Based on b,
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These tests indicate that the chemical effects of oxygen andfor 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 i the break-in process.

8,  Statistical Nature of the Data

The discussion of the results thus far has been concerned with the 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
resuits from Series X, XI, and IX, where V; 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 1ail
at a given load.
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FIGURE 26. WEIBULL PLOT OF SCUFFING FAILURE LOAD AT V', = 1050 ips

Figure 27 presents the results for Series X, X1 and X1, where P was held constant and 1, was
varied. Although the results for the two higiier sum veloaties follow the Weibull distribution welatively well,
the results for 17, =583 1ps do not, This could be indicatnve of the fact that some phenomenon that affects
scufting at the lower 1, is not present at the two higher values of V,.

To predict the scuffing failure load over the complete range of operating variables of interest, it would
be necessary to have plots similar to those shown in Figures 26 and 27, using either a Weibull o1 some othet
distnibution tunchion, covering the entire range of the variables. The results of such plots would, at best, be
empirial sinee they do not offer the prospect of generalization. For the purpose of generalization, some suit-
able generalized scufting parameter such as the critical temperature, the lubricant film thickhness ratio, or
some other citerton will have to be treated statistically in o simmilar nanner. Moreover, lubricants, materials,
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and factors other than operating variables alone raust also be considered if a generalized scuffing parameter 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 CEVM 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 with increasing lubricant jet temperature,
decrease with belted as against unbelted drive, and decrease in the presence of an inert cnvironment. At 4 shiding to
sum velocity ratic, M, of 0,333, the critical temperature was found to decrease shightly with increasing speed,
However, at M = 0.429, the critical temperature was found to increase with increasing speed.

The minimum lubricant film thickness ratio at failure was found to change litde with increasing shding
velocity, increase with increasing sum velocity, decrease with increasing lubricant jet temperature. change hitle with
belted as against unbelted drive, and increase in the presence of an inert environment.

Judging from the very low values of the mininum lubricant film thickness ratio expenienced at filure, wier
the entire range of all variables investigated, operation of the disks with lubricant 0-07-22, a MIL-L-7808 G lubricant,
has definitely extended well into the boundary lubrication regime before scuffing fulure. This confirms the catlier
findings in Reference 1, in which it was noted that a straight mineral oil faded as soun as the peration moved from
elastohy drodynamic into a boundary lubrication regime. Two synthetic wils, however, mduding lubricant 0-67-22,
were able to operate substantially into the boundary 'ubrication regime without fuilure. This bemg the case, the
applicability of the lubricant film thichness ratio as a generalized scuffing criterion will require more cony ineing
theoretical and practical justification.

The critical temperature, the more popular generalized scuffing criterion, has been fuund to beliave differently
for the belted and unbelted drives. With the unbelted drive, the critical temperature is Jearly far from bemg
constant with respect to any of the variables investigated herein. On the other hand, the cntical temperature
remained fairly constant with the belted drive, for which it was only pussible to study the effects of shiding and s
velocities over a rather limited range. The nonconstancy of the critical temperatute for the unbelted dnve with
respect to all operating variables, its contrasting behaviors with respect to the method of dove, and especially its lack
of cunsistent behavior with respect to speed at two different sliding to sum veloaty rativs, cannot be explained by
any conventional theoretical justification of the critical temperature hy pothesss, Lven as a stuictly arbitrary scuffing
criteria, its generalized relationship with all uperating variables has yet to be developed. This relationstup cantiot be
accomplished with confidence without a great deal of additional research.
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APPENDIX |
DETERMINATION OF CONSTANTS IN £Q. (6)

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

Ty = Tr2=Tp1 + Tz (12)
From Eq. (5), for the upper shait
Tpy =aP +bN\pf (13)
and for the lower shaft
Tz =aP + bN,pf (14)

where
T,,; — machine-loss torque for upper shaf®, in.-lb
T,,2 — machine-loss torque for lower shaft, in.-Ib
N, - upper shaft speed, rpm
N, — lowershaft speed, rpm
and other symbols were defined after Eq. (). Now substituting Eqs. (13) and (14) into Eq. (12)
Tyt = Ty = 2P + buf(Ny +N,) (15)
But N, can be related to N, by the ratio of the shaft rotational speeds, S = N /N2, so that Eq. (1 5) becomes
Ty —Tpy = 2P + (S + 1)bNoyf (16)

To determine the constant a, let S, N, and g, be held constant and the load be varied between two values, say
Pand P'. Then for load P, Eq. (16) gives

(Tyy = Tra) = 2P + (S + DbNypif a7
or rearranging

(S + DbNasf = (Tyy - Tra) = 2P (18)
where (T,  T,2) is the difference in torquemeter readings corresponding to load P. For lvad P',Eq. (16) gves

