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ABSTRACT

A rolling disc apparatus has been designed and built. Tractions between two
crown discs lubricated with 5P4E polyphenyl ether have been measured as

function of slip rate over a range of Hertz pressure (80,000 - 140,000 psi),
rolling speeds (900 - 1820 ips), and temperatures (175 F - 215 F). Compari-
sons are made between measured tractions, Battelle data, and various analytical
predictions, The MII data agree qualitatively with Battelle measurements ex-
cept that MIT data are found to be relatively insensitive to temperature whereas
Battelle reports considerable temperature sensitivity. A semi-empirical mathe-
matical model has been put forth to represent traction measurements.

A computer program for analyzing asperity interactions under partial elasto-

hydrodynamic conditions has been written and a listing is contained in this
report,
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SECTION I
INTRODUCTION

At the conclusion of Phase I of this research program, a compendium of the
state-of-the-art of elastohydrodynamic technology was compiled and a computer
program was prepared to predict elastohydrodynamicuperformance characteristics
on the basis of the best available theory and experimental data. It was found
that considerable data were lacking in areas such as, elastohydrodynamic trac-
tions, measurements of elastohydrodynamic film thickness and general behavior
of partial elastohydrodynamic performance. These data are badly needed to
provide improved design criteria for concentrated contact elements, to pre-
dict regimes in which enhanced life of various concentrated contact elements
will result due to thick film hydrodynamic lubrication.

As a result of these findings, it was decided to design and build an experi-
mental apparatus for measuring tractions and film thickness under elastohydro-
dynamic lubrication conditions. This apparatus was to be in the form of a
disc machine having the flexibility to run at high speeds over a wide range

of loads and slip rates and to have provision for varying disc geometry.

It was decided to start by measuring traction data for polyphenyl ether under
conditions similar to those used by Battelle (1%, Polyphenyl ether was se-
lected both from the basis of it being of interest to the Air Force and the
availability of independently determined traction data.

During the past reporting period, the rolling disc apparatus was designed,
fabricated and run. Traction data were obtained for polyphenyl ether over a

range of Hertz contact stresses extending from 80,000 to 140,000 psi, rolling
speeds varying from 900 in,/sec to 1820 in./sec, inlet oil temperatures ranging
from 100°F to 240°F and slip rates up to 100 in./sec. Special emphasis was placed
on low slip behavior to make comparisons between MIT data and Battelle data

which were all obtained in the low slip region.

Iwo twenty horsepower motors were used in driving the rolling disc test machine,
while both the rolling speed and the slip rate were controlled. A chart re-
corder was synchronized with the slip rate, which facilitated obtaining data

in the form of traction versus slip rate curves,

In general, trends in traction data showing the variation of tractions with

load and with rolling speed were at least in qualitative agreement with Battelle's
data. The effects of temperature on traction were not in qualitative:agreement

in that the Battelle data indicated strong effects of temperature whereas the

MTI data indicated very weak effects of temperature.

The data were analyzed in various ways. Comparisons were made between MII data
and elastohydrodynamic performance computer code predictions (2}, theoretical
predictions based on Midwest Research Institute viscosity data, and predictions
based upon an empirical viscosity relationship which was evolved to correlate
and predict measured tractions.

* Numbers in parenthesis refer to references listed at the end of this report.
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In addition to traction measurements, some preliminary optical data were ob-
tained statically under elastic contact conditions. Elasticity calculations
were performed to predict the shape and spacing of fringe patterns which com-
pare reasonably well with experimental data.

Work was begun in order to prepare for investigations into the partial elasto-
hydrodynamic regime. An asperity contact counter was built and checked out
which works on an electrical continuity principle, This device measures the
number of times electrical resistivity falls below selected discrimination
levels which are proportional to the extent of solid-to-solid and film thick-
ness of the lubricant present. Analyses were performed to predict the frie-
tional behavior resulting from asperity interaction. These analyses considered
elastic and plastic asperity interactions from which predictions of frictional
force, real area of contact, and fraction of load supported by asperity con-
tact were obtained.

The following sections of this report consist of a detailed discussion of the
experimental apparatus and procedures, a presentation of the traction data,
and a comparison of traction data with other data and with theory. A descrip-
tion of the asperity interaction analysis is presented and a documented com-
puter program for performing the computations involved in the analysis is
included in an appendix to this report,



SECTION 1I

ELASTOHYDRODYNAMIC TEST APFARATUS

This section presents a review of the test facility designed and completed
during the second year of a three-year program in elastohydrodynamic research.
The major piece of apparatus designed and constructed over a six month period
was a high-speed, high-load relling disc assembly. Included are discussions
of the traction measurement techniques as well as descriptions of the com-
cepts to be employed for measuring lubricant film thicknesses and asperity
contact,

Key details of the machine design and construction are included as a reference
for future use, Through the years many elastohydrodynamic tests have been per-
formed with a variety of contrasting results. If the future work in lubrica-
tion theory and experimentation begins to reveal the reasons for such discrep-
ancies; it is hoped that the information documented here would be used to
clarify or separate any test dependent features contained within a machine of
this design.

Included are many comments on the operational performance which are intended
as "experience factors'" for those who may be involved in the "next generation”
design of rolling dise equipment.

1. TEST RIG DESIGN

Since 1935 a wide variety of test equipment has been built for studying elas-
tohydrodynamic phenomenon, In the majority of the experimental tests the
primary quantities measured were film thickness and frictional traction. Ma-
chines combining balls, flats, and cylinders wicth positive and negative cur-
vatures in a multitude of ways have resulted in many man years of pertinent
investigations.

Machines designed with one, two, three and four rotating discs, with chain,
gear and belt drives, have been by far the most common methed of investigating
various lubricating mechanisms, The simplest arrangement suitable for the
determination of film thickness and frictvion, used over the years in most
studies, is the two disc machine. In such a design (3) the support bearing
losses must normally be added to the measured traction which in some cases ob-
scured the desired measurement. This difficulty was overcome by Croock (4
with a four disc arrangement and by Gupta, Hamilton, and Hirst (5) with a
three disc sec-up which incorporates a central disc supported on gas bearings.

The elastohydrodynamic test rig discussed in the following pages is of the two-
disc, flat-belt-driven variety. Problems associated with support bearing

losses do not inhibit dats acquisition in the present case for three reasouns.
First, the total traction versus slip curve is a real time output of the test
rig and is normally plotted within a one minute period for most observations.
This technique allows one to quickly determine the support bearing losses and
to verify the conszistency of that level for any long period of testing. Second,
since the torques in the support bearings do not change rapidly with time, the



total traction versus slip curve presents a simple way, through symmetry,

of determining the effects of the support bearing system, Third, the present
study was initiated for investigation of traction levels well above the basic
torque level which exists in the support system used.

2, THE TEST FACILITY

Critical investigations of rolling contact phenomena and elastohydrodynamic
lubrication require the use of a machine having a variable slide/rolling
ratio as well as precise measurable tractions. In addition, precise control
and readout of disc speeds and temperatures are required.

The present machine design beganm with the concept of incorporating as many
variations of test parameters as could be allowed by the original test ob-
jectives. These objectives were to obtain state-of-the-art traction measure-
ments and film thickness measurements using (1) capacitive (2) optical, and
(3) x-ray techniques of measurement on ovne test rig. In addition, several
ranges of required surface velocities, Hertzian contact loads, and lubricant
temperatures were to be met with any proposed concept.

After evaluating several rolling-disc-rig concepts which would incorporate

the three techniques of measurement, the simple two-disc arrangement was chosen
as the most promising geometric arrangement., Figure 1 shows the conceptual
features of the machine constructed. The selected test rig had to meet the
following criteria:

1. Access must be available for detecting dynamic film thicknesses
using capacitive, optical and x-ray techniques,

2. Total traction versus slip curves must be obtainable from the
torque detection technique employed for determining the friction
which exists between the rolling discs.

3. Disc surface speeds as well as speed differentials to be outputs
of the test facility. Surface speeds up to 2400 in./sec must be
achievable,

4, Hertz pressures approaching 500,000 psi should be attainable in
the final scheme,

5. Test lubricant temperatures to Be kept constant within + 1° F from
ambient room temperagure to 200" F, + 2° F between 200° F and 300° F
and + 5° F above 300° F.

3

6, Dynamic measurements of asperity contact between the rolling discs
to be monitored during some tests,

The test facility, as completed, is shown diagramatically in Figure 2. The
constructed facility:

1. Allows the determination of lubricant film thicknesses by measuring
the variations in capacitance of one electrically isolated disc
relative to the other.



Loading Mechanism

Torque
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Fig. 1 The Disc Machine: Conceptual Layout
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10.

11.

12,

13,

Allows visual observance of the coatact zone with the aid of a
hollow split shaft and an optically polished quartz disc specimen.

Contains access ports in the direction of rolling, which facilitate
®-ray detection of lubricant film thicknesses,

Has radial loading capability from zero to twelve thousand pounds.
Depending upon the specific geometry of the test specimens, this
variation in loading can yield Hertz contact pressures up to 300,000
psi.

Provides for varying the test disc diameter and material as well as
surface finishes and curvatures. The test discs are mounted oa
split shatts which facilitate iaterchangability. Test diameters
from a minimum of 2,5 inches to a maximum of 6.0 inches can be run
on the machine,

Contains two variable speed twenty horsepower drives which can turn
the specimens at any selected rotational frequency between 500 rpm
and 15,000 rpm., With a three inch diameter disc one could investi-
gate tractions, using rolling velocities from 100 in./sec to 2400
in,/sec, with the turn of a knob., Additional test specimen diameters
can be chosen for extended studies into higher and lower speed
ranges, A six inch specimen would allow 4800 in./sec rolling speeds

whereas a 2.5 inch diameter would permit studies as slow as 80 in,/sec.

Allows the test lubricant to be varied over a wide range of tempera-
tures and maintained for extended test periods of a day or more.

The test lubricant is also used for the main shaft support bearings
and can be operated normally with all seals and bearing materizls to
360° F. A large reservoir {40 gal.) is used to insure controlled
temperature stability of + 1° F for periods of thirty minutes or
less aad + 3° F over longer periods even while supplying one-half
gallon per minute to the contact zone,

Has an internally mounted torque sensor capable of detecting posi-
tive and negative torques zp to 200 inch-pounds with an outpuf ress-
lutisn 2f .1 {ach pounds (5ee Figure 1).

Provides electrical i1solavion for one test roller specimen for elec-
trical asperity contact messurements across the contact zone,

Contains osne shaft mounting plate which allows nineteen skewed test
rolling directions up to 90° in 5° steps.

Has individual magnetic speed pilcxkups with toothed wheels mounted
oa each rotating shaft for precise speed monitoring and/or control,
An electronic speed controller is attached to a pair of these for
accurate maintenance of speed differentials between the rotatiog
shafts.

Contains twenty-four copper-constantan thermocouples which are con-
tinuously monitored and recorded during all test runs. Fourteen
points of temperature detection, within six inches of the contact
zone, are monitoring inlet and outlet lubricant temperatures as
well as that of the support bearings.

Has a four ton base upon which the mechaniecal components are mounted



for reducing inherent wvibrations from the drive motors.

A front view of the mechanical assembly is pictured during the construction
phase in Figure 3. A cross-sectional view of the rig taken through the upper
and lower shaft centers is shown in Figure 4.

A detailed review of each aspect of the mechanical and instrumented set-up is
presented in the following paragraphs. Explained in separate sub-sections
are features of the traction detection, optical, capacitive, and x-ray film
thickness measuring concepts as well as asperity contact methods.

3. ROLLING DISC MACHINE DETAILS

The rolling disc machine used during the initial test period reported here is
a large device (fills a ten foot square test cell) and has many parts which
must be handled with an overhead chain hoist, A& list of the MII rolling disc
design drawings is presented in Appendix I. Included in Appendix II is a

list of test components and commercially available instrumentation used during
the testing.

a. Base Plate and Pedestal

The bottom plate for the rolling disc machine as depicted in Figure
4 was made from a single grey metal casting which weighed approxi-
mately one thousand pounds. In order to insure vibration free run-
ning, the bottom plate is mounted on a concrete pedestal also shown
in Figure 5, The seismic mass pedestal, isolated from the concrete
floor of the test cell, holds the twin motor drives for the upper
and lower shafts of the rig.

The concrete pedestal is topped off with a Blanchard ground mount-
ing plate which is level to within + .002 inches over the ten square
feet of mating upper surface. This is necessary since the grey
iron, when cast in the length to thickness ratio as used in the bottom
plate of the test rig, will bend or flex if placed upon a curved
irregular surface. In addition, the aligoment of the lower shaft
bearing supports is necessary since they were machined into the
casting. This alignment must be maintained for precise high speed
aperation.

The basic assembly is a very large structure with many precise com-
ponents which required careful handling during build up. The base
plate, though ground with a flatness of two mils on the bottom, had
to be hand scraped in order to insure uniform surface contact over
the total base mounting plate of the concrete pedestal.

The machine bores which house the upper and lower shaft bearings
were done with extreme care. An on-site inspection during machining
indicated the lower shaft bores to be within one half of a mil of
perfect alignment over the total thirty-six-inch space. The upper
shaft bores were found to be within three-tenths of a mil of perfect
alignment.

During assembly, dial indicator measurements were taken to assure the

-8-
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alignment of the pulley shafts with the respective Specimen carry-
ing shafts. A run out of plus or minus one mil was maintained on
the mounted upper shaft while a tolerance of plus or minus two mils
was obtained on the assembled lower shafting.

Each twenty horsepower variable speed motor was fixed to the floor
of the test cell in proper alignment for operation on its own isola-
tion pedestal. The relative positioning of the drive motors and
rolling disc machine are sketched in Figure 6, The result of this
care in mounting construction is a smcoth operating pair of shafts
over the full range of speeds to 15,000 rpm. The largest source of
noise in the running assembly {which 1s by no means transmitted at
undesirable levels during operation} is the windage of the belt as
it moves with speeds near 2000 in./sec.

Temperature Detection

The detection and control of the lubricant temperature in any elas-
tohydrodynamic study is essential. WNo attempt was made during the
past year to experimentally pinpoint the temperature in the contact
zone itself. Although, with the present set-up, specimens could be
made and operated which contain embedded thermocouples or optical
paths for infrared sensing, the standard copper-constantan junction
was used exclusively for determining the fluid temperatures in the
present rig., Twenty-four point$ as indicated diagramatically in
Figure 7 were monitored during all test periods.

Fourteen points of temperature near the disc contact zone were of
special interest and are shown in a full-scale sketch {See Figure 8},
All thermocouples were read cut and recorded with an accuracy of *
1° F on a Honeywell, Brown Instruments Division "Electronik-Gontinu-
ous Balance Unit." Detection of inlet lubricant temperatures were
made with the aid of four copper-constantan junctioas placed inside
the contact zone lubricant supply tubing. Two small holes were
drilled iato each tube and were placed at distances of one-quarter
and one inch from the end of the lubricant spouts. A thermocouple
bead was inserted into each hole and sealed with silicone rubher
sealant as depicted in the sketch of Figure 9. Two additional ther-
mocouples were placed in coatact with the surface lubricant present
on the test specimens during operation. Their circumferential orien-
tation is indicated in Figure 8, The trailing temperature was taken
from the midpoint of the pclished specimen in the running track of
the disc contact zcme. It was strictly a qualitative fadicarion of
the increase in temperature of the lubricant which has passed chrough
the pressurized zone of the loaded discs. Temperature increases of
15° F have been observed in the outlet stream during scme of the

test runs made,

Speeds Monitored and Controlled

Shaft rotational frequency monitor and contrcl was accomplished with
the aid of toothed wheels and magnetic probes. Four such pickups

-12-
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were incorporated in the present system. Two magnetic pickups are
contained in the twin motor drives and speed ratio controller system,
The two additional magnetic sensors are placed directly on the test
upper and lower rotating shafts. A schematic of the motors rotational
frequency sensing, shaft monitoring, and ratio control system is pre-
sented in Figure 10.

In setting the base rolling speed for testing, the reference motor

is manually pre-adjusted by a potentiometer on the drive power sup-
ply., The second shaft can be manually adjusted through various disc
slip speeds or fixed with electronic feed back control to any differ-
ential speed relative to the reference motor speed setting. This
second mode of operation is desirable whenever constant slip rates
must be maintained for long periods of time. Traction dependence
upon contact lubricant feed methods, lubricant temperature, and
rolling speed changes can be examined with the constant differential
speed control system.

As shown in Figure 10 the speed differential monitoring system and
motor control system are separately operated units. The fachometer
monitoring system designed to measure the differential frequency of
two rotating shafts, using individual 60 toothed gears and magnetic
pickups located on each shaft (see details of elecfrical hoock-up in
Figure 11).

In addition to plotting the speed differential on the x-y recorder,
two points of speed are noted during the testing from the components
shown in Figure 11, The speed pickup signals are placed into the
horizontal and vertical axes of an oscilloscope., The circular Lis-
sajous figure produced is used for precise referencing of the pure
rolling state of the test specimens. The absolute rolling speed of
the reference motor is also obtained with the parallel connection of
a digital frequency indicator accurate to + 1 rpm.

The tachometer was built by Mechanical Technology Incorporated per-
sonnel and was designed to be insensitive to component degradation
or temperature changes. It consists of two matched tachometers one
of which produces a positive DC voltage proportional to test shaft
rotational frequency while the other is negative. The outputs are
then summed and amplified to produce a DC signal voltage which is
equal to one volt per one hundred rpm of differential frequencies in
the operating rolling disc machine shafting. A block diagram of the
device is presented in Figure 12. The magnetic pickup which wviews
the toothed gear on the shaft produces a quasi-sinusoidal voltage
with an amplitude which is proportional to the shaft rotational fre-
quency. Since only the sinusoidal frequency is desired for detection
the first stage of the tachometer contains an integrator which main-
tains a constant voltage output for any running speed of the rolling
disc machine between one and fifteen thousand rpm.

The constant amplitude output of the first stage integration is
applied to a comparator to produce a square wave which is subsequently

-17-
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differentiated and used to operate one side of a set/reset flip-flop.
The other side of the set/reset flip-flop is operated from a second
integrator. For example, assume that the flip-flop is in the reset
state and the integrator switch is closed. A pulse from the iaput
comparator sets the flip-flops, thus opening the switch on the iate-
grator and allowing the output to begin a linear ramp voltage. When
the output ramp ypeaches the reference limit on the comparator, the
change of state of the comparator resets the flip-flop which closes
the switch and resets the integrator. The circuit is now in the
original state, so that the next pulse from the input comparator will
restart the cycle.

The circuitry to this point has produced a pulse whose width is pre-
cisely known and which depends only upon the product of the resist-
ance-capacitance {RC) value of the second integrator in the network.
Since these are precision components, the pulse width is very stable
for long periods of time (weeks} and over a wide range of operating
temperatures {+ 20" FI.

In addition to controlliag the internally generated pulse width, the
amplitude of the signal must also be closely controlled in order that
the tachometer may work with accuracy. This is accomplished by using
the flip-flop output to drive a FET chopper which 13 connected to a
precision reference voltage. The output of the FET switch is thues a
pulse with the amplitude and width closely controlled. This output
is applied to a filter to produce a DC voltage that is proportional
to input frequency.

The filtered outputs are then coonected ts a summing amplifier which
produces a signal proportional to the difference in speeds of the
observed rotating shafts, The output amplifier contains adjustments
to match the slopes of the two circuits, a zero offset, and a gain
adjust.

The differential frequency tracking capability of the tachometer de-
pends upon the rate at which the inertial rotating system can fluctwu-
ate as well as the electromic time response of the system. In the
present case, differenrial speed resolution capability of the tach-
ometer is at least ten times better than what can be maintained in
the mechanical system., As the load on the contact zone is increased,
the torsional feedback from motor to motor across the contact zone
increases and slip versus traction curves can be drawn with smaller
and smaller slip rates on the abacissa of the x-vy plotter.

Typical traction versus alip curves, with the abstissa in engineering
units of ten revolutions per minute of differential rotational fre-
guency for each inch of x-y plotter pen travel, have been taken.

These curves have been plotted with very light Hertzian loads (80,000
psi) over the full range of rotatiopal frequencies from 5000 rpm to
12,000 rpm., Curves with units of two revolutions per minute of dif-
ferential frequency have been obtained with loads of 14G,000 psi
Hertzian contact loading over the same range of rolling speed changes,
As the contact loading is increassed, the differential speeds between
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the discs can be detected with increasing accuracy. Resolved speed
differences of .5 rpm out of 10,000 rpm are typical with the present
tachometer system,

Precise long term speed regulation in the rolling disc assembly can-
not be obtained with accuracies approaching the output resolution
of the speed monitoring system mentioned above, Factors such as
variations in line voltages, temperature excursions, generated vari-
able motor loads, bearing wear, and servo-locp feedback time delay
all play a part in limiting the ability to control the rolling disc
speeds,

Relative disc rotational speed differences were considered as the
most important speed parameter to regulate in the present sytem.

As previously shown in Figure 10, speed regulation is maintained

with the speed controller whose output is determined from magnetic
input pulse generators placed on each motor, Basically, the con-
troller compares the twe incoming magnetic pulse rates and produces

a correction voltage proporticnal to the difference between g pre-
selected value and the observed ratio of incoming pulses. One motor
is used as a reference while the other is made to follow with a
selected preset differential speed. This type of speed control allows
testing under conditions which require constant slip rates to be main-
tained with high accuracy for periods ranging from several minutes to
an hour or more regardless of the variations in test environment.

The reference motor, which determines the rolling speed in any test,
is driven and controlled by a standard silicon controlled rectifier
(SCR) unit which maintains the base speed within % 1% of the running
speed., Under high loading (more than 10 horsepower) the base speed
has been observed to shift by as much as + 3%. Some of this error
can be attributed to the present SCR units since they are only cap-
able of driving the motors in the direction of increasing speeds,
Whenever the traction at the test specimen contact zone becomes
large, due to loading and/or slip, the slowest motor might be over-
driven and out of control. This condition has been circumvented

in the present rig with the asid of two air disc brakes. Each motor
is "artificially" loaded with a torque higher than that which can be
transmitted by the contact zone and only requires the unidirectional
drive control, '

The present rolling disc facility has differential speed control to
within + .1% of the base running speed for extended periods of an
hour or more under light load conditions (100,000 psi or less). With
higher loads on the test specimens the torsional feedback between
motors prodices a stabilizing effect which results in even greater
accuracy. This means that shaft frequencies within 10 rpm of any
selected difference may be maintained at a running speed of 10,000
rpm while varying parameters such as lubricant flow to the contact
zone or temperature of the inlet lubricant,

-2



Lubricant Supply

The rolling disc assembly, as designed, was not intended for test-
ing with small volumes of lubricant (i.e., one gallon or less). It
was assumed from the start that most testing would require a minimum
of thirty-five gallons for normal operation, The primary concern
was to obtain a stabilized thermal test assembly with minimum heat
exchange required., The dispensing system is shown in Figure 13. It
is a commerically available unit with lubricant supply reservoir,
heating coils; and heat exchanger included. The seals throughout
the lubrication network are Viton-A. This includes those for the
gear pump assembly, the heat exchanger, and the lubricant filter
mechanism,

The test lubricant supplied to the contact zone is also used in the
main support bearings of the disc machine, As the lubricant leaves
the heated sump, it passes through the pump, heat exchanger and
filter and is then fed through copper tubing to the contact zone or
support bearings. The output capacity of the pump which is viscosity
dependent is greater than 2.6 gallons per minute with a back pres-
sure of 35 psi. The specific volumetric flow to the contact zone is
shown in Figure 14, A needle valve was used to control the amount
of lubricant supplied to the contact zone which could be regulated
from very small amounts to 1000 milliliters per minute at 140° F or
2000 milliliters per minute at 200° F operating temperature.

Flow to the contact zone was shown on a previous figure (Figure 8)

in a full scale side view of the outlet end of the supply tubing.

The positioning of the tubing was such that the outlet stream was
aligned with the rolling direction of the test specimens. Initial
placement of the tubing was at an angle to the rolling direction
which resulted in the traction data varying with lubricant supplied.
This lead to some preliminary studies of the dependence of traction
on flow supplied to the contact zone. (See the section on Traction).

Lubricant at the test temperature is also pumped into the four main
shaft support bearings. These are unsealed, preloaded, angular con-
tact bearings which are mounted in pedestals of the upper and lower
casting (shown previously in Figure 4). Each bearing is supplied
with lubricant through ports in the casting pedestal supports. This
arrangement insures a positive flow of lubricant on either side of
the test specimen on the ends of the support shaft. The shaft sup-
port;s with this lubricant supply arrangement were never more than

20" F cooler than the test contact zone and in most cases were within
10° F of the test operating temperature,

Torque Detection
A schematic of the torque detection, signal conditioning and readout
method is shown schematically in Figure 15. The main sensing unit

was an in-line rotating torque detector consisting of a square metal
shaft to which is attached a Wheatstone Bridge strain gage circuit,

-23-
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The shaft was inserted between the mechanical flat belt pulley
assembly and the specimen carrying shaft as depicted previously
{Figure 1}. The bridge is connected to silver graphite brushes which
ride on slip rings mounted on the rotating shaft for incoming and
outgoing bridge excitation voltages, When the shaft is twidted dur-
ing traction measurement the strain gage resistance variations pro-
duce an output voltage directly proportional to torgque present in

the shaft.

The unit used has a two hundred inch-pound maximum capacity with a

.1 inch-pound signal resolvability. The bridge signal from the
torque sensor is read with a six place digital iadicator which con-
taing an unfiltered analog signal output. The indicator provides
internal calibration for positive and negative torque direct.ons,

For each test running day the output of the torque sensor wa. checked
for linearity and accuracy with a known "dead weight" arrangement,
The calibrated weights being in the range of the desired output
signals for the days testing.

The analog output of the torque indicator contain some AC components
which cause excessive pen chatter if recorded directly and was
filtered for smooth plotting. Shown in Figure 16 ie a photograph

of a typical traction versus slip curve which is a direct output on
the x-y plotter used with the rolling disc machine. Graphically
displayed is the amount of resolution one gets from the set-up along
both the abscissa and ordinate. It can be clearly seen that the
traction is a widely varying function of the slip range of + 1.8%
displayed, For further discussion of the details included in the
plot, refer to the section on Traction Measurement Techniques.

Loading Mechanism

The present rolling disc machine can be yun with test specimens which
operate with radially applied loads from zero to twelve thousand
pounds, Since discs with diameters of three to six inches were to

be operated on the machine, a simple loading mechanism was sought.
The nut cracker arrangement which is common for heavy lzads was con-
sidered undesirable for light loads. 1In addition, it requires the
precise knowledge of loading arm leagths for accurate loading.

The sliding carriage as shown in several figures (Figures 3 and 4
from different angles, was chosen as the best overall scheme for

the versatility and accuracy required. It is a cast iron unit which
contains the upper rotating shaft, flat belt drive pulley, four
Thomson ball bushings for sliding, and a swivel connection for the
attachment of a hydraulic cylinder, The hydraulic cylinder, which is
used for lifting the carriage or adding a downward load, is attached
in series with a commerical load cell (see Figure 17 for details of
the assembly)}. The total weight of the carriage is seven hundred
fifty-eight pounds; therefore, it must be added to or subtracted from
any loading applied by the hydraulic system. The load cell used in
determining the actual test loads is a one thousand pound push or
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pull, moment compensated, load cell with a four-arm bonded strain
gage bridge circuit., The strain present in the load cell is deter-
mined with a standard micro-strain bridge null iadicator which has

a resolution of better than one pound of load. However, due to the
drive belt connection to and from the sliding carriage, a repeat-
ability of any load placed on the coatact zone can only be done with
an accuracy of + 5 lbs. This means that the heavier loads can be
more accurately determined.

Although the present facility is designed for loads up to twelve
thousand pounds, two separate upper shafts have beea designed for

tést use. The bending moments for long term high speed operation

in the ten inch long upper shaft were too large for a single split

unit which could receive gll test diameters snd all proposed loads.

The two inch diameter {ten inch long} shaft used in the present design
can be maintained at full speed with loads sufficient for a 250,000 psi
Hertzian contact pressure {see Figure 18}. The larger diameter shaft
(3.5 iny) can be used with the full 12,000 pound load capability.

In order to insure that no moments were applied to the slidiag ball
bushings in the upper carriage, the total sliding assembly was
balanced about the contact zoae in the horizontal plane. Test
weights and a level arm plate were added to the upper carrisge until
mass balance wazs obtained in two orthogonal directions about the
contact zone. The assembly was then weighed and found to contain

a total mass equal to seven hundred and fifty-eight pounds.

Motor Drive System

The variations in speed of the test assembly discs are obtained with
a dual DC motor drive system. The twenty horsepower motors, one for
each shaft of the assembly, are independently and/or slave controlled
for data collection purposes. Each variable speed motor consists of
a solid state controlled rectifier, a DC motor, and a flat belt speed-
up pulley arrangement. Motor speeds can be controlled over a range
of thirty to one with g maximum speed of 15,000 rpm. The motor and
disc speed combinations which can be piaced into operation with the
present test facility are shown in Figure 19. This nomogram shows
the relationship between disc surface speed, rotatiomal frequency,
and acceptable disc diameters. For additional information, related
to the accuracy and maintained operational spzeds, refer to the sub-
section on Speeds Monitored and Controlled.

Since the two motors used im driving the rolling disc test specimen
are power limited, the torque svailable for experimentation is pri-
marily a speed dependent function. Shown in Figure 20 are the avail-
able ranges of system torques as a function of disc rotational fre-
quency in the test rig. The torque available at the contact zone is
only a portion of that shown for any operational frequency since some
torque is used to drive the support bearings, pulleys, and brakes
within the drive system. The dotted line in the figure shown repre-
sents the torque available at the contact zone after subtracting the
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maximum loss expected in the support bearing system.

An overall view of the completed rolling disc test facility is shown

in Figure 21, The motors are shown bolted to the floor mount in the

normal operating positions relative to the concrete base, and rotat-

ing shaft assembly. 1If desired, the motor and belt assembly attached
to the upper sliding carriage may be moved for skewed axis operation

of the disc rig.

4, TRACTION MEASUREMENT

The previous discussion was concerned with the construction of a rolling con-
tact disc machine which has continuously adjustable sliding speeds and direct
electronic plotting of the traction versus slips observed. Presented in
Figure 16 was a photographic reproduction of a typical curve with a slip
variation of + 1.8% at the rolling speed of 1360 inches/second. Contained in
the following paragraphs is a description of the procedures used in obtaining
the traction versus slip curves as well as a review of the steps used in pro-
cessing them for computer handling of the data.

