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I H I K O I U C T I Q S

Sir Isaac Hew ton (1687) formulated the fundamental 
law of viscous flow which states that the shearing stress 
in a viscous fluid is propertional to tne rate of shear* 
Osborne Reynolds was the first to realize that lubri­
cation was inherently hydrodynamical. The classic ex­
periment of Beauchamp Tower’s prompted Reynolds to apply 
hydrodynamic principles to lubrication. From this time 
to the present a large quantity of theoretical and 
experimental work has been done*

The field of Lubrication divides itself into two 
parts: "Thick F ilm" or "Hydrodynamical Lubrication"
and "Boundary Lubrication"* Thick Film Lubrication is 
the condition encountered in high speed, lightly loaded 
journals in which there is a complete film of lubricant 
separating the two moving members, and in which.results, 
calculated by Hydrodynamics, agree fairly well with ex­
perimental results. Boundary Lubrication is the condition 
encountered in a slow running, heavily loaded journal 
with a film of rather inaex'inite thickness between the 
two members, and in whien the results as calculated by 
the Hydrodynamical Theory differ from experimental results. 
Under conditions of Boundary Lubrication wear may take 
place and the friction may vary with the chemical nature 
of the luoric&nt which is in contrast to Thick Film 
Lubrication where the friction is determined by the vis­
cosity only.
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fiie work done in the field of Thick Film Lubrica­
tion is too extensive to be discussed in a©tail here*
A large portion of this work deals with cylindircal 
journal bearings* The experimental work usually involves 
the relation between the coefficient of friction and the 
Sommerfeld Variable (dimeaaioaless) 153 where "U • viscosity,

i P.I a journal speed, P ■ pressure {lbs/in of projected area) 
This experimental relationship is compared with theory*
The theoretical relationship is based on Hydrodynamics 
and the boundary conditions, i.e*, a solid cylinder 
coaxial or offset with respect to a hollow cylinder of 
slightly larger diameter. Usually these cylinders (the 
bearing) are considered infinitely long although there 
are soma treatments considering bearings of finite length* 
The treatment for the finite length bearing is rat hex- 
complicated mathematically*

There has been a large quantity of work done on 
Boundary lubrication. Usually, some sort of experiment 
is run using different lubricants and observing the rate 
of wear, seizure' time, seizure load, or friction. Most 
of the experimental equipment xnvoxve two or more mem- 
bers whose geometry are such as to px'oduce extremely 
high unit pressures at a point or at a line of contact.
The center of curvature of the members are usually located 
on opposite aides of the .pert or line of contact, for 
instance, two crossed cylinders, or four bails packed 
together, one of which rotates. S tuaiea in boundary
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lubrication usually have a definite chemical aspect.
There is no mathematical theory developed for boundary 
lubrication*

OBJECT

The experiments, to be described later, were run 
with the purpose of investigating (1 ) the effects of 
surface finish on bearing performance and (2 ) the devia­
tion of the behavior of the lubricant from the Laws of 
Fluid Mechanics. That is, to be more specific, to ob­
serve the effect of changing the surface finish on such 
variables as, shearing stress, rate of flow or resist­
ance to flow. After observing the effects on.these 
variables the conclusions can then be .applied to actual 
bearings and loose terms such as "Load Carrying CapacityB 
can be discussed in a fundamental manner*

METEQJD OF ATTACE

A large portion of tne experimental work done in the 
field of Thick Film lubrication has Deen concerned with 
testa on journal bearings in which such items as friction, 
load carrying capacity, attitude or running position of the 
journal, etc. were studied. In tests of these sorts the 
film thickness, pressure, flow, temperature all vary around 
the journal.

The following experiment, in contrast with the above, 
employs not only a uniform film tnxcknesa but a con-
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trollable film thickness* Iius us a aiiiq.ua feature 
about the equipment. The necessity of having control 
of ail the important variables is evident if a funda­
mental inves tigation is to be ear* ied out.-

The use of annular plane surfaces permits a high 
degree of precision with regard to flatness and parallelism 
to be obtained. By making the annular ring narrow in 
width, treatment of the surface approximately as an 
increment is permitted.

In view of the above the data obtained is valid 
for any increment Of area under similar conditions of 
speed, surface roughness, film thickness, etc. Conse­
quently, it may be applied to any geometrical shape by 
integrating over that shape (at least in theory}.

EXPERIMENTAL EQUIPMENT

A. General Description of Main Unit
Sketch 1 shows a cross section of the machine. The 

lower test specimen or lower cup is bolted to the lower 
spindle which is rotated by a Fee belt drive and a vari­
able speed d c motor. The alignment of the lower spindle 
is maintained by two long bronze bushings. The pressure 
tarnsts on the lower spindle are taken up by a pair of 
Fafnir 7412 DF Super Precision Angular Contaot Ball Bear­
ings. Oil leakage by the lower bronze bearing is carried 
up to lubricate the bail bearings. Oil is pumped in at 
the bottom of the unit. It flows up the hollow lower
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spindle into the space between the test specimens (See 
S-2). From here it flows approximately radially out­
ward between the upper and lower test surfaces into the 
chamber surrounding the specimens*, The oil leaves this 
chamber by a pipe and passes through a valve to atmos­
pheric pressure* The upper or torque spindle is mounted 
in a tapered bronze bushing which in turn is pressed into 
a tapered cloth base bakelite bushing, and is therefore 
insulated from the machine, the compensator piston being 
similarly constructed. The purpose of the compensator 
piston is to b&lanee out the unbalanced forces arising 
on the teat specimen. In this way the torque spindle is 
made to float on the oil film between the annular test 
surfaces*

In operation the lower spindle is rotated at a con­
stant speed* Torque is transmitted through the oil film 
to the upper or "torque measuring" spindle, where it is 
balanced out by displacing a pendulum from its equilib­
rium position (to be described in detail later). In this 
way, two surfaces with relative motion are in close 
proximity but are separated by a film of oil which can 
be regulated by adjusting the pressures and the rate of 
flow. The teat surfaces are narrow annular atrips and 
may be regarded approximately as an increment of surface.

The speed is measured by a stroboscopic method.
The thickness of the oil film between the test surfaces 
is measured by a capacitance method. The oil temperature
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is measured by thermocouples.
B* Hydraulic Gireait

Sicetcii S-3 shows the hydraulic circuit* There are 
two distinct oil systems, one is the system supplied by 
the Tickers pump which is capable of supplying oil at 
1000 pai. The other system ia supplied by the Super 
Pressure pump (American Instrument Go*} and is capable 
of supplying oil at 5000 psi. Actually it ia capable 
of producing much higher pressures* but the other equip­
ment will not stand higher pressures*

The oil from the Tickers pump never enters the test 
specimens. It is used for balancing the torque spindle, 
i.e., it is normally used to maintain pressure in the 
compensator cylinder*

The oil from the super pressure pump passes through 
the teat specimens and its properties are of impoxtanee. 
The path of this oil is indicated by the heavy line in 
S-3. It ia pumped into the high pressure receive** which 
is about one half full of Bitrogen. This receiver damps 
out the surge from the pump. The pressure in the re­
ceiver runs around 5000 psi. The oil from the receiver 
is throttled by valve 1 to' aometning less tnan 5000 psi. 
It flows freely through valve 5 (which has no control 
over this line) and then through a neavy resistance coil 
ana into ue bottom of tne macnine. fue oil flows up 
the hollow spindle, furough th« test samples and out 
through throttle 1 0 where it is cropped to approximately
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atmoapkeria pressure. Yalv© 11 must be open ana valve IE 
closed, during normal operation.

The remainder of the system is used for building up 
Uie air or nitrogen pressure in the receiver. {At first 
air was used but. this was considered dangerous, nence Hg 
is now used.)

In order to charge the receiver with Hg tne whole 
sjstem is first purged with Ig. about 75 psi. of S*> 
pressure is oulit up in the large compression tan!. Then 
the nitrogen in this tan! is compressed by pumping oil 
into the tan! with the Tickers pump. The nitrogen is 
compressed to 1 0 0 0  psi. this way. The receiver at this 
point would have nitrogen only in it at luuO psi. The 
Tickers pump is then stopped and oil ia pumped into the 
Compression tan! by the Super Pressure Pump to raise the 
pressure to £500 psi. Then oil is pumped directly into 
the receiver until the pressure ia about 5000 psi.

The resistance in the line entering the unit from the 
receiver and the resietance in tne line to the compen­
sator cylinder are necessary for the stable operation 
of the machine. These resistances produce stabilization 
in the following way: if the torque spindle moves down­
ward the flow through the lower spindle is restricted 
and the pressure rises because of less pressure drip in 
the external resistance. The pi'easure in the compensator 
cylinder decreases for a similar reason. Both of these 
effects bring forces into play which oppose the original
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assumed displacement* At thick films (*002* or more) a 
small displacement of the torque spindle does not res­
trict the flow appreciably through the lower spindle and 
accordingly at these film thicknesses the spindle is not 
stable, but these film thicknesses are of no interest* 
There is an instability effect at very small films also, 
but the stabilizing effects overpower it* When the torque 
spindle is in contact with the lower spindle, the area 
on which the pressure in the lower spindle acts is less 
than when a definite film of oil exists between the test 
surfaces* This change in effective area tends to pro- 
dune instability, but as mentioned before ia not the con­
trolling factor*

When the machine is operating normally, oil is 
flowing along the heavy path shown on S-3, as remarked 
before* .She thickness of the film may be regulated in 
two ways* One method (the standard method in the tests 
to follow) is to regulate the film thickness by bleed­
ing part of the oil through valve 4 (3-3) to atmospheric 
pressure. The other method is simply to increase the 
compensator pressure Pc by regulating the relief valve 
on the 7ickers Pump.
C. Torque Spindle Bearing

One of the unique features of the machine is that 
it permits very uelicate torque measurements to be made 
in spite of very heavy axial loads on the torque spindle. 
The torque spinale is ■|n in diameter and about 12” long
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and may carry 2QQQ lbs. or more axial load* Under these 
coalitions e'. torque of .1 in.-gr. can be detected- The 
essence of the situation is that the torque spindle is 
subjected to only viscous friction so that the frictional 
force is proportional to the velocity. Torque measure­
ments are made at zero velocity, thus the friction is 
practically zero* The complete lack of metallic friction 
is due to the use of the "Hydrofilm" bearing developed 
by the Cincinnati Milling Machine Co*

Sketch 3-4 illustrates the principle of the bearing*
hi, Agt Ag, and I4 are pockets to oollect oil at £ the
oil pressure entering the bearing. The oil in these 
pockets is then transmitted freely to the pressure areas
Bg, 3^, B^, and Bg respectively* The oil entering the
A pockets has passed through resistances R (which is the 
clearance space between Journal and bearing)* The oil 

v leaves the B areas by flowing through resistances R* to
ji . / ;
/ atmospheric pressure* If the Journal moves to the right

say, and E^* will increase and Eg and Eg* will decrease.
;; / Consequently the pressure in A^ will decrease on two counts
£ ID because of the increase in (2 ) because of tne de­

crease in Eg*. Also the pressure in A 3 will increase 
on two counts (1 ) because Eg has decreased and (2 ) be­

cause E^* has increased. The result of a movement to 

the right then causes the pressure in to increase 
and that in B~ to decrease which senua to center the 
Journal in the bearing.

