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FOREWORD

The work described in this report was performed at Southwest Research
Institute, San Antonio, Texas, under USAF Contract 33(657)-9248, Project
‘ 648D, and administered by the Fuels and Lubricants Division, Air Force Aero
Propulsion Laboratory, Aeronautical Systems Division, Air Force Systems
Command, Wright-Patterson Air Force Base, Ohio, Mr. G A, Beane was
the project engineer.

This report covers the work performed in the period of May 1, 1962
through February 28, 1963,
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ABSTRACT

The present program was concerned with the development of lubricant
screening tests and the evaluation of candidate lubricants for advanced gas
turbine engines for the commercial supersonic transport. In an effort to
develop the required lubricant screening tests, strong reliance was placed on
the experience gained from lubricant screening tests developed for the past
and current gener-~tions of gas turbine engines, but with due recognition of
future requirements. These considerations led to the decision to develop the
following tests: (1) lubricant oxidation-corrosion test, (2) lubricant deposits
and degradation test, (3) gear load-carrying capacity test, and (4) rolling-
contact fatigue test.

Under the lubricant oxidation-corrosion phase, a 425°F oxidation-
corrosion test with good engine correlation was finalized, a high-temperature
oxidation-corrosion test apparatus was developed, and the effect of test vari-
ables on lubricant oxidation-corrosion characteristics was studied at tempera-
tures up to 60C°F. In the lubricant deposits and degradation phase, consider-
able baselire data were obtained on candidate lubricants at bearing temperatures
of 500 through 750°F. In the gear load-carrying capacity phase, dynamic cali-
brations and load-carrying capacity evaluations were conducted at gear
temperatures of 400 through 700°F, and the correlation of several test methods
studied. "The rolling-contact fatigue work involved the development of a
3-ball/cone fatigue tester and the preparation for the performance of full
bearing tests. Amorng the candidate lubricants evaluated, only a 5P4E pely-
phenyl ether appeared thermally and oxidatively stable at temperatures up to
600°F without causing significant metal corrosion. One candidate, MLO-62-
1005, an ester, was stable up to 500°F, but was significantly corrosive to
mild steel.

This technical documentary repor® has been reviewed and is approved.
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I. INTRODUCTION

This report summarizes the work performed at Southwest Research
Institute during the period of May 1, 1962 through February 28, 1963, on a
program concerned with the development of lubricant screening tests and the
evaluation of lubricants for advanced gas turbine engines for the commercial
supersonic transport, under Contract AF 33(657)-9248, Project 648D. This
program was initiated as part of a broad program of research and study to
investigate the technical and economic problems related to the commercial
supersoric transport being conducted with the financial support of the Federal
Aviation Agency, Washington, D. C. Technical administration of this program
was provided by the Nonmetallic Materials Laboratory, Directorate of Materials
and Processes, Aeronautical Systems Division, Air Force Systems Command,
Wright- Patterson Air Force Base, Ohio, with the National Aeronautics and
Space Administration lending basic research and technical support as needed.

The commercial supersonic transport under research study is antic-
ipated to cruise at a speed in the neighborhood of Mach 3. At this speed, the
lubricant in the sump of the lubrication system is expected to reach a tempera-
ture of approximately 300°F or higher. Further, as the lubricant flows through
the engine and lubrication system, it is expected to be exposed to components
made of different materials, operating at temperatures considerably in excess
of 500°F. Finally, in its passage through the engine and lubrication system,
the Jubricant is expected tc be brought into intimate contact with air. For
these reasons, the oxidative, deposit-forming, and material-compatibility

characteristics of lubricants subjected to high temperatures are of vital interest.

in addition, due te considerations of weight and reliability, the capability of
lubricants to sustain reasonably high gear and bearing loads over extended
periods of high-temperature operation is also important.

Taking the problem as a whole, and drawing upon the experience on
the lubricant screening tests for the current versions of aviation gas turbine
engines, such as those employed in Military Specifications MIL-L-7808 and
MIL- L-9236, it was decided that the aforementioned lubricant performance

characteristics could be defined with reasonable adequacy by the following
basic tests:

Manuscript released by authors March 1, 1963 for publication as an ASD
Technical Documentary Report.
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(1) Lubricant oxidation-corrosion test

(2) Lubricant deposits and degradation test
(3) Gear load-carrying capacity test
(4) Rolling-contact fatigue tests:

(a) Three-ball/cone fatigue test

{b) Bearing fatigue test

It was realized that while the general nature of many of these tests was fairly
well established for current applications, nevertheless, much needed to be
done in projecting the basic concepts to meet the more severe requirements
of the supersonic transport engine.

The details of the aforementioned tests and the work performed under
the current program in developing such tests will be discussed in the succeeding
chapters of this report. However, it is believed that some general comments
will be helpful at this juncture.

The lubricant oxidation-corrosion test is a ''glassware' test which ‘
exposes the test lubricant to controlled temperature conditions in the presence
of selected metal specimens and in the prazsence of dry air. This test is used
to determine the viscosity and acidity changes of the test lubricant, as well
as the lubricant's corrosive effect on the test metals. The principal advantages .
of the glassware approach are its simplicity, economy, and the very modest
quantity of test lubricant required. It is thercfore ideally suited to quick and
broad evaluations of experimental lubricants and test variables.

+“e

;’v’f _' ":‘ “

The lubricant deposits and degradation test is conducted in a roller
bearing test machine, which subjects the test lubricant to a controlled tempera- <
ture, in the presence of selected metal specimens and in the presence of
humidified air. While the primary purpese of this test is to determine the
deposit-forming tendency of the test lubricant, it also prevides information
- n the lubricant's viscosity and acidity changes as well as its effect on metal

orrosion. As this test is conducted under dynamic conditions using a come
‘plete bearing, the data obtained are generally considered to lend added con-
fidence to those furnished by the oxidation-corresion test. On the other hand,
since this test is elaborate and expensive and requires a large quantity of
test lubricant, it is usually conducted only on those lubricaats that have shown
promise in the oxidation-¢orrosion test.
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The gear load-carrying capacity test is conducted in a spur gear test
machine, under controlled conditions. The purpose of the test is to determine
the gear load-carrying capacity of the test lubricant-—a property which cannot
be determined with much confidence without resorting to the use of gears,

Rolling-contact fatigue is a critical problem in extended engine opera-
tion, and there is evidence that lubricants exert a strong influence on rolling-
contact fatigue. In the current program, the evaluation of lubricants with
respect to rolling-contact fatigue is being accomplished in two ways. The
3-ball/cone fatigue test involves the use of a conical test specimen in rolling
contact with three equally spaced balls. The design of the tester is such that
it is particularly suitable for quick and broad evaluations of experimental
lubricants and test variables. The bearing fatigue test employs complete ball
bearings as the test specimens. However, it is elaborate and expensive, and
is thus intended primarily to furnish baseline data with which to correlate the
results from the 3-ball/cone fatigue test and other related fatigue programs,

’n the development of the test methods, a consideration that must not
be overlooked is the soundness of the basic concepts behind the tests. Clearly,
the lubricant screening tests will not serve their purposes if they do not portray
with substantial realism lubricant performance in the engine for which they
are intended. Here, as the supersonic transport engine is not presently avail-
able, it may appear that there is no firm basis to judge the soundness of the
basic concepts of the tests under development. Fortunately, this problem is
not as serious as it may seem. The development of the jet aircraft and the
gas turbine engine has been a process of continuous evolution. During this
process of evolution, much valid experience has been gained. The evolution
of Military Specifications MIL-L-7808 and MIL-L-9236 clearly shows that the
basic concepts of the lubricant screening tests contained therein are essentially
valid, even though the test devices and test conditions must be tailored to
meet the specific applications. The test methods being developed in the current
program draw heavily upon the basic concepts of the existing tests, but with
due allewance being made for the supersonic transport engine requirvements.
As a matter of added precaution, a substantial amount ef the initial experi-
mental effort has been devoted to the 425°F temperature level, at which engine
test data are available. Following this, tests are then made with temperature
mcrzased in steps to as high a level as the test lubricants permit, in order to
gain an overall understanding of the effect of temperature which, it is felt,
will aid materially in the test method development.

Ancther consideration which should be borne in mind is that, except
fer general guidelines such as the approximate temperature range and the
presence of air and different metals, the specific design and operating details
¢f the supcrsonic transport engine are not known at this time. Therefore,
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there is presently no way to tailor the screening tests to account for the specific
detailsofthe engine. The only logical approach is thus to develop tests of rather
basic character, such as those already discussed, which will accammodate a
broad spectrum of conditions likely to be encountered in the future engine. The
performance of candidate lubricants will be established by such tests over a
wide range of conditions. Later, as the engine becomes available and its
specific details become known, the performance data of the candidate lubricants
will then be examined, in the light of such specific details, to determine their
suitability.

It was stated earlier that the objectives of the present program were
to develop lubricant screening tests for the supersonic transport engine and
to evaluate candidate lubricants with these tests. These two tasks are related
at least in the sense that the validity of the tests must be established at the
temperature level and under comparable operating conditions to be encountered
in the supersonic transport engine. Quite apart from the availability of the
engine itself as already discussed, the availablility of candidate lubricants for
the supersonic transport engine is, at present, very limited. For this reason,
much of the experimental work to date has been confined to establishing the
baseline performance of a 5P4E polyphenyl ether, a fluid of known high-
temperature stability, while the exploration of the effect of lubricants must,
of necessity, be made with available production-type and experimental
lubricants which may or may not prove suitable for the supersonic transport
application. Evaluation of candidate lubricants will be undertaken as they
become available, Meanwhile, it is believed that the data obtained on the
available lubricants will aid as a whole in perfecting the test techniques. A
listing of the test lubricants employed in this program to date, together with
pertinent available information on them, is given in Appendix I. The properties
of the SP4E polyphenyl ether (F-1041) used to obtain baseline performance
data are presented in Appendix ll.
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In closing these introduclory remarks, it appears pertinent to state
that considerable experience has been accumulated at Southwest Research
Institute in the past niue years in lubrication research and lubricant test
method development for aviation gas turbine engines, under Contracts AF
53(610)-498, AF 33(616)-2659, AF 33{016)-3820, AF 33(610)-6232, and
AF 33(616)- 7223. The work performed under these programs, already
described in several summary technical rupert:s“*s)*. has been of very
material benefit te the program at hand.  Further, although certain major
test devices must be designed and constructed especially for the current
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program, a large number of those previously developed and already available

at SwRI have, with suitable modifications and refinements, been proven
applicable. Major test devices that have been adapted for use in the present
program include an oxidation-corrosion test apparatus with a liquid bath,

two Erdco roller bearing machines, two WADD high-temperature gear machines,
and two WADD ball bearing machines. Major test devices specifically
developed under the present program include a high-temperature oxidation-
corrosion test apparatus and a 3-ball/cone fatigue tester.
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1. LUBRICANT OXIDATION-CORROSION (500°F AND BELOW) F‘S.:
A, General Remarks -,,3:%
m
The overall cbjectives of the lubricant oxidation-corrosion phase of s‘f-‘;t
the program were to develop apparatus and procedures for determining the e
cxidation and corrcsicen characteristics of high-temperature gas turbine “:.\g'
lubricants and tc evaluate the oxidation and corrosion characteristics of Ny
candidate lubricants under environmental conditions representative on Mach 3 i’;_"_
class gas turbine engine designs. %ﬁ
NG
For the sake of convenience, this phase will be discussed in two parts: .‘:.r
Part I pertaining te studies in the 425 through 500°F region and Part [I{see 13'::252
the next chapter! concerned with studies at temperatures at and above 500°F. ;_};
This division is made mainly because of the differences in the test apparatus L N
used. The oxidation-corrosion apparatus dealt with in this chapter was "ﬁ:‘
developed earlier under Contract AF 33(616)-7223 primarily for operation at '3%{:
425°F, in [c5<3nnection with the development of screening tests for MIL-L-9236 ‘:'{
lubricants ”/. For that work, a liquid bath with a maximum temperature ~"-_\\:
capability cf 500°F was considered adequate. With the initiation of the current z.
pregram for superscnic transport engine application, it was clear that another A
test apparatus with higher temperature capability would be required; thus the -3;.:'\'
design and construction of the high-temperature apparatus was immediately :;:}:::
initiated. Meanwhile, it was felt that much useful background information, ;\::.:
of direct benefit to the current program, could be gained by completing a o
cocperative test program already started on an 18-hr 425°F oxidation-corrosion "%f:
test and by studying the behavior of selected lubricants in the 425 to 500°F ;'_-" .
temperature range with the cxisting apparatus. Such data, it was felt, would -:';-‘:::
~verlap the data to be obtained in the lower temperature range of the high- :::::f:
temperature investigations, and would therefore be valuable in comparing with A
and in interpreting the high-temperature results, 9\.,
‘:\:}:
This chapter will deal primarily with the work performed under the {:Z-:'{
current program in the 425 to 500°F range using the oxidation-corrosion :::j::;‘
apparatus with the liquid bath. However, for the sake of continuity, important o
aspects of the werk previcusly conducted under Contract AF 33(616)-7223 will .
alse be discussed. e
Twenty lubricants were evaluated with the 18-hr 425°F oxidation- ‘.\_
corresion tests. Twelve of these lubricants had previously been engine-iested 5::-'.::
at 425 F by ASD A geod cerrelation between the oxidation-corrosion test ®
and the eng.re test was shown. A cooperative test program on the 18-hr 425°F ::._S'
cx.daton-cirrosion test was undertaken by five laboratories. Good repro- :::u::
ducibility was obtained ::,‘
7 :j.::}
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Eleven lubricants were evaluated to determine their breakpoints with
respect to oxidation stability by increasing the test temperature from 425°F,
in 25°F increments, until the viscosity measured at 100°F was increased by
100 percent, Seven of the lubritants proved to be unsatisfactory at 450°F,
two failed at 475°F, and one failed at 500°F, Only one of the lubricants
showed very good oxidation stability up through 500°F; however, this lubricant
exhibited significant corrosion of the mild steel specimen at the higher test
temperatures.

B. Test Apparatus

A detailed description of the test apparatus used in this phase of the
oxidation-corrosion work is presented in test method form in Appendix IIL.
Briefly, a 350-ml lubricant saraple is placed in a 64-mm glass sample tube
containing five 1 in, X 1 in, square metal specimens of aluminum, silver,
titanium, steel, and stainless steel. The tube is equipped with a sidearm
head and placed in a stirred and thermostated oil bath. The bath is normally
maintained at 425°F; however, bath temperatures of 450, 475, and 500°F
have also been used in this program. Provision is made for bubbling clean,
dry air through the lubricant sample. The overhead vapors leave the tube
through the head sidearm and are condensed. The condensate is not returned
to the sample tube but is collected separately.

C. Test Procedures

1. 18-Hr 425°F Oxidation-Corrosion Test

The procedure for the 18-hr 425°F oxidation-corrosion test is
described in detail in Appendix III. Briefly, a 350-ml sample of the test
lubricant is placed in the sample tube containing the five specified metal
specimens. The bath temperature is maintained at 425" F, and clean, dry air
is continuously bubbled through the lubricant sample at a rate of 236 g/hr
{equivalent to 197 liters/hr measured at 70°F and 760 mm) during the entire
18-hr test period. Terminal viscosity and neutralization number determina-
tions arc made on the lubricant sample, and weight changes of the metal speci-
mens are noted. The overhead condensate, which is not returned to the
sample tube, is collected, weighed, and evaluated for neutralization number.
All viscosity determinations are made at 100" F.

2. [8- Hr Modified Oxidation<Corrosion Test

The 18-hr mothited oxidation-corrosion test is conducted in
wdentical manner ag the 1§-hr 4257 F oxidation-corrosion test, except that
the bath temperature is maintained at 450, 475, or 500" F, as required.
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D. Development of 18-Hr 425" F Oxidation-Corrosion Test w
)

The 18-hr 425°F oxidation-corrosion test is an evolution of a test SN
originally developed by the Celanese Chemical Company((’), From engine -.:-_'-::j:
tests conducted at 425°F at ASD, it was found that a major limiting factor in g:j.':-;I
lubricant service was oxidative degradation, especially viscosity increase f'_f-};{
In the course of development of a 425°F oxidation-corrosion test that would :6*—'
correlate with the 425° F engine test in oxidative degradation, it was necessary XN
to conduct a study of the effect of several test variables. This study led to :{:;
the finalization of the 18-hr 425°F oxidation-corrosion test in its present '}_:-'_j.-:
form which, except for the use of the same test apparatus, differs drastically .t:;‘-:::
from the Celanese test in test conditions and procedure. Much of the initial il
exploratory work on this test has already been reported(s) and will not be Eo o
repeated here This report will only relate the results of the study on the e
effect of test variables. since they form the background for the development -f:j-::j-:
of the 18-hr 425" F oxidation-corrosion test. :jfij:::j

Tests were first conducted at 425° F bath temperature, at 96 liters/hr 9
air flow. The metal specimens were either aluminum, silver, titanium, steel, o
and copper, or with copper omitied. The initial lubricant sample volume was o
varied from 250 to 350 ml. The test duration was 50 hr, with intermediate i
sampling 120 ml) every 5 hr (after 15 hr) for viscosity and neutralization et
number determinations. Different oil makeup quantities were introduced during ".‘"‘
the sampling periods: no makeup, makeup for only the overhead losses, and ;:‘:"
makeup for both overhead losses and the 20-ml samples. A

The efiect of several test modifications on oil viscosity change is ROV

£ 3
&
"
&
1
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shown in Figure 1 for 0il 0-60-23. When no oil makeup was provided., severe
deterioration occurred after approximately 25 hr, as illustrated by curve 7.

In general, the effect of the other factors investigated was negligible for this
particular oil. The presence of copper caused a slight reduction in the rate

of viscosity increase (curves 1, 2, 3 vs curves 4. 5,0). Some minor improve-
ment 1n periormance was also evident for 0-60-23 when using the larger start-
g sample volume and/or extending the o1l makeup procedure to include the
20-ml samples. A study of Figure | reveals that a terminal viscosity that
would approximate the 19. 7 ¢s shown by the engine test could be obtained
cither by a shorter test with no oil makeup, or by the 50-hr test with oil
makeup  In the latter case, some improvement in correlation would be
abtained by eliminating the copper specimen. e
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The results of a similar g oup of tests conducted on 0il C-60-27 are
shown n Figure 2. Final viscosity on0-60-27 in the engine test was 27. 7 ¢s.
The 30-hr oxidation-corrosion test consistently pave higher terminal values
2f about 43 ¢v icurve 4). Comparison of the test with and without copper
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(curve 4 vs curve 1) reveals the extreme effect exhibited by the metal on this
particular oil, Terminal viscosity without copper was approximately 21 cs.
From the data presented, several additional observations on oil performance
can be made. A larger starting sample or the addition of sample makeup
served to depress the viscosity curve (this effect was also noted with ©-60-23).
A marked increase in oil deterioration resulted when no makeup for losses or
samples was accomplished even though copper was not present (curve 7 vs
curve 2). Thus, it was apparent that the major factor contributing to poor
correlation of the earlier tests on 0-60-27(5) was the copper specimen, In
this case, the catalytic action of the metal completely overshadowed all other
performance characteristics of the lubricant.

The results of similar tests conducted on 0il O-60-12 are presented in
Figure 3. Although some depression of curves 2 and 3 was noted as a result
of copper elimination and sample makeup, the oil was quite insensitive to the
test changes.

Figures 4 and 5 present data on oils 0-60-13 and O-58-24, respectively,
showing the effect of omitting copper and using complete makeup for losses
and samples, in comparison with the normal procedure. The modified test
on O0-60-13 exhibited a gradual rise in viscosity with no tendency toward
accelerated deterioration such as that shown by the normal test procedure,
in which a sharp increase was noted after 30 hr. Final viscosity for the
latter test at 50 hr was 62 cs. This value was considerably lower than the
9} cs reported in the engine test on 0-60-13. For 0-58-24, both procedures
gave a continuous and ranid viscosity increase, with the modified procedure
slightly less severe.

The general effect of the various test modifications on neutralization
number were essentially identical in nature with those observed {or viscosity
in.rease for all of the oils investigated. For the sake of brevity, ‘the detailed
results will not be presented here.

At this point in the program, an evaluation was made of the effects of
various proceduse modifications in order that conditions could be applied to
improve correlation with engine test resgults. As previously discussed,
0-60-27 could not be suitably aligned with engine data so long as a copper
specimen was included in the test. Another change in procedure was the
decision to eliminate the makeup of oil. Results had indicated that the oil
makeup in the oxidation-¢orrosion test had a drastic influence on some lubri-
cants, and it was hoped that by elimiration of oil makeup, O«60-13 and O-58.24
might be brought more in line with the engine test results, Thess two oils,
particularly O-60«13, had not shown the severe extent of deterioration using
the carlier 50-hr test as was reported in the engine test.
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Excluding the oil makeup and the copper specimen necessitated a
third change in test conditions, O-60-23 would be moved considerably out of
correlationwith the engine test as a consequence ofthese procedure modifications ‘
(see curve 7, Fig. 1). As a result, the test duration was shortened to 24 hr y
to accomodate the sharp increase in viscosity of O-60-23 under such conditions.
Exploratory runs under these conditions confirmed the improvement in engine
correlation for all oils except O-~60-13, which was moved farther out of line {
with regard to engine data. A terminal viscosity of 34 cs was obtained, whereas
engine test showed 91 cs.

At this time, an investigation was made of the effect of air flow rate.
The test oil volume was increased from 250 to 350 ml to offset the increased
oil losses expected at the higher air flows. O0il0-60-13 was tested at 48. 96
(standard air rate at that time), 144, and 197 liters/hr, 7The results obtained
are graphically illustrated in Figure 6. Examination of the figure shows that
this oil was very sensitive to air flow rate, with both neutralization number
and viscosity rising rapidly at air flow rates in excess of about 120 liters/hr.

The data obtained on O-60-13 at 197 liters/hr air flow and 24 hr test
time very closely approximated the level of deterioration shown by the engine.
A similar test on five other oils under investigation was run at 197 liters/hr.
None of the lubricants included in these tests showed the sensitivity to air
demonstrated by 0-60-13. Examination of the results indicated that a 24-hr ¢
test at an air rate of 197 liters/hr would give a suitable lineup of the oils,
and several tests were run on the eleven oils in this program using these
conditions. However, these data will not be discussed, as later developments
necessitated reducing the test time to 18 hr. .

Since earlier work had indicated the extreme sensitivity of some oils
to the presence of copper, all of the 24-hr tests were conducted with only four
metal specimens: aluminum, titanium, silver, and steel. With four specimens,
the absence of a "diagonal" in the wired assembly resulted in a very loose and
unstable configuration. In an effort to provide a positive specimen mounting
method, two tests were run using stainless steel wire racks which held the
specimens vertically in the oil sample. The specimens were arranged in the
form of a square, each specimen contacting only the stainless steel rack. The
entire assembly slipped over the glass air delivery tube and was positioned
about 1. 5 in. from the bottom of the test tube. Specimen assembly was con-
siderably casier when using the rack, in comparisen with the wire-tying
method. However, several of the oils tested showed more severe deteriora-
tion when using the rack than when using the wired specimens. In addition,
metal specimen corrosion was quite severe when using the vrack. Even
titanium and aluminum were attacked, which had never been observed in any
previous tests. It was concluded that the mest probable cause for the test
irregularities noted was the presence of crevices in the spot-welded joints of
the rack, which would trap contaminants during cleanup of the apparatus. .
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In view of more urgent problems in test standardization, the use of a
rack was discontinued. All subsequent tests were then run with a wired five-
specimen set, addihg a stainless steel specimen to the assembly as illustrated
in Figure 53 in Appendix III,

Upon adding the stainless steel specimen, a rigorous check of all
operating methods was made in order to finalize the test procedure. A dis-
crepancy was noted in the bath temperature, due partially to a significant
error introduced in the thermometer reading by the relatively high tempera-
ture of the air space between the bath oil and the bath cover. It was found
necessary to apply a partial emergent-stem correction to the thermometer
readings. This correction resulted in a net increase in bath temperature of
about 2°F; i, e., the bath previously had been running low, Subsequent tests .
at the verified bath temperature of 425° F indicated a higher level of severity.
0-60-23 was most seriously affected by the temperature change, and was
moved badly out of correlation with engine data. 0-50-23 has consistently
been the most critical oil of the group, and its performance has been the
limiting factor in severity of the tests developed.

A series of tests was run to establish the reduction in test time
required to bring 0-60-23 back into line; it was determined that at 18 hr,
the viscosity was still at a reasonable level. This series also served to
illustrate the accelerated deterioration characteristic of 0-60-23 once its
induction period had been exceeded:

0-60-23 Vis, cs/100°*°F
New 0Oil 16,0
18 hours 20. 4
20 hours 31.7
22 hours 39. 4
24 hours 61.9
100~ hr engine test 19.7

A limited study was also made to determine whether any effect in test
severity was contributed by the stainless steel specimen, which had been
added at the time of the bath temperature correction. Based on very limited
data frc n 24-hr tests on 0-60-23 and 0-59.26 with and wit}:~ut stainless
steel, no significant effect of the metal could be noted.
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E. 18-Hr 425°F Oxidation-Corrosion Test Results f&
o

1. Test Results 2:

(9K

Using the 18-hr 425°F oxidation-corrosion test procedure, S

twenty lubricants submitted by ASD were ecvaluated. A summary of the }:::
results obtained is presented in Tables 1 and 2, Table | presents a summary =
of the test data on oil deterioration. Although no more than four tests were F“"
run on any of the oils, it is apparent from this table that the test repeatability o
was excellent, particularly with respect to oil viscosity change. 0-58-24 :;-;:
and MLO-61-1014 exhibited the largest variance in viscosity between individual :(::

tests, however, this is not considered excessive in view of the very high level -l
of deterioration in both cases,

Three oils listed in Table 1 were each represented by two or
more difterent batches of the same nominal formulation. Test results on
0-61-17 and 0-60-12 checked each other closely, as did MLO-61-1011 and
0-60-23. However, 0-61-19 and 0-60-27 gave very dissimilar results,
Terminal values for O-61-19 in viscosity and neutralization number were
considerably higher. The differences were so large as to be far beyond the

‘normal accuracy of the test as exhibited by all other lubricants evaluated;
thus it is felt that the only explanation lies in some batch-to-batch variation
for this one lubricant.