In order to obtain data from the disc machine, approximately two hours are
taken for initial set-up and temperature stabilization of the metal in and
around the contact zone as well as in the lubricant reservoir. The rig is
brought to the coperating temperature by pumping the lubricant through the
support bearings and contact supply tubing during the set-up procedure. While
the lubricant is circulating air pressure is maintained to all labyrinth

seals on the rotating shafts for lubricant contaimnment. A coil heater around
the lubricant return line to the reservoir is turned on in order to maintain
the temperature level required for testing.

Calibration of the differential speed monitor is obtained by putting known
frequency signals into both halves of the tachometer and setting the span of
the x-y plotter. Frequency signals equal to that in both magnitude and dif-
ference expected during the test run are used for calibrating the tachometer.
The torque output is handled in much the same way for calibration. A known
static load is applied to the torque sensor and the calibration is checked
for both linearity and magnitude while the span on the recorder is adjusted
to the proper level.

The brakes of each motor are set for a level of torque greater than expected
at the contact zone for the test to be made. The absolute magnitude of the
setting has been shown experimentally to not affect the output readings as
long as a torque level greater than that experienced by the contact zone is
used. The motors are run-up with the discs separated in order to attain
temperature stability. The support bearing torque level for the range of
slips to be investigated is plotted, and the rolling speed of each disc is
set to an equivalent value. At this point, the motors are stopped and a
selected level of Hertzian load is applied to the test specimens.

After adjusting the lubricant flow to a level of approximately 2,000 milli-

liters per minute, both motors are started simultaneously. The pure rolling
speed is checked and then a plot of the traction versus slip is taken by
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manually adjusting the speed of one motor through the slip variation desired.
The x~y plotter automatically follows the dialed speed settings. Once the
traction curve has been drawn, the load (which up to this time has been moni-
tored) is released as the discs are separated. This procedure allows both

a minimum amount of contact time on the discs as well as a second check of

the support bearing torque level., This level has been observed to remain con-
stant before and after plotting the curves except when temperature stability
of the rig was not achieved. After the motors have been shut-off, the pro-
cedure of loading the discs and obtaining a new traction curve may be repeated.

The plotting of a total traction curve of + 2% for any setting of initial
parameters is accomplished in less than one minutes time and may be retraced
over and over as desired. Typically two or three runs are wade with the

same initial parametric settings just for repeatability.

Shown in Figure 22 are traces of traction versus slip for two lighter loads
than displayed previously in Figure 16. Although the majority of curves
have been taken with an expanded differential disc rotational frequency of
20 rpm per linear inch of pen travel along the abscissa, these were taken
with a scale setting of 100 rpm per inch of pen travel. The highly sloped
curvature near the pure rolling speed is clearly evident. Approximately

+ 2.6% slip is plotted around the rolling speed rotational frequency of
5,720 rpm.

Since the slip rate is small for even the extreme ends of each curve, the
support bearing level of torque is seen to remain constant. These bearings
are preloaded 5,500 lbs. capacity angular contact bearings and are essentially
lightly loaded for the cases shown. Using very high slip rates the slope of
the torque level in the support system has been shown to vary with a weaker
dependence than
[Torqué] o [Rotational Frequency] 3
angular contact
support bearings

as normally taken for such a system. For all practical purposes, support
bearing torque changes are insignificant over the speed variations plotted
and do not enter in as a variable in the plotting of any of the traction
curves presented in this paper.

Another notable feature of the traction curves is the undulation in the
torque level at the peak traction of the lighter locaded traces. This phenom-
enon, though present in the test facility, was not particularly objection-
able. A similar output was observed by Jefferies and Johnson (6) and had to
be compensated for in their rig. Apparently the oscillatory nature of the
curves in the peak region is caused by the negative damping presented to the
mechanical system by the reduced traction of the back side of the curve. The
displayed oscillatory nature of the peaks shown has limited data taking on
the present test facility to Hertzian loads greater than 80,000 psi.

The symmetry point between the traction peaks in all plots was very near or

coincident with the plotted support bearing torque level line and coincided
for all runs made with loads greater than 120,000 psi Hertzian. Using the
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symmetry point between traction peaks, all the plots were doubly folded across
the pure rolling speed position of the abscissa and the true off-set torque
level present in the support system. The results as shown with the analyti-
cal data presentation are a single average curve which begins at zerc and
proceeds to greater values of traction and slip,

The present reolling disc machine also permitted a preliminary evaluation of
the dependence of traction on the volumetric rate of supply of fluid to the
contact zone inlet, The traction dependence upon decreasing fluid supply

is shown in Figure 23 for an electronically maintained slip rate of 7 ips

at a rolling speed of 900 in./sec. When the flow to the contact was reduced
below 900 milliliters per minute, a sudden increase in the traction was ob-
tained. Upon restoring the level of flow the lower limit of traction was
regained and this response could be repeated over and over again.

Although the conclusions of such a test appear to indicate possible starva-
tion effects, the true origin of the observed data has not been fully estab-
lished experimentally. It is possible that temperature variations in the
supply lubricant and/or support bearing torque level alterations have
occurred and could account for some or all of the traction dependence ob-
served. Further experimentation is planned to investigate the effects of
lubricant supply rate under more closely controlled conditions.

5. ASPERITY CONTACT AND CAPACITANCE FILM THICKNESS TECHNLQUES

The present work phase has included the design and construction of an elec-
tronic asperity detector as well as a feasibility study of the capacitive
film thickness measurements on the rolling disc machine., To date, the as-
perity detector described below has been checked out on a conventional roll-
ing element bearing and the components necessary for measuring contact capa-
citance have been procured,

The methods of measuring contact continuity and capacitance requires that one
of the test specimens be electrically isolated from ground. The lower shaft
now in use on the rolling disc assembly is designed to allow electrical iso-
lation of the lower rolling specimen. The sketch of Figure 24 shows how this
is accomplished, The lower disc is mounted on a pair of plexiglass inserts
which are thick enough to minimize the capacitance of the disc to ground.

The capacitance variation within the contact zone will be measured with a
standard carrier frequency capacitance bridge. The bridge to be_used has
seven decade ranges from micro-farads (10“6) to pico-farads (10" ~“). Each
decade range provides digital capacitances to five significant places or
analog voltage outputs with less accuracy for measured capacitances,

For design purposes, the teotal expected capacitance was calculated from the
two dominate sources; the capacitance of the isolated disc to ground through

the plexiglass insert (see Figure 24), and the capacitance present at the con-
tact zone during pure rolling. Thus, since these capacitances are in parallel

= +
total Cto ground Ccontact
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where,

Any accurate measurements of the contact capacitance should be made with a
minimum constant capacitance to ground, Since the area to ground seen by the
mounted disc is fixed, a large separation to ground was the only way to mini-
mize the contribution of capacitance from electrical isolation of one of the
discs, Eighty-mils of plexiglass was chosen as the optimum thickness for
isplating electrically one disc from ground. A calculation of the expected
capacitance to ground yields a value of 200 + 30 pico-farads.

An expected level of capacitance can also be calculated for the contact zone
between the discs. The exact evaluation of the contact capacitance depeunds on
a knowledge of the disc separation distribution and the way in which the di-
electric coefficient of the lubricant varies with pressure and temperature,
Thus,

Ccontact = C(h’T’PHZ)

For design purposes, the variations of capacitance with temperature and pres-
sure as well as fringing effects were neglected. Typical separations of ten
to one-hundred micro-inches between the two crowned discs result in a capacit-
ance from fifty to five hundred pice-farads to be expected from the contact
zone of the discs. Temperature variations would alter the expected capacit-
ances by as much as 10%, whereas, pressurization of a non-polar lubricant
might change the calculated level by as much as 25%. A rise in temperature
tends to lower the contact capacitance while an increase in pressure tends to
increase the capacitance,

The deformation of the discs under increasing loads increases the contact
capacitance appreciably since

2/3
Areacontact v Load

These increases, however, can be evaluated both numerically as well as ex-
perimentally and will be determined in the coming year.

Messurements of electrical contact resistance have been reported for several
years (7). Two metal solids separated by a lubricant can be brought into
Hertzian contact and still remain electrically isolated from one another,

The degree of isolation and the observed variations in electrical contact re-
sistance depends on many parameters such as: surface finish of the contacted
material, load on the contact, lubricant properties, geometric dimensions of
the metal pavts, the relative velocity between the contacting surfaces,
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applied voltage, and the percent of elastohydrodynamic lubrication which ex-
ists between the contacts,

Attempts to correlate (8,9) variations in the contact resistance with typical
bearing parameters such as lubricant viscosity and frictional forces (torque}
within ball and flat contacts have been published.

The qualitative results of past studies are:

1. Metal-to-metal contact is reduced when higher viscosity o0ils are
used for interfacial lubrication.

2. High contact loads increase while high speeds decrease percent
metal-to-metal contact,

3. 0il additives affect the percent of metal contact in a way that
changes with time.

Shown in Figure 25 are two oscilloscope photographs from the asperity de-
tector developed, of typical contact resistance versus time plots. For any
metal-to-metal contact the resistance would simply be 10-® ohms or Very near
zero as a function of time. When a lubricant is placed between the contacts
the junction resistance rises from 10~ to 1010 times what it is observed to
be without lubricant. In addition, as noted in Figure 25, the resistance can
fluctuate over the full range from infinity to zero if the contacts are
placed under relative motion to one another.

The number of contacts per unit time is a strong function of the micro topol-
ogy present in the Hertzian contact area and the hydrodynamic film thickness.
A typical observation time as shown in Figure 25 is 100 milliseconds real
time. The percent of time the resistance is low (as is the case with metal-
to-metal contact) may be anywhere from zero to one hundred, depending upon
the area of contact zone and lubricant film thickness present.

With extreme variations in observable contact resistances in hand, MII has
developed a real time electronic device, the Asperitac, which can determine
the percent metallic contact, number of contacts per unit time, and average
asperity pulse height and width. In addition, the applied test voltage, re-
sistance scale magnification, and test obhservation time can be widely varied
at the discretion of the experimentalist. The preselected settings depend
upon the contact or bearing conditions under observation (see Figure 26 for
Asperitac functions).

The Asperitac has an adjustable preselected time of observation from one
millisecond to one thousand seconds in seven decade steps. Asperity resist-
ance variations in rolling and sliding contacts as well as boundary lubri-
cated bearings can be observed with such a change in time scale.

Applied DC contact voltages can be fixed from a minimum of 10 millivolts to
1 volt in one millivolt increments. Resistance variations in contacts with
oils which have low dielectric constant and small breakdown veltages can be
analyzed with these excitation voltages.
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If certain contacts warrant extensive observation in the zero to 10,000 ohm
range the mid-scale resistance of the discrimination level can be decade
stepped to as low as ten ohms for highly refined studies of the variations in
the low level contact resistance,

The percent of metal-to-metal contact which can be theoretically calculated
for certain contact profiles is obtained in real time with the Asperitac by
taking the ratio of the time the resitance is below the discrimination level
to the total observation time. A counter and summation circult performs this
task for observation times from .l millisecond to 1000 seconds.

The number of asperity interactions is determined by electrically counting
in any observation period the number of times the resitance passes below the
discrimination value selected.

The average metal-to-metal contact pulse height and width is found with the
Asperitac when a knowledge of the contact or set of contacts such as in a
rolling element bearing, requivre it. The average asperity pulse width is
obtained by dividing the detector’s display of actual time in contact by the
number of asperities counted during the observation time. Average asperity
pulse height may be obtained from the detected area of the resistance-time
variations and the average pulse width,

6. OPTICAL FILM THICKNESS TECHNIQUES

Precise konowledge of the film thickness existent between two lubricated sur-
faces has been the quest of many research studies since the early part of the
twentieth century. In more recent years the technique of using optical in-
terferometry has emerged as the most promising method of accurately producing
film thickness data in and around the so-called contact zone. The first re-
ported interference patterns existing between twe surfaces go back as far as
Newton.

A study made by Cameron and Gohar (10) was the first to indicate significant
success in using interference patterns in lubrication experimentation for
mapping the complete contact film.

The majority of tests have been performed with point contacts involving a
lubricated rotating ball on a flat loaded transparent plate. Some experi-
ments (11) also done by Cameron have been performed with rollers on optical
flats. The principles of the measurement technique in general are discussed
in a recent report (12) and only those related to the specific set-up used
during the present work phase will be discussed here. Present testing with
the designed and constructed system described herein has been limited to pre-
liminaty optical check-out with no surface speeds being used in the initial
phase of work,

a. The Experimental Assembly

In order that successful optical interference patterns can be ob-
served and used analytically, several prerequisites must be fulfilled:
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1. The refractive index of the test fluid under the varying
pressure and temperature parameters must be known.

2. The optical set-up must be free of derrations and contain
a well defined surface for reference measurements of film
distortion under load and/or speed changes.

3. The interference pattern must be stable during the obser-
vation period as well as have a high contrast for proper
detection,

The present assembly uses a surface geometry which is different than
any used to date in optical lubrication experimentatien. The mating
discs are shown in Figure 27. The transparent reference disc is a
section of a cylinder with thick walls constructed of optical grade
quartz, The outside and inside diameters have been ground concentric
and free of distortion in order that the contact zone may be observed
from the central axis of the cylinder. The outside diameter of the
quartz disc is coated with a 207 reflective coat of chromium (slight-
ly more than 100 angstroms have been vapor deposited). The coating
provides a well defined Newton ring structure at the contact inter-
face which is quite suitable for observation or photographing (see
Figure 28). 1In addition, the chromium has wetting properties which
are similar to smooth steel.

In the running position the quartz cylinder is mounted on the split
lower shaft of the rolling disc machine. A cross-section view of
the lower shaft and the mounted discs is shown in Figure 29. The
transparent cylinder is fixed on the hollow shaft which contains
three radial holes (one of which is shown in the figure) for viewing
the contact zome from the center of the shaft. The contact zone is
seen from the open end of the hollow shaft via the microscope exten-
sion tube and the stationary front silvered 45 degree mirror.

The microscope assembly consists of the extension tube, a 1X object-
ive lems, right monocular head, and an illuminator access housing.
The access housing allows either filtered incandescent light, strobo-
scopic, or laser light to illuminate the contact zone from the body
of the microscope. The unit is a combination of commercially avail-
able components especially suited for the required long stand-off
distance needed for viewing the contact zone. The working length
from the end of the objective lens is approximately seven inches and
is used with either a 10X or 15X eyepiece.

The contact zone image shown, as in Figure 28, may be photographed
or observed with the aid of a laterally traveling filar micrometer.
The filar used has a traveling resolution of one ten-thousandth of
an inch across the field of view. In order to properly align the
image of the interference fringes in the view finder, the microscope
assembly was mounted on a three-way adjustable pedestal. The test
set-up without the rotating shafts is shown in the photograph of
Figure 30. The tubular extension with 459 mirror is shown in the
proper orientation for photographing the contact zone between the
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two disc specimens.

Preliminary optical results have been obtained for static contact
between a crowned steel disc and a quartz disc with a partially re-
flecting coating. Several fringe patterns were obtained under
lightly loaded conditions. In order to interpret and evaluate the
fringe patterns under static contact, an analysis has been under-
taken and completed for predicting the spacing between tweo bodies in
elliptical Hertzian contact.

The equations originally put forth by Hertz are expressed in a con-
venient manner for numerical computation in Appendix IV. Computer
programs have been written for calculating separations at a given
position as well as for calculating positions at which the separa-
tion is constant to predict location of interference fringes. The
output of this program yields loci of constant separation between
the discs as shown in Figure 32.

The centers of the dark bands in Figure 28 correspond to separations
of approximately 4, 12, 20 and 28 micro-inches from the center re-
spectively, The major axis of the inner most dark band is approxi-
mately 41 mils, The fringes were produced by a 3 in. diameter
cylindrical quartz disc loaded lightly against a 3 ipnch diameter
crowned steel disc having a 36 inch crown radius (see Figure 27).
The precise loading for these preliminary experiments was not
measured, however, a load of .09 lbs. places the analytical and the
measured value of the major axis of the first dark band in coinci-
dence.

Comparison of predicted and measured separation in the axial direction
is shown in Figure 31, Although good agreement is shown to exist
along the major axes of the fringes (axial direction), the predicted
ratios of the minor to major axes of the fringes as determined from
Figure 32 are somewhat latrger than the experimental values as deter-
mined from Figure 28. This discrepancy could be caused by an error

in the assumed crown radius or by possible phase shift effects ob-
served by Holden (13) resulting from the chrome layer on the disc
surface, These effects will be investigated more thoroughly under
more controlled conditions,

The comparisons between experiment and theory shown here are highly
preliminary, They are intended in part to illustrate the use of the
analysis performed here as a valuable tool which will be used for
interpreting subsequent dynamic optical f£ilm thickness data.

7. X-RAY FILM THICKNESS TECHNIQUES

Until 1960 the only reliable methods of measuring film thickness in a lubri-
cated interface between two metal bodies was by using electrical capacitance
techniques. At that time, the Battelle x-ray technique was developed. The
result at that time was the first valid proof of the existence of very thin
lubricating films (less than 100 micro inch) in rolling contacts.

-51-



Disk Separation (micro-inches)

60

50

B~
[}

W
=

]
o

10

®
wmee  Analytical
® Experimental
10 20 30 490 50 60

Distance from Center of Contact (mils)

Fig. 31 Measured and Predicted Separations in Axial Direction

-52-

MT1-12217



BRTZTI-IIH

ursiljed =8uUrig [EOoTIl=ioayl z¢ 'S14

(sT1w) sourlsI(g
oY 0f 0c 01 0

-53-

\V/




A set of x-ray film thickness measurements are being planned for the next
phase of work at Mechanical Technology Incorporated on the rolling disc
machine described in this document. The tests to be performed will be simi-
lar to those originally performed except that only the film thicknesses in
the rolling direction will be examined. The present rolling disc facility
design has not provided for side viewing the rolling test specimen contact
Zone.

The sketch of Figure 33 shows the layout of components which will be used for
determining the lubricant film thickness between the rollers with x-rays.

Two principle items are different from the originally performed classical
experiment. Instead of generating the x-rays to be used with a high voltage
electron tube a natural radiation source of cadmium-109 will be used. The
source will be housed in a special lead container which will allow optical
alignment of the beam with the aperture, contact zone, and crystal detector
on the photomultiplier tube. In addition, the present set-up will make use
of a laterally traveling slip for scanning the contact zone in lieu of moving
the rolling disc test machine which was done in the original experiment.
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SECTION IIT

TRACTION DATA AND ANALYSIS

The methods by which traction data have been obtained have been described in
detail in the preceding sections. In the following sections, the traction
data obtained with our test apparatus for 5P4E polyphenyl ether will be pre-
sented in the form of traction versus slip rate curves. Traction curves have
been obtained at loads corresponding to Hertz maximum pressures between
100,000 psi and 140,000 psi. The rolling speed varies ‘from 900 in./sec to
1,820 in/sec and temperatures range from 175 F to 215 F. Most of the test
data were obtalned at low slip rates so that comparisons can be made between
the MIT data and the traction data obtained at Battelle (1).

Comparisons will also be made between measured data and the data predicted by
the MIT elastohydrodynamic performance code given in Reference 2. The elasto-
hydrodynamic performance code tractions are predicted by means of a quasi-
empirical method which attempts to relate traction data to the data obtained
by Johnson and Cameron (14) for Shell turbo-33 oil. This method which is
described in detail in Reference 2, generalizes Johnson and Cameron's data
with the use of three dimensionless parameters which were first put forth by
A.W. Crook (15) in his analysis of elastohydrodynamic tractions.

An attempt has also been made to predict tractions directly from the existing
viscosity-temperature and ~pressure data obtained by Midwest Research Insti-
tute (16) for polyphenyl ether. These data unfortunately do not extend to the
100,000 to 140,000 psi pressure range covered here. A hypothetical extrapola-
tion of the Midwest data is also presented. This extrapolation was obtained
by means of an assumed viscosity-pressure-temperature relationship which re-
sulted in a reasonable fit to our measured data and has been used as a means
of correlating the data.

1. TRACTION DATA

Chart recordings of traction data in the form of torque versus slip rate have
been smoothed and fed digitally onto computer tape files where they are cur-
rently stored. A matrix of traction versus slip rate data is shown in Figures
34 through 36. These data have all been obtained at a temperature of approxi-
mately 200 F. The data shown in Figure 34 correspond to a rolling speed of
900 in/sec; Figure 35, 1,360 in/sec; and Figure 36, 1,820 in/sec. These are
the same speeds used by Battelle (l). Tractlons are found to increase
markedly with load and to decrease with increasing speed.

The extent to which traction varies with load can be seen from Figure 37,
which is a plot of traction coefficient {traction force divided by load) as

a function of slip rate for a rolling speed of 900 in/sec. The spread of
these traction coefficient curves at the three different loads indicates that
a ceiling friction coefficient has not been reached. This is to be expected
in that we are operating at very high rolling speeds in comparison with those
given by Johnson and Cameron who observed the ceiling coefficient of traction
behavior.
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The variation in traction with rolling speed can in part be explained by the
increasc in £ilm thickness with rolling speed. However, based upon calcula-
tions tn be discussed later, the tractions seem to vary more than one would
expect solely as a result of changes in film thickness.

The variation of traction with slip rate ig quite similar to that reported

by most other investigators. Tractions are found to first iacrease linearly
with siip rate in the very low slip region, then the curves tend to bend

over as thermal effects become more predominant; and then finally in the
higher slip region where thermal effects are dominant, the tractions decrease
with increasing slip rate. The data shown in Figures 34 through 37 extend

to the vicinity of the peak tractions. Special emphasis is placed on the

low slip region for purposes of comparison with Battelle data. However,
several cases were run to show the behavior of traction as a function of slip
rate at much higher slip. Two such curves are shown in Figure 38 for a roll-
ing speed of 900 in/scc at loads corresponding to Hertz pressures of 100,000
and 120,000 psi. These are extensions of the curves shown in Figure 34  The
decreasing portions of the traction curves are clearly seen here

2. COMPARISON WITH BATTELLE DATA

The Battelle traction data was presented in tne form of tractions in pounds
versus shear rate in reciprocal seconds. The shear rates were obtained by
dividing the slip rates by the measured film thicknesses that were measured

by Battclle's x-ray technique (1). 1In order to make a direct comparison between
our data and Battelle's the shear rates were converted back to slip rates

based upon the Battelle measured film thickness data reported in Reference 1.

A major discrepsncy between MTI data and Batrtelle data is the variation in
tractions with temperature. MIT data is almost completely insensitive to
temperature, whereas Battelle reported marked variations in traction with
temperature. A direct compariscon between MIT and Battelle data at two differ-
ent temperatures at a rolling speed of 1,820 in/sec and a Hertz maximum pres-
sure of 100,000 psi, is shown in Figure 39. The Battelle data obtained at

220 ¥ appears at least in the lower slip range to be very similar to MIT data.
The MIT data at 1753 F falls slightly, although not significantly,' below the
215 F data, whereas the Battelle 175 F data lies more thanm a factor of 2

above the 220 F data. Tn light of this discrepancy in the temperature depend-
ence of tractians ir will be somewhat difficult to make absolute comparisons
of the variation in tractions with other parameters such as load and rolling
speed. 1f quantitative agreement is observed at a particular temperature,
then discrepancies will arise at other temperatures.

An attempt has been made, however, to make relative comparisons between trends
in the tracrion data by comparing variatioons with rolling speed and load

No dcfinite temperature trend was appareat. In some cases traction
appeared to increase slightly with increasing temperature and in other
casrs 1t was found to decrease. In all cases, the scatter was relatively
small.
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between MII data at 200 F and Battelle data at 220 F. Since these data agree
at 1,820 in/sec and 100,000 psi, differences in trends may be observed at
other loads and speeds.

Comparisons between 220 F Battelle data and 200 F data at a Hertz maximum
pressure of 100,000 psi and rolling speeds of 900 and 1,820 in/sec are shown
in Figure 40. Both Battelle and MTI data exhibit tractions which decrease
with increasing rolling speed, however, the variations with slip rate appear
to be somewhat different between the two sets of data, The Battelle data
appears to exhibit a steeper slope at very low slip rates and to level off

at somewhat lower slip rates than the MII data. A comparison between Battelle
and MTI traction data at 140,000 psi is shown in Figure 41. The Battelle

data appear to exhibit an even stronger sensitivity to load than MTI data,

As a result of this study it can be concluded that although the MIT and
Battelle traction data lie within the same overall range and exhibit quali-
tative similarities with respect to relative behavior as functions of slip
rate, rolling speed and load (although not temperature), they do not in any
sense agree well quantitatively. Tractions are believed to be extremely sen-
sitive to rheological properties of the lubricant and the Battelle data were
taken nine years earlier with lubricant obtained from a different batch than
that used by MII. Hence, it is quite possible that some structural differ-
ences or possibly additives could account for some of the observed discrep-
ancies.

3. COMPARISON OF TRACTION DATA WITH PERFORMANCE CODE PREDICTIONS

The elastohydrodynamic performance code (2) predicts tractions based
upon the data of Johnson and Cameron (14), together with a method of generali-
zation based on dimensionless parameters evolved by A.W. Crook (15).

Traction coefficients (FX/P) are assumed to be functions of the inlet tempera-
ture and the three parameters G G,» and G, are defined below:

1’ 3
2
G — uo us G - ﬁ._.u_g_.u_s. G = o p
1 P 2 8K, 3 HZ

where u_ is the viscosity at the inlet oil temperature T , u_ is the slip
rate, his the lubricant film thickness, p is the meximum Hertz pressure,
and Kf is the thermal conductivity of the ?%uid. The quantities @ and A1
are viscosity pressure and temperature ceoefficients based on the viscosity
pressure and temperature relationship

ap - By (T - T
W o= e 1 © (1)

where p denotes pressure and T is temperature,
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The film thickness, h, appearing in the above parameters is calculated by
means of Dowson and Higginson's formula (17) and modified by the thermal cor-
rection factor for viscous and compressive heating in the inlet zone given in
Reference 2, Tractions are calculated for an equivalent line contact which
preserves the Hertz maximum pressure and minor half width of the elliptical
contactk.,

Comparisons between performance code predictions and measured tractions at an
inlet temperature of 200 F and a rolling speed of 1,820 in/sec and pressures
ranging from 100,000 to 140,000 psi are shown in Figure 42, It can be seen
that both performance code predicticons and experimental data indicate that
the traction coefficients will vary with load and that the predicted wvalues
of peak tractions lie within a factor of 2 above measured values. The be-
havior between performance code predictions and MFl experiments is radically
dissimilar in the low slip range. Performance code predictions indicate a
much more rapid rate of climb of traction coefficients with slip rate and
lower values of the slip rates at which peak tractions occur than measured
experimentally, In that the performance code attempts to relate data taken
with one lubricant (Shell turbo-33 eoil) over a range of loads and rolling
speeds to a radically different lubricant (5P4E polyphenyl ether) at consid-
erably higher speeds, it is not surprising that dissimilarities exist. Pre-
dictions do, however, fall within the right order of magnitude, and have
some qualitative similarity with the data.

It is also interesting to note that the performance code predictions are
qualitatively in accord with the data regarding sensitivity of traction co-
efficients to temperature as shown in Figure 43. It can be seen that the
tractions predicted at 175 F lie only slightly above those predicted to
occur at 220 F.

4, COMPARISON BETWEEN MEASURED TRACTIONS AND PREDICTIONS BASED UPON
EXISTING VISCOSITY DATA

Viscosity data for 5P4E polyphenyl ether has been obtained by Midwest Research
Institute (16) over a range of pressures and temperatures, The results of
their measurements are shown in Figure 44. The viscosity data extend up to
70,000 psi at 300 F, 50,000 psi at 210 F, and 10,000 psi at 100 F.

It should be noted that the viscosity-pressure data at 210 F and 300 F are
concave upward on the semi-log scale used in Figure 44. 1If the lubricant is
to behave as a liquid over the entire range of pressures and shear rates of
interest then the viscosity-pressure curves should eventually inflect and the
viscosities should level off. The curvature of the viscosity-pressure curves
was thus not used in extrapolating viscosities to the 100 to 150,000 psi pres-
sure range, but instead it was decided to use the straight lines (on a semi-
log scale) which best approximate the viscosity behavior in the lower pressure
range,

These lines are shown on Figure 44 and were obtagined by fitting the low pres-
sur: viscosity as functions of pressure and temperature with the formula
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11
2t (B* W (fig - TT (2)

L1=Llr

where u_ is a reference viscosity at atmospheric pressure and reference tem-
peraturé T. Values of the parameters in obtaining the fit are

1.116 x 10'4 in2/1b

o =
g = 736.1° F

v = 3.338 x 107 in®-°F/1b
¢ = 12°F

M, = 2.798 x 1()_6 1b—sec/in2.

The traction theory put forth by A.W. Crook (15) predicted tractions for line
contact for a viscosity pressure-temperature relationship given by Equation
(1). This theory was later modified by Kannel and Walowit (18) to make it
amenable to predicting tractions for any prescribed viscosity pressure-temper-
ature relationship for a line contact. This theory for predicting shear
stresses has been used in conjunction with the viscosity relationship given
by Equation (2) and the shear stresses in turn have been integrated over the
entire elliptical contact to predict tractions.

Predictions obtained with the use of this analysis are shown together with
the experimental data corresponding to a rolling speed of 1,820 in/sec and

a temperature of 200 F in Figure 45. It can be seen that the agreement be-
tween theory and experiment, particularly at 140,000 psi, is not good. The
ascent rate is too steep, the peak traction occurs at too low a slip rate,
and the descending portion of the curve is far too steep. It is believed
that a partial explanation of the discrepancy between theory and experiment,
particularly at higher loads and in the low slip range, results from the fact
that the actual viscosities at the center of contact which are the dominant
viscosities in determining tractions are greatly over predicted by the repre-
sentation used to extrapolate viscosity data up to 140,000 psi. This problem
will be dealt with further in the following section.

5. APPARENT VISCOSITY RELATIONSHIPS BASED UPON TRACTION DATA

As a result of the exponential behavior of viscosity with pressure it is to

be expected that the dominant tractive forces will arise near the center of
contact where the pressures and hence the viscosities are the highest. The
pressures at the center of contact extend up to 140,000 psi and are far out

of range of the pressures over which viscosity data were taken. In addition,
high rolling speeds and shear rates are prevalent which could give rise to
non-newtonian and short time effects hence it is not surprising that traction
predictions based on these low pressure, low shear, long time data, fall short
of providing adequate predictions of measured tractions.
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In this section attempts will be made to work backwards from measured data to
obtain a hypothetical apparent viscosity relationship as a function of pres-
sure and temperature and to use it to correlate traction measurements,

To carry out this objective without introducing undue complexities, a hypo-
thetical viscosity-pressure-temperature relationship of the form given by
Equation (1) will be used to describe the behavior of polyphenyl ether in the
high pressure region. We may write this equation as

% *
* X P - B (T-To)
o

(3)

* % %
Here, the three constants Hos @ and g refer to the effective high pres-
sure viscosity behavior of polyphenyl ether and will be numerically different
from the coefficients oo O and B given in Equation (1).