(Tyy = Tya) =2aP" + (S + NbNpif (19)
or rearranging

(S + DbNapf =(Tyy ~ Tp2) - 2P’ (20)

where (T,,  T,3)'is the difference in torquemeter readings corresponding to load P, Equating Egs. (18) and (20),
and solving for the constant a, one obtains:
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_ (Tr! - rz)l - (Trl - Trz)
2(P' - P)

a

(1)
To determine the constant ¢, the data from two runs are needed where P and NV, are the same, but the lubricant
viscosity is varied from y; to u,'-. Then for viscosity y;, Eq. (16) gives
(Trl - Tr?_) =2qP + (S + ])b}VQI.l;" (22)
or rearranging

T, —Tyy) = 2P
s+ 1o, = =) =2 c’*) = (23)
by

where (T, - T,;) is the difference in torquemeter readings corresponding to the case where viscosity is y;. For
viscosity uj, Eq. (16) gives

(Tyy = Ty2) =2aP + (S + 1bN,pj € (24)
or rearranging

T, - T,,) - 2aP
(S+I)bN2=(” ,’i) (25)
Hj

where (T,, - T,,) is the difference in torquemeter readings corresponding to the case where viscosity 1 u,'. Equat-
ing Eqs. (23) and (25) and rearranging

(M; >c— (Try = Trp) — 2aP

LA , (26)
My (Tn = Ty2) = 2P
Taking the logarithm of both sides
; T, - - 2aP
ctn i,’>=szn T = Tr2) @7)
M (Try = Typ) = 2P
or
(Try —Typ) = 2aP
Qn T - T.,) — 2P
o= ri r2 =, (28)
n E—’;
Hy
To determine the constant b, Eq. (16) may be written
Tn Tn) 2P 29)

(S + 1Napf

from which b may be caleulated since all other quantities are now known.
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APPENDIX 1l
SUMIMARIES OF TEST RESULTS

The results of all tests performed during this reporting period are summarized in this appendix. Each table
contains the individual results of a series of replicate tests conducted under one set of conditions, as well as the
average results of the series. Summaries of the results of Series I through VIi. « onducted 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 X'."!ii, 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
cach table. Unless otherwise specified, the serics was conducted in an air environment and with the unbelted dnive
system,

Break-In Conditions. As is customary ., the break-in process involves snerating the test disks through a step-load
sequenee, at a sufficiently low lubricant jet temperature and at sufficiently low sliding and sum velocities, in such a
manner that, while no scuffing should occur during the 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 behmd thes
procedure is that if the failure load obtained during test should be higher than the maximum break-in load, then die
failure could occur at the edge, i.c., on the vutside. 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 procedure
throughout this program, but have found that edge failures stitl occasionally oceur. These edge failures are believed
to be caused by the shape of the constriction in the conjunctivn due to the effect of side flow in the comunction.

As shown at the top of the tables, all break-ins were conducted at the same lubricant jet temperature of 907,
However, the breah-in speed conditions and the load schedule were not strictly the same fur all sertes. In the mterest
of brevity. the break-in load schedule is shown in an abbreviated form For example, the notation 4 X 300(15)
indicates four load steps of 300-1b increments, cach step being run for 15 min,

For Series VI and IX. the break-in conditions were identical. The maximum break-in load of 1200 b
cxeeeded all observed failure loads. When Serics X was begun, the same load schedule and speed condittons were
used for Test B24. In this test, failure ocenrred at 900 th., which s less than the maximum break-in load of 1200 b,
For the next two tests, B25 and B26, the failure load exceeded this maximua break-in load. It appedred from the
observed failure loads that a 3000-b maximum breah-in load might be more appropriate. This 3000-1b foad was
implerented for Test B27. however, the shatt specds had to by increased to prevent the disks from chattening at the
high loads. In the next attempt at break in (Test B28, wlich was discarded), the dishs scuffed at the 3000-b foad,
even with the increased shaft speeds. I was then decided to reduce the maxsmum break-n load to 2000 1b, but to
continue using the higher shaft speeds. From Test B29 on, the break-in was standardized with g =47 1ps, 17, = 141
ips. with a maximum break-in load of 2000 b achieved in four increments of 500 1b, cach run for 15 min. No
difficultics were encountered with break-in thereafter.

Test Conditions. The test conditions were varied for cach series as noted at the top of each table, However, the
test load schedule, designated as 50(3) hercing was the samie throughout the tests. Afier the speed conditions were
reached, increments of 501 of toad were applicd, allowing 3 min at cach load step o achieve equilibrivm, untd
scuffing failure was detected by the vperator. The “Muode™ column mn the tables shows the mode or mdication of

failure (CR for contact resistance. T for torgue increase). Lach falure was venficd by visual tspection after stopping
the test.