~

Table 2 lists the average of all results obtained on metal speci-

men corrosion. As shown, all of the oils gave little or no corrosion; the '.:::3
only appreciable attack was on silver by 0-60-13, 0-61-19, and MLO-61-1014, o
2. Test Reproducibility o

"..N

An evaluation of the reproducibility of the 18-hr 425° F oxidation- :;::Z

corrosion test was made by SwRI in cooperation with four other laboratories. :‘
Tests were performed on three selected lubricants (0-60-13, 0-$0-23, and e
Q-60-27) using the test method described. L.:
‘-':'ﬁ

Two determinations on each fluid were initially made by the ”'
participating laboratories. All laboratories showed very good test repeat- o
ability. The average results from the duplicate tests are given in Table 3. N,
As to test reproducibility, note that Laboratories C and D were considerably !
less severe in the results reported for 0-60-13, which showed rather exten- e
sive deterioration in tests conducted by the other three organizations. Test -:::Z
reproducibility for oils 0-60-23 and 0-60-27 was satisfactory, although :::-j
Laboratories C and D again oblained a lower level of deterioration. E:,:‘
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TABLE 2. AVERAGE METAL SPECIMEN WEIGHT CHANGE FOR M
. 18-HOUR 425°F OXIDATION-CORROSION TESTS .
-
N Metal Weight Change, mgj_cmz 7::::
; 0il Number Stainless R
. Code of Tests Aluminum Titanium Silver Steel Steel :E
A
o>
0-58-24 3 +0. 02 $0.01  -0.01  +0.01  40.02 &+
0-59-15 4 0.00 -0.01  -0.02  +0.03  +0.03 {
0-59-26 3 0.00 +0. 01 -0.10  +0.01  +0.04 3
0-60-3 3 +0. 01 0.00 -0.01  40.01  +0.02 R
0-60-11 3 0.00 +0. 01 -0.01  +0.02  +0.02 e
0-60-12 4 -0.01 -0.01 -0.06 -0.01 .00 o
0-60-13 3 +0.01 0.00 -0.24 +0.01  +0.02 N
0-60-19 3 +0. 01 $0.01  -0.01  0.00  +0.03 i
0-60-23 3 0.00 -0.01  -0.06 0.00  +0.01 N,
0-60-27 3 0.00 +0.01  -0.02  +0.02  +0.04 ¥
0-60-28 3 -0.01 0.00  -0.04 +0.0!  +0.02 S
0-61-17(a) 2 0. 00 +0.02  -0.02 +0.02  +0.04 -
0-61-19(b) N
Lot 231-G 3 -0. 01 -0.01  -0.4} -0.02  +0.03 o
Lot 261-G 1 -0.05 -0.02  -0.09 +0.05  +0.02 =
Lot 291-G 1 -0.02 -C.01 -0.16 0.00 +0.01 oo
MLO-61-1011(¢) 1 +0. 02 -0.02 -0.09 -0.05 -0.05 —
i MLO-61-1012 1 -0.01 0.00 -0.13 -0.02 -0.02 o
MLO-61-1013 1 +0. 02 +0. 02 -0.05 -0.01 0.00 K
MLO-61-1014 3 +0.03 +0.03  -0.37 +0.06  +0.04 =
g MLO-62-1006 2 -0. 01 <0.02  -0.09 -0.02 -0.01 NG
X
(a) Same formulation as 0-60-12. :::I:f

.,
>,
s

(b) Same formulation as 0-60-217.
(¢) same formulation as 0-60-23.
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TABLE 3. REPRODUCIBILITY OF 18-HOUR 425°F
OXIDATION-CORROSION TEST

Sample Sample Overhead
Vis, ¢s/100°F NN, mg KOH/g NN, mg Oil
Laboratory Initial  Final  Initial Final KOH/g Loss, g
0-60-13
SwRI 25.7 94.8 0.02 10. 7 80.3 71
A 25.5 72. 4 0. 02 10.5 101.1 59
B 25.6 97.1 0.0l 13.8 99.5 73
c 25.0 29.2 o120 o9 6.7 36
C (rerun)(2) -- 85. 3 -- 10.8 85. 4 75
D 25.5 30.0 0. 02 0.6 10. 6 28
D (rerun) 21.8 24.6 0. 02 0.4 3.5 42
0-60-23
SwRI 16. 0 23.8 0. 05 4.7 20.9 86
A 16.1 20.2 0.07 4.3 13.2 75
B 16.1 17 8 0.02 0.5 4. < 70
c 3y 137 17 0. 13(1) 0.4 3.7 51
C (rerun) ) -- 16.9 .- 0.5 2.0 72
D 16. 0 17. 4 0. 05 0.3 57 60
D {rerun) 16. 0 16.9 0.03 0.6 6.8 58
0-60-27
SwRI 15 0 19. 4 0. 07 0.8 2.0 144
A 15.0 19.2 0.12 1.8 2.3 139
o B 15.0 18.9 0. 02 0.8 2.0 140
o c 147 173 oot 07 2.0 1n7
Q.;::: C (revun)t3? .o 17.8 .- 0.8 3.6 135
N D 15.0 17.9 0. 10 0.6 2.8 119
‘.‘ D (rerun) 14.9 17.0 0. 07 0.6 1.7 1i4
S
:‘,‘:‘: {1) ASTM D 974 Colorumetne Method {(all others by potentiometsric method).
o (2) Test run 1n dry-weil aluminum bioek.
N {3) Test run in wet-weil aluminum block.
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Details concerning the conduct of the tests were solicited from
all participating laboratories and, although several minor deviations in pro-
cedure were noted, no explanation was apparent for the low values obtained
by Laboratcries C and D The most probable cause of differences between
laboratories appeared to be variations in sample operating temperature;
however, in this work, the highest sample temperature reported was by
Laboratory C.

The three lubricants were subsequently retested by Laboratories
C and D, These results are also given in Table 3. Duplicate determinaiions
were made on O-60-23 and O-60-27; however, only single det rmanations
were run on O-60-13 due to the paucity of oil sample on hand. It will be
noted that the rerun values obtained by Laboratory C indicated a much higher
level of severity thar previously reported for 0O-60-13. These results showed
very good agreement for all laboratories except D. Laboratory C reported
that a close investigation of operating temperatures revealed that the tests
performed imtially had been run at a sample temperature estimated to have
been approximately 10 to 15°F lower than originally reported.

It should be noted that, following the usual lubricant testing
practice, the test procedure called for control of the bath temperature but
not the sample temperature. However, the cooperating laboratories were
requested to measure this temperature on a "dummy'' ol sample ai the speci-
fied bath temperature of 425°F and air flow rate of 197 liters/hr. Laboratory
C. whichusedadry-well aluminum-block heat medium in this work, found that
the lubricant selected for making the temperature check was some 10°F higher
due to the heat of oxidation. To overcome this complication, nitrogen wasused
in measuring the sample temperature for the rerun test instead of air. The
range ot sample temperatures reported at the specified air tiow 28 197 liters/hr
1s given by the following tabulation for all participants:
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Swhi Oul bath 422-423 PR
A 01l bath 421-422 R
i Alwminum block 415-416 S
c Aluminum block $10-415{estimate) #N S
C {rerun, Aluminum block 425-426 e
D Gil bath $22-423 SRR
\,.. ‘t..‘i“
‘.:_,’0:‘\:"
These values were obtained with the heat mmedinn at 425° F except in the case -\.-:z-:.*',‘»
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of Laboratory C which elected to operate the aluminum block at 428°F in the RN
initial tests and at 433°F wn the rerun tests. Although not reporied. it is ,
SR
:’ ey .".‘
R X
AT
RS SR
.‘a..‘o“‘u «
R A K
%y W _ W,
L J
AT Y
RO
-».n" A ...'o - '.--:.-::. . ‘_‘-.“-‘,.‘.:.-. a".;..:‘..o -. ...o;}'u:.:‘..-:‘ T,,“‘.‘*‘. - '”."ﬁ‘.‘.
T L e T N L A N ALY




(e
- l".
‘C-l.',

A
v.‘.

5%

-

L
L
W
v

>
¥

e e

7

"‘ h % ,.’ e ‘”":_’ ;

o 4%,

. w'J.

."‘ " " “, " "'
T et
" et e?a’e’e

(4
+

@

AN

<
-

..

AR AR AR R R DS P N PR S AP R R M L AR D % A TR A SRA SRR A E R EA DAL LA T h

ey

assumed that the sample temperature initially obtained by Laboratory D applied
also for the rerun tests.

While the lack of test reproducibility shown by the original data .
of Laboratory C could be attributed to the low sample temperatures, no clari-
fication of results was forthcoming in the case of Laboratory D. Repeat tests
by this laboratory were in good agreement with its previous tests for oils
0-60-23 and 0-60-27. For the lubricant of most interest, 0-60-13, the
results were again much less severe than those obtained by the other partici-
pants. However, there was some doubt concerning the purity of the oil sample
used in this repeat test. Laboratory D reported an initial viscosity for 0-60-13
of 21. 8 ¢s at 100°F, which was considerably lower than all reported values
for the new oil. A portion of the sample was returned to SwRI and a viscosity
measurement also gave a value of 21. 8 cs. A sample was then taken from
the original container in which the oil had been stored at SwRI. A value of
25. 7 ¢s was ohtained, which was in agreement with previous experience.
Unfortunately, Laboratory C did not obtain initial oil properties in their repeat
rests and, upon request, reported that insufficient oil was available to perform
a viscosity check on O-60-13. Thus, it appears that the integrity of the oil
sample used by Lahoratory D in the repeat test had in some way been compro-
mised, and the test data must be consiwdered suspect.

In an effort to obtain additional indications of the repeatability
and reproducibility which could be expected from the 18-hr 425° F oxidation-
corrosion test, tests were performed to determine the effect of relatively
small changes of air rate and temperature, such as might be encountered
with pooy control of test coanditions. Table 4 gaves a2 comparisen of standard
425 F data with those ebtawned in tests 57 F above and below the nermal bath
temperature. It will be noted that most of the oils were very sensitive to
minor temperature changes at this level  Of the six oils selected for ths
work, 0.60-11 waes the only one indicating hutle or no effect of bath tempera-
ture withhn the 257 F range studied. while the other oils were all afiected
sigmiicantly by the 25" F temperature change. It is evident that temperature ]
must be controlled to a much closer tolerance than #53'F i ovder te achieve
reasonable reproducibility of results. For the most sensitive otl, 0-60-23,

a 257 F change i bath temperature would destroy completely the carrelation.
with engine test results fdiscussed in the nest section).  Altheugh this pro-
nounced temperature sensitivity of the test is unfortunate. it is belteved to be
inherent i the nature of the otls and the temperature lovel. :

The eflect of a 10 percemt varuation in air {low rate was also
tnvestigated. in this case. as illustrated by the data in Table 5, the effect on
test resuits was negiigible. Q-38-24 and 0-50-13 gave a measurable change
wn viscosity at the kagher asr rate of 217 liters/hr; however. the level of the
change 18 not considered serious.

24
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TABLE 4. EFFECT OF BATH TEMPERATURE ON 18-HOUR 0
OXIDATION-CORROSION TEST RESULTS N

Final Viscosity, cs at 100°F, Final Neut. No., mg KOH/g, >
Oil with Indicated Bath Temp, °F with Indicated Bath Temp, °F ()
Code 420 425(a) 430 420 425(a) 430

DA

e JO
;

..,
S

0-58-24 161 184 270 20 17 27

{19

‘~'
P!

»

’v

0-59-26 31 42 81 6.2 6.8 13

L™
\."4

",

oSt

0-60-3 19 29 34 10 19 20

—rr v
L et
- o

5
13

0-60-11 20.5 20.3 20. 4 3.6 3.4 4.8

(1

0-60-13 61 95 162 15 11 20

®
s

-

0-60-23 18 24 46 0.5 4.7 9.4

..
¥
gty

' R 4
ii"lﬁ;‘

{a) Average of three standard tests.
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TABLE 5. EFFECT OF AIR FLOW RATE ON 18-HOUR
OXIDATION-CORROSION TEST RESULTS

0il Final Viscosity, ¢s at 100°T, Final Neut. No., mg KOH/g,
Code with Indicated Air Rate, liters/hr with Indicated Air Rate, liters/hr
e 177 197(a] 217 — 1717 197(a) 217
N |
S 0-58-24 174 184 205 18 17 17
0-59-26 42 42 54 8.8 6.8 8.2
0-60-3 27 29 31 24 19 26
0-60-11 20 20 21 {b) 3.4 3.0
0-60-13 91 95 134 22 11 15
0-60-23 23 24 24 6.4 4.7 5.1

(a) Average of three standard tests.
(b) Sample lost in hardling.
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3. Correlation with Engine Test Results "

.

Engine tests wereconducted by ASD at 425°F sump temperature oo

on twelve of the twenty lubricants evaluated in the 18-hr 425°F oxidation- ;;.‘_-
t

o

corrosion test, Using the engine test data supplied by ASD, an evaluation was
made of the correlation between engine and the oxidation-corrosion test results,
A summary of all test results used in this correlation is given in Table 6. It
should be noted that of the engine tests listed in the table, only three oils
completed the 100-hr test.

e
x

GO g o

The correlation of viscosities between the engine test and the :}"':
oxidation-corrosion test is given in Figure 7. Data points are plotted for N
percent viscosity increase in each case. As evidenced by the figure, the L
correlation for the three oils that completed the 100-hr engine test was good. Ex
As for the remaining oils, most should yield better correlation than indicated, “:
if the engine tests were carried to completion thus giving higher final viscosi- ‘};
ties from the engine tests. Judged in this light, the only instances of poor W

correlation were O-58-24 and O-60-28., However, considering the nature of
the engine test, it is felt that the overall correlation was quite satisfactory.

kY
The correlation of neutralization numbers between the oxidation- \':..
corrosion test and the engine test is shown in Figire 8. The scatter of data :ELJ"

points was somewhat greater thanthat shown'inthe viscosity correlation, Applying
similar reasoning as before, the major instances of poor correlation were
0-58-24, 0-60-19, and O-60-28. Even so, considering the nature of the
e¢ngine test, the overall correlation was quite reasonable,

—
]

o,y
:')

T

) <,
"

i
1

4. Effect of Copper Specimen

=17

lm‘

It was shown in the study of test variables that the use of a copper e

specimen adversely affected the correlation between the oxidation-corrosion ‘\
test and the engine test. However, this effect was noted before the 18-hr {'{:
")

425°F oxidation-corrosion test was finalized, and needed to be verified under
the test conditions as finalized, For this purpose, six of the oils already
evaluated by the standard test were run under otherwise identical conditions

2

I g
v e

except for the use of a copper specimen in place of the stainless steel specimen ”‘\.
normally veed. Table 7 compares the data so obtained with those from the e
standard oxidation-corrosion test and the engine test. Note that the final o
viscosity results substantiated the 2arlier findings., The correlation with ?__

el

engine test was, on the whole, less satisfactory with the copper specimen
present. In particular, the iest with copper did not properly separate O-60-27
and 0-61-19, whereas both the engine test and the standard oxidation-corrosion
test indicated that O-61-19 deteriorated much more than 0-60~27.
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TABLE 7. EFFECT OF COPPER ON 18-HOUR 425°F
OXIDATION-CORROSION TE3ST RESULTS

0il Standard Test with Cu
Code Initial Test(a) Replacing $.S.

Viscosity, cs at 100°F

0-58-24 34,7 184 13¢

0-59-26 18.7 41.5 27.4
0-60-13 25.7 95 56. 6
0-60-23 16.0 23.8 17.8
0-60-27 15.0 19.5 36.2
0-61-19(¢) 15.7 46.17 40.1

Neut. No., mg KOH/¢g

0-58-24 0.14 1
0-59-26 0.09
0-60-13 0.02 1
0-60-23 0.05
0-60-27 0.07
0-61-19(¢c) 0.09

:OOAOO\‘O\
W o~ ~ o0 O
O oo U -
P e e N

(a) Average of several determinatio: 5 in Table 1.
(b) Numbers of parenthesis indicate hours of engine test duration.
(c) Same nominal formulatiin as 0-60-27.

Engine

Test(b)

220(20)
37. 8(40)
91{20)

19. 7(100)
27.7(100)
29(50)

61. 3(20)
6. 3(40)

12.9(20)
1. 2(100)
3. 1(100)
5.0(50)
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The effect of copper, as exhibited by the neutralization number
data of Table 7, was significant only for 0-60-23 and 0O-60-27. The use of
copper gave a considerable decrease in neutralization number for 0-60-23,
but a large increase for 0O-60-27. On the whole, the correlation with engine
test was slightly worsened with copper present.

F. 18 -Hr 425 to 500°F Oxidation-Corrosion Test Results

Using the basic 18-hr oxidation-corrosion procedure, tests were
made on eleven experimental lubricants selected by ASD. The objective of
this work was to determine the oils' breakpoints with respect to oxidation
stability by increasing the bath temperature from an initial value of 425°F, in
25°F increments, until a sample viscosity increase of 100 percent or more
at 100°F was obtained. The test apparatus and procedures were identical
for all tests with the exception of bath temperature. It was shown earlier
that the lubricant temperature in the sample tube was, as a rule, slightly
lower than the bath temperature. At a bath temperature of 425°F and the
specified air flow of 197 liters/hr, the measured sample temperature was
422 to 423°*F. The corresponding sample temperature at 500°F bath temper-
ature (the maximum operating capability of the apparatus) was 496 to 497°F.

», [)
b ) Y

L1
p

g i g’
a8 4, 8. P 8 4
PP

Tables 8 through 19 present the individual test results for the eleven
lubricants included in this investigation. While duplicate tests were not run
on all samples, it will be noted that very good repeatability was in evidence
throughout the temperature range (425 to 500°F) for the samples which were
N tested more than once The following tabulation is a summary of average
S values for viscosity increase for the eleven fluids:

[ %>

Percent 100" F Viscosity Increase

for Test at
425°F 450°F 475°F 500°F
. 0-60-23 48. 7 1220

0-60-27 29 4 980

0-61-17 11 6 860

MLO-62-1000 110 640

MLO-62-1003 80.5 1835

MLO-62-1004 38 6 690

MLO-62-1008 32.5 158 890

MLO-62-1011 3 4 836 1100

MLO-62-1012 22 4 45 1 210

ELO-62-50 91 4 72 1 26.8 820

MLO-62-1005 7.5 11.0 23.0 34. 4
32
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TABLE 8. RESULTS OF 18-HOUR OXIDATION-CORROSION P\
TESTS ON 0-60-23 -}k

Bath temperature, °F 425(a) 450

Viscosity at 100°F, cs: Initial . 16.
Final 23.
% Increase 48.

16.
212.
1220 5

~N 0O
o O

Neut. no., mg KOH/g: Initial 0.05 .0.05
Final 4.7 10. 62

Y s

Overhead product neut. no., mg KOH/g 20. 9 73.5
Overhead product collected, g 84.0 196.5

[
o Aty

0l O

Oil loss, g 86. 2 208.0

2
'«s

Y S N

,lfa!‘r‘

Metal weight change, mg/cm?: Al 0.0 +0. 02
Ti -0.01 0.0
Ag -0. 06 -0. 32
Steel +0. 01 +0. 02
SS 0.0 -0.02

" 1oE

o 4_’/

¥

(a) Average values for three tests. =
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TABLE 9. RESULTS OF 18-HOUR OXIDATION-CORROSION
TESTS ON 0-60-27

Bath temperature, °F 425(a) 450
Viscosity at 100°F, cs: Initial 15.0 15.0
Final 19. 4 171. 3
% Increase 29. 4 980
Neut. no., mg KOH/g: Initial 0.07 0.07
Final 0.8 13. 31
Overhead product neut. no., mg KOH/g 2.0 34.9
Overhead product collected, g 143.0 230.0
Oil loss, g 143.7 236.0
Metal weight change, mg/cm2: Al 0.0 +0. 01
Ti +0. 01 +0. 02
Ag -0.02 -0. 34
Steel +0. 04 +0. 09
S8 +0. 02 +0. 01
(a) Average values for three tests.
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TABLE 10. RESULTS OF 18-HOUR OXIDATION-CORROSION
TESTS ON 0-61-17

Bath temperature, °F

Viscosity at 100°F, cs: Initial
Final
% Increase

Neut. no., mg KOH/g: Initial
Final

Cverhead product neut. no., mg KOH/g
Overhead product collected, g

Oil loss, g

Metal weight change, mg/cm?: Al
Ti
Ag
Steel
SS

425(2)

15. 92
17. 72
11.3

0.0
+0. 02
-0.02

. +0.04
+0. 02

(2)aAverage valuss for two tests.

AR AN AL YA

450

15.92
152.1
860

0.06
12. 26

47. 5
192. 4

201.5

+0. 02
0.0
-0.17
+0. 02
-0.01
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TABLE 14. RESULTS OF 18-HOUR OXIDATION-CORROSION
TESTS ON MLO-62-1004

Bath temperature, °F 425 450
Viscosity at 100°F, c¢s: Initial 15. 66 15. 66
’ Final 21.71 123.1
% Increase 38. 6 690
Neut. no., mg KOH/g: Initial 0. 05 0. 05
: Final 2. 88 12. 76
Overhsad product neut. no., mg KOH/g 7. 40 34.3
Overhead product collected, g 114.5 204. 7
Oil loss, g 114.0 220.0
Metal weight change, mg/cmé: Al -0. 02 {a)
Ti ~0.02 {a)
Ag -0. 05 . {a)
Steel +0.07 +0, 05
SS +0. 02 +0. 01

(a) Error in metal weight suspected
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TABLE 17. RESULTS OF 18-HOUR OXIDATION-CORROSION
TEST ON MLO-62-1011

Bath temperature, °F

Viscosity at 100°F, c¢s: Initial
Final
% Increase

Neut. no., mg KOH/g: [Initial
Final

Overhead product neut. no., mg KOH/g
Overhead product collected, g

Oil loss, g

Metal weight change, mg/cm? Al
Ti
Ag
Steel
SS

425 450 475
14. 80 14. 80 14. 80
15. 31 16.08 177.2
3.4 8.6 1100
0.01 0.01 0.01
0.06 0. 20 10. 66
1. 60 3,31 3,43
115.8 194, 4 252. 2
117.0 199, 0 293.0
+0.02 (a) 0.0
0.0 -0.01 -0.01
-0.07 -0. 16 -0. 20
+0. 05 -9.03 +0.02
-0.02 -0.02 0.0

(a) Error in metal weight suspected
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TABLE 18. RESULTS OF 18-HOUR OXIDATION-CORROSION
TESTS ON MLO-62-1012

i

|

|

i

. Bath temperature, °F _425 450 475 i
l

Viscosity at 100°F, cs: Initial 26.84 26.84 26. 84 |
Final 32.85 38. 94 62,37 :

% Increase 22.4 45. 1 210 !

:

Neut. no., mg KOH/g: Initial 0.15 0.15 0.15 i
Final 1.61 2.13 5. 92 :

b

Overhead product neut. no , mg KOH/g 17.32 22. 64 27. 08 !
Overhead product collected, g 35.1 65.7 125. 6 :
Oil loss, g 40. 6 76.0 138.0 E
§

Metal weight change, mg/cm?: Al n.0 (a) +0. 01 5
Ti -0.02 -G. 02 0.0 N

Ag -0.07 -0.07 -0.12 ;

Steel +0. 04 0.0 +0. 07 !

ss -0. 01 +0. 02 +0. 02 A

N

b

(a} Error in metal weight suspected. ;
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Using a maximum of 100 percent viscosity increase at 100°F as the
criterion for satisfactory performance, it will be observed that seven oils
were unsatisfactory at 450°F, two failed at 475°F, and one was unsatisfactory
at 500°F. One lubricant, MLO-62-1005, showed very good oxidation stability
up to 500°F.

ELO-62-50, one of the two lubricants of the group to merit testing at
500°F, demonstrated an unusual performance at the lower test temperatures.
The results obtained at the initial temperatuve of 425°F indicated a passing
test; however, the performance appeared marginal with a viscosity increase
at 100°F of 91. 4 percent. In addition, excessive oil loss was noted at 425°F
for ELO-62-50. Subsequent tests at 450 and 475°F on this oil showed a
lessening in deterioration with increasing temperature, reflected by both
viscosity increase and oil loss. At 500°F, severe degradation of the oil was
evident with a viscosity increase of 820 percent.

MLO-62-1005 exhibited excellent oxidation properties within the
temperature range of 425 to 500°F. Final sample viscosity for this oil at
L the various test temperatures increased generally in proportion to the opera-
N ting temperature, i. e., oil deterioration showed no tendency toward accelera-
tion within the range of temperatures investigated. Moreover, final sample
neutra.ization number measured less than 0. 6 mg KOH/g for all tests on
MLO-62-1005 (Table 15).

An interesting aspect of MLO-62-1005 is shown by the metal weight '
changes given in Table 15. At 475 and 500°F, a measurable weight loss was
recorded for the mild steel specimen. Significant corrosion of this metal has
never previously been encountered with other lubricants in the 18-hr oxidation
corrosion test. :

g Of the remaining oils evaluated, the majority indicated some silver
T attack at 450°F or higher. This was particularly noticeable with oils
0-60-23, O-60-27, and MLO-62-1000 (Tables 8, 9, and 12).

G. Conclusions

An 18-hr 425°F oxidation test was developed which provided good
correlation with engine tests results obtained by ASD. Twenty selected lubri-
cants were evaluated by this test. The test exhibited very good repeatability.
A cooperative test program was undertaken by five laboratories to evaluate
the reproducibility of the test. In the initial tests, close agreement was
shown for three participants with the two remaining laboratories reporting
lower values for oil deterioration. Repeat tests by these two laboratories
served to bring one into close alighment with the majority. The lack of

44 .‘

o v, W, 4T, W, 4T * " A%y, Ry M Ty e e g - - .
+ . . . . IR AU A Yl LA X s Y
* s, ’ - * S “' ‘. - > Ad - - - . - .' -
[ ‘.. .'.,. " p -ty A .“~ R c - - e, - ' . ., ) » ‘b. .' .- f

X o.\.o.q,w,\ \‘_'h} g'ﬁ-
A I T AV T i e q.':sn_\.\w.‘ N sl\*m* A



-
e,
Kl
5
o
. reproducibility previously obtained by this laboratory was attributed to low L
' oil sample temperatures. No clarification of results was shown by repeat !
tests for the other participant. The oil of most interest, 0-60-13, indicated '“
. signs of contamination, thus the rerun data must be considered suspect for ty
this laboratory. “r
The 18-hr 425°F oxidation-corrosion test was found to be quite sensi- :‘
tive to changes of +5°F from the standard bath temperature of 425°F, but =
not sensitive to 10 percent changes in air flow from the standard rate of -
197 liters/hr. Introduction of copper test specimen affected adversely the :'_';
correlation of the test with the engine test. ;}
A
v
Eleven lubricants were evaluated in an 18-hr 425 to 500°F oxidation- o
corrosion test program. Of these eleven lubricants, seven failed at 450°F, f*s
two were unsatisfactory at 475°F, and one failed at 500°F. One lubricant, Y
MLO-62-1005, exhibited very good oxidation stability throughout the test :.ti
temperature range of 425 to 500°F; however, this lubricant showed significant N
corrosion of the mild steel specimen at the higher test temperatures. .',,
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1II. LUBRICANT OXIDATION-CORROSION (500°F AND ABOVE)

P

A, General Remarks

This portion of the lubricant oxidation-corrosion phase was concerned
with the design, construction, and development of apparatus and procedures
for evaluating lubricant oxidation and corrosion characteristics at tempera-
tures of 500°F and above and the evaluation of the oxidation and corrosion ')

e
characteristics of candidate lubricants. ;

It was noted in the preceding chapter that the available oxidation- g'
corrosiontest apparatus using a liquid bath had a maximum temperature capa- &
bility of 500°F. For the development of a lubricant screening test for the ,L,&
supersonic transport engine, it was deemed indispensable that a test appara- o
tus of higher temperature capability be developed. Consequently, a decision E
was made to design and construct a high-temperature oxidation-corrosion :{:
test apparatus. The design target for the high-temperature apparatus was :"

800°F, hence the use of an aluminum heating block in place of a liquid bath F\
was necessary. Further, since it was shown in the preceding chapter that ‘.:_
the lubricant degradation was very sensitive to small changes in test temper- Fo
ature and that the lubricant temperature in the sample tube was usually lower PN
than the temperature of the heating medium, it was decided that the new :'_ )
design must provide for direct measurement of the lubricant sample temper- N
ature. Further, variations of this temperature throughout the test apparatus :';
should be held to an absolute minimum. L.
e

Under the current program, a high-temperature oxidation-corrosion \
testapparatus using a forged aluminum heating block with provision for eight O
sample tubes was designed, constructed, and put into operation. The appara- :-;:
A tus was tested at temperatures up to 700°F, although higher temperatures L
were possible. In the work associated with this development, close liaison £
was maintained with the Bench Tests Panel of the CRC Aviation Group on ;:
Gas Turbine Lubrication, which is currently attempting to establish a 500°F :"
oxidation-corrosion test{8), e
&

In an exploratory study of the test apparatus, the lubricant deterioration —
characteristics of two selected lubricants were evaluated at 500°F sample f::;:
temperature. In addition, the deterioration characteristics of a 5P4E poly- o
phenyl ether were investigated at 500, 550, and 600°F sample temperature, D
thereby initiating the establishment of the high-temperature baseline per- :-",‘::
formance of this fluid for comparison with the performance of future high- =
temperature lubricant candidates. —
b
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B, Test Apparatus

1. Heating Block

A cylindrical aluminum heating block was designed and con-
structed of forged 6061-S aluminum alloy. It was decided to forge the block
rather than cast it, in order to insure freedom from voids. Other workers
in this field have reported a lack of uniform temperature distribution using a
cast aluminum block, presumably due to the presence of voids within the
metal.

The unit was designed to accommodate eight sample tubes and
for a temperature capability of 800°F. Thermal insulation of the block is
illustrated in Figure 9. Base insulation is provided by 4 in. of Johns-
Manville Marinite 23A. The block rests directly on this material, which
possesses good strength characteristics. By this means, metal supports for
the block were eliminated along with the accompanying high heat losses. The
top insulation consists of 3 in. of Marinite 23A, and the side of the block is
encased by a 3-in. thickness of Johns-Manville Thermobestos pipe insulation.
Thermal conductivities for these materials at 500°F are 0.6 and 0.50 Btu/
hr/£t¢/in. /°F, respectively.
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The block is equipped with sixteen 300-watt, 230-volt, car-
tridge heaters. These units are 1 in. in diameter and 12 in. in length with
a stainless steel sheath material. Eight of the heaters are equally spaced
in a ring just outside the circle of the sample tube wells. These elements
are operated in a continuously-on circuit with control accomplished by a
variable transformer. The remaining heaters are equally spaced in a ring
just inside the circle of the tube wells, These units are controlled by means
of a variable transformer and an on-off controller as illustrated in Figure 10,
An independent safety switch is provided to shut off the heating circuits in
the event of a temperature rise of more than 10 to 15°F above the preset
control temperature.
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As will be discussed in a later section, it was found necessary
to employ a heat-transfer medium between the block wells and the glass
sample tubes in order to obtain maximum heat input to the sarmple., For this
purpose, a 60/40 tin/lead solder has been used which permits operation at a
minimum temperature of approximately 400°F,

’
‘1

v'.'.