/'/
/ ;

//f //
/
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This bearing was not incorporated in the machine 
when it was originally buiit so that it nad to be altered. 
She pressure pockets A and areas 3 were ground on the 
spindle instead of being in the bushing, because of struct- 
rual difficulties. Three sets of pockets and areas were
used instead of four because four could not be applied

.machine.to the/ The radial clearance between the spindle and 
bronze bushing is about .0003 in. and that between the 
compensator piston and cylinder is about .0005 in. Con­
sequently a precision alignment is needed between the 
torque spindle bearing and the compensator cylinder.
This alignment is difficult to maintain because of the 
fibre insulating bushing around the bronze bushing. 
Frequently the compensator cylinder has to be realigned.

If there is much hydraulic "capacitance" in the 
piping connecting the pockets A with the areas 3 hunt­
ing of tne spindle for the central position is likely 
to occur. Accordingly it is undesirable to have any 
air entx-apped in these lines.
P. Measurement of Variables

The following table shows tne important 
variables and their approximate range.

Variable Symbol

Film thickness h .0015 to .00015 in.
Torque T 0 to 350 in.-gr.
Speed H 60 to 3oQ rpm
Pressure inside
samples Po 0 to 3000 psi
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Variable Symbol hangs
Pressure outside 
samples •pi o to 3000 psi
hat© of Oil Flow % 0 to 2 cc/sec
Oil temperature 
inside samples 2 0 °C to 60°C
Oil temperature 
outside samples *F.*B 2G°C to 6G°C

(1) Film Thickness
As mentioned earlier tne film thickness is meas­

ured. by a capacitance method. Shis method was used 
rather than an ordinary indicator because it registers 
changes directly at the test samples whereas an indi­
cator would have to be mounted outside somewaere 
with metal parts between it and the actual test sur­
faces* These metal parts would expand and contract 
because of thermal changes and because of loads applied 
to them* The deflection of tne lower spindle would 
also cause relatively large errors* With these dif­
ficulties at hand the advantages of tne capacitance 
method are evident.

The test surfaces act as a condenser with the 
oil between them as a dielectric. 2 ssen.tiai.iy they 
behave like a parallel plat© eoncenaer where the capa­
city is inversely proportional to tne spacing. This 
capacity is measured by an oscillator constructed for 
the purpose (see 3-5 and 3-6)* The oscillator is 
tuned to a fixed frequency of 330 EG. The output is 
coupled to a parallel resonant circuit, one element

R eproduced  with perm ission o f the copyright ow ner. Further reproduction prohibited w ithout perm ission.



of which is tne capacity of the maehine. As the film 
thickness decreases sore capacity is pu.t into the 
parallel resonant cireuit and hence an equal amount 
mast be removed by adjusting the tuning condenser which 
is in pai’alial with the machine. In this way the 
capacity of the machine Is measured. Originally the 
oscillator was oailt to measure capacitances up to 
about 2 0 0 0 uuf. but later an extra unit was made cover­
ing a range from around 1 0 0 0  to 1 0 0 0 0  uuf.

She oscillator was calibrated against a Preci­
sion Condenser (General Radio Co. Type 722H #198).
The calibration curves are shown on M-3S, M-36, &-S7, 
and M-38.

Several methods were used to calibrate the mach­
ine and oscillator together giving capacity vs film 
thickness relations,

a. First Method
The first calibration of the oscillator was 

made in November 1S42. The compensator cylinder 
nead was removed and a steel ball y»as placed in 
the center hole of the torque spindle so that 
tnere would be a definite point for the xacic&tor 
to contact. The spacing oetween the teat sur­
faces was adjusted by holding the threaded disc 
which screws on the torque spinule, and turning 
the torque spindle in the disc. Inth-s way the 
spiruie was either raised or lowered. The nand
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holes were opened and all oil. was removed from 
between the Samples and surrounding the samples. 
The best surfaces were cleaned very carefully with 
cotton and carbon tetrachloride or alcohol and 
ether, This was necessary oecause amdll particles 
of dirt or liiit would, short tne surfaces at small 
film thicknesses. The ‘'aero" reading of the indi­
cator v»aa set by serening the spindle down, until 
the surfaces were together, 'with air oetween the 
surfaces it was possible co raise tne spindle 
. 0 0 0 1 in. and have an open cireuit electrically. 
3?ius indicates the parallelism of tne surfaces is 
something better than . 0 0 0 1  in. in £-1 /£ in. Bext 
oil was introduced between the surfaces and. the 
capacity was measured for various film thicknesses. 
It films of .0005 in. or less considerable diffi­
culty was encountered because the surfaces were 
being shorted. If the lower spindle was oscil­
lated through a small angle tne snort would some­
times disappear. She lower spindle was nofe ro­
tated completely because it n&d at taat time a 
little more tnan .0001 in. axial runout. The dif­
ference in stray capacity when air surrounded the 
samples and when oil surrounded them was at this 
time considered negligible because tne total stray 
capacity is about 2 0 0 uaf and she clearance between 
tne samples and tne chamber walls us large. The
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difference in fringing of the lines of force at 
the edge of the teat surfaces, and tne change in 
stray capacity c.as to the removal of the compen­
sator cylinder head were also neglected.

The result, using the above procedure us 
shown on Curve M-19. Readings wita air oetween 
the samples were o'o Gained with uuch more certainty 
for small films than those with oil oecause of the 
snorting with oil. As, effort was made to find the 
dielectric constant and multiply the cn ve for air 
accordingly. However, the dielectric constant 
appeared to vary with film thickness (it was prob-. 
ably the end effeets which really varied.) The 
curves for air and oil were plotted on log-iog 
paper. (See M-21) Here it is seen that the curve, 
for air {G-Co) vs film thickness is not a straight 
line. C is the total capacity and Co is tne stray 
capacity. Shis indicates that fringing snould not 
be neglected.
b. Second Metnod of Calibration

In April 1942, the second pair of ball sear­
ings were installed. The lower spindle now has an 
auial runout slightly less than .0001 in. However 
it was aeeidec in view of the above to mans cali­
bration tests at low pressures with oil completely 
surrounding tne surfaces as in actual tests. Low 
pressures were used so fcuat elastic ce*. lections
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would bs negligible. The lower spindle was rotated 
and average values of film tnieknsss were read.

The indicator now registers tne movement of 
a pin which is fastened securely to the threaded 
CtaioC Oil tor%ue spindle* This threaded disc is 
locked to the spindle by a lock nut and the film 
thickness is regulated by the flow of oil between 
the test surfaces* The *zero” setting of the indi­
cator was determined by shutting off the oil flow 
thereby allowing the torque spindle to settle, shea 
the torque spindle first offered resistance to 
burning, the indicator reading was noted. Curves 
H-32 ana Si-33 were obtained in this way. Curve M-23 
shows the data plotted against reciprocal film • 
thickness, and. also the data from the first method 
of calibration. It is evident that there is con- 
suderable discrepancy. According to these later 
data, 2 0 0 0  uuf corresponds to about .00027 in.
Two thousand micro micro farads was tne limit of 
the oscillator.
c. intension of Hangs of Oscillator

in adcitional tank circuit was made for tne 
oscillator, in-other coil and a bank of fixed con­
densers and a variable air condenser were mounted 
on a separated chassis. The original tank circuit 
was unaltered except tnat a ~eana was provided for 
sVvlucnnng tne onxginsi one out ana uhs new one in.
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“Til9 new unit ranges from 0 to 1 0 ,0 0 0 /yif oy steps 
of 1 0 0 0  /ap£ with a 1250 /yof variable air condenser 
to tune between the steps of the fired condensers,
d. Modification of Second Method of Oaiibr&tion

In the second method of calibration the film 
thickness was varied by cnanging the flow. Aa the 
flow was decreased the pressure inside the test 
samples would drop (from 45 psi to about 17 pai). 
Phis method was modified by readjusting the valve 
between the chamber surrounding the samples and at­
mosphere. By adding more or leas resistance here 
the pressure Inside and outside the samples could 
be kept constant over a complete run. The'Compen­
sator pressure was constant also, so all deflections 
should remain the same. The "zero11* reading of the 
indicator way obtained again by shutting off the 
flow, out with the pressures locked in the machine. 
The spindle would settle and finally come to rest 
and the pressures would remain approximately the 
same* In these tests it was considered Getter to 
locate the "zero*1 of the indicator wnen tu* 
spinele offered a large resistance to turning, 
because dirt on the test specimens, mignt cause a 
small drag. In determining the "zero" tne lower 
spindle was oscillated slightly. The difference 
in "zeros” as determined by tne two methods amounts 
to about . 0 0 0 1  in.
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Carves M-3S and H-40 show calxoration data 
obtained by the above £ rose dure, x'hers is con­
siderable spread of tnis data from .0005 in. on 
down. However,,, the data reproduces itself within 
about .00005 in. It will be readily understood 
that the reciprocal scale of film thickness mag­
nifies errors at the small films* and that, theo­
retically, the data should be a straight line.
Curve M-4I shows calibration data taken with 500 
psi inside the test samples. She higher the 
pressure, the faster the oil leaks through the 
bearings, and the more difficult it is to get a 
reliable ”aeron reading because the pressure leaks 
out and changes in deflection occur. Inaccuraci83 
in the determination of the ‘’aero” change the 
slope of the curves. Curves 11-41 and M-42 show 
the runs at 500 psi and 2000 psi respectively.

ht nigh pressures with a constant oil flow 
between the samples tne film thickness as read by 
the oscillator will remain the same aa it suould 
even if the pressures fluctuate slightly, ffiie 
indicator, however, will show a definite movement, 
caused by elastic ceflections. ihe fluctuations 
of the pressure at 2 0 0 0 psi are on tne order of
several nun tired lbs. per sq. in. Inis causes ue-

«/.
flections.making an appreciable error. Curve M-42 
has a different slope than the other curves and this
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is probably caused by tide inability to determine the 
«zero” as described above, whereas at 1 0 0  psi the 
pressure can be held Yfithin a few lbs. per aq. in., 
giving much greater accuracy.

Curves M-45, M-47, and M-48 are the final 
curves obtained by the method of part d above.

It should be mentioned that the variation of 
the dielectric constant was investigated for varia­
tions in both temperature and pressure. From 0 to 
5000 psi, no change in dielectric constant could 
be observed. Eeither was there any appreciable 
change with temperature from 20°G to 60°C.

This method of measuring film thickness is 
very sensitive to small changes in film thickness 
at thin films. A change of thickness of .000005 in. 
around .0005 in. is readily observable.

Another feature of this method which is of 
passing interest is the change ia "ft" fox the mach­
ine as the film thickness is decreased. Curve C-57 
illustrates this. As the film thickness is decreased 
the parallel resistance of the film decreases, 
hence the equivalent series resistance increases. 
Consequently the ratio of reactance to equivalent 
series resistance decreases because of tne increase 
in aeries resistance and the decrease in reactance.