Other Symbuols. As tor the various quantities tabulated, most have already been discussed . and all are defined
in the List of Symbols The metal monitor reading (mm) s shown before break-m (BBI), after break-an (AB1), and
after test (AT). The fiest value s for the upper disk and the second is for the loweer dish, The metal monitor reading
itself duoes not yield any quantitative information about ihe Jharacter of the dish surface. but a change in meial
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monitor reading raay suggest a change in the surface qualities of the disks.{1) For example, the formation of a surface

film due to chemical reaction between the lubricant 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 (5;), after break-in
(84), and after failure (8s), as well as the film thickness ratios at the end of break-in (A ,,) and at failure (A, ).
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 roughsness 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 §, is usually higher than §, and cannot, in general, be

accurately measured. Therefore, rather than using the guestionable §, the tabulated A, has been calculated using
8, in all cases.
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TABLE V. SUMMARY OF RESULTS FOR SERIES V1ii

Test lubricant: 0-67-22

Test disks: AMS 6260 (Batch B)

Break-in conditions: Tj = 90°F, Vs = 24 ips, V¢ = 70 ips, 4 X 300(15)
Test conditions: T; = 140°F, V, = 630 ips, V¢ = 1050 ips. 50(3)

Test mm Betore hreah in Atend of bread in At faloze
no | s | oam AT R IO e 0 [P I .S WY IR I Bl I IR LA (R AP

uin, win, | gan, | un win, | uin | Lcr

B3 VO0S | 30221 20012 MNES 262 134 146 JO32 204 1132092 ] 0022 450 | 4355 J 164 | 243 | 190 | 433 | CR
2] 20000 1 30/30 1 2800 126163 289 1152 46 o304 ]38 | oxy )| ool 450 F 4385 | 162 | 234 | 183 | 417 | CR
Bs 1012 | 3230 | 1520 B3 [ 253 (a7 a6 Jost {233 ] 98 ] o067 f o022 Laosw | 7416 | 191 | 357 | 287 J 644 | CR
B6 | o016 | 2032 1222 YR TX6 136 146 [0 120210171086} 0022 | 950 | 7167 | 171 | 271 | 288 | 889 | CRA
B? 1828 3033 41526 14VES 1 294 | 149 |48 [030 |203 [ 143§ 097 | 0024 S00 | 4672 1S4 | 200 | 225 | 92 CRI
H9 2508 | 3020 ] 100 Hdie {273 158 |43 Jo 271140 ] 091 | ot 650 | 8565 1 155 | 203 | 220 | 423 | CR.I
BI0 {2316 | 3228 [ 18110 1061023 1230 [ 1SR 1472 o3 [ R0 0 08| o018 | 650 | 5563 | 158 ] 203 1191 § 393 | CR.
BIL | 27132 ] Jozo | 20n6 99103 f2ise 36 Jo3 J203 126 ] a8 ] 0024 | 900 { 6913 | t63 | 237 | 290 ] 827 | (R
BE2 | 3320 | 34722 1o2s 3033 1264 | 1SK |36 029|253 [ 147 j 093 1 0022 | S00 | 4672 | 982 | 190 | 207 § W | CRA
BI3 J 2002812528 | 280 12280 08 1161 |36 J0O29 1258 1S3 0551 00201 500 | 4672 | 148 | 174 | 189 ] W64 | (R

Aversge | 1201032 12821180 46 O3 {23133 o8] 0022 | 65875838 | k62 | 231 | 227 | 48R

Sid dev 13128 1 08 | 01 fon 20 16 1 003 | 0000 A7 | Lkm 12 A 44 K‘)j

‘Bawe ond,

TABLE VL. SUMMARY OF RESULTS FOR SERIES IX

Test lbricart: Q-67-22

Test disks: AMS 6260 (Batch B)

Break-in conditions: 'I‘j =90°F, Vg = 24 ips, Vi = 70 ips, 4 X 300(15)
Test conditions: Ty = 190°F, V, = 630 ips, V( = 1050 ips, 50(3)

Tea mm Hefore hreakan Av end of break-in At failute

[ s & h, ? h, R W 24 Te | Al Tege
no BBl 41 17 " a me 10 me |\ e e ) Is . <t | Aade
' Al Al wn. ain, Jan Jun | ™ i fan | Ame i I pp fode