2. Test Glassware

Ll
o5t
".

The glassware employed in the high-temperature oxidation-
corrosion test is of the same general configuration as that used in the 425°F
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FIGURE 9.
OXIDATION-CORROSION HEAT BLOCK
B S BB e

ISl ok S 2 PR R B

NP I "

 ®
NP

S

19

“o
-

L% I

*

‘u.o,..

- q-o c et t ek
_.‘u‘ IR ‘L‘i. \,‘h.w“‘-qb ,,

q:. ;.'f‘i{h.\:\ *\Fp Fy d‘md‘mc}xu_nw "%. (\"'

i

-..a‘- ‘a,\ R
, 0

0
!’l ”



-t
) g
" 3

()] ]
o o Q
n Py £
- @ ~ o
fx & €
o § ] £
; i £
- B 9 -
[} 0 ] “"' o
[Te] -t [ 0
ot P=Y L] =
- A A ot
3}
§

Note: Relay contacts for

Vclte-
mete

O

Type 236
Powerstat

r%
SCHEMATIC WIRING DIAGRAM OF HIGH-TEMPERATURE BLOCK

On-0Off
Recsrder-
Controller

Type J

Thermocouple
FIGURE 10.

Type 236

Powerstat

Pilct

Single
Phase
Supply

Y )
o=t
)
|4
o
N
~

R LR R - *
v.- w n,- - .\ -'E BIRE R AR R
,‘,‘ ‘ - Q ..-.u

s ‘amhm.}. \‘-Sx;“m\, AJ-*&\-..‘-.. RRRNRO]




[¥)

N - - . s om oy . - a » v - Dy - - - - \
AR RN ‘..“c\-.!.. T Yo' e ‘t.“.“o‘.q’i‘.

. g

test except as noted and described in the following paragraphs. The sample
tubes are constructed of standard wall 51 -mm Pyrex tubing with a round
bottom. A standard taper 71/60 outer joint was provided at the top of the
tube. Overall tube length is 450 # 10 mm, and the tube immersion depth
within the aluminum block is 250 = 10 mm.

In tests conducted with nonreflux of oil condensate, the con-
figuration of the tube head was as illustrated in Figure 11. The overhead
sidearm of each sample tube was attached to a water-cooled Graham con-
denser with 2 250-ml round-bottom two-neck flask used as a condensate
receiver. Vapors from the receiver were exhausted through a ring mani-
fold which was vented to the building exterior. A standard taper 12/30 glass
joint, positioned in the tube head 90° from the sidearm, permitted oil sam-
pling and oil temperature measurements without disturbing the assembly.

An air delivery tube of standard 6-mrm Pyrex tubing, approxi-
mately 600 mm in length, was fixed in the upper end of the head by means of
a one-hole cork. The tip of the air tube was cut at a 45° angle and rested
directly on the bottom of the sample tube. A small collar of sufficient size
to hold themetal specimens was located 15 mm from the tip of the air tube.
The boitom metal specimen rested directly on this collar, and succeeding
specimens were separated by 1/4-in. glass spacers cut from standard 9-mm
Pyrex tubing.

In tests conducted with condensate reflux, the reflux glassware
assembly used was a water-cooled Allihn condenser attached immediately
above the sample tube by a ground-glass reducing adapter (71/60 to 24/40
joint). An oil sampling port was added to each adapter. An air tube of
approximately 1100-mm length extended through the condenses into the
sample tube.

3. Air Supply System

A precision air regulator was us2d to provida2 a constant air
pressure to individual fine~thread needle valves from the laboratory air line,
The air was passed through a 4-in, glass-pipe drying column, containing a
calcium sulfatedrier, whence to a manifold before reaching the individual
test tube control valves and flowmeters. Each of the eight air {lowmeters
was calibrated by meaans of a wet test meter in order to provide accurate
measurcement of the air flow rate.

4. Metal Test Specimens

The metal specimens were of the round wagher type with
dimensions 3/4-in. Q. D. and 1/4-in. 1. D. by 0.032-in. thickness. The
following material designations apply to the metals which were used;
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Aluminum alloy QQ-A-355

Titanium alloy MIL-T-009046B (ASG), Class 1(8% Mn)
Silver Electrolytic grade

Mild steel QQ-.S-636

Stainless steel MIL.S-5059, Grade 301 Half Hard

Copper QQ-C-576
Magnesium QQ-M-44a (1)
C. Test Procedures

It has been the objective of this effort to explore the oxidation-
corrosion characteristics of high-temperature lubricant candidates over a
wide range of test conditions. Therefore, experimentation was rot restricted
to the use of a epecific set of test conditions. Tests were conducted at 500,
550, and 600°F, with the major effort at the latter temperzture. The normal
test duration was 48 hr; however, in some runs at 500°*F, the test duration was
extended to 72 hr. Air flow rate to the sample tube was varied over the range
of 0.5 to 130 liters/hr. An intermediate sampling procedure was used (20-ml
samples drawn at 16, 24, and 40 hr). No makeup oil was added for the
samples drawn or the oil losses. The test serfes at 500 ang 5%0°*F were per-
formed with an initial sample charge of 200 ml; however, at 600°F, the
sample size was increased to 250 ml in order to partially overcome the
severe oil losses experienced at that temperature. Metal specimons usually
consisted of a five-metal group: aluminum, titanium, silver, steey, and
stainless steel. In some tests, copper and/or magnesium were added to the
specimen. group, '

D. Preliminary Test Rosults

1. Performance of Heating Syatam

Initial speration and temperature checkout of the aluminum
heating block itself indicated very satisfastory performiance al temperatures
up to 700°F. The adequacy of the bluck insulation was exemplified by the
iact that at S00°F only 500 watts, of the total 4800 watts available, were
regaired for operation {one-half of this power being used fur oan-off control)
Further, temperature meassrements by means of four thermocouple holes,
cqually spaced in a2 samicirele around one wbe well, indicated absolutely
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uniform temperature from a 9-in, depth up to approximately 1 inch from
the top surface of the block. In addition, excelient temperature distribution
throughout the block was shown in that no difference in tewperature was
recorded between the eight sample tube wells at 500 and 60U °F.

After satisfactory checkout of the heating block, the eight
sample tubes were placed in the block, and oil LRO-11 (a 4P3E polyphenyl
ether) was introduced into the sample tubes. Temperature checks were
first made with dry tube wells, i.,e., without using a heat-transfer medium
between the block and the sample tubes., At a block temperature of 510°F
and with 130 liters/hr air flow bubbling through the sample tubes, the sample

temperatures ranged from 492 to 503°F. After some investigation, these
variances were attributed to small variations (within manufacturing toler-
ances) in the O.D. of the glass sample tubes, which affected the clearances
between tubes and block. Ia view of the requirement for very close sample
temperature control discussed earlier, the use of a 60/40 tin/lead solder
mixture was decided upon in order to obtain maximum heat transfer*to the
sample tubes. With the solder mixture in the tube wells, 2 sample temper-
ature of 500°F was obtained for all eight test tube positions using a block
temperature of 502°F. In addition, the sample temperatures remained
unchanged throughout the air flow range of 25 to 130 liters/hr (ineasure-
ments were made at 25, 50, 90, and 130 liters/hr). Similar performance
was obtained with LRQ-13 (a 5P4E polyphenyl ether) at a sample tempera-
ture of 600°F with a block temperature of 602°F. This irnplies that the heat
loss due to 2ir flow represents only a minor portion of the total loss contrib-
uted by other factors. .

As stated before, the use of tha tin/lead heating mediwa limits
the operation of the apparatus to a minimum temperature of about 460 °F.
However, this is not considered serious for the current work. If lower test
temperatures are ever required, an oil may be used as the heating medium,

2. 500°F Test Results on MLO-62-1005

Three samples of an experimental oil MLO-62-~1005 obtained
from different sources were run in the high-temperatare apparatus at 500°F
to determine any differences in performance among the samples and %o com-
pare the results thus obtained with those obtained previously using the modi-
fied 18-hr test at 500°F, MLO-62-1005 (F-1036) previously exhibited
excellent oxidation properiies in the 18-~hr test within the temperature range
of 425 to 500°F. The oil was thus tested in the high-temperature apparatus
under the following conditions: 500°F sample temperacure, 130 liters/hr
clean, dry air flow, 200-ml samplc volume, and a five-metal specimen set.
The results of these determinations are given in Table 19. It should be noted
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that the air rate of 130 liters/hr in the high-temperature apparatus corre-
sponds proportionally to the 197 liters/hr flow used in the 18-hr oxidation-
corrosion test based on the linear velocity of air flow through the sample
tube, neglecting temperature effects.

The data in Table 19 show that the performance of MLO-62-1005
was quite satisfactory up to 24 hr. At the end of 40 hr, however, a severe
increase in viscosity was noted, thus the tests were terminated. Good agree-
ment was indicated by results for the three different samples, and by the data
for the duplicate tests.

Although the high-temperature test and the modified 18-hr test
cannot be directly compared due to differences in test durations, the following
tabulation shows very close agreement for F-1036 between the 16-hr data
from the high-temperature test and the final results from the modified 18-hr
test:

Modified High-Temp Test,
18-hr Test 16-hr Sample
Viscosity, c¢s at 100°F: Initial 41.84 41.84
Final 55.84, 56.58 55.07, 55.69
% Increase 33.5, 35.2 31.6 , 33.1
Neut. No., mg KOH/g: Initial 0.11 0.11
Finai 0.28, 0.33 0.08, 0.16
Weight Change, mg/cm®: Al 0.0 , +0.01 -0.04, 0.0
(end of test values) Ti -0.01, 0.0 .0.04, +0.02
Ag "0. lll -Ol 11 ‘Ou 16. .OQ 20
Steel "‘0~ 29, 'Oo 34 "0' 27' "0. 23
SS 0.0 » ‘0001 -0. 05' 0.0

3. 500 °F Test Results on 4P3E Polyphenyl Ether

A brief investigation was conducted at 500°F on the oxidation-
corrosion properties of a 4P3E polyphenyl ether, LRO-11. A limited study
was also made of the cffect of air flow rate for this oil. The results obtained
are presented in Table 20.

LRO-11 showed relatively high oil losses at 500°F due to vola-
tilization and/or oil mist entrainment. Using an air flow of 130 liters/br,
the entire gample was removed from the test tube within a 48-hr test period.
Succeeding tests at lower air rates gerved to reduce oil loss, generally in
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proportion to the air flow used. It was also observed that oil loss varied
iinearly with respect to time at any given air rate,

In all cases, oil deterioration as indicated by viscosity increase
and neutralization number was very moderate for LRO-11. One sample (at
the lowest air rate used, 20 liters/hr) was run to a total of 72 hr with a
resultant viscosity increase of less than 5 percent. In addition, the extent of
oil oxidation was generally unaffected by air flow rate within the range investi-
gated. Similarly, no change was noted in oil performance for the LRO-11
samples containing a magnesium or a copper test specimen.

No evidence of significant metal corrosion was observed for
LRO-11 using the metal specimens listed in Table 20.

E. Test Results on 5P4E Polyphenyl Ether

Two batches of 5P4E polyphenyl ether were used in these investiga-
tions. The first batch, LRO-13, was already on hand at the initiation of this
program and was thus used for the preliminary studies of test variables. In
the meantime, a sufficient supply of the second batch, F-1041, was procured
for use as a reference fluid for the entire program. After receipt of F-1041,
tests were made on this batch which, as will be shown later, gave the same
performance as LRO-13.

As a result of the use of an intermediate sampling schedule, a con-
siderable volume of data has been generated in this work. In most cases,
therefore, data presentations have been summarized by tabulating only
results for the final (48-hr) sample.

Relatively mild oxidative deterioration was obtained with LRO-13 at
sample temperatures of 500 and 550°F, too mild to permit a study of test
variables. As shown by the results given in Table 21, the maximum viscosity
increase at 100°F was approximately 22 percent at 550 °F test temperature,
and final neutralization number was negligible in all cases.

Overhead condensate weights in the 550°F test series showed a direct

dependence on air flow rate. The amounts collected in the tests at 130 liters/
hr represented an oil loss in 48 hr of approximately 45 percent of the initial

sample charge.

For the test series at 600°F, an initial sample volume of 250 ml was
used in order to compensate for the severe oil losses. Even with the increased
volume. however, test eperation at the higher air flows could not be extended
beyound 40 hr because of the insufficiency of sample remaining.

e,

59

o 8 8t e, s, e
. 't‘n-‘-'.'c\_-

et o

-
DA . A
. aTe -

Nt T T Y .
HA .
X

TN

-‘\q': o LA,

N
O WG e Te Jte e it
o g g Uy e Sy * " Vg 0 a0y Oy




TABLE 21, SUMMARY OF OXIDATION-CORROSION TEST RESULTS ON
LRO-13 AT 500 AND 550°F

48-hr Sample Overhead Sample
Air Rate, 9% Vis Increase NN, Vis, NN, Weight,
liters/hr at 100°F mg KOH/g ¢s/100°F mg KOH/¢g g

500°F, 5-Metal Specimen Set

130 7.5 0.0 - 0.04 33
130 7.3 0.0 - 0.03 30

550°F, 7-Metal Specimen Set

130 21.6 0.0 346.3 0.31 103
130(a) 17.1 0.0 338.5 0.06 112
100 16.5 0.0 325.4 0.03 8l
75 | 14.5 0.0 331.8 0.05 60
20 15.5 0.03 326.1 0.28 14

5 22.6 0.09 (b) 0.94 3

5-metal set: Al, Ti. Ag. steel. stainless steel. 7-metal set with Cu and
Mg added. Sample volume 200 mi. Without condensate return.

{a) 250 ml initial sample volume.
(b) Insufficient sample volume.
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¢ Table 22 provides a summary of the high-temperature oxidation data
on LRO-13 at 600°F. The major effort was directed toward investigation of
the effect of air flow rate using a 5-metal specimen set consisting of Al, Ti,

. Ag, steel, and stainless steel. The results of these tests, with few excep-
tions, permitted several generalized observations concerning the effect of
air rate on the performance of LRO-13 at 600°F.

Decreasing air flow rate generally resulted in an increase of both test
oil and overhead oil neutralization number. Test oil sample acidity remained
low in all cases, however. Viscosity measurements on the overhead oil
samples indicated that this value remained relatively constant at air flows of
5 liters /hr and below. At higher air rates, overhead oil viscosity for the
individual tests followed a general increase. It should be noted that the
major isomer component (mmm-5P4E) of LRO-13 has a viscosity of about
332 cs at 100°F. This isomer is also the least viscous of the three which
constitute the SP4E mixture. Thus, it appears that the materials which have
been collected as overhead oil were probably some form of various oxidation
products since overhead viscosities as low as 32 cs at 100°F were recorded.
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The most notable effect produced by varying air flow rate in the 600°F
test series was observed for sample viscosily increase. This property is
generally considered the primary criterion of lubricant oxidation stabulity
and was therefore a characteristic of major importance in this investiga-
tion. As evidenced by the data presented in Table 22, viscosity increase was
significant in the 600°F tests on LRO-13. The most interesting feature of
these results, however, is presented in Figure 12 which illustrates the effect
.. of air rate on the viscosity of LRO-13 for all 5-metal tests which completed
48 hr. An anomalous trend was indicated in that the oil deterioration curves
described both a maximum and a2 minimum within the range of air flow studied.
The trend was most pronounced for the 40 and 48-hr sample data. Results
obtained at 0.5, 3 and 5 liters/hr demonstrated a consistent increase in ‘
lubricant viscosity as air flow rate was increased. At approximately 15
liters/hr, viscosity increase reached a maximum. Further increase in air
rate resulted in a general decrease in oil deterioration until a minimum in
viscosity increase was encountered at the 50 liters/hr air flow. At higher
air rates, the lubricant exhibited a mild, progressive decline in oxidation
stability, particularly for the later sarnple periods,
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A definiuve explanation of the unusual effect on LRO-13 produced by

N varying air flow rate is not feasible with present knowledge. Certainly, the
o> effect is contrary to that normally expected 1n oxidation studies and,
RN therefore, 158 assumed to be a distinguishing characteristic of either the fluid
‘o under investigation, the test apparatus geometry, or both. A plausible inter-
' I _pretation of the minimum and maximum shown in Figure 12 may be related
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TABLE 22. SUMMARY OF OXIDA TION-CORROSION TE&T RESULTS ON
LRO-13 AT 600°F

48-hr Sample Overhead Sample

Air Rate, % Vis Increase NN, Vis, NN, Weight,
liters/hr at 100°F mg KOH/g ¢s/100°F mg KOH/g g
130 (40 hr) 156 0.0 316.4 0.03 214
100 (a) 0.0 318.8 0.04 194
100 (40 hr) 153 0.0 332.0 0.06 186
90 (a) (a) 321.6 0.03 182
90 (a) (a) 326.7 0.04 195
75 89 0.13 293.8 0.24 141
75 110 0.04 303.5 0.09 148
75 123 0.07 308.6 0.10 154
60 93 0. 31 313.6 1.91 140
60 97 0.08 302.7 0.28 135 |
60 119 0.04 315.9 0.07 147
50 74 0.06 265. 4 0.18 90
50 86 0.09 283.1 0.09 95
50 91 0.18 263.5 0.18 90 .
50 92 0.08 284.9 . 0.15 98
50(b) 92 0.08 256. 4 0.24 87
s50(c) 89 0.07 275.2 0.26 93
s0(c) 90 0.08 285. 6 - 0.28 99
42 93 0.71 261.8 0.88 79
42 110 0.07 253.8 0.33 89
42 108 0.07 202.% 0.31 93
35 105 0.16 213.9 0.35 &l
35 138 0.11 203.9 0.31 65
35 105 0.1 223.5 0.25 66

5-metal set Al, Ti, Ag. steel, stainless steel. Sample volume 250 ml.
Without condensate return.

(a) Insufficient sample available.
(b) Bottled air used instead of laboratory compressor supply.
(¢) No intermediate sampling.
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hz TABLE 22. SUMMARY OF OXIDATION-CORROSION TEST RESULTS ON

s 4, LRO-13-AT 600°F (Cont'd)
£
,:-:‘:* ¢
. :{i * 48-hr Sample Overhead Sample
et Air Rate, % Vis Increase NN, Vis, NN; Weight,
§n} . liters/hr at 100°F mg KOH/g ¢s/100°F mg KOH/g g
; 27 128 0.39 149.5 0.88 44
e 27 138 0.16 158. 0 0. 52 45
N 27 149 0. 16 155. 6 0.54 46
. 27 162 0. 30 158.3 0.64 49
20 118 0. 19 132. 6 0. 79 31
20 139 0. 20 131. 1 C. 20 35
20 132 0.19 127.5 0.62 34
20 190 0. 29 106.5 0.73 33
20 172 0. 24 126.5 0. 64 31
20 198 0.18 129.5 0.72 39
20(b) 139 0. 20 142.9 0.5 42
; 20(b) 179 0. 18 102.8 0.92 31
20lc) 204 0. 24 104.5 0.91 39
. 20fc) 179 0. 21 103. 3 0.90 36
. 16 145 0. 22 107.9 0.88 28
16 173 0. 21 96. 5 0.96 26
e 16 220 0.19 82.1 1.16 26
ot 16 191 0.19 93.1 0.98 26
16 208 0.19 102.0 .04 30
e 16 197 0. 27 69. 8 1.28 21
!
ey 12 169 0. 42 93. 8 0.88 25
SN 12 149 0. 25 87.9 0.96 23
® - 12 197 0.17 75.2 1.13 23
f- 12 232 0. 33 8.9 1. 61 26
o 5 150 0. 20 16.9 166 9
5 209 0. 31 46. 90 2.08 14
5 203 0.33 44.2 2. 47 13
s 5 168 0. 47 {a) (a) 11
o S-mctal set Al, Ti, Ag, steel, stainiess steel. Sample volume 250 ml.
o Without condensate return.
T, {a) Insufficient sample available.
. {b) Bottled air used instead of Jaboratory compressor supply.
. {c) No intermediate sampling.
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TABLE 22. SUMMARY OF OXIDATION-CORROSION TEST RESULTS ON
LRO-13 AT 600°F (Cont'd)

48 -hr Sample Overhead Sample
Air Rate, % Vis Increase NN, Vis, NN, Weight,
liters/hr at 100°F mg KOH/g ¢s/100°F mg KOH/g g
3 136 0.24 38.7 3.94 7
3 166 0.35 43.1 2.11 12
3 165 0.40 31.5 2.58 10
0.5 70 0.29 41.5 4.30 7
0.5 81 0.15 {a) 1.35 7
0.5 71 0.27 (a) {a) 7
5-metal set Al, Ti, Ag, steel, stainless steel. Sample volume 250 ml.
Without condensate return.
(a) Insufficient sample available.
b4
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with a vapor-phase oxidation phenocmenon. At the low air rates, it is con-
ceivable that such a mechanism could be the predominant factor influencing
oil deterioration in that, due to the low air flow velocities within the test
tube, a large portion of the products of vapor-phase oxidation was subject to
condensaticn and ran back down the sample tube, and thereby had a signifi-
cant ¢ffect cn the bulk o1l cenditicn. As the air flow was increased a
reasonable assumption is that the residence time of the ¢c1l vapcrs was pro-
gressively decreased so that vapor-phase oxidation, and its effect on the bulk
sample. was also decreased It is further expected that at still higher air
rates, the effect of vapor-phase oxidation became insign:ficant, thus the pre-
vailing mechanism was deterioration of the bulk oil samgle.

A detailed description of SP4E glassware deposits and cil sludge s
not presented for the individual tests. These phenomena were guite con-
sistent throughout the test program and will be described only in summary
form. No sludge was noted for any test, using the nonreflux configuration,
either by 100-mesh screcn filtration or 1-hr centrifuging at a relative cen-
trifugal force of 840 g's. At low air rates, a black carbon depcsit cf 2 thin,
grainy consistency was observed on the bottom of some tubes, but usually in
small streaks running axially up the tube side, normally above the sample
o level Glassware deposits in tests at air rates of 50 hiters/hr and higher
were mil  The meost consistent phenomena noted with respect te sample tube
appecarance was in the ceoloration of condensed o1l dreplets within the tube
head. At air flows above 50 hters/hr. these droplets were a hight, clear
vellow and seemed te coalesce into an eil film with increasing air rates.
Thz tube heads in tests at lower air flows showed the droplets with a brown-
ish celoration, imereasing \n darkness as air flow was decreased. This
efiec was quy » proncunced, and by clese observation it was possible to
distingutsh the level of air flow by visually rating the cclor dapth i the
droplets.

A comparisen or the results ebtained in repeat tosts on LRO. 13 using
a five-metal specumen set showed a significant range of scatter, particularly
with respect to final viscosity increase  As a consequence of this scatter,
twe facters were Ynefly snvestigated which could be expected to affect test
repeatsbility. vig . the purity of the air supply and the tntermediate sampling
precedure  Accoraingly, tests were venducted at air rates ef 20 ard 50 liers!
hr using high-purity bottied air rather than the acrmal laberatory cempressor
supply  in addition  two tests were run at each awr rate i which the inter.
mediate sampling procedure was cmitted.  As shown an Table 22, netther of
these procedure medifications demenstrated any effect oa the level ¢f lubris
cant deterioration o¥ the degree of test repeatabaity.
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A close examination of test data likewise eliminated any deviation in
repeatability attributable to sample tube position within the block or to a
particular glassware set. All of thexe items, including the air flowmeter,
v are identified by number, andno relationship has been determined between
the extent of lubricant degradaticn and the test assemblies.
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O It is felt that several factors, many uncontrollable, contribute to the
A apparent lack of good repeatability for final viscosity data at 600°F. Two

e prominent factors are the relatively long test duration and the sensitivity of

"_"_:: 'LRO-13 to air flow rate variation. Table 23 presents data on the repeatability
; '.:K of the test expressed as a fraction of the average viscosity increase. It will
X be seen that the {ractional repeatability was quite acceptable and without
f\ significant variation for the 16- and 24-hr results. Test repeatability after

..@-‘: 40 hr was, however, considerably poorer.

q-'\'

“:3‘: The influence on 5P4E deterioration at 600°F produced by the presence

:;-f: or absence of certain metal types was examined for three distinct cases:

without metals, a five-metal group (Al, Ti, Ag, steel, stainless steel), and

a seven-metal group (Cu and Mg added). Extensive test data were obtained
. with the five-meial set {(Table 22). Results for the two remaining cases are
given in Table 24. Although only single determinations were ob .ained in most
instances using seven metals, or none, the general effect of these specimen
changes was quite evident. Data obtained in tests with seven metals {Cu and
Mz added) indicated considerably milder oil deterioration than the five-metal
series at almost all air flow rates studied. The sole exception was the test
at 0.5 liters/hr which gave essentially the same viscosity increase using five
or seven metals. Figure 13 illustrates these differences as a function of air

e © vate. The range of values obtained for the five-metal series is alsc shown by
= this illustration. The improved performance of LRO-13 using seven matals
i::f} was presumably due to the presence of the copper specimen which has been
\_\ reported to have an inhibitory action on the oxidation of 5P4E.

s . In general, the test series conducted without metals (Table 24)

'.‘ demonstrated no significant change from viscosity data with the five-metal
A group.  In additien to these tests, four tests were also performed without
f_“:?; metals 0 & brief examination of the influence of air dispersion on sample
o viscosity increase. These runs were made using a small fritted glass dis-
3: perser attached to the end of the air tube instead of the normal open-end

- @ tube. Use of the gas disperser served to accelerate lubricant deterioration

. R ot asr rates of 5. 20, and 30 liters/hr. The run at 35 liters/hr, however,

:‘::__ wndicated no significant effect due to the change in air tube configuration.
f::l

A In the later stages of the program, the supply of oil LRO-13 was

® - depleted and investigations were carried out using the new supply of 5P4E
o

N
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" TABLE 23. REPEATABILITY OF OXIDATION-CORROSION
TEST RESULTS ON LRO-13 AT 600°F

Air Rate, Fractional Repeatability(b) of Percent Viscosity Increase
liters /hrl®) 16 hr 24 br 40 hr 48 hr
0.5 (3) 0.08 0.08 0.08 0.08
30 (3) 0.09 0.07 0.18 0.11
5 (4) 0.08 0.10 0.14 0.15
12 (4) 0.09 0.12 . 0.16 0.19
16 (6) 0.07 0.10 0.11 0.14
20 (6) 0.09 0.10 0.14 0.21
27 (4) 0.06 0.07 0.10 0.10
35 (3) 0.10 0.12 0.15 0.16
42 (3) 0.06 0.04 0.08 0.09
50 (4) 0.08 0.05 0.10 0.10
60 (3) 0.07 0.05 0.08 0.14
75 (3) 0.08 0.07 0.11 0.16
Range 0.06 -0.10 0.04-0.12 0.08 -0.18 0.08 - 0.21
: Average 0.08 0 08 0.12 0.14

~:
»
»
-
A
.
-
o
M)

RN
. A
L r

Test temperature 600°F. 5-metal specimen set. Without condensate return,

(a) Figures in p.rentheses indicate number of test determinations.
(b) Standard de.iation of percent viscosity increasc divided by average
percent increase at 100°“F.
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TABLE 24. EFFECT OF METALS ON OXIDATION-CORROSION
TEST RESULTS ON LRO-13 AT 600°F

48-hr Sample Overhead Sample
Air Rate, % Vis Increase NN, Vis, NN, Weight,
liters/hr at 100°F mg KOH/g cs/100°F mg KOH/g g

7-Metal Specimen Set

130 (40 hr) (a) 0.0 229.0 0.03 223
100 (a) 0.0 334.2 0.03 200
75 71 6.0 307.9 0.06 139
50 64 0.02 283.6 0.11 96
35 77 0.08 229.8 0.22 67
20 92 0.13 146.2 0.56 32
5 113 0.15 (2) 1. 44 11
3 106 0.24 54.9 3. 46 10
0.5 76 G.29 48.7 3,42 7
No Metals Present
130 (40 hr) 181 0.0 332.2 0.03 214
75 99 0.13 300.0 0.21 132
50 78 0.06 261.2 0.18 85
50(b) 127 0.19 262.0 0.18 106
35 187 0.33 188.7 0.47 69
35 109 0.35 229.3 0. 40 64
35 133 0.54 204.7 0.43 62
35(b) 89 0.72 248.7 0. 36 66
20 156 0.19 114.4 0.8l 31
20 180 2.36 125.8 1.08 38
20(b) 246 0.96 130.0 0.56 43
5 146 n.22 41. 4 2.00 10
5(b) >500 2.56 (a) (a) 19

/-metal set: Al, Ti, Ag, steel, stainless steel, Cu, Mg. Sample volume
250 ml. Without condensate return.