(Z) Torque
The torque transmitted through the oil film ia
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measured by applying an equal external torque and 
measuring this external torque. By using a null method 
viscous friction does not enter. Since any dry friction 
will cause an error, the system for balancing the 
transmitted torque must be practically frictioaiess.
The system saown in S-7 was used. She weight on the 
end of tn© silk thread is pulled from its equilibrium 
position causing a reaction at the point of suspension. 
The tangential component of this reaction balances 
the internally applied torque, This system works very 
satisfactorily because of the complete absence of 
Coulomb friction.
(3) Speed

The speed of the lower spindle is measured strobos- 
eopically. Stripe of tracing cloth with properly 
spaced lines are clipped to the sheave (see S-l).
These strips are observed under a neon tube. One 
plat© of the neon tube is rendered ineffective by con­
necting a diode (11726-GT) as a half wave rectifier.
Then the neon tube flashes 60 times a second instead 
of 1 2 0  times a second. 3y making strips with 2 0 ,2 0 , 
lb, 12, 10, and 9 lines the spindle speed could bei 
set to 120, 180, 240, 300, 360, and 400 rpm.
(4) Pressures

\

The pressure inside the test samples, PQ is mea­
sured by a standard bourdon tube gage connected at 
the bottom of the unit (see S-3)• The hole in the
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lower spindle la large ao taat there is a negligible 
drop from the bottom to tne test samples.

The pressure outside the test samples, is 
measured by a bourdon tube gage also, which is connected 
to the chamber around the samples. (See S-3)

For the high pressure tests the above gages are 
0 to 10000 psi gages. Consequently the difference 
between P0 and P^ which is small compared to F0, can­
not be read very accurately from these two gages.
Two differential gages were designed and built. They 
are located as shown in 3-3. One has a range of pres­
sure drops from 0 to £30 psi and the other from 0 to 
1000 psi. S- 8  shows the construction of these gages. 
There are two plungers, on© for the high pressure 
and one for the low pressure, which are supported in 
Hydrofilm Bearings described earlier. Consequently 
with no friction along the plungers the gages are 
reasonably sensitive to small pressure changes.
(5) Rate of Oil Flow

The rate of oil flow between the samples is mea­
sured by catching the oil from tue heavy line in S-3 
in a graduate before it enters the reservoir. This 
is called, the main flow. In oruer to get the total 
flow between the samples the flow which supplies the 
torque spinule bearing and the differential gagea 
must be adueb to the main flow. These are ealled 
leakage flows and are small compared to the main flow
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as long as trie main flow is large • They axe measured 
by catching the oil from the drains which are in ques­
tion.
(-6) Oil Temperatures

The temperature of the oil inside the samples,
T0 is measured by an Alumel-Chroiael thenaocouple whose 
leads enter at the bottom of the unit and run up the 
hollow spindle. Tney are insulated from each other 
and the machine by porcelain spacers.

The temperature in the chamber surrounding the 
test samples is measured by two thermocouples whose 
leads are brought out- through insulated bashings in 
the walls of the chamber. The arrangement of the 
couples is shown in S-9.

The cold Junction of the couples is at room tem­
perature, and is measured by a thermometer* These 
Junctions are surrounded by a boz which protects them 
from drafts.

The emf*s of the thermocouples are measured with 
a heeds'and Storthrup Student's Potentiometer, the 
necessary standard ceil and working cell and galvano­
meter.

n H T / i L
A. Test Procedure

The method of running the tests it very simple.
Soon after the machine is started up in the morning read­
ings are taken at short intervals of time. As the r.«aeh-
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ine approaches its steady state temperature, readings 
axe taken at longer intervals, These readings are taken 
at a relatively large film thickness during the heating 
period which is 4 or & hours. The inside pressure P0 
and the speed have to he adjusted frequently during this 
period in order to maintain them constant* Actually the 
film thickness does vary but only slightly. It may vary 
from .0012 in. to .0010 in. during the heating up period. 
The variation of the torcjue and the temperature are of 
importance because the changes in torque are caused by 
changes in viscosity. Consequently these data at thick 
films serve to determine the viscosity-temperatur® curve 
for the oil. At films of .Q01 in. the effect of surface 
finish is nil, especially with a lapped surface of 1-2 MI 
(see C-26) and the oil behaves as & viscous fluid ac­
cording to theory.

After the machine has reached a steady temperature 
the film thickness is varied by by-passing some of the 
oil through valve 4 (see S-2) to atmospheric pressure.
The throttle 10 tnen has to be readjusted to hold the 
pressure in the machine constant. This procedure is 
carried on until throttle 10 has been completely closed 
in which case the oil flow into the machine is just sup­
plying the leakage by the torque spindle and differential 
gages. If high pressures are to be maintained in tne 
machine tne leakage will be greater than when low pres­
sures are maintained and consequently tne film thickness
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ac leakage flow will be greater at the uigu.er pressures 
than at lower oreaaurea wnere the iaaa&ge flow is very 
aaail. In oibei* to go to smaller1 films the compensator 
pressure is increased by small increments.

The procedure indicated above is the one commonly 
used, however in some cases the order of by-passing oil 
and then increasing the compensator pressure has .been 
changed, i.e., the film thicfneas is varied by first 
increasing the compensator pressure anc* tnen by-passing
oil. This procedure produces somewhat aiffex-ent velocity 
and temperature distributions in the film.
B. Preparation of Samples

The test samples are listed in Table 1, page • 
Some of these samples were not tested oacause of inac­
curacies or other reasons. The samples must be made to 
a rather nigh degree of precision. It is felt tnat the 
test surfaces snouid ce plane within .GuOGBQ in., i.e., 
they should have no ohatter or waviness and should be 
fiat. This aegree of precision is necessary because 
sue effects of surface fxnisn should not oe complicated 
by the effects of geometrical inaccuracies. These sur­
faces had to oe ground very care*uiiy in order to satisfy 
the precision requirements above, iione of tne ground 
surfaces prior to tnose ground on dead centers reany 
met the precision requirements. Samples 4a, <aa, 3b, 4b, 
b, £b, 6, and ? were ground by mounting them on a special 
mandrel (see 3-10).
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rype of Approx. Prof. 
Sample No. Surface M.I. Rec. No.

1 Ground about £0

la Lapped 1-8

lb Lapped 1-2
2 Ground 16-17

2a Ground 50-55 R-l
H- 2

3 Ground 6-9
4 Lapped 1-2
4a Ground 4-7 R-9
3a Ground R-5

R-6

3b Ground R-7R-8

4b Ground 3-5 R- 1 0
fl- 1 1

TABL12 1

Photo Remarks
Original Sanpie 
Chapter 3/16” apart
Lapped at Cincinnati Ordinance Gage Laboratory 
Check with optical flats
Relapped because surface became damaged
Made by Heald Machine Co*
Low spot on one piece

1 and Refinished 1-3-44 by U.S. Ordinance Gage Lab 
2

Made by H. M. Co.
Made by H. M. Co*
By U.S. Ordinance Gage Laboratory

3-4 Ground on dead centers Horton 3846-K wheel
(but was not flat because centers were out of 
round.) Circumferential scratch

same Ground on dead centers
as 5a4 Circumferential scratch 20 Ml radial

5 MI tangential
Same appearance as 3a 

P-5 Ground on dead center with oup wheel J[ to work
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Tins mandrel was then placed between dead centers 
and driven by a belt from a Variable Speed D. 0. Hotor. 
The locating face A {S-10} had to be lapped flat and 
square with the axis of rotation. The locating faces 
on the test samples also had to oe lapped flat if tuey 
were not already flat in order to px-event distortion 
when they are bolted to the lower spindle. Photographs 
and Profiioae,ter Recordings are listed in Table X. The 
profilograms were taken on a Brush .Analyser* Samples 
Ho. 6 were ground so that tne scratches on one are the 
mirror image of those on tne other, i.e., when they are 
placed face to face the scratches are parallel. Whereas 
Samples So. 7 or £a are ground so that when they are 
placed face to face the scratches cross aa indicated in 
S-ll.

IhPSRIMESTAh WOBK 
As" mentioned before viscosity data is obtained by 

running at relatively thick films and allowing the mach­
ine to heat up. luring this neating up perioa the film 
thickness remains reasonscry constant. Curve G-26 shows 
the viscosity plotted agalnst compere lure for two runs 
mace at different film thickness, one at about .0018 in. 
and the other at .00115 in. This shows that at films 
around .001 in. tne viscosity is a property of the fluid
and small variations in film thickness nave no qif'.ct\ .
{except of course in computing the viscosity from the
torque using u = .01595 Th, see va,;e ). In the tests

S
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tiixs variation of film thickness around .031 in. is nor­
mally about .0302 in.

Ourve 0-34 snows uosolute viscosity vs temperature 
at 50, 1000, 2000, ana 3000 psi. Here tne viscosity is 
plotted against tne average of tne tnree temperature 
reauings fj, ly, and 3?£ (see 3-9). £ne majority of tests 
were run with Sohio J3o. 10 oil; uowever, it was found that 
as time went on tne viscosity might vary a few percent 
from tnat in C-34. fhia may be caused by tne amount of 
air {in the earlier tests) or Kjj dissowvea in tne oil. 
Consequently it has been found advisable to aeterxiune the 
viscosity for each run.

Curve C-28 shows a heatixig up curve ana the region 
where the viscosity data was obtained. She portion of 
the curve where the film thickness was vax‘iea is used 
to get information on the effect of surface finish and 
the effect of tnin films.

Curves 0-35, C-56, C-4Q, ana 0-41 snow tne shearing 
stress plotted against the viscosity times the rate of 
mmtr, for o0, 1000, 2000, ana 3000 psi. i’he smearing 
stress is caleuluteu directly from tne observed values 
of torque. Tue viscosity times tne rate oi shear is the 
theoretical shearing stress, xne rate of s*.ear has been 
assumed constant txxrough ine film &nc independent of the 
radium mo tron oi tiie Oil. fne equations of flow {page )
inu-i.esuC huti tne ta&gsnti&i ana radial velocities axe 
independent which, in conjunction «ith the expressions
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for cuv-a r i n  £ stress le a d  to tn e  x-esu-ut of /xV wuere jtx,
h

V, and h are defined on page . In computingyuY ju. nas
“H

been taken as the viscosity that corresponds to tne 
average of the three temperatures, $2» % »  and Tg. This 
procedure of busing the viscosity on the average temper­
ature will be discussed fortuer. Originally tne t^ermo- 
eouples outside iha test samples and tne one insrue were 
made or iluael-Chromel wires .065 in. in urameter. 16 
became apparexit tn&t the couples out slue were not reading , 
the temperature of tne oil as'it left the film. Conae- 
q,uexitiy very small thermocouples made from Gopper-Gon- 
stantan wrres- *0005 in. diameter, wave substituted for 
the two outside coupies. The functions were made by 
soldering the two wires. The wires were.crossed very 
near tneir ends so that the functions approximate a parall-? 
elspipad whose slues are .0Q05, .000b, and .G01 m .
Even these couples were too large to measur- tide oil 
temperature at the exit of the film. Actually «,aey 
measured tne auik temperature of the oil in the euamber. 
They probably Yiould huxe seen satisfactory for a .Gel m. 
lilm out at thus film tnrcmess tne sner̂ -y dissipated in 
the film per unit volume of oil is small anu produces 
temperature rises of the order of .S°C. It is at thin 
films of the o* der of .GOGS in. or smaller where tne rise 
in temperature is. appreciable, jpor instance Curve C-23 
shows the calculated temperature rise in tne rirm, neg­
lecting conduction, (see pegs fox- derivation) for test 
jo. -hi sho-rn on r-20.
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from the above discussion it is apparent that the 
discrepancy between the Calculated Shearing Stress and 
the Observed Sheering Stress may be caused by heating 
in the film. At thin films all of the experimental 
points are low which is just what would be expected if 
the actual viscosity were less than the viscosity used.
It is evident that the true effects of thin films (where 
the bulk properties of the oil no longer hold) and sur­
face finish axe hidden because of the question of the 
viscosity of the film.

