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ABSTRACT

Results of a compilation of lubricants, lubrication, and lubricant
tester data include a selected bibliography with abstracts which has been
arranged so that references are listed under the subject heading most applicable.

Design of & gear and spline lubricant tester which will accommodate,
as test specimens, all the most popularly used types of gears; such as, spur,
helical, worm, straight bevel, spiral bevel, and hypoid, as well as splines,
is described. The lubricant tester will be capable of test gear speeds up
to 30,000 RPM and tooth loads up to 6000 pounds per inch of face width.

The design of the tester was based on the analysis of inforration from
sources listed in the bibliography, gear lubrieation experience, and preliminary
design studies of possible new simulation, as well as gear type testers.

It is concluded that a universal type, gear lubricant tester should
prove advantazeous in selecting lubricants for specific applications, as well
as placing lubricants into a general classification of uselfulness as gear
lubricants.

The compilation of information, analysis, and final design of a gear

and spline lubricant tester was conducted by Western Gear Works' Research
Enginsering Group.

PUSLICATION ILEVIEW
This report has been reviewed and is approved.

FCR THE COMMANDER:
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Technieal Director
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INTRODUCTION

The investlgation was primarily made to develope a
suitable laboratory tester and test method which will
¢losely simulate actual service conditions for evaluat-
ing existing and research spline and gear lubricants.
Present day design trends are toward reduced unit envel-
ope, higher speeds, extremes of operating temperatures,
and greatly increased loading of splines and gears.
These present day design trends are c¢reating new lubri-
cation problems and Increasing the tendency for fret
corrosion and other types of rapid wear with consequent
reduced operating life.

The requirements for the test equipment are com-
pact size, simplicity of operation, and ease of main-
tenance to facilitate functional and economical testing
of small quantities of research lubricants. The eqguip-
ment is required to be compact for the additional reason
that it must be accommodated in a test chamber capable
of being cooled and evacuated to simulate flight condi-
tions.

The proposed test equipmerit is also completely
suitable for testing and evaluating materials that fu-
ture research may suggest as potential gear materials.

Phase I of the research program consisted of a
literature survey and was concluded with a comparison
of present testers on the basis of specific variables,
performance, and cost. Recommendations for Phase II
were that research effort be directed toward the design
of a "gear type tester". Phase II consisted of design
studies, refinements, and final .layout and detailing of
proposed gear and spline lubricant tester design.
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SECTION I
BASIC PRELIMINARY INVESTIGATION

Literature Survey

To compile the available data on lubrication, 1i-
braries, airframe, and gear manufacturers, petroleum
testing laboratories, and oil processing plants were
contacted. Scientifiec and engineering journals, ab-
stracts, indices, and reviews published during the past
twenty years and more were carefully checked for perti-
nent information and additional references. Complets
lists of the libraries searched and companies consulted
are given in Appendix I and Appendix II, respectively.
References are listed, under subject headings most
applicable, in the bibliography.

Information gathered from the companies éon~
tacted was of importance to fully cover present lubri-
cation problems and present test methods. This infor-
mation was used in the analysis of testers and should
be valuable in future research on this subject.

The procedure followed in each library, except the
Western Gear Works' plant library, was the same, All
of the library's index cards, related to lubricants,
lubrication, and lubricant testing, were checked. Each
article was examined and, if found to be worthy of
reference, was included in the bibliography. The art-
icle was then studied more carefully and a brief digest
prepared, The Western Gear Works' library was searched
and all articles on lubrication were collected, read,
included in the bibliography, and then filed in an
indexed file for future easy reference.

As a result of this literature survey, a card index
file was organized. Each card is filed under the subject
heading most applicable and contains the usual biblio-
graphical data and a digest or abstract covering the
significant features of each publication.
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On the basis of the information available, present
lubricant testers were analyzed with reference to condi-
tions occurring between the test surfaces and with
regard to their performance and cost of operation. An
analysis in chart form clarifies where present testers
are different and serves as a basis of comparison for
lubricant testers. The problems of a tester design
could then be outlined and the direction of future effort
planned,

Testers considered were those most generally used
and those representative of types pertalning to gear
lubricant testing. A brief description of these testers
and test methods are as follows:

S.A,E, Lubricant Tester. 1In the conventional test
method, two Timken test cups (T48651), of the type and
quality standardized for lubricant testers, are rotated
so their peripheral speeds relative to the area of
closest approach are in the same direction, The speed
of the upper cup is 14.6 times as high as the lower.

The speed selected for the upper cup is usually 1000 rpn,
although sometimes 500 rpm is used. As a preliminary to
the test proper, there is a starting period in which the
load is kept constant at 150 pounds (15 pounds scale
reading) for 30 seconds. Thereafter, the load is in-
creased at a uniform rate of 83.5 pounds per second until
scoring (failure) occurs. The load at fallure (scale
reading) is the criterion adopted for tests with the
S.A.E., machine.

The operating characteristics of the machine are
such that automatic alignment is maintained between the
two rotating cups so that the applied load is a true
criterion of the actual pressure on the rubbing surfaces,

Timken Lubricant Tester. The basic test elements
consist of a 1-7/8 inch cylindrical test cup rotating
against a rectangular block held stationary in a holder.
The test cup is rotated at 800 rpm. A steady load is
applied through a lever arm system for a period of ten
minutes. The standard load is obtained by applying a
total of 33 pounds on the lever arm which producas
approximately 20,000 pounds per square ineh at the rub-
bing surfaces. Appearance of the blocks (scoring) after
runs at various loads and weight loss of the block and
cup after constant load run test is used to judge the
quality of the lubricant.
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Four-Ball Lubricant Tester. Four % inch SKF steel
balls, or of metal under investigation, are arranged in
the form of an equilateral tetrahedron. The basic
elements are three lower balls held immovable in a
clamp to form a cradle in which a fourth or upper ball
is caused to rotate about a vertical axis under pre-
scribed conditions of load and speed. An upward thrust
given by a loading lever, acting on the ball holder,
presses the three fixsd lower balls against the upper
rotating ball with a vertical force of 10 to 800 kilo-
grams which results in a mean pressure on the rubbing
surfaces of 15,000 to 60,000 kilograms per square
centimeter, The ball hoider is supported by a thrust
ball bearing which permits horizontal displacement,
insuring automatie centering of the underlying balls
and making possible measurement of the friectional torque
exerted on the lower balls. For specification purposes,
three types of indices are in use; namely, the pressure-
wear index, the mean Hertz load, and the seizure and
weld points. All these indices require determination of
the nature and size of the wear scar. The first and
third indices, in addition, require determination of the
load at which the scoring mechanism for the test balls
changes.

Modified types consist of the Four-Ball Wear
Tester, Four-Ball Top, and Four-Ball Wear Top. The
Four-Ball Wear Tester has the same basic elements as the
Four-Ball Extreme Pressure Tester. However, it was
designed to operate in a much lower load range than the
extreme pressure machine. The wear tester evaluates the
anti-wear qualities of the base olls and the effects of
additive materials in improving the anti-wear qualitiss
of an o0il, The size and appearance of the scar at a
number of loads or the rate of wear per unit time under
constant load may be used as measures of the anti-wear
qualities of an oil,

The Four-Ball Top is an adaption of the Four-Ball
bearing principle to a machine for measuring the coeffi-
cient of friction at low sliding velocities and high
pressures. It consists of a weighted top which is
arranged symmetrically around a single steel ball which
in turn rotates in a cradle formed by the three lower
clamped balls. Since the top is free-wheeling, only
the frictional force between the upper and lower balls
1s involved in retarding the motion. Thus, to obtain
coefficient of friection, it is only necessary to deter-
mine the time and number of revolutions until the top
stops spinning, once it has been given a definite angular
velocity by a falling weight. This machine is very use-
ful for studying the fundamentals of lubrication.
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The Four-Ball Wear Top is a motor~driven modifi-
cation of the Four-Ball Top. It permits the measurement
of friction by the deceleration method just described
and also the measurement of wear by sustained operation
for several minutes or hours. The rotor is motor-driven
and can be brought up to the desired speed and then dis-
engaged from the driving mechanism by means of a
ratchet. Wear 1s determined by observing the wear spot
and quantity of metal abraded, or by determining the time
to wear through a thin plating placed on the top rotat-
ing ball.

Falex Lubricant Tester. The baslc test elements
consist of a ¥ inch steel pin rotating between a pailr
of V=blocks under a load applied by lever arms. The
system is similar to a mechanically operated nutecracker.
Since most of the wear occurs on the softer shaft, the
area of contact and hence the specific pressure at the
area of contact remains essentially constant as wear
proceeds. Weight loss of the pin is used as a means of
studying wear prevention gquality and the continuous
increasing load technique to measure extreme pressure
properties of oils.

Almen Iubricant Tester. The tester was designed
for testing lubricants for hypoid differential gears
from the standpoint of film strength. A % ineh drill
rod rotates at approximately 600 rpm in a % inch split
bushing made of SAE 2315 cold drawn steel. Pressure 1s
appllied to the bushing by means of a hydraulic and
mechanical loading system. Friction torque developed 1is
indlcated through a second hydraulic system by a
Bourdon gage. In conducting a test, the oil contalner
is first filled with oil (25 ml). The machine is run
for 30 seconds under no load. Load is applied at the
rate of 2 pounds every 10 seconds until seizure
(failure) occurs or 30 pounds have been applied. Each
2 pounds added produces 1000 pounds per square inch of
projected area on the testing bearing.

PIR Lubricant Tester. The apparatus resembles a
phonograph in that a gteel pin 1 millimeter diameter
rubs on a steel disc of 200 millimeter diameter. The
machine operates at a temperature of 100°C. The wear
of the pin is measured in relationship to running time.
By producing a very thin film of test lubricant on the
disc, the apparatus operates under conditions of pure
boundary lubrication.

WADC TR 54-37 e



Durability Lubricant Tester. The test specimen
consists of a 15 millimeter square stainless steel
interferometer mirror in contact with a 1-3/4 inch dia-
meter steel friction wheel. The test specimen is
attached to a lever arm arrangement with a diamond on
glass friction holder. When the friction between the
wheel and the test specimen, due to failure of the oil
film, 1s greater than the holding friction of the dia-~
mond on glass, the arm arrangement will move, Measure~
ments are made during this movement by electrical
methods and also the angle through which the movement is
active.

Buckingham Lubricant Tester. Two rollers of approx-
imately 3 inches in diameter and 4 inch thick are pressed

against each other by means of a spring-loaded machine
designed on the nutecracker principle. The rollers are
driven either by eccentric phasing gears mounted on the
same shafts, which cause different proportions of sliding
and rolling to occur at different points on the peri-
pheries of the rollers, or by phasing gears which pro-
duce a constant proportion of rolling and sliding on the
peripheries. 01l is applied by a jet impinging on the
outgoing side of the rollers. Secoring (failure) was
determined on the rollers by visual inspection, magnetic
pickup which indicated surface roughness, and a bearing
block deflection measuring device employed to determine
the coefficient of friction.

Thoma Lubricant Tester. The test specimens consist
of two cylinders with crossed axis and in contact at the
conters, One cylinder 1s loaded and the other is
attached to a torsion meter. Cylinders are immersed in

0il and both cylinders rotated in same direction. Torsion

load at scoring 1s used to judge the quality of the
lubricant.

Thornton Cam-Scuffi Rig. The cam-scuffing rig is
a similation-type test rig in which the cylindrical
surfaces of two eccentrically mounted discs (cams) slide
during part of their revolution against two flat sur-
faces (tappets), loaded by air pressure. The test oil
is led, at controlled pressure and temperature, to two
Jets directed on to the contacting surfaces of the
tappet and cam. Two sets of test pleces are used
simultaneously, with the two cams mounted coaxially but
out of phass by 180 degrees and separated by a distance
piece, the plunger and tappet assemblies being suitably
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offset, The test oil is heated to 80°C. A run of 1
minute at a cam speed of 1250 rpm, load of 30 pounds per
square inch is first performed. If scuffing has not
occurred, the rig is restarted for the next run with the
air pressure increased 5 pounds per square inch. This
procedure, increase load 5 pounds per square inch every
minute, is followed until both cams are scuffed (failure),
The vaiues for the scuffing load are the average air
pressure at failure, in pounds per square inch, for four
or more tests.

Navy Gear Wear Lubricant Tester. The tester
consists essentially of a E inch diameter brass and
steel helical gear combination mounted with axis at
90 degrees with each other. The power source delivers
a sinusoidal reciprocating linear motion of 3.1% inches
amplitude at 50 cycles per minute, The driving shaft
is connected to the power source by a flexible cord
working over a 1 inch diameter drum on the shaft. The
driven shaft is fitted with a 1 inch diameter drum for
applying the torque load to the gears., Load weights of
5 and 10 pounds are provided. Clean test gears are
placed on the shafts of the tester with the brass gear
on the driving shaft and the steel gear on the driven
shaft. Weight losses per 1000 cycles are determined,
after run-in, for 6000 cycles at 5 pounds load and 3000
eyeles at 10 pounds load.

IAE Lubricant Tester. This machine is of the power-
circulating type in which two pairs of gears are loaded
torsionally against one another, the driving motor being
required to provide only the frietional losses. The test
gears are of coarse-pitech spur type, 3 4 inch centers,
and made of case-hardened nickel-molybdenum steel, Loads .
are applied by means of a lever arm which in turn torques
the system and loads the test gears. One gallon of
lubricant is c¢irculated through a heater and pressure
control valve to the stationary gears at a feed temp-~
erature of 90°C., A lever load of 10 pounds is applied
and the gears run for 5 minutes at 2000 rpm. The mach-
ine is then stopped for 5 minutes during which time the
test gears are inspected, the load is inecreased by 5
pounds, and testing resumed. This procedure is repeated
with further load increments of 5 pounds until failure
occurs, the normal criterion of failure being the
scuffing of the test gear teeth.

Thornton High-Speed Gear Rig. The apparatus uses
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spur gears as test pileces and was developed to measure
the behavior of oils under high-speed conditions. The
rig operates on the "four-square" power circulating
system in which a pair of test gears is coupled by two
shafts to a palr of "power-return" gears of much greater
face width. The two sets of gears are loaded against
each other by locking up a torgque in the system by
means of a torque coupling on one of the shafts. The
gears are lubricated by an oil jet at 90°C., directed
vertically downwards towards the meshing point of the
gears. The standard test is to determine the load
which causes scuffing during a 15 minute test run. The
gears are given a run~in of 15 minutes with 15 pounds
on the 2 foot lever arm. If the gears are undamaged, a
sequence of inereasing the load by 5 pounds and running
for 15 minutes is followed until scuffing occurs. As a
general rule, an oil is tested at 3000, 6000, 9000, and
12,000 rpm, using the four test faces of a single pair
of gears with at least one set of repeat tests on a
second pair of gears.,

Shell High-Speed Lubricant Tester. * The test
specimens consist of AGMA, Class IV or better, 6 DP spur

ears, 3 inch center distance, 17 and 19 teeth, and
inch face width. The apparatus is loaded by the

"four-square" principle. Cluster gears of different
ratio are contained in a movable housing. By moving

this housing through a small angle, a torque is intro-
duced and the test gears loaded. This loading is remote
controlled and may be varied during operation, Speeds
may be varied up to a maximum of 35,000 rpm., The pro-
cedure for testing will be to select a speed at which
the test is to be run, pre-heat the lubricant to a
specified temperature where it is controlled, apply a
small initial load and run for a specified time, when
it is stopped. Test gears are then inspected, 1f there
is no sign of abrasion or scoring, the test is continued.
The load is increased by increments and run for a spec-
ified time, stopped, and the test gears examined. This
procedure 1s continued until abrasion or scoring of the
test gear teeth. Another funetion of the tester is to
determine the most favorable location for the application
of the lubricant.

*Manufactured by Western Gear Works, Pacific Gear Plant,
1035 Folsom Street, San Franeisco, California.
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Ryder Gear and ILubricant Tester. Two parallel

shafts are connected by two pairs of gears in the famil-
iar "four-square" power circulating system. Small spur
gears are the replaceable test specimens, while the
large helical gears are permanent parts of the apparatus.
The feature of this machine is the application of load
to the test gears by axial movement of one helical gear
relative to the other, accomplished by applying a known
0il pressure to the piston-like hubs of the helical
gears., From the helix angle and the area of the hubs,
the tangential load may be calculated. The housing is
divided into two compartments, one for the main gears
and one for the test gears., The run-in procedure
followed is: 200 pounds per inch of tooth face, 160°F,
oil temperature, 5 minute run at 1100 rpm, 10 minutes

at 1650 rpm, and 10 minutes at 2200 rpm. The loads are
then successively increased until the inspections be-
tween load increments reveal fallure by scuffing. The
load at which 22 4 per cent of the total tooth face area
is scuffed is considered the failure load.
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SECTION IT
ANALYSIS OF COMPILED INFORMATION

Testers studied in this research program have been
separated into two groups. The basls of classification,
being whether the tester contained actual gears as the
test specimens, or used simple basic geometric test
elements, Those using gears were classified as "Gear
Type Testers'", while all others were grouped under the
heading of "Slmulation Type Testers"., The term,
"Simulation Type Testers", does not necessarily mean
that these testers simulated gear or spline type con-
tact or motion. 1In some cases, such as the Four Ball
Tester, it would be difficult to determine the exact
machine element simulated,

Conclusions drawn from each type are given in sep-
arate sections as follows:

Simulation Type Testers. Simulation testers, as a

group, present a rather varied picture. Just about
every type of conflguration is rapresented., For in-
stance, the type of contact varies from a point to an
area contact of varying size and shape. Some have in-
cluded only a few variable factors, (such as hydro-
dynamic effect), while others have employed more var-
iable factors. For this reason, direct comparison of
results is not obtained and these results do not correl-
ate with service,

The plcture they present appears confused, but doss
tell a story when analyzed as a group. Those that showed
the greatest variation with service results were those
that appeared to have the least number of variable factors
usually oceurring in gear meshes when considering all gear
types. Those that attempted to simulate gear action, such
as the Buckingham and Thornton cam rig testers, have res-
tricted their action to that occurring in spur gears.

When these testers tried to preaict how a lubricant would
work under service conditions with other type of gears
such as hypoid and worm, service results did not correiate.

WADC TR 54=-37 -10-~



Probably the most instructive points are not those
that the testers as a group presented, but those that
were not included. Lengthwise motion, such as that
occurring in hypoid gears, was not simulated despite
the now accepted fact that flash temperature becomes
higher in this type of motion and the ability of a
lubricant to perform seems very closely allied to temp-
erature flash. Also, the time required for chemical
action of the additives with the metal surfaces involved
may determine whether a lubricant will operate satis-
factorily or not, yet this has not always been fully
considered. In all testers the time for chemical
action was reduced as the speed increased. Some testers,
such as the Timken and Four Ball, have one surface in
contact continuously; thereby, making it practically
impossible for chemical action to repair film rupture.