{a) Insufficient sample available.
{b}) Using a fritted glass air tube.
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fluid, F-1041., Scveral determinations were made at 600°F with F-104l in
order tocompare itsperformance with that for LRO-13 under similar test
conditions. The results on F-1041 are presented in Table 25. The series

oo
Ay i

.,.-: \ without condensate return showed good agreement between data for the two
:{:: 5P4E fluids. In particular, the deterioration trend produced by varying air
NS rate was comparable for both oils.

Additional results on F-1041 shown in Table 25 include a study of the
effect of condensate reflux. Once again, thedata indicated a rmaximum in vis-
cosity increase within the range of air rates used. However. a much higher
level of oil degradation was evident using condensate return, except for the
test at 75 liters/kr. This run was slightly lower in final viscosity than
similar tests using nonreflux. Some caution must be exercised however, in
assessing the effect of reflux versus nonreflux at the higher air rates. As
illustrated by the oil loss results in the reflux tests, condenser efficiency
was severely impaired by increasing test ..ir flow. For example, net oil
loss at 75 liters/hr was appreximately 50 percent of that which could be
expected without a condenser. Thus, for most reflux tests, only a partial

._ return oi effluent products was obtained, and the degree of return was

e dependent on the rate of air flow.

-

::'.:: Condensate return was likewise deleterious to 5P4E performance with
oy - respect to other test evaluations in addition to viscosity increase. A slight,
o general increase in sample neutralization number was obtained { Table 25).
.._:.{ ‘ Classware appearance showed increased deposits just above the oil ievel. A
'.:}_::f : 3-inch band of hard, streaked carbon was noted on all test tubes. The den-

- S sity of these deposits was lessened at higher air flows. In addition, very
GO small amounts of sludge were recovered by 100-mesh screen filtration of the
i o1l samples  The amounts were too small to allow a quantitative measure-

g ment by weighing. Conclusive evidence of oil sludge by centrifuging could
::_'*:?} not be obtained due to the opaqueness of the samples. Less than 0.1 ml of
.:cf: material was collected by centrifuging and then pouring off the sample; how-

_:. ever, it was difficult to differentiate between sludge and oil in evaluating this
! ‘ ) residue. It was noted that the material collected by centrifuging was soluble
":-':: in benzene. whereas the sludge collected by filtration was essentially insol-

. uble

'»"-'f:-'; Evidence of sigmficant metal specimen corrosion by 5P4E occurred
5o only at the 600°F test temperature, and was confined to three metals--silver,
. N copper. and magnesium. Typical data on weight change for these metals are
o given in Table 26. These weights are representative of the extent of corrosion
‘:'_{'.“- obtained throughout the entire program, and are typical for both batches of
0N 5P4E used. Further, although the metal weight changes given were all

A"""’ - obtained 1n tests without condensate return, corrosion results from the reflux
_‘\ . tests did not diifer substantially.
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TABLE 25. SUMMARY OF OXIDATION-CORROSION TEST RESULTS ON
F-1041 AT 600°F

48-hr Sample Overhead Sample
Air Rate, % Vis Increase NN, Vis, NN, Weight,
_l}ie_zrs/hr at 100°F mg KOH/g ¢s/100°F mg KOH/g g
Without Condensate Return
75 76 0.11 310.8 0.0 156
72 0.09 303.3 0.0 150
50 67 0.02 274.6 0.29 99
81 0.12 256.9 0.12 101
35 90 0.11 218.8 0.29 69
27 147 0.22 154. 4 0.47 51
132 0.18 145.3 0.47 47
20 165 0.17 128.7 0.65 42
149 0.30 118.9 0.12 36
16 190 0.19 83.9 2.06 30
169 0.34 102.7 0.82 34
5 170 0.35 39.96 1.99 13
190 0.26 (a) 1.95 12
With Condensate Return
0Oil Loss, g
75 77 0.10 86
50 190 0.24 56
35 440 0.49 38
27 1850 1.03 23
20 1500 1.12 16
1140 0.94 18
16 1140 0.90 12
5 350 0.85 9

Metal specimens Al, Ti, Ag, steel, stainless steel. Sample volume 250 ml.

(a) Insufficient sample available,
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TABLE 26. TYPICAL DATA FOR SPECIMEN WEIGHT CHANGE IN
OXIDATION-CORROSION TESTS ON 5P4E AT 600°F

ol

48-hr Sample Metal Weight Change,
Air Rate, % Vis Increase NN, mg/cm?2(2)
liters /hr at 100°F mg KOH/g Ag Cu Mg
130 (40 hr) 156 0.0 -0.12 - -
130 (40 hr) (b) 0.0 +0.11 -0.04 +1,31
100 (40 hr) 153 0.0 -0.04 - -
100 (b) 0.0 +0.12 -0.12 +1.08
75 . 89 0.13 -0.54 - -
75 71 0.0 0.0 +0.04 +0.04
50 74 0.06 -0.02 - -
50 64 0.02 -0.23 -0.67 +0.09
35 105 0.16 -0.05 - -
35 77 0.08 -0.36 -0.81 -0.05
20 118 0.19 -0.07 - -
20 92 0.13 -0.30 -1.08 -0.05
5 150 0.20 -0.21 - -
5 113 0.15 +0.55 -1.42 +0,09
3 136 0.24 -0.23 - -
3 106 0.24 +0.29 -1.86 -0.11
0.5 70 0.29 -0.23 - -
0.5 76 0.29 -0.54 -1.44 +0. 49

-

Sample volume 250 ml. Without condensate return.

(a) Mectal weight changes f{or Al, Ti, steel, and stainless steel were negligible.
(b; Insufficient sample avatlable.
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As shown in Table 26, corrosion of the silver specimen was random
with no apparent relationship existing between metal weight loss and oil per-
formance. The maximum silver loss was 0. 54 mg/cmz, which was obtained
in one run at 75 liters/hr air flow and in one test at 0.5 liters/hr. An equally
significant weight gain was shown by silver in a 600°F test at 5 liters/hr air
flow. This weight increase was caused by a dark gray, ingrained deposit
over the entire specimen and was not removable by the usual cleaning pro-
cedures.

Severe copper corrosion was initially observed in the 600°F test con-
ducted at 50 liters/hr air flow. In tests conducted at lower air flows, cor-
rosion of the copper specimens increased in severity as air flow was decreased
The largest weight change shown for copper was -1.86 rmg/cmé, which corre-
sponds to a total specimen weight change of approximately -10 mg.

The effect of 5P4E on magnesium was not in corrosive attack, but in
the formation, in certain tests, of measurable quantities of deposits similar
in appearance to those mentioned previously for some silver specimens. In
tests ot 100 and 130 liters/hr air flow, a weight gain in excess of ! mg/cm?
was obtained for magnesium.

F. Viscosity- Temperature Relationship of 5P4E Polyphenyl Ether

In the following chapter on lubricant deposits and degradation employ-
ing the roller bearing test, oil deterioration for the SP4E fluid (F-1041) was
evaluated on the basis of viscosity increases measured at 210°F. However,
in order to permit a comparison cof the bearing test results with the oxidation-
corrosion test data, sample viscosity in the two tests was determined at both
100 and 210°F upon mmitiation of the bearing test program.

The viscosity data obtained at the two reference temperatures revealed
that, due to the nature of the SP4E viscosity-temperature relationship, viscos..y
increase rose at a slower rate at 210°F than at 100°F as shown in Figure 14,
For example. an increase of 100 percent at 2]10°F corresponded to an increase
of approximately 350 percent at 100°F, whereas a 50 percent increase at 210°F
gave approximately 190 percent at 100°F

The viecosity-temperature function of orgamec fluids is normally expo-
nential.  Negiecting anv change 1n the viscosity-temperature properties of
5P4ll upen detericration, a plot of kinematic viscosity at 210°F versus that
at 100°F should yield un exponentiai curve It was noted that the results
showed some deviaticn from the theoreticai curve at the higher viscosities.
Data analys:s using ASTM wvigcosity-temnerature charts revealed that as
deter:oration progressed. a very slight change occurred in the viscosity-
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temperature relationship of the cil, i. e., the rate of viscosity change from
3 210 to 100°F was accelerated, and the slope of the viscosity-temperature line
increased.

The visco.ity data shown in Figure 14 for the oxidation-corrosion test
include results for runs with and withcut condensate return. Thke marked dif-
. ferences in deterioration between these two conditions were not reflected by
any change in the viscosity characteristics of 5P4E. However, the results
obtained from bearing tests indicate a consistent deviation from the cxidation-
corrosion test data curve, chiefly at the higher viscosity levels. While the
oxidative reaction was undoubtedly the major factor influencing oil properties
in both test types, an additional element was evident in the case of bearing test
results. This difference was probably due to a mechanical shear of the oil
by the dynamic action cf the roller bearing and auxiliary pumps--a phenomenon
not present in the static oxidation-corrosion test.

G. Conclusions

Operation and performance of the high-temperature oxidation-corrosion
test apparatus have been very satisfactory. Excellent temperature uniformity
was attained, and it is expected that the temperature capability of the unit will
be much higher than the design target of 800°F.

Tests with the high-temperature test apparatus cn MLO-62-1005 at
N 500°F sample temperature indicated close agreement between the 16-hr data
from this test and results from the earlier 18-hr oxidation-corrosion test at
500°F bath temperature. The similarity for the two procedures was reflected
in both oil analysis and metal specimen corrosicn.

A brief study conducted with 4P3E polyphenyl ether (LRO-11) showed
excellent oxidation stability at 500°F sample temperature and air flows up to
130 liters/hr. Ol loss, however, was severe at air rates above 50 liters/hr.
No eifect on 4P3E parformance was evident when copper or magnesium
specumens were present.

Results obtained with SP4E lubricant also indicated only moderate
deterioration at 500 and 550°F. At 600°F sample temperature, substantial
oxidation was demonstrated as evidenced by lubricant viscostity. The effect
of test air tlow rate on 5P4E performance at 600°F was significant, with a
maximum and a minimum 1n o1l deterioration encountered within the range
of air flow studied

e %o

An examnation of the intluence of certain metal specimen groups on
- the ox:dation ¢f SP4E showed no difference between tests without metals and
those with a five-metal set (Al, Ti, Ag, steel, stainless steel). Use cta
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seven-metal specimen group (Cu and Mg added), however, indicated a distinct
suppression of lubricant oxidation, presumably due to the presence of copper.

A 600°F test series with condensate return revealed a marked accelera-
tion in 5P4E viscosity increase at air rates below 75 liters/hr.

Significant metal corrosion was noted for 5P4E only at 600 F, with and
without condensate return, and was confined to silver and copper. 3Silver attack
was random, i.e., no relationship was evident between metal lcss ard cil per-
formance. Corrosion of the copper occurred at test air rates of 50 liters/hr

and below. Magnesium showed weight gains due to formation of deposits, parti-
cularly at high air flow rates.
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Iv. LUBRICANT DEPOSITS AND DEGRADATION

A. General Remarks

The cbjectives of the lubricant deposits and degradation phase of the
program were to develop apparatus and techniques for determining the deposits
and degradation characteristics of lubricants and to evaluate candidate lubricants
under environmental conditions representative of Mach 3 class gas turbine
engine designs.

For the performance of this work, the Erdco 100-mm roller bearing
machine, with its extensive background in MIL-L-7808 and MIL-L-9236
applications”’ 8), was selected as the basic equipment. However, it was
decided to employ a different test oil system design from the one ccmmonly
used, in order to minimize heat losses and other mechanical problems. The
test procedure adopted in this study was patterned after that used in previous
work of this nature{3:7) and later standardized by the Deposits and Qil
Degradation Characteristics Panel of the CRC Aviation Group on Gas Turbine
Lubrication(8), but with appropriate modifications where required.

- During the period covered by this report, two Erdco 100-mm reoller
bearing machines available under Contract AF 33(616)-7223 were installed
on avaiiable drive stands. A special test oil system was designed, and two
such systems were constructed and installed. Operational checks were made
on both installations, using a used sample of a 5SP4E polyphenyl ether, over
the anticipated range of operating conditions including test oil temperatures
up to 700° F and test bearing outer-ring temperatures up to 750°F. As an
aid to test method development and establishment of repeatability between
the two machines, exploratory tests were conducted on a MIL-L-9236 lubricant
at 425°F test oil temnperature and 500° F test bearing temperature.

Following the preliminary tests, a program to ¢stablish the baseliae
performance characteristics of SP4E polyphenyl ether was initiated, Six
tests were completed on this fluid at high operating temperatures, with and
without air flow being introduced through the test oil sump. It was shown
that SP4E gave excellent performance at 5C0°F test oil temperature and 650°F
test bearing temperature, marginal performance at 650°F test oil temperature
and 700°¥F test bearing temperature, and unacceptable performance at 700°F
test oil temperature and 750°F test bearing temperature.
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B. Test Apparatus

1. Erdco 100-mm Roller Bearing Machine

Two Erdco 100-mm roller bearing machines were used in the
experimental work reported herein. A cross-section drawing of the Erdco
100-mm roller bearing machine is shown in Figure 15. The test bearing,

A, is a 100-mm, unshielded, cylindrical roller bearing. A 4700-watt tubular
heater, B, wrapped around the test bearing outer race mount, supplies the
required heat to the outer race of the bearing. Aluminum oxide is packed
around the heater to provide more even heat distribution to the bearing.

Test oil is supplied to the bearing through a 0.040-in. jet, F, which is
directed toward a point on the bearing midway between the C.D. of the roller
cage and the I. D. of the outer race. The test oil is scavenged from the
machine through two scavenge ports, G, one located in front of the bearing
and one behind the bearing. A screw-thread nonrubbing seal, H, separates
the test oil and support oil sections of the machine. Load is applied to the
shaft, C, and hence to the test bearing by means of a hydraulically controlled
load piston, E, acting through a ball bearing, D, which is free to float in a
plane perpendicular to the axis of the shaft. The bail bearing also acts as a
thrust bearing to limit the axial movement of the ghaft. A small straight
roller bearing, P, supperts the splinecd end of the shaft.

2. Drive Stand

The drive stands used for the Erdee 100-mm beariag machines are
of SWRJ desiun, evach consisting of a 5€-hp motor coupled to & jack shait through

T a fined-ratio pulley and bett arrangement. The jack shait drives 2 9. 25:1

step-up gearbos providing an output speed of 10, 000 rpm.  Coupling of the
bearing mschine tao the drive stand is effected by an Erdco type adapter block
and splined coupling. The suppert oil system, located on the drive stand,
supplies the required lubrication fe the drive unit, the suppert ball bearing,
and the suppost reller bearing in the bearing machine; in addition, it provides
the hydraulic lead pressure used te lcad the bearing machine. A photograph

of the drive stand with the bearing machine instalied is presented in Figure 16,

N 3 Tast Qi System

=

k. In the standard Erdeo bearing rig installation'®?, the test oil

‘;»? system comprises a 2-gallen test il sump connected to a test oil pump which
< meters and supolics the test oil to the jet located on the front vover of the

2. bearing machine. The nil is then drawn from the bottom of the bearing machine
;.. by means of a scavenge pump, whence it is returned to the test oil sump. The
o test oil sump, test il pump, and the oil Bnes connecting the sump te the pump
a0

I‘..‘

F‘~.

o“.

W

D 80

h!

h?

I‘t"'.."‘" R R RS LTS P T OINL G IR LI P T T, TILWE. SARE LR, B e e




ANIHOVIN ONIYVAEH YA TTOT WN-001
00d¥d EFHL A0 NOILDAES SSO¥D " 'S1 FYNDIA

til
t

R | 982616

\ 4 > -
P’ - a .,
Ner 2azrrerd. [«
4 \\\\\ \\\‘” Y o N
’ 3,
“ %78 ‘m\\m,,
% Lo
Y -
r .
| .
B

7
/1
F4
/]
b4
4
4 ’
Ui
N
App A
_/,
W N
7
T J—y

7 Y Y Rk Ny — >, o
S R~ ) . o _ SOSONCSONSONON Y ,1 :.lﬁ.w.\
/] i > \ - : i LT
"W —it e e . v /

g Ny S 3 ; b i
d / . \\ - //!o ® . ,.,.//..,/ ,/,// N » ‘A“v - w

L . N e NN M 1

T

2

" * +
-t e ; ’ ¢

PP ., L e e s . - o 4, w .
Fd ” ) R RE R P . . 'y %4 .
el w0 .:. Yo e te ey ‘., R

- 16%e'p®s°e 2 s 1
- le e
L 0y ¢ J\\smn-\~n-o

81

PP IRIFCI L P INLIN, AE W)



Aaag 1LY NOILVITTIVISNI INTHOVIN DON-¥vaEd
HdATTOY O0Q¥E WIN-001 40 HAVYEDQLOKHA 91 Hunid

82

T

f\% \N&‘v\x 9\\»1.
)

NN




1T T T AT LT T T T R TR '1‘,1F1 P S Sl R R A2 i
e'."l’:}."\.‘hﬁiﬂ'x?ﬁf..‘!‘."#J "..ﬂh.’f'l . )-'."' 5w w- '\H-.'ﬂ“_{& LAY B 4
)

and the pump to the jet are insulated; but experience indicates that the heat
% loss from these lines (including the pump) is such that a temperature drop of
"~ . as much as 40°F may be obtained at a test oil inlet temperature (or jet tempera-
ture) of 400°F. This temperature drop is apt to be even greater at higher test
oil temperatures. It was felt by ASD that this temperature drop should be
minimized so that the performance capabilities of the lubricants could be
accurately defined. A maximum temperature drop target of 10 to 15°F was
established by ASD.

Experience also indicates that the test oil pump and the scavenge
pump seals are prone to leak, particularly at high temperatures. Farther,
differential expansion of the pump components due to the high fluid temperature
inside and the lower surrounding temperature has caused operational difficulties.
‘The leakage and differential expansion problems were therefore minimized as
described in the succeeding paragraphs.

In the test oil system designed and constructed for this program,
the basic features of the Erdco test oil system have been retained. The most
significant departure from the Erdco system has been in ths use of a specially
designed test oil sump in which both the test oil pump and the scavenge pump
are placed. By placing these pumps within the test oil sump, possible loss
of test oil through leakage at the pump seals is eliminated. In addition, the
pressure pump is mounted such that it is below the level of the test oil. This
insures against any possible test oil temperature loss as the oil passes
through the pump. The lccation of the pumps also eliminates the differential
expansion of pump components since both the interior and exterior of the
pumps are subjected to nearly the same temperatures. Figure 17 is a photo-
groph showing how the components are fastened to the lid of the test oil sump
for ease of assembly, disassembly, and cleaning.

The test 01l pump and scavenge pump are operated through direct-
drive couplings. The test oil pump is of 0.5 gpm capacity at 1750 rpm and is
driven by a variable-speed motor of 1/3-hp rating. The scavenge pump

. capacity is 9.0 gpm at 1750 rpm, and it is driven at this speed by a constant-
speed 1/3-hp motor. In combination, the two provide excellent control of the
test oil flow.

The 2-gallon test oil sump is of stainless steel construction and
cylindrical in configuration (12 in. diameter X 10 in. high). It is provided
with a thermocouple for controlling test oil temperature and a drain plug to
facilitate removal of test oil. The test oil is heated by three band heaters
mounted about the outer periphery of the sump wall and two concentric ring
heaters located on the bottom of the sump. Together, the heaters supply
4700 watts to heat the sump with a uniform watt density at all heated surfaces.
Powsr to the band heater farthest from the sump bottom is connected such
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that it is not used when the test oil is cold. Through this arrangement, the
- surface level of the lubricant is normally a minimum of 1 in. above any area
of the surup being subjected to direct heat. This precaution was taken to
minimize the occurrence of coking within the sump. Figure 18 illustrates the
test oil levels relative to the heater configuration.

A test oil filter recommended for use by the CRC Deposit and
Oil Degradation Characteristics Panel {9) was installed in the pressure line
between the test oil sump and the test oil jet. In doing so, a test oil tempera-
ture drop between the sump and the jet of 25°F was realized at a sump tem-
perature of 700°F. No amount of insulation appeared to reduce this tempera-
ture drop significantly. Therefore, a smaller filter housing was designed
and fabricated to accommeodate the 100-mesh screen element of the standard
filler. When fully insulated, this modified filter housing reduced the tem-
perature drop from 25°F to a maximum of 15°F at a 700°F sump tempera-
ture--a figure considered satisfactory by ASD. -

At the request of ASD, a metal specimen holder and an air
sparger tube were incorporated into the test oil sump (Fig. 17). The metal
specimens were included as a means of obtaining additional information con-
cerning the corrosive effects of test fluids on different types of metals under
the various operating conditions. The holder consists of a 3/8~in. rod which
is mounted on the sump lid and extends 8 in. into the sump {or 2 in. below A
the cold oil level). The metal samples are secured to the rod by a screw
and separated from each other by 1/8-in. spacers. The rod, retaining
screw, and spacers are made of stainless steel. The metal specimens are
3/4-in. diameter disks with 3/16-in. center holes by which they are mounted.
A five-specimen set consisting of aluminum, titanium, silver, steel, and
stainless steel was used. The air sparger tube is constructed of 1/4 in. stain-
less steel tubing and reaches 9 in. into the sump (or 3in. below the cold oil
level). Air is introduced, as dictated by the test condition, through eight
0.062-in. diameter holes spaced ] in. apart and located on the bottom of the
11-in, horizontal run. R

The flow path of the test oil, as well as the overall integration of
the test oil sump, test machine, and accessories is shown in Figure 19. The
inlet to the pressure pump is located in the general vicinity of the sump thermo-
couple, approximately 1-1/2 in. from the sump bottom. The pump delivers
test oil to the test machine through fully insulated 1/4-in. lines and the 100-
mesh filter. The test oil is scavenged from the machine by way of two ports
to the accumulator and then through a 3-way valve which allows flow measure-
ment and sampling. From the 3-way valve, the test oil passes through a 40-
mesh screen filter (recommended by the CRC) into the scavenge pump and is
then returned to the sump for recirculation.
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4. Multipoint Recording Potentiometer

In order to assure maximum performance data during the testing
of a lubricant, a multipoint recording potentiometer was integrated into the
test instrumentation. Thus, a continuous and permanent record of all pertinent
temperatures was generated for each test.

C. Test Procedures

1. Operating Procedure

The operating procedure developed was patterned as closely to
the CRC procedurel9) as the installation and program requirements would
allow. The total test duration is normally 48 hr, divided into three 16-hr
periods with 4-hr shutdowns betweenthem. The procedure provides for
initial stabilization of support oil and test oil temperatures at 180°F and
280°F, respectively. If the test conditions require air to the sump, lcfm
of air is introduced intu the sumn through the air tube following the turning
on of the test oil heaters. Upon reaching the conditions of stabilization, the
air flow to the bearing machine (through the end cover) is set at 0. 35 cfm,
the test oil flow is set at 600 ml/min, the machine is started,and the load is
applied. The bearing machine is allowed to operate for 1 hr without addi-
tional heat to the test bearing. If the test bearing temperarure does not
exceed 375°F during this period, the test bearing heater is turned on, the
required test conditions are set, and the test proceeds. Fach of the 16-hr
periods begins when the test oil heaters are turned on and terminates when
the test bearing and test oil heaters are turned off. After the heaters are
turned off, the machine is allowed to run until the test bearing temperature
has dropped to 400°F. At thig time, the machine it stopped, i* ~ud cGver
removed, and an interim evaluation made of viaible eposita (the purpose of
this evaluation is discussed later). The pressure and scavenge oil filters
are replaced after each lé-hr period of operation. The used elements are 7
allowed to drain for 1 hrata temperature of 185°F. The sludge and deposits
remaining are determined by weight difference. Since the time required for
the test bearing to reach the 400°F shutdown temperature varies directly with
the operating temperature of the test bearing, a need for a standardized down-"
time i necessary. A 4-hr period was selected for the duration of downtime
as this allows the test bearing adeguate time to coel te <00°F {rom the maxi-
mum operating temperature of 750°F,

The following temperatures were continuously monitored with
the recording potentiometer. test bearing (3 positions around the outer ring,
120* apart), test oil sump, test oil in (jet), test oil out {2 positions at front
and rear scavenge ports), support oil in, support oil out, and load bearing.

" 88
h\ \.‘ N-." .‘i th.q .h .} " .’ ' .‘ ‘b‘u >, ‘a’s .-\';‘-‘\a‘.“‘.'.‘.\»'a"¢'§“-‘. e ts e A“". "’." ‘.‘-)‘

. B
- oI - AR AT NN « «t . v e, -
.‘. .... A $‘- LA (N S ' Rt AP N A . Y i




<

i VT G e BN T T L R O T AT
e A ATt o AT AT e LT AT N ST RO B A O T R L T

. In addition, instrumentation was such that temperatures of the test bearing,
test oil sump, support oil in, and load bearing could be monitored at will
independent of the potentiometer.

The test oil flow rate was checked each 3 hr or whenever
faulty flow regulation was suspected.” A 50-ml test oil sample was taken for
laboratory analysis each 4 hr. Test oil was added each time, after
samples were drawn, to compensate for losses resulting from consumption
and the 50-ml sample.

2. Deposit Demerit Rating Procedure

The deposit demerit rating system provides a method for
numerically describing the lubricant deposits accumulated in the test bearing
section of the machine during a test. This method of rating was first adopted
for use in an industry-Air Force cooperative program in 1958(3) and later
standardized by the CRC Deposit and Oil Degradation Characteristics Panel(8)
for CRC cooperative test work. This method is briefly reviewed in the following

paragraphs.
Six specific items are visually inspected and rated in the test
. bearing section of the machine in order to obtain the overall rating. These
items are the end cover, spacer and nut (considered to be one piece), heater
. mount-front, heater mount-rear, seal plate, and test bearing. The test bear-

ing is divided into four sections: rollers, outer ring, inner ring, and cage.
These sections are in turn broken down into eleven specific areas. The rollers
are rated on the contact surfaces, plus the front and rear roller ends. For

the outer ring, a rating is made of the contact path and the areas to the front
and rear of that path. Deposits on the exposed surfaces of the inner ring are
rated front and rear. Cages are rated on the front surface, the rear surface
and between rollers. The test bearing rating is then obtained by dividing the
summativiz of the demerits thus obtained by the number of areas rated, namely

: eleven. ‘

A demerit rating number, ranging from 0 to 20 and defined
in Table 27, is selected to identify the different types and thicknesses of
deposits present on each item or area being inspected This demerit umber
is then multiplied by a number from 0 to 10, corresponding to the percent
area {0 to 100%) covered by that deposit, to obtain a rating value. Jaspection
should account for 100 percent of the area or itein being inspected. In the event
that more than cne type of deposit is present on the area being inspected, the
rating for that area or item is the total of the individual rating values. in any
case, the deposit rated is that which is visible without the removal of another
deposit lexcluding test oil) Double ratings, such as sludge over varnish, are
not used
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\ : TABLE 27. DEMERIT RATING NUMBERS USED FOR

.':' NUMERICALLY DESCRIBING DEPOSITS
k-
15 Demerit Rating Number
- Deposit Type Light Medium Heavy

] _".f

Crn”

Varnish 1 3 5

2

y S

| W B R

)
s

Sludge 6 7 8

" -
»

R
y
A .-'-" 3

»
e .

Smooth carbon 9 10 11

A
“.
L

Crinkled carbon 12 13 . 14

'y

-

Blistered carbon 15 - 16 17

:‘o'
2k
.

- Flaked carbon 18 19 20
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An arbitrary factor is used with each of the six items rated to
account for what is considered to be the relative importance of that particular
~ item  The overall deposit demerit rating is obtained by multiplying each of
the individual item ratings by the assigned factor, totaling, and dividing this
sum by the number of items which is six. The general appearance of a deposit
rating sheet showing the weight factors for the individual items is as follows:

Factor = Rating Demgrits
End cover | 1 E X, Xy
Spacer and nut 2 ' X, 2X>
Heater mount- front 3 X3 3X5
et Heater mou-m rear 3 A X4 3X4
.- : Seal platé ' 1 . Xg Xsg -
' Test bearing -5 o X : 5)16-4

[ s
.l
>

Total demerits
6

.
.

-

= Overall demerit rating

o Ry 3
LR RS 1)

i}
B

Ye "o

W

Test Termination

L]

!’

RS Because of the expense involved in a research effort of this type, .
;‘ ‘an appropriate means for maintaining costs at a minimum, while not sacrificing
*,:j; the ultimate objective ¢f the test, was considered desirable Consequently,

l::: an inspechien scheme has been devised 1o permat the termination of a test prier
"*.‘. . L the completion of 48-hr test time, it becomes evident that the test

e, lubricant will net satisfactorily meet the ininimum requirements imposed by .

~ the program ' E '

W Interim inspections are performed following each i6-hr period

o of testing. At this time, the test bearing (s not removed, but the end cover -

$ is removed to permit a rating of all visible deposits. In addition to these .