Curves C-31, C-32, C-37, and C-38 show the varia­
tion of the difference in temperature between inside 
and outside of the test samples plotted against time for 
50, 1000, 2000, and 3000 psi respectively. These data 
were taken during the heating up period. The inside tem­
perature iscbonsistently higher than the outside tem­
perature for the 60 R?M runs. (At 3000 psi the 60 BPM 
run could not be made because the motor would not run 
smoothly under that load.) Apparently at low speeds 
the outside temperatures are relatively lower than the 
inside because less heat is generated in the bearings, 
this heat being conducted to the metal surrounding the 
chamber, while the inside temperature is influenced by 
the heat generated in the oil as it passes through the 
large resistance coil just before entering the machine. 
(The pressure drop in this resistance may be 2000 or 
3000 psi.) At higher speeds the heat generated in the
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bearings tends to raise the outside temperatures thus 
decreasing {T^ - Tg>). As a result it does not seem 

advisable to base the viscosity on the average of the 
inside and outside temperatures. Accordingly it is 
felt that the film temperature depends more on the in­
side or inlet temperature than on the outside tempera­
tures.

Two tests were run. with the purpose of having dif­
ferent heat conditions in the film. The two methods of 
running tests outlined under Procedure (page } produce 
different heating effects^ in the film. The calculated 
temperature rise, neglecting conduction is plotted 
against film thickness on C-51. Curve 0-47 shows the 
Observed Shearing Stress plotted against the Osculated 
Stress. The viscosity in this case has been taken as 
that corresponding to the inside temperature. From. C-51 
it is seen that the greatest difference in temperature 
occurs at about .00065 in. Assuming the average film 
temperature is equal to the inlet temperature plus £ rise 
in temperature gives an average rise of 1°F and t°F for 
the two tests at .00065. One half of a degree I* will 
change the viscosity by about 1% in this case, which is 
hardly perceptible. Consequently these two methods of 
running tests do not make an appreciable difference in 
the film temperature. Curve C-5C shows the average rad­
ial velocity plotted against film thickness for the above 
two tests. The largest and smallest velocities are about
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24 in/see. and 6 in./sec. At these speeds the average 
time for the oil to pass through the test surfaces ere 
.0052 sec. and .021 sec. However it is possible for the 
conduction of heat into the metal samples to occur be­
cause even though the temperature differences be small, 
the temperature gradient may be sizeable since the film 
is so thin..

Curve C-54 shows Calculated Shearing Stress vs Ob­
served Shearing Stress for 50, 500, end 2000 psi* In 
this case the viscosity is based on the inlet temperature 
plus £ rise in temperature as calculated neglecting con­
duction. The deviation is greatest for the 50 psi run 
and in this run the rate of flow at the thin films was 
least and the temperature would therefore be greatest.
The deviation for the 2000 psi run is relatively small 
and the rate of oil flowat the thin films was compara­
tively large. Accordingly the temperature rise would 
be expected to be the least in this case.

Again the necessity of knowing the actual film tem­
perature is illustrated.

Curve C-49 show3 the Observed Stress plotted against 
the Calculated Stress for Sample No. 2a. Tests Nos. 75, 
76, 77 were run consecutively. The samples before they 
were installed had a dull nmatw pppesrance. After the 
tests the peaks of the surface roughness were polished 
off. (See 1-1 and P-2.) This indicates that the sur­
face changed somewhat during the tests. Test No. 80 is
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identical with the others and was run to see if any dif­
ference could be observed between this and the first test. 
.Apparently the polishing off of the peaks had negligible 
effect in changing the stress. The last points {corres­
ponding to about .35 lb/in2 calculated shearing stress) 
represent theobbserved stress at about .00035 or .0004 in. 
It was not possible to go any closer than this without 
shorting the oscillator. When the samples were first 
put in {Test No. 75) .00045 in. was the minimum film 
thickness that could be attained. However on the other 
tests the film thickness wa3 decreased below .00045 in. 
causing the oscillator to short. The machine was allowed 
to run in this condition and the output of the oscillator 
gradually climbed uy to its normal value. Apparently the 
peaks were being worn off until there was no intermittent 
contact. It should be observed that the deviation of this 
curve from the theoretical straight line is probably even 
more than is shown on C-49 because of the heating effect, 
whieh would tend to lower the curve toward the theoretical 
line since the viscosity for C-45, 48, and 4S was based 
on the inlet temperature only.

There is another effect which needs to be considered. 
This is the meaning of the film thickness reading of the 
oscillator. The surfaces being rough, will have various 
radii of cruvatures at different points. At the peaks 
these radii will be the smallest and the charge density 
will be greatest. Because of this end the inverse re­
lationship of capacity with distance a smaoth parallel
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plat© condenser would have to be closer then the plates 
of a rough condenser (as measured from the geometric 
average of the peaks and valleys) in order to give the 
same capacity* Or the rough plates of a condenser would 
not have to be brought as close as a smooth plate con­
denser to giv© -fee same capacity* Accordingly, if the 
surface roughness has any effect on the capacity, the 
curve of C-49 should deviate even more from t»he theo­
retical straight line.

Curve G-48 shows three tests run at different speeds. 
On each curve there is a decided break at the stress 
corresponding to .00040 in. which probably corresponds 
to interference between the peaks, The accuracy indi­
cated by the digits in the film thickness reading may 
seem unwarranted, however a change in film thickness of 
.000010 in, in the region around .0004 in. produces a 
readily meaaureabia change in torque and oscillator reed­
ing. The oscillator was calibrated against a .0001 in. 
indicator. Accordingly one cannot be sure of the abso­
lute value of the film thickness to this degree but changes 
of these magnitudes are readily observed on the oscil- 
,,letor. It should again be remembered that these curves 
probably deviate more than is shown because of heating 
and perhaps the effect of surface roughness on capacity.

Curve ii-58 shows Static Torque vs Compensator Pres­
sure. This curve was obtained by stopping the lower 
spindle and observing the torque on the upper spindle.
’with the lower spindle stopped there is a small (abofcfe
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2 in.-gr.) torque on the torque spindle which is probably 
caused by slight nonuni fortuities in the flow around the 
piston and spindle. This torque regains approximately 
constant es the film thickness is decreased. When the 
samples were put in end when the compensator pressure 
was increased, the static torque varied es shown by M-58. 
This is caused by the surface roughness. The samples 
were ground in such a way that curved grinding marks 
were produced on the surface. These marks are not sym- 
netrtcal about a radial line. The.oil flowing between 
the samples is deflected by these surface scratches and 
thereby produces a torque similar in principle to a reac­
tion turbine, is the compensator pressure is increased 
the film thickness decreases, the velocity of flow.1 in­
creases and the reactionary torque is greater. This 
static torque is not superimposable on the torque caused 
by rotation. The surface scratches on the upper and 
lower samples are situated such that there exists an 
angle of about 60° between a scratch or the upper sur­
face and tile scratch opposite on the lower surface.
(See -3-11} The point A will move outward or inward de­
pending on the direction of rotation. It is possible 
that this would produce a pumping action either outward 
or inward.

Curve G-46 is the same as C-48 except this static 
torque has been subtracted from the observed torque. As 
mentioned sbcve this procedure is not justified, however 
C-4S shows that there is still a difference between the
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observed stress and the calculated.
Curve C-58 shows a comparison of the stresses for 

Samples No. lb and No. 3b. 2*be viscosity on bctk of these 
runs was based on the inlet temperature plus the average 
calculated rise in temperature. Sample No. 3b had a 
greater roughness in the radial direction than in the 
tangential direction (see B-7 and B-8)•
B. Bate of Flow

Curve C-55 shoes.the Hate of Flo® plotted against 
film thickness for runs at £000 psi and 5G psi. The 
calculated curve is based on the theory developed on 
page • It is evident that the calculated values do 
not agree very well with the measured values. I'here are 
several possible causes for this discrepancy* One is 
that there may beta small leakage by the screws ana 
locating surfaces of the test samples shown in S«2, how­
ever, the screws have always been pulled, down firmly 
with copper washers under their heeds and the locating 
surfaces have in some cases been lapped flat so that 
it is rather troublesome to pull the test sample off 
the ends of the spindles even j»ith all the screws re­
moved. Another cause for disagreement and the meat im­
portant one is that in order to calculate the rate of 
flow the pressure drop (difference of large quantities) 
is needed. This drop is read from the differential 
gages. An error of 5 psi c<.n easily be made in. 50 or 
60 psi. pressure drop. Also at high pressures there may 
be some error in these gages because of the pressure drop
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in the lines feeding them. The rate of flou to, these 
gages is e cap si-a lively smell but nevertheless exists.
The pipes hove a 3/16" bore, m third possible cause 
of error is the use of su incorrect viscosity, but 
to is would not account for the entire differences be­
tween the observed and calculated curves. Another 
possibility lies in the assumptions made in the deri­
vation of the expression for hate of Flos (see page ).
Ho account has been taken of the rotational motion nor 
of the centrifugal force on the oil. However a simple 
calculation shows that the centrifugal force per unit 
volume is very small as compared to the pressure and 
viscous forces.

Curve C-55 shows the Observed Hate of Flow plotted 
against the Calculated hate of flow for various pressures. 
This i3 a better way to handle the date of C-55 since the 
Bate of Flow depends on the pressure drop, and viscosity 
besides film thickness. By plotting the Observed Flow 
against the Calculated Flow these factors axe taken ac­
count of.