These constants could, in principal, be determined from one traction versus
slip rate curve and then fixed values of these constants could be used to pre-
dict variations of traction with load, slip rate, and rolling speed, If
indeed a simple three constant fit of this nature could actually describe a
series of curves taken over a range of loads and rolling speeds, it would go

a long way toward both correlating the data and providing a means for inter-
polating and possibly, extrapolating the data.

A plot of a hypothetical viscosity-pressure-temperature relationship is shown
in Figure 46, The circled points represent the Midwest Research Institute
data at 210 F. Predicted tractions should be relatively insensitive to the
shape of the lower portion of the viscesity curve and should be determined
primarily by the "high pressure line" shown in Figure 46, Film thickness is
determined largely in the inlet zone where the pressures are somewhat lower,
Hence, the effective pressure coefficient of viscosity and base viscosity used
in calculating film thickness will be taken from the slope and intercept of
the "low pressure" line in Figure 46,

The equations for predicting shear stress T resulting from an exponential vis-
cosity function of the form given by Equation 3 are in the literature (15, 18)
and are given below in terms of present notatiomn:

#
o p/2 } *
Ho Yg © sinh 1 gge“ p/2)

X %
¥ \/1 + Yzea P

where h denotes the film thickness (assumed constant) in the contact zone and
p is the local pressura. The dimensionless parameter ¥ is defined as

% K
HOB

8 BKf
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The pressure p is assumed to be Hertzian in the contact zone (15, 18) and is
given by

2
P = by, \/1 -G -G

where a and b represent semi-major and semi-minor axeés of the contact ellipse
and x and y represent coordinates in the rolling and axial directions respect-
ively.

The total tractive force F_ for elliptic contact is obtained by integrating
the shear stress T, over tfie elliptical contact area

a b\/l - (y/a)2

S Ty dx dy

F=4S
e

The above integral may be expressed mathematically as follows

* .
8K .u %* 2
Foo= —2F { Lo [sinh'l (v pHZ/z)]
X 2 3

%
[ *2\ - a(ve® pHZ’fz) -3 (\y)]
@ Pyg

o)

(4)

where the function §(Y¥) is given by the relationship

[sinh”t (¥) 717
vl

(Y = SY v

o]

which is shown graphically in Figure 47,

Film thicknesses were calculated with the use of Grubin's formula (17) and
modified with the use of thermal reduction factors computed from the elastohy-
drodynamic performance code (2), For the range of conditions used in obtaining
the data appearing in Figures 34-36 thermal reduction factors were found to
very nearly offset the isothermal (8/11 power) increase in film thickness
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with speed. Predicted film thicknesses were all found to he within + 10% of
50 micro-inches for the entire range of rolling speeds (900 - 1820 cps) and
Hertz pressures (100,000 - 140,000 psi) under consideration.

Tractions were computed with the use of Equation (4) and values of the quanti-
ties 1~ and & were determined by fitting the low slip rate portions of the

data shown in Figure 36, The low slip regions were used since the viscous
heating will be low there and predicted tractions will be insensitive to the
viscosity temperature coefficient (the insensitivity is indicated by ¢

linearity of the traction vs. slip rate curves 1n the low slip reglon) It

was thus possible to determine values of uo and o independently of 3%, A
value of the temperature coefficient B was then determined to provide a reason-
able fit to the peak tractions for the data shown in Figure 36, It should be
noted that no real attempt was made to optimize the constants.

The results of this '"viscosity determination process'" are shown in Figure 48
for the 1,820 in/sec rolling speed data. It can be seen that the three con-
stant fit can reasonably describe the three curves showing variations of
traction versus slip rate over a range of loads, The values of the constants
are

u; - 1.01 x 1077 1b-sec-in’2,
* -
o = .377 x 10 b in2/1b and
8" = 0,046 %L,
The viscosity isotherm at 210 F corresponding to these values is ... "high

pressure line" shown in Figure 46. Comparisons between tractions predicted
with the values of u*, a*, and B determined above and the measured data at
the other two rolling speeds are shown in Figures 49 and 50. The predicted
tractions vary inversely with film thickness hence they vary only slightly
with rolling speed because of the insensitivity of the predicted film thick-
ness to rolling speed. The increasing discrepancies between predicted and
measured traction at relling speed 1,360 rps and 900 rps are a result of the
rolling speed dependence of the data,

It should be noted that whereas thermal film thickness theory results in trac-
tion predictions that are less sensitive to rolling speed than measured data,
isothermal theory results in predictions that are considerably more sensitive
to rolling speed than the data indicate. It is possible that the true film
thickness lies somewhere between the two predictions which might account for
the observed rolling speed dependence of tractions.

It is also possible that the film thickness, in fact, is insensitive teo roll-
ing speed and that the variation in traction with volling speed is a result
of short time effects on lubricant viscesity or inlet zone heating effects
which ware not taken into account in arriving at Equation (4). Such effects
could b. characterized empirically by allowing u: to vary with rolling speed
The inpdicated curves appearing in Figures 49 and 50 were obtained bykallow—
ing ué to vary with rolling speed in fitting the data, but keeplng o and B
constant. The values of the apparent viscosity coefficient uo are 1.4 x 1073
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reyns at 900 ips, 1.2 x 1073 reyns at 1,360 in/sec and 1.01 x 1073 reyns at

1,820 in/sec,.

The relationships put forth in this section characterize the variation in
traction with load fajrly well (even using a single value of u®) and speed
dependent values of L, can be used to obtain an improved fit of the data at
different rolling speeds,

In the absence of better quantitative information regarding the rheoclogical
properties of polyphenyl ether at high pressures, high shear rates and short
times, it is hoped that an apparent viscosity model of the type advanced here
can serve to provide mathematical representation of measured tractions and

to relate them to other geometric and dynamic configurations.

Attempts will be made in the near future to investigate the possibility of
improving the apparent viscosity model by incorporating measured film thick-
ness data and eventually to extend the model as more rheological data becomes
available,

-82-



SECTION IV

ASPERITY INTERACTIONS AND PARTIAL ELASTOHYDRODYNAMIC
LUBRICATION IN ROLLING ELEMENT BEARINGS

Traction measurements thus far have been obtained over a range of loads,
speeds and temperatures where the lubricant film thickness is expected to be
of the order of 50 microinches or more. These films should be quite large

in comparison with the surface roughness (which was of the order 2 microinches
rms at the outset) hence it is anticipated that the data presented here were
all obtained in the full elastohydrodynamic regime,

In subsequent investigations however, experiments will be performed at lower
speed and higher loads with less viscous fluids so that partial elastohydro--
dynamic conditions will be prevalent. Under these conditions some asperity
contact will occur.

The analysis to be presented here considers the contribution to the total
tractive force resulting from the direct interaction of asperities on two
surfaces that are sliding with respect to each other. The effect of a lub-
ricant film is assumed to be manifested solely in the determination of the
mean spacing between the two surfaces and forces transmitted across the lub-
ricant film are not considered. The analysis represents an extension of the
work performed by Gupta and Cock (19, 20) who considered asperity interactions
between two flat surfaces in unlubricated sliding contact. The extensions
have been performed to include the spacing effects of a lubricant film thick-
ness profile, and a concentrated contact geometry,

A brief review of the analysis will be presented followed by presentation of
results of computations applied to a lubricated elastohydrodynamic contact.

1. STATISICAL ANALYSIS OF ROUGH SURFACES IN SLIDING INTERACTION

Since surface profiles are usually of a random nature it is possible to de-
scribe surface topography in terms of statistical properties e.g., distribu-
tion of peak heights and radii of curvature at the peaks. With such a de-
seription of surface topography it is possible to express the mechanical
interactions between mating surfaces in terms of statistics of the surface
profiles.

From the experimental analysis of various surface profiles it is found that
statistical distribution of peak heipghts generally approach a Gaussian func-
tion (19). The distribution of radius of curvature at the peaks, however, is
skewed and the data is best fitted by a log-normal function. Furthermore,
statistical correlations between peak heights and radii is negligible. With
these statistical results, the analysis may essentially be divided into two
independent steps: analysis of individual asperity interactions and distri-
butions of interacting asperities over the entire surfaces.

It is assumed that contact takes place only at the peaks and all asperities
are geometrically described as spherical bodies and the junctions formed by
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individual pairs of asperities do not have any force of displacement inter-
action among themselves. A justification for these assumptions is described
in Reference (21),.

Consider two interacting surfaces, 1 and 2, as shown in Figure (51). It is
clear that contact between two asperities of peak heights, Z, and 22, will
take place only if the sumof the peak heights (2') is greafer than the mean
separation between mating surfaces ('Y which may be expressed mathematically
asg

. ] 1
2y vz, = Z > d
Since the distributions of Z. and Z, are normal, the mean M and standard de-

viation 5 of the distributiofi of sum Z_ -+ 22 may be described in terms of
individual means and standard deviatiofis.

Sum of the heights Z' and the separation between the mean planes of the sur-
faces d' may be expressed in non-dimensional form

]
g = L - M
o
and
I_
g o dl-m
o

Since Z is pormally distributed with a mean of zero and variance of unity, the
numbers of asperity interactions satisfying the condition

Z =~ d

may be easily determined by the shaded area in Figure 52. Furthermotre, the
maximum geometric interference for mating asperities is described by
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p(Z)

Fig. 52 The Standardized Normal Distribution
Function for Z
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Since the asperities are geometrically described as spherical bodies, the
interaction is described by the radii of curvature and wp,4. As stated
earlier, the radii may be distributed by a log-normal function and may be
considered as independent of heights., Thus, if we consider the distributions
in discrete form, it is possible to describe all asperity interactions in
terms of junctions Jijk each of which may be described geometrically by a set
of parameters

Jije = Fije ¥

where Ni%k is the number of junctions having maximum geometric interference

Vmax; - he radii of curvature of the interacting asperities are le and Rzk.

Now if we know the force deformation relations for all junctions J; 4, the
total interaction between the surfaces may be determined. We shall discuss
these models later. For the present, let the averagenormal and friction

forces, Vijk and H; iy, and the average real contact area Aijk for junctions

Jijk be described by the relations
Vi T Vi (wmaxi’ le’ Rzk)
Hie = Pigx (wmaxi’ le’ Rzk)
Aijk = Aijk (Wmaxi’ le’ R2k>

Also knowing the size of a junction, the contact resistance Cijk! using Holm's
theory (22) may be estimated (21). The total time average forces, real con-
tact area and electrical contact resistance for the interacting surfaces may
be obtained by summation

m m
v = va. N..
R RS AL
m m
i = 3 b T H,., N..
i 3=l k=1 ik ijk
m m
A = A, . N,
] j§1 oy 1dk ik
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where summation over i is carried over all asperity interactions satisfying
the condition Z =~ d.

A detailed derivation of various junction models is described in Reference
(20)., With a given geometric interference the junctions are classified as
elastic or plastic depending on the mode of deformation, Elastic junctions
are analyzed by using Hertz solutions (23) for normal contact forces and

real contact area. Friction force is assumed to be proportional to real con-
tact area at the junction; in other words, constant interfacial shear stress
is assumed. TPlane strain slip line field solutions are used to analyze fully
plastic junctions. The junctions are further classified as "weak'" or "'strong"
depending on the strepngth of interfacial adhesion. If the interfacial shear
stress is equal to the ultimate shear flow stress of the weaker material,

the junction is called "strong". A junction is "weak" when interfacial shear
stress is less than the shear flow stress of weaker material. Tension in a
plastic junction is limited by maximum permissible adhesion stress, which
essentially depends on the environmental conditions.

2. RESULTS OF ASPERITY INTERACTION ANALYSIS AS APPLIED TO A LUBRICATED
ROLLING-SLIDING CONTACT

Contact forces, real area of contact and the electrical contact resistance
were determined for typical ball bearing surfaces. The radius of curvature
at all peaks was assumed to be 0.006 in. and the standard derivation of peak
height distributions was taken as 1 microinch. These numbers are estimated
from the experimental data given in Reference (24). The mean peak height
was estimated as one third of the standard derivation (21). The average
separations between peaks was assumed to be gbout one tenth of the radius of
curvature, giving a peak density of 2.8 x 106/sq—in. It should be noted that
the purpose of "guessing' these topographic properties, is to just illustrate
a typical solution. In a real case, these parameters must be determined by
actual profilometric measurements.

A ball bearing steel (hardness = 65 RC) was taken to be the material

of both surfaces. Tunnel resistivity for a film thickness of 7 X between
both steel surfaces was estimated to be 0.535 u ) cm? (21). Under room tem-
perature conditions adhesion stress was assumed equal to the tensile yield
stress,

The computer program used in Reference (21) is modified to handle asperity
interactions in partial elastohydrodynamic contacts. With the above data,
the modified program is used to produce the results shown in Figure 53. For
a unit apparent area normal and friction forces supported by interacting
asperities, real contact area and electrical contact resistance are plotted
as a function of the separation d', between the mean planes of interacting
surfaces. All junctions were found to be elastic in the load range shown in
Figure 53. A listing of the computer program and typical output are given
in Appendix III.
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The friction contributed by direct asperity interaction in an elastohydrody-
namic contact will be analyzed by taking the separation between the surfaces
d' to be equal to the lubricant:film thickness, h, (in this case assumed to

be constant). Metallic interaction will take place when the sum of peak
heights on the two surfaces is greater than the lubricant film thickness.
Thus, if the film thickness is known, the normal and friction forces supported
by the asperities, total average real contact area and electrical resistance
due to metallic contact may be determined by solutions similar to the one
shown in Figure 53. The procedure may be illustrated by the following speci-
fic example.

Consider a pair of discs, 3" diameter and 36" crown radius, in rolling con-
tact at a normal load of 100 1lbs. An estimate of the expected lubricant

film thickness may be obtained from Grubin's or Dowson and Higginson's (17)
formula. Taking typical values for inlet viacosity p, = 4.35 x 1077 1b.sec/
in? and pressure viscosity coefficient o = 1.2 x 10-4 in2/1b, the film thick-
ness h is estimated for different velocities. Also for the fixed normal load
the apparent contact area, i.e., area of Hertzian ellipse may be determined.
In the present case, this area is 1.7 x 1073 in2.

Now for a fixed apparent area, the loads supported by the asperities, real
contact area and electrical contact resistance may be determined for any
film thickness, and therefore for any speed, from the solutions plotted in
Figure 53. Figure 54 shows these results plotted as a function of speed.

It can be clearly seen from Figure 54 that for the surfaces specified by the
topography used in the present analysis, asperity interaction effects occur
at velocities less than 100 in/sec.

The friction coefficient as a function of velocity may be determined from
Figure 54, where the friction load H, and normal load V, supported by the
asperities is plotted as a function of velocity. Thus, for a total applied
normal load P, the friction coefficient defined by the friction force sup-
ported by the interacting asperities only is determined.

£ = H/P

Figure 55 shows the estimated values of friction coefficient, based on metal-
lic asperity interactions only, as a function of velocity. It is clearly
seen that at increasing speeds the contribution of metallic asperity inter-
action to friction rapidly reduces, essentially due to the increasing film
thickness. Hydrodynamic effects will usually dominate the friction behavior
at high speeds. At low speeds however, when the film thickness is small,
friction will be more strongly dependent on asperity interactions.

The preceding analysis is intended to provide a vehicle for studying the
effects of asperity interaction in the partial elastohydrodynamic regime.

It will be valid in predicting total tractive forces only when hydrodynamic
effects are small, It thus represents the opposite end of the spectrum to
the analyses discussed in Section IT which are limited to purely hydrodynamic
forces. As more information is obtained the asperity interaction analysis
should be integrated with the elastohydrodynamic analysis to provide a more
complete understanding of the partial elastohydrodynamic process.
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SECTION V

CONCLUSIONS

The elastohydrodynamic rolling disc test apparatus has been designed and
built and a matrix of data covering a range of loads, speeds and temperatures
have been obtained for 5P4E polyphenyl ether.

Measured tractions are found to markedly increase with load and decrease mod-
erately with rolling speed. The data show a very weak sensitivity to tem-
perature whereas Battelle data obtained under the same apparent conditions
show a very strong decrease in traction with increasing temperature. The
precise nature of this discrepancy has not yet been established, however,

the two sets of data have been taken ten vears apart with different batches
of fluids, and since tractions are predicted to be very sensitive to fluid
properties, it is possible that additives or structural differences in the
lubricant could account for the discrepancies.

Although in many respects qualitative similarity exists, tractions do not
compare well quantitatively with either performance code predictions or
other existing viscous traction theories. An apparent viscosity model has
been advanced which uses an increased base viscosity and a decreased pres-
sure coefficient of viscosity determined from the traction data to correlate
the traction data and can provide a reasonable mathematical representation
of the data.

Preliminary investigations indicate some variation in traction with lubricant
supply rate. TFurther studies will be performed to determine whether or not
these are starvation effects as opposed to thermal effects.

Preliminary optical interference measurements have been obtained which cowm-
pare reasonably well with predictions of exterior contact separation profiles
based upon Hertz theory.

An asperity interaction model has been presented which will be used in our
subsequent investigation of partial elastohydrodynamic lubrication. The
model facilitates for prediction of real area of contact, frictional contri-
butions resulting from asperity interaction, fraction load supported by
asperity contact, and electrical contact resistance,
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APPENDIX I

MTI ROLLING DISC DESIGN DRAWINGS

DRAWING NUMBER DESCRIPTION
245-3-01 Layout - Elastohydrodynamic Test Rig
245-3-02 Facility Layout Elastohydrodynamic Test Rig
245-3-03 Assembly - Elastohydrodynamic Test Rig
245-E-04 Sliding Plate
245-E-05 Bottom Plate (2 SH)
245-E-06 Top Plate
245-C-07 Guide Rods
245-E-08 Upper Bearing Housing
245-C-09 Bearing Housing - Upper Half - Large
245-C-10 Bearing Cap - Small
245-C-11 Bearing Cap - Large
245-C-12 Bearing Housing -~ Upper Half - Small
245-D-13 Labyrinth Seal - Lower
245-D-14 Upper Shaft - Main - Low Load
245-D-15 Labyrinth Seal - Upper
245-D-16 Lower Shaft - Main
245-C-17 Pivot Yoke
245-B-18 Pivot Pin
245-8-19 Bearing Spacer - Lower
245-C-20 Bearing Spacer - Upper
245-B-21 Pivot Plate
245-B-22 Load Cell Adapter
245-B-23 Adapter, Hybrid Cylinder
245-D-24 0il Guard Upper
245-E-25 0il Guard Lower
245-C-26 Drive Shaft
245-D-27 Upper Shaft - Main - High Load
245-B-28 Bearing Spacer - Upper - High Load Shaft
245-B-29 Inspection Plate
245-B-30 Support Rods
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245-C-31
245-C-32
245-B-33
245-8-34
245-D-35

Shaft

Test Specimens
Shim |
Basket

Radiaticen Source Container
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APPENDIX II

EQUIPMENT LIST

An itemization of the test hardware and instrumentation used during the
period of work described in this report follows,

Rolling Disc Machine Assembly

Machined parts as indicated in drawings list of Appendix I.

Two U.S. Electrical motors direct current 20 hp type H.D., P/N x 575644,
Two Horton Mfg. Co. air disc brakes model HWB.

Two machined pulleys 18" dia. with extremultis belts.

Four SKF Inc. angular contact ball bearings cat. #7208/C78 ABEC 7.

Four New Departure Co. deep groove ball bearings cat. #Z99504-LR5.

Torque Measurement

One Lebow Associates Inc. torque transducer model 1214-200.
One Lebow Associates Inc. transducer indicator model 7510,
One Spencer-Kennedy Labs variable electronic filter model 308A.

One Hewlett-Packard X-Y recorder model 7004A (torque output on
y-axis).

Temperature Measurement
One Minneapolis-Honeywell, Brown Instruments Division "Electronik"
24 point continuous balance temperature recorder.

Twenty-four Copper-Constantan thermocouple junctions.

Speed Monitor and Control
Two U.S. Electrical Motors speed-a-matic controllers SCR 460 volt,
three phase, 60 cycle.

One Emerson Electric Co. digital process controller model 101 ratio
speed controller,

One Mechanical Technology Inc. EHD differential tachometer, drawing
no. 10D000068.

One Hewlett-Packard digital electronic counter model 53214A.

One Tektronics Inc. dual beam oscilloscope type 502.

One Hewlett~Packard X-Y recorder model 7004A (speed difference on
®-axis).
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Lubricant Supply and Viscosity

One 0il-Rite Gorp. lubrication dispensing system type A-4015 cat.
no. YC-191-1,

Three Cannon viscometers 3-500 centistokes type 100-B896, 200-X870,
350-v82,

One Variac 220 volt, 10 amp capacity.

Loading System

One Lebow Assoclates load cell model 3132-1K
One Baldwin-Lima-Hamilton strain indicator Model SR-4, Type N

Optical System

One Nikon shopscope long working distance microscope with
illuminator and directional mount, lx-objective, l5x-eyepiece.

Two Dell Optics cylindrical quartz disc per MTI Sketch # SK-A-4211.
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APPENDIX III

COMPUTER PROGRAM FOR EVALUATION OF ASPERITY
INTERACTIONS IN PARTIAL ELASTOHYDRODYNAMIC LUBRICATION

From the given surface profiles (in digitized form) along the direction of
rolling, this program computes the mechanical interaction between the rolling
elements. Both elastic and plastic deformations are considered at mating
asperities. Adhesion and partial or complete welding of the asperities is
allowed by specifying some variable stress parameters,

The program is divided into wvarious subroutines. However, all the calcula-
tions are performed by calling one "main' subroutine PRADEEP. All the other
necessary subroutines are automatically called during the execution of
PRADEEP. Except the main subroutine PRADEEP and the subroutine for statisti-
cal analysis of rough surface profile, SARP, all the subroutines are free
from any input-output statements. SARP needs the surface profile data as the
essential input and all the necessary statistical distributions are printed
out. There is no input required by PRADEEP, other than the subroutine in-
put parameters. A description of all the input data and the computed results
are printed out.

Usage

As mentioned above, the usage of all programs consists of one call statement:
CALL PRADEEP(PROP,B,AA,D,DP,DW,NT)

All the arguments are input. The definitions are as follows:

PROP = Property vector of length 10, specifying the following properties:

PROP(1) = Young's modulus of material one {(lbs per sq in)
PROP(2) = Young's modulus of material two (1lbs per sq in)
PROP(3) = Poisson's ratio of material one
PROP(4) = Poisson's ratio of material two
PROP(5) = Hardness of softer material (1lbs per sg in}
PROP(6) = Ultimate shear stress of the weaker material
{(lbs per sq in)
PROP(7) = Interfacial shear stress / PROP(6)
PROP{8) = Adhesion stress / PROP(6)
PROP(9) = Sum of the specific resistances of the two materials

(micro ohm in)

PROP{ 10)

1l

Expected tunnel resistivity for the infacial film
{micro ohm sq in)

~-8g.



B = Hertzian contact size in rolling direction (x 10-3 inch)

AA = Hertzian contact size perpendicular to rolling direction
(x 103 inch)
D = Nominal film thickness (x 10-3 inch)
DP = Vector specifying protrusion depth values (x 1073 inch)
DW = Vector specifying protrusion width values (x 1073 inch)
NT = Length of vectors DP and DW (always » 2; DP(1l) = DW(1l) = 0)

DP and DW are two vectors specifying the geometry of protrusion in the inter-
facial film. DP is the depth vector and DW is the width vector. Reference
axes for DP and DW are shown in Figure TII-1. When protrusion exists of

both interacting surfaces, DP should be such that the effective film thickness
in the protrusion zone is given by

Effective Film Thickness = D - DP

The main program calling PRADEEP must have a common statement described
below:

COHMMAN/CPNTO/NCT
where NCT is name for any integer specifying the following options:

NCT = O Subroutine SARP is called each time PRADEEP is called and
therefore the necessary input for SARP for each call should
be provided.

NCT = 1 SARP is called only at the first call of PRADEEP. For sub-
sequent calls topography is kept fixed and SARP is not
called. This option is useful when computation is to be
performed for different nominal film thickness for surfaces
with given surface topography.

Statistical analysis of the surface profiles is performed in subroutine SARP.
Whether this analysis is to be performed or not must be specified by neces-
sary input data cards.

Various input options for executing SARP are available. In case the statisti-
cal analysis for the surface profile is readily available, all the parameters
may be specified as described in SARP. However, if the statistical analysis
for one or two surface profiles is to be performed, data cards containing the
digitized surface profile data are necessary. The details of all input data
cards are described in SARP. No data cards other than those described in
SARP are required.

Out put

The output of the program is divided into two parts:
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1

Statistical analysis for each of the surface profiles: histograms and
cumulative distribution for the following are printed out for each sur-
face profile:

All heights

Peak heights

Radius of curvature of all peaks

Radius of curvature at upper 25% peaks

Log (radius of curvature) at all peaks

S b B W R =

Log (radius of curvature) at upper 257 peaks

Correlation coefficients between peak heights and radii of curvature

at the peaks are computed for all peaks and the upper 25% peaks. Dens-
ity of peaks and a summary of all the above results is printed for each
surface profile.

IT

Results of asperity interactions: results of metallic contact between
asperities are printed in this section. The output consists of the

following:
1. Total estimated number of junctions
2. Estimated number of elastic junctions
3. Estimated number of plastic junctions
4, Total normal load supported by the asperities
5. Total friction force due to interacting asperities
6. Friction coefficient due to metal-to-metal contact
7. Average total real area of contact
8. Average maximum geometric interference between interacting

asperities
9. Average junctions life
10. Mean junction radius
11. Std. deviation of junction radius distribution

12. Estimated electrical contact resistance

Summary of all External Subroutines

PRADEEP - Main calling subroutine

SARP - Staristical analysis of rough surface profile
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TAB1
WRTE
ACPR
NDIS
NDTR
RDIS
GUPTA
DQSF
ELJUN
PSJUN
PWIUN
ANGLE
ASUB
FCT

Frequency distribution for a tubulated function
Writing out the histograms and cumulative distributions
Analysis of thé contact problem for a pair of rough surfaces
Normal frequency distribution

Normal distribution functien (cumulative)

Radii of curvature distribution at the peaks

Junction deformation model

Integration of a tabulated function

Elastic junction solution

Strong plastic junction solution

Weak plastic junction solution

Junction angle for strong plastic junction

Solution of a non-linear equation

Functions defining the junction angle in terms of incompressi-
bility requirement in case of strong plastic junction

A listing of all the subroutines is given in the following pages along with
a typical output.
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SUBROUTINE PRADEEP{FROPsBeAA+DeDP s DWNT)

C

FIRAD
PRAD

Ci‘r{rﬂ‘isq'-ﬁ-'.‘ai}ﬁ(t*ﬁ-}aﬁ—ﬁb{l-'.?ii':b’_'-d?ii-%n%G{?ﬁih{}i}%*{}ﬁﬁ&*ﬂ{}%#ﬁﬁ-ﬁﬁ{##ﬂ't‘r*ﬁ%ﬁu%ﬁ#ﬂ'i}ﬁi‘(ﬂﬁ-ﬂ’#*ﬁi}GPQAD

PRaP

8
AR

oG OCOO000NON0O0N0ONN 0000 NN0000
; ‘ :

Dp
DW

NT

SARP
TAB]

OO0 0O00OOoDOON 0N,

ACPR

HEARINGS,
CONSIDEREO. THE
ALL ARGUMENTS ARE INPUT PARAMETERS.

WRTE .

SLIDING. ThRE PRG

PROFERTY WV
PROPERTIES
PROP (1)
PROP(2)
FROP(3)
PROP (4)
PROPIS)
PROP (6)

Huunnu

PROF (T
FROP(R)
PRCB(3)

SR

PRCP(IC)=
HERTZIAN C

(MTL IND,

VECTOR SPE
{SEE NOTES
VECTCR SPE

CISEE NOTES

LENGTH OF

IF NT

TrIS SUBROUTINE IS A MAIN ROUTINE WriCH CALLS #SARP® AND #ACER# TO
PERFORM STATISTICAL ANALYSIS CF ROUGH SURFACE
OF MECHANICAL INTERACTICN WHEN THE SURFACES ARE SUBJECTED 7O
GHAN IS WRITTEN SUCH DTHAT THE ENTIRE ANHALYSIS
S DIRZCTLY APPLICABLE TO EHD CONTACTS IN ROLLING ELEMENT
VARIATIONS IN FILM THICKKESS DUE TC PROTUSION HAVE BEEN

PROFILES AND ANALYSTS

OUTPUTs AS IT IS PRINTED OUT 15 SELF EX/LANATORY,

DESCRIPTION COF ARGUMENTS sases

ECTOR OF LENGTH 10y SPECIFYING THE FOLLJWING
-ren

YOUNG#S MODULUS OF MATERTAL ONE  (LBS PER 5@
YOUNGZ#S MODULUS OF MATERTAL TWO (LBS PER S0
FOISSONZS RATIO OF MATERIAL ONE.

FOISSON®S RATID  OF MATERTAL TwWO.

HFARDHMESS OF SOFTER MATERTAL  (LBS PER S50 IN}
ULTIMATE SHFAR STRESS OF ThE WEAKER MATERIAL
{LB5. PER SQ.IN.).

INTERFACIAL SHEAR STRESS s/ PRCF(A),.

ADRESTION STRESSE 7 PROF (6},

SUM OF THE SPECIFYIC RESISTANCES OF THE Two
MATERTALS (MICRD OHM™ IHN),

IN) .

EXPECTED TUNNEL RESISTIVITY FOR THE INTERFACIAL

FILM (MICRO OHM 5@ INY.

ONTACT SIZE IN THE DIRECTION OF ROLLING (MIL IN). |
HERTZIAN CONTACT SIZE PERPENDICULAR TO ROLLING DIRECTION

CIFYING PROTUSION DEPTH VALUES (MIL IM)e.
FOR DETAILS),

CIFYING PROTUSION wIODTH VALUES {MIL IN).
FOR GETAILS).

VECTORS EP AND DOW.

CAUTION =- NT MUST BE GREATER THAN 2 FOR AMNY PROTUSION.

IS LESS THAN 2+ RO PROTUSION IS ASSUMEL.

WHEN THE PROGRAM CALLS #SARP# CERTAIN DATA CARDS ARE

NECESS
AVATILA

-= STATISY
FREQUEN
== WRITII.G
ANALYSI

i

ARY. MAKE SURY THAT THE REQUIRED DATA IS

ELE. SEE DETAILS OF THIS INPUT DATA IN #S54akez,.

EXTERNAL SUBROUTINES CALLED sswes

ICAL ANBLYSYIS OF RGUGH SURFACE PRCOFILE,
CY DISTRIBUTION FOR A TABULATED FUNCTION.

SUBROUTINES CALLED EITHER DIRECTLY OR INDIRECTLY BY #PRADEEP# ARE
SUMMARIZED BELOW ===

OUT THE HISTOGRAMS AND COMULATIVE DISTRIBUTION.