:f: scheduled interim inspections, unscheduled interim inspections are made at -

- any time, during the course of a test, that the test vil viscosity shows an _
o increase of 100 percent at 210°F.  If any of these interim ratings of the visible -
ﬁ_'{' deposits indicates that the corresponding estimated overall deposit demerit ’
p. - rating is in excess of 60, the test is terminated. Finally, in the event that

o the test oil viscogity at 210°F shows a 100 percent increase after 40 hr of

:::: testing, the test is also terminated.

o
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4. Test Oil Changes

During a test, the test oil is completely drained and replenished s
in accordance with the following procedure. A 50-ml sample of test oil is
removed from the system at 4-hr intervals and its viscosity at 210°F
immediately determined. Any sample indicating that the test oil viscosity has
increased 100 percent or more requires that the bearing machine be shut
down in accordance with the procedure previously outlined. The end cover
is then removed and a partial deposits rating made. If this rating indicates
that the test is to be continued, then the test cil sump is drained and
recharged with two gallons of fresh test oil, Fcllowing this, the test is
continued toward the completion of the 48-hr operating schedule, The test oil
is not changed once the test has proceeded beyond 40 hr. '

5. Viscosity Deterininations |

As stated in the preceding paragraphs, test oil viscosity is
determined at 4-hr intervals at a reference temperature of 210°F. Since
severe degradation was anticipated in the high-temperature bearing tests,
this departure from the usual viscosity reference temperature of 100*F was
made in order to avoid the possibility of non-Newtonian flow at the latter
temperature, particularly in view of the high pour point (+40°F) of SP4E
polyphenyl ether and the relatively poor viscosity-temperature characteristics
of this fluid. A discussion of the viscosity-temperature relationship of SP4E
has been given in the preceding chapter. '

D. Preliminary Test Results

i. Qperational Checks

. * p"

.
N

RN Following the construction and assembly of the test oil system,

. several &-hr checkout tesis were carried out over the range of prescribed .
- operating temperatures, using a used sample of SP4E polyphenyl ether

accumulated from a variety of different tests conducted under previous

o contract perinds. The following maximum temperature losses between the

test oil sump and the test oil in (jet) were recorded:

o

e Bearing Temp, *F  Sump Temp, °F  Test Oil In, Temp, 'F AT, *F

- 500 425 17 8

N

N 550 500 450 10

n:\

@ 650 600 588 12 ‘
750 700 685 15

i"“ N
N
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The air flow and test oil flow were also varied over the prob-

able test requirements,and equipment operation was found satisfactory for
both rigs.

2. Sump Skin Temperature Survey

A skin temperature survey of the test oil sumps was conducted.
Three thermocouples, equally spaced, were attached to the inside walls cf
the test oil sumps so that the thermocouples were measuring temperatures
producecd at the center of a heating element. These measurements revealed
that in attaining a lubricant temperature of 400°F, the sump skin temperature
reached 440°F before stabilizingat 4/0°F. The period of overheating was
less than 5 min. At 700" F lubricart temperature, the highest skin temper-
ature measured was 725°F, again the duration of overheating was less than
5 min before the system stabilized at 700°F.

3 Test Results on O-61-17

After experiencing some difficulty in achieving repeatability
during the early stages of this study, both test machines were considered
to be rating similarly when the tests to be discussed were conducted.

Five tests ware completed using 0-61-17 {a MIL- L-9236 fluid)
as the test lubricant. A test oil flow of 600 ml/min was maintained while the
test machines were operated at a bearing temperature of 500°F and a test oil
sump temperature of 425°F.  Alse the tests were run under varied schedules
with respect to shutdown times and air flow rates to the test oil sump.

Tests A and B were performed in accordance with the foliowing
time table The bearing machines were operated 16 hr and shut dewn 8 hy
urtil a total of 48 hr was accumulated {3 cyeleas). For Test €, the schedule
was unchanged Howewer, air was allowed te flow into the test oil sump at
o' the rata of | «fm through the air sparger tube. “n the case of Tests D and E,

Dod I cim of air was introduced inte the test oil sumpand the 48- hr test time was
b Y N > - 2= ¥
b continuouy exzspt for very short inferruptions to change filter claments. Two
N such filter changes were made at 16-hr atervals, and the time reguired te
t,‘\ aceemplish this was approximately 20 man cach time  During thess stops,
\‘“ the test il was maintained at the operating temperature of 425°F.
KEAg . _ A
N The reruits of thesc tests are presented in Figures 20 and 21
t:\ Refzrring to Figure 20, it is seen that air bubbling through the test cil sump

A . ~ .
::.\: and continueus tes* oparatien had marked ¢ffects on depesit accumulation.

») ’ N J N N ~ N - o -
ey Comparing the tests with the 8- hr shutdowas, the additton of 1 cfm ¢f air to
?‘ the sump increased the cverall deposit demerit rating by abeut 35 percent.
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1f in addition to the 1 cfm of air to the sump, the tests were carried out with-
out the 8-hr shutdowns, an increase in overall deposit demevrit rating of
approximately 65 percent was observed. As shown in Figure 21, oil degrada-
tion as indicated by viscosity increase was mild for all tests with the 8-hr
shutdowns, and introduction of 1 c¢fm of air to the sump did not affect oil
degradation. However, the oil degradation was markedly accelera’sd when
the tests were conducted without the 8-hr shutdowns.

The viscosity data presented in Figure 21 showed excellent
agreement between the two bearing rigs when the viscosity increase was mild.
At high lev .1 of viscosity increase, the agreement, though poor, was within
the range of normal experience for such degradation level (see also discussion
in the preceding chapter). As to the deposit demerit ratings, Figure 20 shows
that the results were in excellent agreement in both instances where comparable
tests were run on the two bearing rigs.

Tables 28 thrc: h "2 present the general data obtained for the
five tests. In addition to the deposit demerit ratings presented, additional
evaluations of the overall demerit ratings were made independently by different
operators. A summary of these separate ratings is as follows:

Operator Test A Test B Test C Test D Test E

No 1 {Reported in

Tables 28 through 32) 70.3 68.3 94. 6 112. 8 115.9
Ne. 2 - - 93.7 117.2 110. 1
- Ne. 3 9.0 60.3  90.3 1188 :

Dy
R
4 B a

o -
-

Note that there was very good agreement between the results reported and
those obtained in the additional evaluations.
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e Test Results en 5P4E Polyphenyl Ether
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o A totai of six high-temperature tests were completed on the SPIE
:::j pelypheayl ether F<l04] during the peried covered by this report. Test
e cenditions were 600, 650, and 700°F test ol sump temiperature and,
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TABLE 28. SUMMARY DATAON O-61-17, BEARING TEST A

Deposit Demerit Rating

Item Rating Factor Demerits
End cover 17.5 1 17.5
Spacer and nut 10 2 20
Heater mount, front 28 5 3 85.5
Heater mount, rear 58.0 3 174
Seal plate 13 1 13
Test bearing 22.3 5 111.5
421.5
Overall Rating: 422' 2=70.3
Not included in official rating: Test oil sump wall, medium sludge
Test o1l sump bottom, heavy sludge
Oil consumption rate: 93 ml/hr
Total accumulated filter weight. Pressure 2.9 g Scavenge 1.1 g.
Test Oil Performance
Test Viscosity, Neut. No.,
Time, hr cs at 100°F mg KOH/g
0 15 92 0.03
8 16 65 0.20
16 17 26 0.47
24 17.36 0.52
32 17.83 0. 54
' 40 18. 21 0.58
48 18.25 0. 63
56 18.80 0. 81
b4 19. 36 1. 18
72 19 .47 1.10

Rig Ne. I, without metal specimens in test oil sump.

Test oul sump temperature, °F 428
Test #il wn temperature, °F 414
. Test bearing temperature, °F 500
Arr flow to bearing machine, cim 0.35
Atr flow to test oil sump, cim Nene
97
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TABLE 29. SUMMARY DATA ON O-61-17, BEARING TEST B

Deposit Demerit Rating

ltem Ratirg Factor Demerits
End cover 17.5 1 17.5
Spacer ~nd rut 12.5 2 25
Heater mount, front 37 5 3 112.5
Heater mount, rear 54. 5 3 163 5
Seal plate 8.5 1 8.5
Test bearing 16.¢ 5 82 5

I. "._:::, 409.5

7 x‘:

o 409. 5

;..:'_": Overall Rating: —% 68.3

PR
>

Not included in official ratiry: Test oil sump wall, mediurn sludge

= Test ¢il sump bottem, medium sludge
P Oil consumption rate: 9! ml/hr ,
_‘-_',: Total accumulated filter weight: Pressure 3.8 g. Scavenyge 1.5 g.

Test Oil Perfer-nance

Test Viscosity, Neut. No ,
“ Time, hr cs at I00°F mg KO /g
_J _
3 0 15 92 0 03
3 8 1678 0.20
. NN 16 17 34 - 0.43
R 24 17 41 0. 52
- 32 17.69 0 49
b 40 14. 16 065
ol 48 18. 29 079
B 56 19. 11 1.03
- 64 20.33 1.¢8
' 72 20. 56 158
S
o
N Rig Ne. 2, without metal specimens n tes, ol aw’np
‘:\ Test oil sump temperature, °F 425
o Test oil in temperature, °F 417
) Test bearing temperature, °F 500
o Air flow to bearing machine, c¢fm 0 35
Asrr {low to test ol sump, cim None
', 98
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TABLE 30. SUMMARY DATA ON 0-61-17, BEARING TEST C

Y Deposit Demerit Rating

Not included in official rating: Test oil sump wall, medium sludge
Test oil sump bottom, medium sludge

Oil consumption rate: 104 ml/hr

Total accumulated filter weight: Pressure 3.3 g. Scavenge 1.7 g.

Test Oil Performance

Test Viscosity, Neut. No.,
Time, hr cs at 100°F mg KOH/g
0 15.92 0.03
8 16.62 0.11
16 17. 27 0. 34
. 24 17. 32 0. 38

32 : 17.54 0. 47
40 17. 81 0.52
48 17. 91 0. 52
56 18.13 0.53
64 18. 15 0.56
72 18. 50 0,72

Rig No. 2, without metal specimens in test oil sump

Test oil sump temperature, °F 425
Test o1l in temperature, °F 418
S Test bearing temperature, °F 500
Air flow to bearing machine, cfm 0. 35
’ Air flow to test oil surnp, cfm 1.0
o, 99
el
33
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Item ~ Rating Factor Demerits

End cover 28 1 28
Spacer and nut 22.5 2 45
Heater mount, front 67 3 201
Heater mount, rear 47 -3 141
Seal plate 36 1 36
Test bearing 23.3 5 116.5

567.5

Overall Rating: 562' > = 94. 6
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TABLE 31. SUMMARY DATA ON 0-61-17, BEARING TEST D

Deposit Demerit Rating

Item Rating Factor Demerits
End cover 31 1 31
Spacer and nut 37.5 2 75
Heater mount, front 59.5 3 178.5
Heater mount, rear 71.5 3 214.5
Seal plate 4 1 4
Test bearing 34. 8 5 174
677

Overall Rating: -6—?7)—7— =112.8

Not included in official rating: Test oil sump wall, medium sludge
Test oil sump bottom, heavy sludge

Oil consumption rate: 115 ml/hr

Total accurtulated filter weight: Pressure 12 g. Scavenge 1.3 g.

Test Oil Performance

Test Viscosity, Neut. No.,
Time, hr cs at 100°F mg KOH/g
. 0 15. 92 0.03
i 8 16. 92 0.24
» 16 17. 45 0. 42
) b.ﬁ\ 24 19. 99 2.76
- M 32 33. 34 7.02
a0 40 49. 05 7.85
Lol 48 79. 43 11. 44
o,
20
. O Rig No. 1, without metal specimens in test oil sump.
¥ Test oil sump temperature, °F 425 '
L Test oil in temperature, °F 415
o Test bearing temperature, °F 500
‘N Air flow to bearing machine, cfm 0. 35
e Air flow to test oil sump, cfm 1.0
::’ 8-hr shutdown periods not observed.
; :},:SE
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TABLE 32. SUMMARY DATA ON 0-61-17, BEARING TEST E

S
v ' Deposit Demerit Rating
Item Rating Factor Demerits
End cover 10 1 10
W Spacer and nut 45.5 2 91
AN Heater mount, front 55 3 165
A Heater mount, rear 73 3 219
TN Seal plate 33 1 33
- Test bearing 35.5 5 177.5
695. 5
)
ot Overall Rating: 692’ 3 -115.9
L
s
o Not included in official rating: Test oil sump wall, medium sludge
-;:jj Test oil sump bottom, heavy sludge
» Oil congsumption rate: 112 ml/hr
B Total accumulateqd filter weight: Pressure 4.8 g. Scavenge 1.5 g.
W
{ . Test Oil Performance
:‘i‘: ' Test Viscosity, Neut. No.,
ot Time, hr cs at 100°F mg KOH/g
J 0 15,92 0.03
o 8 16. 78 0.18
g, 16 17. 30 0.38
24 17.56 0. 49
.‘.: 32 19. 64 2.09
o, , 40 26. 19 6.19
= : 48 36. 01 8. 29
i
Rig No. ° without metal specimens in test oil sump.
N Test oi] sump temperature, °F 425
' Test oil in temperature, °F 415
o Test bearing temperature, °F 500
e Air flow to bearing machine, cfm 0.35
o Air flow to test oil sump, cfm 1.0
ot 8-hr shutdown periods not observed.
.:.f’”’
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correspondingly, 650, 700, and 750°F test bearing temperature. Each tempera-
ture condition was run with and without 1 cfm of air flow to the test oil sump.

A summary of pertinent test results is given in Table 33. The individual test
summaries are presented in Tables 34 through 39.

These tests were conducted with 4-hr shutdowns between three 16-hr
cycles toward a total test time of 48 hr. For these tests, the 16-hr inteciin
deposit inspections proved to be of no value in predicting the final overali
deposit rating. The items visible with the end cover removed remained
unusually free of deposits through 32 hr of testing and, consequently, it was
impossible to utilize these items as a basis for estimating the overall degosit
rating. As can be seen in Tables 34 through 39, the major portiors of deposits
generally accumulated on the rear of the heater mount and test bearing, and
these items could not be evaluated without disassembling the bearing machine.

Therefore, all tests were allowed to complete the 48-hr operating
schedule where feasible. In doing so, a more complete indication of the
performance characteristics of 5SP4E under the various operating environments
was obtained. Figure 22 presents a comparison of the viscosities at 210°F
obtained during the tests. From this comparison, it is evident that the sump
temperature of 600°F and bearing temperature of 650°F (Tests 10 and 11)
resulted in rather mild oil deterioration with or without air to the sump. The
actual viecosity increase amounted to approximately 10 percent. There was
a total absence of deposit formation within the test oil sump, and only small
amounts of sludge deposited on the filter elements. Although the filter elements
showed a weight gain of more than 1 g, the weight gains did not reflect actual
deposit accumulation since it was evident that test oil remained on the elements
after the specified drain period. Indeed, this was true of all filter elements
used in the study of SP4E.

For Tests 14 and 15, with operating temperatures cf 650°F sump and
700° F bearing, the test oil viscosity increase remained below 75 percent
throughout 48 hr of testing There seemed to be no significant difference in
these two tests which might be attributed to effects of air on the test oil.
Figure 22 shows that bothtest conditions resulted in similar viscosity increase
trends. The sumps remained free of deposits throughout these tests.

With respect to Tests 12 and 13, Figure 22 shows that at temperatures
of T00°F sump and 750°F bearing, F-1041 experienced rather rapid break-
down. In the course of these tests, it was necessary to drain and recharge the
test oil sump twice for Test 12 and once for Test 13 due to viscosity increases
isee Tables 36 and37) Neither of these tests completed the 48-hr operating
schedule since they exceeded a 100 percent viscosity increase soon after 40 hr
of test time. Also, it appeared that at this temperature air to the sump
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TABLE 34. SUMMARY DATA ON F-1041, BEARING TEST NO. 10

Deposit Demerit Rating

Item Rating Factor Demerits

End covsr 0 1 0
Spacer and nut 0 2 0
Heater mount, front 1.2 3 3.6
Heater Moun:, rear 4.6 3 13. 8
Seal plate 0 1 0
Test bearing 39.4 5 197

214. 4

Overall Rating: 214.4/6 = 35.7

Not included in official rating: Sump 100% clean
Oil consumption rate: 108 ml/hr

Total accumulated filter wt. Pressure 1.4 g. Scavenge 1.5 g.

Test Oil Performance

Test Viscosity, Percent Viscosity Viscosity,
Time, hr cg at 210°F Increase at 210°F cs at 100°F
0 12. 88 .- 354. 5
4 13, 14 2.0 367.3
8 13, 31 3.3 308. 8
12 ) 13, 36 3.7 391.9
16 13.43 4.3 397. 4
20 13. 46 4.5 399.3
24 13.58 5.4 405, 1
28 13. 60 5.6 409.7
32 13,69 6.3 414.3
36 13,83 7.4 422. 4
40 ' 13, 84 7.5 424.3
44 14,15 9.9 421, 4
48 14, 17 10.0 421.0
Neutralization number: 0.0 mg KOH/g for all samples
Rig No. 1, with 5 metal specimens in test oil sump
Test oil sump temperature, °F 600
Test oil in temperature, °F 593
Test bearing temperature, °F 650
Air flow to bearing machine, cfm 0. 35
“Air flow to test oil sump, cfm None
i04
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. TABLE 35. SUMMARY DATA ON F-1041, BEARING TEST NO. 11

Deposit Demerit Rating

-t

Item Rating Factor Demerits
End cover 0 1 0
Spacer and nut 48 2 96
Heater mount, front 3 3 9
Heater mount, rear 14 3 42
Seal plate 0 1 0
Test bearing 41.7 5 208.5
355.5

Overall Rating: 355/6 = 59. 3

Not included in official rating: Sump 100% clean
Oil consumption rate: 227 ml/hr
Total accumulated filter wt. Pressure 1.5 g Scavenge 1.3 g

Test Oil Performance

. Test Viscosity, Percent Viscosity Viscosity,
Time, hr cs at 210°F Increase at 210°F cs at 100*F
0 12,88 - 354,5
4 13,21 2.6 367.8
8 13,29 3.2 378.3
12 13,47 4 6 383.1
16 13.54 51 385.5
20 13.45 4.4 391.7
24 13.77 6.9 398. 4
28 13.85 7.5 400. 8
* 32 13.94 8.2 405, 4
36 14.00 8.7 404.5
40 13,99 8.6 420.7
'.;-_‘ 144 14.02 8.9 430.3
3 48 14. 20 10. 2 438, 2

’
«
n ",

)

Neutralization Number: 0.0 mg KOH/g for all samples

Rig No. 2, with 5 metal specimens in test oil sump

Test sump temporature, *F 600
. Test ¢il in temperature, *F 590
Test bearing temperature, *F 650
Asr flow to bearing machine. cfm 0. 35
v Air flow to test oil sump, cfm 1
" 105
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TABLE 36. SUMMARY DATA ON F-1041, BEARING TEST NO, 12

Deposit Demerit Rating

Item Rating Factor Demerits

End cover 3 1 3

Spacer and nut 49.5 2 99

Heater mount, front 36.5 3 109.5

Heater mount, rear 69 3 207

Seal plate 3 1 3

Test bearing 49.9 5 249. 5
671

Overall Rating: 671/6 = 111.8

Not included in official rating: Sump - Moderate coking at oil surface
Oil consumption rate: 790 ml/hr
Total accumulated filter wt. Pressure 1.5g. Scavenge l.4 g

Test Oil Performance

Test Viscosity, Percent Viscosity Viscosity,
Time, hr cs at 210°F Increase at 210°F cs at 100°F

0 12, 88 -- 354.5

4 13. 46 4.5 393.0

8 15, 22 18,2 520. 4 .
12 17. 19 33.5 725.5
16 22.02 7.0 1263.3
2 32. 45 151.9 3186.0
24 14, 79% ' 14. 8 485.3
28 21,78 69.1 1187.0
32 30, 65 138.0 2730.0
36 15,98% 24.1 562. 2
20 ‘ 21. 28 65.2 1138.0
44 33. 80 162, 4 3677.0

*
s v %o
3

Neutralization number: 20-hr 0.2 mg, 28-hr 0.3 mg, 32-hr wouid not
dissolve in titration solvent, 44-hr 0.2 mg, all others 0.0 mg KOH/g

v,

..
. Q‘I
@
" L

.

»
B Rig ANe !, with 5 metal specimens in test oil sump
g ) . . .
N Test oil sump temperature, *F 700
! "q,' PR . »
o Test oil in temperature, *F 691 .
- Test bearing temperature, *F 750
- Air flow to bearing machine, cim 0.35
Air flow to test oil sump, cim 1
eChanged oil :
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TABLE 37. SUMMARY DATA ON F-1041, BEARING TEST NO, 13

Deposit Demerit Rating

Item Rating
End cover 0
Spacer and nut 35
Heater mount, front 21
Heater mount, rear 63
Seal plate 6
Test bearing 52.1

Overall Rating: 588.5/6 = 98,1

LS AL I VO AN ]

Demerits

0
70
63

189

6
2605
5868.5

Not included in official rating: Sump - Light coking at oil surface

Oil consumption rate: 455 ml/hr

Total accumulated filter wt. Pressure 2 g Scavenge 1.4 g

Test Oil Performance

Test Viscosity,
Time, hr cs at 210°F

0 12. 88
4 12.98
8 15.03
12 16. 52
1o 19. 68
20 20. 65
24 26 95

28 14 773
32 17.73
3o 20 1
0 23 .72
41 26. 24

Percent Viscosity
Increase at 210°F

16
28.
52.
60.
109.
1q.
37
60
B84.
103

) WO w o~ D

~ o @ =

Viscosity,
cs at 100°F

354.5
371. 6
507.0

633.
257.
1056.
1962
83,
7335
1055.
1415.
1725,

Neutralization number 24-hr 0. 1 mg. 40-hr 0. 1 mg. dl-hr 0.2 mg.

all others 0.0 mg KOH/g

Rig No. 2. witk 5 metal specimens in test oil

Test oil sump temperature, °F
Test oil an temperature, “F

Test bearing temperature, *F
Air flow to bearing machine, cfm
Ar fiow to test oil sump, <fm

*Changed oil

700
689
730
0.35
None
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TABLE 38. SUMMARY DA’I‘A‘ON F<1041, BEARING TEST NO. 14

Deposit Demerit Rating

Item Rating Factor .. Demerits -
End cover o 1 0
Spacer and nut 57 2 114
~ Heater mount, front 15 3 45
Heater mount, rear 19 3 57
Seal plate : 0 1. 0
Test bearing 46.5 5 232.5
o 448.5

Overall Rating: 448.5/6 = 74.8

. Not included in official rating: 'Sx;mp 1_00% cleag’
Oil consumption rate: 419 ml/hr

~ Total accumulated filter wt. Pressure 1.6 g  Scavenge 1.4 g

Test Qi) Performance

Test Viscosity, Percent Viscosity Viscosity

Time, hr ¢s at 2108°F - Increase at 210°F cs at 100°F
0 tae8 -~ 354.5
4 C 1326 o 3.0 375.7
8 13,54 N 5.1 403, 2

12 . 13,99 .. . 8.6 429.3
16 ‘ 14, 31 T 1L} ' 458.7
20 14.93 e 15. @ 456. 6
24 14. 30 - 18.8 529. 5
28 wsr 22. 7 572, 7
32 ' 16,58 28.5 o 622. 6
36 16.39 ~ ¢ 21.3 $31,6
40 17.58¢ - - 36. 4 727.3
4 186 40.2 784. 1
48 20,35 o 58.0 1006. 0

Neutralization sumber: 0.0 mg KOH/g¢ for all samples

Rig No. 2, with 5 metal specimens in test oil sump

Test oil sump temperature, *F 650
Test oil in temperature, "F bal
Test bearing temperature, *F 700
Air {flow to bearing machine, cim 0.3
Air flow to test oil sump, cim 1
08
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TABLE 39. SUMMARY DATA ON F-1041, BEARING TEST NO. 15

Deposit Demerit Rating

Item Rating Factor Demerits

End cover 0 1 0
Spacer and nut 21 2 42
Heater mount, front 18 3 54
Heater mount, rear 57 3 171
Seal plate 0 1 0
Test bearing 45.8 5 229

496

Overall Rating: 496/6 = 82.7

Not included in official rating: Sump 100% clean
Oil consumption rate: 337 ml/hr
Total accumulated filter wt. Pressure 1.6 g. Scavenge l.4 g

k-
2
\:‘;,J- : Test Oil Performance
AN
QJ::::‘. Test Viscosity, Percent Viscosity Viscosity,
'g v Time, hr cs at 210°F Increase at 210°F ts at 100°F
o
s 0 12. 88 -- 354. 5
S 4 13. 26 3.0 374.9
- 8 13. 62 5.7 402. ¢
e 12 14.08 9.3 431.3
B 16 14. 52 12.7 468. 2
RN 20 15.25 : 18. 4 522.2
N 24 15. 66 216 552. 7
N 28 16. 49 28.0 627.8
- A 32 17. 09 32.7 681. 2
=e 36 17. 71 37.5 740.3
N 40 20. 45 58. 8 1016 0
SO 44 19. 85 54. 1 951 0
e 48 : 22.09 71.5 1222.5
‘7’# Neutralization number: 0.0 mg KOH/g for all samples
el Rig No. 1, with 5 metal specimens in test oil sump !“
::f'::: Test oil sump temperature, °F 650 .
W Test oil in temperature, °F 639
e Test bearing temperature, °F 700
OV Air flow to bearing machine, cfm 0.35
A Air flow to test oil sump, cfm None
AN
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further encouraged deterioration of the test oil. Some coking in the sump
resulted in these tests, but it is felt that this was a consequence of the high
test oil consumption rates (455 and 790 ml/hr) and the addition of makeup
oil at intervals which allowed the test oil to drop below the desired level
discussed in the section on the test oil system. To have prevented this
occurrence, it would have been necessary to add makeup oil every hour— a
departure from the operating procedure for this program. These tests also
point to the probability, as seen in Figure 22, that the degradated test oil
remaining in the system after draining induced premature deterioration of
the fresh oil when the test oil system was recharged.

The relationship between temperature and deposit formation appeared
quite consistent as illustrated by Figure 23. However, it cannot be concluded
from these data what significant effect the introduction of 1 cfm of air to the
test oil sump had upon deposit formation.

The summary data given in Tables 34 through 39 require special
comments. In every case, the additi~n of air to the sump brought about a
considerable increase in the test oil consumption rate since the air stream
served to accelerate the escape of oil vapors through the sump vent. Oil
vapors passing out the sump vent were trapped and collected, with as much
as two-thirds of the consumed volume recovered. Laboratory analysis of
these condensates showed a slight decrease in viscosity and no significant
change in neutralization number.

Tables 34 through 39 show that, with 5P4E as the test lubricant, the
greatest contributing item to the overall deposit demerit rating was the test
bearing. A close examination of the detailed demerit evaluations, given in
Tables 40 through 45, further discloses that from 40 to 60 percent of the test
bearing rating was due to the cage alone. While the presence of carbon on
the cage was unquestionable, it was actually quite light. Generally speaking,
the test bearings from the 5P4E tests appeared to be cleaner than the bearings
from the earlier O-61-17 tests. However, because of the different types of
deposits and the weighted values assigned to these deposits, this observation
was not reflected in the respective bearing ratings.

The metal specimens, which were placed in the test oil sump for all
5P4E tests, failed to suymonstrate any significant weight changes at any of

the operating temperatures or air flow conditions.

F. Conclusions

Operational checks on bath test installations were satisfactory, and
this was further substantiated by the completion of a number of ¢48-hr tests
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TABLE 40.
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BEARING TEST NO, 10

Item

End cover

Spacer and nut

Heater mount, front

Heater mount, rear

Seal plate

Test bearing

Outer race:

Inner race:

Rollers:

Cage:

LYS I
n‘f ‘..:-."n"-‘t »
. k)
*‘.i“b"' “j:

¢
% O o ‘h.’ %

> b. o.‘ o‘ :. - Q* a.ﬁn "« ""

Contact surface
Front

Rear

Front

Rear

Contact surface
Front

Rear

Between rollers
Front
Rear

" -‘ A 0

-\"t o, "-‘“‘\‘\.. 4 "i

-' - n‘.-\ ' " "..“,,' LY c‘vl‘..