Curve C-53 shows the Hate of Flew plotted against 
film thickness for lampls Ho. 2a (50-55 Mi) and 5ample 
Ho. lb (1-2 Al) • Curve C-51 shows these data plotted 
by the second method as mentioned above. Apparently the 
Bate of Flow is greater for the smooth sample although 
the data is not very consistent, me this point it may 
be recalled that the orientation of the scratches (see 3-11) 
might produce a pumping action either inward or outward
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uepeuding on the direction or rotation, i’cr the data of 
C-51 the rotation was such as to produce an inward pump­
ing actios for the 50-55 Sal samples which wcula tend to 
produce the results obtained. The affect of rougher sur­
faces might well also tend to pioduce this result. These 
rough samples were definitely concave, perhaps .00005 in. 
in the width of the ring. This fact would tend to oppose 
the above.

ns mentioned before the treatment of the _ flow data 
is rather unsatisfactory because of the inaccurate dif­
ferential pressure readings. The actual rates of flow 
observations plot into a fairly smooth curve as shown on 
C-55.
C, Pressure Relations \

The condition for equilibrium in the vertical direc­
tion, of the torque spindle may easily be written, as­
suming a linear pressure drop across the test surfaces.
This expression will involve ?Q, 1'0 ana the 'weight
of the stindie. TLs total force on the test surface 
(the integrated pressure over this surface) may be com­
puted from the equilibrium equation using observed values 
of 1’ . P. end the weight of the swindle. It wouldO» j.s c ° -
be interesting to see how this experimental value of 
the normal force v-.rios with film thickness, end theory, 
n simpjLe taeory is shown on page * •>i15 the equipment

as it Is, it is impossible investigate this effect 
because the difference of large quantities (pressures) 
is needed. These differences cannot be read with the
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required degree of .precision necessary.
B. Coefficient of Friction

The coefficient of friction may be easily obtained 
by dividing the shearing stress (tangential) by the pres­
sure. Thus, instead of plotting Observed stress vs Ml,

h
the curve would show Friction Coefficient vsju? and would

hP
be essentially the same as the shearing stress curves
except with a different slope. This method of treatment
is similar to the usual treatment of journal bearing
data where the coefficient of friction is plotted against
A.tN where K is the rotary speed, P is the load, per sq. in. 
P
of projected area, and jg. is the viscosity.
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$• Additional fe’ork Concerning Film Temp era tores

A Silicone Oil waa obtained whoa© viscosity changes 
very alowly with temperatore. Curve C-62 shows the viscosity - 
temperature relation for this oil at 500 psi* The viscosity 
for the Sohio 35o. 10 oil is also plotted for comparison 
purposes*

Curve C-63 shows a comparison between experiment and
theory of the shearing stress* In this case the shearing stress
w~a calculated using the viscosity corresponding to the inlet
temperature T . For thin films (.0005 in. or less) the 

1
experimental stress is definitely greater than calculated.
By usxng the Silicone Oil the error caused by the nesting of the 
film has been minimized. A similar test using bohio Ho. 10 
is also shown and lies below the theoretical line,as would 
be expected, considering the heat generate^ in the film.

A method of determining the film temperatures by com­
paring the results of two tests run on oils whieh have widely 
different viscosity indices has been devised. This method 
is developed in part (m) of the analytical Treatment section. 
Cprv© C-64 shows th© temperature rises which existed at various 
film thicknesses of Test Bo. 8B. The several methods of 
estimating the film temperature rise are plotted for comparison. 
The ratio of torque method (see part (aa) ) indicates a cooling 
in the thicker films which is caused by a loss of heat from the 
film to the surrounding metal. This is not necessarily a 
general result but applies to this test only, is the film 
thickness is decreased more anti mor© heat is generated in the 
film and causes the temperature to stop failing and begin to 
rise. There is no doubt about the drop in temperature at 
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S. {Continued)

the thicker films because Carve C-63 verifies this. It will 
be noticed that the points designated bp crosses on C-63 lie 
alightip above the theoretical line. This corresponds to a 
cooling j.a the fils. These data have been corrected for the 
temperature rise indicated on 0-64 and h ve been repiotted on 
Curve CS-6S. This again throws the data for tnin films above the 
theoretical line and the data checks ^uite weil with that of 
C-655 for the Silicone Oil where the heating effect in the 
film is minimised. If the test on Silicone Oil (#93) is 
corrected for the temperature rise these two carves superimpose 
as indicated, by the crosses on C-65. Thus,one conclusion is 
that there is no difference in friction for a poor lubricating 
oil {the Silicone GilO and a normal lubricating oil {Sohio 3?o.lQ) 
down to film® of the order of .GGQ1S in.

The method of determining the film temperature used 
above solves the most troublesome variable encountered. This 
method does have some shortcomings showever. These are discussed 
on page . In spite of these, thi~ method has good 
possibilties.
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5?

i-ficrOoas iMP&ovjB&sais

As.mentioned earlier the method of definitely main­
taining and controlling a film of oil of uniform thickness 
is new and affords a means of making a fundament a 1 inves­
tigation of the laws of fluid flow in small films under 
the conditions encountered in bearings, and the effect 
of Surface finish, and the physical and chemical nature 
of the lubricant thereon. It is felt that further work 
using this method with refinements in design will lead 
to important information regarding the intimate details 

. of bearing operation. Experience with the present mach­
ine has pointed out difficulties and improvements that 
should be considered in future work, The following list 
of features are proposed to eliminate the difficulties 
encountered in the present machine, and to permit the 
extension of the range of operation.

Proposed features to be discussed:
1. . Supplementary Method of film Thickness Measure­

ment
2. Hefined Method of Calibrating Oacillatos .
•3. Auxiliary source of oil for supplying lea&u-e 

by the bearings
4. higher Spindle Speeds
5. Elimination of fibre bushing and alignments

based on these bushings
6. Thrust bearing for lower spindle
7. Filtering of Oil
8. Elimination of necessity of reading absolute

pressures to a high degree of precision. It
is only necessary to measure the differential 
pressures accurately.
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9. Consideration of measuring tne temperature 
gradient across the film.

10* Method of checking parallelism of samples.
11. Elimination of the possibility of small leaks 

from inside tne samples to outside.
12. Construction that will enable the machine to 

he operated up to say 40000 psi.
12. Convenient and Accurate Method of measuring 

speed.
14. Consideration of dissolved nitrogen in oil.
Id. Consideration of the break down voltage across

the test surfaces.
1. Supplementary Method of Film Thickness Measurement 

The capacitance method of measuring film thickness 
is desireable aecause it eliminates errors caused by 
expansions and contractions of the spindle. However the 
dielectric constant is involved in it and this may change
at thin films with various conditions of flow, speed, and
so forth. The change of dielectric constant with pres­
sure and temperature can readily be measured independ­
ently of the machine as was done for the present tests. 
The capacitance method could be used to measure very 
accurately the film thickness at say .0003 in. Then 
with the machine at constant temperature relative 
changes could be measured with a very sensitive electro- 
lim.it gage or other means. These relative changes 
should be measured very accurately at least to .000010 in. 
By comparing the increments of film thickness as the 
spincie is progressively lowered, as found uy the two 
methods, information regarding the change in dielectric
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constant and. resistance may.: be obtained. It would be 
interesting to -see if tne resistance approached aero 
as a linear function of the film thickness. The voltage 
should be kept low across the film to prevent arcing.
2* Befined Method of Calibrating the Oscillator

She oscillator should be calibrated (capacity vs film 
thickness) as accurately as possible. Consideration of 
how this is to be done should be taken into account in 
the design of the machine. She thrust bearing for the 
lower spindle can be constructed so that the lower spin­
dle will run "dead” true (to be discussed later) and 
will have a very definite position axially (no ball bear­
ings). The torque spindle should then be wrung to the 
lower spinale. With the samples wrung together the 
"zero" reading should be taken on a suitable gage or 
electric comparator. The comparator should indicate 
on a removable block (say a gage block) which is wrung 
to an accurately lapped surface of the torque spindle.
To work through a block is necessary because the block 
can be removed at which time the spindle may be raised 
without danger of changing the "zero" setting or damag­
ing the indicator. The spindle can then be raised a 
definite amount >by pumping a small quantity of oil 
through the samples or by providing a means of setting 
the spindle at definite film thicknesses. It would be 
best to have facilities for using boon methods since they 
could be used to check each otaer. S-I2 shows a remov-
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able plate screwsa onto the end of the spindle* Sage 
blocks can &e pu.t in on the accurately lapped surfaces 
as indicated. Using a setap of this type the oscillator 
could be calibrated very accurately.
3. Auxiliary Source of Oil for supplying leakage by the 

Bearings
As pointed out earlier at high pressures the Leak­

age Plow through the bearings is greater than at low 
pressures, This means that the chamber surrounding the 
samples with pressure in it must supply the leakage 
by the torque spindle and by the lower spinale. As & 
result there is a certain minimum rate of flow required 
through the test samples which limit the range of film 
thickness and. oil temperature in the film. Consequently 
there should be an independent supply of oil for the 
torque spindle bearing ana the lower thrust bearing (see 
S-12) to partially make up the leakage flow.
4. Higher Spindle Speed

She design should take into account the power re­
quired to drive the lower spindle say up to a speed of 
2000 RPM. She bearings must be long ana tne clearance 
close to offer a high resistance to the flow of oil (es- 
speciaily at 3Q000 or_40uGG psij• However tne power 
required can be calculated fairly simply, at least ap­
proximately. The relative snermal expansions of the 
spindle and bearings should, be given consideration.
The spinale might oe made of Invar or an al_oy with a
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small coefficient of expansion.
5. Elimination of Fibre 3ushing3

It has been found, very difficult to maintain pre­
cision alignments across fibre bushings especially when 
under pressure. One way of insulating the upper test 
samples is shown in S-1&. Here a quartz disc is lapped 
flat ana separates the teat sample from the torque spin­
dle.
6. Thrust Bearing for Lower Spindle

This bearing must allow the lower spindle to ran 
absolutely true. Ball or Tapered Holler Bearings are 
not sufficiently accurate. One possibility is to have 
a shoulder whose faces are accurately lapped fiat and 
square to this shoulder. A small amount of vertical 
movement of the spindle is tolerable provided the move­
ment takes place with changes in pressure or oil flow 
and not with every revolution of the spindle. Only at 
the time of calibration is it necessary to have the 
thrust shoulder well in contact with the lower locating 
surface. Ill of these surfaces should be hardened, 
ground, and lapped until they are absolutely flat and 
square. Provision should be made so that an indicator 
can be mounted on the bottom spindle somewhere for in­
stance on the sheave to cneck the axial movement of the 
lower spinule as pressure is applied. Knowing this 
and the two readings of film thickness from the upper 
spindle the actual film thickness should be relatively
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certain. The clearance between the thxuat faces and the 
mating surfaces of the thrust bearing should be kept very 
small. She Hydrofilm bearing may be applied by putting 
two annular channels in the locating surfaces and feeding 
tne oil from the periphery toward the center. Each "pres­
sure pick up" channel la connected to the opposite "pres­
sure area."
7. Filtering of Oil