S QF THE CONTACT PRCGELEM FOR A FPAIR GOF ROUGH
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PRAD
PRAD
PrAD
PHRAD
PrRAD
PirALD
PrAD
PRAD
PRAD
PHRAD
PRAD
PrAG
PRAD
PRAD
ERAD
FRAD
PREAD
PRAD
PREAD
FrRAD
PeAD
PRAD
PRAU
PFAD
PRAD
PRAD
PRAD
PRAD
P=AD
PRAD
Prald
PRAD
PRAD
PRAED
pPrR&D
GRAD
PHAD
F#ab
PRAD
PRAD
PRAD
PRAD
FrAD
PrAD
PRAD
PRAD
PRAD
PRAD
FRAD
FRAD
FRAD
PRAD
PRAD
FRA

0o
020

cig

/B
0506
060
0710
050
0490
100
110

120

130
140
15¢
150
170
180
19D
200
210
220
220
240
259
2650
270

PR

290
300
3le
320
320
340
390

354G
370
330
350
40U
L9
415
421
430
440
L5G
Loy
LTFO
4HG
4%0
sS40
510
929
S3¢
540
559
569



400012
500012
066012
£oGolz2
goo0L2
Q00012
00cole

000dl1e .

0004012

godole .

060012
ooaatz
Godolz

ggaule

OO0 0O00000O00O000N0O00NO0O00000000O0O00C00NnN 0NN

SURFACES. PRAD 570

NDIS == NORMAL FREQUENCY DISTRIBUTION. PRAO 580

NOTR == NORMAL DISTRIBUTION FUNCTION (COMULATIVE). PRAD S90

ROIS == RADII OF CURVATUPE DISTRISUTION AT THE PEAKS, o PRAD 600

KIS == RADT! OF CURVATURE DISTHIBUTION AT THE PEAKS, Fiil 600

GUPTA == JUNCTION GEFORMATION MODEL. PRAD 610

GGSF  —-=- INTEGKATICN OF A TABULATED FUNCTTION. PRAD 620

ELJUN == ELASFIC JUNCTION SOLUTION. PRAD 630

PSJUN . == STRONG PLASTIC JUNCTION SOLUTION. _  _ .. . PRAD 640

PwJUN == WEAK PLASTIC JUNCTION SOLUTION. FRAD 650

ANGLE == JUNCYION ANGLE FOR STRONG PLASTIC JUNCTION. PHAD 660

ASLB s SOLUYION CF A NON=LINEAR EQUATION, . PrAaD 670

FCT ~~ FUNCTION DEFINING THE JUNCTION ANGLE IN TERMS OF PRAD 630

INCOMPRESSTHBILITY REQUIREMENT IN CASE OF STRONG PLASTIC  PRAD 660

_JUNCTION. e e FrRab 700

. PRAD 710

FRAD 720

FOR A DETAILED SUMMARY OF THE OUTPUT SEE KOTES. FRAG 730

PRAD 740

-------- ——————————— PRAD 750

. NeBs . THE UNITS OF ALL PARAMETERS WITH DIMENSIONS OF LENGTH ARE FRAD 760

GENERALLY WRITTEN AS (MIL INJs WHICH 15 DEFINED AS ... PRAD T70

1.0 MIL IN = 1.0E=-03 INCH, FRAD T7BO

) PRAD 790

CAUTION =~ A CONTROL COMMON STATEMENTs DESCRIBED BELOW IS NECESSARY PRAD 791

IN THE MAIN CALLING PROGRAM ... PRAD 792

. ) PRAD 7%3

COMMON/CONTO/NCT PRAD

PRAD 795

WHERE NCT IS ANY DUMMY INTEGER, IF FOQUAL TO 1#SARP# IS  PRAD 796

CALLED ONLY ONCE AND TOPOGRAPHY IS KEPT FIXKED. THE PHRAD T97

DEFAULT VALUE OF THE INTEGER IS ZEROs WHEN SARP IS PRAD 798

L CALLED EACH TIME THE MAIN ROUTINE #PRADEEP# IS CALLED. PRAD 799

PRAD B0OQ

PRAD &01

PRADEEP K. GUPTA. PRAD 810

PRAD B20

PRAD 830

uiﬂ:ﬁlﬂiﬁaﬁﬂ-ﬁuﬁhGﬁﬁ-aﬂ-#%#ﬂﬁﬂucHi&Gﬂ»ﬂ-ﬂﬂ-ﬁ##ﬁﬂ-#ﬂ-######**ﬁ-ﬂ-ﬁﬁ{-ﬁ-&###ﬂ-#ﬁ&b#ﬁ#ﬂﬁ#ﬁ#pRA[} 8.’4{)

T T T T pRAD 850

DIMENSION RLDC(6) sPROP(10) s TOP(6) 4DP (1) sDW(L) PRAD 8560

REAL NNsNEEsNPP FRAD 865

COMMON/ZCGNTO/JCTO PRAD 867

COMMON/CONTI/ZJCTL PRAD 870

.. _ . COMMON/CONT2/JCT2 _ By _ . PRAD 875

100 FORMAT (45X g4 JHeanns RESULTS OF ASPERITY INTERACTION #wosa//7/) PRAD 880

101 FOPMAT (10X 36HNESCRIPTION OF INPUT VARTARLES cseees//l) FRED 890

162. FORMAT({15X92IHMATERIAL PROPERTIES ===/) o o ERAD 970

103 FORMAT(20X+65HYOULNG#S MODULUS FOR MATERIALS 1s2 ~ T (LBS PEPRAD 9190

IR 5Q IN) = 22{E10.492X) ) FRAD 920

104 . FORMAT(20%»65HPOISSONES RATIO FOR MATERIALS 1,2  PrAD 530

‘ 1 = 22{E10.492X)) FRAD

105  FORMAT(20Xs63HHARDNESS OF SOFTER MATERIAL {LBS PEFRAD 950

1R 5Q IN) = +E10.41 L PRAD 560

106  FORMAT(20X+65SHULTIMATE SHEAR STRESS OF WEAKER MATERIAL {.BS PEPRAD 970

1R SQ IN} = sE10.4) PRAD 960
107 FORMAT(20X+65HINTERFACIAL SHEAR STRESS RATIO o FRAD 990

o1 = yE10.4) PRAD10GO

108  FORMAT(20Xs65HACHESION STRESS RATIO PRAD1VLO
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QeGGiz
0co0Gl2
000012

goacle
0000le
aooale
aoogie
ocogle

. Qoodle

ooool2

000012
acdole2

gonole
paoale
cGonlz
000012
gpoolz2
gaoqla

0noole

gpoolz .

000012
co0olz
ganolz
0oGol2

000012
Gada1d

aocole

00001z

Gaedla
cgaale

gacoelz
Gagole
006013
830018

dggnzi

110

112
113
114

115
il6
117
118
120
121 .
122

123
124

125
126
127
128
1390
131
132

133
134

135
136
137

138

140
141
142

143
F00

c-a.o
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1 = 1E10.4) PRADLG20
FORMAT (20X +65HSUM OF SPECIFIC RESISTANCES OF MATERIALS 1+2 (MICRO PRAD1GIO

10HM TH) = 2E10.4) . e e PRACLI040
FORMAT (20X 65REXPECTED TUNNEL RESISTIVITY (MICRO PRADICS0
1CHH S0 Iy = «F10.4) PRADLICED
FORMAT{///15X+26HTCPOGRAFHIC PARAMETERS ===/} B PRADIGTO
FORMAT (20Xy 14HPEAK DENSITY =»110411H PER 50 INa) PRADLCE0
FORMAT (20X +SBHMEAN RADIUS AT PEAKS SURFACE 1s2 {MIL IN} PRAGLL00
1 = 22{E10.442X)) . . e PRaADELLO
FORMAT (/20X+3THPEAK HETIGHT DISTRIBUTIONS SURFACE 1.2} PRALEIZO
FORMAT(S3Xe24nMEAN  {MIL IN) = 92(E12.5+2X)) PRADL130
FORMAT (494, 28R5TD.DEV. (MIL IN} = +2(E12.592X}) PRACLTI40
FORMAT (/20X «37THLOG(RADIUS) DISTRIBUTIONS SURFACE 142} PRADLILIG0
FORMAT (S3Xe24hMEAN  (LOGIMIL INY) = s2(E12.5+2X)) PRADLl60D
FORMAT (4G Xy 2AHSTD.DEV. (LOGI(MIL IN)Y) = = #2(E12.542X}) ) PRADLILITO
FORMAT /20X« 30HUPPER LIMIT ON RADIUS GIVEN BYsF5,2s15H TIMES STD.CPRADLLG0
1Ev.) PRADLILIGO
FORMAT(/ /715X 20HEHD CONTACT SPECIFICATIONS ===/) PRADTIZO0
FORMAT(20XaSYHHERTZIAN CONTACT SIZE ALONG AND PER, TO ROLLING (MILPRANDL1ZIC
1 INY = s2(E1Ga492X)) PRADLZ20
FORMAT{20X459HF ILM PROTUSION WIDTH ANpD DEPTH_ . _ _ _  _  {(MILPRA)L230
1 IN) = 22{E10.442X)) PRADLZ40
FGRMAT (20X 9 SOHNOMINAL FILM THICKNESS {MILPRADLZSO
1 INY = 4E1044) PRAD]LZ260
FORMAT (////10Xe33R5UMMARY OF COMPUTED RESULTYS sesse//) PRADLIZF0O
FORMAT (//15X430HMICRO CONTACT DESCRIPTIONS =«=/) PRAGLZ280
FORMAT (2049 2AHTOTAL NUMBER OF JUNCTIONS = »IB+SXs10RELASTIC = #18+PRADL1Z2%D
15X+ 10-PLASTIC = #18) PRAD130Y
FORMAT (20X 4 61HMEAN AND STDL.DEV. OF JUNCTION RADIUS DISTRIRUTION {MPRAGL310
ITL TN} = 22{El0.442X)) PRADL 320
FORMAT (20Xs61HAVERAGE GEOMETRIC INTERFERENCE AND JUNCTION LIFE (MPRAC1330
LIL IN)Y = +2{E1D.442X)) PRADL 340
CFORMAT (/715X 47HCCNTACT FORCRS DUE TO ASPERITY IMTERACTIONS ---) PRADI3S0
FORMAT (/20X +43HAVERAGE NORMAL AND FRICTION FORCES (LBS) = #2(£10,4PRAD1350
192X} PRADL370D
FORMAT (20X 24 3HESTIMATED FRICTION COEFFICIENT 1€10.4)  PRAD1L3S0O

FORMAT (Z0X+43HTOTAL REAL AREA OF CONTACT (50 INY = +EI0.4) PRAD139Q

FORMAT {//15X+54HESTIMATED ELECTRICAL CONTACT RESISTANCE (MICRO OHMPRAD1400

1} = «E10.4) _ , . phAD1Gi0
FORMAT(TOX2(E10.492X) ) PRAGL4Z0

FORMAT{////10X585HN B, ALL PEAKS WERE ASSUMED TO HAVE RADIUS OF CPKAD1430

IURVATURE EQUAL TO THE AVERAGE RADIUS.) PRAD] 440
FORMAT(////10X+80HN,B. LOG-NORMAL DISTRIBUTION OF RADII OF CURVATPRADL&450

JURE AT THE PEAKS WAS CONSIDERED.,) PRAD1450
FORMAT (20X +43KRATIO OF REAL TO APPARANT CONTACT AREA = +E10.4) PRAD14T7O

FORMAT (38X 3FHMINIMUM SPECIFIED RADIUS (MIL IN) = JE12.5)} PRADL4 7S

FORMAT (1H1) PRAD1&4HD

— o  PRAD1430

PERFORM STATISTICAL ANALYSIS OF SURFACE PROFILES. sesnsescssesses PRADISOQ

PRAC1IS1O

JCTl=0 _ ) R . PRADIS12

JCrzso PRADIS 14

IF(JCT0L.EQ.L) GO TO 10 PRADISI6

CALL SARP (NDsICTsTOPRLD) . . , e PRADS20

PRAD1S30

PRINT INPUT DATA AND COMPUTED TOPOGRAPHIC PARAMETERS: sessressessPRADISAD

. _ L _ e o PRAD1S50

WRITE (64900} PRAD1S60
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0oonzs
000031
£00235
LRIIVER
0GOCED
2006105
Qoolze
000137
000124
ggolrl
Coo2oe
ug0223
oooe2y
D0o0235
000245
aoc251
£oo2s61
6goz7l
Qo276
000301
000311
000321
c00327
Q00335
00034]
000355
co0377
GCO40S
000407
000410
000413
000441

000447 . ..

600454
J06435S

Q00456
COO&ST
Q00960
0G0%64
000465
000465
000470
000470
006511
C3o0513
60515
o00517

000521 _ ..

0gos5esz
£00524
cDosS26
0006527
000531
000332
GGG533

WRITE(S5+100C)

PRAD1STG
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WRITE(6+101} PRADLISHO
WRITE (61021 R ) . PRAD1540
WETTE{6+1023) PROF(1)4PROP(2) PREDIGCD
WHITE (64104)1 PROP(3)+PROP(4) PRADISLD
WRITE(6+105} PROP(S) o PRAD1620
WRITE (64106} PROP({5) PRADI63D
WRITE(6+107) PROFP(7) PRAD1640
WRITE(Ge108Y PROPI(&Y . L PRAD1&ZD
WRITE(S5+110) PROP(9) PRADYASO
WRITE (6111} PROP{10) PRADLIGTO
WRITE(As112) e PRADIGAD
WRITE{6+113) hD ' PRADL OGO
WRITE(Ha114) TOPIS) «TOP (6} PRADLT700
CWRITE{64+115) oo o _ PRADL710
WRITF(64116) TOP{3)sTOP(4) PRaDY 720
WRITEtGs117) TOR(1)+TOP(2) PRADLTID
IF(ICT.EQG.0) GO TO 8 ) ) PrADLT35
WRITE(6s118) PRADIT40
WRITE(64120) RLD{1)+RLD(D) PRADLTSO
WRITE(as121) RLDC(2)RLD(4Y e PRADLTGO
WRITE(&e143) RLD(D) PRADLI 765
WRITE (61221 RLDUG) PRADLTTO
WRITE (64123} . PRADLTED
WRITE(6+124) ByAA PRAD1ITSO
WRITF(64125) DWi1}+DP(1) PRANLBOO
IFINTLLTZ2Y GO TO. 4 PRACLEUS
DWS=DwWil) T T PRADLISBIC
DO 9 [=2sNT PRADLB20
OWS=04S+0W (1) ) o i PRADLIAIC
WRITE(64138) DWIL)OP(I) PRADIB4D
WRITEL(E126) O PRANLIBSD
B=B%(1.0E~03) o i PRADIEGD
AA=AA% (L L, 0E-03) ) PRADIBTO
DW5=DWS* (1.0E~03) PRACLHH0
_ . o ~ PRAD18S0
COMPUTE ASPERITY INTERACTIONS IN CONTACT ZONE OF UNIFORM FILM. ...PHADISGCO
PRAD1I910
AX=B#AA o e  PRAD1920
v=D PRALD193D
IF(NT.GT.1} GG TO 5 PRAD1G32
AX1=AX . PRADIY934
GO TO 6 PRADLIG36
AX1=(B-DWS) #AA PRAD1Y4O
CONTINUE . . e PRADISAS
CALL ACPR{ICT+ND+PROPsTOP»RLD»YsNeVsHsNEsNPsWsAsXeCoRsRS) PHADLI50
KNN=N=AX] FHRAGL960
. NEE=NE#4X] _ o o PRADEDTS
NPP=NPBAX] PRADLISS0
VASV#AX] PRAD1990
HAZH®AX1  _ L . _ PRAD200C
WAzW#AXY PRAGZCLIO
ARz A®AX] PRADZGZ20
XAz=XeAX] e PRADZGI0
CR=AX1/C PRADZG40
RM=R#AX1 PRAD2050
CRSI=RS®AXY L . PRADZO®D
IFINT.LT2) GO TO 7

PRADZ0OBS



0oa542
GO0H44
Go0546
0005532
000574
0L0577
000A02
QOGHOL
goosele
gooseld
Jonsls
pon620
Goos23
G0GAZS
000630
£oG633
Co064%
GC0661
360643
. 000644
000651
000653
000£55
0oGEST
OLGES]
0C2663
Q00665

200447
200473
006e77
660703
gco7ls
poa72s
GeDT35
2GLT41
00075l
000757
Q006745
QL0767
000774
aplcoe
aglooy
agici4
901014
GOl015
0510617
GUl023
gol1027
0C1033
001033
CGl03s

C
CI'.I

Coa-n

C

,C..--
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COMPUTE ASPERITY INTERACTIONS IN THE PROTUSIUN ZONE seveessecscses
AND OBTAIN TOTAL EFFECTYS. . .

N3 59 I=Z2+MT

Y=0=Dr (1)

AX2=(DWIT ) ~0OW(I-1))®AA®(],0E~03)

CALL ACPR{ICTsNDsPROP+TOPsRLDsYsNsVoHsNEsNPsWsAvX+CeR4RS)
NN=NN+N*AXZ A — U
VASVA+VEAXZ
HASHA+H¥AXZ
NEESNEE+NE®AXZ e
NPP=NPP+NP#AXZ
WA=WA+WTAXZ
AR=AR+ASAXD
AA=XAeXGAXZ
CR=CR+AX2/C
RM=RM+REAX2 -
RS1=RS1+RS#AX2
CONT INUE
CONTINUE
RS=RS1/AX
H=RM/4X
RMS=SORT (RS=R*R) . o el

Nz NN

NE=NEE

NP=NPP e e e
WTwWA /MK

X=AA/8X%

F=RA/VA . o e
C=],0/CR

PRINT OUT FINAL RESULTSe_  _ssesteorestsesssannsosessasasssnessrsasress

VRITE(G,300)

WRITE{S4127) e e Dl e
WRITE(Ay128)
WRITE{(6+130) Ne+NEsNP
WRITE{6+]131) ReRMS _ __ |
WRITE (H9132) WeX
WRITF (6+133)

WRITFE (6+134) VAsHA
WRITE{6+135) F

WRITE {64136} AR
AR=AR/AX

WRITE (61423 AR
WRITE(6s137) C

DO 19 I=1sNT B
DW(T1=DWII}#{1.0E+03)
R=8#(1.,0E+«03}
AASAA().0E+03)
IFLICTY1sls2
WRITE(64140)

GO0 TO 3 . et e e o
WRITE{6+141)

CONTINUE

RETURN o

END

PRADZ070
PRAGCZ2080
PRADZ2090
FRaDZIOD
PRAG2LILC
PHADLZ1Z0
PRADZ2130
PRADZ140

PRADZ21S0

PHALZYIB0
PRADZ2L1T7D
FRALZLIBO
PRALZ1Y0
PRADR2ZGD

PRAD2210

PHADEZZZ20
PRAZZIC
PrRADZZ40
PEADZZS0
PRADZZ260
PRADZZ6BS

© PRADE2TO

PRADZZJ0
PHADZZ290
PRADZ23CO
PRADZ310
PRADZ2320
PRED2330
PRADZ340
PRADZ2350
PRADZ2360
PRADZ2370
PRADZ23H0O
FRADZ330
PREDZ400
PRADSHLD
PRADZ2420
PRADZ430

 PRAD2440

PRAGZ&ST
PRALZ24G0
PRADZLTO
PRADZ480
PRADE4ST
PRADZS0Q
PRADZSIO
PRAD2SZ20
PRADESZD
PRADZS40
FRADZ2550
PRADZS60
PRAEDESTO
PRAGZS5H0
PRADZSS0
PRADZE00
FRADZ2O10
PRADZ263D
PRADZ&640



SURBOUTEINE SARPIIPDsICT»TOPWRLDY SARP
. SARP
CHlorfrtrb G e S dr U e ARG U G H RO LG IR GRS R G RGP R R AL RS a R e QDD
SARP
THIS SURROUTINE 1S & MODIFIED FORM OF THE PROGRAM #S5TATISTICAL SAHE
ANALYSIS OF ROUGH SURFACE PROFILE# A5 DESCRIBED IN THE FOLLOWING SARe
REFERENCE s SARP
. SARP
ZTOPDGRAPHIC ANALYSIS OF FRICTION RETWEEN A PAIR OF ROUGH SARE
SUSFACES?Z  BYeaws PRAGEEFP K, QUPTA SARP
SC.0 TRESLS (1970)« DEPT. OF MECH, ENGG.» M.I T.sCAMBRIDGE SARK
MASSACAUSETTSs Ul A. SARP
SARP
- e . .. . P SARP
THY PROGRAM FAS BEEN WRITTEN FOR THE COMPUTATION OF THE VARIOQUS SAnrP
STATISTICAL CISTRIRUTIONS FOPR A ROUGH SURFACE PROFILE. DIGITIZED SARP
DATA gF & SURFACE pROFILE PUNCRED In FQRMATILIA[4) I5 ACCERTASLE ShAwp
BY THAIS SU=wCUTINE. VARIOUS OPTIONS OF EXFCUTION OF TAIS PRUGRAMy  SARK
SHEN USEQ wITA THE MAIN SUBRGUTINE #PRADEEPz+ AKE EXPLAINED IN SARP
CTRE INPUT DESCRIPTION. SARP
' - SARP
SARP
DESCRIPTIUN OF THE ARGUMENTS sasse SAHP
N SERP
ALL [HF ARGUMENTS OF THIS SyYRFOyUTINE ARE EITHER OyuTPyuT SARP
NP READ IN FROM THE INPUT DATA DECK TO THIS SUHROUTINE. THE SARK
DEFINITION OF THFE VARIOUS PARAMETERS 15 AS FOLLOWS ... ' SARP
SAwE
TFD = COMPUTED PEAK DENSITY (LUMBER Frh 50 1IN). SARP
1CT = AN INTEGFR SPECIFYING THE HEIGHTS TO HE USED IN COMPUTATION. SARP
IF fCT=1s ALL HcIOGHTS ARE SELECTEDe IF ICT=2+ ALTERNATE SARP
_ o FETGRTS ARE CONSIDERENDs AND SO 0N SARP
TGP = TOPOGKRAPHY YECTON OF LENGTH 6+ SFECTFYING THE FOLLOWING SaHP
TOPGGRAPATIC PHRAMETERS sunes SARP
TOP(l) = STD., UFV.e FNOR PEARS ON SURFACE ONE (MIL IN),. S5ARP
TOP(2) = 5TD. VEV. FOR PEAKS OMN SURFACE TWO (MIL IN). SARP
TOR (3} = MEAN FOr PFAKS ON SURFACE ONE (MIL IN). SARP
. ___TOP1{ay = MEAN FOXR PRAKS ON SURFACFE TwO (MEL IN), SARP
ToRIS) = MEAN RADIUS OF CURVATURE AT PEAKS (OF SURFACE ONE & SArp
{(MIL IN}e SHRP
TOR LAY = MEAN RADIYS OF CURVATURE AT PEAKS CF SURFACE Tw(O SAKE
(MIL TN). SaRP
RLD = VECTOR OF LENGTH 6 SPECIFYING REDIT OF CURVATURE DISTRIBU- SARP
o . TION AT_THE PEAKS..... I SARP
RLOD{Y = MEAN UF LOG=-NOAMAL DIS. OF RADII FOR SURFACE UNE. SA&nrp
{(LOGIMIL INDY, SARP
RLD{2) = 5TD. DEV.OF LOG-NGrMAL DTS OF RADII FCGR SURFACE SARP
CNE (LOGIMIL IN)) . S5ARP
RLD(3) = MEAN OF LOG=NORMAL DIS. OF RADII FOR SURFACE TWQ SARP
o ALOGHIMIL INMY . o o SARP
RLD (&) = £TH. DEV.OF LOG-NORMAL DTS OF RADII FCk SURFACE SARP

Tw0 (LOGIWIL INY) . SARP 5

_ . RLG(9) = LOWER ROUND ON THE valLyuE OF RARIUS OF CuRVATURE SaRP 5
(Il INY. SarpP
RLO (&) = NUMBEK SPECIFYING VARIATION ON LOG(RAL OF CUR) IN SaARP
. _TERMS OF MULTIPLFS OF 5Tn, DEV. OF DISTRIBULTION SARP
CF RAL OF CUwr, SARP

ﬂ[“)(‘)ﬁ"}’)ﬁ‘ﬂﬁﬂﬁﬂf‘)..")oﬁﬁﬁ(‘:'ﬁﬁﬁﬁﬂf‘lﬁﬁnﬂﬁﬁﬁﬁﬂ(}ﬁﬁﬁﬁﬂﬁﬁﬁﬂﬁnﬁ"‘l."!:')-."‘)“‘).")"“)
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230
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260

270 ~

230
a45
300
310
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330 77

340
350
360
3rd
380

390 T

400
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12T T0 TeE FeO

VARTOUS
AND ARE DEFINED
THE INPUT DATA D

L FIRST CafD IN DA
COLS. 1= 2»

sued THE DATA CAKDS
VALUE OF THE op

sasnsoart FOR T2 = S0

CnL S, 1= 2
COLS. 3=lu.
COLS, 15-24.
COLS, 27=-3H,
C")LQ. 351-40-
COLS. 4l=ad,

THIRD Card IN DA
COLS. . 1= 4o

COLS. Be=lb6.
COLS. 17-24d,
_COLS. g9=40»
COLS, 41-324

CCOLS. S3=64,

i
[
i
I
i

(‘)nnnﬁ’)ﬁﬂnﬂﬁﬁ\ﬁﬁf‘)ﬁﬂﬁﬂﬁﬂf?hﬁf‘)ﬁﬁﬁr‘)ﬂﬁf)ﬁﬁﬂﬂl")nﬁﬂﬁﬁf‘)\-ﬁﬁ-ﬁﬁi’ﬁ(‘)ﬁnﬁﬁﬁﬁﬁ’“},’)

CDIGITIZED DATA OFCK, #usdsbbhadpanaaidddasist

GHRAM sowae _ . .

OPTIONS FOK THRE NECESSARY INPUT ARE AVAILABLE
BY YhE REAUER CARUs WHICH IS THE FIRST CARU IN
ECK. TYHE DECK SET=UP IS AS FOULLOWS ...

Th DECK memmmmm—cec——————

12 =90491 OR 92,
THIS 15 A HEADER CARD, THE THREE INTEGERS
PROVINE THE FOLLOAING OPTIONS aaa

=Y0. SURFACE PROFILES FOR BOTH SUKFAZES IN
CONTACT ARE PROVIDED AS INPUT AND STATISTICAL
CISTRIRUTIONS ARE TO BE COMPUTED FOR BOTH
HFRUOFILESS THE COMPUTEDR PARAMETERS ARE PASSED
FUR FUFTHER ANALYSIS.

=91, ONLY ONE SURFACE PROFILE IS IN [HE INPUT
DECK AND SURFACE TOPOGRAPHY IS ASSUMED TO BE
IDENTICAL FOR BOTH MATING SURFACES.

=62, THE NECESSARY STATISTICAL DISTRIBUTIONS
HAVE ALREADY BEEN COMPUTED AND THE NECESSARY
PARAMETERS ARE READILY AVAILABLE.

FOLLOWING THE HEADER CARNs ARE DESCRIBED 8Y THE
TION INTEGER. I1Z.

QR 91 “heidbptptabilatedfttat

SECOND CARD IN DATA DECK =wmmcmccacm e =

ICT=AL VUESCRIBED A30OVE.

VERT=VERTICAL MAGNIFICATION OF TALYSURF.
RORZ=RORTIZONTAL MAGNIFICATION OF TALYSURF,
DF=DIGITIZING FRENUENCY (CYCLES/SEC).
NRZEAKMT. N .« FOR REFERENCE ONLY,

MR=NUMBER DOF DIGITIZFD DATA CAROS.

TA DECK ==mmew—mmcemememammem
N=IOF INTERVALS DESIKED IN THE HISTOGRAMS,
(INCLUDE TwO BOXES +OR UNUER AND CVER FLOW.)
UB(1)=LOwFR LIMIT ON ALL BEIGHTS AND PEAKS
(MIL LMD, _
UE{2)SURPER LIMIT ON ALL hEIGHTS AND PEAKS
(MIL IN),

UB(31=L0OWER LIMIT ON RAD,., OF CURVATURE

(MIL IN).
U (4)=UPPER LIMIT ON RAD. OF CURVATURE
S (MIL INY.
U9 (S)=NUMAEK SPECIFYTIMG VARIATION ON LOG(RAD OF
CUR) IN TERWS OF MULTIPLES OF STD. DEV,. OF
__ LOG(RAD OF CUR) DISTRIBUTION.

NeBo = IF UPPER AmD LOWER LIMITS ARE SEY EQuaL
THEN THE AAXTRUM AND MINIMUM VALUES ARE
TAKEN AS UPPER AND LOWER LIMITS,.
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SARP
SARP
SARP
SpRP
SARP
S54RP
SARP
SARP
SARP
SARP
SARP
SARFK
SARP
SARP
SARP
S4RP
SARP
SAME
SARP
SARP
SARP
SARP
SARP
SARP
SARP
SARP
SARP
SARP
SARP
SARP
SARP
SARP
SARP
SARP
sanrp
SARP
SARP
SAaRP
SARP
SAKP
SARP
SARP

HHE
546
600
618
H20
£30
640
650
660
ald
680
590
700
710
T20
730
740
750
760
770
7850
750
800
£1¢
820
830
840
g90
360
879
880
899
300
g10
920
930
S40
G50
9690
570
P80
590

SARP100D
SARP101D
SARFL020
SARPLO3D
SA#P1040
SARPLOS0
SARPLIOBO
SARPL1070
SARPIC8O
SARP1LGO
SAEPLIGO
SARFILIG
SARF1120
SARP1130G
SARP114(Q
SARF1150



DO OOD 00

IfF 14

HEADFD RY THE

DECK wILL NOw FOLLOW, IN CoSFE IZ72=91ls THE DIGITIZED OATA DECK FOR

THE avAILARLY
INPUT.

25+ PEAKS.
PRIMTeD QUT AT THE EnU OF FEACH RUN,

" WARNING wa

suetsnsy FOQR 172 =

... SECCND CarRD 1

IM FORMAT(
THE PROPER
ARGUMENT |

CuT»u

Ia

I?I

~ 3.
Gy

5.