Deposit Description

100% clean
100% clean

2% L sludge
98% clean

2% H varnish

3% L sludge

2% L smooth carbon
93% clean

100% clean

50% L varnish

50% clean

80% M varnish

20% L smooth carbon
20% L. varnish

55% M varnish

5% L sludge

20% L. smooth carbon

80% L. varnish

20% L smooth carbon

100% L varaish

100% L. varnish

80% L varnish

10% H varnisk

10% clean

909% L varnish

10% L. smooth carbon

100% L smooth carbon
100% L smooth carbon
100% L smooth carbon
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TABLE 41. DETAILED DEMERIT EVALUATION FOR
BEARING TEST NO. 11

Deposit’
Item Deposit Description Evaluation
End cover 100% clean 0
Spacer and nut 80% L sludge 48
20% clean 0
Heater mount, front 5% L sludge 3
95% clean 0
Heater mount, rear 10% L varnish 1
5% H varnish 2.5
10% L sludge 6
5% L. smcoth carbon 4.5
70% clean 0
Seal plate 100% clean 0
Test bearing
Outer race: Contact surface 100% clean 0
Front 60% L varnish 6
, 40% M varnish 12
Rear 25% L varnish 2.5
15% M varnish 4.5
40% H.varnish E 20
20% L sludge 12
Inner race: Fromt - 90% M varnish ' 27
- . - : 10% L smooth carbon 9
Rear 70% L varnish 7
. - 30% L smooth carbon 27
Rollars: - Contact surface  190% clean ' 0
' - . -Front ‘ ' 20% L varnish 2
o - "~ 30% M varnish 9
10% H varnish 5
30% L smooth carbon 27
_ 10% clean 0
Rear - "~ 35% L varaish 3.5
359 M varnish 10.6
10% H varnish 5
20% clean 0
Cages - Between rollers - 100% L smooth carbon 90
© Front ~100% L smooth carbon 90
Rear : 100% L smooth carbon 90
114
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4::,'.: TABLE 42. DETAILED DEMERIT EVALUATION FOR

"t: BEARING TEST NO. 12

= : Deposit

‘ g ftem Deposit Description Evaluation

}'.: E End cover 5% L sludge 3
o 95% clean 0

*‘3) Spacer and nut 15% M varnish 4.5

: . 75% L sludge 45

3 10% clean 0

3;1 Heater mount, front 30% L varnish 3
Wi 30% M varnish 9
o 35% L sludge 21
\ 5% M sludge 3.5
\3 Heater mount, rear 20% L varnish 2
s 15% L sludge 9
“] 5% M sludge 3.5
N 55% L smooth carbon 49.5
B 5% M smooth carbon 5
Sl Seal plate 5% L sludge 3
o 95% clean 0
A Test bearing

(. Outer race: Contact surface 100% clean 0
Front 10% L varnish 1

‘. ) 20% M varnish 6
2R 35% H varnish 17.5
b7 35% L smooth carbon 31.5
‘) Rear 10% H varnish 5
o 10% L sludge 6

- 70% L smooth carbon 63
{::-‘ 10% M smooth carbon 10
: Inner race: Front 50% L varnish )
9 50% M varnish 15
Rear 40% L varmish 4
o 30% H varnish 15
0 30% L smooth carbon 27
; Rollers: Contact surface . 100% clean 0
v Front 45% H varnish 22.5
R 45% L smooth carbon 40.5
e 10% clean 0
el Rear 20% H varnish 10
" . 80% clean : 0
N Cage: Between rollers 100% L smooth carbon 90
:::; ) Front 100% L smooth carbon 90
s Rear 100% L smooth carbon 90
. 115
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TABLE 43. DETAILED DEMERIT EVALUATION FOR
BEARING TEST NO. 13

Deposit
Item Deposit Description Evaluation
End cover 100% clean 0
Spacer and nut 10% H varnish 5
50% L sludge 30
40% clean 0
Heater mount, front 30% L varnish 3
: 30% L sludge 18
40% clean 0
Heater mount, rear 5% H varnish 2.5
' 20% L sludge 12
5% M sludge 3.5
10% L smooth carbon 9
5% M smooth carbon 5
15% L crinkled carbon 18
10% M crinkled carbon 13
30% clean 0
Seal plate 10% L sludge 6
90% clean 0
Test bearing
Outer race: Contact surface 100% clean 0
Front 100% L smooth carbon 90
Rear 15% L sludge 9 .
85% L smooth carbon 76.5
Inner race: Front 50% L varnish 5
25% M varnish 7.5
25% L smooth carbon 22.5
Rear 40% L varnish 4
‘ 60% L smooth carbon 54
N Rollers: Contact surface 100% clean 0
Front 35% L varnish 3.5
o 35% M varnish 10.5
N : : 10% L emooth carbon 9
® 20% clean 0
s Rear 30% L varaish 3
- 10% L smooth carbon 9
” i 60% clean 0
o Cage: Between rollers 100% L smooth carbon 90
& Front 100% L smooth carbon 90
“ Rear A 100% L smooth carbon 90
i 116
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TABLE 44. DETAILED DEMERIT EVALUATION FOR
BEARING TEST NO. 14

. Deposit
Item Deposit Description Evaluation
\ End cover 100% clean 0
Spacer and nut 95% L sludge 57
5% clean 0
Heater mount, front 25% L sludge 15
75% clean 0
Heater mount, rear 10% M varnish 3
5% H varnish 2.5
15% L sludge 9
5% L smooth carbon 4.5
65% clean 0
Seal plate 100% clean 0
Test Bearing
Outer race: Contact surface 100% clean 0
. Front 60% M varnish 18
30% H varnish 15
N 10% L smooth carbon 9
- Rear 10% M varnish ‘ 3
:::l 35% H varnish 17.5
o 20% L. sludge 12
35% L smooth carbon 31.5
. Inner race: Front ' 20% L varnish 2
2. 50% L smooth carbon 45
\..’ 30% clean 0
. Rear 20% L varnish 2
e 50% L smooth carbon 45
.’: 30% clean 0
4 .
o Rollers: Contact surface 100% clean A -0
o Front 60% M varnish : 18
5% H varnish ' 2.5
.5, 5% L. smooth carbon 4.5
N 30% clean 0
o Reur . 80% L varnish 8
o 10% L smooth carbon 9
2 10% clean 0
;:: . Cage: Between rollers 100% L. smooth carbon - Q0.
e, Front- 100% L smooth carbon 90
N Rear 100% L smooth carbon 90
117
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TABLE 45. DETAILED DEMERIT EVALUATION FOR

BEARING TEST NO. 15

3 Deposit

- Item Deposit Description Evaluation

End cover ‘ 100% clean 0

] Spacer and nut 35% L sludge 21

. 65% clean 0

M Heater mount, front 30% L sludge 18

N 70% clean 0

:° Heater mount, rear 20% M varnish 6

N 40% L sludge 24

- 10% L smooth carbon _ 9

L 10% L flaked carbon 18

e 20% clean 0

-

- Seal plate 100% clean 0

s Test Bearing

{ Outer race: Contact surface 100% clean 0

> Front 65% M varnish 19.5 .
B 35% H varnish 12.5

. Rear 20% M varnish 6

% 45% H varnish 22.5 .
_ _ 15% L sludge 9

b, 20% L smooth carbon 18

- Inner race: Front 70% M varnish 21

) 30% H varnish 15

i Rear 100% M varnish 30

Rollers: - Contact surface 50% L varnish 5

< _ : 50% clean 0

- Front : 90% H varnish 45

10% clean 0

‘ : Rear - 70% L varnish 1

. - ' o : 20% L smooth carbon 18

- 7 . : T 10% clean 0

Cage: Between v‘_a*ollers. 100% L. smooth carbon 90

2 ' Front - ’ 100% L smooth carbon 90

] Rear. -~ = 100% L smooth carbon 90 .
X |
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embracing all test conditions. Reasonable repeatability was achieved between
both bearing machines, and lubricants were not subjected to significant over-
' heating in attaining operating sump temperatures.

Referring to tests on O-61-17, 2 MIL-L-9236 lubricant, air flow to
the test oil sump evidently had an undesirable effect upon the deposit forma-
tion behavior of the lubricant. In addition, continuous test operaticn was
, shown to encourage degradation of this fluid. However, it should be kept in

mind that these observations could well be characteristic of O-61-17 and not
necessarily typical for all fluids.

Test data obtained for the 5P4E polyphenyl ether indicatedthat satisfactory
performance, both from the standpoint of deposit formaticn and oil degrada-
tion, could be expected of this lubricant at a sump temperature of 600°F and a
bearing temperature of 650°F. The rated items remained exceptionally clean
throughout the tests at these temperatures. The test bearing cage was respon-
sible for a considerable portion of the overall deposit demerit rating though
its general appearance was not indicative of extreme deposits. Also, the
moderate viscosity increase, coupled with no change in neutralization number,
for the duration of the tests lent additional support to the excellent performance
of this lubricant at these test conditions.
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At temperatures of 650°F sump and 700°F test bearing, the SP4E
. polyphenyl ether began to show more significant deposit accumulation. Small
amounts of the more severe deposits, chiefly smooth and flaked carbon, were
formed during the tests; also, the viscosity increase became more pronounced
suggesting that, under these operating conditions, this lubricant might be con-
sidered marginal in performance.
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With respect to the most strenuous temperature environment, the
S5P4E polyphenyl ether was found to produce considerable amounts of carbon
deposits of a smooth, crinkled, and flaked nature. At 700°F sump and 750°F
bearing temperatures, this lubricant deteriorated more rcadily than at the
lower test temperatures and did not complete the 48-hr test duration even
with intermediate oil changes. It must be concluded that the 5P4E material did
not give reasonable satisfaction at a sump temperature of 700°F and a bearing
temperature of 750" F.
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In general, the addition of air to the sump did not give any particular
influence pattern in the SP4E tests. It did, however, bring about a higher
test ¢il consumption rate through entrainment of oil vapors in the air stream
passing out the sump vent. Because trapped oil vapors indicated slight
vigcusity changes, it is recommended that any futute work on 5SP4E be designed
to investigate the possibility of collecting and returning the condensate to the
test oil sump.
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Results with the five-metal specimen set showed that 5P4E has no
. particular corrosive effects upon aluminum, titanium, silver, steel, and
stainless steel at aay of the aforementioned test conditions.
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V. GEAR LOAD-CARRYING CAPACITY

.

A, General Remarks

The objectives of the gear load-carrying capacity phase of the pro-
gram were to develop apparatus and techniques for determining the load-
carrying capacity of lubricants at high temperatures and to evaluate the
gear load-carrying capacity performance of candidate lubricants under
environmental conditions representative of Mach 3 class gas turbine engine
designs.

Two WADD high-temperature gear machines previously developed
and available at SwWRI under Contract AF 33(616)- 7223(5) were employed in
this work. These two machines had accumulated nearly 1000 hr of satis-
factory service in the prior program, mainly at low to moderate operating
temperatures. Their load system had also been calibrated a.nd found satis-

. factory under these conditions.

In the current program, operating temperatures exceeding those
. previously used were anticipated. In order to insure reliable test results
' at high temperatures, dynamic calibration of the load system was extended

to test gear temperatures up to 700°F. These calibration studies revealed
that the diametral clearance of the support roller bearings in the machine
previously used at low to moderaie temperatures (00,0005 in. ) was inade-
quate for the current program. Accordingly, the diametral clearance of
the support roller bearings was increased to 0.0025 in., and this proved
to give excellent machine calibration at test gear temperatures up through
600°F.

el v,
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The dynamic calibration also revealed that the backlash of the test
- . gears used in the previous program (0,005 in.) was inadequate {or high-
_temperature work. Consequently, the backlash was mcreasud to 0. 011 in.,
an amount adequate for test gear temperatures up to TOG*F. |
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. Load-carrying capacity determinations were made using Nitralloy N
. steel test gears on nine lubricants, selected for their varied composition,
at test gear temperatures up to T00°F on one, 600°F on another, 500°F on
“four others, and 425°F on the remaining thres, Of the lubricants evaluated
beyoand 425°F, all but one showed an increase in load-carrying capacity as
the temperature was increased beyond 425°F. The SP4E and 4P3E poly-
“phenyl ethers were shown to give rather modest load-carrying capacities
throughout the temperature range investigated.
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An investigation was conducted to determine the possibility of a
correlation existing between the load-carrying capacity results obtained
with standard Ryder test gears at 165°F test conditions and those obtained
with Nitralloy N steel test gears at either 165 or 425°F test conditions.
The results showed no evidence of any organized correlation between the
load-carrying capacity results obtained using standard Ryder test gears
and those obtained using Nitralloy N steel test gears. However. a corre-
lation appeared to exist between the load-carrying capacities of all lubr:-
cants evaluated at the 165 and 425°F test conditions, when only one t~st
gear material, Nitralloy N steel in this case, was used.
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B. Test Apparatus

l. WADD High- Temperature Gear Machine

The experiments reported herein were conducted using two
WADD high-temperature gear machines developed under Contract AF
33(616)-7223(5), Figure 24 shows a cross section of the WADD high-
temperature gear machine. The operating principle of this machine is
X almost identical to that of the Ryder gear machinel10), However, improve-
X ments in materials and design have been made to extend its operating
capability. Briefly, the WADD high-temperature gear machine differs
from the Ryder gear machine in that each shaft is supported by two double-
row roller bearings instead of three journal bearings. It has one load
chamber located on the end of the driven shaft, rather than two load cham-
bers located in the middle portion of both shafts. Screw-thread typc non-
rubbing seals. rather than elastomer seals, are used to separate the test
oil and support oil chambers. The case is made of tool steel to improve
structural stabilily at elevated temperatures. Tests have shown that the
machine is capable of operating at speeds up to 30, 000 rpm and at test gear
temperatures up to 860°F, though not siinultancously.

.
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The WADD high-temperature gear machine wath high-tempera-

L lure test gears and an induction heating coil installed is shown 1a Figure 25,
‘!“ » . N . .

e The induction heating coil is normally rigidly attached to the test end cover
“u and 15 removed with the cover pach time the cover is removed.
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In the operation of the gear machine, the test gear toeth load
s ebtarned by the application of controlled hydraulic load 10 the load cham -
ber. X {Fi. 24). This hydraulic load causes a slight axial movement of one
shaft relative to the other and 15 converted inty a tangential load on the
replaccable spur test gears. T and U, through the action of the integral
helical sluve gears, R and S. The test gear tooth load 15 computed from :
the applied hydraulie load and the geometry of the load system. T
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PHOTOGRAPH OF WADD HIGH- TEMPERATURE GEAR MACHINE WITH HIGH-

T’EMPERATURE TEST GEARS AND INDUCTION HEATING COIL INSTALLED

FIGURE 25.
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:'..:: The hydraulic load (or load oil pressure) is controlled auto-
\ s % matically by means of a pneumatic controller-recorder. This system
g affords automatic setting and control of the load oil pressure to within

%0.25 psi over a range of 0 to 120 psig. This corresponds to a sensitivity
of approximately £10 1b/in. for tooth loads ranging from 0 to 560C 1b/in.,
which is the load range of the machine. The rate of load application is
constant for any one load setting and is independent of the operator.

-

The WADD high-temperature gear machines are driven by
standard Erdco 50-hp drive units which were modified earlier(4) to permit
operation at speeds up to 30, 000 rpm througha step-upgear ratio of 9. 25:1.

2. Test Oil System

For high-temperature lubricant tests, where some degree of
test oil deterioration during test appears to be unavoidable and must there-
fore be minimized or controlled as much as possible, it was felt that direct
contact of the test oil with a high-wattage immersion heater should be
avoided. With this in mind, the test oil system. shown schematically in
‘ Figure 26 and in an "exploded view' in Figure 27, was previously designed
and fakricated under Contract AF 33(616)-7223. This system is capable of
being operated at bulk oil temperatures up to and including 400°F. The test
oil is heated by means of a heat exchanger placed inside the sump. By this
means, excessive localized heating of the test oil is avoided. The acces-
sories, with exception of the drive motor for the pressure pump, are located
inside the sump. The sump is made of stainless steel and is double-walled.
Heat loss from the sump is minimized by means of a low-wattage band heater
located in the space between the inner and outer walls, The lines between
the sump and the gear machine are made very short, in a further effort to
minimize heat loss. With these precautions, the temperature of the test o1l
in the sump need be only a few degrees higher than that entering the machine,
and a minimum of deterioration of the %est oil is obtained during a test, The
. " location of the pump in the sump eliminates the problem of leakage through

the pump seals. Further, by minimiaing the temperature differential

‘between the pump interior and its surroundings, the mechanical reliability

of the pwnp is enhanced. ' ‘

3. Suppert Orl System

With indvetion heating to heat the test gears in the high-tem-
perature lead-carrying capacuy studies, the standard Erdco support oil
Sy stem{10) 15 used {o lubricate the support section of the high-tempeérature
gear machine and o supply load oil pregsure. Apart from the lubrizating
function, the 165°F support oil is alyo used as a control coolant in main-
taining the tesl goar temperature by carryiag away excess heat from the
gear machine bearings and shaits. S '
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4. High- Temperature Test Gears

For the work described herein, special test gears made of
Nitralloy N steel were used. These special gears have the same principal
dimensions as the standard Ryder test gears(10) but conform to SwRI design
with respect to the chordal thickness and the tooth width of the wide gear.
A modification was made to the design of the wide test gear to increase the
backlash of the gear set. This increased backlash (0.011 in.) was deter-
mined to be necessary for tests to be conducted at gear temperatures above
400°F. Details of this modification are described in a subsequent section
of this report. The principal dimensions of the high-temperature test gears
are shown in comparison with those of the standard Ryder test gears in
Table 46. In Table 46, the case hardness is given in Rockwell 15 N units

and the core hardness is given in Rockwell C units, the usual units of these
measurements.,

5. Induction Heating of Test Gears

In the induction heating of the test gears, the induction coil is
placed closely and accurately with respect to spacing around the hub of both
the narrow and wide test gears. A photograph of one of the induction heat-
ing coils used is shown in Figure 25. With the gears turning in the induc-
tion field, the heat is evenly distributed from the hub outward to the gear
teeth, This insures that the heat distribution and temperature are very
nearly cqual in both the narrow and wide gears which further insures that

the lubricant in the gear mesh is subjected to nearly equal temperature
conditions.

6. Temperature Measurement of Test Gears

The temperature of the test gear is measured by an industrial
infrared radiometer. The radiometer measures the infrared radiation from
the test gear. This measurement is related to temperature by raeans of
calibration against thermocouple readings. These data are then plotted,
and a radiometer output versus temperature curve is obtained, It is from
this curve that the test gear temperature is determined. This method was
developed and calibration curves obtained under Contract AF 33{6!6)»7223(5).
The system of gear tempersturs measurement and control is shown in
Figures 28 and 29,

The gear-blank temperature measucement is made at a point
on the web of the narrow gear near the mesh of the test gears. ldeally,
the temperature measurement and coatrsl should be at the mesh of the
gear teeth, but, since the gear teeth undergo changes during a test from
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TABLE 46. COMPARISON OF PRINCIPAL DIMENSIONS OF STANDARD
RYDER TEST GEARS WITH HIGH-TEMPERATURE TEST GEARS

Case Thickness, in,
Core Hardness, Rockwell C
Surface Finish, rms, in.

Backlash, in.

Standard Ryder

Test Gears

High-Temperature

Test Gears

0.025-0.040

30-40
20-35 X 10-6

0.002-0.006

Pitch Diameter, in. 3.500 3.500

Face Width, Narrow Gear, in. 0.250 0. 250

Face Width, Wide Gear, in. 0.937 0.375
Number of Teeth 28 28
Diametral Pitch 8 8

Pressure Angle, degree 22.5 22.5

Tip Relief None None
Material AMS-6260 Nitralloy N
Case Hardness, Rockweil 15N 90-92 90-92

0.018-0. 024

30-40

'20-35 X 10-6

0.011-0.014
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the standpoint of infrared emissivity, it was decided that the gear web was
the next most logical measuring point. Since the obeervation of the gear
web is continuous while the gear is turning, it is expected that the emissivity
factor will be very nearly constant, thereby insuring that little error in
temperature measurement from the standpoint of emissivity will be obtained.
To further insure a constant emissivity-temperature relationship during a
test, it is necessary to obtain approximate black-body radiation from the
test gear web. This is obtained by making the gear web black in color by
electroplating the web of the gear with black chromium.

A calibration apparatus is located near the machine such that
the output of the radiometer can be checked at any time it is felt necessary.
This apparatus consists cf two steel blocks so machined that when a gear is
placed between them a forrm fit on the gear is obtained. The apparatus, shown
in Figure 30, is heated by cartridge heaters placed in the steel blocks as
shown The radiometer 1s focused on the plated portion of the gear web
through a hole in the block. Thermocouples are fitted into the web of the
gear from the side opposite the point at which the radiometer is focused,
and toa depth such that they are within 1/32;in. of the face of the web.
With this apparatus, thermocouple-radiometer output may be checked over
the-desired temperature range.

A more rapid but somewhat less accurate check has been made
of the radiometer by painting the gear teeth of a used test gear with tem-
perature-indicating paints. The gear is then placed on the machine and,
with the induction heating <¢oil in place, the gear is heated until the paints
melt. The radiometer output is noted at the melting point of each of the
paints. These paints are available in 50°F melting-point increments from
400 to 1000°F.

-
EJ

O
:l:: 7. Closed-Circuit Television for Gear ‘nspection
Te insure safety of the operating personnel from exposure to
‘ high-temperature parts and toxic fumes, it is now standard practice at
o SwRI te locate all high-temperature test rigs in indivadual test cells that
a are well ventilated. and to perform as many of the controlling and inspec-
j:;-; tion operations as possible from outside the test cells The closed-circuit
. “television method for gear inspection, developed previously *). has been
) adopted for general use in gear lubrication experiments at SwR! and
D approximately 400 scuff ratings have been obtair>d with this method During
E .. A number of such tests, satisfactorv checks of the televigion rativ2s with
the standard visual-microscopic ratings were abtained
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C. Test Procedures

1. High-Temperature Load-Carrying Capacity Tests

The procedure used in the high-temperature load-carrying
capacity studies differs only slightly from Federal Test Method 6508 in
that a dif{erent machine (WADD high-temperature gear machine), special
test gears, and induction heating of the test gears are used. A comparison
of the two test methods is shown in Table 47.

The specific WADD high-temperature gear machine opera-
tional procedure is as follows: A warm-up period is allowed with all
systems functioning with the exception of the drive and the induction heating
systems. After attaining the desired test oil and support oil temperaiure
equilibrium, the drive system is activated and the machine is driven at
10,000 rpm. The induction heat control system is set at the desired tem-
perature, and the test gear temperature is obtained and controlled auto-
matically. The time required to heat the test gears to 500°F is approxi-
mately two minutes. The desired load is next set into the load system

%

-..\!
N which automatically loads and controls the load on the gear teeth. After the
:.::j load is obtained, the interval timer is set for the standard load duration
': time of ten minutes. Five minutes after start of the lcad duration, all
N temperatures and pressures are noted and recorded. At the end of the
£ ten-minute period, ihe timer shuts down the drive. The operator then, in
\,» reverse order to that given abave, turns off the load and induction heat to
s the gears The machine 1s then stopped and the narrow gear teeth are
A inspected. The procedure is then repeated for the next higher load. The
-d test is terminated at least one load step after an average of 22.5 percent
g scuff is obtained on the narrow gear.
v

e 2, Gear Machiae Calibration
‘ The procedure used in the calibration of the WADD high- ,
ol temperature gear machine is the same as that used in the high-temperature
- load-carrying capacity test procedure. The only exception is that the time
s at temperature equilibrium is axtended so as to obtain three poinis at strain
::.j: equilibrivm. Thig is necessary because the sensitivity of the strain output
L to temperature variation is approximately 5u in. fin. /*F. The strain data
R
@ are recorded at each gear temperature and load level., These data are

e plotted versus load eil pressure or shaft torque at cach gear temperature.
- The load deviation 1s thén determined by a comparison of the strain-load
o curve with the static, dead-weight load curve.
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D. Calibration of the WADD High- Temperature Gear Machine

1. Apparatus and Technique

In both the standard Ryder gear machine and the WADD high-
temperature gear machine, load on the gear teeth is obtained by the appli-
cation of an axial hydraulic pressure on the load shafts, which is converted
into load on the gear teeth through the action of the helical slave gears
made integral with the shafts. The tooth load is computed {rom the axial
hydraulic pressure applied and the geometry of the load system (neglecting
friction). In an effort to establish the validity of the computed relation-
ship, a program was nitiated under AF 33(616)-7223 to calibrate the load
system of the WADD high-temperature gear machinel3), and continued at
higher temperatures in the present program.

A nymber of different approaches were conside red as a means
of obtaining a meaningful calibrationof the machine.. Of the several approaches

o considered, it was decided that the calibration would be made by taking
*'3:" torque measurements of the gear machine drive shaft by means of strain

e gages located in the area of the screw-thread noarubbing seal. This method
}.::- presented several advantages in that a special gear wonld not be required, any
R test gear could be used and changed as necessary, the strain gage service
{ would be less severe and could be air-cooled as necess. 'y, and the changes
;:“,-‘.-\ to the drive shaft to accommeodate the strain gages would e minor and

2:'.-3 would not affect the shaft with respect to its us e in normal load-carrying

-:;:::: capacity testing.

in developing the technique and method of applying the strain

s gages to the machine shaft, a considerable amou» of time ard efiort went
0 into trials and errors 1n the selecticn of an app!: able strain gage and
:‘:::: monnting techmque from all those recommended. The main difficulty
N encountered in most wstances was the bonding of the gages to the shaft
® such that the bond would withstand the extremely adverse conditions of
T temperarure and the very high stram frequencies which exist during dypamice
N operation. The mounting technigue now in use appears to be satisfactovy
::‘L: from the standgobyt of waey hours o) trouble free operation.
SN ‘
" The load system calibration apparatus consists of four uai-
L axtal etehed-fosl bakelite-backed FAB-12-12 strain gages. a four-channei
.“ Q‘

Yo
¢

e mercury shp ring eassembly  aad a stram-gage straw indicator.. Two pairs

i of strain gages are mounted 1in 3 milled-out area 180° apart on the drive .

»: shait of the gear machine in the area of the screw-thread nonrubbing air

s.n seal as shown in Figure 31 The strain giges are mounted in the recessed
s area with 2E 40U sr xv - ~moct and the remaining void is filled wath the
x:{:\ same cement contaiting an asbestos binding hiber. The entire shaft is then
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: thermal-cycled in various increments of temperature to 500°F over a
"~ .. period of 24 hr. . The protruding and irregular excess epoxy is then
o machined to the dimensicn of the air seal surface of the shaft. After stress
.relieving to 2000 in. -1b of torque in. 1ncrements of 200 in. -1b, the system
is- ready for dynarmc operation.

The static, dead-weight load system used in the calibration
work is self-explanatory and is shown in Figure 32. A schematic diagram

‘of the full bridge strain-gage system is shown in Figure 33,

2. . Calibration Results

During the dynamic load system calibration carried out
earlier(3), there were indications that the standard diametral clearance
- {0.0005 in.) of the support roller bearings in the WADD high-temperature
.- gear machine was prcbably inadequate for the 400°F conventional load-
. carrying capacity tests (10,000 rpm, 400°F test oil and support oil tem-
‘peratures). This conclusion was reached because the calibration results
had a greater scatter for the conventional 400°F test conditions than for
the conventional 165°F conditions (10,000 rpm, 165°F test oil and support
oil temperature). Although no difficulties were experienced with the 400°F
induction heating load-carrying capacity tests (10, 000 rpm, 165°F test oil
and support oil temperatures, 400°F induction heated gear temperature),
it was reasoned that the support roller bearing clearance was on the low
side if the induction-heating tests were to be extended to gear temperatures
“substantially beyond 400°F. Accordingly, it was decided that studies should
be made to establich the bearing clearance required to give satisfactory
machine operation and repeatable load system performance over as wide a
range of conditions as possible.

.‘l
A

.

K0 ALY, Ry
*
LA

s

In the early studies, it was shown that with a diametral
clearance of 0.005 in., a 0.0045-in. increase over the standard clearance

-

425 of 0.0005 in., the dynamic calibration results for the 400°F conventional
' 1 test conditions were comparable to those for the 165°F couventional test
. _conditions. It was therefore decided that the bearing clearances for
0y drastically different test conditions should be considered separately. and
N that an effort should be made to use a bearing clearance no more than
. needed for the particular set of test conditions. Furiher, since the current
3. program is concerned primarily with operation at 10,000 rpm and gear
. temperatures above 400°F, the effort should primarily be directed toward
- this application.
1 _‘“' . .
B - '""l < . . 3 - >
o o With the above considerations in rmand, dynamic load system
b2 " . . . . )
e calibration was made with a diametral support roller hearing clearance of
m-'f .
. B
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0.0025 in., at 10,000 rpm and 165°F test oil and support oil temperatures.
Bearings with 0.0025 in. diametral clearance were obtained by grinding

the inner surface of the outer ring of the standard bearings. The results
obtained are shown in Figure 34. Comparison of this figure with Figure 35
shows that the calibration results for 0.0025-in. diametral bearing -
clearance were comparable to those for 0.005-in, clearance.