Some lubricants that have been rejeeted under a
given load and speed might have proved very successful
if more time had been allowed for chemical action to
take place.

It is believed that these two variables, length-
wise contact and time for chemical activity, also have
a decisive effect on the results z tester will give and
should be adequately considered in a tester design.
Attempts to correlate tester results with service indi-
cate difficulty where these variables are ignored. More
clearly defined results may possibly be obtained using
these variables, thereby making the lubricant rating
more closely correlate to service.

Simulation type testers have been found to have a
poor correlation with gear serwice and have probably
been designed and mainly used to determine, in the lab-
oratory, the value of lubricants for specific or general
application. The general opinion is that this type of
tester has an important place in laboratory work and as
a refinery control device, but is not a reliable indi-
catlon as to the performance of a lubricant under gear
sarvice conditions,

Preliminary design studies have indicated that
this type of tester may be improved and possibly, by
careful design, could give results that correlate with
service.

WADC TR 54-37 -11-



Gear Type Testers. Testers of this type show a
marked similarity in all respects. The testers are of
the "four square" power circulating type in which two
palrs of gears are loaded torsionally against one
another, the driving motor being required to provide
only the frictional losses., The manner of accomplish-
ing this action varied, but the principle was the

Same.

The present gear testers have also left out some
gear contact interactions as only spur gears were used.
Future designs should ineclude a variety of gears such
as hypoid and worm gears, as spur gears do not dup-
licate the type of contact in all gearing.

The time for chemical reaction of the lubricant
and/or additives and the metal surfaces, decreases as
the speed increases. It is felt that this variable
should receive more attention and be carefully accounted
for during the design of a tester.

The number of unknown variables; such as, hydro-
dynamic effect, external vibration, dynamic loading
and ambient conditions, all affeet gear lubrication in
alreraft and gnided missiles. These must be considered
when consistent results are required using testers to
determine the value of a lubricant for gears. Control
of these variables appears desirable, but may prove
difficult.

Gear type testers seem to be similar to "go-no-go"
gages, in that they give little specific detailed know=-
ledge of the effects of the individual variables or
their fundamental rating but accept or reject on an
overall basis, This disadvantage is of small consequence
as other testers are available for these specific var-
iable analysis. A gear lubricant tester should incor-
porate the many variables occurring in a gear mesh and
must be flexible so that service conditions can be
simulated as closely as possible.

The gemeral opinion of industry appears to he
tending toward gear type testers as correlation with
service has been better using gears as test specimens,
and these testers are more readily aimed to service
requirements,

WADC TR 54-37 ~12-



SECTION III
DEVELOPMENT OF TESTER DESIGN

General Function and Design

From the results of the preliminary investigation
deseribed in Section I, the analysis of compiled
information in Seetion II and preliminary design
studies of possible new simulation, as well as gear
type testers, it was determined that the research
effort for the next phase of the program be directed
toward the design of a "gear type tester", Becauss
previous "gear testers™ have been mainly restricted to
"spur" type gears and have, therefore, had a narrow
field of operation, the investigation of a gear type
tester design, that will be much more universal in
application, was proposed. This design would incor-
porate the ability to mount and test all of the most
copmonly used types of gears; such as, spur, heliecal,
worm, stralght bevel, spiral bevel, and hypoid, as
well as splines, in conjunction with the lubricant
variables so that conditions, more closely duplicating
actual service requirements, may be accomplished.

Flexibility of the tester's range of variables;
such as, load, speed, temperature, ambient conditions,
and lubricant application, appears to be highly
desirable. Test specimens should be actual gear elements
that can be standarized as to form, size, and material
for lubricant evaluation, but could be altered as to
material and processing specifications for any specific
evaluation desired for actual service requirements.

It was belleved that previous testers have not
correlated well to actual service conditions primarily
because the testers were not designed nor set up to
closely enough approximate the variables encountered in
service. A universal type gear tester would prove
advantageous in selecting lubricants for specific
applications, as well as placing lubricants into a
general classification of usefulness as gear and spline
lubricants.

WADC TR 54=-37 -13-



At this stage of development, it was desired that
the testing device be designed as simply as possible with
provisions for easy modification. It was felt that a
preliminary study of the importance of each of the var-
iables, listed in Figure I, was a definite prerequisite
to the final design of a practical testing device, and
1t was expected that several modifications would he made
or even different machines might be required depending
on the results of the work. Fundamental requirements
considered in the design were:

(1) Size and shape of gear and spline test
specimens.

(2) Means for mounting specimens on rigid test
spindles.

(3) Provision for introducing and measuring torque
in a "four-square" torque system.

(4) Means of rotating or raising and lowering one
test spindle relative to the other, providing
for types of gears other than spur gears as
test specimens.

(5) Method of driving test specimens at high
speeds and loads.

(6) Confine test lubricant system to less ihan one
quart capacity.

(7) Provision for the exposure of test specimens
to simulated use conditions; such as, high
temperature, low temperature, and high
altitude,.

The fundamental requirements for this device were
so complex and incompatible that many design studies
were considered before a design was found to fulfill
the requirements.

Design Criteria

The Design Criteria Curve, Figure 2, is essentially
a maximum expected test run on any one specific lubri-
cant, designating gear specimen tooth loads versus speed
at which scoring is anticipated, The curve of score
loads was based on the following:

WADC TR 54~37 “1l
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1. Results from tests performed on gear testers;
such as, the I.A.E., Ryder, Thornton, and
Shell Development testers,

2. Information from the literature survey on the
load carrying capacity of lubricants.

3. Tooth loads encountered through the years of
experience in the manufacture of zears by
Western Gear Works.

To determine the stresses present in the test mech-
anism, the design had to be based on a criteria of tooth
loads to produce scoring at the test gear specimens.
Tooth loads previously encountered were found from the
sources listed above.

The curve designates tooth loads much higher than
are commonly used in gear practice and also higher than
score loads determined on the previously mentioned
testers. 1In the event of testing a new developed lubri-
cant with a high load carrying capacity, the tester must
be capable of transmitting these higher loads. Adequate
allowances have been made in the detarmination of the
design curve to allow for future lubricants of higher
load carrying capacity.

The curve of transmitted horsepower indicates the
horsepover being transmitted through the test mechanism
and gear specimens due to the "four-square" power '
circulating principle, for the score loads shown at the
same test gear speed. A value of 105 of the transmitted
power was taken as the expected power loss, Therefore,
the prime mover need only furnish this 10% loss, due to
friction in the test mechanism.

The curve of input shaft torque indicates the

torque on the input shaft for the corresponding score
loads at the same test gear speeds.

WADC TR 5%-37 -16-
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SECTION IV
DESCRIPTION OF TESTER DESIGN

The gear and spline lubricant tester, as shown in
Figure 3, 1s a self-contained unit. The test mechanism
proper mounts on a test stand which houses the component
parts of the tester. Component parts, Figure Y%, consist
of the following:

(1) Main oil lubricating and loading system,
(2) Drive motor with controls.
(3) Test lubricant circulating system.

The main oll lubricating and loading system and the
test lubricant system are separate closed systems,

The main oil lubricating system consists of:

(1) 0il pump and electric motor,

(2) Pressure regulating valve.

(3) Pressure gages.

(4+) Four-way selector valve,

(5) Two-way hydraulic cylinder.

(6) Manually controlled pressure relief valve.

(7) Lubricating oil reservoir.

Sehematic layout of the main oil system is shown in
Figure 4. A Gerotor type oil pump, mounted on a 2 horse-
power electric motor, provides the oil pressure and cap-
acity required to lubricate the drive and load mechanism,
as well as pressurizing the hydraulic loading cylinder.
A pressure regulating valve is used to obtain a constant
pressure and oil flow for the lubrication of the test
mechanism, regardless of the pressure change in the

remainder of the system., A manually operated relief
valve, mounted on the panel board, varies the oil pressure

WADC TR 5L4-37 ~18 -
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supplied to the hydraulic loading cylinder. The magnitude
of pressure on the hydraulic cylinder depends on the load
required at the test specimens., The tester will be cali-
brated to correlate oil pressure on the hydraulic cylinder
to load in pounds per inch of face width on the test speci-
mens. The direction of force applied by the hydraulic
cylinder 1s controlled by a four-way selector valve, The
two directions of applied force are necessary to load both
faces of the teeth on the test gear specimens. Pressure
gages indicate the pressure on the hydraulic cylinder and
at the test mechanism. The pressure gage, indicating
pressure on the hydraulic cylinddr, is mounted on the
panel board. The reservoir has a capacity of approx-
imately 20 gallons and contains a suction filter for
filtering the lubricating oil and water circulating coil
for oil cooling purposes.

A variable speed, 500 to 10,000 rpm direct current
motor, is used as the driving motor. Schematic diagranm
of the DC powsr supply and control is shown in Figure k.
The motor incorporates a blower for cooling purposes plus
an attached tachomometer generator. Compactness is a
prerequisite so that the motor may be mounted within the
test stand. The tachometer generator is connected to a
tachometer indicator, mounted on the panel board, for
speed 1ndication. The speed control, with forward, re-
verse, and stop buttons, mounts on the side of the test
stand for easy control., The equipment necessary for
generating and regulating the required DC power is ex-
ternally mounted., A high speed pulley and belt arrange-
ment is used for power transmission from the drive motor
to the test mechanism,

The test lubricant circulating system includes an
oil pump and motor, heat exchanger, by-pass valve, pressure
gage, and test gear housing. Schematie layout of test oil
system is shown in Figure E. The capacity of the system is
restricted to not more than 1 quart with the test housing
acting as a sump. The test lubricant is applied to the
test gear specimens by a jet with pressure and flow con-
trolled by the by-pass valve. A pressure gage is mounted
in the oil inlet line near the test housing to indicate
0il pressure. A heat exchanger is used to cool the test
lubricant during a test run. The test gear housing incor-
porates an electric ring immersion heater for high temper-
ature testing, as shown in Figure 5. Thermocouples are
located within the housing to measure the air and/or the
test lubricant temperatures. The thermocouple wires are
connected to a junction block, located on the panel board,
to which a temperature recorder and control may be attached
for purposes of recording and controlling temperatures
within the test housing. The housing contains a pyrex

WADC TR 5437 20=
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inspection plate through whlch the test gear specimens
are viewed during testing. If necessary, the top half
of the housing can be removed for purpose of test speci-
men inspection without disturbing the test lubricant
contained in the sump. The test housings are so
designed that they can be easily and quickly removed

for changing the test gear specimens,

The test mechanism proper is based on the "four-
square'" power=-circulating system modified for the in-
clusion of the universal type tester principle. The
modification consists of returning the power through
a system of bevel gears rather than a single set of
return gears. The use of bevel gears as power return
gears permits greater freedom to the type of gears used
as test specimens. The mechanism, as shown in Figures
6 and 7, consists of a speed increaser and torquing
box, speed reducer, and a system of bevel gear sets and
shafts for power return.

Figure 6 is an assembly drawing viewed from the top
with the tester split on the top horizontal line. The
movable head, (2h§, is in position for bevel gear test
specimens,

Figure 7 1s an assembly drawing showing the sta-
tionary and movable head in outline and the power re-
turn system split on the vertical axis. The movable
head, (24), 1is in position for the use of splines as
test specimens.

The speed increaser and torque box consists of two
sets of spur gears, (99), (100), and (93) (94), with a
step up ratio of 1l:3. Torque is applied to the system
by rotating one set of spur gears, (93) (94), about the
other set, (99) (100). As gears, (93) (9%), are rotated
about gears (99) (100), due to the different number of
teeth in the spur gears the test gear spindle, (99), is
rotated through a greater angle than the drive shaft,
(100). By introducing this difference of twist between
two shafts within a locked system, torque is introduced
within the system depending on the magnitude of rotation
of the outer set of spur gears about the inner set. As
shown in Figure 7, the power return gears and shafts are
located beneath the test stand table top. After the
test gear specimens are mounted in position, the system
is closed and torque introduced at any point will be
transmitted throughout the system. The introduction of
toroue will be controlled by applying pressure to the

WADC TR 54-37 =20~



5

167} 43
124
I

o] 14

an
Kl 1 2]

,—"’T;ﬂ%ﬁ\
-G G-

—
-
el

i

&

T w||
. I
‘\LI I

//
/

] 1)1 i Yiosimefies) s 2af « 2 ) 7 [ 8 Ye2) o) sl o) o) e

BEVEL GEAR vs2)
TEST SPECWENS

FIGURE 6. TOP VIEW-LUBRIGANT
TESTER-BEVEL TEST

GEAR SETUP

WADC TR 54-37 -2%-

17 ) i49)

SECTION1OF3

WESTERN GEAR WORKS

....... is hanm cmay. EALIF




hydraulic cylinder, which is connected to the torque arm
(91). The torque arm is mounted on the housing, (90),
which is free to rotate in bearings (119) and (124). As
pressure is applied to the hydraulic cylinder, the
housing will rotate through a larger angle thus rotating
the cluster gears, (93) and (9%), through a larger angle
and introducing greater torque and higher loads on the
test gears, the pressure is maintained so that there 1s
a locked-up torque in the system. All gears within the
system are loaded against each other, but as the loads
are balanced, there 1s no resultant rotation. The gears
may now be rotated and the horsepower transmitted by the
test-gears 1s returned by the "power-return" gears. The
external drive, therefore, has only to overcome the
frietion in the system; thus, this method economises in
both capital and running costs over the absorption type
of rig, in which large power-supplying and power absorbing
equipment 1s required. The introduction of torque by
this method permits the’ varying of tooth loads during
operation, as well as providing a means of measuring
magnitude of torque load during the test run.

The test specimens are mounted on two hligh speed
spindles, (99) and (22). One spindle, (22), can be moved
through a 90 degree arc. The movable head, (24), and
spindle, (22), permits the use of test specimens other
than spur gears. The movable head, (24), contains a
bevel gear set, (22) (14), with a speed reduction of 3:1.
This reduction gear set makes it possible to return the
power at a speed comparable with the driving speed. The
male splined shaft, (25), transmits the power from the
movable head, (24), to the return power system. This
splined connection faclilitates assembly at the different
test positions.

The power return system, Figure 7, consists of the
following:

(1) Movable return housing, (73), containing a
female sglined shaft, 126), and a bevel gear
set, (27) and (33).

(2) Return shaft housing, (67) and (68), containing
a steelfex coupling, (194), and a male splined
shaft, (76), capable of extension or retraction.

(3) Return housing, (70), containing a female thru

splined shaft, (6l), and a bevel gear set,
(66) and (77).

WADC TR 54-37 ol



i

§

g

5 h

=TTTTN
]

i
]
i
|

/’I’ABLE Tae

wADC TR 5L-37

-25-

) 3] 3o i rrel ATY 35 34 140 n12) 3] waS 120 2ald] 2a) 2T

Wi | 19418

180}

153)

ASSEMBLY DRAWING

FIGURE 7. SIDE VIEW - LUBRIGANT

TESTER - SPLINE TEST

SPECIMEN SETUP

SECTION 2 OF 2
GS0RIB



The movable return housing, (73), can be moved similar
to the movable head, (2k4), to facilitate mounting of the
different types of %est specimens. This movement 1s
accomplished by allowing the two return housings, (73),
and (70), to rotate about their vertical axis and the
connecting splined shaft, (76), to extend or retract in
accordance with the varying angle and distances between
the two return housings. A telescoping housing, (67), and
(68), encloses the splined shaft and coupling. The movable
head, (24), and the return housing, (73), will be position-
ed with dowel pins and bolted to the test stand table at
positions in accordance with the specimens to be used in
testing.

The vertically mounted bevel gear, (77), in the re-
turn housing, (70), transmits power to a set of bevel
gears, (7%) and (101) in the stationary head, (87). Bevel
gear, (101), is mounted on the drive shaft, (100), to
which the external drive is supplying power through the
pulley, (195), which is alsc keyed to the drive shaft.

The drive shaft transmits the power and torque to the
torque box, (90), and the circuit is completed.

The direction of rotation of the test spindle, (22),
in the movable head, (24), is determined by the type of
gear test specimens being used; that is to say, the test
spindle in the movable head turns one direction for spur
gears and in an opposite direction for splines and bevel
gears. To return the power to the drive shaft, (100),
in the same rotational direction for all tests, it is
necessary to have a rotation reversing gear mechanism
incorporated in the system. This reversing of shaft
rotation will be accomplished by rotating the return
housing, (70), Figure 7, about its vertical axis which
thereby reverses the direction of the vertical shaft,
(77), returning power to the drive shaft. The female
splined shaft, (61), in the return housing, (70), is
designed to receive the male splined shaft, (76), from
e@ither side with a cap, (65), in place on the side not
in use during a test. In tests using splines and bevel
gears as test specimens, the splined shaft, (76), will
be connected as shown in Fizure 7. When spur gears are
used, the return housing, (70), can be rotated 180 degrees
about its vertical axis and the splined shaft, (76),
inserted in the opposite end.

WADC TR 5hk-37 26~



Using spur gears as test specimens requires that the
movable head, (2&), be set in the position as shown in
Figure 5. The test specimens listed above are keyed to
the test spindles and held in position with an Allen head
bolt, (176§. The specimens are removed by disengaging
the teeth of the test specimens, removing the bolt, and
pulling the test specimens from the spindles.

In the testing of lubricants, using worm and gear
as test specimens, it is necessary to have a set up
similar to that shown in Figure 8. The test worm is
mounted on an extended spindle shaft, (57), which is
supported in a special bearing pedestal, (5%). The test
worm is removed by removing cap, (55), unscrewing bolt,
(108), and then removing the extended spindle, (57), as
a unit. Sleeve, (58), is then removed from spindle,
(57), and the test worm is free to be removed from the
spindle, (57). Due to the velocity ratio of the worm
and gear set, it is necessary to have a special movable
head, (42), for the testing of worm gears only. This
movable head is shown in Figure 8, and incorporates a
1:3 speed increase bevel gear set, (71) and (44), The
ratio of the test worm gear set 1s 9:1 so it is, there-
fore, necessary to increase the speed for return through
the 1l:1 power return linkage at a velocity comparable
with the driving velocity of the drive motor. The gear
of the test worm gear set is mounted on a spindle shaft,
(43), similar to the other types of test gears. The
vertical bevel gear shaft, (44), has 4 male spline on
one end for transmitting the power to the movable return
housing. The movable head is mounted similar to the
movable head used for other test specimens.

The test gear specimens have a pitch diameter of 2
inches, face width of 4 inch, diametral pitch may be
varied, as well as material, All test gear sets have a
1:1 ratio except worm and gear set, which has a 9:1
ratio.