A
CORrE

TARl ==

WRTE ==

=90 THE SECOND DECK OF OIGITIZED DATA wILL BE

SARP1160
SARPIL1TO

AHOVE Tw0 CARNS (SECOND AND THIRD) AND THE RESULTINGSARRPIL1LY

(ONE) SURFACF PROFILE wilLt BE THE END OF NECESSARY

92 LA R R SRR LR R R ARl R

N ODATA DECK mwwmmmaomeme ———

AYATLABLE VALUES FUR RPAKAMETERS s IPDe{TOP (1) el=1l46)
IN FO=ATLIBrRE12.5)
_THE FROPER UNITS OF THE PARAMETERS ARFE AS DESCRIBED IN THE
ARGUMENT LISTs STATED AROVE,
THIRND CARD IN DATA DECK ==ww—-a= e ——————
AYATLABLE VALUES FOR PARAMETERS sae ICToU{RLD(IYsI=1ls60

[246E12.5)
UNITS OF THE PARAMETERS ARF AS DESCRIBED IN THE
15T STATED AROVE. -

CTHE AROVE CARD FORMS THE END OF INPUT DATA IN CASE IZ=92,.

_ QUTPUT OF THE PROGRAM 4u.as

T OF ThE PROGRAM CONSLISTS OF THE HISTOGHAM AND

COMMIUILATIVE NISTRIKUTION FOW THE FOLLOWING ees

ALL BEIGHTS,

PEAK HEIGHTS.

RACIUS GF CURVATURE AT ALL PEAKS.

RADILS COF CURVATUKE AT LiPPFR 254 PEAKS.

LOGIRADIUS NF CU=NVATURE) AT ALL FEAKS.

LOGIRADIUS OF CURVATURE) AT UFPER 25+ PEAKS.
LATICN CUEFFICIENTS BETWFEN PEAK HEIGHTS aND RADLIUS

e EXTERNAL SUBRQUTINES CALLED susws

AN T8M 5SS ROUTINE FOR CALCULATING FREQUENCY
DISTRIBUTION.
A SUHRQUTINE FUR WRITING OUT THE HISTOGRAMS AND
COMULATIVE DISTRIBUTIONS,

IN CASE OF IMPROPER HEANER CARDs FURIHER EXECUTION
1S TERMEINATER AFTER A MESSAGE STATING THIS CAUSE IS
PRINTED OuT.

THE MAZIMUM NUMBER OF DIGITIZED DATA CARDS
ACCEPTABLE IS 500, IF THE NUMBER OF CARDS IS
GREATER ThRAN THIS ValUgs THE APPROPRIATE NIMENSION
STATEMENTS SHQULD HE MUDIFIED.

noonoo sNslelaRsleEslaslaNsieNalslaRaNeRa s ReRaNe N NeNaRalo e Yo e NaRaRsieiaiaieisiaiaisieRe Re)

SARPLISO
SARPLI200
SARFLZ1D
SARPLI220
SARFIZ230
SARF1240
SARPLZSE
SARRP1Za0
54R=1270
SERPLZEG
SARSLIZ90
SARPL300
SARPIZL0
SARPL320
SARPLISO
SARPL340
SARP1350
SARPL360
SARPLIZTO
SARPL3IA0
SARF1390
SARPL1400
SARP14190
SARPl420
SARP1430
SARP 440
SarP 1450
SARP L4460
SARPL4T0
SARP 1420
SARPIGI0
SaRHISA0
SARPLIS10
SARELIS520

OF CURVATURE aT THE PEAKS AHRE COMPUTED FOR ALL PEAKS AND THE UPPERSARFIL3O
NENSITY OF PEAKS AND A SUMMARY OF THE ABOVE RESULTS ISSARP1S540
SARP19%0 7

SARP1B650
SARPLST7(
SAKP158(
SARP1L90
SARPLBGO
SAakelol
SAr2lezi
SAFPLB30
SAkeL040
SARP16%0
SARPL1660

TT5ARPLST0

SAKP 1640
S5aRP16G0
SAHPLTOC
SARPLTIC
SARPLT20

SARPLTID
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600007
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200007
G060G7
aC0007

Gonagov
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ugooor

(i vn g

8000207 .

Gogpoovr
U0eng?

200007
cotoav
GOONo7
Go0007

6006007
coouo67
goeoo?

oonNG?
coaao7
Cnono?
oGnao7

003607
Lonnny
GooaaY
200097

=
L)
-

&

[Sply oo

Five: B Y e i e B |

o
o

L B |
LPURRUES L8 B W I U e |

[ vl e R O e B e
[ S N S I )
(AU IV S PRI~

1Pt

C
C

PRADEEP K. CURTA, SARP1T740
SAKRPL1750

R R k- R R - R B g Ty g A T R X L R R el R R kR R L REE R T R R A Nl B Ny

-
o

1ne
1ol

102

103

104

105

106

111

.11z

113
114
115
116

117

120

ic?

123

124

126
176
R0OD

SARFLTTO

SakEETED
DidEsIOn IRT(ST0U«A(900063)+5(500) L ) SARPLIGE
DIMESSTON S{SLOO) »STATS (S +UH0{3) «FREQ (1021 +PCT{102) sUE (D) SARPIROG
TMFENSTION TCP A amLl (5) SARPIELD
CFORMAT([243F 12429124 10) S SARPLEZD
FORMAT (35X moHutsas 3TATISTICAL ANALYSIS OF ROUGH SURFACE FPROFILE 3A4KP1&30
l== «TzelAeBruesuty )y SARP 184G
FOYAT (105, 37nSTATISTICAL ANGLYSTS FOR ALL HETGHTS.sSXe THVMAG = F1Szi1sg)
1261248 72RMAG = yF12.07) SAHP IR0
FURMBT(2AX+ 1 2R IALL PAINTS) 415X e THMODE = #2E12.59 1Xe6HMIL INI SARFIATO
FOIMAT (23X e90MEDTAN = SE12,501Xe6HMTIL INY o SARF1HK0
FOsMAT{10X TYRDISTRIGUTION OF LOG(RADIUS OF CURVATURE)Y AT THE UPPESARF1E90
1B 25 REWCENT PEAAS.//) SARP19GE
FORMAT (10X e 3abSTATISTICAL ANALYSIS FOR PFAK HEIGHTS.sSXeTHVHAG = FSARPLDLG
112.he2%07hRALG = FlZ.0/) SpaRPlYZ20
FORMAT (10A+45hSTATISTICAL ANALYSIS FOR RADIUS OF CURVATURE . +5XeTHSARP193D
TYMAG = oF12.A42X 4 THHYAG = F12.6/} SARPLSGY
FORSMAT(//10K«9AHCORRELATION COEFFICIENTS BETWEEN PEAK HEIGHTS AND SARPI9%g
IRADTT = «2(Fr,32vekl e 1SHPEAK DFENSITY = o 1120 1A9HPER SQ In//) SARPLI6D
FORMAT(I0X s SFHPE LK HELGHTS = o MEAN = SaPPL970
LR 1P, Sel1XabrMIL INeSXslTHSTDLDEV, T +E12,541Xs6HMIL IN//} SARPLIGED
FORMAT (//30Xs29H5#% SUMMARY OF RESULTS.«RUN o121 Xs3Hbs# /5 SaFP1$90
FASMAT (10X 952hRAR. OF CUR,.s . LOG=-NORMAL [ISTRIBUTIUN=—== MgAN = SARP2000
TeE1P.5el2ke 11ASTLWDEV. = 4F12.9) SaxpP201c
ForMaT(TanF12.m) SARPZD20
FORMAT (55X« THMEAN = sE12.5elaeaRAIL IM) SARPZ030

FORPMAT (25X« JRPER o225 POINTS) »94s THMUNE = 4E12.5e1xe6nMIL TN} CARPZ2040
FORMAT(LINASAnDISTRIBLTION OF RAD, OF CyR. FOR UPPER 25 PERCENT PESARFZO50

larS /) _ . ) o _ R SARF2060
FORMAT(10XA4S0RNTSTRISUTION OF LOG(RADIUS OF CURVATURE) AT FEAKS.//SARPZ(TQ
1} SARFZ0AG
FOPMAT{10Asaln(N.2. ALL UNTTS STATED AS MIL IN AREs IN FACTs LOG(MSARFZGI0
1IL IN) IN THE FOLLOWING DISTRIBUTIONS.)//) SARPZLI00
FORMAT (10K+SAHALL HETGHTS weme= CLA = SARP2110
B2 5 XA IL INs 10X WAHRMS = 9E12.5«1XeBHMIL INZZ) SarpPeied
FORMAT (1mT4aa8) T T T saRp2130
FORMAT (/10X w4 2HSEQUENCE NUMBERS OF DATA CARDS READ IN ==w=/) SARPZ2140
FORUAT (12 (24448)) o ‘ ! , SARPZ2150
FORMAT (/710X f3HEXCCUTION TERMINATING DUE TO INVALID HEADER CARD OSANFPZLAD
1F TNFUT DECK FOR SUBROUTINE SARP.///) SARP2170
CFORMAT({TE.REYR2,5)Y S . SARPZ2150
FOORHAT (12+AE12.5) ST T s ARP2Y90
FORMAT(TZsT4) SEH22200
FORMAT (1h1) S S SaARPLZL0

S60

Counns

SARPZ2220

DEAN HEAGER CARD ANDG DETERMINE INFUT OPTTONSe wosseescsrnseensesaSARP2230

. o o SARFZ2240
HEAN(S ROGY T2 oo T SARPZ250
TFLT7ER.H0) GO 10 1 SARPZ2260
IF(IZ.EQ.91) GO T0O 1 o S ) SARPZ2T0
IF(IZ.EQ.92) GO TO 25 SARPEZ2a0
WRITE(6Bal124) SARFZ240
STOP ) ) ) - SARPZ300
READ(S«129) TRDA(TOP(1)=T1=148) ' SARPZ310
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Go00S2
aQnnT
cooni?
0Gili?
VSRR Ry
20014l
000164
0Go2co
000204
gonli2
0239
000251
000255

CunasT
0oGz2a0
gL02nl]
00262

Gooz64s

Goo3m
A0uaN3
OG0304
J003cs
o003le
000314
goo3l6
000320
oot 322
Gn032¢2
So0322
JoG32€

000341
oc0343

0480352
000353
200354
000355
GO¢ IR0
L0387
Q00344
0003ke
500370

ouo3Tl .

a6n272
0004

AGC3ITS L

00G377
000400

Cavas

.20

24

23

CI..I

Cuver

c

CALKWYYSFLOATOIRTILIN)

DO 19 I=34IT

READ({H]126A)
AR ITF (ASGN)
wrITE {Aa] B
AR]TE (G l2R)
RETUFIN
HEAD(De1NG)
REANT (59 )14}
WRITE(AS00)
W ITE (ALL0 D)
WrRITF{6«100)
WHITE{AS113) he(LB(I)s1=1+5}
KL (S =U3(03) .

KLD (A} =UB (5}

ICT(RLD {1} aT1=146])
IPD«{TOP (1) +1=1e8)
[CTy (RLDIT)al=leh)

Ne{UB({L)s1=145)

NR :

READ PROFILE.DATA AND. PRINT OUT THE

J1=1
NrEERE
=}
Mp=tiR#*] R

CREAD(S 1210 _(IRT ) 3 J=db e J22 6 (1) _

Jl=Ada el
J2=J7 e

I=I+1 SR

IF(J2.LF «MR) GO TO 20
18T=J2-13

1c=1-1 L
TFAIRTHISTINZ23422+23
IST=151-1

GO T 24

CONT INUE

WHITE (Aal22)

WRITEAR12) (GUI)s1=141C)

COMPUTE HORTIZUNTAL AND VERTICAL MAGNIFICATIONS,.

XMAG=SZ2 0/ VERT
HINT=233,33343%ICT/{DF¥HORZ)

SELFCT RELIGHTS AND FILL COL. 1 OF ARRAY #A#.

MO=9000

k=1

DG 9 T=1+1ST+ICT
K=+l

CONT I MUE

NASK=1

I7T=18T=~2

K=l

PHzA([~2+1)
Fazpil-1.13
P=A{l+])}
Paa=a{I+1s1)
Prea=A(I+2»1)

ICT s VERT s HORZ s DF s NP » ¥R

ICTsVERT ¢HORZ 4 DF s NRy MR

SEQUENCE NUMBERS.,

e U ) BEAK DEFINITIONS AND COMPUYATION OF CURVATURE AT PEAKS.

teasenannessassenessSARPZTLIO

SARP2320
SLRP2330
SARPZ2340
SARP235(0
SARPZ2 360
SARP2370
SAHP2380
SARPZ2390
SARPZ400
Sakrz2all
SARPZ2420
SARPZ43)
SARF 2440
SARPZ450
t..........SARPE&&O
SAHPZ«T]
SERP24KD
SARPZa4w0
SARPZS00
SARP251C
SARFZ2520
SARPZ2513(0
SARFPZ54]
SARP LS50
SARP 2460
SARPZ2570
SARPZ580
SARPZ530
SARP2600
SARPZ610
SARFZGZ2D
SARPZG30
SARP2640
SARP2450

..l-c-oo..l--.'o.SﬁHP266G

SARPZ6TO
SARPZ6HO
SARF 2690
SARPZ2TOQ

SARPZT20
SARPZTI0
SARPZ2 140
SARP2T50
SARPZTE0
SARPZTIC
SARPZTHG
SAAPZTG0

SARPZELC
SARKZ2820

SARPZZul
SARPZASE
SARFZ2B60
SARPZBTO
SARPZERO

SARPZ800

TSLRPES30

i eesesersSARRPEEH0



900402
0004nN4
000427
ponal?
050415
000420
Ceose3

500430
G00431

G00635%
0nC437
CO4al

GOOa43,

God44ah

OLL4ha
GoUsHe
Gohah]
Q00GH3
000465
Gulasd
(E I
pGiw?e
GOI673

<

Sl

Eub BN S i

0o
arn
Lo

{1

QT hd

— oo oeD

§06544
e
pOnSaT
006551
J06555

=4

L= SEUR TS < A

i
-

15

115

CCaeen

Covee
C

SAEPZYG0

IF{PAA=PAEY 194747 SARPZOY0
TFUP=PAY YGaasg . ShwPegzo
IFEP~FALY 1941946 SARPZYID
TP (FE=-Pu) 194 lGek SARP 2940
TFAPA=Pr) Jwa 13 el el .. SARPZSSO
TF(P~PAL) 1941098 SARF296H0
CUH = (2.u%P=PR=PHA} /4.0 SARPZITO
.. SAMP2oa0
SPACTNG SETWFEN THE POINTS IS TAKEN TO BF 140 HEREs esecssaceransSARPZYS0
SAR23000

cooTo 2w L S . SARP3010
CUR = 2.0%P=Pa-Paa SARP3IN20
SARP 3030

SET BFAK HFIAWT VALUES IN COL. 2 AND RAD, OF CUR. VALUES eesese s SARPICAD
IN COL. 3 OF ARRAY #ax, T T e e e e e s SARPIGSD
SARPI0KG

AlrsZ)=P e o ... SARP207G
A(Ks3)=1.0/CUR SARPIOHD
K=re] SARP 3090
CONTIRUE B SARP3100
fR=K -1 . T SARPILLD
SARPILEE

MEARFANGE COLUMNS OF HEAKS AND RAD. 0OF CUR, IN aranessanesss SARPILGEO
PECRFASTING DRDER OF PEAK HEIGHTS. esenesnncessaSARFILILE
. SARP3IISO

ml=ybal e T SARPALED
DU 119 I=leiv? CARP3ILTO
Ja=T+i SARP 3140
B0 1135 JSJJeNP o e SARE3L90
TF(A(T=21=8(Js?)) 1543194119 SARPIZ00
Cl=A(T,2) SARP 3210
D2=4tI3) . . e o SARP3Z220
AlT«P)=0(J42} SARF 3230
AlT+31=8{d43) SAREIZ40
SAGIe2)=DL L e e L SARP 325G
AlJa33=02 SARKF3Z60
CONTINUE SARF3270
: o e SARP3ZBD
ANALYSTS FOR ALL HEIGHMTS . seassscssnscssnsnsassasavsscancncnesnsssSARFIZHY
SARP330D

00 29 J=1lah0 . o L - SARF331Y
IF{J.LE.NAY GO TG 2 SARP3340
S{J)=0,0 SARE3I330
GO TN 29 e SARP3 34D
S{Ji=1,00 Y T K =1}
COMTTiUE SARF3I3G0
a1 =UR (1) ZAMAG A o B ] o SARP 37U
LA (2)=FLOATINY T SARPIZCG
e (3) 21 {R) FAMAG SARFIZGE
CALL TAEL[ASs12UBOSFREQePCTASTATSeNOS3) SARP3L00
WP T (A e00) - - SARPSALD
AXITE (ha102) AMAGHHINT SanP3aco
AV=STATGLZ2)Y _ ) S o SARP 3430
Ni=hA SARPI4LD
GMAGZRMAG SAKP 3450
CALL wWeTE (NNaGMAGIUAOSFREGePCTsSTATS) SAREI46D
FMS=STATS(3) T o SARF3470
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a00h57
GeosSen
LOGS564
360574

(00574
gacsc0
[T
0¢06s03
000604
0OLRDE
ronell
Gaunel
LonA2s
060635
000637
Q00FRA0
G00FRAZ
000643

goona T

000r51
LGORaZ
GGOmS4
JO0645
QQ0nT1
cpo701
¢oavna
GoOT04

apa71n
eontiz

GENT16

Q00720
050721
Cot72z
Go0724
coG727

C
Connnw
C

139

Cavne

13
59

300737 0

000743
600747
006751
nin7se

600756
GOn7AD
0udtse

CIF{JLLE L wE)

st =141

CUHOI3) UM (2) /AMAG

COAMBUTATICN OF CLA,
CLA=N. a
D139 fzlatbla
CLA=TLA+8mS(A{]a1) =AY)
CLASCL A XMAG/ KA

ANALYSTS FGr PEAr REIGHTS.

005G Jzl e

G0 10 13

SOAY=0,000

GO TO 56

Stay=1,.00

CONTINUIE

CALL TAHI(AYSa2esUHOFREQsPCT o STATSND3)
W ITE (RS0
wRITF (A 1086])
Al=5TATS (2)
S1=5TATS (3}
NN =t

G WA

sE AL
CALL wHTE(MNaGMAS s URDsFHEQWPCTSTATS)

XMAGYHINT

AMALYSTS FOR HADTUS OF CURVATURES AT THE PEAKS.
GUAGEHRINT*RINT /XMAG T T
Q1) zu4(3) /GMAG

UH0 1) =UAL4) ZGMAG ] o
CALL Tarl{A+S+1sURB0sFREWIPCT¢STATSaND3)
WRITE (900}

WRTITE (54107) AMAGeHINT
AZ=STATS 2D
S2=STATS (3}

CALL wRTE(NMGMAG ULBOIFREQePCTISTATS?

NIsSTRIMUTION OF KAD. OF CUR,

h»}\;h‘l‘,'.l/Q o : T 7 T T T e e
No 129 JslanNg
IF{JLE.mKY GO T0 16
S(JY=0.

GO0 TN 129

COMTINUE

CALL TAS1(AsSe3vUROFREQ-PCT+STATSNO3)
WRITE (ALS00)

WRITE(G+116)

A22=5TATS(2)

S22=57ATS(3) o o o 3
CALL WFRTE(MN+GMAGsUBOsFREGPCTLSTATSY

CESTIYATION OF Miin AND VARTANCE OF UPPER 25¢ PEAK HEIGHTS.

BAO{LI=0E (1) FXMAG

CALL TARL(A+5224LBCsFREQWPCTASTATS e NO»3Y
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FOR THE UPPER 25 PEAK

SARPIGHD

-olo--o--ououl-.'ot-.--e--lno‘o-olnolol--n..QSAHP3490

SAHP3500
SA#P3S10
SaRFISE0
SAKP 3530
SAKP3I540
SARP3S50

I--n.--0.--_-0-o--.rnrn-o--oto-o-n.--coo.SARPBSbO

SARPISTO

SARE3ISH0

SARPISGY

SARPIS0D

SaRKF 3610

SARP3620

SARF3A3D

SARPI6L])

SARF3550

SARPIGAD

SARPIKTD

SAHP 3RS0

SAmFIRY0

SAPP3T00

SARPITIO

SAHP3T7Z2Q
l.l..l.l'.l‘!l.'.SARP3730
SAKP3T&0
SAHRP3ITSO
SARPITED
SARP37T70
SAERP3T80
SARP3TGO
SARP3B00
SARKPIRL0
SARP3420
SARPIBZ0
SARP3I=40

e ne e DARPINGD
SARPIZAC
SARPIRTD
SAarP35a0

SARP IS
SARP3900
SARP3S10
SA~PI92G

SAwxb 39310
SARP3940
SANRISS]
SARP3IGAY
SARPISTO
SARP33180

SARF 3950
SARPS40G0
esesanSARFLYLE
SARP&DZ20
SARF&4030
SARP4040
SaRP4050

HEIGHTS.



soavia2
GOni7yq

0o071%
GGo77e
Qo1Gc2

(i B

1

ocioll o

anin2sz

Gol024
¢oloz2sn
oeltle
001035
o0lt4ac

C

[

ag

o

11=5TATS (2) SARPLGED
11=5TATS () SARP40TD

, , B _ SARPALOSD
CALCULATION OF CORRELATION HETWEEN PEAKS AND RAD OF CUR.  sesasessSARPLESD
SARP4100

all=s
“11=5

FEU =g, e o . e - SAKPALLD
DO 10Dy Jslene SARP&1Z20
PSU4=PSUM+A{Ja2)#A(Je 3} SARF4130
CPSUMSPSUM (NP1 = (NP/INP=1) Y #ALwA2 SARP4140
FEPSUM/(51757) SARF4150

SAHP41aD

Cuuee COPRELATION COEFFICIENT FOR UPPER 25+ PEAKS AND RAD, COF CUR.  e4eoSARPSLTD
c

C

Cause

C

pet0sg

LR RY
51064
001C0ED

001134
Q01140
celial
011w
NCiilné
0u11G2
LOT1SA
tellrl

LRI It
Gulan?

C
C
C

HG

34

iT
49

SaRP4lsl

PhuM=0, SARP41SH
00 AG J=leNN i SARP4Z200
PIUATESUALA (D2 *A (U ) SAKF4210
PYUMZEGURM/ [NR=1) = (NN/ [NN-1))1#AlY®ARP SARPGZ20
CHR=PSUM/IS11%522) e e e SARP4230
' SARPLILT
COMEUTATTION OF LOG-NORMAL DISTRISUTION FOR RAD OF CUR:  «osessseesSARPLZSO
I - SARP4260
T O3% Js1ebP ' T T T T sanRpae2Te
Alded)=ALCGLO AL 3)#LMAG) SARP4ZHO
D0 4G J=1an0 e L . o sARP4Z2YD
IF{JJLE.NPY GU TO 17 SARP4300
SCHr=0. SARP4310
SGO TQ 49 O SARPL 520
Stai=1.0 SARP&IID
CURTTINUE SARFS340
UHO (1) =ALOGLIR LU (3)) L o ) SARP4IS0
URa{3)=pLgGLIn{us (4)) SARP4 360
CALL TARI(A«Sy3oUEN-FHEQaPCTaSTATSIND3) SARP4370
I o B B B S SARP43E0
LMAG=] .0 T T SARP4 390
WRTTE (A,90010 SARFLGL40]
w2 1TE(A-117) o s ) SAkF4410
WRITE (5ellR) SARP4420
CaLt wRTEANN-GMAGSURGsFREQWPCTISTATS) SARP4430
ST2=5TATS(2Y . L e SARF4440
STE=5TATSH(3) e T T gaRPaas)
QL=STATS (2)=2. 302628 TATS (3 ¥STATS (3) SARP 4460
HEZERP (ML/0,6362G) o S - SARP&4T(
RA=ERP (STATS (P /0 42435) C T GARP44R(
FEL=STATS2)+1,1513%STATS (3 #STATS (3) SARP4490
COR3SFEPUPLAO.GMPSY SARPASGO

‘e e

1A
69

SARP4510
LOG=MORMAL DEISTRIBUTION FOR KAD. OF CUR. FOR UPPER 25p POINTS. ...5ARPASZQ

) ) - I SARPES D

NEEMNP /4 T o SARPHS50
NO A9 J=1+h0 SARPL550
O TFGJWLFLNNY 6D TO 0B SARPLY60
5(J) =0, Y T 4!
50 TN A% SARP4580
S{J1=1.0 _ o _ SARPLSL0
CONTINUE T SARP4600
CALL TABI(ASSa3sUBOsFREGePCTsSTATS 093} SAKP4610
W ITE (hyw00) SARP4620
WRITE (51051 ' T ’ SARP4630



(3 )

colzel
061227
cer?3a
noléent
001243
g0lz247
nclzese

CIII

Q0 125F
001246
001270
oplz273
001274
00300
001306
no013z22
001332
001342
001352
101360
0013AE
061374
Gol1404
A¢l14l12
001420
Gol1424
Oni1423
001434
d0143%
anlaldr
JClaan
0 lwa?
001443
0Glasy
0Glaak
colaa?
01452
JUuilnsay
gCte3s
001457
0014860
00lase

26
27

S oklaes L

¢0lamé

AVP=z{Al-aV) #XMAG

SR =S TATS ()

WRITFEACLLIR)
CalLt
Hii=STaTSI2)-2,3020%STATS{3)#STATS(3)
Tl=Farinl /D ,0342%)
TA=FXP{STATSH2Y /it 243%)
RL=9TATS(2)+1.1513%5TATS I3y 25TATS (3)
T3=EXP{kL/0.43429)

HRTE (NN GMAG UBUSFREDHCTHSTATS)

CALCULATION OF DENSITY OF PEAKS AND PRINTING DATA SUMMARY.

PO=(0 IE+07 3 INP/LICTHHINTH#NAY ) #42

IPD=vp

SIGP=51%XMAG

WRITE (Ae90D)

A JTF (Ba11 1)
HETTF (Ra] DR}
SRITE(AR1IZ0)
WRITE{AL]LE0)
WHITF{A+112)

WRITF{A«103)

WRITF{AR«li4)
WP LT {AL114)
wrelTZ{6e112)
WRITF{R«]1%)
WRTTE(GHal04?

W [TF{balla).

IF{IZ72.EG.1)

L

NK
HakkaIPD
ClAsrMS
AVELZSIGY
S9T25T3
K2

3

CSTATSAZ) s TATS(3Y.

T1

72

13 ..
GO TO 28

_ToR(21=S146pP

RETURN_

IFDI=IPD
TORPL1I)=5IGE
TOR(3)=hVE
ToRr(e)=T3

PLOLR)=STATS(3)

17/7=1
IF(I7.50.90) GO T0.1
Go To 27
IF(IPLLCTLTIFNEY TIPD=1RODL
TOR () =aye

TR (RY=T3

RLID (31 =8TATS (2)
RLD(4)=%TATS(3)
WRITE{A.500)

END

SARF4440
SARP4 550
SAKPLOEAD
SARRP4HTO
SARPSGA/20
SAHPA4HYD
SARMGTND
SARPATLIO
QIOCOOSAQPQTEO
' SARF4TI0
SARPL T4HQ
SARPATIS(
SARPA4TAQ
SARP& 770
CS5aRP4THD
SARPSTA0
SARPG4500
SARP4EL0
SARP&E2D
SARP4830
SARPLEL(
SARPLRED
SAPPARAQD
SARF4870
SakP4BEG
SARP&4BGQ
SARPLGO0
SARP4IL0
SARP4SA]
SARP4S30
SARP4Y4(
SARP4GS0
SARP4S60
SARP49T0
SARP4GA(
SARFA4GGY
SARPS5000
SLRP5010
Sakp2020
SARPS030
SAHPS (040
SARPS05Q
SARPS06Q
SARPS070
SARPSQ5B0

‘SARPS090
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SUBROUTINE WRTE{NN+GMAGsUBD+FREQPCT+STATS)

SUBROUTINE WRTE

THIS PROGRAM HAS BEEN WRITTEN

TO COMPUTE COMULATIVE

PROBABTILITIES AND WRITE QUT THE RESULTS ALONG WITH THE FREQUENCY
DISTRIBUTIONSy AS PRODUCED IN THE MAIN PROGRAMZ #STATISTICAL
ANALYSIS OF ROUGH SURFACE PROFILEZ#.