Under tiie present program, calibration studies were made
at 400, 500, 600 and 700°F test gear temperature conditions (10,000 rpm,
165°F support oil temperature, 400°F test-oil-in temperature). The test
gears were heated by induction heating. The results are shown in Figures
36. 37, 38, and 39. As can be seen in Figure 36, the 400°F calibration
results compared very favorably with those obtained at 165°F conditions
(Fig. 34). A very slight inflection in the 500 and 600°F calibration curves
was noted in Figures 37 and 38 at load oil pressures of 20 to 30 psig. At
this timme, there is no explanation for this deviation. It is felt that the
deviation may be due to a temperature effect on the strain gage reading.
Since the deviation is positive, the deviation cannot be due to any resistance
to axial movement of the load shaft (due to a loss in clearance of the support
roller bearings), loss of strain gage bond, strain gage cement creep, or
change in the strain gage facter, for all these factors will always give a
negative deviation. The only factors known which will give a positive

deviation areachange in the strain gage environmental temperature or a

resistance to turning of the driven or load shaft. A changs in the strain
gayge temperature is not considered creditable, since great care has been
exercised to obtain thermal equilibriurn at each of the load increments.
Also, the resistance to turning of the load shaft would have to be due to
rubbing of the shaft on the air and/or load seal. It {s felt that if any rubbing
of the shaft occurred, there would be as much or more resistance to axial
movement of the shaft, thereby cancelling or overriding the effect. The
700°F calibration results (Fig. 39) indicated a slight resistance to loading
which is assumed to be due to inadequate diametral roller support bearing
clearance. Further increases in the roller suppert bearing clearance will
be deferr~d until such time that 700 °F load-carrying capacity deiermina-
tions become the primary objective of the gear lubrication program. In

the meantime, the results shown indicate that proper loading is baing
obiainaed by the load system and that the 0.0025.in. diametral roller support
bearing clearance is sufficient at tost geas temperatures up to and inciuding
600°F. S S DRSS

B Preliminary Test Resuits

High-temperatare gear lubrication investigations, with induction
heating of ihe test gears, were cacried out at 400°F under Contract
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AF 33(616)-7223(5). This work was doné in order to compare the results
obtained with the induction heating procedure with those obtained in the
early high-temperature investigations, using the 400°F conventional heating
procedure (400 °F test oil and support oil temperature, test gears at tem-
perature equilibrium of approximately 400°F). These data, shown in
Table 48, were obtained using Nitralloy N steel test gears with standard
backlash (0.005 in.} and standard diametral suppoxrt bearing clearance
(0.0005 in.). Since it was subsequently shown that the load-carrying
capacity values obtained with the standard backlash and standard support
bearing clearance were questionable, no emphasis is placed on the actual
values shown.

It was observed in the course of the above study ( Table 48) that the
test gear temperature in the conventional 400°F tests, measured at the
load at which 22. 5 percent scuff was obtained. was always above 400°F.
With the induction heating method, the gear temperature was controlled at
400°F. Therefore, the increased load-carrying capacity for the lubricants
tested, usinginduction heating at a controlled gear temperature of 400°F,
was attributed to this difference in gear temperature. From these data,
it was concluded that the induction method of heating the test gears pro-
duced no adverse effects in load-carrying capacity determinations and
could be used with confidence in high-temperature test method development.

In an effort to determine the effectiveness of induction heating and
operation of the WADD high-temperature gear machine at test gear tem-
peratures above 400°F, load-carrying capacity determanations were
obtained on several lubricants using Nitralloy N steel test gears at con-
trolled gear temperatures, varied in 50 or 100°F increments, from 400 to
700°F. The test lubricant supply temperature was rnaintained at 400°F,
and the support oil supply temperature wus maintained at 165°F. The test
lubricants were selected on the basis of their 400°F load-carrying capacity
ratings such that hagh, medium, and low load-carrying capacity lubricants
‘were included in the study. No great amount of difficulty was encountered
in the gear machine operation or temperature control of the induetien-
heated gears during the tests. The first difficulty encountered was exces-
sive smoke in the gear case, at gear temperawres of 500°F and above,
which interfered with the infrared radiation measurements This was over-
come by installing a phenolic tube in the gear cover with the free end in
close proximity to the area of the parrow test gear at which radiation
measurements were made. With a small exhaust blower attached to the
gear case, a slight draft of air was drawn through the tube thereby cleacing
the area of smoke and the small amount of oil mist normaliy present
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TABLE 48.

COMPARISON OF 400°F LOAD-CARRYING CAPAC.TY RESULTS

OBTAINED WITH THE INDUCT:ON HEATiING METHOD AND THE

CONVENTIONAL 400°F METHOD US.NG
NITRALLOY N STEEL TEST GEARS

400°F Induction Heating Method

Conventional 400°F Method

2

{3} Values oblained by extrapolation. Test was terminated at 8600 Wb/in. ooth load. |
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Average Load-Carrying Average Load-Carrying
Gear Temp. Capacity, 1b/in, Gear Temp. Capacity, 1b/in.
Qil Code at 22.5% Scuff, ‘% A B at 22. 5% Scuff, *F A B
GTO-313 400 2060 2540 480 2340 4310
400 2620 2380 430 3080 2840
480 1560 1520
480 1270 1970
2400 2360
GTO-770 400 s990(8)  6230() 485 4580 4710
485 3810 4220
485 "3940 4670
6110 4320
GTO-855 400 2910 2490 430 1240 1080
400 3320 3220 430 790 1030
430 1330 1430
430 1360 1220
2990 1190
GTO-915, 0O-60-23 400 1110 1620 420 1450 1150
400 2100 1450 20 950 1090
420 710 1670
420 740 1150
» 1570 11i¢
‘GTO-939 400 , 1840 1570 : 0 1340 1670
490 1470 1600 400 1540 1220
1620 1440 -
LRO-1} 400 1830 1710 420 1280 BRI
400 1400 1640 @0 152 1400
' 420 . 840 1500
420 1250 1510
16 1330
LRO-13 400 1780 1990 . 1622 1720
400 T 2360 2460 - 1430 . 1640
: . 3760 1880
. 1710 1400
2100 1650
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During testing at gear temperatures of 500°F and higher, it was
noted that the gear machine speed would drop somewhat while the gears
were being heated to the desired test temperature. This drop in machine
speed was believed to be due to thermal expansion of the test gears, thereby .
decreasing the test gear clearance and backlash, with interference loading
of the test gears being the final result. A rough check on the gear machine
starting drive torque was made by use of a torque wrench on the end of the
driven shaft while the test gears were induction-heated over a temperature
range of 400 to 600°F. A plot of these rough data is shown in Figure 40.

A noticeable increase in torque was obtained at gear temperatures between
550 and 600°F. It was clear that means must be sought to eliminate the
gear tooth interference, in order to permit gear lubricatior studies to be
made at high temperatures. The simplest way to do so, withont otherwise
changing the design characteristics of the test gears, appeared to be an
increase in the gear backlash. Further, it was decided that the geometry
of the narrow test gears (those used for rating purposes) should not be
changed and that any additional backlash required should be obtained by
modifying the wide test gears.
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Measurements showed that the nominal backlash of the standard
Nitralloy N steel test gears was 0.005 in.; and, with this backlash, it was
found that tooth interference was likely to occur at a gear temperature of
450 to 500°F. From calculations based on the coefficient of expansion of
Nitralloy N steel, it was found that the nominal backlash required to avuid
interference was approximately 0.008 in. at 700°F and 0.0610 in. at 800°F,
In order to check these calculations. used wide gears with very low
amounts of scuff on the gear teeth were reground to give backlashes of

-0.008 and 0.010 in., respectively. These reground wide gears, as well’
‘as wide gears with standard backlash (0.00% in. )}, were then installed in

a WADD high-temperature gear machine, along with the standard narrow
gears. The gears were heated by induction heating and the gear tempera-
ture measured and contrelled by an infrared radiometer in conjunction
with an on-off controller-recorder. First, experiments were made by
manually rotating the gears and noting the temperatures at which a slight
resistance to smeoth rotation was experienced. The data so obtained are
n , shown in Figure 41. The gears were ther. run at 10, 000 rpm with lubrica-
tion and at ne load. at the temperatures so determined. There was no

N indication of tooth mteri’@mnce during these runs,and, upon wnspection aifter
&) : thv. runs, no evidence of seu’f due to tooth interference was found.
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Based on the results of these oxperiments. a supply of Nitralloy N
steel test gears with a backlash of 0 011 in. was ordered. As stated L. ore,
standard geometry for ihe narrow test gear was retained, and the increased :
‘backlash was obtained by modifying the wide test gear. ' :
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F. ‘High-Temperaturc Test Results

The load-carrying capacities of nine selected lubricants were deter-
mined with the increased backlash Nitralloy N steel test gears, at test
gear temperatures of 425, 500, 500, and 700°F. WADD high-temperature
gear machines with increased support roller beuring clearance were used.
The nine lubricant< included two polyphenyl ethers (0-61-20, LRO-8}, two
MII.-L-9236 lubricants (MLO-61-1011 0-60-26), two pnlyglycols (GTO-
770, E-1022), a silicone {GTQ-615), and two mineral oils (Ref. Qil B,
F-1055). The results obtained in this program are presented in Table 49,
along with earlier results obtained at lower temperatures under Contract
AF 33(616)-7223. Table 50 presents the same data in summary form.

The 425°F determinations were {irst made as a means of checking
the results obtained here with the earlier results obtained at lower test
gear temperatures with standard backlash test gears using raachines with
small clearance in the support roller. bearmgs Tables 49 and 50 show
that the 425°F results were in line with previous expenence, mdmatmg

that the earlier results were valid. It will be noted from Table 49, however,
_ that the repeatability obtained on MJ.O-61-1011, with a standard deviation/

mean of 46.3 percent, was poor. After the first large spread between the
"A'" and "B" determinations was obtained on MLO-61-1011, the test condi-
tions and test procedure were carefully observedin the succeeding tests on
the lubricant. However, no discrepancies were found, and since the scuff -
pattern appeared to be normal and dimensiconal and metaliurgical examina-
tions of the gears showed the test gears to be not causative in-the devization,
the induction heating method was suspocted. Load-carrying capacity detes-
minations were then made on the lubricant with another WADD high- ‘
temperature gear machine at 400 °F conventional test conditions The
repeatability, howewver, was ronghly the same in that a deviation of 31. 4
percent was obtained,

Satisfied ihat the repeatability difficulties were due to- ¢ither the
nature of the lubricant or some other unknown and indetermianable cause,

the program was continued. The repeatability obtained oa the remaining

lubricants ranged from about 10 to 13 pereent. consxderabiy better than

_thdt obtained with the MLO - 6! 1011.

Load-carrying capacity dt.wrmm&tmns wem mext me‘&e at 500° F
test nony temperaters.  Here, once again, the r{.p»agtabxhty for MLO- 61«

1011 was poor. with the other lubricants | mm.numg ;ﬂ «kacut thf. same

level 110 to 13 perceat) as that obtained. at 4E5F.



TABLE 49. SUMMARY OF INDIVIDUAL 1.OAD-CARRYING CAPACITY
DETERMINATIONS OBTAINED USING NITRALLOY N
STEEL TEST GEARS

load-Carrying Capacity, lb(in

— .;LQ'_'_r.'Ss.ﬂ.ze ratire —
168 300 400 " '33 500 700
Oil Code A E. A _B A B _—A 2 B A ) A B
Ref. Oit B s280¢8) . 4740 5030 5550 (%)
: 4930 3700  s440l8}  s560i8)
5280 , 4600 5860
P-1055 4950 s280 3660 3900
4530 4760 3760 -
20 1770
GTO-615 2430 2340 1330 1260 700 220
2500 2380 1080 1130 %50 870
2410 1210 120
GTO-110 5190 430 3200 3880 3630 3730 4390 ©90 >s5600(8)  >s600la)
$320 4750 4090 3620 4080 4320 3990 9 35600(8)  sq90la)
) 5050 31700 3960 4210 >3600
£-1032 3670 2620 2480 2150
1850 -
3180 2140
LRO-¢ 2640 2870 1290 950
240 2470 7% 750
L L)
0-61+20 2300 2430 2050 2170 930 330 1040 1060 1220 1830 1560 1540 a6 320
248 2340 1280 1350 M260 820 130 1110 2200 30
2450 ane 1246 3080 1320 1840 2930
MLO-61-1011 1640 2170 430 862 1000 330 410 1700
- 2000 3129 600 350 1690 220 8w 1930
$50 1030
680 1140
a0 1580
1830 48 340 1170
O-40.26 1920 () 550 570 1080 740 15%¢ 820
1540 2060 S20 610 1010 %0 1010 0
500 e 40 1090

S ———, e e —

WAND Mgh-lemperature geay mathines with 8.002%+tn. diznatral support roller bearing cleavance
uted for p1) detyyminatione. Standird backiask {D.003 in.) teat go: v and onventienal Mating

uvend for all detesraingtions al 402°F and Below. h:mud tasklash (o Odiin. ) taet .un and
induction heating used for xil taste adave #0°F.

{3} ¥alues ohtaiied by estrapolation. : -

{8} Peterminatiuna sat mate due 1o toth dreadage during “A™ aide uuurmmnm
s} htumxuum lost dus 4 Lxslure in test Bil syetem.
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On thke basis of the satisfactory repeatability obtained on all lubri-
cants except MLO-61-101!, determinations were then made at 600 and
700°F test gear temperatures. However, most of the lubricants were not
evaluated beyond 500 °F, either because of their relativelv low load-carrying
capacity at this temperature or their poor high-temperature oxidative
stability, or because they had other drawbacks as high-temperature gas
turbine lubricants. Referring to Figure 42, which is a graphical presenta-

-tion of the data in Table 50, it is seen that the different lubricant types gave

widely different levels of load-cariying capacity. In particular, a 5P4E
polypkenyl ether (O-61-20), a fluid of current interest primarily for its
high-temperature oxidative stability, was rather modest in load-carrying
capacity. The limited data for a 4F3E polyphenyl ether given in Table 50
show very similar performance.

Perhaps the mosi striking trend brought out by Figure 42 is that the
load-carrying capacity of all but one of the lubricants tested reacned a
minimum value at about 425°F test gear temperature. An increase in
load-carrying capacity was observed when the test gear temperature was
either increased or decreased from this temperature. The reduction in

-load-carrying capacity with increasing teiaperature, in the low operating

temperature range, was noted previously by Ku and Baber(1!) who atéri-
buted it to the reduction of lubricant viscosity with temypevature increase,
The same authors also noted evidence of an increase in the load-carrying
capacity of a lubricant (3 MIL-L-7808 oil) in the 350 to 400°F range and
attributed it to the formation of carbon deposits on the gears. In the present
program, it was possible to attain temperatures considerably higher thanin
the early work; consequantly, the reversal trend at high temperature cculd
be shown in fuller perspective.

In the experiments at 500, 600, and 700°F, carbonaceous deposits
were indeed observed on the gears at the completien of each determination.
Thesz2 deposits could reazdily be observed on the sides of the gear teeth,
though not ws evident on the working faces of the teeth becanse of the
rubbing contact invulvad. Figure 43 shows & series of photographs of the
sides of representative gear teeth, taken at the end of jesis conducted on

. SPAE(0-61-20) at peogressively higher gear temparatures. Ia order to
. show mare clearly the exteat of the depesits, the area to the right of each
~tooth side wae scrapad slightly before the photograph was taken. Nete that

the amount 9f deposits increased progressively with increasing temperae

ture,

The typue of gear touth surisce damage obtainesd at 400 to 700*F test
conditions differed considerably {rem that ebtained at 164 ro 400°F test
conditions.  This chinge in mode of damage appeared to accur gradually, -
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TABLE 50. SUMMARY OF AVERAGE LOAD-CARRYING CAPACITY
RESULTS OBTAINED USING NITRALLOY N-STEEL TEST GEARS

Load-Carrying Capacity, 1b/in.
Test Gear Temperature, ‘F

Qil Code 165 300 400 425 500 600 700
Ref. Oil B 5280(1) 4600(4) 5560(3)

F-1055 4880(4) 3770(3)

- GTO-615 2410(4) 1210{4)  720(4)

A“'-;G','ro-??o’ - '5050(4) 3700(4) 3960{4) 4210(4) >5600{4)
E-1022 3150(2) 2140(3)

0-61-20 2460(4) 2110(2) 1240(4) 1050(4) 1320(4) 1860(4) 2930:2)
LRO-8 2530(4) 940(4)

MLO-61-101! 1890(4) 490(4)  940(10) 1170(4)

0-60-26 1800(3) 560(4)  940(4) 1090(4)

WADD high-temperature gear machines with 0. 0025 in. diametral support
roller bearing clearance used for all determinations. Standard backlash

(0. 005 in. ) test gears used for all determinations at 400°F and below. Irncreased
backlash {0.011 in.} test gears used for all tests above 400°F. Number w
parentheses mdxcates number of determnations used to obtain average.
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2d. 500°F

9

!? FIGURE 4. PHOTOGRAPHS OF GEAR TOOTH SURFACE DAMAGE
o AND LUBRICANT DECOMPOQOSITION PRODUCT DEPOSITS,
. SP4E POLYPHENYL ETHER
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from a scoring type appearance to a burnishing of the surface, over the
temperature range of from 400 to 700°F. It appeared as though metal-
to-metal contact was prevented by some medium separating the gear tooth
surfaces, which became more pronounced as temperature was increased.
In the 700°F determinations, the surface damage, though extensive over
the working face, was smooth and reflected light similarly to a mirror

’ finish. Figure 43 shows photographs of gear tooth surface damage over

the experimental temperature range.

The consumption of the test lubricants was found to increase pro-
gressively as the test gear temperature was increased, with the con-
sumption rates being approximately 40 ml/min at 600°F and 60 ml/min at
700°F test conditions, forO-61-20. Sludge accumulation in the test oil
sump with frequent plugging of the filter caused some difficulty in the last
load steps of the 700 °F determinations.
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G. Gear Type and Test Method Correlation

It has been suggested that the load-carrying capacity obtained for
. different lubricants using standard Ryder test gears at 165°F ma: be
directly related to the load-carrying capacity of the same lubricants using
Nitralloy N steel test gears at higher test temperatures. While this sug-
gestion appeared to have little theoretical foundation, its practical impli-
cations could nevertheless be important. Obviously, if load-carrying
capacity tests performed on lubricants using one test gear material at a
lower temperature could predict the performance of the same lubricants
using another test gear material at 2 higher temperature, then the former
would constitute an adequate guide for lubricant evaluation, thereby saving
the effort required for the development of the latter test. Tt was mainly for
this reason that the decision was made to investigate the question of corre-
lation between different test gear types and test methods.
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Tests were made on the nine lubricants referred to 1n the preceding
section, by means of WADD high-temperature gear machines wath increased
support roller bearing clearance, using standard Ryder test gears at 165°F
test conditions (Federal Test Method 6508). The results so obtained are
shown in Table 51, along with the data from Nitralloy N steel test gears at
165 and 425°F test conditions. Attention is first drawn to Figure 44. which
compares the data at 165°F test conditions for standard Ryder test gears
obtained using machines with increased support roller vearing clearance
with the earher datal® obtained at same test conditions using machines
with smaller bearing clearance. This figure shows that the two sets of
results were directly compamblv.. thercby establishing that the earlier
data were valid.
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TABLE 51. COMPARISON OF RESULTS OBTAINED USING STANDARD
RYDER AND NITRALLOY N STEEL TEST GEARS

Load-Carying Capacity, 1b/in.

Standard Ryder Nitrallcy N Steel
Test Gears Test Gears

Oil Code 165°F 165°F(a) 425° F(b)
Ref. Oil B 2540(4) 5280(1) 4600(4)
F-1055 2350(4) 4880(4) 3770(3)
GTO-615 2410(4) 2410(4) 1210(4)
GTO-770 4160(4) 5050(4) 396G(4)
E-l022 , 1300(4) 3150(2) 2140(3)
LRO-8 2240(4) 2530(4) 940(4)
0-61-20 2260(4) 72460(4) | 105044}
MLO-61-1011 2080(4) 1890(4) . \940(10)
0-60-26 2150(4) 1800(3) ;?4('(4)

WADD high-temperature gear machines with 0. C025 in. diametral support
reller bearing clearance used for all determinations. Number in parentheses
indicates number of determinations used to obtain average.

fa) Test gears with standard backlash (0 005 in.) used.
(b} Test gears with increased backlash (0.011 in.) used.
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Referring to Figures 45 and 46, which compare the results obtained
using Nitrallsy M steel test gears at 165 and 425°F test conditions, respec-
tively, with those obtained using standard Ryder test gears at 165°F test
conditions, it can be seen that no general correlation existed for 2all data
obtained. Further, no organized correlation appeared evident even if the
different lubricant types were considered separately. It is clear from
Figures 45 and 46 that the load-carrying capacity of lubricants was strongly
influenced by the test gear material. Hence, if the test gear material was
varied, then no organized correlation of load-carrying capacity results was
obtainable, regardless of the test temperature.

Figure 47 shows that if the same test gear material, Nitralloy N
in this case, was emplcyed, then the load-carrying capacity results obtained
at two different temperatures, 165 and 425°F, exhibited a consistent though
nonlinear relationship. It must be cautioned, however, tnat whether a
similar correlation will exist at still higher test temperatures remains to be
seen. Figure 42 indicates that the load-carrying capacity of nine lubricants
decreased with an increase in test gear temperature up to about 400 or 425°F.
However, with further increase in test gear temrerature, most lubricants
experienced an increase in load-carrying capacity due to the buildup of car-
bonaceovs deposits on the rubbing surfaces. How this phenomenon weuld
affect the correlation of the test results is not clear at present, and can
only be established by further experimentation.

H. Conclusions

Load-carrying capacity determinations were made on nine lubricants,
at test gear temperatures up te 700°F on one, 600°F on another. 500°F on
four others, ana 425°F on the remaining three. Of the lubricants evaluated
beyond 425°F, all but one showed an increase in joad-carrying capacity as
the temperature was increased beyond 425°F. An increase in lubricant
deposits as well as a change in the mode of gear tooth surface damnage were

- noted, as the temperature was increased. The 3P4E and 4P3E polyphenyl

ethers gave rather modest louci-‘.an'ymg capac:nes throughout the t:.mperw-
ture range investigated.

On he basis of the load-carreying capacity results ebtatned to date,
no correlation was found to exist between the tést results using standard
Ryder test gears at 165°F test conditions and those using Nitralloy N steel
test gears ut gither 108 or 425°F test conditions. On the other hand. 2 .
corre.ation appeared to exist between load-carrying capacities of lubricants
at 165 and 425°F test conditions when only one test material. Niatralloy N
steel an this case, was used. However, whether a simiar correlauon will
exist at sull higher temperatures remains to be seen. '
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The capability of the WADD high-temperature gear machine to
operate at test gear temperatures thirough 700°F has been demonstrated.
Calibration studies of the WADD high-temperature gear machine have
shown the 0.0025-in. diametral clearance of the support roller hearings
to be satisfactory for induction heated gear temperatures through 600°F.
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" V1. THREE-BALL/CONE FATIGUE TESTER

A. General Remarks

The overall objectives of the rolling-contact fatigue phase of the pro-
gram were w develop apparatus and procedures for evaluating lubricants
-with respect to rolling-contact fatigue and to evaluate candidate lubricants
under envirenmental conditions representative of Mach 3 class ,as turbine
engine designs.

This work was conducted along two parallel lines. The present chap-
ter is concerned with a broad experimental investigation of the performance
of lubricants with respect to rolling-contact {atigue under a wide range of
temperature, load, and speed conditions, empleying inexpensive bench-type
test apparatus. The next chapter deals with the full bearing test, intended
primarily to provide base-line data for the interpretation of the results from
the bench-type test.

From a survey study conducted earlier under Contract AF 33(616)-
7223 and recent conclusions of the Bearing Fatigue Panel of the CRC Avia-
tion Group on Gas Turbinre Lubrication, ASD decided that a 3-ball/cone
fatigue tester should be developed. In tne design of this tester, counstant
liaison was maintained with the CRC Panel. Construction of the tester is
scheduled for completioa in June 1963. :

B. Study of Bench-Type Fatigue Testers
1. - SwRI Study

In 1960, SwRI was requested by ASD, under Contract AF 33(616)-

7223, to make a brief survey of the state of the art of bench-type fatigue tests.

It was recognized that the important advantages of bench-type fatigue tests

were t..e simplicity and low cost of the test apparatus and the low cost of con-
~ducting the tests. However, the correlation between the bench-type tests

with full bearing test needed to be resolved. In particular, a large number

of bench-type testers were known to be available, and it was necessary to

select a design that would best answer the requirements for evaluating lubri-

cants for advanced gas turbine engines. The requirements considered impor-

tant were geometric simplicity, provisions for varying stress level and

stress frequency, provision for varying spin-to-roll ratio, high-temperature

capability to 800" F or higker, recirculating lubrication systems with provision
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for operating in an inert gas atmosphere, provisions for measurement of
speed. load, friction torque, and provision for reliable indication of fatigue
failure.

A number nf bench-type fatigue testers employing simple test
specimens (usually balls) were examined:

Barnes one-ball tester(12)

GE one-ball tester(13)

NACA (two-ball) spin tester(l4)

SKF three-ball/flat-washer tester(15)
Barwell four-ball teste (16

Modified Barwell {3-ball/cone) tester(17)
NASA five-ball tester(le)

With some of these testers, considerable lubricant evaluation data were
available; with others, practically no such information appeared to have been
published. In some cases, correlation between the bench tests and full bear-
ing test was claimed but not substantiated with organized data. towever, in
most instances, there were no valid reasons to suspect that reasonable cor-
relation could not be obtained.

It appeared that man. f the testers were available in several
versions with presumably different performance capabilities. However, no
single design was known to possess features that would satisfy all of the
requirements sat forth previously. Accordingly, it was concluded that all
of the specified requirements could be met only by the design and construc-
tion of a special tester, based upon the principle of one of the basic designs
listed above. ' '

After careful consideration of all factors, it was felt the selec~
tion of ‘a basic design would be among the following:

SKF three-ball/flat-washer tester
Barwell four-ball tester

Modified Barwell {(3-ball/cone) tester
NASA five-ball tester

All of these basic designs ~ppeared to be capable of being developed for high-
temperature operation and to be simple and low in initial cost and low in cost

- of operation. Among these, the modified Barwell (3-ball/cone) tester was

considered to be the most versatile, due to its flexibility in varying the spin-
to-roll-ratio.
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2. CRC Study

Almost parallel to the SwRI study has been a similar study con-
ducted by the Bearing Fatigue Panei of the CRC Aviation Group on Gas Tur-
bine Lubrication. This panel took into consideration a number of require-
ments similar to those given previously but examined a larger number of
bench-type testers. These were then narrowed down to the same basic types
examined in the SWRI study, from which three were selected as being most
promising: The modified Barwell tester, the Barnes one-ball tester, and the
NASA five-ball tester. However, no final choice has been made at this writ-
ing.

C. Design of 3-Ball/Cone I'atigue Tester

L. Design Requirements

On the basis of the two aforementioned studies, ASD directed
SwRI to design for their consideration a bench-type fatigue tester using the
principie of the 3-ball/cone (modified Barwell) fatigue tester.

The ultimate purpose of the 3-ball/cone fatigue tester is to pro-
vide a reasonably sinaple device capable of evaluating the rolling-contact
fatigne characteristics of lubricants over a wide range of conditions. It has
been felt that, while it probably would not contribute to the evaluation of the
fatigue characteristics of a lubricant, the measurement of friction torque
would make the tester a more versatile research tool. Accordingly, this
feature was made a part of the tester design. As a consequence, simplicity
of design has been sacrificed in some respacts,

-
v‘:
“

The final design criteria for the fatigue tester are outlined below.
Where the criteria were altered during the course of design, a note is added
to this effect.

s

l-.l; .
PP

.

(1) Test specimen:
(a) Material - High-temperature bearing-quality steel
(b) Simple geometry

(2) Initial contact stress level:

(a) Variable up to 1,000, 000 psi maximum (this was
originally 700, 000 psi)
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Figure 48.