As previously described, the test gear housing in-
corporates an immersion heater for heating the test
lubricant. Due to movability of one of the spindles for
the use of different types of test specimens, it will be
necessary to have different test gear housings for the
different positions of the movable head and the varying
types and sizes of gears to be used as test specimens,
The test gear housings will be mounted as shown in
Figure 5.
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The test stand table 1s of a height that permits
easy accessability to the test section. Controls and
gages are so positioned to afford simplicity of oper-
ation and control during a test,

As shown in Figure 4, it is possible to remove
the top test section from the test stand in order to
place the test section in an altitude chamber for
testing lubricants under changing environmental condi-
tions. The removable test section permits only the
mechanism and test specimens to be subjected to these
environmental changes., Hydraulic, electrical and
driving power will be supplied through the wall of the
chamber. Controls for varying speed and load will
remain outside of the chamber.

In the event tests are to be conducted under vibra-
tory conditions, provisions to be made for the applica-
tion of externai vibration are as follows:

(1) A solenoid operated valve with an electric
timer will be placed in the hydraulic line
previous to the loading cylinder. The solen-
oid valve will cause pulsations in the oil
pressure applied to the hydraulic cylinder.
These pulsations or fluctuations of load will
be transmitted to the torque box and thereby
vary the torque load applied to the test gear
specimens. The frequency of the off-on
pulsations may be varled by the electric timer.
The rapid fluctuations of load at the test
specimens will simulate torsional vibrations
set up under actual in-use conditions.

(2) For the application of linear vibrations,
provision 1s made for the mounting of a
commercially available vibrator, These
vibrators are essentially electromagnetic
shakers with a wide range of frequency
variation,

The introduction and control of externally applied
vibration would present problems to the detriment of the
test equipment, If the top section of the tester is
vibrated, not only the test specimens, but also the
driving mechanism is subjected to these vibrational
forces. The application of external vibration tends to
complicate the mechanism and limits the life of an ex-
pensive piece of equipment as the loading and driving
gears would be subjected to all the abusive conditions
imposed on the test specimens.
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SECTION Vv
PROBABLE TEST PROCEDURE

The test procedure outlined herein is tentative
and a more detailed test procedure will be determined
after the tester is in operation.

(1)

(2)

(3)

(+)

(5)

The test specimens are mounted on the test
spindles. Movable head set in position
depending on the type of specimens used in
the test. Test gear housing is then assem-
bled around the test specimens.

Pour lubricant to be tested in test gear
housing and start circulating pump. Adjust
by-pass valve for required oil pressure and
flow. Adjust heaters or flow of water
through heat exchanger to obtain the desired
test lubricant temperature.

Start main oil lubricating pump and adjust
pressure regulating valve for required
pressure and flow to the test mechanism,

Start prime mover and adjust speed to 1000
rpm., (Speeds mentioned herein refer to
speed of test gear specimens). Load gear
specimens to 1000 pounds per inech of face
width by adjusting the manually controlled
relief valve to increase the oil pressure

to the hydraulic loading cylinder, (Tester
will be calibrated to correlate oil pressure
on the hydraulic cylinder to load in pounds
rer inch of face width on the test gear
specimens). The test specimens are run for
15 minutes at this speed, 1000 rpm, and load,
1000 pounds per inch of face width.

At the end of run-in time, the prime mover is
stopped and test gear specimens are inspected
for alignment and scoring. If the gears are
in good alignment and are not scored, proceed
with test,
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(6) Increase speed to 2000 rpm and load test
specimens to 2000 pounds per inch of face
width, Run for 5 minutes, stop, and inspect
gears for scoring. If gears are not scored,
proceed with test.

(7) Subsequent tests run at 2000 rpm with load
increments of 200 pounds per inch of face
width for 5 minute periods until gears
score. The normal criterion of failure .
being the scoring of the test gear teeth.

The foregoing test procedure can be run at any of
the speeds within the range of the tester. Maximum test
for one lubricant, upon which the design of the tester
is based, would be to follow the preceding test procedure
at speeds of 2000, 4000, 6000, 8000, 10,000, 15,000,
20,000, 25,000, and 30,000 rpm. Under these conditions,
test time required for one lubricant would be approx-
imately 7% hours, based on the scoring loads shown on
the Design Criteria Curve, Figure 2, Increments of
loads and test specimen speeds will depend largely on
the type of lubricant to be tested.

For testing grease lubricants, it would suffice to

either butter the test gears or pack the housing around
the test zears with the crease to be tested.
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BOUNDARY LUBRICATION

Barwell, F, T. The Effect of Lubrication and Nature of Super=-
ficial Layer After Prolonged Periods of Running. Symposium
of Properties and Metallurgy of surfaces. iInstitute of

Metals. November 1952. pp. 101-122.

General review of current concepts of lubrication and
wear of metallic surfaces, Mechanisms of continuous wear,
scuffing, pitting, abrasion, and fretting are discussed.
Bearing-surface modifications such as scuffing due to local
high temperatures, plastiec flow of surface crystals, and
Bellby layer formation are described. Metallographle changes
underneath the surfaces of ball bearings subjected to Hertzian-
type stress distributions during rolling action are discussed.
Photomicrographs are shown of sectioned steel balls having
such metallographic changes, and of balls with incipient
cracks and pits generated during test runs.

Surface coatings of various types such as oxide layers,
phosphated and anodized surfaces, metallic soaps, inorganic
salt extreme-pressure lubricants, and polymerized organic¢ and
silicone lacquers are described. Methods of formation,
frictional and load~carrying characteristics, physical prop-
erties, and theories of the lubricating mechanisms of these
coatings are discussed.

Barwell, F. T. Research on Friction and Wear. Engineering
172, W78, 4479, November 1951. pp. 649-651, 697-699.

Paper discusses work in progress on friction and wear,
In most cases, final results are not yet available, but the
method of attack and the different problems belng considered
are presented.

The first part contains a discussion of wear on the
boundary conditions in bearings. It is shown that phosphating
the surface of mild steel produces a film, probably porous,
which decreases seizure and scuffing.,. It is supposed that
"extreme pressure additions" to lubricants also produce
protecting films, although they may increase wear.

The latter part of the paper discusses various experiments
under way to determine the features of hydrodynamic lubrication
in different kinds of bearings. Author, in his conclusions,
indicates that perhaps more will be learned by the design
aspects of bearings than of the lubricants.
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Beeck, 0., Givens, J. W, and Smith, A, E. 0On the Mechanism
of Boundary Lubrication. I. The Action of Long Chain Polar
Compounds. Proceedings of the Royal Society. Al77. 1940,
The effect of long-chain polar compounds on the coeffi-
cient of kinetic friction under boundary conditions has been
studied using Boerlage four-ball friction apparatus in various
modifications, With steel balls of the highest grade coeffi-

cients of friction, a great number of lubricants were measured
as a function of the relative velocity of the rubbing surfaces.

The structure of thin films of these lubricants rubbed
on polished mild steel surfaces was investigated by electron
diffraction.

It was found that lubricants showing little or no*surface
orientation had a constant coefficient of frietion of about
0.1 over the avallable velocity range from O to 1 ecm/sec.

With oils which showed high surface orientation imparted by
addition of long-chain polar compounds, a sudden decrease of
the coefficient of friction was observed at various velocities
of the sliding surfaces, depending upon the compound used. By
measuring the electrical resistance between the sliding sur-
faces it was found that the regions of sudden decrease of the
coefficient of friction corresponding to a change from
metallic contact to extremely high resistanca.

The investigation shows that long-chain polar compounds
act primarily by inducing the wedging effect and not by giving
a direct protection teo the surface.

Beeck, 0., Givens, J. W. and Williams, E. C, On the Mechanism
of Boundary Lubrication II., Wear Prevention by Addition
Agents. Proceedings of the Royal Society. Al77. 1940,

If two metal surfaces slide over each other in the
presence of a lubricant and under high load, high pressure and
temperatures prevail at those isolated spots which actually
carry the load, leading to wear and possibly to breakdown.

The action of wear preventing agents under these condi-
tions has been studied in detail and it has been found that
such agents are effective through their chemical polishing
action, by which the load becomes distributed over a larger
surface and local pressures and temperatures are decreased.
Especially effective are compounds containing phosphorus on
other elements of Group V of the perodic system. These have
been found to form a metal phosphide or homolog on the surface
which is able to alloy with the metal surface, lowering its
melting point markedly, and by this action alding greatly in
maintaining a polish.
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A wear prevention agent reduces pressure and temperature
through better distribution of the load over the apparent
surface., Good wear preventing agents can never be good ex-
treme pressure agents, and conversely, agents capable of pre-
venting seizure under extreme conditions will generally not
be able to reduce wear. These deductions are in good agree-
ment with the observed facts.

Blok, H. Fundamental Mechanical Aspects of Boundary Lubri-
cation. Presented to SAE, N, Y. May 2L, 1949,

The physico-chemical advances cannot be fully exploited
without a thorough knowledge of the mechanical aspects of
boundary lubrication. Such terms as oiliness, film gtrength
and load carrying capacity should be discarded because of
vagueness. A clear definition of the mechanical terms such as
real contact area, apparent area, flash temperature, bulk
temperature, etc. are given. Types of contact such as concen=
trated (point and line contact) and dispersed contact (flat
surfacesg were analyzed in detail, On the bases of real
mechanical conditions existing in boundary lubrication, it was
proposed that the following four classifications be recognized.

1. Mild ?oundary lubrication (low temperature and low
press).

2. High temperature boundary lubrication (high temper-
ature and low press).

3. High press boundary lubrication (low temperature and
high press).

4. Extreme boundary lubrication (high temperature and
high press).

In extreme boundary lubrication the effects of temperature,
and not pressure, influences seizure tendency. The role of
the lubricant in the above classifications was extensively dis-
cussed.

Frictional vibration under conditions of boundary lubri-
cation was discussed. Critical speeds were found at which
vibration occured with a slip-stick seizure resulting. The
frictional vibration was thought to cause the seizures and not
the seizures causing the vibration. Theory of vibration
connected with boundary lubrication and a discussion of current
literature on the subject were given.

Bowden, F. P. The Influence of Surface Films on the Friction
and Deformation of Surfaces. Symposium of Properties and
Metallurgy of Surfaces. Institute of Metals. November 1952.

pp . 197-212 .
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Paper is an exposition of the facts of a large variety of
surface films on sliding of both metals and nonmetals. It
bears out the statement that friection and damage are influsnced
more by these films than by the materials themselves.

Degassed metals selze when slid and indicate coefficient
of friction over 100. Small amounts of gases absorbed on sur-
face greatly reduce friction and damage. Similar effect is
observed with nonmetals, but of smaller magnitude. Other sur-
face conditions reduce wear but not necessarily friection.
Relative hardness of oxide and base metal determines effect-
iveness of this film, Hard oxide on soft base such as tin and
aluminum breaks under light load. Hardened Beilby layer of
polished surface provides similar protection. Pronounced
reduction in wear with boundary lubricants 1s shown to be
result of solid metallic soap formed on surface. These are
not effective beyond the melting point of the soap. Chlorine
and sulfur are not effective below temperatures which will
cause attack of the surface. Low shear-strength films such as
indium, molybdenum, disulfide, and polytetrafluorethylene may
also be interposed to prevent damage to sliding surfaces.

Reviewer believes such fundamental understanding of the
mechanism of prevention of damage to be especially wvaluable
when considering problems involving sliding surfaces.

Bowden, F. P, The Mechanism of Boundary Lubrication. Pro-
ceedings of the Third World Petroleum Congress. The Hague.

Section 7. 1951. pp. 328-348,

To date, boundary lubrication has been studied much less
intensively than hydrodynamic lubrication. This is due in
part to the fact that the mechanisms and parameters involved
when bearing surfaces are separated by irregular lubricant
films of only molecular dimensions have not been thoroughly
understood.

otarting with description of metallice friction and wear
mechanisms, author proceeds to describe Influence of chemical
attack znd temperature on boundary lubrication. Basic
principle is that sliding friction is severely increased by
localized adhesion at tiny contact points. Oxide films,
chemical reactions, or thin films or low shear-strength
materials on hard substrates reduce friction by inhibiting
welding or permitting easy surface smearing. All postulations
are demonstrated by well-designed experiments using electron
diffraction and radicactive tracer techniques.
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Bowden, F. P. The Influence of Surface Films on the Friction,
Adhesion, and Surface Damage of Solids. Annals N. Y. Academy
of Science 53. June 1951, pp. 805-823,

A review and extension of work by Bowden and associates
on the role of surface films, Friction of outgassed materials
and surfaces exposed to contamination by a variety of sub-
stances is dlscussed. The performance of some lubricant
additives is explained by these observations. Work on friction
and adhesion between steel and indium lends further support
to the "welded-junction® theory of friction.

Bowden, F. P. and Tabor, D. The Friction and Lubrication of
Solids. Oxford. Clarendon Press. 1950. p. 337.

Monograph presents the major findings of the authors and
thelr agsociates in the Laboratory on the Physies and Chemistry
of Solids at Cambridge University, England, and covers a
period of research of approximately fifteen years. The text
is extremely well written and 1llustrated.

Subject matter treated 1s primarily for surfaces in full
or partial metalllc contact, little space being devoted to
the hydrodynamical aspects of lubrication; consequently, the
text 1is essentially nonmathematical. Many beautifully designed
experiments of unusual simplicity are used to establish key
concepts assoclated with such topies as: the real area of
contact between solids, the surface temperature of sliding
surfaces, the nature of polishing, the physical nature of
metallic and nonmetallic frietion, the role of the contamin-
ating film, and the boundary friction of lubricated surfaces.

Topics are included that might not be expected to be
found in a work of this sort. These include a treatment of the
nature of contact between colliding solids, and a discussion
of chemical reactions produced by friction and impact. The
manner in which explosives decompose is considered as part of
this latter material.

Being essentially a monograph, the book follows closely
the researches of the authors. As a result, the coverage is
not well balanced on the basis of modern textbook standards.
The space allotted to dry friction and its causes far outweights
that assigned to wear phenomena and the chemical aspects of
boundary lubrication, Howeverg the monograph approach makes
it possible to gain the reader's confidence and provides very
stimulating reading. This book will be invaluable to those
doing research in the field of boundary friction and related
toples, and will exert a major influence in the thinking in
these areas for many years to come,
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Bristow, J. R. The Measurement of Kinetic Boundary Friction
or the Experimental Investigation of "Olliness". Proceedings
of the Institution of Mechanical Engineers. 160. December
19}'*9 . pp . 3 8“’"""02 L]

Apparatus for determining variation of coefficient of
boundary friction with sliding velocity at very low velocities
is described; and a collection of test results obtained with
different lubricants using a variety of temperatures, metals,
and surface finlshes is presented. The dynamic aspects of
test apparatus for boundary lubricant is discussed and signifi-
cance of stick=-slip phenomenon reviewed. Author contends that
results presented support theses originally put forth by Sir
William Hardy.

Brummage, K. G. An Electron-Diffraction Study of the Heating
of Straight-Chain Organic Films and Its Application to Lubri-
cation., Proceedings of the Royal Society. Series A. Vol.
191. November 11, 1947. pp. 243-252,

Thin films of normal paraffins, fatty acids, and esters
upon surfaces of aluminum, cadmium, copper, nickel, silver,
mild steel and stainless steel, were examined by eiectron
diffraction during heating. In all cases the diffraction
patterns showed the films to change from an orderly erystalline
arrangement of molecules to an expanded state of individual
molecules at a rather definite temperature. This disorien-
tation was found to be reversible, the orderly arrangement
returning when the specimen was cooled,

Films deposited by either the Langmuir-Blodgett technique,
or from isohexane, gave the same disorientation temperatures
within an experimental precision of 2 to 5 C. The disorien-
tation temperature was found to increase with film thickness
and to depend also upon the substate and film materials. While
no explanation of the influence of these variables upon the dis-
orientation temperature is offered, a correlation was observed
between the bulk melting point of the film material and the
disorientation temperature for members of a homologous series.

The disorientation temperature was found to correspond to
the temperature at which the smooth friction of a lightly
loaded, slowly moving slider abruptly inecreased with increase
in temperature. The temperature marking the onset of "gtick-
slip" sliding was generally found to lie above the disorien-
tation temperature, which Indicates that even an expanded film
is absorbed on the metal surface. It is suggested that the
few cases in which the smooth friction transition point 1s
observed to lie above the dlsorientation temperature are due
to the formation of a chemical compound between the substrate
and the film.
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Charron, F. Viscosity Under Rapidly Changing Pressure,
Viscosite sous Pression Rapidement Variable C. R. Academy
Science, Parls. Vol. 225. November 17, 1647, pp. 919-921,

The author has investigated the question whether the
change in viscosity with pressure of lubricants 1s an instantansous
change, or whether the viscosity change is a function of the
time. While the problem is complicated by temperature changes
due to the pressure changes, his experiments with a "ballistic
viscosimeter” (C. R. Acad. Sci,, Paris, 1947, vol. 224, pp.
1472-1474) have indicated that the viscosity does not reach its
steady-state value instantaneously, but that there is a certain
hysteresis or time lag in the viscosity increase.

Further experiments are planned to prove this point and to
investigate it further. The effect is important for those appli~-
cations of lubricants where shock or impact in the bearings may
cause veary high pressures of short time duration.

Clayton, D. An Introduction to Boundary and Extreme Pressure
Lubrication., British Journal of Applied Physiecs Supplement.
NO. lo' Janu.ary 19510 ppo 25“32.

This comprehensive review on boundary and extreme pressure
lubrication includes explanations of boundary frietion, in par-
ticular, the adhesion theory. Dealing with the influence of
the main parameters on friction values, velocity is considered
first, together with explanation of frietion-induced vibrations
in terms of the main type of friction vs. velocity curve., 4
simple general statement on the effeets of temperature and sur-
face roughness on friction cannot yet be given, Brief refer-
ences are made to the high temperatures reached at sliding
contacts, and to electrical effects, In terms of these
fundamental concepts, a sketch is given of the mechanism of
running in, of wear (including wear-testing and anti wear
additives), of the behavior of surfaces under severe conditions
leading to scuffing (including the function of extreme pressure
lubricants). Finally, the value of solid lubricants is men-
tioned, and alsoc the benefits that can be obtained by chemical
pretreatment of solid surfaces, '

Johnson, R, L., Godfrey, D. and Bisson, E. E., Friction of

S0lid Films on Steel at High S1idi Velocities. NACA TN
1578. April 19%8. PP. I-EB. '
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This research is a continuation of a study reported by
Johnson, Swikert, and Bisson (Nat. adv. Comm, Asro. tech.
Note, no. 1442, Oct. 1947). The authors report the results
of friction and wear studies made with surfaces coated with
various inorganic films which are of importance in run-in,
in extreme-pressure lubrication, and in supplementary or dry
lubrication. Additional studies were made using standard
physical, chemical, and metallurgical techniques, including
electron diffraction, The relation of the findings to
friction and lubrication theory and practice is discussed.