NO EXTERNAL SUBROUTINES ARE CALLED BY THIS PROGRAM. SINCE
THIS PROGRAM IS5 BASICALLY DESIGNED TO MATCH THE QUTPUT OF THE

- MAIN PROGRAMs SARPs THE PARAMETERS WILL BE 0BVIOUS FROM THE MAIN

PROGRAM, OUTPUT OF THIS SUBROUTINE ESSENTIALLY CONSISTS OF THE

WRITE OUT OF THE RESULTS IN THE FORMATS SPECIFIED IN THZ

PRADEEP Ke GUPTAS

DIMENSION UBO(R)»FREG(102}+PCT(102)Y o STATSISIACF (102}
FORMAT (/10X +29HHISTOGRAM ANU COMMULATIVE UISTRIBUTION,+SXeGHORIGINWRTE
1 = 9E10.3¢1X0ERMIL IN TXs16HINTERVAL SIZE = +E10.3e1Xe64MIL IN/)
FORMAT (2 (10Xs 1391 XsE104301Xs IS5 1XaF 8.3 XsFB.3210X)1)
FORMAT (/55X 22RTOTAL NO. OF POINTS
1 sE12.542X%4+6R5]I0C = sEL12.542X96HMIN
FORMATI32Xs5 (12X 8HMIL INSL)//)

FORMAT(/10Xy6BHF IRST INTERVAL IS UNDER FLOW BOX AND LAST INTERVAL

115 OVER FLOW BOX,/)
FORMAT{/2{10X»38RINT
N=URD(2)
IFEUBG (L) =LB0{3)) 1+s24]

SIZE=(STATS(E)=STATS (4) Yy #GMAG/(UBDI(21-2.0)

QHIGIN=STATS {4) #GMAG
GO 70 3

CSIZE={UBO(3)=-UBO(1)) #GMAG/{UBO(2)~2.0)

ORIGIN=UBQ (1} *GMAG
CONTINUE

WRITE(62103) ORIGINSSIZE.
SUM=0.00

DO 39 I=lsN
SUM=SUM+PCT(TIY ___
CFtI)=5SUMm

CONTINUE
WRITE(64115)

II=N/2

GO 139 I=1.11
J=I+T11] e ————
SI=0RIGIN+(I~1)®SIZE
SJ=0RIGINS (J=-1)#5TZE
IIF=FREQ (L)

JF=FREQ(J)

IS+ 2X»s6HTOT

El12.5s2X96HAVE

= El2.5+2As6HMAX = 3Z12.5)

_. MIL IN___FREQ _____

REL_

_CoMy10x /)

WRITE(6+104) I+SYsIIFsPCT(I)oCF(I)edsSIsJFsPCT LI} sCF (I}

CONTINUE
WRITE(H4114)

PROGRAM,

WRTE
WRTE

ﬁﬂﬁﬁ-ﬂ{}*ﬂ&5’}6#B’H‘ﬁ-ﬁﬂ#b&'n{1'QG'ﬂ-ﬂﬂ'ﬂ-*ﬁ'%ﬁ-*ﬂ{bﬂQ#Gﬁ#bﬁi*ﬂﬁnbﬁﬁﬂﬁﬁﬂ#ﬂﬁ-ﬂ-%#ﬁé*#ﬁ**b&ﬂwﬂ1£

WRTE
WRTE
WRTE
WRTE
WRTE
WRTE
WRTE
WKTE
WRTE
WRTE
WRTE
WRTE
WHTE
WRTE
WRTE
wkTE
WRTE

&»##unaao&*anaﬂaua**ﬁhu4#64»»&«0&#44&4*&##éwn#ai&&n;u*iéﬁﬁiﬁniﬁ##&éuaﬁuwpfg

WRTE
WRTE

WRTL
wRTE
=WRTE
WRTE
WHTE
WRTE
WRTE
WHTE
WRTE
WHTE
WRTE
WRTE
WHTE
WRTE
WRTE
WHTE
WRTE
WRTE
WRTE
WRTE
WRTE
WRTE
NRTE
WRTC
WRTE
CWRTE
Wk TE
WRTE
WRTE
WRTE
WRTE
WRTE

T WRTE

Lo
620
03¢
0ap
050
oeL
070
080
040
100
110
120
130
140
150
160
170
180
13y
200
Z1¢
220
230
240
2590
250
270
289
290
300
310

320

330
340
350
360
370
389

390 T

%00
410
420
430
440

450

460
470
80
490
500

510

Q20
530
540
550
560

570



000174
000201
Q00205

Do 49

49 STATS(JI=STATS (J) #GMAG
- WRITE(6s105) NNe (STATSU(JYyJ=1eS). . . . _ ..

J=145

WRTE
WRTE
WRTE

580
590
600

-119-

000223 WRITE(64+113} T TOWRT: 610
000227 RETURN WRTE 620
000230 END . _ i} e I WRTE 630



SUBROUTINE TAB1 (A»SsNOVARWUBCIFREQsPCTsSTATSyNO#NV) TABL (10

TAR1 020
‘l.l'..-l.....lIO-'...'.‘.l'..Oll..l'llI.l.ﬁ.......'.‘.l..-.'.l.ll.fp\dl 030
TABRL 0&0
SUBROUTINE TaBl _ _ TABLl 050
TABL 060
PURPOSE TABL 070
TABULATE FOR ONE VARIABLE IN AN OBSERVATION MATRIX (DR A TAB1 080
MATRIX SUBSET)s THE FREQUENCY AND PERCENT FREQUENCY OVER TE31 990

GIVEN CLASS INTERVALS. IN ADDITIONs CALCULATE FoR THE SAME  TAHL 140
VARIABLE THE TOTALs AVERAGEs STANDARD DEVIATIONs MINIMUM, TABL 131

AND MAXIMUM, TARL 120
TABL 130
o __USAGE _ e e ... T1ABL ls0
CALL TAB1(AsSsNOVARWUBOGFREQsPCTsSTATS s NO#NV) TABL 150
TAB1 lao
DESCRIPTION OF PARAMETERS o TaEL 170
A - OBSERVATION MATRIXs NO BY NV TAB1 180
5 - INFUT VECTOR GIVING SUBSET OF A. ONLY THCSE TADLl 150
o OBSERVATIONS WITH A CORRESPONDING NON-ZERO S{J) ARE T&H1 200
CONSIDERED. VECTOR LENGTH IS NO. TAEl 210
NOVAR = THE VARIABLE TO AE TABULATED. NOVAR MUST BE GREATER TAB1 220
_ THAN OR EQUAL TO 1 AND LESS THAN OR EQUAL TO Nv. TAGY 230
UBO = INPUT VECTOR GIVING LOWER LIMITs NUMBER OF INTERVALSTABL 240
AND UPPER LIMIT OF VARIABLF TG0 BE TABULATED TABl 250
_ . IN UBD(1)s URD(2) AND UBO{(3) RESPECTIVELY. IF  TABl 260
LOWER LIMIT 15 EQUAL TO UPPER LIMITy THE PROGRAM TABY 270

USES THE MINTMUM AND MAXIMUM VALUES OF THE VARIABLE.TABY 230
NUMBER OF INTERVALSs URQC{2)s MUST INCLUDE TwO CELLS Ta3l 290
FOR VALUES UNDER AND ABOVE LIMITS. VECTOR LENGTH TAB1 3060

IS 3. TaBl 310
FREG = QUTPUT VECTOR OFf FREQUENCIES, VECTOR LENGTH IS ) TARBY 320
uBo{2). TaBl 330
PCT = QUTPUT VECTOR OF RELATIVE FREQUENCIES. VECTOR TABL1 340
LENGTH IS uBO(2). TAE1 350

LTATS = QUTPUT VECTOR OF SUMMARY STATISTICSs [4€es TOTALS TARY 350
AVERAGEs STANDARD DEVIATIONs MINIMUM AND MAXIMUM. TABY 370
VECTGR LENGTH IS 54 IF S 1S NULLs THEN TOTAL»AVERAGETARL 3390
AND STANODARD REVIATION = 0s MIN=1.E75 AND MAX=-] ., E7S5TABY 39§

OOODO0O0OO00000O000C0O000GO000NO0O00000O000NaO0O00N0a0O000a00n

NO - NUMBER OF ORSERVATTONS, NO MUST BE % OR = 10 1 TE81 400

NV - NUMBER OF VARIABLES FOR EACH OBSERVATION. MV MUST  TABl 410

BE GREATER THAN OR EQUAL TO 1. TABL 420

TABL 430

REMARKS _ _ o  TABl 440
NONE TEBY 450
TABL 460

SUBROUTINES AND FUNCTION SUBPROGRAMS REGQUIRED TRBL 470
NONE TAHL 430
TABL 490

ME THOD , TABL 500
THE INTERVAL SIZE IS CALCULATED FROM THE GIVEN INFORMATION TAB1 Sio

OR OPTICNALLY FROM THE MINIMUM AND MAXINUM VALUES FOR TABL 520
VARIABLE NOVAR. THE FREGUENCIES AND PERCENT FREQUINCIES ARE TAG] 530
THEN CALCULATED ALONG WITH SUMMARY STATISTICS. TAGL 540
THE DIVISOR FOR STANDARD DEVIATION IS ONE LESS THAN THE TABL 550
NUMBER OF OBSERVATIONS USED. _ ) TEBL S&0
TABL S70

-120-



OO

000014

000014
060014
000315

000021
go0o22
g0o0CcZz3
006027

0co0c3o .

000032
0004933
0G0037
000042
000046

.. 000051 .

000054
000636

.. 000057

coo00s2
000063

.. 000065

" oo0070

000071
goodov2
000076
0oco7?

000103

0001907
000110
000114
060115
000117
- 000120

goolz2
Qoilz2e
000131
000132

14
15
20
25

s Rele

" as

40

noo;

. 45

50

000 000

...... .55

OO0

SCNT=0.0

. TEMP=UBO(1)=SINT

....0.......l.OJC.-l.....I..'.II.lI...I'.Il..'lI.I..IQ.I.'...."..TABI

SUBROUTINE TABl{A+S+NOVARIUBOFREQsPCT+STATSINOWNY)
DIMENSTON A{1)+S(1)+UBO(L)}»FREQUL)sPCT(1)45TATS(])
DIMENSION WBO(3)

DO 5 I=1.3

WB8O (1) =UB0Q(I)

CALCULATE MIN_AND MAX

VMIN=1,0E7S
VMAX==1,0E7S .. ...
1J=NO® (NOVAR=1)
00 30 J=1sNO
IJ=14+1

IF(SEJY) 10+30910
IF(ALIJ)=VMIN) 15420420
VMIN=A{ID) e
IF(ALTJYI=VMAX) 30430425
VMAX=A{TJ)

CONTINUE e
STATS (4)=¥MIN
STATS(S5)=VMAX

DETERMINE LIMITS

IF (UBQ(1}=~UB0{3}) _ 404535440
UBQ(1)=VMIN

LUBO (3} =VMAX

INN=UBD(2Y .

CLEAR OUTPUT AREAS

DO 45 I=1+INN
FREQ(1)=0.0

PCY(II=0u0 . el

DO 50 I=1.3
STATS{I)Y=0.0

SINT=ABS {(UBD(3)~UBO(L) ¥ /1UBQ(2)=2.0) ). . __ . . ... _

TEST SUBSET VECTOR

TJ=NO# {NOVAR=1}

DO 75 J=1sNO - e e el i

IJd=TJe}
IF{S{J)) 554754585
SCNT=SCNT+1.0 . —— — —

DEVELOP TOTAL AND FREQUENCIES

STATS(1)=STATS(1)+A(IY)
STATS(3)=STATS(3)+A(TJ)*A(TJ)

INTX=INN=1

TAB]
TABL

"TAB)

TAB1
TAB1
TaABL
TAB1
TaB1

- TAB1

TARL
TABL
TaB1
TaBl

. Tany

TASY
Ta81
TAR1
TAT1
TAB)
TAB1
TAB1
TaB1
TAB]
TAB1
TABl
TA81
TABl
TABL
TaBl
TaBl
TABL
TABL
TABI
TaB1
TAZ]
TAR1
TaBl
TAB]
TARL
TaAB1
TAB1

580
560
600

610

620
£30
640
650
660

670

680
690
700
710

720

730
744
750
760
170
T8O
750
£00
Bi0
820
830
840
850
860
870
880
8%0
300
310
826G

930

940
950
960
970
980
940

TAB11000
TAB11010
TAB11020
TAB11030
TABL1040
TAB110S0
TAB11060
TAB11070

_ TAB11080
7A311390

TABI1100
TABLLL1O

TABL1120

TABL1130
TAB11140
TABY11150



000135
600136
000140
Qodl4s
00C147
Jeilse
330155
goolse
000161
00064

£C0165

[aEg Xyl

s ReNe]

60
65
70

- 15

75

B0

85

90

35
100
145

DO 60 I=1sINTX
TEMP=TEMP+SINT
IF(ACTUY=TEMP) T0+60+60
CONTINUE

IF{ACIN ~TEMP) 7S+6565
FREQ(INNISFREQIINNI+1.0
GO TO 75
FREQ(I)=FREQ({I}+1.0
CONTINUE I
IF (SCNT)IT9+105979

CALCULATE RELATIVE FREQUENCIES . . - ..

DO 80 I=1+INN

CALCULATE MEAN AND STANDARD DEVIATION

PCT(I)=FREQ(I}®10040/SCNT _ |

IF(SCNT=1.0) B5+85.90
STATS(2)=5TATS (1)
STATS{3)=0.0

Gy TD 95
STATS{Z)}=5TATS{1)/5CNT

STATS{3)=SORT (ABS{(STATS(3)-STATS{1)#STATS(1)/SCNT)/{SCNT~1.0))})

DO 100 I=1+3
UBO({I)=wBO{I}

RETURN .

END

TAB11160
TAB11L70

_TABYIILB0

TAHIL 149G
TAB1LI200
TAB11210
TAEI1220
TAB11220
TABL1240
TaB11259
TARL11260

CTAs11270
TAB11280

TAB11290
TAB1131¢0
TAB] 1320
TAB11330

~TABLIL300

TAB11340
TAB1135C
TAB11360
TAB11370
TAB11380
TAB11350
TABL1400
TAB11410

CTAB11420

TAB1143C



SUBROUTINE ACPRIICT«NN+PROPsTOPsRLD oY sNNNsVAAyHAASNEE sNPP o WAV s AR XACPR

e e, _1LACRsRM4RS) e o . ACPR
C ACPR

C LR 5-X-E-K-X-3-3-K-X-E- 2R E-F K2 FX-X-F-X.-B-F-E-RUR- R E- R R ¥ L R TRIE- ¥ 2 #b#ﬁﬂ-#éﬂ#aaﬁﬁﬂ##&ﬁ#}#ﬂﬂﬂvﬁiuﬂacpﬂ

c _ ACFR

c THIS SUBROUTINE IS A MODIFIED FORM OF THE PROGRAM #ANALYSIS OF ACPR

C  CCNTACT PROBLEM FOR A PAIR or ROUGH SURFACES? AS DESCRIBED IN THE ACPR

e i, € FOLLOWING REFERENCE sasesw . _ o ~ RCPR
c ACPR

c 2TOPOGRAPHIC ANALYSIS OF FRICTION BETWEEN A PAIR OF ROUGH ACPR

. c . SURFACES#? BY... PRADEEP K. GUPTA o _ ACPR
c SC.D THESIS (1970} DEPT. OF MECH. ENGGes MaIloT.sCAHEBRIDGE ACPR

c MASSACHUSETTSy UlSeAs ATPR
€ B e o . ACPR
C ACRR

c THE SUBROUTINEs WITH THE HELP OF VARIGUS OTHER ROUTINES. COMPUTES ACPR

C . NGRMAL AND FRICTION FORCES FOR A PAIR OF ROUGH SURFACES TN ACPR

C SLIDING CONTACT. A DESCRIPTION OF INPUT AND QUTPUT VARIABLES AND ACPR

o THE EXTERNAL SUBROUTINES USED ARE DESCRIBED BELOWeaese ACPR

e L L . . L o ACPR

¢ EXTERNAL SUBROUTINES USEDuessssa ACPH

C NDIS == A SUBROUTINE WRITTEN FOR CALCULATION OF NORMAL ACPR

c . _FREQUENCY DISTRIBUTION. ACPR

c GUPTA == ThHE MODFL FOR INTERACTION OF A PAIR OF ACPR

c SPHERICAL ASPERITIES. ACPR

B . C. RDIS . == THIS SUBROUTINE IS CALLED ONLY WHEN THE INPUT  ACPR
C PARAMETERs ICT=1. IT ALLOWS FOR A DISTRIBUTION ACPR

c OF RADIUS OF CURVATURE AT THE PEAKS. ACPR

- . C ) i _ ) ACPR
c SUBROUTINES CALLED BY ANY OF THE ABOVE ROUTINES ARE NOT LISTED ACPR

C HERE. THE PARTICULAR ROUTINES SHOULD BE REFERED FOR THIS ACPR

. ...t . INFORMATION, ~ e el .. ACPR
C ACPR

C ACPR

c DESCRIPTION OF INPUT AND QUTPUT PARAMETERS.eesee .. . ACPR

C ACPR

C  INPUT PARAMETERS =eewesc—ccaem ACPR

- C __ICT. = 0y IF ALL ASPERITIES ASSUME RADII OF CURVATURE ERUAL TO THE ACPR

c AVERAGE RADIUS. ACPR

c = 1y IF LOG-NORMAL DISTRIBUTION FOR RADII IS TO BE USED. ACPR

B} C NN = PEAK DENSITY (NO. OF PEAKS PER S0.IN.). ACPR

¢ PROP = PROPERTY VECTOR OF LENGTH L0 SPECIFYING THE FOLLCWING ACPR

C PRU"ERTIESQUUG ACPR

e < PROP{1) = YOQUNG#S MODULUS OF MATERTIAL ONE (LBS PER 50 IN). ACPR
c PROP(2) = YOUNG#S MODULUS OF MATERIAL TWC (LBS FER 5Q IN). ACPR

C PROP(3) = POISSON#S RATIO OF MATERIAL ONE. ACPR

c _ PROP (%) = POISSON%S RATIO OF MATERIAL TwO. ) ACER

c PROP{5) = KARDNESS OF SOFTER MATERIAL (LBS PER £a IN) ACFR

C PROPI(6) = ULTIMATE SHEAR STRESS OF THE WEAKER MATERIAL ACPR

o c o (LBS. PER S04IN,). S . _ . ACPR
c PROP(7) = INTERFACIAL SHEAR STRESS s PROP{6). ACPH

C PROPIB) = ADHESION STRESS / PROP(6&). ACPR

c . PROP(9) = SUM OF THE SPECIFIC RESISTANCES OF THE TwO ACPR

c MATERIALS (MICRO OHM IN), ACFR

c PROP{10)= EXPECTED TUNNEL RESISTIVITY FOR THE INTERFACIAL  ACPR

) C. . _ FILM (MICRO OHM SO ThN). _ ) ACPR
C TCP = TOPOGRAPHY VECTOR OF LENGTH 6+ SPECIFYING THE FCOLLOWING ACPR

-123-

010
620
030
040
0650
060
070
080
050
100

110 -

i2¢
130
140
150
160
170
180
150
200
2190
220
230
240
250
260
270
2810
290
300
310

Jza

330
340
350
360
370
380
250
400
410
4249
430
444
454
460
470
480
4590
500
%16
520
530
S&0
550
S60
570
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RLD

TOPOGRAPHIC

ToR (1)

ToP{2).

TOP {3}
TOF (4)
TOP{5}

ToP (&)

L T O | T |

PARAMETERS suqes

STC., DEV. FOR PEAKS ON SURFACE ONE (MIL IN}.
STD. DEV. FOR PEAKS ON SURFACE TWO {MIL IN).
MEAN FOR PEAKS ON SURFACE ONE (MIL IN).

MEAN FOR PEAKS ON SURFACE TWO (MIL IN).

MEAN RADIUS OF CyURVATURE AT PEAXKS OF SURFACE ONE
(MIL IN).

MEAN RADIUS OF CURVATURE AT PEAKS OF SURFACE TWO
(MIL IMN),

VECTOR OF LENGTH 6+ SPECIFYING REOII OF CURVATURE DISTRIBU~-
TION AT THE PEAKSaeasas

RLDOLL)
RLD(Z)
RLD (3}
RLD (&)

RLD (5}

CRLD(B)

SEPARATION
(MIL IN)a

QUT PARAMETERS

NNN
VAA
HAA
NEE

NFP

T

AR
XLA
CR

RM

RS

oMo

NIB.

MEAN OF LOG-NORMAL DIS. OF RADII FOR SURFACE ONE,
(LOG(MIL INY}.

STD. DEV.OF LOG-NORMAL DIS OF RADII FOR SURFACE
ONE  (LOGIMIL IN}}a o

MEAN OF LOG=NORMAL DIS., OF RADII FOR SURFACE TwG
(LOGIHMIL INn)).

STO. DEV.OF LOG-NORMAL D15 OF RADIT FOR SURFACE
TWO  (LOGIMIL IN))a

LOWER BOUND ON THE VALUE OF RADIUS OF CURVATURE
(MIL IN}. o o

NUMBER SPECIFYING VARIATION ON LOG(FAD OF CUR) IN
TERMS OF MULTIPLES OF STD. DEV. OF DISTRIBUTION
BETWEEN MEAN PLANES OF INTERACTING SURFACES

- " - -

TOTAL MUMBER OF PEAKS IN CONTACT PER UNIT NOMINAL AREA
(1e0/{INYR=2),

TOTAL AVERAGE NORMALL LOAD SUPPORTED 8Y INTERACTING ASPERITI-
ES PER UNIT NOMINAL AREA (L8S PER 50 IN).

TOTAL FRICTION FORCE DUE TO INTERACTING ASPERITIES PER UNIT
NOMINAL AREA (LBS PER 50 TN).

TOGTAL NUMBER OF ELASTIC JUNCTIONS PER UNIT NOMINAL AREA
[l1aD/7(IN)u®2),

TOTAL NUMBER OF PLASTIC JUNCTIONS PER UNIT NOMINAL AREA
(Ta0/{IN}%®2),

AVERAGE MAX, GEOMETRIC INTERFERENCE BETWEEN INTERACTING

ASPERITIES
TOTAL AVERAGE REAL AREA OF CONTACT PER UNIT NOMINAL AREA,
AVERAGE JUNCTION LIFE (MIL 1IN},

ESTIMATED ELECTRICAL CONTACT RESISTANCE PER UNFT NOMINAL
AREA (MICRC OHM PER SQ IN).

MEAN RADIUS OF A MICRO CONTACT (MIL IN).

MEAN OF SGUARES OF RADII OF MICRO CONTACTS {(MIL [Np#*2),

tHIL IN).

IN CASE THE SEPARATION BETWEEN MEAN PLANES (INPUT FARAME-

TERSs

Y}

I5 TOO LARGE FGR CONTACT T0 TAKE PLACEs THE INPUT

VALUE OF Y AND THE STANDARDIZED NONDIMENSIOMAL VALUE OF ¥
ARE PRINTED WITH THE MESSAGE #NO CONTACT TAKES PLACE#

AND FURTHER EXECUTION IS TEKMINATER. THIS (ONDITION OF
NG CONTACT MAY ALSO TAXE PLACE IF THE NUMBER OF ESTIMATED
PEAKS OF HEIGHTS LARGER THAN Y IS ZERO,

=124

ACPR
ACPR
ACPR
ACPR
ACPR
ACFR
ACPR
ACPR
ACPR
ACPR
ACPR
ACPR
ACPR
ACPR
ACPR
ACPR
ACPR
ACPR
ACPR
ACPR
ACPR
ACPKR
ACPH
ACFR
ACPR
ACPR
ACPR
ACPR
ACPR
ACPR
ACPR
ACPR
ACPR
ACPR
ACFR
ACPR
ACPR
ACPR
ACPR

T ACPR

LCFR
ACPR

580
5490
600
510
620
630
640
6590
660
673
660
650
700
710
720
730
740
750
760
770
730
790
8302
316G
820
B30
840
850
860
870
880
890
200

g10

Sas
330
G40
S50
60
976
S0
990

ACPRLIOOG
ACPRLIO1O0
ACPRIOZO
ACPR1G1D
ACHFRL1G4Q
ACP=105%0
ACPRIOE&ED
ACPRLIOTO
ACPRLIGB0
ACFRICS0
ACPR11CO
ACHRILL0
ACPR13120
ACPR1130
ACPR1L40

"WHEN THE RADIT OF CURVATURE IS DISTRIBUTED OVER THE INTER-ACPR1150



000024

000024 _

gedoca
000024

Co0024

Go0%24
60526
000027
Q0co20
oooo03e
000033
0G0N35S
000036
000040
600041
000043
0GCG4a
Q00048
000047
000051
006052
Q00054

000G55
0000657
060064
genave
000100
Geoi05
00307
poollo

gaoliz
00Gll4
000116
0Co117
Goo127

c ACTING PEAKSs THE TOTAL NUMBER QOF ACTIVE ASPERITIES MAY ACPR1160
o} BE SLIGHTLY LESS THAN NNN DUE TO THE YRUNCATION IN THE ACPRIITO
c . RADI] OF CURVATURE CAUSED BY SPECIFIED MINIMUM RADIUS. ACPR1180
o IN THIS CASE TOTAL NUMBER OF ASPERITIES IS DETERMINED BY ACPRI190
C SUM OF NEE AND NPP, ACHFR1Z200
c _ ACPR1210
c ACPRI2Z20
C ACPR1230
c e [ ___PRADEEP K, GUPTA, _  ACPR1240
c ACPR1250
Cﬁ#&#hﬂﬁ#nﬂ-#ﬁbﬁ#d#ﬂ-ﬂ*ﬁﬂi}#ﬁ###ﬁﬁ#i##ﬂﬂ###ﬁ#ﬂﬁh#%#ﬁ##ﬂ-#&#ﬂﬁ-##ﬁ-#bﬂ‘ﬁﬁ##ﬂ»#b#&ﬁcpqleeo
C _ e ACFR1270
c ACPR1ZE0
DIMENSION ZP(2011sNUM{201).U(201) ACPR1290
) _DIMENSION RLDU6)«PROP{10)«TOP(B) o . hCPR1295
COMMON/CONTL7UCT ACPRL300
110 FORMAT {//10Xs32HSTATISTICAL PARAMETERS®®#  SIG= +El2.548H AVP = 4ACPRI30Z
1E12.5+8H RAD = oE12.5)} ) L e . .. ACPHR1304
114 FORMAT(1CX+2FB.292Xs23HND CONTACT TAKES PLACE.) ACPR1310
c ' ACPR1320
CQiIOUIF REPEATEDCALL GO »]‘Oﬁ3. s KN IR AR EE RN NN RN l_._ll‘..lﬁ:.ll.-l'ACPR1330
c o T ACPR1240
IF(JCT.EQ.1} GO TO 3 ACFR1330
El=PROPLL) - o . - S ACPR13%0
E2=PROP(2) ACPRL370
TAUL=PROP (3} ACPR1380
TAUR=PROPtGY ___ e e ____ ACPRI12%0

H=PROP{5) ACPR1400
SY=PROP {6} ACPR1410
T<PROP (T} o e ACPRY420
AS=PROP(8) ACPR1430
RES1=PROP(9) ) ACPH1440
RESZ2=PROP{10) _ o o o . ACPRI1450
SIGI=TOR(D) ACPR1I4ED
SIGR=TOP(2) ACPRI&4TO
AVP1=TOP(3) L o o ACPRI4R0
AVP2=TOP (4) ‘ ACPR14S0
RAD1=TOP(5) ACPH1560
~ RADZ=TOP(&Y S ACPRILSID
c ACPR1520
CIOHOOCALCULATE NECESSARY CONSTANTS. l..l.ll‘C.'l..l.......'...l.'i.lAchIS3o
C o o _ o _ ACPR1S40
AVP=AVP 1 +AVPZ ACPR1550
SIG=SQRT{(SIGI®SIGl+51G2%51G2) ACPR1S60
FHAT=(EL¥E2/H) 7 ((1.00=-TAUY4TAULI#E2+(1.00~-TAU2#TAUZI®ELY _~ ACPRISTO
EMAT=FMAT#H/SY ACPRLSED
RAGTZ2.2RADI®RAD2/ (RAD1+RAD2Z) ACFRIS90
R1=RAQD1/RAD L L L ACFHR1400
R2=RADZ/RAD ACPR1610
R=(RAD1+RAD2) /RAD ACPRLE20

o . . ... AcPRlS3O
CueeeesGENERATE A NORMAL FRECUENCY DISTRIBUTION FOR PEAKS HEIGHTSe esseaACPRIESD
c ACFR1650
X=5,0000 L .. ... ACPR1AD
CALL NDIS(Xs201+W) ACPR1&TO
ZP(11==5.000000 ACFR1680
U NUM{1)=U{l)#NN+0,50 . o ] o ACPR1690
KP=201 ACPR1TOO



600130
000132
0oC133
CoC14d
000146
Q00157
000160

GoGIED
oCol6se
QGo167
Qoo170

oeo17l

A00172
coo173
200174
200175
0GOLTE

poolTe

ACO1ITT
460201

goe2o3
t00206
agozio
300213
GoG217
000224

0060225
6o02e7

0GC2hi
COGES3
Q00255
LGesT
pogzel
N00263
100266
7o
Gou2il
GoG273
poc277?

gacaT?
C30301
G20302
0QG317
Go03es
000330

00 9 K=2sKP ACPRLIT710

JK=K=1 ACPR1720

NUMCK) =ULKYRNN+DL.S0 ACPR1T730

g 2PiKY=ZPIJKI+0.05000 ACFR1740

WRITE(6+110) SIGyAVP+RAD ACPR17S0

JeT=1 o L o o ACPR1960

3 CONTINUE ACPR1STO

c . ACPRIGHG

CoweesDETERMINE Dy FOR A GIVEN VALUE OF ¥ AND START CALCULATIONS. +e.esACPRIVGD

C ACFR2000

DZ={Y~aVP1/SI0 ACPRZC10

NNN=0 e ACPRe02O

VAA=D. ACPRZ2030

HAL=0. ACPR2040

e BR=0e. . ... ACPRZ2050

XLA=0. ACPRZ2060

CR=0. ACFREQTO

RRS=0. o o ) o o ACPRZ0HD

RRSS5=0 ACPRZ2090

NEE=0 : ACPRZ100

NPP=0 e ACPRZL10

WAV=0, TUTTTTIT T T ACPRZ120

00 29 K=l+KP ACPRZ130

c _ o e _  ACPRZ140

CasaseCHECK IF COMTACT TAKES PLACE. sessetonsevesvsnasanscsesennencss ACFRZISD

C ACPRZ2160

IF(ZP(K)LELDZ) GO TO 2% ACPRZ217D

TFINUMIKS) 292934 o Y - ¥ of e * - BT o]

& NNM=NRNN#NUM(K) ACPR2190

OL={7ZP(K)=DZ)*SIG+AVP o - ACPR2200

WAVZWAV«DORNUM (K} ' ACPRZZ10

IF(ICTLEG.DY GO TO 2 ACFR2Z20

C o S ACPR22:10

CasaselF ICT=1s CALL #RDIS# FOR DISTRIBUTION OF RADII. esssaassssrsars ACPRZZ4A0

¢ ACPRZ2E0

NO=NUH (K) _ o ) - ACPHEZZ250

CALL RDIS(NOsRLDyDDsEMAToFMAT+AS+TIRESLeRESZ2sVAsHAs s XLsCCoNESNPsRACPRZZTG

154R5S) ACPRZ230

VAARSVAASVA L R ~ . oaCPR2zZz9D

HAASHAA+HA ACERZ2300

AR=AR A ACPRZ310

CP=CR+(CC B } B o e ACHERa2e0

XLa=XLA+XL ACPRZ23S0

RIRS=RRS+RS ACRHZ340

RRSS=RRESS*RSS | ACHRZ350

NEE=MEE +NE L T ACKHEZ 3.6

NER=NPPR+NP ACFRZ2370

GO TO 2% L o i . o ACE 2320

2 CONTINUE - © ACPRZ390

C ACPRZ4D0

CuawaaslF 1CT=0» COMPUTE FORCES BY CALLING #GUPTA# FOR MEAN RADIIe yeeneACPRZ410

C LCRR2420

D0=DD/RAD ACPR24 30

WMAX=DD ) ACPFR2440

CALL GUPTAC(EMAT sFMATrAS+RIsR2 v WMAX e ToVAsHRALAsRRy XL aHE KNP} ACPRZ45%0

VAASVAA» VATNUM (K} ACPRZ46D

e — . HAASHAASHARNUM(K) . o ACPRRZ4T0
XLASXLA+XL¥NUM (K) ) T ACPR2480



ud

000334
000340
040344
000350
Qoo3sz
000356
Q00361
600364

900370

0460375

Q004023

. Go040sS

00gals
000411
060412
0004l4
000416
Q00422
000422
400424
Q00425
000430
000432
400435
00437
0G046]
000443
Q00446
000450

000452

¢o0453
000463
0060465
000465
Q00466

oo . NPP=NPP«NP&#NUM(K) .
RR=RR*¥RAD®{] ,0E~03)

29
c

Ceeees TRANSFORM RESULTS INTO APPROPRIATE UNITS.

c

S

"6

7

T
39

AR=AR + A%NUM (K)
NEE=NEE + NE#NLUM (K}

RRS=RRS+RRA®NUM(K)
RRSS=HRSS+RRAARFNUM(K)
A=A#RAD®RAD® (1.0E-06)
RC=RES1/{4.4%RR)

CR=CR+NUMIK) /RC

CONTINUE

IF (NNNJEQLO) GO

__TFLICT) 59546

+RES2/A

T0 71

sesssasevasssnctensenss ACPRZG0D

PN=SY*RAN*RAD®* (0, 10E~05)
VAAZVAASPN
HAA=HAA®PN
AR=AR*RAD®RAD
XKLA=XLA®RAD/NNN

GO TO 7

VALAZVAA#SY
HAA=HAAESY
XLA=XLA/ZNNN
FsHAA/VAA
WAV=WAY/NNN

AR=ZAR® (04 I0E~05) _
CR=1.