—

B4 1200 1820 Jro/08 941124 | 22, 161 |46 1029 | 233 [ 100 ] 062 10022 400 4026 199 | 276 | 182 1 488 | CR.I
RIS | 08720 112130 o828 13040 254 176 §45 Lode 220 J1os ] 060 §0025 | 250 | 2943 {197 | 260 | 162 § 422 | (R.I
Bre { 2820 2220 1306 Jrom2d 230 |1es [ as Jo2r 1225 o3 ]| oet |ooar | 300 f3323 {197 263 Jaas | an | cra
BE7 1 10/06 110115 | 1,220 1122146 J 268 | 172 | 4.5 J 026 J240 {103 ] 060 J o022 F 300 §3323 1198 | 270 | 159 | 429 | ¢RI
BI8 | LO6Q FLOOO | 1800 | EL6429 [ 298 [ 1901 [ 46 | 024 J217 [ 108 | oss Jon2o | 250 [2943 | 197 | 256 | 130 | 386 | CRI
BL9 | 0828 [o§28 10520 | 128170 258 [166 |46 | 028 1209 [ 103 | o6 [ov2 300 ]332% 195 [ 270 ] 156 | 426 | CR.I
B 0828 L1426 {1826 [ 1300162 1293 170 |45 | o2 [223 101 | osv foo | 350 |3683 [ 198 | 270 | 150 | 420 | CR.O
B2 LSS 188 {22920 | 1290165 1294 [ 189 145 | 024 {293 [108 7 056 Joow | 256 | 2943 197 F260 127 | 387 | (R.I
B22 ) 2040 [ LS008 | 20000 | 1284183 1228 | 158 [ 45 ] 029 [ 220 J103 ] 062 Joo2r ]300 |3323 J197 J260 | 153 ) 913 | CRI
B2 1 100s [20/28 | 05112 [ 189123 | 282 145 [ 46 | 32 [2to 108 1 074 [0o02s | 200 |83 f196 | 253 | 149 | s02 | CRI

Avenage | 1221040 | 263 {169 138 J 027 | 224 | 104 | 0062 | 0022 | 200 | 3237 197 | 264 | 182 | 41

Std dev L6 2.8 td jorjom 121 02008 |ovd 57 422 1 1 16 21

*Hawd ond
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Test lubricant: 0-67-22
Test disks: AMS 6260 (Batch B)
Bieak-in conditions: Ty = 90°F, V5 =47 ips, Vy = 141 ips, 4 X 500(15)
Test conditions: Tj = 190°F, V, = 350 ips, Vq = 1050 ips, 50(3)