The apparatus used for the friction and wear tests
consisted basically of an elastically restrained spherical
steel rider sliding on a rotating steel disk. The range of
sliding speeds employed was from 50 to 8000 fpm with loads
from 169 to 1543 grams (108,000 to 225,000 psi, initial
Hertz surface stress), The morganic films studied were Fe 03,
Fe 03, FeCl, FeS, MoS,, and graphite. These were applied %
thg isk surface only. Of these Fes0y, FeCl,, MoS,, and
graphite were found to be the most %e%efiﬁiai as regards
friction and wear.

Johnson, R. L., Godfrey, D, and Bisson E, E, Friction of
face Filmg formed by Decomposition of Common Lubricants of

everal Types. ACA TN 2076, Apri « DP. 20,

The effect on friction of decomposition films formed by
heating various petroleum and synthetic lubricants in contact
with a steel surface is studied, using an apparatus employing
an elastically restrained spherical rider moving in a spiral
path on a rotating disk. The decomposition films cause
significant reductions in friction. A thin film of the decom-
position product of a silicone polymer in conjunction with the
undecomposed liquid was particularly effective in lowering
friction. Authors believe these low values are due to low shear
strength of the film rather than hydrodynamic action of a very
viscous film,

Johnson, R, L., Peterson, M. B., and Swikert, M. A. Friction
at High 51iding Velocities of Oxide Films on Steel Surfaces

Boundary Lubricatéd with Stearic Acid Solutions. NACA TN
2366, May 1951.

Friction experiments indicated that lubrication with
stearic acid as an additive in cetane was effective at sliding
velocities up to 3000 ft/min. both for clean steel surfaces
and for surfaces coated with Fe,0, (1000 A° thick). A pre-
pared film of Fe30% (1000 A thgcﬁ) prevented lubrication
failure with 0.5 percent stearic acid in cetane at sliding
velocities higher than 7000 feet per minute., It is suggested
that the lubrication failures found at a sliding velocity of
3000 ft. per minute are caused by the melting of the metallic
soap formed at the liquid metal interface. The type of oxide
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and the film thickness are important in determining the
effectiveness of stearic acid as an additive in lubrication
at high sliding velocities.

Johnson, R. L., Swikert, M., A., and Bisson, E. E. Friction
and High Sliding Velocities. NACA TN No-1i42. Octobsr 19%7.

Reports experiments conducted with kinetic-friction
apparatus with steel specimens over ranges of speeds between
50 and 6600 ft./min. and loads from 169 to 2232 grams.

Kinetiec friction decreases with sliding speed for dry
and for some boundary-lubricated surfaces at high sliding
speeds. Amonton's law was verified at all speeds with dry
and boundary-lubricated surfaces. Changes in physical char-~
acteristics of material resulting from high surface stressing
and occurrence of ferrous oxide on the sliding surface are
possible causes for reduction in kinetic friction with high
sliding velocities,

Tabor, D, Collisions through Liquid Layers. Engineering.
Vol. 167. February 18, 1949, pp. 145-147.

The author presents a study of collisions between metal
spheres and between spheres and flat metal surfaces. Experi-
ments with contact surfaces dry and again with films of lubri-
cating oils between the surfaces are discussed, It is found
from measured electrical conductance across the arsa of contact
that the viscosity of the oil influences the condition under
which metal to metal contact occurs. There are cases in which
metal to metal contact does not occur but nevertheless plastiec
deformation of the metal does occur.

Calculations based on the theory of viscous flow of fluids
indicate that fluid pressure in excess of the yield stress for
the metal and fluild temperature as high as 3000 C can be dev-
eloped. Such pressure and temperature conditions have an adverse
effect on the lubricant.

The results of the investigation are said to be of

importance in the selection of lubricants for such machine
elements as gears and bearings,
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Tabor, D. Mechanism of Boundary Lubrication. Proceedings of
the Royal Soclety. Ser. A. Vol. 212, May 22, 1952. pp.

%98-505; Disc. p. 516.

How the theory of metallic frietion is modified in the
presence of boundary films. Minute metallic junctions contri-
bute to the frietional resistance and play a major part in
wear of lubricated surfaces. Effect of temperature shows that
the most effective lubrication is provided by a solid boundary
film which possesses a close-packed, strongly oriented structure.
A recent study of metal transference from one surface to the
other as sliding takes place, using radioactive metals, shows
that, at the melting point of the lubricant film, a marked
increase in pickup and friction occurs. At still higher temp-
erature, a second deterioration in lubricating properties
occurs, corresponding to desorption of the lubricant film,

PHYSICATL ASPECTS

Almen, J. O. Dimensional Value of Lubricants in Gear Design.
SAE Journal. September 19%2. pp. 373-378.

Explaining his title, Mr. Almen points out that, as a
result of the modern demand for more intensive use of structural
materials, many deslgn details are dependent upon specially
compounded lubricants, and these lubricants have thus bacome
inseparable parts of the design. Mr., Almen establishes the
hypothesis that lubricant failure in gears and other highly
loaded surfaces results in welding of small areas of the mating
surface for the following reasons:

l. The rubbing action removes weakly adhering films
permitting contact between clean metal surfaces.

2. The temperature of a thin surface layer is very
high from the friction of sliding under high load.

3. Welding of two surfaces can occur at temperatures
considerable below the melting points of a metal
1f the pressure 1is great.

4. Welding will not occur if a sufficiently tenacious
contaminating film is formed on the rubbing surfaces.

Considerable data, including three dimensional charts,
are presented to show the effect on the scoring limit of the
lubricant, the pressure, the temperature, the sliding velocity,
and the hardness.
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Burwell, J. T. and Strang, C. D. -On the Empirical Law of
Adhesive Wear. Journal Applied Physics. January 1952. pp.
18-28 .

Authors start from the premises that wear Iincreases in a
general way with distance of travel or time of running, but
generally not in a linear fashion, and that wear generally
decreases with inereasing hardness of the rubbing surfaces.

A simple fly wheel apparatus is described with a rubbing
pin of several shapes, cylindrical, conical, and spherical.
For a number of different low loads, the volume of abraded
material 1s linear with distance of travel, provided that a
steady condition of operation was reached before any data
were taken. The highest load corresponded to about 2/3 the
yield strength of the rider material. Experiments in a
higher strass region, where the rate of wear increases very
rapidly with stress to relatively high values, indicate that
the sharp increase in slope of the h/LP vs. pressure curve
(h 1s average depth of material removed, L distance of travel,
P average normal stress over the nominal contact area) cannot
be a result of breakdown of the liquid lubricant film at some
critical stress. The bearing of the results on the running-in
of machine parts 1s discussed.

Bisson, E. E., Swikert, M. A., and Johnson, R, L. Effect of
Chemical Reactivity of Lubricant Additives on Friction and
Surface Welding at High Sliding velocities. NACA TN 214+,
August 1950,

Kinetic friction experiments were conducted on steel
specimens lubricated with cetane containing sulfur and chlorine
compounds of different chemical reacturties. Data were ob-
tained at sliding velocities from 75 to 7000 feet per minute
with loads from 269 to 1017 grams (126,000 to 19%,000/in.2
initial Hertz surface stress). Greater chemical reactivity of
additives increased the critical sliding velocity at which
lubrication failure occurred, thereby substantiating a limiting:
rate hypothesis. Activity of the active atoms was more impor-
tant than the number of active atoms available for reaction.
Increasing the load decreased the critical sliding velocity as
a linear function of initial Hertz surface stress.
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Burwell, J, T. and Strang, C, D. Metalllc Wear. Proceedings
of the Royal Society. Serial A, Vol. 121. May 22, 1952,

pp. 470-477.

Experiments on wear between a cylindrical metal pin and a
hardened steel disk. Under steady-state conditions at light
loads, it was found that volume of material worn away is
proportional to load and to length of path traversed. Results
are discussed in relation to the problem of running-in newly
assembled machine parts.

Johnson, R. L. and Swikert, M, A. Friction at High S1idi
Velocities of Surfaces Lubricated with sulfur as an Additive.
NACA TN 1720. October 1940,

Kinetic friction experiments were conducted on steel
specimens lubricated with sulfur-type E,P. lubricants over
ranges of sliding velocities between 50 and 800 ft. per minuze
and loads from 269 to 1543 grams (126,000 to 225,000 1lb.-in.
initial Hertz surface stress). Supporting evidence was found
for a theory that rate of chemical reaction 1s a limiting
factor in lubrication by E.P. additives of surfaces operating
at high sliding velocities. Variations in load and sulfur
concentration had no appreciable effect on the sliding velocity
at which lubrication failure occurred.

Schnurmann, R. Thermoelectric Experiments with Extreme-Pressure
Lubricants. Journal of Applied Physies. Vol. 20. April 15649.
pp. 376-3C3.

Extreme-pressure lubricants (EPL) are designed to reduce
friction at high pressures, and prevent abrasion of the sur-
faces of the rubbing elements. The teeth Ef hypoid gears are
subjected to pressures up to 1.5 to 3 ¥ 10" kg per cm

For testing EPL the author employs a device in which a
rotating steel ball is pressed against the flat surface of a
metal block (Timken test block, flat surface of a steel roller,
ete.). The thermal electromotive force generated at this
contact 1s taken as a measure of friction. If lubrication is
insufficient, abrasion takes place and the galvanometer reading
increases at a greater rate than the normal load. With pure
mineral oil at 18 rps, for instance, the electromotive force
was proportional to the normal load only up to a load of 80
kg. The addition of 2 per eent by volume of chlorinated
paraffin wax extended this region of proportionality to a load
of more than 128 kg. The final wear impression had a diameter
in the first case of 1.61 mm, in the latter of only 0.79 mm.
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The author employs EPL of various kinds, with different
concentrations and several metals and metallic films, The
results suggest the existence of an optimum concentration of
additive. The author makes an attempt to explain this fact
physically.

MECHANICAL WEAR

Barwell, F. T. Some Aspects of Research on Friction and Wear.
Transactions of the Institution of Engineers and Shipbuiliders

in Scotland. 1951-1952, 95. Part 2. pp. 64=91,

Paper 1s an excellent discussion of problems inherent in
rubbing surfaces and current regearch toward understanding and
solution of these frictional problems. Topies discussed
include nature of surfaces, effect of surface oxides on lubri-
cation, possible mechanisms of wear, fretting corrosion, and
extreme pressure lubrilcants. Turning to hydrodynamie lubri-
cation, author touches upon dynamie loading, fluild pressures
between parallel surfaces, and experimental studies of high-
speed bearings, including vortex flow in eccentriec bearings.
Lubrication of ball bearings is treated briefly and a possible
explanation is put forth for the wide variation in the lives
of similar ball bearings.

Blok, H, Gear Lubricant-% Constructional Gear Material.
Ingenisur 63, 39, 0.53-0.6%F, September 1951,

The power-transmitting capacity of highly loaded tooth
gears is influenced by their lubrication, Hydrodynamic lubri-
cation (full fluid film) is seldom realized in tooth gears.

The lubrication is generally a boundary lubrication (the load
borne by direet contact tooth to tooth), and the scoring of

the toosh faces may be a eritiecal phenomenon; this often ean

be avolded by using special oils, the so-calied extreme
pressure (E,P.) 0lls, which contain chemically active additives.

Blok, H, War on Wear. Engineering 173, 4502, 4503. May
1952. pp- qu, 62;"'626-

Wear is the undesirable migration of the material of a
solid surface due to overstressing caused by mechanical forces
through continuous or repetitive motion relative to a fluid or
solid in contact. Wear may be single-sided, as in the
cavltation erosion by a fluid, or double-sided for two mating
solid surfaces. In the latter case, besides the temperature
effects, the surface contact may be dispersed or concentrated,
the surface finish may present summits to plastic flow, and
the surface pressure may exist with or without sliding. Pitting
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of gear teeth is a surface fatigue which 1s often arrested by
strain-hardening, a self-restoring factor. Abrasive wear may
be caused by an interference or cutting action, or by the
interlocking of the surface irregularities. The wear particles
cause further erosive abrasion. Adhesive wear occurs between
materials having high adhesive qualities-~junctions may be
formed requiring the forced separation by tearing and shear-

ing.

Protective measures to reduce wear are discussed under
three classifications: (1) The principle of the protective
layer includes protective plating and chemical coatings, and
contact inhibltors such as hydrodynamic fluid films, boundary
layers, and the absorption properties of extreme pressure
lubricants; (2) the principle of conversion considers the use
of lubricants, surface materials, and proper design to convert
destructive to permissive wear; and (3) the principle of
diversion of wear from one surface to another,

Wear is controlled by the choice of lubricants, materials,
and design. Further research is suggested particularly for
quantitative analysis in the problem of wear.

Bowden, F, P, and Ridler, K. E. W. The Temperature of Lubpi-
cated Surfaces. Proceedings of the Royal Society. Series A.
Vol. 15%. May 1, 1936. p. 640.

A method is described for measuring the surface temper-
ature of sliding metals. The temperature depends upon the
load, speed, coefficient of friction and thermal conductivity
of the metais, and 1s in good agreement with theory. With
readlly fusible metals the surface temperature reached corres=-
ponds to the melting point of the metal, With less fusible
metals the local surface temperature may exceed 1800°F,

Even with lubricated surfaces the temperature (under o
boundary lubrication conditions) is high and may exceed 1100 F,
This high surface temperature will cause a local volatilization
and decomposition of the lubricant and is a cause of the
breakdown of the boundary film,

Bowden, F. P. and Tabor, D. The Seizure of Metals. Institute
of Mechanical Engineering Journal. Vol. 160, No. 3. 1949,

When metal surfaces are placed together, the area over
which they touch is usually very small. As a result the
localized pressures at the points of real contact are suffi-
ciently high to produce plastic flow of the metal. Even
under static conditions, these high pressures may produce "cold
welding™ between the surfaces, and the metallic junctions so
formed may be very strong. These junctions are sheared during
sliding, and if they are stronger than the parent metals
heavy damage may result which is not limited to the interface
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at which intimate contact occurs. The growth and extension of
this localized damage constitutes seizure.

Bowden, F. P. and Others. A Discussion on Friction. Proceedings
Royal Society. Series A. 212, 1111. May i§%§:l“$ages 439-520,

Fundamental and significant work is reported on three phases
of friction: Friction of metals, friction of nonmetals, and
boundary and extreme pressure lubrication., In the first category,
results reported indicate that, with most metals, natural oxide
layer is sufficient to prevent metallic contact at small loads,
and that surface roughness, thickness of oxide film, and relative
hardness of oxide and metai substrate affect degree of protection
afforded bare metal, Coefficient of friction is found to decrease
linearly with hardness. Metallic surfaces 8liding together
become coated with an amorphous or Beflby layer formed when as-
perities become molten and smear out., Coefficient of friction
between clean surfaces is found to be on the order of 25 to 100.
Metallic wear is found to be proportional to load and to distance
traversed with load pressures below 1/3 the hardness; with loads
above this value, wear rate is greatly accelerated.

In the second category, frictional behavior of several
plastics and effect of outgassing on frietional properties of
diamond, graphite, and carbon are reported. Friction between
single textile fibers is reported to decrease with inereasing
load,

In the third category, desirable characteristics of boundary
lubricants and effect of surface condition are discussed together
with an interferometric technique for measuring thickness of
s?rfacg films. Action of extreme pressure lubricants is ex-
plained.

Bowden, F., P, and Moore, A. J. W. Internal Stresses Produced by
the S1idi of Metals, Institute of Metals Monogram Report
Serial No., 5. 1943, pp. 131-137.

. When a hemispherical steel surface slides over a copper sur-
face, a clearly defined track is formed. Direct examination shows
little apparent difference between the track produced under clean
and under lubricated conditions, However, for clean sliding, sec-
tions reveal much more severe distortion of the copper beneath
the surface of the track. Sections were made at 90 deg to the
direction of sliding and 5 deg to the surface of the steel. Study
of the clean sliding of copper on steel shows that adhesion and
a plucking out of the steel occurs at the interface. When the
surfaces are lubricated, a similar process takes place on a re-
duced scale. When a copper contact slides on a copper surface,
the damage is much more severe.
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It is concluded that the internal stresses produced below
the surface of the copper are formed by the formation and shearing
of metallic junctions during sliding. Continued sliding would
give a distorted layer extending far beneath the surface.

Buckinham, E. Qualitative Analysis of Wear. Mechanical Engineer.
August 1937. pp. 576-573,

Names six types of wear, and identifies, with a reasonable
degree of accuracy, both their causes and their effects. Ta)
Pitting, appears to be the result of compressive fatigue of the
- material caused by the repeated high compressive stresses set up
by the contact of curved surfaces under load. When these stresses
exceed the compressive endurance limit of the material, particles
or flakes are sheared out of the surface, (b) Abrasion, is
caused by the presence of foreign matter such as grit or metallic
particles between the contacting surfaces. On gear teeth, it
results in scratches or fine grooves running more or less at
random in direction of sliding between surfaces. (c¢) Shearing,
or cutting, takes place when because of other types of wear, rough
surface finish, misalignment of the parts, or other inperfections,
sharp corners or edges are present which cut through the oil film
and score the mating surfaces. (d) Spalling occurs when the
shear stresses set up by the movement of the elastic and plastic
wave ahead of the contact area between the curved surfaces exceed
the shear strength of the material. In some respects is similar
to pltting but does not appear to be a phenomenon that is caused
by fatigue. (e) Galling or scuffing, results from a momentary
failure of the oll film, causing high local temperatures and also
a plastic flow of the skin surface of the material. (f) Seizing,
1s an extreme case of galling, local temperatures are so high
during momentary faihmwes of the oil film that particles of material
are actually welded or brazed onto the contacting surfaces. Of
the six foregoing types of wear, failure of lubriecation is res-
ponsible for only the last two, galling and seizing.

Burwell, J. T. Mechanical Wear. American Soclety for Metals.
January 1950,

The papers in this volume were all presented in connection
with a spesial summer conference on Mechanical Wear, which was
held at the Massachusetts Institute of Technology, Cambridge,
Massachusetts in June 1948,

The papers cover laboratory and service experience on wear in
internal combustion engines, steam turbines, brake materials,
Journal bearings, gears, atc.

The papers also cover the effect of various factors on wear
in any or all of the above types of service.
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The confused nonmenclature in the field, and lack of clear
definition of such common words as "scuffing", "scoring", "galling",
and "erosion", testify to the state of undigested knowledge. On
the other hand, mechanical wear and means of curing it are be-
coming daily more important in modern industry.

For these reasons, the M.I.T. conference was held and the
purpose of this volume is to make available to a wider audience
the valuable papers and principal discussions.

Chalmers, B., Forrester, P. G., and Phelps, E, F. netje Fric~
tion in or Near the Boundary Region. Proceedings of the Roya
Society. Serles A, Vo%. l§7. December 13, 1946. p. 439.