0/CR

RM=RRS /NN
RMS=RR55/NNN
RM=RM&{] ,0E+D3)

RS=RMS% (1 .0E+06)

GO TO 99

WRIFE(By114) YoDZ

STOP

CONTINUE
RETURN

END

T ACPRZELO

 ACPR2TS0

" ACPR2790

ACPR2490
ACPRZ500
ACPRZ510
ACPRZ520
ACPRZ530
ACPRZ2540
ACPRZ5590
ACPR2560
ACPRZ2570
ACPRZS580
ACPRZ2590

ACPRZB10
ACPRZ620
ACPR2630

ACPR2650
ACPRZ6E0
ACPR2570
ACPR2630
ACPR26S0
ACPRZTOO
ACPR2710
ACPR2720
ACPR2730
ACPR2740

ACFERZ2T60
ACFR2770
ACPRZT780

ACPR2800
ACPR2810
ACPRZ2820
ACPR2B30

 ACPR2840

ACPR2850
ACPR2560D




TR RIS o)
Goang2y

a0

{
QpouT2

OO0 O0ON0O0O00000NOOO000N0OnN

C
C

1+NP s RS« RSS).

SUBROUTINE RDIS(NNsRLD+DDsEMAT»FMATASs ToRESLISRESZsVASHAY A XL+ CHNERDT S

RDIS
RIS
RDIS

Cﬁnd##ﬂﬁaﬂﬁﬂﬁﬂﬂﬁ#bh#ﬁ#Gb#iﬁﬁbﬂﬂ##ﬂﬂﬂﬂ#ﬁﬂ####ﬁ#ﬁﬁ*ﬁﬂﬁﬂﬂhﬂﬂ&ﬂf#**ﬁ*ﬂ”ﬁ*c#ﬂﬁmIS

149

"EXTERNAL SUBROUTINES CALLEDS

T DIMENSION FL(5,5)»RLO(6)sR1(5) sR2(5)

SUBRCGUTINE RDIS

THTS SUBROUTINE COMPUTES THE CONTACT FORCES ETC.s AS DONE IN

ROQUTINE #ACPRZ+FCR A GIVEN NUMBER OF JUNCTIONS WITH

A CONSTANT GEOMETRIC INTERACTION WHEN THE RADII OF CURVATURE ARE

DISTRIBUTED ACCOROING TO A KNOWN DISTRIBUTION FUNCTION.

GUPTA == THE SUBROUTINE FOR JUNCTION MODEL.

DESCRIPTION OF PARAMETERSE

KN == MUMBER OF INTERACTIONS,
RLD == INPUT VECTOR OF LENGTH 6, SAME AS 1IN #ACPR:,
Do == MAXIMUM GEOMETRIC INTERACTION (MIL IN).

LLL OFHER PARAMETERS ARE SAME AS THOSE DESCRIRED IN #GUPTA®

NeBe.== A {5 BY 5) JOINT FREQGUENCY MATRIX OF TWQO RADII 1S
GEMERATED. IF THE SIZE OF THIS MATRIX IS TO BE CHANGED
STATEMENT 400+ 410 AND THE DIMENSION STATEMENT 390
SHCULD BE MODIFIED ACCORDINGLY.

PRADEEP K. GUPTA,

COMMON/CONT27JCT
FORMAT (10X+35HVARIATION OF RADII OF CURVATURE=® +A{1XsEl2.5))
L=5 ’
M=5

VVA=0,

HHA=(Q,

AbLA=C.

Ck=0C,

AK=0.

NNE=0

NNP=(

RS=0.

RSS5=0.

IF(JCT.EQ.1)Y GO YO 2

RIMAX= EXP((RLD(1}+RLD(2)%RLD{H))}/0,43429)
R2ZMAX= EXF(IRLD(3)+RLD(4I*RLD{6) ) /0.43429)
REI={RIMAX=-RLD (5} /L

RE2= {R2MAX=-RLD (5) ) /M

RDIS
RDIS
FOIS
RDIS
RCTS
RIS
RDIS
RDIS
RDIS
RDIS
RDIS
ROIS
ROTS
RDIS
FOIS
RDIS
RDES
RUTS
RDIS
RDIS
ROIS
ROIS
RDIS
RUILS
ROIS
RUTS
RDIS
RDES
ROIS
ROTIS
ROIS

ﬂ##ﬂ#ﬁ#ﬁﬂﬁﬁ#ﬁﬁﬂﬁﬁﬂ#ﬁ&#ﬁﬁb#“ﬁﬂﬂ#i#ﬁ######ﬂ###ﬁﬂ#ﬂﬁﬂqﬁ#ﬁﬁ###&%#####QHQQ#QHDIS

RDIS
RDIS
R{:1IS
ROIS
KDIS
RLIS
ROIS
ROTS
ROTS
ROTS
RDIS
ROIS
RDIS
ROIS
RDIS
RDIS
RDIS
RDIS
RDIS
RUGIS

010
620
630
040
05¢
060

540



000076
0d0102
000105
0o0lcé
00113
000114
000121
Qa0l22

000123 .

060137
0C0l4l
andlel
0001e3
000165
000172
a¢0206
0002l
acoz231
000234
000236
000242
006245
000256
000257
0002€0
000264
g00271
000305
Q00306
000306
¢G00313
600314
geoizd
GQo324
cea326
€90230
Q00335
000336
200337
C0034G
Goclisl
¢00352
GLe3s7
ceceare

0Q037s

Q0502
000405
(cus10
400013
Go041E
Gotszl
0OU%Z5
0600432
Q00435
COCA46
000447

000451 .

0004532

49

19

25

39

. CALL NDTRIRLY#PZsD) ' e

_ RLZ2=(ALOGLO(R2{J)-RE2/24}~RLD(3}} /RLOLAY

IFENY 99941

R1{1)=RLD(S)+REL1/2.
RZ(1I=RLI}(S5)+RE2/2.
DG 49 I=2.L o
R1{1)=R1(I~1)+RE]

0O 19 I=2+M
R2{1'=R2{I=1)}+RE2
SUM=0.

DO 29 I=1.L
RLI=(ALOGIO(RIII)=REL/24)=RLD(I Y /RLD(2)
CALL NDTR(RL1sP1+D}
RL1=(ALOGIO{RI(I}+REL/2.)=RLD(1}) /RLD(2)

PR1=P2-P1
DO 29 J=1.M

CALL NDTRERLZ2P140)
RL2=(ALOG1O (R2{J) +RE2/24)=RLD (3) ) /RLD (%)
CALL NDTR(RLZsP2eD} _
PR2=P2=P1
RLAT+J)=PRI®#PR2
SUM=SUMRL (Tsu}
CONT INUE

DO 39 I=1sL

DO 39 J=liM L
RL{TsJV=RL(TsJ) /SUM

CONT INUE

WRITE(6+100) (RLO(I}a1=148)
JeT=1

CONT INUE

DO 9 I=lst

DO 9 J=1sM

NSNN4RL{Tsd) +0.5

RADL1=RI(I}

RrAD2=A2(J])

RAD=Z,#RADI#RADZ2/ (RADLI+RAD2) _
RR1=RAN1/RAD

RRZ2=RADZ/RAD

WMAX=DD/RAD R S
CALL GUPTA(EMAT+FMAT+ASIRR1+RR2yWMAXsToVAsHArAsRR s AL yNE s NP}
PN=RAD¥RAD®{0,10E-0%)
VYAV A+ VARPNEN
MHHA=HHA+HARPNEN
AR=AR+ARRAD#RAD®N
KLA=XLA+XL¥RAD®N ___
MNEZNNE+NE®N
NNP=NNP NP #N
RR=FR#RAD® (1 0E-CGI)
RS=RS+RR+N
RSS=RSS+RR¥RR*N
A=A#RADWRAD® (1 ,.,0E~06) _  __ _ __ _ e
RC=RESI/ (4.2RR) +RESZ2/A

CR=CR+N/RC

CONTINUE __ . L . e e
VA=VVA

HAzHHA

A=AR

XL=XLA

RDIS 550
RDIS 560
RDES S7C

"RDIS 530

RDIS 599
ROIS 608
RDIS 610
RIS 620
RDIS &30
RDIS 640
RDIS 65¢
RDTIS 660
RDIS 670
ROIS &80

_ RDIS 69¢

RDIS 706G
ROIS 710
RDIS 72¢C
RDIS 730
ROIS 740
RDIS 750
RDIS 760
RDIS 770
RCIS 730

RDIS 790

RDIS 8GO
RDIS 801
RDIS BoZ2
RDIS BO4
RCIS 81§

RODIS az20

RDIS 83¢

ROIS 840

RUIS 850
RDIS 8&0
ROIS g70
RGIS 880
RDIS 890
RDIS 900

ROTS 910

RGIS 920
RDIS 930
RDIS 940
RIS 950
RDIS 960
RDIS 97C
ROIS S20
ROIS 590
RDIS1000
ROIS101G
rRDISICZ0
RDIS1V3D
RDIS1I040
RDIZ1050
RECIS10&0
RDOISIOTO
ROIS1080

RDIS1090



[N C=CR RDIS1100
Go0ssYy NE=NKE ROISIIIO
notanl | NE=sNNP. . S S - ROIS1120
LoUaed RETURN RDISLI130
C0C464 EnD RDISI140




SUBROUTINE NDTR(XsPeD) NOTR 010

c ; NDTR 020
Cl.....ll.!.Il.OI.I.!I..l.!ll.l.l'..l.l...IC.‘-.‘Ill..'.l'..‘I.u.l'l.cl‘:\‘DTl‘-{ C:’G
c NDTR G460
C SUBROUTINE NDTR .. . NOTH L0
C NOTR 060
C PURPOSE NDTR 07D
_ . C . ... COMPUTES Y = P(X}) = PROBABILITY THAY THE RANDOM VARIABLE U+NDTR 080
C CISTRIBUTED NORMALLY(0+1)s IS LESS THAN OR EQUAL TO XA, ROTR Guwo
C FtX)e THE ORDINATE OF THE NORMAL DENSITY AT X» IS ALSO NOTR 100G
c o COMPUTED. o e e NGTR 116
c MNDTR 120
c USAGE NOTSR 130
R oS CALL NOTR(XsPsD)  _ o U NDTR 140
c METR 130
c DESCRIFTION OF PARAMETERS NUTR 160
c X==INPUT SCALAR FOR WHICH P({X} IS COMPUTED. __ MOTR 170
C P--CUTPUT PROBABILITY. KOTR 180
C D--0UTFUT DENSITY, NOTR 140
- C. T e o NDTR 200
C REMARKS NDTR Z2lu
C MAXIMUM ERROR IS 0.0000007. NGTR 220
C NOTR 2130
c SUBROUTINES AND SUBPROGRAMS REQUIRED NITR 240
C NONE NOTR £50
C B . . - . . I . NETR 264
< METHOD NDTR 270
c BASED ON APPROXIMATIONS IN €, HASTINGSs APPROXIMATIONS FCR ADTHR 250
..C DIGITAL COMPUTERSs PRINCETON UNIV. PRESSs PRINCETONs Nades NOTR 250
c 1955, SEE EQUATION 26,2.17s HANDBOOK OF MATHEMATICAL NDYR 300
c FUNCTICONSs ABRAMOWITZ AND STEGUNsy DOVER PUBLICATIONSs INC.s NGTR 310

. C NEW YCRK, R NOTR 300
c NGTR 3230
c.‘.l....tt.l’.......ll.l..‘......'..’lI.l'.lllll...l..l......II.Q‘CIICUND}-R :J"‘"':J
I KDTR 350
c NOTR 360

¢000Cs AX=ARS (X} NOTR 370
000007 . _ . T=1.,0/1.0+.2316419%4X) . NDTR 240
208812 D=0.3989623%EXP (=X#X/2,0) KOTR 350
cus02) P = 1.0 -~ DET®({{(1.330274%T = 1,821256)%T + 1.781478)%7 - NOTR 46¢

1 0,35656383%T ¢ 0.3193815) . _ONDTR 410
0Lauls IF(X)is2e2 NOTR 420
000036 1 P=1,0-P NDTR 43C
000040 2 RETURN o NDTR 44
000041 END NOTR 450
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SUBRQUTINE GUPTA(EMAT»FMATsASsRI‘RZeWMAXaTaVASHAAASRRXLWNE NP}  GUPT

GUPT

A A SR AR PP R PR R R R R T R VI R Ry Y 1e g
’ GLPY

SUBROUTINE GUPTA GUPT

GUPT

THIS SUBROUTINE COMPUTES THE FRICTION FORCEs NORMAL FORCE GUPT

AND AREA OF CONTACT FOR TWO SPHERICAL ASPERITIES SUBJECTED TO. GUPT

SLIDING INTERACTION, GUPT

GuerT

EXTERNAL SUBROUTINE USEDeaass GuPrY

ELJUM == A ROUTINE FOR ELASTIC JUNCTION MODEL. GUPT

PSJUN == A ROUTINE FOR STRONG PLASTIC JUNCTION MODEL. GUPT

e PWJUN == A RQUTINE FOR WEAK PLASTIC JUNCTION MODEL. . GUPT
SUBROUTINE CALLED BY ANY OF TKE ABOVE ROUTINES ARE NOT GLPT

LISTED AVOVE. REFER 70 THE PARTICULAR SUBROUTINE FOR GUPT

THIS INFORMATICN., GUPT

GUPT

DESCRIPTION OF PARAMETERSseanere GURT

- _ EMAT - MATERIAL CONSTANT (SEF STATEMENT 3 ACPR 1%81. GUPT
FMAT ~ MATERIAL CONSTANT (SEE STATEMENT 1 ACPR 157). GUFT

AS ~ NQN DIMEMSIONAL ADHESION STRESS. GUPT

R1 ~ NONDIMENSTONAL RADIUS OF HARDER ASPERITY. GLPT

RZ = NONDIMENSIOGNAL RADIUS OF SOFTER ASPERITY, GURPT

WMAX « MAXIMUM GECGMETRIC INTERFERENCE (NONDIMENSIONAL) W GUPT

L T __ = STRESS RATIOs INTERFACIAL SHEAR/MAX.S5HEAR GUPT

VA = QUTRPUT NONDIMENSIONAL NORMAL FORCE. T GUPT

HA = QUTPUT NONDIMENSIONAL FRICTION FORCE. GUPT

AA - QUTPUT NONDIMENSIORAL AVERAGE CONTACT AREA, GUPT

RR - QUTPUT NONDIMENSIONAL AVERAGE RADIUS OF CONTACT. GUPT

XL = QUTPUT NONDIMENSIONAL CONTACT LENGTH. GuUPT

NE = OUTPUT INTERGER =1+ IF CONTACT IS ELASTIC. = GUPT

NP = QUTPUT INTERGER =1+ IF CONTACT IS5 PLASTIC. GUPT

GUPT

- GURT

GUPT

PRADEEP K. GUPTA. SUPT

o . e o e o GUPT

T Ly L oy s e L L L T e VR Y N1 o R
: GUET
DIMENSION X(2lysV(21)aH(2L)eZ(2L)eA02 Y . L ..o GuePrt

NE=0 GUPT

NP=0 GUPT

c . . R 1 |
CoaeasCALCULATION OF NECESSARY CONSTANTS: saasscveorsnessevsnsaoosansesOUT
< GLFT
WP=0,.5/(FMAT#FMAT} _ GUPT
R=(R1+R2) GUPT
D=R=-WUMAX GUFT

XHMAX= SQRT (R%*R-D#D] e o o GUPT

C GUPT
C-....GENERATION DF X-ARRAYC ‘l.I....‘.l.l...............'.....‘l'.'..ﬂGUPT
¢ . GUPT
X{1)=—-XMAX GUPT
AE=XMAX/10, GuUPT

DO 9 J=2920 GUPT

9 X{=X(J~1)exE i T GUPT

-132-

010
020
030
040
050
060
0790
080
350
100
110
120
130
140
150
160
170
180
1590
200
210
220
230
240
250
260
270
2B4a
250
300
310
320
330
340
50
360
370
380
350
400
410
320
430
L4
459
460
&0
4430
490
530
510
5240
530
546
5240
5460
574



000051 A{21)1=XMAX GUPT 530

000052 X(11)=0.00 GUPT 590
C L . L GuPT s0O0
CraanssCHECK IF CONTACT IS ELASTIC OR PLASTICe sssssossnsvscsssunsanssessGUPT 610
c : GUPT 620

000053 . IF{WMAX.GT.WP} GO TO 2 S GUFT 630
C GUPT &40
CODIIQELASTIC JUNCTION SOLUTION. ‘--......-C......I.-ll..-l.l..-..'.ﬂ.lGUPT 650

- C._ . e . GUPT 660

000057 NE=1 GUPT €70

000060 0o 69 J=1.21 GURT 680

000062 _.._. IF1J.EQ.] .OR., JJEQ,.21) G6GQG.TO &___ . B __ GURT &%0

600071 IF(J.EQ.1L) GO TC & GUPT 700

400073 W=R= SORT(DED+X{J)#X{J)) GUPT 710

. opolez ...___ _ GO TO 5 - o GUPT 720 _

000106 4 WTWMAX GUPT 730

000107 GO TO 5 GUPT 740

0ool10 . 6 W=0.00 e GURT TS0

00011l PP=0, GUPT 7890

g00111 55=0. GUPT 770

ooaite 0 Nitny=0. L o  GUPT 780

00Gll4 HiJ)=0. T BUPT 790

000115 AlJ1=0. GUPT 80O

0o0lle . GO TO &9 . ... GUPT Bl1O

go0l117 S  CONTINUE GUPT 820

000117 CALL ELJUN(EMATsWeTsPsSsAR) GUPT 830

. 900123 .. .. PP=P/AR e BUPT 840
0col12s 55=5/AR GUPT B850

006128 VIJI=(P#*D + S%X{J))/ SQRT(D=D+X (D) *X{J)) ‘ GUPT Bé&0

000143 . HEJY=(=PEX(J) .+ S*D)/ SQRT(O#DX(IEX(INY. GHPT B70

000157 AlJ)=AR GURT 880G

000160 69  CONTINUE GUPT 850

€ e _ o L BUPT w00
Cl!.lICOMPUTE AVERAGES‘ 0‘.!..!.....-.0.‘00..'..l.-....l..tb-..‘..ll..lGUPT 910
c _ GUPT 920

000166 . e L KL=2 4 XKMAX _ e el GUPT 930

000170 CALL DQSFI{XEeVeZe21} GUPT 940

000173 VA=Z {21} GURT 950

. Q00175___ . _ CALL DQSF{XEsHsZe21) ___ _ GUPT 980

000200 HA=Z(21) GUPT 970

800202 CALL DOSF(XEsAsZs21) GUPT 980

150205 . AASZI2)) _ L elUPT 99

pco207 00 19 J=1s21 ‘GUPTLOGD

000214 19 A{Jdi= SQERT{A(J)/3.14159) GUPT1010

000227 _._ .. ... CALL DASF(XEs+AsZs+21) _ o guPTIOR0

000232 RR=Z{(21) GUPTL030

000234 GO TO 98 GUPT1040
¢ o L I B N ) ‘ GUPT1050
COIICQPLASTIC \JUNCTION SOLUTION. ‘tl...l.t..‘ll..!.'lII..IO.‘..Il‘.l.ldGUPTlOéO
c GUPTL1070

000240 ___ 2 NP=l R o . e e GUPTLOBO

000241 Kw=i GUPT1050

000242 KS=0 GUPT1i00

gco243 . WT= SGRT (WMAX) _ ) e L GUPT1110

000250 WAC=ASIN(WT/R2) GUPTL120

000257 WGAMMAZ(0.S0®ACOS(T) GUPT1130

000262 _.._ _ WALPHA=WAC ... GuPTLl4O0

000284 PT= SIN(2.*WGAMMA) #+2,5708+2 #WGAMMA=2, *WALPHA GUPT1150



00 A9 Jsl.21 CUPTL160

IF(J.EQ.]l JOR. J.EQ.21) GO TO 8 GUPTLILTO
IF(J.ENLILY B0 TO Y0 . puPTliso
W=P- SCRTI(D%D#+X(JY®X{d)) GUFIl1a0
WTHETA= ATANYG ABS(D/X{A))) GUFTIZ00
GO TG 12 L _ GURTIZLG
8 W=0,00 GUPF1220
WTHETA= ATAN{ ABS(D/X(J})) GURT1230
GO TO 12 o L GUPT1240
10 WIHETA=1.570755 GURPTLIZ%0
W=WMAX GUPT1260
12 WDELTA=1,.570795~wTHETA L el GURTLIZ2TD
WA= SQART (W) ' GUPT 1210
ALPHA=ASIN{WA/RZ) GUPT1290
C... . S e oGhPTIZGO
CoueesCHECK IF JUNCTION IS STRONG OR WFAKs sesssacessnssssncoscsassenneUPT1210
C GUPTL320
anca7e IF{ COSt2.,#WDELTAY=T) l&slaqsl5 ] . ) GUPTL330
C GUFT1340
C.t-.leAK JIJNCTION SOLUTION. ...'...O..ll..l.....l...l...‘...ﬁ.l'.l.l'GUPTlJbC‘
¢ e _ GUPTI36]
NeTLDY 15 55=7 T T T T T U Y3
500206 CALL PWJUN{JI X () sWsWTsPTyWACIALPHAS Ty AS PPvAR KW} GUPT1335
BO0LEG AlLJ)=AR . e CUPTIAGD
NG 626 S=55%A(J) GUPT14G0
006430 P=pP=A{J) GUPT1410
Y TE(KWY 16416417 o o - GUFTI420
i 16 ViJi=({P* COS{WDELTA)}~5% SIN(WDELTA}) ' T T T GUPT w3
H{J)=1P% SIN{WOELTA)+S% COS(WDELTA)) GLPT1440
SLCNE G TO BB o o . GUPTlas0
Go0uss 17 ViJd)=p GUPT1460
505470 HiJ) =S GUPT1470
Hudat2 GO TO 88 e L BUPTARD
c GUPTL4S)
Cuwews STRONG JUNCTION SOLUTION. -o-o----lnolo.--o-.o-.o.--oilonc...--o.GUP1IECQ
C - GUFTISID
14 U= SQRT(R2#R2=W} /R2 GUFT1S:20
AX=X(J}/R2 GUPTIS30
CALYL PSJUN{JsXXsWDELTA$UsASIWSsXOsPP eSS ARIKS)  GBLPT1%40
ALUY=3,14159% (ARSR2)#82/(2  #R14R2/ (R1+R2) ) aw? GUPTISSE
526584 4) GUPTLNe D
P=FRwa(J) e . GLPTIuYG
1IF{KS} Z4s24»25 GUFT1SA0
24 Vi) ={P% COS(WDELTA} =S¢ SIN(WDELTA}!} GUFTLS S0
H{J)=(P® SINIWDELTA)+S5% COS(WDELTAYY GUPT 100
G 70 88 T gupTing

25 ViJ) =P GUPTLe
H{J) =5 el . GUPTI6HS
88 IF{FP) B9+423+89 GUPY 1640
59 CONT INUE GUPTLES]
c . e GUPTLESD
CaweanCOMPUTATION OF CONTACT LENGTH XLe eresracescastosccenvananononsesaBGURTIETT
C GUPTLIERG
17=21 L GURTILGD
IF(Kw.EQ.L) GO TO 18 T Gus TG
IF(KS.EQ.L) G0 TO 20 GUPTIT10
AL=2 . #XMAX e el GUPTIT 20
ALC=0. GUPT1730
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CCosos
000606
geosll
000612
600615
000621
000622
sote24

000626 .

000630
200632

000633 ...

000637

goC635
000640
000643
000646
0c06510
000a5S
000661
Coo&74
¢oae77?
000702
.. 000707
¢o0712
Qoo7iz

GO0713 ___59 .. CONTINUE. = _. . .

000716
£Go720
600723
CO0T25
oear27
000731
600736
DAOT740

000746 _ .

G00751

Qen7sa

00077 .

000762
000766
000770
ooo7r2
000773
00774
GoovT76

GO TO 22
18 XLC=2.#WT=XMAX
. GO TO 21

GUPT1740
GUPTLTSD

20 XLC=2,.%uT=-XMAX+X0
21 XL=2,4XMAX+XLE
GO TO 22
23 Vidi=vis-1}
HiJ)=H(J=1}
L AWYEALU-IY
XL=X(J) s XMAX
IT=0

e2 CONTINUE
C

c

XC=0. S

GUPTITTO
GUFT1T78a0
GUPT17%0
GuUPT1800
GUFPTLIABL10

e CasessCOMPUTE AVERAGES. _esnssnsssossacsasassnssasnavsssnsanessanesnsseaGUPTLIABD

CALL DAQSF{XEsHs+Ze1IT)

. HA=SZULIT)

CALL DGSF(XEsAsZsIT)

ARA=ZLIT)
AA=AR+A(R2]1}*ALC/Z.
Do 29 J=1.1T7

29 A{)= SQRITALJI/3.

CALL DASF(XEsasZs1T)

RR=Z(1IT)
0O 59 J=]11s1T

e IF (VLYY uGTa04) GO TO 59

NT=J
GO To 50

50 NT=J-~1

GUPT1830
GUPTLB40

GUPT1860
GUPT1870

GUPT1890
GUPT1600
GUPT1SN0
GUPT1520
GUPT1930
GUPT1940

14159)

GUPT1960
GUPT1970
GUPT1980
GUPT1590

CALL DOSFIUXEsVeZsNT}

VA=Z{KRT) .
NDIM=1Tel=NT
Vil)==V{NT)
DO 79 J=2+HDIM
KT=NT+J=1
79 VIiJ) =Vv(KT)

VA=VA+Z (NDTIM)
c .

_ . CALL DGSF(XEsVeZsNOIM) _

GURTZ2010
GUPT2020
GUPTZ030
GUPTZ2040
GUPTZ20S0
GUPTZ060

GUPT1760

GUPT1820

GUPTLIBS0

T GUPTIg9s0 T

GuPT2000

GURTZ0T70
GUPT2040

GUPTZ2100
GUPT2110
GUPTZ2120

GUPTZ213¢
GUPT2140

CeaenseCORRECTION FOR THE AVERAGESl___>,I.Q.l-,l.,.!._!__._t_q!.!ri-_._.ﬂ”!ll.l"....‘GUpTEISU

c
VAZVA+V (21} #XLC/2.
HA=HA*H(21)9%LC/2,
RR=RR+A{21)#XLC/2,
98  VA=VA/XL

o HASHAXL .