(3)

Temperature:

(2) Specimen - 1000°F maximum, 700 to 800°F accept-
able; 150 to 250°F minimum

(b) Lubricant - 750°F maximum, 100°F minimum

(4) Kinematics of test elements:
(a) Variable stress frequency (maximum cone speed to
be 10,000 rpm)
(b) Variable spin-to-roll ratio
(5) Lubrication:
(a) Recirculating system
(b) Atmosphere contrql using inert gases at atmospheric
pressure
(6) Instrumentation and measurement capability:
(a) Failure detector to shut down the facility
{b) Timer or spindle revolution counter
(c) Spindle speed indicator
(d) Specimen and lubricant temperature control
(e} Leoad control
() Lubricant flow rate measurement
(g) Torque measurement (this was originally optional)
2. Design Features

General Design. The details of the test region, the lubrication

system, and the spindle support of the 3-ball/cone fatigue tester are shown in
Figure 49 is an overall pictorial view of the tester showing the
frame, loading system, etc.
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In general, the conical specimen, A, (Fig. 48) rotates against
three lower balls, equally spaced by a retainer. The lubricant is circulated
by the submerged gear pump, B, located in the sump, and is directed
against the ball-cone interface by the replaceable nozzle, C. Lubricant
return is by gravity through drain holes. Loading is accomplished by dead
weights and a lever arrangement through the spindle. The drive for the
spindle consists of a 3600-rpm D. C. motor with pulleys and timing belt to
give a continuously variable spindle speed up to 10,000 rpm. Heat is sup-
plied to the test region by cartridge heaters, D, and to the sump by band
heaters, E. The entire apparatus is insulated to reduce heat loss to the
atmosphere.

Test Specimens and Test Region. The conical test specimen,
A, driven by the spindle, F, through a self-actuating taper, is positioned in
a cluster of three 1/2-in. diameter balls. The balls are equally spaced
about the cone specimen by a retainer. The balls are confined in a chamber
made up of a ring, G, and a washer, H. The ring and cone temperatures are
measured by thermocouples. The signal from the latter thermocouple is
removed from the rotating shaft through slip rings“‘”. Heat is supplied to
the test region by six cartridge heater¢ D, inserted into snug-fitting holes
in the block. Preliminary tests made using these heaters in a block simnilar
to that proposed in the design indicate :i:at a temperature of 1000°F can be
reached within 1-1/2 hours.

The cone angle of the specimen may be varied from 60° to 90°,
corresponding to contact angles of 30° and 45°, respectively. The spin-to-
roll ratio of the cone against the balls and the number of stress cycles on
the cone per revolution may be varied by varying this cone angle. With a 30°
contact angle cone, each revolution of the spindle will result in 2. 2 stress
cycles on the cone, and a spin-to-roll ratio of 0. 26. A 45° contact angle
results in 2. 0 stress cycles per cone revolution, and a spin-to-roll ratio of
0.53.

Lubricant Supply System. The test lubricant system is a semi-
closed, positive-pressure, recirculating system capable of being blanketed
with an iert gas. The sump, located below the test region, is separated
from the test head through the static air seal, P. In this way, the sump may
be made stationary; yet the test head is free to twist against flexural mem-
bers (not shown) to indicate torque. The short lubricant flow lines between
the pump and the nozzle, C, reduce temperature differential between the
bulk oil and that entering the test area to a minimum.

A small electric motor drives the test oil pump, B, through a
flexible shaft and a reduction gear box. The pump is a positive displacement
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gear pump running submerged in the lubricant. This manner of pump opera-
tion reduces thermal distortion of the parts due to temperature variation
throughout the pump.

The sump is heated by three band heaters, E, with provision
for a plate heater undeirneath the sump if necessary. Previous experience
with similar sumps and heaters indicates no difficulty in reaching 750°F
test lubricant temperature.

The sump is heavily insulated, and, being physically separated
from the test head, it is possible to regulate the sump and test region tem-
peratures independently. Sump temperature is measured and controlled
through thermocouples immersed in the lubricant. A thermocouple, J,
extends to the tip of the nozzle to measure the temperature of the lubricant
entering the test region.

To reduce lubricant oxidation and to simulate conditions in a
gas-blanketed lubricant system, the lubrication system of the tester has been
designed to operate under a small positive gage pressure using a nitrogen
gas blanket. Escape of lubricant-entrained gas past the spindle is prevented
by rotating screw seals, L. The static seal, P, between the sump and the
test head, is also supplied with gas. Gas pressure buildup is prevented by
venting through a reflux condenser attached at K. The condenser may be
arranged to either reflux back into the sump, or to an external waste can.

In the latter case, makeup lubricant must be added periodically.

Load System. The axial spindle load will vary from 850 1b to
1300 1b for contact angles of 30° and 45°, respectively. These loads give
an initial maximum contact stress of 1,000,000 psi. The load is applied
through the spindle by means of dead weights and a lever, M. The slight
vertical motion of the spindle necessary for load application is obtained by
mounting the spindle ball bearings in a siiding journal bearing, in the same
manner as that used in a drill press.

Spindle and Drive System. The spindle is mounted on two pre-
loaded size 208 precision angular-contact ball bearings. Lubrication is an
oil-mist type. The upper end of the spindle couples through a spline shaft to
a short, ball-bearing supported drive shaft, R The drive shaft is driven
through pulleys and a timing belt by a variable speed, 1/2-hp, 3600-rpm
D.C. motor. Maximum drive shaft and spindle speed is 10,000 rpm. By
separating the drive shaft and spindle with the spline coupling, the drive
shaft bearings are obliged to carry only radial loads and the spindle bearings
only thrust loads. Such an arrangement tends to reduce spindle runout during
operation.
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The test specimen is attached to the lower end of the spindle
by a self-actuating taper. A thermocouple, S, extends the length of the
spindle for measuring specimen temperature. The thermocouple output is
removed through slip rings, T(19). Convection cooling rings, U, on the
spindle help to prevent the flow of large amounts of heat from the specimean
to the lower spindle bearing.

In order to gain access to the test region for purposes of
replacing test specimens, the spindle assembly will be removable, much in
the manner that a lathe collet may be removed. Tapered surfaces will .
agsure alignment. ’

Torque Measurement. Friction between the rotating cone and .
the balls produces a torque on the test hcad assembly. This assembly is
restrained from turning by flexural members (not shown) to which strain
gages are attached. The deflection of the arm is a measure of the friction
torque. The head is supported on an externally pressurized air thrust bear-
ing, N, through a spider, V. The air bearing practically eliminates any
restraint on the tast head due to friction in the thrust bearing. It further
allows the test head to move laterally in order to seek a position of equilib-
rium with respect to the rotating cone specimen.

Frame. The frame is of welded box censtruction, braced with
gussets and pads at points of attachment or high stress. It consists of two
uprights connected across the top by a horizontal member containing the
spindle assembly. The uprights are attached to a supporting table.

Test Termination Control. When a specimen fatigues, with a
resulting spalling of the surface, the irregularity will produce a vibration

" in the spindle assembly. This vibration will be picked up by a microphone
‘transducer mounted on the frame. The transducer signal resulting from the

vibration at failure will be used to shut off all clectrical inputs, the inert gas
supply, and stop all recording instrumnentation. The final design of this por-

tion of the rig will be made after the construction and initial operation of the
tester.

D Conclusions

A 3-ball/cone fatigue tester has heen designed and is currently being
fabricated. The estimated complation date 1s tn June 1963,
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Vil. BEARING FATIGUE

- A, _Generél Remarks

The objectives of the bearing fatigue part of the rolling-contact fatigue
phase were to develop apparatus and techniques for determining the bearing
fatigue characteristics of lubricants in full bearings and to evaluate candidate
lubricants with respect to bearing fatigue under environmental condztxons
representative of. Ma.ch 3 class gas turbine engine designs

- Two WADD 85~mm thrust bearing machines developed undar Contract
AF 33(616)- 722309 werz selected for this work. These machines were ,
employed prevxouasly‘ at speeds up to 15, 000 rpm (DN = 1,275 X Xﬂ" mm -rpm),
thrust loads up te 18,000 Ib {(maximum Hextz. stress = 400, 000 psi}, and
beariag temperatures in excess of 750°F. They were considered adequate for
the curreunt programs. and no madiftcatmns wers deemed neceasary, o

Exc.ep’t for the s«zleﬁ.isn and ordering of the spebial test b'earings and
preparation for the tests upon mceipt oi the bearmgs. !:hxs part c:f the program
has been dormant. L

B. - .‘Test Appa,i'atus

f. . WADD 85-mm Thrnst Bearing Machihe e

The W ADD 85-mm thrust hearmg machme was t’aas‘.gned and
developed under Contract AF 33(616)-722. (5? . ‘I‘wa such machines wese made

“available for use on the currem program_

Figure 50 presents a cross section of the 85-—mm bearing machme
The inner rings of the two test bearings, A and B,are clamped to & cylindrical
adaptor that turns with the cantilevered shafteend. The cylindrical case of the -
bearing head is supported by the ogter rings of these bearings and is restrained
from turning with the shaft onig by a torque arm (not shown) whxch is attached
to a torque-measuring devi: ) as slwwn in Figure 51.

Load is applxed to the test ‘bearings by means of hydraulic pressure
acting on a thin steel diaphragm, C.(Fig. 50}, which in turn presses against the
loading sleeve, D. The diaphragm has an annular convelution near its edge to
insure flexibility. In order for bearing A vo take the load, its outer ring must
slide freely. Since bearing B must balance the thrust applied to bearmg A, the
two bearings become ‘equally and oppositely loaded.
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Test lubricant is introduced to the loaded side of the inner rings
of the test bearings by meaus of a double jet, E, and is removed from the head
through port ¥, which leads to a scavenge pump. Leakage around the shaft
is prohibited by the sling r and nonrubbing seal assembly, G. In normal
operation, a vent hole located on the top of ring H is open to the atmosphere,
and movement of air acts 1 “ump the test o1l back to the bearing head, and
also to pump any support oii :hat passes the support bearing bark to the support
section. If it is desired to operate the test bearings in an inert gas atmosphere,
2ll that is necessary is to apply a slight pressure of the inert gas to the vent.
Positive seal against air leakage is accomplished, .n that event, by the use of
an elastomer "O" riag, which is held between rings H and I. A lower hole in
ring H facilitates draining; it may be closed or leit open as required.

Thermocouples are placed 120 degrees apart on the outer ring
of each test bearing with one located at the bottomn of sach bearing. The outer
rings may be heated, if nscessary, by raeans of cartridge heaters, J, disposed
around the bearings.

The machine is normally operated at 10, 000 rpm (DN value = -
0.85 X% 106 mm-rpm) and a thrust load of 9, 785 1b. However, the machiner
are¢ capable of operating at speeds up to 15, 000 rpm and thrust leads up to
18, 000 1b which corresponds to a maximum Hertz stress of 400, 000 psi. The
maximum controlled test bearing temperature capability of the machine is in
excess of 750°F.

2. 85-mm Test Bearixgg_::._

The test bearings are angular-contact ball bearings made to
ABEC-T tolerances irom consumable electrode M-50 stsel. The major dimen-
sions of the bearings are '

Instde diamieter, mm 85

Outside diameter, mm 150 T
Bearing width, mm 28

Ball complement 19

Ball diameter, in. 13/id

Contact angle, degree 25

Race curvature, % 5:

The kearings are of split inner race design; and the retsine™, of S-mearl metal,
1s puloted on the inner ring. The balls and retainer assenilly tag) be replaced
by a new assembly after a test. This is possidle since only oae sida of ihe
cuter race and one side of the inner race are afiected in a given test; thus the
uwnused sides of eash race may be utilized for another test.
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Quotations were requested and received from five bearing
manufacturers to supply the special 85-mm thrust bearings. On the basis of
these quotations, it was decided to purchase 150 complete bearings and 150
extra ball-retainer assemblies from Fafnir Bearing Company. An order was
subsequently placed, and delivery of the bearings is scheduled for May 1963.

.o

It was stated in the request for quotation that i1t was desired. for
statistical reasons, to obtain all inner rings, outer rings, and balls from a
single heat of consumable electrode M-50 steel. However, upon receiving the
quotations, it was svident that it was not economically feasible to obtain such
a large number of bearings from & single hea: of maierial. As a result, all
of the inner and outer rings of the 150 bearings on order will be from one heat
of material, and all the balls will be {rom a different single heat of material.

C. Conclusions

The special test bearings required for the program were selected and
ordered. Except for preparation for the tests upon receipt of the bearings, no
other work was done.
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APPENDIX . DESCRIPTION OF TEST LUBRICANTS

Viscosity, cs

Oil Code 100°F  210°F Description
Ref. Oil B 237.8 20.3 Mineral oil, MIL-L-6082B, Grade 1100
E-1022 11. 4 2.7 Pclyglycel
F-1041 354.5 12. 8 Polypheny! ether, 5P4E mixed isomers
F-1055 103.0 11.5 Mineral oil, MIL-L-6082B, Grade 1065
GTO-313 17.1 4.0l MIL-L-7803C
GTO-6l15 61.3 20.7 Silicone {chlorinated)
GTO-770 64.6 10.93 Polyglycol
GTOC-3855 29.0 5.30 MIL-L-9236A type
GTO-915 16.0 3.61 MIL-L-9236B
GTO-939 15.1 3.47 MIL-L-9236B
LRO-8 70.9 6.3 Polyphenyl ether, 4P3E mixed isomers
LRO-11 70.87 6.32 Polyphenyl ether, 4P3E mixed isomers
LRO-13 362.4 13.21 Polypheny! ether, SP4E mixed isomers
0-58-24 34.7 MIL-L-9236A type
0-59-15 18.7 MIL-L-9236B type
0-59-2¢6 18.7 MIL-L.-9236B type
0-60-3 17.2 MIL-L-9236B type
©-60-11 21.2 MIL-1L-9236B type
OC-60-12 16,1 MIL.-1.-9236B
0-60-13 25.7 MIL-L-9236A type (CRC Oil RAO-1-60)
0C-60-19 20. 8 MIL-L-9236B type
0-60-23 1.0 Different batch of GTO-915
0Q-00-2 13.0 3.5 Different batch of GTO-939
O-60-27 15.0 Different batch of GT0-939
O-e0-28 le. ! MIL-L-9236B type
OQ-6l.17 15,9 Different batch of O-60-12
C-61-19 15.7 Different batch of GT0O-939
C-el-20 : 3%7.% 0 132 Pelypheny! «ther, SP4E raixed isomers
MLO-b6! <1011 le.2 3.6 D:fierent batch of GTO-915
MLO.el-1012 130 MIL-L-92368 type
MLO- 611013 15 % MIL-L-92368 type
MLO-61-1013 24.& Advanced turbine o3l candidate
ELQ-62 30 20. 62 Advanced turbine o\l candidate
MLO-62-1000 LAUNIFG Advarced turbine oi) candidate
MLO-62-100% 19 .40 Advanced turbire il candidate
MLO.02-1004 15 &¢ MIL-L-9236B wype
MLO-€2-1005 4.8 Advanced turbwne ol candidate
MLC-02-1006 14,7

ML L-9236B wype

Advancs=d warinine 1! ¢andidata
AMiL-L 92368 type '
Advanced turbine c:l candidate

MLO - 62-1008 4.
MLC-e2-1011 14,
MLG-92-1012 26

[ 7 I o
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APPENDIX II. PROPERTIES OF 5P4E POLYPHENYL
ETHER (F-1041)%*

s

Material: Mixture of isomeric bis(phenoxyphenoxy)benzenes

Isomer Distribution: 65% meta-meta-meta
30% meta-meta-para
5% para-meta-para

Refractive Index at 25°C: 1.6289

Specific Gravity (20/20): 1.203

Viscosiiy, cs: At 100°F 355
At 210°F 12.9

Halogen (Chlorine), %: 0.02

Pour Point, °F: +40

Thernial Stabil‘ty (Isoteniscope), °F: 867

. Vapor Pressure, mm Hg at 500°F: 0.96
Evaporation Loss, 6.5 hr at 500°F
and 140 mm Hg, %: 5.2
Oxidation-Corrosion, F$-791 a, Method 5308. 4, 48 hr at 600°F:
Weight Change, mg/cmar Steel +0.06
Silver «-0.17
Copper -0.07
HSluminum .02
T.:anium +0.02
) Magnesuam +0.21
Viscosity increase, %o AU 100°F 5.7
At 2I0°F 17.5
Autogenous Ignition Temperature, °¥: >1100

®Data furnished by the supplier, Monsanto Chemical Company.
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APPENDIX III. 18-HR 425°F OXIDATION-CORROSION TEST*
1. SCOPE
1.1 This method describes a test procedure for determining the
susceptibility to oxidation and the metal-corroding tendency of aircraft turbine
lubricants and similar high-temperature lubricants.
2. OUTLINE OF METHOD
2.1 This test consists of exposing a lubricant sample to the combined
action of high temperature, a high rate of aeration, and the presence cf metal
specimens. After a controlled exposure period, the extent of lubricant deteri-
oration and loss are measured, and the metal specimens are evaluated for
overall or local attack.
3. APPARATUS AND MATERIALS
3.1 Bath - Any bath may be employed that has provisions for maintain- .
ing a uniform temperature of 425 * 2°F. The depth of the heating fluid and the
configuration of the sample tube supports must be such that the oil sample level .
(within the tubes) is 2"  1/2" below the heating fhiid level. This measurement
is to be made without aeration of the test oil, with both the test oil and the
heating fluid at operating temperature. ‘ .
NOTE
Oil conforming to Specification MIL-L-6082, Grade 1100,
is suitable as a heating fluid, provided low-intensity ,
heaters are used for the bath. It is desirable to add an .
anti-oxidant {(e.g.. | percent phenyl a-naphthylamine)
to this o1l to extend its service life. For adequate tem-
perature control, it i3 necessary that the bath be 'vell
insulated, well stirred, and controlled by a sensitive
thermoregulator. The bath is equipped with a cover
to accommodate the sample tubes, stirrer, and other
7 “Draft prepared on September 22, 1961. )
< .
.
N
A
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necessary hardware, including a rack to support the
bottoms of the sample tubes. The bath temperature
may be read by any laboratory thermometer of the
required range and accuracy; it is recommended that
the accuracy of thermometer be checked periodically.
It is further recommended that an auxiliary tempera-
ture record be provided by means of a recording instru-
ment, and that an independent safety switch be provided
to shut off the heating circuits in the event of a tem-
perature rise of more than 10-15°F above the normal
control point. It is also recommended that the bath
should be located in a vented hood or provided with

its own ventilating system.

3.2 Oil sample tube and auxiliary glassware - A sample tube and
head in accordance with Figure 52 shall be used. An air delivery tube of
standard 5-mm Pyrex tubing, approximately 610 mm in length, is fixed in
the upper end of the head by means of a suitabie one-hole cork. The remainder
of the assembly includes a water-cooled Graham-type glass condenser and a
250-ml round-hottom two-neck flask used as a condensate receiver; the
condenser is attached to the 19/38 joint on the head, and the flask is attached
to the bottom of the condenser.

NOTE

Aithough the details of the condenser and condensate
flask are optional, it is suggested that the condenser
be approximately 200 mm in length with 19/38 joints
on both ends, and that the flask be a standard 250-m!}
twe -neck distilling flask with two 19/38 joints. The
sample tube and head are available from Scientific
Glass Apparatus Co. : the condenser and condensate
flask are standard shelf items. '

3.3 Air supply systemm - The air supply system must be capable of
metering 236 g/hr of clean dry air to each sample tube, maintaining this rate
within £ 3 percent throughout the test period. This air flow rate is equivalent
to 197 liters/hr measured at 76°F anu 760 mm. The air shall be dried by
passing through a column of Drierite or equivalent desiccant.

NOTE

The Drierite column should be made of glass, and the
desiccant should include some indicating Drierite to
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show when the desiccant needs changing. For a six-
place test unit, a 4-inch diameter column of Drierite
is necessary; the length of column required will
depend on the moisture content of the entering air
and the frequency of Drierite replacement that can
be tolerated. The use of predried air (e.g., from

a calcium chloride drying unit) is desirable in order
to avoid too frequent changes of the Drierite.

Metal test specimens - Specimens shall have dimensions as shown

in Figure 53 and shall conform to the following metal specifications:

3.5

Aluminum alloy QQ-A-355, T-3 or T-4
Titanium alloy MIL-T-009046B (ASG), Class 1 (8% Mn)
Siiver Electrolytic grade {Handy and Harman

999 or equivalent)
Mild steel QQ-S-636
Stainless steel MIL-S-5059, Grade 301 Half Hard

Additional equipment

Analytical balance, sensitive t0 0.1 mg

Laboratory scale, seasitive to 1.0 g, capacity 5 kg minimum
Microscope, 20X magnification

Sample tube racks, design optional (fer handling and weighing)

Wire screen strainers, 200 mesh « Fisher Scxentmc #13-583
or equivalent

Corks, for air delivery tubes, size No. 1 or No. 2, dependmg
on size tolerance of top entry tube (on head)

Wire, 0.016 in., Type 04 stainless steel - Wilbur B. Driver
Co., Nilstain Type 304 or equivalent

191




S
&=~ ! omiw 2 WoLEs
| J_+. +H - & DA
T |
2
| !
032" —l-—
TEST SPECIMEN
Al Ti
RS
e
)
STAINLESS 0
STEEL STEEL

91402 8

IGURE 33, METAL SPECIMEN DIMENSIONS
AND ASSEMBLY CONFIGURATION

e b s

fyyi (3

‘ﬁ.w'i;:' B
e -
L 3

#,
L 4
A

- Q-‘
ﬁ‘%' -
.. -
o o
192 1

| @




ae

PN A

o o W a4
. s ‘e
PLIL L SN

M)
»

7, M
. » -“,0

L ve 0y Pg %, 8,

Pk ¢

o hEELL P
e 8 v . &

.V

L,*’(.‘“h *g . ¢

g
»¥

¢

*

&
’

SF

¥

“u

ety

O Y
'.o.c,“o't",-’

T )

*
*

L .
.‘}',. 0 b 8 Ny,

D

=

T T e B e m T o 7B s s Ry B T e R R e T R ' W % - % T TRy e 0

Jigs fcr helding metal specimens for polishing and for
assembly=* _

Lorg nose pliers
Stamless steel forceps
Graduated cylinders, 500-ml

3.6 Cleaning and polishing supplies

Cotton glaves - H. Texture Glove Co., Plainfield, New Jersev.
or equivalent

Cctton balls - Seamless Rubber Co., New Haven, Coxmecticut‘
SR-9175 or eguivalent

Cheesecloth, bleached, 28 X 32 count

Abrasive paper. 240 and 400 grit, 3M TRI-M-ITE
Finishing Paper, Open Coat, Silicon Carbide

ASTM precipitation naphtha or ASTM iso-octane
Acetone, reagent grade, sulfur-free
Chlereform, reagent grade

Chrem:¢ actd cleaning sclution

Concentratead sulfuric acid 1 fiter
Saturated sodiumn dichromate
selution 35 m!

4. PROCEDURE

4.1 Test Ceaditions - The lubricant i3 expesed for 18 hours with a
bath temperatire of 425°F and an air flow rate of 239 g/hr. The lubricant
sample velume s 350 ml, and one specimen of e:u:h of the five metals is
 present éurmg the ex;;osure periwod.

*The polishing i'g should be made of plastic, to avoid scratchiag the metal
specimen surfaces: a suitable design 15 shown 1n Faigure 34, The assembly
Jig may be made of matal, plastic, or a'noracidic hardwcod such as maple,
in any conventent design.
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4.2 Preparation of metal specimuns - After preliminary degreasirg
and removal of any major pits or scratches by grinding, all surfaces of the
specimen are polished with 240-grit silicon carbide paper to remove all
previous marks, using fresh paper for each different metal. The specimens
should not be touched with the hands, and should be handled only with clean
cotton gloves or with forceps. A suitable jig should be used for holding the
specimen during polishing. After the 240-grit polishing the specimens may
be stored in a desiccator over Drierite or calcium chloride. The final
pclishing with 400-grit silicon carbide paper should be performed immediately
before the test is to be started, using freshpaper for each different metal.
Only longitudinal strokes are used, and the polishing is ccntinued until a clean
blemish-free metal surface is obtained. During the final polishing and in
subsequent operations, the specimen is hardled only with forceps. After
polishing, the specimen is swabbed vigorously with clean naphtha (or iso-octane)
and with acetone to remove all metal particles and abrasive dusts, weighed
tc the nearest ). 1 mg, and stored in a desiccator until the entire set of
specimens 1g : 2a.y for assembly. The specimens are assembled in the
configuration shown in Figure 53 and wired together. The wire (stainless
steel as specified in Paragraph 3. 5) is cleaned with acetone prior to use. All
handling of specimens and wires during assembly is accomplished without hand
contact. A metal or maple jig may be used to hold the specimens during
assembly. The wire is looped through the holes, twisted loosely, and the excess
1s trimmed off. The assembled specimens are given a final rinse in naphtha
or iso-octane, allowed to dry, and stored in a desiccator until ready for actual
installation in the test cell.

4.3 Test startup - A 350-ml sample of the test oil is measured into
a clean, dry test tube, avoiding wetting the ground glass joint. (Additional
c‘! sample, 30 ml minimum, should be set aside for determination of initial
2il properties). The metal specimen assembly is-added to the sample tube,
and the air delivery tube is inserte: sc that its lower end rests within one of
the triangles form«d by the specimens. The head is put in place, using a very
small quantity of silicone grease, and the air delivery tube is positioned by
means of 2 tightly fitting cork so that its lower end is 1/8 in. off the bottom
of the sample tube. This assembly (sample, sample tube, head, air tube,
cork, and specimen assembly) is weighed to the nearest gram. It is then
placed in the heating bath at 425°F and allowed to warm up for 15 minutes.
During this time the "overhead' assembly is completed; this includes connecting
up the head sidearm to a condenser and tared (¢ 1 g) condensate flask and
starting water flow through the condensers. The air delivery tube is conaected
te the metered air line, without any air flowing. At the end of the warmup
period, timing of the test period is started, and air is introduced at a rate of
237 g/hr. A photograph of the assembled test apparatus and bath is presented
wm Figure 55.
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4.4 Test period - The bath temperature 1s maintained at 425 = 2°F
and the air flow rate at 236 g/hr +3 percent for a period of 18 hcurs = 5 minutes.

4.5 Test shutdown - At the end of the test period, the air rlew 18 stopped
the air tube is disconnected, the head sidearm is disconnected from the condenser
and the tube-head assembly is removed from the bath, wiped free of oil, and
allowed to cool. This assembly is then weighed to the nearest gram tc determine
oil loss. The oil sample is filtered through a 200-mesh screzn into a sample
bottle and retained for determination of properties.

NOTE

Since the neutralization number of some oxidized oils
will chunge markedly on storage at room temnerature,
i1t is essential thatthe oxidized oil sample be tested

on the same day as drawn, or that it be stcred at 20°F
or colder to prevent change.

The condensate flask is weighed to the nearest gram to determine the amount

of overhead , roduct collected, and this product is retained for the determination
~{ neutralization numbcr, cbserving the same precautions on sample storage

as described above. Obscervitions are recorded on the appearance of the
glassware with respsct io sludge. varnish, or othe: deposits on all partsof the
assembly, and sludge trappec by the filter screens. The metal specimen
assembly is rinsed with ace.one or naphtha as required to remove the o1l and
carefully disassernbled. The individr-al specimens are placed on a mat uof

clean cheesecloth and swabbed vigorously with waym acetone and chieroform,
using a series or fresh cotton swabs until clean swabs are noted. The specimens
are not touched with the bare hands auring diszssembly and cleaning. After a.
final rinse in warm acetone and flasl. dryirg, ‘he zpecimrns are cocled wn a
desiccator and then weighed to the nearest ). | mg. The specimens are examined
under 20X magmfication for evidence of pitting, etching, or other attack.

4.6 Glassware cleanun - The glassware 18 rinsed with sutable orgamc
solverts tuo remove all'eil.  The sample tunes, heads, and air delivery tubes
are washed with soap vr detergent and water The air delivery tubes may be
discarded if they are not readily cleaned All of this glassware, whether new
or precleaned by the methods described, 1s then scaked in chromic acid sclution
until all deposits are removed, then rinsed thoroughiy with tap water and then
with distilled water, and ovenr dried. The cleau glassware may be protected
with aluminum foil unti! ready for use The condensers and condensate flasks
are rinsed with suitable soivents as required to remove all el and any deposits
that are present The condensers may be leit 1n place during this nnsing  The
joints on the condensers and condensate flasks are capped with aluminum foil
after cleamng.
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4.7 Determination of oil properties - The total acid number is
determined on samples of the original oil, oxidized oil, and overheadproduct.
using the electrometric titration method (Fed. Test Method Std. No. 791,
Method No. 5106. 4) but titrating to 11 pH. The viscosity at 100°F is determined
on samples of the original oil and oxidized oil, using a kinematic viscosimeter
(Fed. Test Method Std. No. 791, Method No. 305. 3).

5. REPORT

The total acid number is reported in mg KOH per gram ci! fer
the original oil, oxidized oil, and overhead product. The visccsity 1s reported
in centistokes at 100°F for the original oil and oxidized oil. The weight loss
of the oil sample during test and the weight of overhead product collected are
reported in grams. Visual observations of sludge, lacquer, or other deposits
are reported. The metal specimen weight changes are reported :n milligrams
per square centimeter of metal surface. The condition of the metal surfaces
is reported in terms of visual observations of pitting, etchirg, or other evidences
of corrosion.
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