An investigation has been made of the causes underlying
change of frietion with sliding veloeity. The method adopted was
to measure the friction of several different combinations of
materials under three different conditions: dry, with excess of
varlous lubricants, and with thin films of various lubricants
applied by two different methods. The experiments made show that
changes in friction with velocity may be derived from at least
three sources. First, such a change may be derived from the pro-
perties of the clean metal surfaces., Certaln combinationg of
materials show, when unlubricated, a decrease in friction with
inereasing velocity, and this tendency may remain in a modified
form even when a lubricant is added. Various hypotheses to ex-
plain this tendency are discussed. Secondly, with a boundary film
of lubricant present, friction may increase with inereasing
velocity, and the evidence suggests that this change 1s due to
partial destruction of the boundary film, the rate of which des-
truction rises with inereasing sliding speed, Thirdly, when there
i3 excess of lubricant, fluid film effects may oceur even with
restricted areas of contact and sliding speeds as low as 0.5
em/sec.,j such fluid film effects bring about a decrease in frie-
tion wi%h increasing velocity. This tendency is most marked when
one component is a soft metal, and may well explain the good
antifriction properties of the Babbitt and similar alloys. A
brief investigation was also made of the effects of surface finish
and of continual sliding or '"running-in", and the results obtained
are discussed in the light of Information gained from the experi-
ments on sliding veloecity,

Clayton, D. and Jenkins, C. H. M. Physical Changes in Rubbing
Surfaces on Scuffing. British Journal of Applied Physics. Suppl.
No. 69-77. January 1951,
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Cast-iron surfaces rubﬁing agalnst a steel ball have been
found to develop a thin 10-* or 10-2inch layer of a '‘white
constituent" when scuffing occurs or is approached. This material
has not been fully identified, but the results point to it having
a basis of two phases, viz., cementite and a quenched high-carbon
ferritic phase developed from austenite, resulting from the high
temperature developed by rubbing. In laboratory work, using a
4-ball apparatus modified to take piston-ring segments, this white
material was also obtained in some degree with mineral oil under
milder conditions than those causing scuffing, but not with the
castor oll which proved better in preventing scuffing in running-
in an aero-engine. Very excellent miecroprhotographs show a smooth
surface of this white material interrupted by eracks where the
material has torn out. Paper points out a very interesting sffect
which should be investigated further.

Evans, L. S. and Tourret, R. The Wear and Pitting of Bronze Disks
Operated Under Simulated Worm-Gear Conditions. Journal of the
Institute of Petroleum. 38, 34k August 1952. pp. 652-668.

Authors study wear and pitting occurring during rolling and
sliding contact of peripherally loaded disks. Problem is applica-
ble to worm~gear wear, as in automotive transmissions. Bronze
disk with lands is operated against steel disk of smaller diameter.
Wear is determined by measuring the decrease in depth of cali-
brated scratch. Pit formation, and surface and subsurface cracking
are determined by photomlicrography of e¢ross sections.

Authors suggest that wear is caused by surface becoming
hardened and brittle so that small particles become detached.
Pitting is initiated by either surface or internal cracks, or
both., Mechanisms of formation of surface and internal cracks are
discussed, and crack propagation by hydrauliec foreces in lubricant
is postulated.

Feng, I. M. Metal Transfer and Wear, Journal of Applied Physics.

23, 9. September 1952. pp. 1011-1019,

The interface between each pair of opposed high spots of two
solid surfaces pressed together is shown to be roughened to the
form of a saw-tooth profile by the plastic deformation that
occurs. This new experimental finding is the basis of author's
hypothesis that the perfect matching and the conseguent mechanical
interlocking so achieved at the interface are the primary cause
of the shear component of friction and of the two types of wear
characterized by metal transfer and by the formation of loose wear
particles, respectively,
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In contrast to Bowden and others, author considers welding as
the consequence and not as the cause of friction. More precisely,
the shearing induced by sliding is supposed to take place not at
the interface but, because of strain-hardening, at a section at
some distance from and more or less parallel to the interface. A
temperature flash is thought to be induced at the interface by the
heat of shearing, and thus the sheared-off peak may become welded
to its opposed high spot, provided thst diffusion at the interface
is rapid enough and the consequent adhesion is strong enough. In
cases where this condition is not fulfilled, the sheared-off peaks
would form loose wear particles.

Author claims that hils hypothesls solves several explanatory
difficultlies inherent in the older, the welding hypothesis. One
such difficulty lies in explaining the formation of loose wear
particles and the preponderance, in certain cases, of this kind
of wear as compared with metal transfer. Another such difficulty
relates to the high order of magnitude (100 and more) of the co-
efficient of friction between two clean metal surfaces. Reviewer
finds the new hypothesis exceedingly thought-provoking, but feels
that its correctness can be judged fully only after the additional
evidence announced by the author has been published,

Godfrey, D. Investigation of Fretting Corrosion by Microscopie
Observation. NACA TN 2039, February 1950,

An experimental investigation using miecroscopic observation
of the action was conducted to determine the cause of fretting
corrosion. Glass and other noncorrosive materials, as well as
metals, were used as specimens. Convex surfaces at frequencies

of 60 cycles or less than 1 cycle per second, an amplitude of .00l
in. and a load of 0.2 pouni.

Fretting corrosion was concluded to be caused by the removal
of finely divided and apparently virgin material due to inherent
forces and that its primary reaction is independent of vibratory
motion or high sliding speeds. Fretting corrosion occurred to
clean non metals and metals readily and glass microscope slides and
steel balls provided an excellent method for visual studies.

Godfrey, D. and Bisson, E. E. Effectiveness of Molybdenum Dis-

ulfide as a Fretting-Corrosion Inhibitor. NACA TN 2180.
September 1950.

Six methods of applying molybdenum disulfide MOS, to steel as
a fretting-corrosion inhibitor were evaluated. Inhib%tor action
between steel balls vibrating in contact with glass flats was mie-
roscopically observed; number of cycles required to produce incipient
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fretting corrosion was noted. Experiments with steel flats vib-
rating in contact with steel flats were also conducted. A bonded
MOS, coating delayed fretting corrosion for 28,000,000 cycles for
steel against glass and about 10,000,000 cycles for steel against
steel, Dry MOS, and mixtures with water, oil, or grease appreciably
delayed fretting corrosion, without an inhibitor, specimens

fretted immediately. Effectiveness of any inhibitor 1s dependent

on its ability to prevent metallic adhesion continuously.

Lane, T. B. and Hughes, J. R. A Practical Application of the
Flagh-Temperdture Hypothesis to Gear Lubrication. Proceedings of

the 3rd World Petroleum Congress. The Hague. Section 7. 1951,
pp. 320-327.

The postulate of Blok, that seizure will occur in gears when
the temperature in the contact reaches a value characteristic of
the combination of sliding system and lubricant, is investigated
to explain the behavior of oils in a gear rig at different speeds.
An empirical formula is given confirming Blok's hypothesis, but
this formula 1s only applicable to the special experimental
arrangement used for the investigations.

Lloy, J. M. Literature Survey of the Effect of Sub-Zero Temp-
eratures on Fuels and Lubricants. NRC MP. July 1952.

The purpose of this literature survey was to provide in a
readily accessible form a compilation of abstracts dealing with

the sub-zero operation of aircraft and vehicles with particular
emphasis on the part played by petroleum products in such operation.

The main difficulty in dealing with the problem, which 1is
quite evident in the literature, is the large number of variables
involved. Many of the authors of the papers reviewed here have
endeavored to list these, but considerable disagreement still
exists as to which variables dominate in a given case.

Until the relative importance of the variables is established,
it will not be possible to define "limlts" for satisfactory oper-
ation at sub-zero conditions,

Mansion, H. D. Some Factors Affecting Gear Scuffing. Journal of
the Institute of Petroleum. 33, 3W+. August 1952. pp. 633-645.
The tested gear was driven by another similar gear with
pressure loads rising from about 10 to about 70 lb., usually at
a speed of about 2000 rpm. The load at the beginning of scuffing
(in 9 minutes) measures the quality of the lubricant. Main results:
Seuffing load rises with rising kinematiec viscosity of the lubri-
cant at a given temperature; the influence of the temperature is
small in the range of 40 to 110 C; suiltable additions to the lubri-
cant may Iincrease the scuffing load by a factor of up to 3.
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Ovenhoff, R, F., Hand, J. W., and McGinniss, J. H, Bimonthly
Report No, 10 on Full-Scale Engine Performance on Aviation 0ils.
Report No. RL-6M-52 (38) ASTIA July 1, 1952,

Progress is reported in the investigation of full-scale
engine performance of aviation oils., Test No. 7 was carried out
to check the reproducibility of the SOD full~-scals test operation
by evaluating a straight mineral oll that was almost identical
with the reference lubricant used in Test No. 1. The lubricant
used in Tegt No., 7 (grade 1100 aviation o1l) was blendedi from
solvent-extracted mid-Continent base stocks and contained no
additive except for a small amount of an approved pour depressant.
The reference oil used in test No. 1 (grade 1120 aviation oil)
was blended from the same components in slightly different pro-
portions. Results obtained in test No. 7 show that the engine
test 1is satisfactorily reproducible and that the performance of
the test oil agrees very well with that of the reference oil
(test No. 1) in all respects.

Pomey, J. Friction and Wear. NACA TM 1318. March 1952.

Report covers general survey of field of frietion and wear,
including discussions of hydrodynamic lubrication, boundary
lubrication, dry friction, and seizure. Definitions are derived
and fundamentals discussed in considerable detail. Effects of
surface films (absorbed lubricants or chemically reacted compounds)
are studied. Some experimental results are presented,

Reviewer believes this is an excellent compendium of basic
information. Extensive foreign bibliography is included.

Rabinowicz, E., Metal Transfer During Static Loading and Im act,
Proceedings Physical Sociefy. (B) 2%, Part 8, 392. August 1952.

ppo 630"6 Oo

Experiments are described which investigate the metal transfer
taking place when a radiocactive hemispherically ended slider is
pressed normally into a flat suriace of the same or another metal,
It is found that, under very varied conditions, metal fragments
are transferred from one surface to the other, and this shows in a
direct way that strong junctions are formed between metal surfaces
in contact. The amount of metal transferred is small. In a
typical case (copRer on steel, clean, with load of 4 kg), the
pickup is 2 x 10~ 1g, corresponding to a uniform layer of thickness
0.1 angstrom over the area of the identation. Experiments in
which the load is varied suggest that, at higher loads, the oxide
layer on the metal surfaces is broken up to a larger extent than
at lower loads, and a more than proportional increase in metallic
interaction and transfer takes place. An analogous effect is
observed in the presence of boundary lubricants.
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II.

When the surfaces are impacted together, very similar results
are obtained. Somewhat less pickup is observed than for static
loading, and the difference is probably due to the fact that 1t
takes time for strong junctions to be formed. Impact experiments
with surfaces covered by lubricants show that a lubricant layer
may be trapped between the surfaces, and this produces a large
reduction in pickup without greatly reducing the amount of plas-
tic deformation.

Smooth Surfaces Don't Always Give Least Wear. SAE Journal. Vol.
60. June 1952. pp. b7=-60.

Research studies show that smooth surfaces wear more slowly
than rough ones under ideal laboratory conditions. However, in
applylng the results to production machinery, it is necessary to
exercise considerable caution. In many cases, fits of wearing
surfaces are seldom those envisaged by designers, and best results
are obtained by allowing some initial roughness., Effects of
secondary influences.

LUBRICATION PROBLEMS

Cunningham, R, Closed=-Circuit Lubrication System Applied to a
Turbo-Jet Aircraft Engine-Final Report. Pennsylvanla State
College. (ATI No. 189102). September 1952.

The report describes in detail the procedure followed in
modifying a current production turbo-jet engine to the closed-
circuit system., The resultant oil system was then sublected
to simulated flight conditions in the laboratory, involving
operation at altitudes to 70,000 ft., climb and dive, inverted
flight starting procedures at ambient temperatures down to ~-65°F,
The development and testing programs in the laboratory were
followed with installation on full-scale engines for ground and
flight testing at Wright Air Development Center.

Hutt, E. T. ZLubrication and the Load-Carrying Capacitﬁ of Gears.
Lubrication Engineering. Vol. &. August 1952. pp. 150-152,
201-202,

The functions of oil supply in relation to recognized types
of gear failure. The oil is shown to be much more than a mere
lubricant in the exact sense of the word. Ways in which operating
conditions and choice of lubricating oil can influence scoring
and pitting of gears in service. ©Some research findings concern-
ing influence of oil properties and other factors.
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Tourret,-R. and White, N. Aeration and Foam;eg in Lubrlcating 0i1
Systems. Aeronauticai Engineering Review. 2L, 279, 137, May
19%2. pp. 122-130.

Paper gives a broad pieture of the circumstances governing the
formation of foams in lubricating systems, with particular refer-
ence to aircraft engines. The basic physies of the foam-forma-
tion process is discussed first, and the effects of solubility,
surface tension, and buoyancy are considered briefly. The various
stages in the formation and decay of an oil form are described
qualitatively, and the effects of viscosity and temperature on
the rate of formation are discussed. The second part of paper
relates to the influence on foam formation of design factors in
the lubricating system itself. The effect of tank size and of
Pipe design is considered, and various means of improving the de-
aeration characteristic of a given system are suggested. Results
of tests on the effect of various detergent additives in increasing
the initial foaming volume are also quoted, together with some
discussion of the effectiveness and limitations of chemical anti-
foaming agents.

Paper 1s, in the main, a survey of the literature of this
somewhat neglected subjeet, and 38 references to original contri-
butions are given.

Unconfirmed Minutes of the Meeting of the Group and Panel Leaders
of the Aircraft Reciprocating Engine Lubricant Performance Group.
goord%nating Research Council, Inc, ASTIA (ATI 15904%). April
1951.
¥

The general scope of the project was to develop research
technique for the evaluation of lubricants for reciprocating air-
craft engines which will permit a better understanding of the
requirements and performance of petroleum products and engine
equipment. Laboratory test techniques were to be developed which
would give results comparable to those secured in flight tests
for six speclal compounded oils as compared with straight mineral
olis.

Separate projects were set up as, full-scale multi-cylinder
engine tests, single-cylinder engine oil performance tests, single-
eylinder engine rocker box coking tests, single-cylinder engline
preignition tests, single-cylinder engine spark plug fouling tests,
and bench tests.

No results or conclusions were presented as the individual
groups were just being organized.
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II.-A, GEARS AND SPLINES

Albert, E, V

. Fretti Corrosion--How to Eliminate It, Steel.
April 5, 1948, "p. 72.

Fretting corrosion is mechanical rather than chemical in
nature and is a function of load, motion, and oxygen. It was
found that fretting corrosion increased with highly finished sur-
faces and was more severe with steel surfaces of the same hardness
than when surfaces of different hardness are used. Anti-fretting
corrosion lubricants does not appear too likely in view of the
influence of load and motion upon the phenomena involved. To
reduce the tendency of fretting corrosion, it was suggested that
the following be done: Elimination of oxygen, adequate coating
to reduce friction; treating or plating surface to increase
friction and reduce slipping, installation of a gasket to absord
motion and prevent metal transfer, increase hardness of one or
both surfaces, induce residual compression stresses, increass
motion in order to maintain a protective film, and reduce viscosity
of lubricant and inerease its tenacity. The hardness of the sur-
faces must not be the same,

Kelley, B, W, A New Look at the Scoring Phenomena of Gears. SAE
804, September 1952,

This paper points out the need of more accurate formulas to
cope with the lesser ability of light oils to provide scoring pro-
tection., The most important reason why the scoring phenomena have
not been adequately expressed in a formula’is the lack of specific
knowledge of lubrication. The author goes into detail in applying
surface temperature formula to gears. This eritical temperature
would 1limit the use of mineral oils on gears. 1In conclusion,
purely empirical formulas, although necessary as a temporary design
tool, are rarely expandable and cznnot be trusted for advanced
designs. The approach which attempts to deal with more fundamental
concepts is more desirable because of its probable expandability.

II.-B. TIESTING METHODS

Casey, R. J. Report on Lubricating 011 Reguirements of J-34 Turbo-
Jet FEngines Under Low Temperature Conditions = Project TED No. NAM-
PPEO§. Naval Air Material Center. Aeronautical Engine Laboratory.
Philadelphia., ASTIA (ATI 72093). January 1, 1950.

Tests were conducted to determine the lubricating oil require-
ments of the J-34% turbo-jet engine under low temperature, high-
altitude starting conditions. All lubrication data were obtained
from runs on an X24G-4B engine incorporating AN X 24C-4D lubri-
cation system. It was found that performance of the oll pressure
and scavenge pumps is sufficient to maintain oil flows over an
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altitude range of sea level to 37,000 feet with oils of 20, 000
centistokes viscosity. The bearing temperatures remain within
limit under these conditions. The oil jet holes at No. 2 and No.
3 bearing are susceptible to clogging by foreign matter, This
causes an lncrease in bearing temperature owing to the reduced oil
flow and thereby may lead to bearing failure,

III. HYDRODYNAMIC LUBRICATION

Cope, W. F. The Hydrodynamical Theory of Film Lubrication. Pro-
June 1949,

ceedings of the Royal Society. Series A. Vol. 197.
PP. 201=217,

This paper is a re-examination of the theory of hydrodynamic
lubrication between two surfaces in steady relative motion.
Consideration of the relative magnitudes of the various terms in
the eguations for typical cases allows considerable simplification.
Thus the inertia terms in the momentum equation, and the dilation
and conductivity terms in the energy equations are neglected. It
is noted that the exact solution of the equations requirses an
equation of state which is simple only for a gas. It 1s shown
that, to obtain a suitable bearing-pressure distribution with a gas
as lubricant, the geometric slope will have to be considerable to
over-come the effect of density variation, while with a liquid the
density variation with pressure is small compared to its decrease
with temperature, and a parallel-face bearing is possible. Thus a
gas requires a '"geomatric wedge" hearing in which the distance
between the two surfaces decreases in the direction of motion, while
& liquid will work in a parallel-face bearing due to a "thermal
wedge" in which the density decreases in the direction of motion,

With the aid of simplifying assumptions (side leakage neglacted,
analytically simple equations of state and viscosity laws) several
cases have been solved, and their results are summarized, The load-
carrying capacities of the two wedges are shown to be about the gzame
when the viscosity varies greatly with temperature, but the thermal
wedge 1s shown to be superior if the viscosity variation is small.
The thermal wedge 1s mechanically simpler, but the required clear-
ances are small so that efficient fluid filtration is required.