TABLE VII. SUMMARY OF RESULTS FOR SERIES X

|
Test mm ! _Betore breahun At end ot break-in At falute
1 | T 8 063x | b0 | 82 | b 56 ] M Pr. wee | Tp2] 1o | AN [ Terr
no. | BB | AM i AT o S Al LTSS el e Amt' | U o o | B o R Mode
T t
B24 | 00/L3 | =1.0/+20 | =2.0/-05 | 16,1/17.6 | 337 | 166 § 4.6 {025 {383) 93 } 086 J 0030 900 | 6,013 | 198 | 270 ; 194 | 463 | CR.I
B2S | 1.31S 04/10 2,0/1.6 | 1047017 | 228 ;144 § 46 103241727 7.8 F 084 0022 2,950 § 18,254 | 208 | 30 ! 258 625 | CRI
B26 | 05718 § ~02/0.5 1.0/0.5 17100 | 218 {158 4.5 [ 0.28 [ 168} 76 1 048 | 0022 3,300 ] 16438 1 210 { 390 " 2N 661 | CRJI
B27100/10 |-05/08 00/02 ! 136/114 § 260 {132 ] 42 ;032 [ 191] 68 | 051 0023 | 2300 12,922 4 231 | 603 , 238 | R4l | TRT
B2 | 05/02 | 10/05 15006 | 18122 [ 212 123 ] 54 | 0434 1is1] 80 | 006 f0023 | 2450 12354 1206 ) 35T 16 519 | C(RT
B30 { 00/1.3 | ~6S5/02 18106 {100105 1208 (131 ] 52 Lodo j132] 75| 057 Joo19 | 3450 ' 16932 | 212 | 40t 24 | 683 | (RT
B jisns 1.2/2.8 25128 10M126 226 | 115 ] S2 1035 | 1397 71 062 J0018 3,350 19762 | 216 | 483 2. 705 CR
B32 Joosto | 0820 2000 | 230 1243 P33 ] S2 0394161 ] 75| 056 | 0020 ) 3300 16,438 | 213 { 420 253 | 613 | (RT
B33 | L8/1S 20132 2015 oM 216 s2jo04 1162} 77} 06t {06022 3000 | 15426 | 209 380 254 , 634 | (RJI
B34 ! 1.6/28 3.0/3.2 22120 1.8/09.3 | 259 136 | $2 J 038 | 140 73 1 054 1 0020 | 53700 i 17,741 § 215 | 436 262 »698 | Nonet
PRI PRNISEY JAIN SR S N NN S - H
: . Aveage | arsn23f2ss L ase [ 39 Jo3e fasr| 72 087 Joo2 | 2940 Dians |22 L ans 23 e
4 — . . .- R L T
'. | ' ! Std. uev. 21,22 41 17] 03 | ou? 761 07 | 006 fooat . %Y 0 3683 9! 9 10
—— e Be - - . P P - [ +
{
| *ttasedoné;
+Suppott beanng taned Test terminated betore sutting vioutred Average and stsndard desiation do notindude this e
TABLE VIII. SUMMARY OF RESULTS FOR SERIES XI
Test lubricant: 0-67-22
Test disks: AMS 62060 (Batch B)
Break-in conditions: Ty = 90°F, Vg =47 ips, /(= 141 ips, 4 X 500(15)
Test conditions: Tj = 190°F, V= 450 ips, Vy = 1050 ips, SO(3)
Tent mm Before break in Atend of bre & At hlure
6,18, by, N bm. a¢ heme R Py, W, ip2| 1 b | by .
no B ARl AT win wn faan | uin ‘o fan | e \mi "t th n|T| I |\ | 1 Mode
838 oonoloons |osno {rea3c 1303 Liey 12 1ol J1Ivs [ 100 | 059 020 S50 | 4978 | 193 | 23 13 362 | (R
Bi? 25110 | 22720 | 2510 86105 | 190 |11 [ S2 for s 92 1 o6h [ 0021 [ Hon T o 3 395 | 220 | 193 1463 (R
B8 1210 | 2016 1500.2 10.5/99 1204 [is6 [ S J 03’ |idY 93 L o6 J oot Jyoon ! ar J 91 ] 0 Fgo |40 ORI
B35 | 1002 | 16015} LA 9.3/10.5 1203 buz2 [s2 o a7 ] s6 063 § o022 | 1950 ) 9sul [ 203 | 320 1238 | SS8 | (R
pio } 1005 Josn20 | oenns Jra6nn [ 263 Jas fss oy faxa | 9s | oes [ o022 | 200 ] 5847 [ 196 | 270 p16n | W [ ORI
B4l osn2l20m0 | 2on2 |13eat1 f27 [1e0 pS2 fov |17 92 | 087 ooy 900 § 6913 § 200 | 290 | 189 | 479 f(R.T
Bd2 1808 | 1soo freos [1n7n0k §210s rdo S22 103 [y ] 95 o6 Lood2 | 85 | e6ss | o6 200 famn P31 J R
84 L0 |o6t2 1010y 132077 ey 1126 f S| wdo J 42 Ka ] 00 ooy | a2a | s6ua |02 | 3o 2§ S JCRI
1844 1909 J 0500 3 L$H0 9099 | 189 {117 143 | 038 faa2 89 | 076 | so2o | 1150 | g0 | 02 | 30 [ 190 | Son | (R
R48 20007 {06/10 | 19120 981G | 214 | 140 156 [ 0o |16d 91 | 06s [ oot {1050 | 66l § 00 | 290 | I8s | 478 | (R
Average [ 1187107 1224 F145 |[s3 ] o 37 162 92 1068 {0022 [1000 ] 7362 | 199 | 80 jInd § 369
Std dev 2ms 16 1S jo2 o I3 03 | ooe | ovol 23 s Al B I ) St
*Bawd on s,
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TABLE IX. SUMMARY OF RESULTS FOR SERIES XII

Test Iubricant: 0-67-22
Test disks: AMS 6260 (Batch B)
Break-in conditions: Tj = 90°F, Vg = 47 ips, V(= 141 ips, 4 X 500(15)
Test conditions: Tj = 190°F, V, = 350 ips, Vy =817 ips, 50(3)