This problem is self explanatory, Tne equipment to 
do this is another story. However there are types of 
absorbent and magnetic filters which could be designed 
to operate at high pressures. There are also types of 
porous rock filters which may be tne solution to this 
problem.
8. Elimination of necessity of measuring absolute pres­

sures to a high degree of precision
In order to get reliable data pertaining to the 

pressure distribution across the test surfaces it is 
necessary in the present machine to measure not only the 
difference of large pressures accurately but also tneir 
absolute magnitude. The measurement of the difference 
in pressure to say 1 psi is a much easier problem tnan 
measuring the absolute value of a large pressure to I psi. 
By making tne torque spindle as sko‘«n in S-12 the equil­
ibrium equation for the spindle can be expressed in 
terms of pressure differences only. (See page .) It 
is quite possible to make very sensitive pressure dif­
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ferential gages to operate at high pressures.. An men­
tioned before the differential gages on the present mach­
ine are not sufficiently accurate to get reliable u&fca 
for comparing the rates of flow. This is ■ .important be­
cause the surface finish undoubtedly affects the rate 
of flow.
9. Consideration of the measurement of the temperature 

gradient across the film
The actual temperature of the metal on each side 

of the film has an effect on the temperature of the xilm 
itself, lata of this sort is necessary to use the ex­
pression derived for the film temperature on page •
The surface finish probably has an effect on the heat 
transfer properties of this film. This is also an im­
portant question. It would be no trouble to put a small 
thermocouple in the metal of the upper sample but one 
in the lower sample would have to have its iead3 brought 
out through slip rings (which apparently aren't satis­
factory) or perhaps electrodes in a channel of mercury.
10. Method of Checking Parallelism of Samples

In the present machine the torque spmule bearing 
is mounted in a fibre bushing and the spindle is |-n in 
diameter. There is enough flexibility in tne spinale 
to absorb errors in parallelism be tween the sample of 
.0001 in. or less without, making appreciable error in 
the proper functioning of other parts of the machine.
The surface of the lower sample can be checked by put-
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ting a sensitive indicator (better than * 0 0 0 1 in. indi­
cator) on it and by wsweeping” a large diameter circle 
on the lower housing with the indicator f&sf'eneu to the 
lower spindle* 1  special bar may ae required to indicate 
from in order to check the squareness of the locating 
face of the upper housing. These mating surfaces should 
be hardened and lapped until they are dead true. The 
torque spindle should have an accurately lapped shoulder 
so that the upper housing and spindle could be turned 
upside down and the test surface indicated from the 
locating surface on the upper housing.
1 1 . isllimin&tion of the possibility of leaks from inside 

the samples to outside
In the present machine the upper sample is bolted 

to the torque spindle. Two of these bolt holes extend 
clear through the shoulder on the end of the torque 
spindle. The uesigh shown in S-IS eliminates these 
holes. The mating surfaces should be accurately lapped 
to prevent any leakage besides for the maintenance of 
parallelism.
IE. Construction that will enable machine :.o operate 

at high pressure
wish tne crimination of fibre busing tuere is no 

particuxar trouuie In v*ithstandxng %0Ju (j psi.
In. Convenient and Accurate way of measuring speed

The problem here is self eaiaent and there are 
many oay s ox &ccompj»r<a».i>mg tn-'-s n. ■. t- .jj. ->r &. s xoxx way.

14. Consideration of dissolved XJltrogen in the oil
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In the receiver oil cot.es -uto contact with Eib- 
rcgen. at high pressures and some dissolves. This dis­
solved nitrogen comes out of solution v.aen trie pressure 
is reduced. This f&ct mares the control of uniformity 
of the oil difficult. The z-eceiver with nitrogen and 
oil in it is very necessary. One possible cure would 
be to separate the oil and nitrogen by a flexible mem­
brane of neoprene as shown in 8-14. She membrane and 
mounting should be free to slide in the cylinder.
15. Consideration of the Break-down voltage across the 

test samples
There is a good possibility tnat arcing across 

the film may occur especially with rough samples when 
the film is thin. A simple experiment was run which 
showed that the oil broke down at 15000 v. and about 
1/8 in., i.e., hbout 100000'. volts/ inch. Assuming this 
break down voltage to vary linearxy with spacing , 1 0 v. 
would break down a film of .0001 in. This may explain 
the ^shorting" of the oscillator at thin films with the 
rougher surfaces* The voltage across tne test samples 
varies from about II volts at very thick films to 5 volt© 
at about .0002 in. The variation of voltage across the 
condenser with film thickness is caused by variations 
in the effective impedance or a cropping off of the "Q,n 
of the circuit.
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ANALYTICAL TREj\T26EBS

On the following pages certain problems pertaining 
to the machine are treated* A list of these problems 
follows:

a* Coefficient of friction bs xi?
W

h« Simple expression for torque transmitted by 
oil film

o« Shearing stress, observed and calculated
d. Simple calculation for temperature rise in film
e. Equilibrium expression for spindle of old and 

proposed machine
f* Simple treatment of rate of flow and pressure 

distribution
g. Solution of Equations of Yiseous flow in Cylin- 

drioal coordinates
h. Development of Equations of Flow for variable 

viscosity
i* Development of Heat Equation for variable vis­

cosity
j. attempted solution of hi and i by one method
k* Attempted solution of h and i by separation of 

va riables
1* Simplified treatment of film temperatures using 

Newtonian Cooling
m* Method of fiev suring "Pi Lra Tempers tur e
Nomenclature

Same of these problems, notably j and k, have not 

been carried to a successful conclusion* However what 
has been done v/ill be indicated.

Section (a) shows the simple derivation of Petroff*s
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Squation for journal bearings involving the coefficient
of friotion as a linear function of the dimeasionleas
MSoaaerfeld Variable*5 /iE» fhi© equation is good for a"I?
Journal running concentric wi th its bearing* Of course 
as a Journal is loaded it ceases to run concentric*
Thus the circumferential variations of pressure, oil 
velocity, film thickness, stress, and temperature, effect 
the Sommerfeld Variable in a composite way* The fric­
tion coefficient for the plane annular surfaces is derived 
in an analgous wsty. As mentioned earlier if the ex­
pression for the friction coefficient is multiplied by 
the average pressure on the surface the expression is 
reduced essentially to shearing stress as a linear func­
tion of juY« Values of jeV for the annular surfaces should 
not be compared with values of without caution* One 
variable takes account of the changes in viscosity with 
pressure-and the film thickness while the other does 
not do so specifically* The point is to separate these 
variables and observe their effect as one is varied with 
the others fixed or known.

Section {b) shows a simple determination of the 
Torque transmitted by the oil film. This expression 
when solved for the viscosity is what was used in mea­
suring the viscosity, the data for thick films being 
used for the viscosity determination.

Section (c) needs no comment.
Section (d) shows the derivation of the temperature
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rise in the film ceased by the tangential shearing of the 
oil and also the radial shear* From equations 3 and 4 
of part (g) it is obvious that the pressure drop is in­
dependent of the tangential motion thus it seems reason­
able to simply add the heats generated by the two motions* 
This is also the basis for neglecting the radial motion 
in computing the torque or viscosity, and the tangential 
shearing stress, usually referred to simply as shearing 
stress*

Section (e) needs no comment*
Section (f) shows a very simple treatment of the 

pressure and velocity relations for the flow between the 
teat samples* Here as before the tangential motion is 
neglected. The expression for the pressure turns out 
to be very nearly linear although it doesnft appear so* 
This pressure distribution is shown on C-£5. The rate 
of flow as computed from these calculations is shown on 
C-24* This theory agrees quite well with the more gen­
eral theory in part (g).

Section (g) was worked out with the idea of sub­
stantiating the elementary treatment (f). The expres­
sion for the rate of flow compares fairly well with that 
of part (f). The expression for the torque turned out 
to involve an extremely lengthy computation and so was 
not carried through.

Section (h) shows the general equations for vis­
cous flow considering variable viscosity. These equations
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are much too complicated to solve In any ease except the 
most simple. She case of oil flowing between two fiat 
plates was chosen. There are several conditions that are 
somewhat analogous to the state of affairs in the machine.
One of the plates can be considered as sov.ng relative to 
the other, or the* can he considered as fixed with oil being 
pushed between them.

Section (i) needs no comment*

Section (J) shows one method of arriving at a dif­
ferential equation for the velocity. Other methods were 
tried,but they, in all cases, became very complicated.

It la not clear Just how to satisfy the boundary conditions 
chosen. Perhaps progress can be made under other boundary 
conditions.

•

Section (k) shows another equation for the velocity.
It is not clear how to select the cf* ’a &nd the A and B to
satisfy the boundary conditions.

Section (1) shows a simplified treatment of the film 
temperature. The assumption of a uniform temperature dis­
tribution Across the film is made, liffieulty in applying this 
theory is caused by the fact that the film coefficient of heat 
transfer k is not known and that the temperature of the metal 
on each side of the film is not known.

Section (m) shows a method of determining the effective
temperature of the film. This method takes account of the heat 
generated in the film alright, but it only partially takes account
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of the heat lost by conduction. In order to aetermine the 
the temperature which corresponds to the ratio of toruu.es 
some relation between the temperature rises is needed. She 

relation used is essentially that derived in part id), this 
relation neglects conduction* i more accurate expression for 
the rise in temperature would be

£ ©  s tt* —  r  ....._ _

where the first term on the right is due to the heat generated 
and the second term due to tne heat lost Cor gained), by 
nj$@wboaian Cooling'1. fhe trouble with using this expression 
in the method is. that St- and 3 are unknown. S?hey cannot beP* ft
measured readily on the present machine because of constructional 
details, fhe effect of heat generated and of heat lost is 
reflected the measured ratio of torques, and it la in this 
way that the method of torque ratios takes account of conduction.
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.a) DDCNSIONLESo PR1CT tCii iOPPPIGirElITS 
P ot* Journal Br-s's

ft = J L  S P. = w
ij
2,

f = f+. = 2 T*
*n ^

= 2 l/2AiKE5
CO2?*

f = 2fi2 P uN /petroff's
C ? ^Equation

Where
fj. = tangential force

f = frcri.ial force •-= W
f = coefficient of friction
Yv = normal load

T - torque on journal

D = diameter of journal
C - radial clearance
AX = coefficient of \iscosity
p = _vi -■ load per in2 of projected area

D ti

N = s p e e d

*T =t/"" D L 7ulTD ̂ for a centrally .located 
C V

journal
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lIMhNSIONifSS FRICTION COEFFICIENTS
For Place Annular Surfaces

ft = JL- = 2T - £ fV £>uN fn4-r
r^iro ' rjTro L 6(̂  0 J

C*

fn - (Io+Ll)'*' (r^-rf) = Pawg ̂  (rx2 -r02)

f = £JL =. r+rp »- 6 Oh  ______
Pavg (r^-ro2 )

= 2 7f j r-,2 +r^2 \ .uN
|6bh (rx+r0)J Bavg

= 2 (ri2 +r,^) /i 2/lf ( °§. 1)N
WTrt+rSW ~ h “F— ----

Where

*jiZ±2& L * >  h i ____
i0lrV+ro)2 h Pavg

T = torque
ri+rn = average radius of test samples 
2

P0 = pressure inside samples 
Px = pressure outside samples 
h =■ film thickness 
V = surface speed

T =.-j/̂ 4 N (r^-r^) by a simple integration 
6 Oh

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



b) TORqUB TRANSMITTED BY OIL FILM.