The author concludes by noting that successful film lubrication
requires a wedging action of some kind, either geometric or thermal.
The first type is important in many applications, but the second may
altogether outclass it if the conditions of small viscosity variation
with temperature, large coefficient of cubical expansion, and small
clearance are obtained.
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Parker, R. C., Farnworth, W., and Milne R. The Variation of the
Coefficient of Static Friction with the Rate of Application of the
Tangential Force. Proceedings of the Institution of Mechanical
Engineers, Applied Mechanies. (W.E.P. No. 59). 1950. pp. 179-18%.

This investigation was undertaken because of its possible rela-
tion to the occasional failure of safety clutches to slip at high
over~loads. Coefficient of static friction was measured for a
number of different materials under impact conditions. An analysis
of the conditions of impact, derived from collision between solid
bodies and from a suitable hydraulic system, showed the latter to be
the more convenient and equally effective method of applying tangen-
tial force. Method adopted congisted of feeding o0il at a constant
rate into an oil cylinder, the piston of which constituted the strik-
ing head. The friction members were so arranged that the struck
member was in the form of a bar that was clamped between two massive
plates. The normal force was applied hydraulically and the tangential
force was measured by wire-resistance strain gages.,

Statie friction_was measured for rates of application of the
axial forece up to 103 tons per sec. Under dry conditions, friction
increased with rate of applied force, an effect more pronounced be-
tween a nonmetal and a metal than hetween metals., Lubrication with
0il appeared to diminish the variation of friction with rate of
application of force for all combinations of materials tested. Mag-
nitude of this effect was sufficient to contribute significantly to
the type of failure mentioned above,

Th;msen, T. C. TIhe Practice of Lubrication. MeGraw-Hill. New York.
1951,

A general descriptive text on the applications of lubricants to
diesel engines, steam engines, and other industrial engines.
The Lohmeyer and Thurston oll tester were briefly mentioned. on oil
testing, the author says, "The only reliable way of testing lubricants
is to test them under actual working condition by applying them to
the machinery they are to be used in and watch the results". This is
a good text for the operating engineer.

Wannier, G. H. A Contribution to the Hydrodynamics of Lubrication.
Quarterly Applied Mathematiecs. April 1950. pp. 1-32,

Paper is composed of three sections. Section 1 deals with a new
derivation of the well-known Reynolds equation. This arises from the
Stokes equations in first approximation if all quantities entering
latter are expanded in powers of the film thickness. Simple formulas
are expanded, giving such unknowns as the transverse pressure
gradient from the Reynolds solution. The standard assumption that
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latter is zero is superfluous. In Section 2, pressure distribution,
resultant load, torque, and coefficient of friction are calculated
for the closed infinite cylindrical bearing (no side leakage).
Starting from Stokes equations, author applies the known electrostatic
solution of the Laplace eguation to solving the problem of flow
between two eccentric circles. A comparison with Reynolds 1limit of
very thin oil film shows that the differences are not very marked.
Section 3 deals with the closed spherical bearing with side leakage.
Solution of the exact mathematical problem being too difficult,
pressure, resultant load, torque, and coefficient of friction are
calculated in the Reynolds limit; this also has not been done up to
this time, Analysis shows that side leakage does not play a very
essential role in the theory of lubrication, All the main features
are the same in the two caseg: pressure maximum near the point of
least clearance, region of negative pressure of the exit side,
antisymmetry of the pattern. A factor of the order 1/2 indicates
the effect of side leakage on the pressure,

Lubrication of Industrial and Marine Machinery. J. Wiley and Sons,
Ine. New York. Chapman and Hall, Ltd. London. 1945,

The book gives an elementary description of all phases of lubri-
cation without really giving working knowledge of the subject. It
is good for definitions and to obtain a general grasp of the subject.

ITII.-A., GEAR TEETH

Cameron, A. Hydrodynamic Theory in Gear Lubrication. Journal of the
Institute of Petroleum. 33, 344. August 1952. pp. 61Lk=622,

Paper attempts to explain the operation of gears on the basis of
hydrodynamic forces involved. Analysis and experiment are based on
simulation of gear operating conditions by sliding and rolling of
edge of a disk on the face of another with axes crossed. Test equip-
ment permits measurement of speed, friction, and normal load.
Experimental results indicate coefficient of friction is sensibly
independent of speed until scuffing occurs at some critical speed.

Theoretical analysis first considers rigid disks and constant
oll viscosity. Discrepancies between theory and test are considered,
and effects of pressure viscosity, film temperature variation, and
elastic surface deformations are noted. These considerations provide
improved qualitative agreement with experiment.
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Gatcombe, E. K. The Nonsteady~State Load-Supporting Capacity of
Fluid Wedge-Shaped Films. Transactions of the American Soclety
of Mechanical Engineers. 73, 8. November 1951, pp. 1065-1075.
Thickness and load-supporting capacity are considered of
fluid wedge-shaped films between the peripheral surfaces of
circular rotating disks on parallel shafts, which have their

eentar-to-center distance continuously changing, thus causing
the film thickness to alternate at moderately high fraquencises.

Exact analytical solution of steady~-state problems (i.e.,
disks revolving at constant angular velocities, and lower disk
and assembly not vibrated) is accomplished by transformation of
viscous flow equation from Cartesian to bipolar coordinates.
Earlier approximate solutlon gives results close to the exact
answers. These are, for disks 3.0000 in. in diameter, angular
velocity (-183) rad per second, minimum ghickness of wedge
0.00002 in., and oil viscosity 5.5 x 10-° 1b, second per sg. in.:
Maximum pressure, 26,700 psi; load-carrylng capacity, 225 1b.
per in, of face width; width of band of contact, 0.03% in.

The nonsteady-state solution (i.e., when the disks are
simultaneously rotated and the lower one, with its assembly, is
rotated) is obtained experimentally. Apparatus and its calibration
are described, D-c-excited coil is attached to lower shaft and
pick-up coil to upper shaft (though neither coil rotating). Sig-
nal produced in pick-up coil by vibration is fed to galvanometer-
type oscillograph fitted with automatic camera. Results show
that wedge can carry 2.22 times as much load as steady-state
solution indicates. Load-supporting action of film can be six
times as large as that resulting from rotational effects of disks.
Author's conclusion 1s that oil-film wedge in engineering bearings
and gears supports the loads known from practical experience
because they operate under nonsteady~state conditions.

Lane, T. B. and Hughes, B. A Study of the 0il-Film Formation in
Gears by Electrical Resistance Measurements. British Journal of
Applied Physics. October 1952. pp. 315-318.

In pursuit of information concerning the nature of lubrication
in gears, measurements of the electrical resistance between the
meshing teeth of rotating gears have been made, using a cathode-
ray oscillograph. Photographs of the trace on the screen of the
cathode=-ray oscillograph are shown indicating values of resistance
ranging from infinity to zero., The varistion of resistance de-
pends on the load, though the resistance is always lowest where
the sliding speed is highest and hag its maximum value in the
nelghborhood of the pltch-line where there is no sliding motion.
Absolute values of film thickness could not be determined.
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M'Ewen, E. The Effect of Variation of Viscosity with Pressure
on the lLoad-Carrying Capacity of the 0il Film Between Gear-Teeth.
Journal of the Institute of Petroleum. Vol. 36. No., 344,

August 1952, pp. 646-650.

Author thinks that hydrodynamic lubrication of gear teeth
1s possible, and he attempts to calculate the minimum f£ilm
thickness. He uses Reynolds differential equation for the
pressure in an oil film and assumes that there is no side leak-
age. Next, assumption is made with an expression for viscosity-
pressure dependence containing two arbitrary constants. Author
concludes that "for surfaces of sufficlently high finish" the
maximum of ‘the hydrodynamic zone increases as the two-thirds
power of relative radius of curvature.

ITII.-B., BEARINGS

Cameron, A. Hydrodynamic Lubrication of Rotating Disks in Pure
S1iding. Journal of the Institute of Petroleum, 37, 332
August 1951. pp. L471-L86, ’

Current lubrication theory predicts that a fluid film
cannot exist between the peripheries of two disks which are
loaded against each other and which have surface speeds of equal
magnitude but opposite direction, resulting in pure sliding.
Author postulates that solution of the Reynolds equation with
variable viscosity term might result in a final load equation
vhich would predict same load capacity for the pure sliding
case., Differential equations including effects of viscosity
variation along and across the film, surface temperatures due
to frictional heating, elastic deformation of the surfaces, and
adiabatic heating of the oil are set up in the appendix. A
simplified analysis is made, based on two large assumptions,
and predicts the existence of a fluid film. Simple experiments
are conducted with rotating disks, and a fair correlation with
analytical results is obtained.

Hersy, M. D. Theory of Lubrication. J. Wiley and Sons, Inc.
New York. 1936,

Main portion of the book is concerned with hydrodynamie
Iubrication, A historieal introduction is given and then the
classical hydrodynamic theory 1is developed in detail, temper-
%ture rise in bearings and oiliness occupy the latter part of

he book.
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Michell, A. Lubrication: Its Prineiples and Practices.
Blackie. London. 1950.

Early part of the book deals with the physical properties
of lubricants and the numerical constants of lubricating flulds.
Slider bearings, journal bearings and rolling bearings are given
in detaill. A short chapter on boundary lubrication was given,
but the book mainly dealt with fluid lubrication and the
distribution and treatment of lubricants in servicse.

Needs, S. J. Boundary Film Tnvestigations. Transactions of
Ameriean Society of Mechanical Engineers. Vol. 62, 1940.

The paper reports some of the results of a four-year
study of thin films of vegetable and mineral oils eonducted in
Dr. Kingsbury's laboratory under his direction. Aside from the
problems of filtration, selection of the proper metal for the
test surfaces and the preparation of the surfaces, the experi-
mental work divided itself into two distinct parts. Part I
describes attempts to discover indications of increasing
viscosity in thin films of oil formed by two plane disks
approaching each other under loads of the order of 0.20 psi with
no tangential motion. Part II describes experiments with plane
surfaces approaching under loads up to 800 psi with continuous
relative rotation of the surfaces. It also describes a method of
measuring the minimum film thickness reached under these conditions.
Experiments show that steel surfaces have a profound influence on
the behavior of lubrication films up to thickness greater than 60
millionths of an inch. Thege fllms are capable of supporting
loads at least as great as 800 psi. Under such loads, the film
thickness reaches a constant minimum which remains unchanged
indefinitely even with continuous relative rotation of the sur-
faces.

LUBRICANTS

Agster, R. T. Performance of RPM Aviation 0Oil 860 in Pratt and
Whitney R-2000 Engines Pan American World Airways Pacifie Div-
ision. OStandard 011 Co. of California, Product Acceptance Dept.
San Francisco, California., ASTIA (ATI 48184). January 1943.

To demonstrate the service performance of RPM aviation oil
860, the oil was installed in the Pratt and Whitney 4-2000
engines of a fleet of Douglas DC-4's, The inspectlions of the
first four engines, which had completed a full overhaul period,
showed RPM 860 performs satisfactorily in P & W 2000 engines,
both from the standpoints of low wear and light engine deposits.
During the period of operation with RPM 360, oil screen plugging
and collapse was reduced to a point where it was no longer a
problem. It is believed that this should be credited to the oil,
though minor changes in operating conditions and changes in screen
cleaning frequency also made important econtributions.
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Bouman, C. A. Properties of Lubrieating 0il and Engine Depogits.
MacMillian. London. 1950,

Discusses the classification, manufacture, physical, and
chemical properties of lubricating oil before starting in on
the lubrication phenomena occurring within the engine. Engine
deposits are analyzed in great detail. One chapter deals with
the maintenance of the lubricant in the engine., Practical
testing of lubricants is confined to physical properties of the
oll.

Eckardt, H. and Krienke, C, F., Friction Coefficients of Lubri-
cants. Alr Material Command, Wright-Patterson Air Force Base,
Dayton, Ohio. ASTIA (ATI 27066)., February 194%7.

A device used for the measurement of the friction coeffi-
cient of lubricants is deseribed. The oil to be tested is
spread on a level plate and a steel pin slides over the thin
layer of oil. The plate is rotated and the force the oll exerts
on the pin serves as a criterion for the measurement of the
friction coefficients., Results indicate that the friction co-
efficient of a great number of oils of equal viscosity but of
different composition differs only slightly. Additions of
graphite tricresyl phoshate and calciumchlorostearate did not
improve the friction coefficient. Fatty olls showed lower
values.,

Glass, E. M. Lubrication Engineering: The U, S. Air Foree's
Approach. Society of Automotive Engineers., November 1948,

Portion of the paper attempted to describe the general
characteristics, limitations and proposed developments with
regard to currently used aireraft lubricants.

The need for a lubrication program was outlined to
standardize lubricants so that the least number need be procured,
supplied and used. ~

The pertinent points of the program of lubrication engineer-
ing, as is covered by specification AN-L-32, were discussed.

Benefits of the lubrication program, after three years of
effectiveness, has been the reduction of the number of lubri-
cants in stock from the 400 special lubricants to approximately
20.

The most important benefit of the program as practiced by
the USAF is the welding together a partnership between the design
engineer and the lubrication engineer with the result that air-
craft equipment in addition to belng mechanically engineered is
lubrication engineered in the mutual creation of an air force
second to none,
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Godfrey, D. and Nelson, E, C. 0Oxidation Characteristics of
MoS, and Effect of Such Oxidation on its Role as a Solid-Film
Lubricant. National Academy of Sciences. 1IN 1882, May 1949,

- The oxidation characteristics of molybdenum disulfide
MoSs, and the effeet of such oxidation on its role as a solid-
film lubricant were determined., An analysis was made by x-ray
diffraction and special equipment was used in the coefficient-
of-friction determinations. A coating of MoS, serving as a
high-temperature solid-film lubricant maintained low coefficient
of friction values during its oxidation as long as an effective
subfilm of MoS, remained. The oxidation product MoOy alone
produced very ﬁigh friction., The MoS, began to oxidize at a
very low rate when heated in air at 7%0°F. the rate steadily

increased and became high at 1050°F., The MoS-» maintained its
orlginal hexagonal structure when heated to 1600°F. in vacuum,

Weber, W, Viscosity Measurements of Fluids Under High Pressures.
Part 2. Angew. Chem. B. Vol, 20. April 1943. pp. ©9=06.

This paper describes two series of experiments, conducted
on 20 different oils, in order to investigate the relation be-
tween viscosity and pressure at various temperatures. The vis-
cosity measurement was made using a small sphere falling along
an inelinad tube. A first series covered pressures up to 1000
atm and temperatures up to 60°F. : a second series on which
fuller details are given, %gvered pressures up to 200 atm only,
but temperatures up to 120°F,

The analysis of the results is very careful. For each
0il the pressure coefficient of the logarithmic relation between
viscosity and pressure was determined; this relation has been
confirmed, The dependence of the pressure coefficient on the
temperature has been studied but none of the pertinent empirieal
relations proposed by previoug authors has been satisfactorily
eonfirmed., Some efforts are made to connect the physical
characteristics involved with the chemical nature of the oils.

Woods, W. W. and Robinson, J. V. (Comparative Foaming Character-

isties of Aeronautical Lubricating Olls. NACA TN 2031, Feb-
Taary 1950.

Comparative data are presented on the volume of foam and
the stability of foams of aeronautical lubricating oils (new
and used) produced at 100°C, (2129F.) by the air-bubbling
method.

WADC TR 54%-37 -63-



An empirical expression has been developed by which the
rate of foam rise may be predicted from a known rate of aeration,
by making use of two parameters characteristic of the oil.

Phyvsical Chemistry of ILubricating 0ils. New York Book Division.
Reinhold Publishing Corp. 1951,

A very complete and advanced treatment of the physical and
chemical properties of lubricating oils including synthetiecs.
There was no mention of oll testing or test machines. This
would be a good reference for specific questions concerning the
property of a lubricant.

IV . "A . GREASES

Compondu, D. H. Application of Bentone Lubricants. Iron and
Steel Engineering. September 1952. p. 165,

Bentone lubricants cannot truly be called greases in that
the 0ils are not thickened by a soap, but are gelled by a
chemical compound obtained by reacting a purified bentonite
and an organic base, The qualities of these lubricants are
summarized as follows: they have no melting or dropping point;
contain no metallic soaps, or fatty acids; are water resistant
and are insoluble in the face of extreme water conditions;
have greater adhesive properties than any other type lubricant
because of their greater affinity for metalsy shear structure
1s lower than other lubricants; and never lose their extra-
ordinary adhesive and lubricity characteristics., Their pra-
ctical 1limit of lubrication seems to be 500°F, although 1500°F.
has been successfully reached.

Burger, R. J., Rubin, B.,, and Glass, E. M, Study of Rust Pre-
ventive Properties of Greages. Lubrication Engineer. Vol. 8.
No. 1, February 1952. pp. 2-3, 26-27,

Investigation of wheel bearing greases conducted in labor-
atory and in service aircraft on petroleum, Diester, Ucon oil,
and silicon greases. Specification AN~G-15 greases showed lack
of adequate corrosion protection while AN-G-25 greases exhibited
adequate corrosion protection properties under conditions of
high humidity and temperatures,
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Glass, E, M. and Salzberg, L. . Grease Lubrication of Military
Aircraft and Components. Material Laboratory Engineering Div-
ision, Air Material Command, ASTIA, ATI, Techniecal Data Digest.
December 15, 1947. p. 7.

Knowledge of the 1ingredients or compository of a grease
gave no indication of the performance of such a grease in equip-
ment under actual operating conditions. In addition to per-
formance tests, it has also become necessary to establish a more
fundamental physical-chemical approach, in order to have a more
complete understanding of greases.

The most important Job for the future in connection with
grease development 1s the necessity of infinitely greater
correlation between service-performance and laboratory-perfor-
mance tests together with refinement of the laboratory methods
for greater reproducibility., As far as the immediate future is
concerned, grease lubrication of aircraft will be limited to
approximately four greases, AN-G-54, AN-G=10 (improved).
AN-G~15 and AN-G=-25, It is felt that these specifications
overlap sufficiently within thelr performance ranges to take
care of all present and possible future requirements.

Klemgard, E. N. Lubricating Greases; Their Manufacture and Use.
Reinhold Publishing Corp. N.Y. 1937.

A book of practical and scientific data on the manufacture
and use of lubricating greases, including the chemical analysis
of many commercial lubricants abstract of important patents,
formulas, and practical processes for the manufacture of greases,
The operation and construction of the timken oil tester is briefly
given.

Pixley, F. E., Gear Lubrication Test Gun Door Actustor. Report
No, NA-47-230, ASTIA (ATI No. 184%0B8). March 17, 1947,

The purpose of the test was to determine the operating
life of gear door actuator mechanism worms and gears under a
specific load condition with various lubricants., The five
lubricants tested were AN-G-25, AN-G-15, AAF-3607, AN-G-5,
AN-G-5 plus 5% (wt.) AN=C~-24 and one set run without lubrication.