Test mm Betnre breab an Arend of break in At faturg
no | wum ABI hyA, 5 | 82 | bim. Bt | b . P | owe | Tpa | T, | 31| Tere |
! AT win wn |un Jun | A fan |un Amf ft Ib ppt 1 N | I 1 fode
Ba6 | 12708 |0s/08 12,08 8497 181 | 106 { S3 | 080 Jule |78 07 0022 11350 | 9089 | 198 § 273 | 203 ] 4% T
B2 F12/08 20106 | 1816 104128 232 [ 134 | S2 1039 J1s8 |78 | 0s6 | 0022 1300 | 8833 | 199 | 276 | 195 | 47 | CR.
B8 § LO/3S | 20020 | 18222 e 164 178 J131 184 1038 J150 J77 | 088 J 0023 11100 ] 7903 1197 260 } 193 | 383 | CR.I
BO | LO2S | L2120 | 1220 QUIES {206 [ 45 1 S| 032 183 [82 | 087 | 0023 | 750 [ 6122 F 194 | 230 | 156 | 386 | (]
BSO | LO20 [ 24024 | 2228 987 184 123 ]S | od1 J160 [ 77 | 062 | 0021 {1300 | 8833 | 197 | 250 | 190 | 446 | CR.!
BSL | L2110 | 24720 | 2820 86123 {209 [ 140 | 51 | 036 J162 |83 | 059 | 002 650 | SS68 | 195 { 236 |} 163 | 399 | (R,
B3 | 16406 2418 (22118 1200007 [ 227 | 169 | 85| 0.33 {167 |27 | 036 | 2028 1150 | 8140 1 197 | 260 | 208 | 368 | CR.I
BS4 L 1o/to JLsne Hasns G2 J 220 | 159 ]SS | 035 {182 |76 | 048 [ 0023 | 1200 | 8333 [ 198 | 230 | 208 | 478 | (R,I
0SS | 28/08 32120 | 22008 712003 1173 1123 160 | 048 {159 |76 [ 06t [ 0019 [ 1300 | 8333 | 198 | 270 | 174 | 334 | (R.1
BS6 | 10S 11822 Ja2ao [ 120028 [ 232|138 ]85 | 040 184 J72a | ase | 002 | 1150 | 8130 | 196 | 283 | 167 | 420 ] (R
Average 98007 08 | 135 [ $S3 030|156 |28 OST 10023 J 125 17980 | 197 | 258 1 186 | 344
Std des te2n AR Isfo3]oue | 17203 oo foang) | 20 | 1198 3 [ A3 IR A Ak
*Based oné,
TABLE X. SUMMARY OF RESULTS FOR SERIES XII
Test lubricant: L 67-22
Test disks: AMS 6200 (Batch B)
Break-in conditions: T) = 90°F, ¥ =47 ips, V¢ = 141 ips. 4 X 500(15)
Test conditions: Ty = 1907F, V= 350 1ps, Vi = §831ps, 50(3)
[Te\\ mm Belore break an [ Atend o breah i A tatture
A "~y " " hm. A b, . P We Tpa f 0y |l ¥
no Bt A h Al uin win | oum | \m wn | an | me ' b M i I 1 | I Mede
¥
BSa J 1o2o J2o06 [ a62a [12in9 paio far” |82 jo33 st 177 foos Foodd Fise| 2o o F o | % | 2a JeR
BSO L1298 [1one [ 1220 NEo2 Fand a2 b ey Jodg 112e 72 Fosy Joodd [0 ] 2943 D193 122 1112 [ W) (R
Bot | 0812 [ 0202 1188 MA o g 232 [t 142 fow J1ey |24 Joss Jooy) Fiso]| 2098 1192 |23 {120 j3s fCR1
BAL | t0l8 fusSos | 8N VR EEs L e J i st o Er 11 Jose Toode f1%e | 93 Taon vy v (e Jord
B62 | 0200 Jou 06 joan [DENE RIS R N ] : S sl 169 | 66a 04 Jowr 850 a9 Fas e | 19s 1
Rot Lo a6 fole 1daa BHGES Y § 2as st & gy iny 1 (L) oy {180 a9 {191 {196 Ng W Jinl
Bd | 0608 JLOOS Inta dane L a9 [y P ey Tov 20¢ ] 6s {037 Tomdy Lata] <sac |94 {28 Fivd [4anse [ (R
pes [ osera fu222 fre2a posvacai foae [ese Doz tusifaan foa Joar Looas [roe] e Dhor 20 192 fas |k
Bo6 | LS {1210 oty IBENULY I S LR RN TS {98 NN Al | (IR 1N oy | 3o 91t 9 | oa | IRY Wy {(RI
U6? todo 151 {ola [T} dan FItY LY gt n) b} 04y O3y ] o} 4t L) [ Mo {180 | e | (R
YOI N TR L AT WAS SR IVRRNNG Pav Tl oy Jo oo [ e e by fne ] us |
t L
| S da 162" (EN N RECERR RTINS ENN TR RVSA RITHTS B AN IERY dl ]l wiw
*Based on s
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TABLE XI. SUMMARY OF RESULTS FOR SERIES X1V

Test lubricant: 0-67-22
Test disks: A4S 6260 (Batch B)

Break-in conditions: Tj = 90°F, Vg =47 ips, Vy = 141 ips, 4 X 500(15)
Test conditions: T,- = [90°F, Vg = 450 ips, V¢ = 1050 ips, 59(3), nitrogen environment