H OMEN G IiATUkii.

H'S Speed (EPM)
Sr Viscosity (lb-sec/in^) 

F 2 Force (lb.) 
r s Radius (in.) 
h 2 Film Thickness (in.) 
ro* 9/ 8  in. 
ri= 5/4 in.

By He Vv ton’s Law 
F a yaA (~J

dF = >i£j£rdrv
E

dT = rdF ~ juBYr^drv 
rx ^

■S - f nEffr2 2<rH dr 
SUEJr.

= 47? nN ^ r3dr
bOh •’iv

- 4-tf2>zN i r ^ - r o 4 j 
" ^5EbUh L J

. 2 
Y  xtN
~TUR v4;

4
<E>

= . 84 Y V N
“SUE

M 60 Th
.jUI? 2 I with T in in-lbs

60 II
,&4iT x 454 ’ H with T in m-gr

= .015S5 x 10-2 Th 
' H
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c) SHEARING STRESS
Observed Stress

The observed stress is obtained from the torque as
follows:

Stress = Tangential force 
" Area

<r • = f ±. =  L  = t ___________
a r  r avg. r i+foTrf T r  ,.2 -ro^T

S' = «S03 T where T is in in-lbs, <r" in lb/in^ 

cT' = .00199 T where T is in in-gr, £~ in lb/in^

Calculated Stress

Consider the axes situated as shown 
and the upper test surface moving 
in x direction with the velocity V.

A z -he components of stress are given
i ! W
| ; *! ;PV

 -> y h = ,u  (— i + 111)zx * V; Z /

A s suniing

vz ~ 0

til = 0 ,T
-yx zx
^ vx = 0
<?Y

where vx is a .
of z

«*X - „ 1
gTzT  h
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THEORETICAL HEATING OP OIL FILE! 
d) NEGLECTING CONDUCTION

A,) Keating by Tangential Shear of Oil 

By the Conservation of Energy 
Energy Abecrood/cc = Hass x Sp. Ht» x h T  

Energy Absorbed/'sec = x 2tfr x N SGC< [in-gr/seci
n.

~ ^ir.-gr x ^  x ^sec.
= -in-or x fiTU/s ec]

~ “ in  -  (rr>Np-DT.T (— -i123^54x778x60 j3TU/s q c ! 
= .247 x 10~7 TN

Energy Absorbed/cc - Energy Absorb.ed/sec
Rate of FIovT Tcc/sec)

= .247 x 10“7 TN 
K~

£  BTU/ccJ

Then

i  T = Energy Absorbed 
Mass x Sp, Kt.
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i. m = ,8£? x 1 0 ~? tk
u .977 x Sp,Ht. r

Sp.IIt1 = ^ 5j?0045t) BTU/GR/°F
For d = .877 

t = 100°F

SP.HT. = .00109 BTU/GR/°?
- T = .247 y 10-7 TF

.377 x .00109 T

/\ T " .258 x LO'4 -Til f°F)
P. '

B.) HEATING BY RADI AT, SHEAR OF OIL

Starting with Bernouilli:s Equation.

0 -
hl + — =■ - -92 ^  ~  ^ Losses (ft.) (Per Lb. Basis)2g

Hi ■= p 2 A ndj do ' Q Slnce V 1 = v 2 = 0

q = pL -I-?2 (xt-lbs)/lb. Since d1 - d2
(incompressible)

n - (Pi " P2) x .877 ,
Q ~ 778 x 454 x d ’ iBTU/cc)

T,'here p (lb/ft2 )
d (lb/ft3 )

^ .377 (?1 _ ^
'-Tie re p 

d
(lb/ln2 )
(Ib/in^)

12 x 778 x 454 x d

1 Oheir;. Ene'rg. Handbook - Perry P-2375
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& t = Energy A bsorbed 
Mass .x Sp. Et.

iPJLi_h r }. ZL ____________________
776 x  4o4 x a x  ,t>77- x .00109 x 12

••"Tiere a (lb/in0)

_____________(Pl_- Pg)__________________
?76 x 464 x  / 2 .  3 4 ^ 4  .00109 x  12'

454

'Ohere d (Gr/co 1

_  PI ~ PS________________
776 .x ( 2 .5 4 )3 x .877 x  .00109 x  12

£ T = . GCS87 (p1 - p2) (°P)
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e) c o n e i t i o k s fo r s p ikdl s

P re s e n t  lia th .ine / F -  0

' ^ - c + ^ i ^ - x - A j + v J  = P0A0+P^+P3L(A 1-A 0 )

-The a b s o lu te  vs In - i  a o f  th e  P 's  a re  
needed h e r o .

7/ j s. che w e ig h t  o f  th e  s p in d le *

A reas  on S c in b it '

Proposed h r ? n i.no

ZThe - r o b  Ten. xz t o  f.'r .c  !.V>.c- cor.cli t io n e c : i  th e  A 's  t h a t  
w i l l  p<£^vlf bus c o u h  i.v',; actuation  to  bo e x p re s s e d  i n  term s  
o f  p re s s u re  d i f f e r e n c e s  o n ly .

The above c o u r t  I  on n ay  be tor i t  te n  

P/c+PiUi - 3  )+*> - t G j +
jC*.

PCAC+P i  ( x“-'Aj  ■■ ' A A ;,y. c = A - - nr, I. i   ̂- ? 0 j

l'c±lc~^oAc : ; ~ Aj-~An(F3 -Pn)

W+A0 (Pc-P0 )f(t3 -hs)iu-(Ax-Ac)b0 = A--iValP?.-?0)
rc-

I f  o n ly  pro  j r u r e  d i f f e r e n c e  w i l l  he
in vo lvo d ,.

Thus A s _ Ac w i l l  per..:! L t h i s .
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f) PRB SSU5B f !JD VELOCITY RELATIONS 
For Redial Flow Thru Test Specimens

Distribution
Upper 

. Sample<1—  I »■ ■ — ■'

Tahing the a_-.es as shown and considering the 
equilibrium of the element of volume

Force downstream due to pressure = Fi - Fg

= (P + Sp)r d© dx - p' (r *..dr)d0 dx 

- r dp da dx. - p dr d0 dx

Shearing Resistance - -s r d© dr -f (s + 1-2. dx)r d© drP x
iiS 

= ̂ X r d0 &r dx

Force D ovmstream = Shea ring Resistance
(Neglecting Inertia Forces)

r dp de dx - p dr d© dx = || r d© dr ax

r dp - p dr = || r dr But s = >u R

r dp - p dr - Air dr
ê X
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If we assume v ~ f (x) only
and p = f (r) only

the ahove equation may be separated into 2 parts (i)(ii)
Since the left hand side is a function of r only 
and the right hand side a function of x only 
both sides must be constant.

(i) Hr ~ r = 02 (a constant)
Multiplying by ^

I SE - E r dr r 2 r

(e) -dr (r) r

| =<ln r + C]_

Applying the Boundary Conditions 
P = p0 when r = r0

P ~ Px when r = ^

Give finally

P = ga r - F-SfrjT— r l n £-
0 rlro ln 'II 0

.2
(ii) m  ~~~2 = <Cdxc

dv _ c
as - z  * * c2 

T * &  f  + C2 x + cs
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( i i  C o n t . )

.Applying the boundry conditions
0 bben x =

d.v -- 0 ’'Tien x = 0 

Give finally

v porl r„r2 " °
2 a  r-. r  

.1. o

_ /u2
in :_i 4

Now the rate of flow is

R ={
UL 
' 2

h
v GA = 2 { v dA 

) o

h
&

_ gj v 2*̂  (ro _t. yj dx
J 2J o

h
2

^  t LPo.rA - ^
2/i FjTq In _£

J o

v 2x ) dx

R = if (ro + r2) .- pPrl plrQ2
1 2 ja v, In -1 o 7

1
3
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g) BQIIATIOITS FOG VISCOUS T-:" ISBN SAMPLES

!• tfp _ / i v ’̂o | General e q fs. of viscous flow for 
n a n  incompressible fluid. (Neglects 

2. 7̂. q =s 0 j inertial forces and assumes con- 
j scant viscosity.)

No.l Becomes in cylindrical coordinates

|£ , ̂  4 l- % IE + i,
dz n  - r 3r r 3<?e y y 7

I q 0 1 1 £^9 X 1 <?q 0 , ^ neN
r 58 "  ( 7 7  + r 3r- + jB 58" + 9 ?f)

= ;U (̂ L5-Z. + I  + 1 <̂ Z  + ^  q g )
a r 2 r r2 '3 8  5 z 2

From the symmetry of the problem

| ^ r  = 0 ^ 0 0  = 0 = 0 and q 2 = 0 (assumed)

Hence the equations become 
J3'T. §£ = M  (5_3r 4 1 dQr + d2 2 £) 

«r vJ)re r ^ 2s'

A - , 1 3<ie , 5Sie
a r  f

5- <|E r 0£?Z
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Solution of Eq. 5
Using 17.o_ = 3 and the sy&mstry properties

(5) become: <ie =c?r ,u
n vk '

3a

Sinoe I iL(r qr) = 0 (ByV.q = 0)

r a.r “ f (7-)
q-r. =

r

(3a) becomes :j|̂  = m  + i d .f.(g)-)
: rl dz

This may be integrated immediately i.e.
Pi 2 „ - rl

= - f  f(z) fi] + ^ 4 - 2  [in rj 
Po 8 L ^ o  dZ L J

or ai frx 2 - rQ 2 [ n  d2f(z)
Ap ~ 2 |ri2 r02 ! f(z) ^ l n rc dz2

where zs.p = pQ -

(3b) or-Ap = K2 f(z) * L d 2f(z)
dz2

? >u !I'Tiere K ®  2 ‘
r 2 9| rl ro

„  "2~T"S rl ro ,
L2 = /a In rl

Eq. 3b is a non homogeneous 2nd order linear 
equation with constant coefficients
The reduced equation is

j2 f rr2
+ 72 f = 0dz^ L

The solution of which is
f _ , sin k , 
f " A cos L 2
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4  pA p a r t i c u l a r  s G l u t  m en o f  3b  i s  f =  - -
The coiHplcte sc3 u.t; cn of 3b i

■? -  h
S.! O 
COS 2  -  & &

K2

(3c) or q = p a ^  £ z -  % £cos

Placing; the ovigrn. midway bs tv/sen the test sur­
faces gives the ô3 lowing bounders’- conditions

,-i i9Wnen 2 v -r-— * 0
- 9 <lv = 0

Using these to determine A in (3c) and selecting 
the cos. s oiut i on g ive s

(3d) qr rK'
; ccs z
! W~~
I 0 0 5 L2

- 1

The rate cf flow is

fZ
q ~2\ o. .27!"r dz•• f

J o

Using (3d) and integrating gives

Q = 47f £■ p
K<d L 4- Kh h tan —  —ro x<■ L 2 J

KhExpanding the tan into its series gives

47T /l p h3 r(3e) Q = 24 1/
u  2 fK? rhq2 + 1 7 ^ 4  h 4 1
1+ 5 % ’ (m  + 1 0 5 1* x
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Putting in the -values of K ?ijd L 
and dropping negl.igibi e tsir&s of the series gives

* n S 3 A ij P  .1 v0 = ^ . tJi? (i n °/s ec >
£-r'd r.-, - 5P -W. ,rx^-r0c r . jnru — n~ ( ~>a-j — 4 -1- *±K, Y» _ £*r±c . 9r0 - 8 in

- -075ju

Le - X L  l r .  I k  •■= .1055
ro

ju

SOLUTION OF 10» 4  

The variables may be separated by assuming

%  - ft (r) Z  (z)
Substituting this into -4 gives

Ell 4 1 R1 r , &[* __ __ If,2 vherelTis a con- 
^ r R 2 ~~ stant

This gives two ordinary equations

(4a) r2R ' ? + rR* F  f 2r2 R = O
Ec. (^a) is Bessel's Eq. of 

order Zero and Bessel Func­
tions of order zero are a 
solution i.e.