Conditions of test were: operate worm at 120 rpm (worm
gear at 2 rpm); 50 in. 1b, torque load to worm gear; air temp-
eratures 22571 229F,; operate until failure due to lack of
lubrication.
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Results were as follows: AN-G-25 at 13,500 revolutions,
gear showed minimum of wear; AN-G-15 at 13,500 rev. failure was
impending; AAF-3607 at 13,500 rev. failure was im ending;
AN-G-5 at 13,500 rev. gear failed; AN-G-5 plus 5% (wt.) AN-G-2h4
at 53,500 rev. only slight wear;no lubrication, gear failed at
2100 rev.

There was no noticeable wear of any of the worms.

Swakon, Edward A. and Brannen, Cecil G. Development of High-

Temperature Grease., Standard 0il Co. ASTIA (ATI No. 170965).
November 1951,

Eighteen experimental and commercial greases have been tested
to date in the high-speed, high-temperature bearing tester
(ABEC-NLGI)., Of the greases evaluated at 450°F., copper
phthalocyamine grease has given the best performance (about 250
hours) followed by Dow Corning 44#a (175 hours).

Emphasis has recently been placed on determining which of the
physical properties of grease are the principle causes for bearing
failure in the high-speed high~temperature bearing tester. Leakage
and evaporation tests run on a number of silicone greases showed
a wide variation in results but sufficient data have not been ob-
tained, as yet, to allow conclusions to be drawn., Further work on
the four-ball machine will be discontinued because a complete lack
of correlation was shown between performance in the bearing tester
and wear in the four-ball machine.

Continued work with new compositions for use as thickners

was carried out for the dual purpose of assessing their value as
thickeners and for obtalning data on the physical properties of
greases made from these materials and silicone oil. Greases made
from silicone oil and thickeners containing lanthanum oxide, which
had been precipitated in the presence of (a) ecolloidal silica and
(b) carbon black, showed the undesirable properties of the siliea
greases in one case and of the carbon black greases in the other.

Szggosium on Funetional Tests for Ball Bearing Greases. Presented
at 51st Annual Meeting A.S.T.M. Detroit, Michigan. June 23, 1948,
Philadelphia, 1949,

The purposs of the symposium was to guide future developement
of functional testing of ball bearing greases, The following
articles were presented at the symposium:

1. "Developement of Functional Grease Test Methods for the
Alrcraft Industry", by D. H. Moreton.
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2. "Grease-An 0il Storshouse for Bearings", by D. F.
Wilcock and Marshall Anderson.

3. "Laboratory Performance Tests for Antifriction Bearing
Greases", by M, Herbst.

4. "Service Experience with Grease", by W. T. Everltt.

5. M"Factors Affecting Simulated Service Tests of Greases",
by S. M. Collegeman.,

IV.,-B.=-2. 0OILS

Mangolin, E. L. Properties of Speecification MIL-L-7808 01l
(Sgnthetic 0il). Tech. Note: WCNE-52-532-487., ASTIA (ATI No.
164226). August 11, 1952.

The purpose of the paper was to present a compilation of
data on the properties of specification MIL-L-7808 oil. This
specification is a performance specification for oil suitable
for turbo-prop engines and such new turbo-Jets as the J-57,
J-65, and J-71. It is not believed that petroleum oils can
qualify due to the requirements. For comparison typical grade
1010 jet engine oil was included in data given.

Esso Turbo 0il 15, the only presently qualified MIL-L-7808
oil, swells rubber five times as much as grade 1010 oil.

MIL~L=7808 o0il is similar to grade 1010 oil at room temp-
erature but has better viscoslity characteristics at extremely
low and high temperatures.

Synthetic oils range from 10% to 20% heavier than comparable
petroleum Jjet olls.

MIL-L-7808 o0il 1s less volatile, has a lower value of
speclific¢c heat, greater thermal conductivity, greater load carry-
ing ability, and superior foaming characteristics than petro-
leum jet oiils.

Mosteller, J. C. Fluids, Lubricants, Puels, and Related Mater-
ials. Petroleum Refining Laboratory, Pennsylvania State College,
School of Chemistry and Bhysies. ASTIA (ATI No. 158975).
December 1951.
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First gquarterly report summarizing work being done during the
period of October to December 1951. Synthetic studies with PRL
3161 gear lubricant are continuing using full scale tests on
turbo-prop and turbo-jet engines., Lubricant is proving successful
so far, Physical properties are being evaluated. Improved shear
stability over mineral base oils was determined. A specification
procedure and limits for PRL thin film oxidation and corrosion test
for application to synthetic gear lubes was prepared. Study of
various base stocks for synthetie lubricants is essentlally complete.
Composition and properties, wear, and lubrication characteristics,
as well as oxidation and corrosion have been determined. Oxidation
and deterioration of an AN-09 oll, that was in storage for approx-
imately three years, was investigated and found that it did not
meet oxidation stability requirements but did meet corrosion test
specifications. An attempt to determine the reason for reduced
oxidation stability will be made.

Oxidation and corrosion stability tests at 500°F. with
phenothialine inhibited di-2-ethylhexyl sebecate (PRL 3207) and
PRL 3161 are being made with the complete results not yet compiled,

A program to study the inhibitor concentration change during
an oxidation and corrosion test is in progress with partial result
obtained.

Wear characteristics of Di-sec~amyl sebacte with tricresyl
phosphate anti-wear additive was made on a four-ball tester. The
wear remains hich at the 1 kilogram load even though wear reduction
over that of the ester without an anti-wear additive is noted for
the 10 kilogram load.

Murray, S, F., Johnson, R. L.,and Bisson, E., E, Effect of High
Bulk Temperatures on Boundary Lubrication of Steel Sur aces b
Synthetic Fiuids. NACA TN 2940, May 1953,

An experimental study was made of the effect of high lubricant
bulk temperatures on the boundary Jubricating effectiveness with
steel surfaces of various types of synthetic fluids considered as
lubricants for turbine engines,

Synthetlec fluids were generally effective lubricants at higher
temperatures than comparable petroleums.

Lubrication with esters and possibly other fluids is believed
to result from formation of a chemisorbed soap film by free acids
(contaminants) in the fluid. Failure results from deterioration
of metal soap and oxide films whieh is influenced by temperature
effects on the bulk fluid. Thermal stability can be associated
with viscosity grade within a given class; however, no correlation
could be made between lubrication failure temperature and the vis-
cosity at failure temperatures for the various fluids. At temp-
eratures up to its decomposition point, a silicate ester showed
more promise than the other lubricants studied.
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Murray, S. F. and Johnson, R. L. Effects of Solvents in Improving

Boundary Lubrication of Steel by Silicones. NACA TN 2708. Sep-
tember 1952.

Silicones best satisfy the viscometric requirements for lubri-
cants for turbine engines because of the known synthetie flulds.
A study was conducted to establish the effect of solvents on
boundary lubrication by silicones. Boundary-lubrication data were
obtained which are considered substantiating evidence for a
hypothesis that in solutions of solvent blended with silicones,
the silicones form a closely packed and oriented absorbed film on
ferrous surface. The solutions reduced frictlon and prevented
surface failure even when the solvent, as well as the silicone,
was an extremely poor lubricant. These data indicate that satls-
factory lubrication is the result of solvation effect rather than
a lubrication additive effect of the solvent because 30 to 50 per-
cent of solvent was necessary for good results. The best results
were obtained with solvents having dipole moments. Solutions of
diesters in silicones may be practical lubricants.

Rubin, B. and Glass, E. M. The Air Force Looks at Synthetic Lubri-
cants. SAE Quarteriy Transactions. Vol. 4, No. 2. Apri 0.
Synthetic lubricants (materials that are wholly or largely
nonpetroleum) are being looked at with favor by the Air Force, the
authors indicate, because of limitations in the performance of

petroleum lubricants at extremely high and extremely low temper-
atures.

The types of materials investigated as synthetic lubricants
ineluded: dibasic acid ester, polyalkylene glycols, organic
silicon compounds, halogenate& hydrocarbon, and inorganic radical-
organlc base ester,

Bxtensive studies and experiments with the above synthetic
lubricants were performed to determine their advantages and short-
comings.

The ever extending of the temperature ranges provides a pro-
blem in the rise of synthetic oils. The objective is to produce
an item capable of giving reliable performance over the range -75 F.
to 400 F. in a wide variety of applications. If such a material can
be made for both rolling and sliding friction applications, the
benefits in terms of simplification of the logisties and maintenance
problems would be incalculable. Such a lubricant would require not
only a stable liquid component, but also new thickness agents and
additives suitable for high temperatures.
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Woods, W. W. and Robinson, J., V. Aeration of Aireraft Lubri-

cating Oils over a Range of Temperature. NACA TN 1948,
April 1949,

An investigation was conducted to demonstrate the gxistence
of air emulsions in aeronautical lubricating oil at 100°C, and
the amount of air in the emulsions has been measured. The three
mechanical systems that were investigated to produce air emulsions
were an electrie kitchen mixer, the colloid mill, and the gear-
pump circulating system.

The greatest measured air content of any emulsion produced
was about 154 by volume with oil containing lubricating additives,
where as unmodified oil formed emulsified aeration, was reduced
to a minimum of 2% to 4% by use of either Dow Corning fluid type
200 or a mixturs of glycerol with aerosol oT.

These two mixtures completely eliminated surface froth.

Zuedema, H. The Performance of Lubricating 0ils. Reinhold.
New York, 1952,

A well written book that discusses the performance char=-
acteristics of lubricating oils: such as, rheology, oxidation,
bearing corrosion, sludge, and lacquer depesition, emulsifi-
cation, foaming and wear. A short section is given on manu-
facturing methods. Several of the well known testers (Almen,
§1mkin, SAE, Four Ball) were very briefly described on a general

evel,

Effective Lubrication Range for Steel Surfaces Boundary Lubri-
cated at High S1iding Velocities b Various Classes of Synthetic
Fluids. NACA TN 2852. December 1952,

It was the endeavor of this program to find new types of
lubricants to replace current petrolsum oils for the turbine
type aircraft engines of the immediate future. The present
lubricants (specification MIL-0-60814, grades 1010 and 1005)
are not completely satisfactory because they are either too
viscous for adequate pumpability at low temperatures (-4650F,)
or because they have marginal lubricating ability and excessive
volatility at present bearing operating temperature (under 350°F. ).

Experiments were performed on classes of diesters, poly-
ethers, silicones, silicone diester blend, silicate ester,
phosghonate esters, halocarbon and petrolsum MIL~0-6081 (grade
1010) as a comparison only. A kinetic-friction apparatus,
consisting of a steel ball sliding on a lubricated flat, steel
disk, was used. Sliding velocitjes from 75 to 18,000 feet per
minute and a load of 269 grams with very thin films of synthetic
fluids were used in gathering data,
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Sliding-friction data and surface-failure properties show
that a number of the synthetics are more effective boundary
lubricants at high sliding veloeities than petroleum oils of
comparable viscosity. A blend of silicones and a diester, an
alkkyl silicate ester, and a compounded diester {containing
lubrication additives) were more effective boundary lubricants
at high sliding velocities than were comparable diesters from
which most widely accepted synthetiec lubricants are made., A
dlester failed to lubrlcate nonreactive surfaces which indicates
that the lubrication mechanism for diesters may involve chemical
reaction with the lubricated surfaces.

IV.-C. MILITARY SPECIFICATIONS

Lubrication. U, S, Dept. of the Army. Government Printing
Office. (lechnical Manual, 9-2835) 1949.

This manual explains the fundamental prineiples of lubri-
cation, lists the lubricants, lubrication publications, and
lubricating equlipment available to personnel and analyzes the
basiec types of surfaces on bearings which must be lubricated.
Lubrication of types of material also is discussed. No attempt
has been made to give definite lubrication procedure for specific
items. Main purpose of the manual 1is to give the reader a
general understanding of the subject of lubrication as applied
to military material.

TESTERS - GENERAL

Backoff, W. J. Performance Testing of Gear Lubricants. SAE 398,
November 1949,

Describes a performance testing program to determine whether
2-105B lubricants would or would not give satisfactory performance
when subjected to various testing procedures., Findings were
that the 2-105B qualification tests do not cover the full range
of requirements for all types of service and from the several
test procedures investigated, the Chrysler Mt. Truck, the General
Motors shock and the Pure 0Oil Co.. High speed tests should be
added to the L-19 and L-20 tests in order to cover the most
severe types of service,

In summarizing the gear test work, it is believed that there
are four possible courses for the marketer of gear lubricants
which allows each to choose how many applications one lubricant
can economically cover and that road testing evaluation of gear
lubricants will clearly define the class into which each lubri-
cant falls.
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Clower, James Ira. Lubricants and Lubrication. 1st Edition.,
New York and London, McGraw-Hill Book Co., Inc. 1939,

Standard treatment of properties of lubricants and lubri-
catlon practices., The text 1s essentially practical with ad-
vanced theories left to other books that treat them in detail.
Essential purpose of the book is to give a working knowledge
of the subject. The Almen, Timken, SAE, and the Navy Work-
Factor Machine for Testing Lubricantsg are described very briefly.

Downs, D. and Pigneguy, J. H. Lubricating 0il Tests., Automotive
Engineering. Vol. 39. February 1949. pp. 51-58.

A series of accelerated engine tests has been evolved for
rating olls, especially lighter duty oils containing anti-
oxidants, detergents, and dispersants. The tests are made on
water-cocled gasoline engines. Piston cleanliness tests last
50 hr, the temperature of the piston being 200 C and that of
the oil 95°C; ratings are given depending on the extent of carbon
deposit on the skirt., Cold-sludging tests last 200 hr, the
temperature of the jacket and the oil being lower than in the
previous test. Big-end bearing corrosion tests last 90 hr;
copper-lead bearings are used and the oil temperature is main-
tained at 100°C. Cylinder and ring wear i3 tested in-a special
crosshead engine providing separate lubricating oil for the
cylinder and the crankcase assembly. Ring sticking tests are
carried out for standard periods of 5 hr, the cylinder temper-
ature increments between successive tests being 5°C. until a
quarter of the top ring is right in the groove,

Diagrams and photographs of pistons show that oil per-
formance can be essentially improved by some additives.

Klaus, E. E. Wear and Lubricating Characteristics of Some Mineral
01l and Synthetic Lubricants. Petroleum Refining Laboratory
Pennsylvania State College, Report No. P.R.L. 4-52, June 1952.

The purpose of the study was to evaluate the relative lub-
rieity of various types or classes of organic compounds as lubri-
cants and lubrication additives.

A total of sixty-four laboratory wear and lubrication

testers were reviewed. These testers were described briefly with
no test results given.
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Mae Coull, N., Ryder, E. A., and Scholp, A. C. An 0il Corrosion
Tegter, Presented to SAE. January 1942,

A bench corrosion tester was bullt by the Texas Company &
Pratt and Whitney Aircraft Co. Results correlated fairly well
with practice, but it was emphasized that the tester does not
eliminate the need for a full scale test. The tester mainly
eliminates the very poor oils, Operation, construction, etc., of
the tester 1s given in detall. It is a sleeve bearing running
in an oll bath that is thermally controlled. This tester does
not reproduce the temperature flash as in boundary lubrication
and 1ts use 1n connection with a gear tester is questloned.

Mayer = Bugstroem. Lubricity Tests on 0Oils with the 0il Testin
Machines of Almen, Wieland, and Thoma. ASTIA (ATI No. 18556).
March 1938,

A serjes of lubricating olls, especially aireraft engine
olls of various manufacture and composition, were tested in the
oll-testing machines of Almen, Wieland, and Thoma, No satis-
factory correlation of the results obtained by the various
machines could be determined. Only in the case of a very different
composition of the oils (fatty oils compared to mineral oils) the
evaluation of the lubricity was the same in all three machines.
Obviously, between the mineral oils and the slightly fat-modified
olls, the difference in lubrieclty are too insignificant to bhe
noticed within the recording errors of the machines.

Consequently, a lubricity determination by one of these mach-
ines does not agree with the measurements of any other machine
designed for the same purpose, That means, an application of
these data in large-scale production will be impossible. Further
tests are, therefore, scheduled to test several olls under static
or dynamic load as to their behavior in an alrecraft-engine bearing.
These o0ils can then serve as reference materials,

Schnurmann, R. Mechanical Methods of Testing Lubricants. Trans-
actions of the Instrument Measuring Conference. Stoeckholm, 1949,
pp- 15’)‘""16)"‘.

This 1s a review covering some work of the author and other
workers 1n the fields of non-Newtonian fluid flow and the friction
of solids under conditions of boundary lubrication.

Temporary and permanent reductions in viscosity of fluids
under high rates of shear are discussed and a technique for capil-
lary-type measurements of viscosity 1s presented which permits
high shearing stress with laminar flow and negligible viscous
heating of the fluid.
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It 1s emphasized that in boundary friction the "“coefficient
of friction" is not fixed by a choice of rubbing materials and
lubricant but is a funetion of a number of operating conditions
such as load, sliding velocity, and temperature. These factors
and the relationship between wear and normal load are discussed
at length, the arguments being supported by data obtained on a
four-ball apparatus. It is concluded that a number of boundary
lubricants can be rated by measuring the friction force as a
function of normal load, or when Amonton's law is known to be
valid for a given load range, by observing wear rate as a
funetion of normal load.

Schoekel, H., Tests with the 0il Testing Machine Developed at
the DVL. AFTS 937. May 1947,

In this paper, an oil testing machine developed at the DVL,
and tests with this machine, are described. First, five lubri-
cating olls of various viscosities were examined. The eval-
uation of the tests in the frietion-viscosity graph gave a
varying valuation of the o0{ls. The tests were repeated with
the alrplane engine olls, three of which were modified fats.

The modified fatty oills had, at the start of the loaded machine,
a lower friction number than a corresponding mineral oil. A
checking of the experiments indicated errors, which were due

to the lack of accuracy in the measurements at the determination
of the friction number. In order to eliminate the errors, the
use of a modified oil-testing machine with friction balance,
would be necessary. An attempt to eliminate the differences in
the condition of the machine by comparison with a reference oil
was without success.

Wenzel, H. Davelopment of An Qil Testing Machine. AAF TS929.

February 1947,

Describes the development of an oil testing machine for
the definite determination of the point at which the oil film
tears due to the influence of stress and temperature,

A vertical shaft, supported by a radial ball bearing, runs
with its lower end in the test bearing. The test bearing is of
strong steel pipe lined with white metal and split so that a
load can be applied with a spiral spring. The main advantage
is the fact that the lubricating powar of the oils can bae ob-
served when various bearing metals are used. The 0il was
supplied to the test bearing by a drip oiler.

For the determination of the measuring method, several pre-
liminary tests were made with total lubrication, which showed
definite differences between the individual oils in their friection
coefficlents and in the bearing temperature. No test results
were made available.
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V.-A. QEAR TYPE

Hughes, J. R. and Tourret, R. Mechanical Testing of Gear
Lubricants. Engineering Vol. 173, No. 4542, February 1 ’
1952.