Test mm Before breakan At end ot breakin Al falure
8,18, 8. | % |bm A | hpe Pr. | weo | Tp2.| Ts. Tere
no BBl \8l AT :un. s, | on, | un A | win Amt* " b pm | °F }°TF s | Mode
B68 | 1.2/00 | 20,1.0 | 05/00 95114 | 213 [ 141 | 8.1 J036 |166 | 99| 070 J0022 {600 } 5276 | 195 | 240 391 | CRT
B69 | 0.8/1.0 | 1.0/1.5 | 05/08 91141 1232 F143 151 [036 |188 108 | 076 Jood3 250 | 2943 | 193 |20 320 | CRI
B70 | LJOS | LS/E8 | 10/0.0 | 123116 {239 | «51 8.2 | 034 1193 |10 | 067 0023 | SO0 | 4672 |15« {230 313 {CRT
B72 | 3.020 §32/25 | 20/1.8 [ 1L2/109 J 230 [ W€ [ S0 | 032 204 [ 108§ 067 J 009 | 300 ] 3323 F192 | 210 303 | CR.T
B1 | 12702 JL8/LS [ 1SN0 | 13.5/104 | 249 | 1aé | S 1035 | 189 [ 100§ 069 | 0024 | S50 | 4978 Y194 | 230 385 § CR.T
B76 | 1.0/L.S | 1.21.0 | 1.6/0.5 | 13.0/100 | 230 1 136 | 5.5 1040 [ 191 [104 [ 076 {0018 | 400 | 4026 | 193 | 220 321 | CR,T
B | A4/2.5 | 26725 | 2318 910187 | 254 1144 | S2 JO36 |17 {103 | 072 {0019 {450 [ 4385 [ 193 | 220 330 | CR.I
B18 | 1.6/1.2 { 1.52.0 | 1020 84/5.8 142 | 130 {$2 040 |17.2 102 | 079 | 0019 | 500 ) 3672 | 193 | 216 33 | CR
B79 | 18/1.0 { 1,0/15 | 1.0/OS 8144 [ 25.2 1121 | S3 1044 [ 171 [tS ] 086 [0017 | 450 | 4385 {191 {200 299 { CR
B8O | 05/05 | 1.5/1,2 | 0.5/08 J104/an1 |21 J 146 [S3 |036 189 | 98| 067 | 0020 | 550 | 4978 {197 | 260 3958 | CRT
Average | 106/11.7 | 224 [ 142 | 52 | O37 183 [103 | 0673 | 0020 §455 | 3358 | 194 | 228 345
Std. dev 18/2.7 31 L1 {01 |04 12 03] 006 0002 | 112 ] 248 2 17 37
*Based on .
TABLE XII. SUMMARY OF RESULTS FOR SERIES XV
Test lubricant: 0-67-22
Test disks: AMS 6260 (Batch B)
Break-in conditions: Tj = 90°F, V5 = 47ips, V¢ = 141 ips, 4 X 500(15)
Test conditions: Tj = 190°F, Vg = 350 ips, Vq = 1050 1ps, 50(3), belted dnive
Test mm Befote breakoan At end of break.in At Lailure
8,184, by 45 | hme o | hme Py we Il fa Ta !
ne BRI AN AT :un’ wn fum fan | A e u:'r: A Y b ’ o ] 1 [ Mode
¥ : ’ ¥
BEL 1 1OA8 | La20 | LS2L s nts | 201|162 53 fo33 461 |99 |oer | oot | 6su  Sf6¢ 193 | 206 ' W O(R
B82 | 1.6/08 | 20,.2 | L3N 98140 | 238 J 148 F46 |02 |35 ]| 91 JO62 [ 0me | 1150 I 8140 199 | 280 413 | (R
B3I | L6/E6 {20120 | 2028 | M6nM22 2381160852 (033714993 089 30027 830 6685 197 | 00 429 (R
B¥4 | 20/00 | 1.8/06 | 1VOS | 142194 206 [151 ]33 103 130§ 98 jo6d | ous 800 [ 6391 196 24 a8 ¢ (R
B86 { 0.5/20 | 06/15 | 10122 9594 [ 189 | 130 [ $S JOI |78 97 {02 | 003 ] 780 612 196 | 246 x| (R
Y
avespe [ toamia | 2s [1so 152 Joss [2v] o5 oes [ oo | sa0 ! goos e |20 410
sde | 1320 | 22 13]03 foos[1rafoy oo | oo | st ooea| 2] 2 a
P P S
*Basedon s,
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TABLE XIIl. SUMMARY OF RESULTS FOR SERIES XV}

DiN

veRLA

Test lubricant: 0-67-22

Test disks: AMS 6260 (Batch B)

N Break-in conditions: Tj = 90°F, Vg =47 ips, Vy = 141 ips, 4 X 500(15)

Test conditions: Tj = 190°F, Vg = 450 ips, Vy = 1050 ips. 50(3). belted drive

\
y
r
9
£ ,
4
)
v

Test mm Betore break Atend of bread tn At fatlure
A b | 840 | B Y . Pro | Weo | Tp2) 1y |31 ] L
2 R X
no 8Bl ABI Al i an | an §oum LT an Amt ] b " i \ 1 \ fode