AA=AA/XL
RR=RR/XL
. RETURN _ . __

GUPTZ2160
GUPTZ21T70
GUPT2180

T BLPT2150
GUPTZ200
GUPT22140
GUPT2220
GUPT2230
GUPT2240

END
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SUBROUTINE OQSF{H»Y»ZsNDIM} DRsy 010

Co _ DASF G20
C l'DOI.Q...0-..-.-.-.l'll.‘.l'...l.l...l.....l...l..l-t.u"..ll..-‘DOSF 030
C DUSF 040
C SUBROUTINE DQSF . DOSF €S0
C CASF 060
C PURPOSE DRSF 070
c . TO COMPUTE THE VECTOR OF _INTEGRAL VALUES FOR A GIVEN  _  DOSF Q#0
o EQUIDISTANT TABLE OF FUNCTION VALUES, DASF 090
¢ DQRSF 100
C USAGE _ L I ) o 0QsF 110
C CALL DQSF (HeYsZeNDIM) DasF 120
c DGSF 2139
c .. DESCRIPTION OF PARAMETERS o )  DQSF 149
C H -~ DOUBLE PRECISION INCREMENT OF ARGUMENT VALUES. DGSE 156
c Y - DOUBLE PRECISION INPUT VECTOR OF FUNCTION VALUES. DOSF 160
c Fd « RESULTING DOUBLE PRECISION VECTOR OF INTZGRAL | DOSF 170
C VALUES, 2 MAY BE IDENTVICAL WITH Y. DQSF 14¢
C ND 1M - THE DIMENSION OF VECTORS Y AND Z. DQsSF 190
C o S _ S o COSF 200
c REMARKS DRsF 210
C NO ACTION IN CASE NDIM LESS THaN 3, DQSF 220
c o ~ DUSF 230
c SUBROUTINES AND FUNCTION SUBPROGRAMS REQUIRED DESF 240
c NCNE QOSF 250
. C _ . o _ DOSF 2a0
c METHOD DGSF 270
C BEGINNING WITH Z(1)=0Os EVALUATION OF VECTOR Z IS DUNE BY DeSF 284
c MEANS OF SIMPSONS RULE TOGETHER WITH NEWTGNS 3/8 ULE OR A DOSF 290
C COMBINATION OF THESE TH0 RULES. TRUNCATION ERKOR IS OF DGSF 300
C GRNDER H#85 (Y.E. FOURTH ORDER METHOD)« ONLY IN CASE NDIM=3 DGSF 3t0
c .. TRUNCATION ERROR OF Z(2) IS OF QRDER H®#w&4, DOSF 324
o FOR REFERENCEs SEE DCSF 330
c (1) Fs8sHILCEBRANDs INTRODUCTION TO NUMERICAL ANALYSIS, DGSF 340
C MCGRAW=HILL» NEW YORK/TORONTO/LONDONs 1956, PP.71-76. DOSF 25%
c {2) R.ZURMUFHLs PRAKTISCHE MATHEMATIK FUER INGENIEURE UND DOSF 360
C FHYSIKERs SPRINGERs BERLIN/GOETTINGEN/HEIDELBERGs 1963y DOSF 370
o PR.214=22Ye . e .. BUSF 3&0
c DGSF 390
C .tlﬁllO.I.I.I..‘ll..‘.l..........l.ﬂ-ll‘..l...o..‘l.l..I.lll......DOr::F QCG
¢ GGSF 410
c DQRSE 420
C DOSE 430
400007 DIMENSION Y(BYsZ(lY o . DUSF 440
¢ DGSF 450
HT=,33333333333333333E0%H DGSF 460

IF {NDIM=5)74941 . DOSF 470

c DASF %60
c NDIM IS GREATER THAN 5. PREPARATIONS OF INTEGRATION LOOP DUSF 490
1 SUMI=Y(2)+Y{2) _ S o B o DOSF 500
SUMI=SUM] +SUM]L ODOSF 510
SUME=HT® (Y (1) +SUML+Y (3)) DGSF 520
AUXTIZY (&) +Y (&) _ _ * DGST 539
AUXI=AUXT+AUX] DASF 540
AUX1=SUML+RT# (Y (3} +AUXKLI+Y (5)) DASF 55¢
AURZ=HT# (Y (1) +3 B7SEO# (Y (2) «Y(5)) +2.625E0% (Y () +¥(4))+Y(6)) DASF 560
SUM2=Y (51 +Y (5) DGSF S79
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000044 SUMZ=SUMZ + SUM2
000045 SUMZ=AUX2-HT# (Y {4) +SUM2+Y (6} }
000052 , Z(1)=0.00 e ) o
000054 AUX=Y (3} +Y (D) T
0000586 Ayx=AUX+AUX
000057 Z(2)=SUM2=RTH{Y (2} +AUXsY (4)) )
000064 Z(3)=5UMl
000066 24y =SuUM2
000067 IFANDIM=6)5 9502
c
c INTEGRATION LOOP
c0C071 2 D0 & I=T+NDIMs2 . .. . _ — e
000073 SUMI=aUX1 ‘
000074 SUM2=AUX2
000076 . AUX1=Y(I-1}s+Y(I=]) -
0G0l00 AUX1=AUX1¢AUX]
000101 AUXL=SUML+HTH(Y(I=2)+AUX1+Y (1))
goolo?r . __ Z11=21=5UM} e e _ —
000111 IF(I=-NDIM) 34696
cooll3 3 AUX2=Y(T}eYL(I)
00G115 _ . AUX2=AUX2+AUXZ_
207117 AUX2=SUMZ+HTH{Y (I=1) +AUX2+Y(I+1)) T
G00124 &L Z(1-1)=SLMZ
600131 S Z(NDIM=~1)=AUX1 _ ___ e e
000133 Z(NDIMY=AUX2
000135 RETURN
GO0L36 . 6 ZINDIM=1)=SUMZ e
0G014D Z{(NDIM)=aUX] T T
poo0ia2 RETURN
C. .. END OF INTEGRATION LOOP o - B
o
godlal 7 IF(NDIM=3)12s1148
B < e e L
¢ NDIM IS EQUAL TO 4 OR 5
oNcl4s 8 SUM2=1,175C08HTR{YLLY+Y(21+Y(2)eYI2)+Y(3)+Y(32Y(3)+Y(4))
D0G1%56 , SUML=Y (21 +Y(2) . o e . L
0060150 SUM]=SUM] +SUM]
000161 SUM1=HT® (Y (1} +SUML+Y (3))
000145 . .. . Z(1)=0.00 e . e
GoolaT AUXL=Y (3)+Y (3)
050171 AUXI=AUXLvAUX]
0pv172 Z(2)=SUM2=KHT# (Y {2)+AUXL+Y {4} )} e . , B}
000177 IF{NDIM=5)1049+9
ooazo2 G ALXLI=Y (L) +Y (4)
300204 . . AUX1=AUXL+AUXL e
0JIC2Z35 2(5)=SUMI+RT* (Y{3)«AUX1+Y{S)}
0053213 10 Z(3)=SUMl
¢a0215 . Z (4)=5UM2 i _ I
400216 RETURN
«
€. _ NDIM IS EQUAL TO 2 -
300217 11 SUMI=HT# (1 .25EQY (1) Y (2) +Y (2} <. 25E0%Y (3))
coo22s SUMZ=Y (21 eY {2}
Go0227 . . SUM2=SUMZ+SUM2 L L
000230 Z(3)SHTE LY (1) +SUMZ*Y (3})
000235 Z{1}=0.00
800237 . _ .. Z{2Y=SUMY L o, e
0oo2al 12 RETURN
000242 End o o N

DQSF
DASF
DQSF
DQSF
DOSFE
DGSF
DRSSk
DasF
DQSF
DGQSF
DQSF

. DRSF

DQsF
DQSF
DQSF
DGSF
DQSF
DGSF
DUSF
C@QsF
DQSF
DUSF
DGQSF
DGSF
OQSF
0GSF
DGSF
DQSF
DaSF
OQSF

DGSF

DGSF
DQSF
DasF
DGSF
DGSF
DUSF
QUsSF
DGSF

" DQSF

DGSF
DGSF

580
590
600
610
620
630
640
650
660
670
680
650
700
710
720
730
740
156
760
770
7380
790
Boo
bil
820
830
8B40

850

B850
870
8840
890
Q00
910
Q20
930
940
S50
960
970
980
990

DESF1000
DRSFLIGLYD

 DBSFl020

DGSF1630
DGE3F1040
DGSF1050
DQRSF1060
DG5F1070

 DGSF1080
DGLSFI

%90

DGSFL1100
DASF1110
DGSF1i20
pasSF1130
DAsF1140

pesF1lse

DQSF1160



Goo0a6

coocae
500225
pana2r

TLoZiz

Canaa7
IR IVERt
GL0042
G004%2

OOO0COOGOOOOO0OO00O0000O0O000Nn0o

oy O

CDZ=20 X/ (N-1)

SUBROUTINE NDIS(XsNaU)

SUBROUTINE NDIS

THIS SUBROUTINE GENERATES A FREQUENCY DISTRIBUTION 07 A
NORMALLY DISTRIBUTED VYARIABLE WITH ZERO MEAN AND VARIANZE =1,0a
THE S$SP ROUTINE #NDTR# IS USED FOR ESTIMATING THE COMULATIVE

PROBABILITY.

EXTERNAL SUBROUTINE USEDS

NDTR --

DESCRIPTION OF
K-

COMPUTED.

- -

N
T

WHEN X=1.9

OUTPUT VECTOR OF

FREQUENCIES.

DIMENSION U{201)

Zuwh=0272,

CALL NDTRU{Z+PaD)
PR=P

DO 9 I=laN
Z2=2+D2

CALL NDTR({Z+PsD}

PARAMETERSS
DEFINES THE RANGE IN WHICH THE DISTRIBUTION IS 70 BE_
RANGE IS =1.T0 +l.
NUMBER OF INTERVALS IN FREQUENCY DISTRIBUTION.
HAVING THE RELATIVE

LENGTH Ny

AND SC ON.

U(I)=p=pPR
PR=P
CONTINUE
RETURN
END

AN SSP ROUTINE FOR THE NORMAL DISTRIBUTION FUNCTION.

T TPRADEEP K. GUPTAL T

RDIS
NOIS

g e R e S P LT ER L T PR E R TR EE T ) 8

NDTS
NGIS
NDIS
NDIS
NDTS
NDIS
NDIS
NOTS
NDIS
NDES
NDIS
NDIS
KDIS
HNDIS
NOTS
NDIS
NDIS
NDIS
NDIS
NDIS
NDIS
NDIS
NDIS
NOIS
NDIS

ﬁﬂé#ﬂ&ﬁ&ﬂﬁ%#ﬁﬂ##Gﬁﬁ*#ﬁﬂﬁ#ﬁﬁ#ﬂﬂﬂﬁﬁ#ﬁ#ﬁﬂ##ﬁh#Gﬁﬁﬁﬁﬂﬁd#ﬂﬂ#ﬂﬁ**ﬂ#ﬂ#ﬁ##ﬁﬂbbQND{S

NDIS
NDIS
NDIS
NDIS
NDIS
NOLS
NDIS
NOIS
NOLS

T NDIS

NOLS
NDIS
KDIS
NDIS

010
020
030
040
050
060
aro
080
¢od
180
110
120
130
140

50
160
170
180
130
2090
210
220
230
240
250
260

270

280
290
300
310
320
i3o
340
150
360
270

8

35¢
400
410
420
430



000011

000030

000031 .

ogooaz
$00032

SUBROUTINE ELJUNIEMATsWeTsPeSeA) ELSY 010
o . e e e L o ELJU 020 _ o
CHBUBUUDBHB DO HRBORTHERARPRORRGRB IO G RGRFCHORG R DRRGRRRB LGBt asonpal] JUU 030
c ' ELJU 040
C . SUBROUTINE ELJUN - P R S ELJU 050 _
C ELJU 0£0
¢ ' _ ELJU 070
cC . THIS 1S5 A MODEL BASED ON HERTZ SOLUTION FOR CONTACT OF TWO _ ELJU 080 o
c SPHERICAL BODIES, ELJU 0%0
C ELJU 100
c A I . ELoY 110
> DESCRIFPTION OF PARAMETERSS ELJU 120
C ELJU 130
C .. ______EMAT ~ MATERIAL CONSTANT {(SEE STATEMENWT % ACPR_158) ELJU 140
c W - NONDIMENSIONAL GEOMETRIC INTERFERENCE,. ELJU 150
C T - STRESS RATIOS INTERFACIAL SHEAR/MAX,., SHEAR, ELJU 180
C P = QUTPUT NONDIMENSIONAL NORMAL LOAD. ELJU 170 L
o} S = QUTPUT NONODIMENSIONAL TANGENTIAL LOAD. ELJU 180
C A = QUTPUT NONDIMENSIONAL CONTACT AREA. ELJU 150
c_ e e €LJU 200
c T T ELJU 21l T
c ELJU 220
C. o ~ PRADEEP K. GUPTA. ELJU 236
c ELJD 240
c&nann#&&g#nw&&ﬁﬁnﬂﬁbﬁﬁéﬁﬂaﬁ&&###b*ﬁioba&#*nﬂ!###l#uw#ﬁ»»i#ﬁ&nnbﬁuonwuahELJU 250
T e B e _ELJU 260
P={€, 0¥SART(£.0) /3.0 PEMAT#W2SQRT (W} ELJY €70
A=]1.5T708%w ELJU 280
.. S=TeA e L i ELoy 290
RETURN EL9U 300
END ELJU 310
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SUBROUTINE PWJUN{JeXsWoWT+PTaWACYALPHAST1ASIPP2AsKH) PaJu

c PW.u
e L L B R S L L T T A -t
C FwJu
C SUBROUTINE PWJUN - Pw.Ju
C PWJu
C THIS SUBROUTINE PRCOVIDES A SOLUTION OF WEAK JUNCTION ACCORDING PWJU
c TO GREEN=S SLIP LINE FIELD. - THE EQUIVALENT JUNCTION ANGLE IN ~ PwWJU
C THIS CASE IS COMPUTED BY GEOMETRY. PRJU
c _ PLJU
C THE NOMENCLATURE OF INPUT AND CUTPUT PARAMETERS IS SAME AS Pty
c THAT DESCRIBED IN #GUPTAZ#, PU
c ' Pwit
c e ————— oo Pwad
C PRADEEP K. GUPTA. Pl Ju
C P
e L g R g L T LT T R e A L L LT e s Y|
c ' ’ PRl
WEAMMA=0L,S0%ACOSIT) Fuw.Jd

IF (kW 112193 SRS

11 Kw=0 NI
TFEd=11) 2421 ' PwJu

1 IF{PT-1S) 49443 R e Py

3 WALPHA=WAC Pw.H)
FP= SIN(Z2.%W0AMMA)Y +2.5708+2.FWGAMMA=2 , #WALPHA Py

WL =UT=X/2. ) il PEIU

IF (WL 54546 PwJU

fy A= (WTHGTFACOSCIWT=WL) /WT) = (WT=AWL)#SQART {2 #WTHHL-WL*WL} ) %2, PwJU
Kuw=1 S R PO Pw.Ju

GO TO 10 P

5 A=Q. P Ju
GO TO 10 | PR

2 WALPHA=ALPHA Pty
PPz SIN(2.8WGAMMA)Y +2,5708+2, *WGAMMA=2, *WALPHA Pyl

g2 SORY (w) : e e Pt

GO TO 10 Py

4 WALPHA=ALPHA PwauU
A= SGRT (W) I <l 1

PRz SIN{2HWGAMMA) +2,5708+2 ,2WGAMMA=2 , ¥ WALPHA Pwdd
IF{PP=AS) 79798 Fuwau

8 PP=0. . T . . . . L FwJu
60 7O 1D PwJdy

7  PP==PP Pl
100 CONTINUE | . .. iiwe. 0. . ... . Puww
REZ TURN i PuJU

END PwJu
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SUBROUTINE PSJUN(JsXsWDELTAsUsASsWTsXGsPP+SSsA+KS) PS.H

_ c . R I e PSJU
L L L L D P e L L T T R L P e T e -y Y

C PSJt)

C SUBROQUTINE PSJUN PSJl

Cc PSJU

c THIS SUBROUTINE SOLVES THE JUNCTION DErORMATION PROBLEM PSJU

. C._  _ACCORDING TO THE GREEN=S SLIP LINE FIELD SOLUTION FOR A STRONG  PSJU

C PLASTIC JUNCTION., THE EQUIVALENT JUNCTION ANGLE IS COMPUTED RY PSJU

c SATISFYING THE INCOMPRESSIBILITY REQUIREMENT BY CALLING 2ANGLE#, PSJU

_ c o e e ! PSJU
o} THE NOMENCLATURE OF THE INPUT AND QUTPUT PARAMETERS IS SAME AS PSJU

Cc DESCRIBED IN #GUPTA#. PSJU

R G o PR
C PSJU

C PRADLEP K. GUPTA. PSJU

c . o P5JU

L L L g R L Y L T e T T T e R ey =P 1Y

c ’ PSJU

. 000016 o TFUXSY X2e12.0). e L PSJU
S00GC20 12 KS=0 PSJU
00021 IF(J.EG.] +OR. J.EQ.21) GO TO 13 PSJU
806030 IF tU=1,00) 16513,13 o - PSIL
000036 16 CONTINUE PSJU
Q000036 CALL ANGLE (U+WALPHAYAR) PSJU
. 000041 .. 60 TO 14 T e e S PSJ4U
Q00045 13 WALPHAS( . PSJIU
QOGCaué AR=0. PSJl
0cocat 14 LF{0.78S39+WDELTA~WALPHA) S95¢6 . ___ _.._.__.__ . Psa
0C0053 [ WGAMMA=WDELTA PSJU
000054 55= COS{2.*WGAMMA) PSIU
000057 ____ . PPz SIN(Z2.#WGAMMA)} +2,5708+2 . #WGEAMMA=2 . *WALPHA . PSW
QQcovl IF(J=11) 242+1 PSJU
200100 1 IF(PP=-AS) 4y443 PSJU
050103 .3 PP=0. e S -1 1Y
000104 GO TO 2 PSJU
¢0éi1as 4 PP==PP PsJuU
000107 2 A=AR . _ . — PSJU
00G111 GO TO 15 PSJU
Gaoll12 5 X0=X PSJU
00013 . Ks=1 : e e PSJu
800114 WT=1.41421%AR% SINIWALPHA) PSJU
000129 11 wlL=WT~({X=-XQ) /2. PSJU
GOGIAY ______TF(WL)Y Ta7e8 . . . . e PSIU
200133 8 A= {WTHWTRACOS ((WNT=WLI/WT) = (WT=wL)I®SART (2. #WTHWL~WLEWL) ) 2, PSS
goclal GO TO 10 PSJU
40Cl62 7 A=0. _ _ _ - O e P5Ju
g00163 10 PP=1.0 PSJU
200164 55=1,.0 PSJU
.00Ck66 . 15 CONTINWE — __ P5Ju
J0Gl 6 RETURN B5JU
000le? END PSJU

010
020

430

840
0s0
060
070
080
090
100
110
120
130
140
150
160
170
160
190
200

216

220

230

240
250
260
270
2580

290

300
3o
320
330
340
350
360
370
3ao0

390

400
410
420
430
440

450

4690
470
480
450
500

510

520
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SUBROUTINE ANGLE(U+ALPHASA} ANGo

. o . ARGL
L R R L e L L R e Y o
ANGL

SUBROUTINE ANGLE ANGL

ANGL

THIS SUBROUTINE COMPUTES THE JUNCTION ANGLE ALPHA WHICH ANGL

MAY BE USED IN THE GREEN=-5 SLIP LINE FIELD SOLUTICN FUR STRONG ANGL
JUNCTIGON. THE ANGLE IS COMPUTED FROM TwE CRITERION OF INCOMP- ANGL
RESSIBILITY OF THE MATERIAL DURING PLASTIC DEFORMATION. ANGL
ANGL

FOR COMPUTATION OF ALPHA ROUTINE #ASUB# IS USED WHICH IS  AKNGL

A MODIFIED FORM OF THE SSP ROUTINE #DRTNI#., NEWTON-S5 ITERATION ANGL

~METHOD IS USED FOR THE CALCULATION, . . L ANGL
ANGL

THE PARAMETERS OF ANGLE ARE DESCRIBED AS FOLLOWScsuseess ANGL

u = A GEOMETERICAL INPUT PARAMETERSSEE DEFINITIONANGL

IN APPENDIX Ils FIG.(AZ2-1). AMNGL

ALPHA - OUTPUT VALUE OF THE JUNCTION ANGLE. AMNGL

A .= RADIUS OF CONTACT SPOT MEASURED IN THE UNITS ANGL

CF THE RADIUS O0F CONTACTING SPHERE. ' ANGL

EXTERNAL ROUTINE CALLEDS #ASUB# = NEWTON=S ITERATION METHOD, ANGL
ARYL

N.B. IN CASE THE COMPUTATION OF ALPHA AND A IS NOT POSSIBLE DUE  AKGL
TO ERRCR CODES NOTED BY SUBROUTINE AStBs AN ERRCR MESSAGE ANGL

IS PRINTED QUT AND THE EXECUTION IS TERMINATED. . _ ANGL
ANGL.
PRADEEP K. GUPTA, ANGL
. R ANGL
EX 2 E-2R-E R -2 R R- R R R R R R S A A LR R R R TR R L R TR R R R R R R R TR R R TR R X X R R R S Y I
ANGL
. . o o - } i o o ARGL
FRATERNAL FCT ARG,
FORMAT(/ /10X 58HCALCULATION CF ALPHA NOT POSSIBLE DUE TO ERROR CODANGL
EOIER = yl2e2Xearud = o£12.5) . I T - . AMGL
ERPS=0.50E~02 ANGL
TEXND=S0 ANGL
AP=2,00 : e e R . . ENGL
K=0 ANGL
AKST=APRACOS (W) ANGL
CALL ASUB(X+FsDERFsFCTeXSTEPSsIENDSIERSYY . ARGL
IF{IERLEQLTLY GO TO 1 ANGL
IF{1ERLEQLZ) GU TO 1} ANGL
FFiX,06T.145707963) GO TO 2 o ANGL
IFEX.LT.0,00) GO TO 2 BHOL
ALPHASX AbGL
A= (1.0-U% COSCALPHA)Y)/ SIN(ALPHA) . AGL
GoOT0 9 AMNGL
2rRITE (6-100) IERLU AMGL,
5TOR R e ... ANGL
LP=APs1,0 ARGL
KoK+ ARGL
IFiK-4)Y3sd s ) AMNGL
[E7=K AnGL
GO TO 1 AN
CONTINUE . . .. . . ANGL
RETURN ) ANGL
END
ANGL S
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a1
026G
G50
Gal
050
Ceo
470
080
a0
166
1140
120
1306
140
i50
1et
170
150
160
200
210
220
230
240
250
260
270
280
260
300
310
320
230
340
350
340
376
380
390
a9
410
420
430
4440
450
4450
470
Grd
499
500
510
220
530
SLG
55¢
Se0
570
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SUBROUTINE ASUB (XsFsDERF+FCTeXSTHEPSSIEND+IERSU) ASLB 0190

THE FRGCEDURE IS BYPASSED AND GIVES THE ERROR MES3AGE IER=2 ASUB 450
IF AT ANY ITERATICN STEP DERIVATIVE OF F(X) IS EQUAL TO 0. ASUB 460
POSSIBLY THE PROCECURE WOULD BE SUCCESSFUL IF IT 1S STARTED ASUB 476

c s ASUB 020
C l..lIIIl-."....l..t..l.l..l.t...DI.....'ll.ll-l.COQIQIIOIIIQIIQIOASL’B 030 T
C ASUB 040
o _SUBROUTINE ASUB _ ASHB 050
c ASUB 0&0
C THIS IS A MODIFIED FORM OF THE SSP ROUTINE ORINI. ASUB Q70 .
C. ___A PARAMETER #U# IS INCLUDED AND_THIS IS PASSED TO ASUS 080
c THE EXTERNAL ROUTINE #FCTz, ASUS 0990
c ASUB 100
N a . - - o ... .. _._ AsSuB 110
c ASUB 120
C PURPOSE ASUB 130
e €T TO SOLVE GENERAL NONLINEAR EQUATIONS OF THE_FORM F{Xy=0_ _ . aASu3 140
C BY MEANS OF NEWTON=5 ITERATION METHOD. ASUS 150
c ASUBR 160
_ c USAGE .. . Asus 170
c CALL  ASUB (X+FsDERF+FCTeXSTHEPSs IENDs IER) ASUR 180
c PARAMETER FCT REQUIRES AN EXTERNAL STATEMENT. ASUB 190
N o - L e ... ASus 200
c DESCRIPTION OF PARAMETERS ASUB 210
C X - DOUBLE PRECISION RESULTANT ROOT OF EQUATION F(X}=D,45U5 270
C F ~ DCUBLE PRECISION RESULTANT FUNCTION VALUE AT ASUB 230
C ROOT X. ASUS 240
C DERF - DOUBLE PRECISION RESULTANT VALUE OF DERIVATIVE ASHE 250
N ~ . AT ROOT x, ASUB 260
¢ FCT =~ NAME OF THE EXTERNAL SUBROUTINE USED. 1T COMPUTES ASUB 270~ ~ -
c TO GIVEN ARGUMENT X FUMCTION VALUE F AND DERIVATIVEASUB 280
I < o DERF. ITS PARAMETER LIST MUST BE XsFs+DERFs WHERE ASUB 230
C ALL PARAMFTERS ARE DOUBLE PRECISION. ASUB 300
C XST = DOUBLE PRECISION INPUT VALUE WHICH SPECIFIES THE ASUB 310
_ e . ... _INITIAL GUESS OF THE ROOT X. ) . AsuB 320
c EPS - SINGLE PRECISION INPUT VALUE WHICH SPECIFIES THE ASUB 330 o
c UFPER HOUND OF THE ERROR OF RESULT X. ASUB 340
C.. —_ TEND = MAXTMUM NUMBER OF ITERATION STEPS SPECIF{EQ. ASULE 350
c 1ER = RESULTANT ERROR PARAMETER CODED AS FOLLOWS ASUB 360
c IER=0 = NO ERROR, ASUB 370
—— e G . IER=1 =~ NO CONVERGENCE AFTER IEND ITERATION STEPS+ASUB 360
¢ IER=2 = AT ANY ITERATION STEP DERIVATIVE DERF WAS ASUB 390
c EQUAL TO ZERO. ASUB 400
c . U . = ANY INPUT PARAMETER wHICH IS TO BE PASSED TQ THE ASUS 410
c EXTERNAL SUBROUTINE FCTa ASUB 420
C ASUB 43¢
I S _ . REMARKS ASUB 440
c
c
c
c ONCE MORE WITH ANOTHER INITIAL GUESS X5T,. ASUH 480
C ASUB 490
_ _C .  SUBROUTINES AND FUNCTION SUBPROGRAMS REQUIRED . ASuB 500 _ _
c THE EXTERNAL SUBROUTINE FCTU{XsF+DERFJ} MUST BE FURNWISHED SuB 510
C BY THE USER. ASUd 520
¢ o o _ ASUB 530
c METHOD ASUB 540
c SOLUTION OF EQUATION F{X)=0 IS DONE BY MEANS OF NEWTON«S ASUZ 550
o _ITERATION METHODs WHICH STARTS AT THE_INITIAL GUESS XST_OF ASUB 560
c A ROOT X, CONVERGENCE IS QUADRATIC IF THE DERIVATIVE OF ASUB 570
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C F(x) AY ROQT X IS NOT EQUAL TO ZERD. ONE ITERATION STEP ASUB SE0

c REGUIRES ONE EVALUATION OF F(X) AND ONE EVALUATION OF THE  ASUB 550

C DERIVATIVE OF FI{X), FOR TEST ON SATISFACTORY ACCURACY SEE  ASUB 600

C FORMULAE (2) OF MATHEMATICAL DESCRIPTION, aASUd 610

C FOR FEFERENCEs SEE R. ZURMUEHLs PRAKTISCHE MATHEMATIK FUER ASUB 620

¢ INGEMIEURE UND PHYSIKERs SPRINGERs HERLIN/GOETTINGEN/ ASUB 630

¢ HETDELBERGs 1963y PP.12-17. ASUB /40

C _ ASUB 650

C ccooo-cooo--00-..ol-l0,-)--JJ9,,ug_n_u_¢l__l__,__o___iAg_..-W-okaiu_-_o_g_n__t__q_-.oopo-p.-..--ASUB 660

C ASUS 670

C ASUR 68D

C _ e o . ASUE 690

C ASUB TGO

c PREPARE ITERATION ASUB 718

0000 L4 IER=C e . . .. ASuWB T20
000014 X=xST ASUE 730
900016 TOL=X ASUB T40
cocoL? CALL FCT(TCOLwUsF#DERFY . . . . . ... o . ASUR 750
000033 TOLF=100.%EPS ASUB T&0
o ASUB 77O

. C L S ASUR 7#0

C START ITERATION LOOP T AsuUs Ts0

0oa034 DO 6 T=1+1END ASUB BOC
Cu0036 IFIFY1s7sl i S N : C.... ASUB Bl6
¢ ASUIB BZ20

c EQUATION 15 NOT SATISFIED BY X ASUB 830

00037 I IFADERF) 29892 ... ASuti Hasp
o ASUG 850

o ITERATION IS POSSIBLE ASLUS B&D

Lo004s0 2 DX=F/DERF o o AsuB BT
050051 X=A-0X ASUB B&0
200043 TOL=X ASUB 890
000044 ... CALL FCT(TOLsUsF4DERF) . AsuUB 900
C ASUB 910

C TEST CN SATISFACTORY ACCURACY A543 920

SLUGEED TOL=EPS _ o _ . . mSUB %30
GU0GE0 A= ARS(X) ASUH 940
Jutee? IFLA=1,00 40443 ASUB %50
pOGCETG 3 TOL=TOL=a . ASUB 9s0
L0772 4 IF( ABS{(DX}=TOL)S+S4+6 ASUR 970
Juen7a 5 IF{ ARS{F)I=TOLF)7+7+6 ASUR SE0
2o0lol . & CONTINUE . e . ] ASUR S50
C EHND OF ITERATION LOOP ASUS14Q00

C ASUARLOLC

LCl o . .. . Aasuysloco

o NO CONVERGENCE AFTER IEND ITERATION STEPS. ERROR RETURN. ASUBLG30

CoGloa JER=1 ASUBLGAHD
gocles 7 RETURN - S 1819 B -2
C ASURBIGAD

o ERROR RETURN IN CASE OF ZERO DIVISOR ' ASUS1070

CLolus 8§ IER=2 . . e psUBLeBD
GO0 RETURN ASUE1090
0ookie END ASUSBLL00
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SUBROUTINE FCT(ALPHA+UsAsDERF) FCT 010

o . . L o FCT 020
e h DI B OB r OB E B R E R I DR HE DR LB R R R R BN RGP BR DD BE bR NG anReRaRERERBESFCT 030
c FCT 040
o . . FCT 650
c SUBROUTINE FCT FCT G60
c FCT 070
C _ THIS EXTERNAL RCUTINE IS CALLED BY #ASUBR#,._ IT DEFINES THE  FCT 080
C EQUATION OF ALPHAe. WRICH IS TO BE SOLVED BY ITERATION PROCESS. FCT 050
C FCT 100
C THE INPUT AND OQUTPUT PARAMETERS WILL_BE_08VIOUS FROM #ASUB=z. FCY 11
c : FCT 120
C FCT 130
C o S o ___PRADEEP_K._GUPTA., ____ FCT a0
c FCT 150 -
C-ﬂ-ﬂﬂ'-ﬂﬁ#dﬂ'*Gﬂ’b#ﬂﬂ'#ﬂ-ﬂ'ﬁ#ﬂ'ﬂﬁﬁ#b*ﬁ'.ﬁﬂ#ﬂ#i##ﬁ*###ﬁﬂ'ﬁ*##ﬁ#ﬁﬂ‘d‘bﬁ#t”#ﬂ*-ﬁﬁ*ﬁ“#ﬁﬁo#bFCT 160
. C FCT 170
000007 A=ALPHA®* SIN{ALPHA)+(]l.,+UsU)® COS(ALPHA}=2,.%U FCT 180
000026 DERF=ALPHA® COS(ALPHA}-U=U® SIN(ALPHA) FCT 190
000041 _RETURN . FCY 200
00604l END FCT 7210
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APPENDIX 1V
EQUATIONS FOR DETERMINATION OF THE SEPARATICN
PROFILE FOR ELLIPTICAL HERTZ CONTACT

A plan and elevation view of an elliptical Hertz contact is shown below.

|
N

~__ !
— - h

The exterior Hertz profile h is expressed as function of the coordinate x and vy
in terms of the elastic module and Poisson's ratio of contacting bodies 1 and 2
(denoted by Ey, E2, Vi and Vo respectively), the applied load W and the contact
ellipse dimensions a and b in terms of the dimensionless quantitieg ¢, §, and T

are given below:

N

_ 2E'a . _X _y b
¢ = hsg-b;n_a:B a

W
where
2
L - vS a-vh
L. + 2
E' E mE
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The dimensionless separation & (g,m) is determined for Hertz contact theory
which may be put in the form

#e,n) = J2g2 + J3n2 -3,
where
u u
1 '(f (1+¢ )1/2 (1 + E;gc:;_)l/z 2 0 (1+ g2)3/2(1 +F C2)1/2
u
I3 = S 1/gc 372 @0
Jo(1+ 2) (1 + B2c%)

u is determined from the relationship

g 2
7 t o <
1+ u l+pgu

The integrals J

and J may be expressed in terms of the elliptic inte-~
grals F(@#, k) and EEG k) as follows:

1 .2
(1L-8)
and
3, = —E— (K0, W - B, B)] + 75 7
(-5 (1 +34%%) 1+ i)
where
k = 1- ﬁz and # = t‘..':m"1 a
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and F(@, k) and E(#, k) denote the incomplete elliptic integrals of the first
and second kind defined as

@ 46 @

F(@, k&) = S — 5 > and E(@, k) = g \{1 - kzsinzg de
V 1 -k 'sin @ :
o o

- 159
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report,

A rolling disc apparatus has been designed and built,
two crown discs lubricated with 5P4E polyphenyl ether have been measured

as function of slip rate over a range of Hertz pressure (80,000-140,000

psi), rolling speeds (900-1820 ips), and temperatures (175 F - 215 F).
Comparisons are made between measured tractions, Battelle data, and varieus
The MTT data agree qualitatively with Battelle
measurements except that MTI data are found to be relatively insensitive

to temperature whereas Battelle reports considerable temperature sensitivity.
A semi-empirical mathematical model has been put forth to represent traction

Tractions between

A computer program for analyzing asperity interactions under partial elasto-
hydrodynamic conditions has been written and a listing is contained in this
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