The paper describes a gear tester developed at the
Thorton Research Center of the Shell Petroleum Company. The
gear tester is known as the Thorton high-speed gear rig. The
rig operates on the "four-square" power circulating system in
which a pair of test gears is coupled by two shafts to a pair
of "power-return" gears of much greater face width. One of
the shafts has a torque coupling for applylng the locad. The
test-gear system 1s designed to provide control of both rate
of flow and oil temperature. Each gear is divided into two
parallel sets of teeth by a groove cut in the periphery. By
using the two sets and the reverse faces of each set, four
tests may be carried out with each pair of gears.

The standard test carried out is to determine the load
which causes scuffing during a 15 minute test run, An oil 1is
tested at four speeds, 3000, 6000, 9000, and 12,000 rpm, using
the four test faces of a single palr of gears with at least
one set of repeat tests on a second pair of gears.

The work carried out on the tester show that smaller
lower-speed machines rate lubricants satisfactorily for high-
speed conditions, but much is still unknown about the behavior
of oils at high speeds.

It was found that, approximately, load carrying capacity
is proportional to N to the minus 2/3 power, and power 1s pro-
portional to N to the plus 1/3 power. The paper presents a
mathematical analysis of these equations and shows that the

experimental results compare to some degree.

V.-A.—l. NAVY GEAR

Tingle, E. D. and Calderwood, G. F. N. A Critical kxamination
of a Proposed Specification Gear Wear Test. Royal Aircraft
Establishment. Technical Note No. Chem. 1149,

WADC TR 54-37 -75-



Experiments with the tester indicated a need for greater
stability in the gear rig, and gears of high quality subjected
to strict inspection. Most wear occurred during the running in
phase, indicating this may not be a valid phase to test in.

The tester conformed to specification AN-G-25 and its essential
parts were a pair of small, fine pitch spiral gears, meshing at
a shaft angle of 90°, One gear being leaded brass, the other
stainless steel, loading was unidirectional but rotation was
reversed every revolution, Correlation of test results with
service experience was considered unlikely with the tester in
its present form.

V.-A.-2. RYDER

Ryder, E. A, A Gear and Lubricant Tester-Measures Tooth Strength
on Surface Effects. A.S.T.M., Bulletin No. 148. October 1947,

A simple machine has been constructed for the benech testing
of gear materials and gear lubricants at Pratt & Whitney Aircraft,
Intended for alrcraft engine research, the machine uses as test
specimens a pair of gears which are like those used in an actual
engine but as simple as possible to manufacture. The various
factors affecting the load capacity of gearing are studied sep-
arately, The load on the test can be cnanged without stopping
the machine, Lubrication of the test gears 1s controlled from
oiling of the remainder of the rig. Some remarks on the phil-
osophy of bench testing are included. The machine described
here was developed in 1941 for the investigation of aircraft
engine gears. However, it is suitable for the study of other
spur gearing by changing the test gears, speed, etc. Before
deseribing the test rig, the reasons for doing any kind of bench
testing are discussed; such as, the effeet of speed on fatigue
strength, and on scuffing resistance.

Ryder, E, A. A Test for Aireraft Gear Lubricants. A.S,T.M.
Bulletin 184, September 1952.

Pratt & Whitney aircraft bench machine for testing gear
materials and lubricants has been put to use by several labor-
atories and a great deal of experience is now available, Machine
offers satisfactory method of assessing antiscuffing properties
of gear lubricants, and its use is being called for in oil
specifications; current proecedure for this purpocse is described,
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V.~4.~3. GENERAL ELECTRIC

Shipley, E. E. and Dudley, D. W. Evaluation and Comparison of a
Silicone 0il Using Small Case Hardened Test Gears. General
Electric Apparatus Department. Technical Information Seriles.
ASTIA (ATT No. 114250). July 1, 1951.

A General Electric gear test stand (1098566-100) was used
for both oils tested, O0il temperature of both tests being 300-
311°F. with a 1600 K-factor load. From the wear point of view,
silicone oll was far inferior to 1005 oil, and quite unsatis-
factory for lubrication of spur gears under load. Silicone oil
caused threaded parts to stick and fixed splines became quite
difficult to disassemble. Considerable silicone fumes were
present in the test area with silicone oil up to speed and temp-
erature of 3009F., however, the oil did not foam, indicating the
vapor was due to elevated temperature.

Shipley, E. E. Evaluation and Comparison of Plexol #24L 01l
Using Small Case Hardened Test Gears. General BElectric Apparatus
Deﬁartment. Teehnical Information series, ASTIA (ATI No.
144459), January 1, 1952.

Plexol #24% o0il will lubricate spur gears satisfactorily
under 1600 K-factor load and at a temperature of 300°F, However,
the duration or life of a set of gears using this oll is limited.
The performance of plexol #2l+ at 3009F,, as compared to 1005
oil at 120-130°F., would be rated as slightly inferior. From
the wear point of view, the plexol o0il is about the same or
slightly inferior. The clinging quality of plexol oil is about
the same or slightly inferior. The clinging gquality of plexol
oil was better than 1005 oil, but showed a tendency to form a
sticky, greasy, substance which seemed to be caused from break-
down of the oil. A General Electric gear test stand (1098566~
100) was used for both oils tested.

v. -A. -l+. TIMEN

Kolarik, I. S., Zeiler, C. A., and Kipp, E. M, Effect of

Variations in Viscosity of Lubricants Upon Timken OK and PSI
Values. ASME. July 1955,

The Timken lubricant tester is often used in the laboratory
in establishing Timken OK loads and PSI valves at OK loads for
lubricants of the extreme pressure type, particularly for those
used as gear lubricants. The present investigation was conducted
to determine the magnitude of hydrodynamic - lubrication effects
associated with viscosity in determining OK loads. The effect
of rubbing speeds was also studied.
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Regults were that viscosity does effect the tests results
and any tests which are run must be compared on a like viscosity
basis, Similarly, speed is a factor in the load carrying ability
of the test oils and must be considered in the application of g
lubricant for a specific purpose. Also, test results are affected
by the surface finish of the test members used on the machine.

VQ-AQ"5O S.A.E=

McKee, S. A., Bitner, F. G., and McKee, T. R. Apparatus for
Determining Load-Carrying Capacity of Extreme-Pressure Lubri-
cants. SAE Transaction 193. pp. H02-408,

Deseribes an attempt to develope an apparatus that would,
as far ag possible, simulate the action of gears and also main-
taln a constant ratio between applied load and actual pressure
throughout the test run.

The tests with this machine, together with previous test
with other machines, tend to indicate that in a given mechanism,
operating under extreme~-pressure lubricant, the factors involved
are such that the relative load=-carrying capacities for various
lubricants under specified conditions of operations do not
necessarily apply to all operating conditions. They indicate,
also, that among the factors of significance are: speed of
rubbing, lubriecant temperature, and rate of loading.

The operating characteristics of the machine used are such
that automatic alignment is maintained between the two rotating
test rolls so that the applied load is a true eriterion of the
actual pressure on the rubbing surfaces. The point at which
lubrication fails is quite definite and may be readily determined
while the machine is in operation,

Over the operating range covered, the test results obtained
with this machine appears to rate the lubricants in reasonable

agreement with ratings based upon service performance in auto-
motive gears.

White, H, S, and McKee, S. A. Progress Report on Turbo-Pro
Lubricants Project for April to June. 1 2. National Burean
of Standards Report No. 1709. ASTIA (ATI No. 159611). June

27, 1952,
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Tests were made with 19 oils during this quarter. One
mineral oil and four synthetic 0ils were tested on the McKse
E. P. lubricants testing machine at various temperatures at
600 rpm.with a shaft-speed ratio of 47:15, and with operating
periods of 18 hours at loads of 400, 800, and 1200 pounds.
With the modified SAE E.P. lubricants testing machine operating
with a shaft-speed ratio of 3.4;1, an oil-flow rate of 300
gm/min, an oil inlet temperature of 210°F, and with periodic
load increases, three synthetic oils were tested at 600 rpm
and 19 oils were tested at 765 rpm.

Tabulated results were given.

White, H. S. and McKee, S. A. Summary Report on Turbo-Pro
Lubricants for Fiscal Year Ending June 30, 1952. NVS Report

17545, ASTIA (ATI No. 159470). June 30, 1952.

A summary 1s given of the work done during the fiscal year
1952 on turbo-prop lubricants. An investigation was made of the
possibllities of the modified SAE E.P, lubricants testing machine
and the McKee E.,P. lubricants testing Machine for determining
the antiwear and the load«-carrying properties of turbo-prop
lubricants. Twenty-seven lubricants were tested. Various tech-
niques of operation were used. Operation of the two machines
wers studied. Data are presented also for olls tested for
stability at high temperatures on the McKee oil stability
apparatus.

At the present time, the data available from gear tests (in
other laboratories) on these lubricants, are not sufficient for
a comparative analysis. However, the methods outlined show some
promise for controlling the antli-wear and the load-carrying pro-
perties of turbo-prop lubricants,

Laboratory Wear Tests with Automotive Gear Lubricants. SAE 400,
November 1949,

This paper describes the usge of the S.A.E. machine for the
determination of the wear with gear lubricants under conditions
simulating high torque and low speed.

S.A.E., machine modified so that upper cup was sprayed with
0il from an external oil reservoir-circulating system was used.

Lubricants used included a Navy contract 1080 mineral oil,
five lubricants conforming to U.,S. Army specification 2-105B,
five lubricants conforming to Federal specification VV-L-761
and one lead-soap active-sulphur lubricant. All were S.A.E,

90 grade.
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Data indicated that under the conditions present, there was
a run-in period of high rate of wear for a few hours, after which
the wear settled down to a fairly constant rate. Also noted that
at the higher loads, the rate of wear with some of the lubricants
showed a marked increase, whereas with others there was little

aeffect,

The wear with mineral oil was low up to the point where it
would not carry the load, whereas with the lead~soap active-
sulphur lubricant (which will carry a high shock load) the wear
was relatively high at all but the lightest load.

The data are of interest in that they show significant
differences in the performance of lubricants meeting the require-
ments of the same specification.

The evidence of a run-in wear under some conditions is of
considerable importance and should be taken into account in the
ovaluation of lubricants with respect to wear. One advantage of
this type of test is that the rate of wear after the run=-in
period 1s not materially affected by the original roughness of
the test cups as is the case with the usual load-carrying capacity
tests with this machine.

The lubricants containing the more chemically-active additives,
for withstanding higher shock load, tend to show the greater wear.
This 1s in agreement with the known service performance of some of
these lubricants; particularly, the active-sulphur lubricant and
the non-additive mineral oil.

V.-A.-6, SHELL 4-BALL

Blok, H. Seizure-Delay Method for Determining the Seizure Pro-
tection of FEP Lubricants. GSAE Transactions. Vol. L5, 1939.

The paper points out that it is not recognized fully that
1t 1s the local temperature at the surface of contact and not the
local specific pressure that chiefly determines the occurrance
of seizure under extreme pressure lubrication conditions. It
appears typical for extreme-pressure-lubrication conditions, as
met in gear practice, that the temperature flash is much higher
than the bulk temperature.

With existing conventional test methods for the determination
of the protection against seizure afforded by E.P. lubricants, a
considerable rise of the bulk temperature mostly occurs as it
cannot be controlled sufficiently; thus, leaving an unknown margin
for the temperature flash, it renders impossible a reliable deter-
mination. Shows how, in the development of the test method for
determining the protection against seizure on the four-ball
apparatus, the so-called seizure-delay method. Due consideration
has been given to the preceding views and to what extent itgs
results correlate better with practice than the conventional

methods, (SAE & Timken).
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Howlett, J. Film Lubrication Between Sphi3rical Surfaces: With

an Application to the Theory of the Four-Ball Tester. Journal
of Applied Physies. Vol. 17. 194%6. pp. 137-1h9.

An analytical investigation into the ability of a ball to
support a load under hydrodynamical conditions. Results were
found to indicate that the ball could support a load of only a
few hundred grams and it, therefore, must be concluded that
boundary Jubrication is the mode of lubrication.

Larsen, R. G. Study of Lubrication Using the Four-Ball-Type
Machine. Shell Development Co, ASTIA (ATI No. 149%5)., May

7, 1045,

The report constitutes a review and description of the use
of several machines employing four-ball-type bearing for research
on lubrication processes and evaluation of oils. Description of
these machines, uses for which they are intended, and experi-
mental techniques used in studying lubrication phencmena are
presented. The methods of measurement of wear, friction, and
selzure are given, and lubrication testing apparatus is des-
cribed.

In the discussion of the various four-ball machines, no
detalled experimental techniques are given. However, great
care should be taken in cleaning the balls and ball holders.

Once the conditions of operation of the four-ball apparatus,
which correspond to a given application, have been egtablished,
it provides a very useful means for studying not only the lubri-
cant, but other factors as well,

V.-B. MISCELLANEQUS BENCH~TYPE

Bassett, W. B. Performance Characteristics of Automotive Gear
Lubricants. SAE. August 1944,

Describes a program for the development of laboratory axle
test procedures which could be used in evaluating automotive gear
lubricants. The basice requirements of hypoid lubricants are
classified as: (1) Load carrying ability; (2) Stability; (3)
Desirable miscellaneous properties. Points out the uncorrela-
ted results of bench tests; such as, the Almen, Timken, S.A.E.,
and Falex testers when used on hypoid lubricants. The laboratory
is devoting considerable effort toward the development of a
laboratory test procedure which would give better correlation
with service.
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Dueus, E, N., Coleman, F. F,, and Roess, L. C. A New Experi-
mental Approach to the Study of Boundary Lubrication. Journal
of Applied Physies. Vol. 1%. December 194k,

A description 1s given of apparatus for measuring the rel-
ative ability of rubbed down monolayers of polar lubricants to
maintain low friction under test conditions which do not permit
replacement of the lubricant. This quality of a lubricant is
called its "Durability". The clean polished rim of a slowly
rotating steel wheel rubs on the monolayer deposited on a
polished steel flat, An account is given of the preparation of
the surfaces and films. It was not found possible to prepars
reproducible test surface-monolayer combinations; hence, it was
necessary to compare each lubricant with a standard deposited
on a separate area of the same surface. Significant differences
are found in the relative durabilities of a number of polar
compounds. Values are found to increase with the number of
carbon atoms per molecule. Reduction of durability and molecular
orientation results when the film is flushed with a fine stream
of benzene. On chromium, also, the orientation is destroyed by
the solvent, but the durability 1s not changed.

Hughes, J. R, and Tourret, R. Mechanical Testing of Gear Lubri-
cants. Engineering. February 27, 1953,

The Thornton cam-secuffing rig is a simulation-type test
rig in which the eylindrical surfaces of two eccentrically-
mounted dises slide during part of their revolution against two
flat surfaces loaded by air pressure, The conditions encountered
in gear meshing, of a combination of rolling and sliding, are,
therefore, simulated. Repeatable results were obtained on lubri-
cants that were known to vary widely in their wear ability. This
type of test has the advantage over gear testers in that a wider
choice of material can be made and a greater ease of production
is obtained., The exact conditions in gear meshing is not sim-
ulated, as the sliding contact does not vary and the rolling
contact cannot be varied except by dimensional changes of the
disks. As the knowledge on the subject of gear lubrication
increases, it may be possible to perform an increasing portion
of test work on the simpler simulation rigs, but this would always
be in conJunction with works on gear rigs.

Tingle, E. D. An Instrument for Investisatine Boundary Lubri-
cation Properties, Royal Alrerart Establishment. Farnborough.
ASTTA ZATI-107251) March 1951,

A rapid method of comparing the boundary lubricating pro-
perties of materials and the durability of solid lubricant films
1s described. A modified Wells instrument provides a record of
the friction between lubricated metal surfaces at a range of
sliding speeds from 0.26 to 5.2 cm/sec. A standard preparation
technique for comparative tests is described.
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Windish, W. W, German Methods for Determining Iubricity of Oils
and Greases. AAF Translations. May 1947. '

The report presents a view of the German progress, and a
description of the different apparatus used in an atfempt to
develop an oil-test apparatus which will give: (1) a numerical
value for the oiliness of a lubricant; (2) a value which is
easily reproduced by various laboratories using this same
apparatus; (3) and a value which correlates accurately with the
actual service use of the lubricant.

The apparatus described were the Four Ball, Almen-Wieland,
PTR, Thoma, Bearing and Gearwheel Apparatus of Prof., Heidebroek,
Siebel, 0il-Test Apparatus of Z.F., DVL Oil-Test, Falex, Chain,
Wire, Wear and Grinding.

Conclusions as to the Four Ball apparatus were that it
operated with excessively high loading and they suggested that
it would be possible that the thermal and mechanical requirements
of the lubricating spot could be decreased by changing the speed,
and possibly the load. It was considered very good for evaluating
extreme pressure lubricants with additives, in comparison with
lubricants without additives, but not good for lubricants without
additives alone, as the accuracy of the machine was not good
enough for smali differences.

It was suggested that possibly the chain apparatus, using
the wire adaptation was the better for evaluating oils alone.

Further research will be necessary to prove the advantages
of the chain apparatus.

The Siebel apparatus was also considered very good for
evaluating additives to lubricants; however, its results were
similar to the Four-Ball for lubricants without additives.

Symposium on Industrial Gear Lubricants. Presented at a meeting
of Technical Committes D=2 on Petroleum Products and Lubricants.

Detroit, Michigan, A.S.T.M. June 22, 1948.

Purpose of papers was to present studies of various field
problems encountered in the lubrication of industrial gears. It
was suggested that perhaps the average of the results of several
teasters would be a better evaluation of an oil than by the use of
just one. The use of a cathode ray oscilloscope to determine the
vibration in a gear box was explained. Claims were made that it
could detect such things as smooth action, deformed teeth, out of
round, low loads, initial fallure, and severe fallure. The
instrument may prove to be a useful tool in boundary lubrication
gtudies.
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APPENDIX I

Libraries Searched:

7

Wright Field Technical Library
Wright-Patterson Air Force Base, Ohio

Armed Service Technical Information Agency
Dayton, Ohio

California Institute of Technology
Aeronautics Library
Pasadena, California

Pacific Aeronautical Library
Los Angeles, California

University of California at Los Angeles
Engineering Library
Los Angeles, California

Los Angeles Public Library
Los Angeles, California

Western Gear Works Library
Lynwood, California

WADC TR 54=37 =8l



APPENDIX II

Facjlities Interviewed:

1.

24

7

Shell Development Company
Emeryville, California

California Research Corporation
Richmond, California

Monsanto Chemical Corporation
St. Louis, Missouri

Douglas Alrcraft Company
Santa Monica, California

Union 0il Company
Regearch Laboratories
Brea, California

Boeing Aircraft Company
Seattle, Washington

California Research Corporation
El Segundo, California
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