B87 1 20/1.0 1 22106 F 1S/10 | 11o/126 | 236 J1S8] 5SS 08 [ ISE | 96 062 | 0028 § 650 15565 | 198 | 270 j 178 [ 248 | (R
BRS | 0.8/1.0 ) 1810 J 1308 20133 283178 S6 [ o3 [ 177 1103 0881 0025 ] 350 | 3683 | 196 ] 283 | 134 [ 387 | (R
B89 1 10/00 | 2018 | 2008 YUY L 278 [ 192 SS fodn £ 180 100 ] 0521 0026 | 350 | 3683 | 199 | 243 1136 {419 | CR
B0} 10720 | S8 ] 0320 ] 12310 1 252|139 S8 1033 174103 069 ] 0023 ]300 §3323 1197 | 263 | N3 376 | <

BOK | 15000 18212 ] 2000 | 15010281 278 [ 1791 S2 0o 176|103 ] 0S8 ] 0027 | 300 13323 1 196 | 263 11 | 384

Aveage | 20030 | 289 ) SS Joxv | 1721101 060 | 0025 | 390 § 3918 197 | 264 | 13§ 423

Std dev 20022 Is| 18102 fony to] o3f 006 ] 000t f1ag | 940 1 (R0 2N Y

*Based on s,

TABLE XIV. SUMMARY OF RESULTS FOR SERIES XVIi

Test lubricant: 0-67-22

Test disks: AMS 6260 (Batch B)

Breakein conditions: Tj = 90°F, Vg =47 ips, Vy = 141 ips, 4 X 500(15)
Test conditions: Tj = 190°F, V| = 350 ips, V = 817 ips, 50(3), belted drwve

leu mm Hetore luwk:n Atand ot breahan . At bailure
~ 0
no | oumo|oam AT °‘m;" JERN B :m T :’:"‘. ot ‘“{ :‘“ 'r.‘ "‘ "l' '~I' Mot
B92 (18201818 f 020 10350 Y] 13n ] S o] 135] »e Bod | aaX { FEOIF A TAR BN TVLN B X T AR R ST AR NS (R
B3 {2608 | 20018 3020 176008 25t | 163 ] S8 JoR [ la]| ss | a2 (TR IR T IR TR IR UTAR S TRNI TS ! (SN (R
893 J2o2o 18202222 9891 159 fug2 | ¢ fotof 1vsb N ] sy " aad baae v e ke 34 1de (R
BYS | 2822 F 13238 2626 | 12296 An s o fow ] et 92 aey WOdn e e bl e o ‘ (R
896 JOS U8 11020 | 1820 J 110233 2321188 SN JO W@y f * b g9 fands  vée TIeT § e a0 2 v | (R
—pe = ) ;
Aversge | 12299 [ 220 [ 180 | ST Lo [ ST ad [ oave ot pade 367 ek N Pdn | e
1 t + . +
Std dev 3216 Wt evjoar] nxfec] am ol e Tt | A l FYIR A

‘Basedoné
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TABLE XV. SUMMARY OF RESULTS FOR SERIES XVIII

Test lubricant: G-67-22

Test disks: AMS 6260 (Batch B)
Break-in conditions: Tj = 90°F, Vg = 47 ips, V¢ = 141 ips, 4 X 500(15)

Test conditions: Tj = 190°F, Vg = 200 ips, V¢ = 600 ips, 50(3). belted drive

Test me Before brakan At end of break-in talure
8,185, S | b0 | hm 8¢ | b Py e [P RN YR
no BBl ABl AT un wn | um fun | Am e |aan | Mt Ib [\[:I I v 1 P Mo
B9? 0.520 ] 1.0/1L.S | 1.8/2.0 | 13.2/123 [260 [ 166 | $2 103 [ 165 | S8 | 038 {0033 | 1sso farrate [ 200 {203 ] 238 | a2 (R
B98 0.5/1.0 { 1.0/13 | 158 103107 | 10 J 170 | 5.2 0301168 |66 | 038 | 0030 750 | 6,022 § 198 1230 ¢ I3 | e (R
B9S 00/1.2 | 0.5/1.0 | 1.0/1.8 1221102 [ 229 [ 175 | S22 |09 f 170|672 | 038 | 003) 650 S.865 1198 236 |1 | i1 «R
BI0O | LS/L.S | 1.8/1.8 | 1.5/18 $20/108 2261136 | S22 1032] 16065 [ 048 | 0038 800 6,391 | 196§ 250 {163 | 312 R
BlOL| 000 )] 0310 | 10118 102133 [ 236 (168 |86 [ 03316162 ] 032 0031 |30 LSRN T | 260 | I8y § 333 (R
Average 1 118/114 [ 232|163 JS3 |on 16864 | 039 0032 |10 TO6L7 | 49T PR |1 [ A
Std dev 1.5/1.3 18 1.5 |02 ][00l | 04 J O] 00S {000 503 2340 3 7 Wl o6
*Based oné,,
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