H ^ Jo (

(4b) 2 ”  - 2 = h
This eq. is easily solved by 
assuming 2 = e 3’4'giving

2 n * cSh * z
Choosing thg origin on the stationary sample gives 

the Boundary -Conditions
1. T;,hen 2 = 0 29
2. vThon Z = h 20
3. "hen T = rl ae

(aJT1 
m —  2
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A particular solution satisfying B.C. 1 is
/ "I

B0 - A i q f5r) sink Ifz 4- pt~~ z <€/

B.C. 3 is satisfied ii J0 (20n) » o i.e. if the Yrji's 
are the zeros of J 0 (aTr̂ )
This gives a set of % T s sayX- "-here j is 1,2,3---

B.C. 2 will be satisfied by taking a sum r nd deter­
mining the coefficients i.e.

<30 _

(4c) q,g = A_. J 0 (ujr) sinĵ  ^  z z

when z = h q0 =* f(r) where f(r)*= ^ <'T°° ' ' v cjt for r0 <r<ri
*>a

thus f(r) = <d_ (Aj sink h) jQ ( jr̂ r) + &ori
tj * 1

o*>

or F(r) - f(r) -u.^x - 2 —  (Aj sink ^  h)J0 (y^r)
3 1

The Aj ts are determined by

(4d> AJ 31,44 * *  ^ r f e ] 2 C  dr
t t/

The final solution is Eq. (4c) where Aj’s are 
determined by (4d).
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The shearing stress cr' is given approximately by

Lj=l

The tor quo on the s;? fl onary sample is given by

which results from substituting (5a) into (6 ) 
and integrating.

Eq. (6 )owill give T in terms of ai,U> , h after 
and jfrhJ^ ,jr) hr have been found. They may be 

found in a straight- forward way by computing their 
values from the series which they involve. However 
this is extremely tedious.

x
2 —  Aj U  I r8 Jo (r3F) dr
j*l jV©
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Def

r

W-s

h) EQUATIONS or PL-fly FO?. VPPTABI/5 VISCOSITY

The s tress system oi-ocaczc- by pressure 
and yi >?cvs forces ~>fcy be ropr&r.ented 
by (521)

(T ) - -p I -f Dei q
li:rhere

UX ~ f vy ~ %  VJZ jr(uy + vx ) ~(uz +
I

i y  | § (v* + V  I e  «x - 1 ** |(v* + wy)
\ j

'|(U3 + V/x) |(VZ 4 Wy) | wz - | Ux - | Vy /

Computing the x-Coisponent of Force for an element 
of volume and setting it equal to the inertia 
force

f* it = " px 4 2 [Lm* - \  (ux + Vy + wz|

4 j |  &- (vx 4 uy)j 4 §i + wx]

= -Px + 2 4 a|t(vx+uy)1 + £ & ( u z+wx)|

Since^  , q = 0 .
This becomes

?  rt “ ~Px * s f t  + 8 uy + 2 uz 

4 3 4 1 ^  'a 4 (7x(fi £) )x_comp.

Adding the y end z components gives 

Ea = -X7 p + 9 (V/JL ,v)q ? / i 7 2q 4-^x (yU'T'Xff)
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Neglecting Inertia Forces

V P = 2 ( <7/a. .?)% i. q, q)
'v p - 2 (Vp .v)q -f m V *  % - (V* Q) x Vju

te’.C Cojjy)

Consider the £ I ow in one direct hr.: between 
two fl at plates as shown
y*- , , ,; R/here $ is a function of y
!___....... —> o only and ̂  is a function

of x and y•~r—'-'-T T'. 7  v —
The sbovw eq,. becomes

1 . t  = 2  f - t i  f t + S f  J * ) ^  i t

+J f  ( §  - I f )

r 2 (%x± d l  -y43i%I.\ . w  (c>2v £ 2v .tfx r>x *»y o V  + )
+4A1- r-̂ Lsi - vi<2 - '•c?y &  X'

/>USince v = w - 0, jx * 0 and changing notation u —» q.

la 'StE- = 2t±i <££ + q .. <5 ( Aiq») , dq
J* -?y «?y ’*here q« =

Sa ffi )
^y <*V

la

2 a

icr a one a
4?P =- 3_{ ;

c>7

<r)p - j£.( /
3  7 ~ 3 *
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Consider an-element of volume abed movmn with the ihuid. 
q + dy

7A Ih  : c./- . j?xr*t computing bne net v*ork
dx done on dV in time dt,(/d 5 xP

au ___
^ /m_' is the stress*

x

dl/V = - îq.* )q,dx dt^q+j^d.y) !/io 1 rs )_(/lq1 ) dy)j dx dt
h £;■/ my

+ pqdyat - (p 4 ax) q ay dt
<2x

r (/<l'2dy 4 dy + Q.* c) (mci’) by2) dx dt
<?y c>y

~ cjP $ dyidt

c /nj,2dx dy dt Since e>P 9 by la
<Jx "Sy

Now
•'~-Heat Out 4 Heat In 4 Heat Generated - Mass x Sp. Ht, 
x Tfimp* Rise

-k J|>** it jt j-|s * ̂ | g >  djj at

p
dx dy at ̂  b c ^ 6' q. dx dy dt

7  7  JZ

Neglecting Conduction in £ux-ec44£>n of Flow
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Hence
^ ̂  $ >aq » o c q
Jy 2  J 7  a*<?y

Dote:
The heat carried into &7 b,y virtue of the flow lead to terms of higher order thus

i i ■ <1 dt =>
c b
d a

-b ' c eT
k

Heat carried into abed 
by abb* -- Qc^r dy (©>£ dy) a dt

7 ay-

Heat carried out ' , .̂ q
by dec' : ; c t  dy^fS  I  ^ i y } dxjUMgka*}**

Net heat in = -pc dy2(<aa q T dx + 4* d e dx + <Pq ’dx6) dt 
7 2 '"<?x 5x 5x

a Terms of Higher Order
Also if a eoor. system i$ attached to abed then the trans­formation eq’s are

x = qt -f x 8
y r y ’

and the has the same form in either 3et»

If we assume >u is a linear f unction of €> 

j± 3 b - a S3 become®

This as a special 
case of eq. on 
P 314 hef. 33.'
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j) SOLUTION OF EQUA.TCCT/S OF £LQZ
A]vt)

KSATEOO +.T,'.OE

Eliminating p from la ana 2a gives
4. !) ^ 3;a 6ua>)

The two eq.*s. to be solved are
i>8 (m. 0  - v̂

2y kj <5x

1st Method
The solution of 4 is yuq* = f-j_ (x + y) + fg y) 
Substituting tnis into 3a gives

And where the L.H. side is the sum of the above 
coefficients acting on f]_(x + y) and the coeffic­
ients with the encircled signs substituted, acting 
on f2 (x - y).

Thus
A f l "  + (33 + O f p ’ + Efx + .Af2" + (-B+C )fg’ * F,f2
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Where And
q 1 ^y etc.

E = - (q 1 ! ) 1 - Kq*



The foregoing equation is 2nd order with constant 
coefficients if y is held fixed.

•/AD2 + (B + C) D + e) fx = ~f~A£2 h- (B-a) D ~ pj-f2
'"here D is the ususlf differential operator ^du

f-, = /-I + — — ----------  "f
1 fid ' + (B t C ! D 4 S f

j

Jiq< = i fg = f _ 7_ ? B P ------------- V  f2
}Air + (b + c) r + Ej

whose solution is
5 /iq« = hx - hg

where
2Br-, r r-i x Jc ri(x-t) -

hl = a J t{ ~ 2) } ̂ (y) 6 * (  e * 2
}°

h* -  r - ( g r — ) \ax(y) . rs*  / 3 ( x - t ) f 2 ( t , y)dt-

J  °
And _

-(B4-C) ± VfB"T~cjfe - 4  AE 
r = 2A

■ Q . f (y) an(̂  (y) a^e arbitrary functions of y
Now to get information on the undetermined functions 
in 5

Substituting 5 into 4 and setting x = 0,since 
this will be an identity gives

6 U "  * B_*_0 V + | u = - Cl f 8 (_y)
A'

ii A '*‘2■f f* i / \
x 2 ( - y )
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Where
TT 2B . / - - s _ *\

A r̂j, - Tf>) V i  J-,"''1 ~ rZ

v = 2BA (rx - rh) ( v y  Q  - 1 - ~ 2 Cl, <*0

Similarly substituting 5 into 3a and setting x = 0 
gives

7. O' - V = f -  tt (-y) -a i2 < (—y)

Now consider the ,,3erncuilli?' condition at the intake
.2£ + IL_ - Constant

Hence

But

<fy By e9 fs. of> flow

> V + S& f, ( —y)

v = - ! qq' - ¥  fs
Substituting this into 7 gives

U ’ + f  q a ’ + J® f8 (-y) - S S  f8 (-y> -8f2 ' (-y)

U = - g S|. -s f2 (-y) + c.
Putting these expressions for U and V into S gives an 
equation fc-r qi'y) (The velocity distribution).

8 - £ ( q q * P  + ly oq< (2<T 4- /}q)-(cr a '2) jf 3." -C-,6 “ - jg 2 JJ

-Kq»2) f2 (-y)-4 ;7“-f.j> - 2 fg'f

a ' ’there = -1q
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k) SeiUTIOli BY SEPARATION OF VARIABLES

3  a) 2> jx —  K axxT
5 y l

*2 -y\R £L£b. s $
ax

Assume ĵu - X(x) 7(y)
3a becomes «, ^

XY ' —  KoJ^XY ~ A q Y X '  , a
Which gi/et
9) Y —  (Kq’S —  »‘q) Y , 0 end

A 4 1 + « s • °

Where \  is the separation constant 
the X-Eq. carl be integrated giving

=j£ x X * Ce >  X
Eq. 4 separates into

It ' "V" 2  2
U a i W s  J C  r (-*■ )
Yqr X A

Which gives
J? v 4 Y 2Ae Be *

10) Y J "■■■>■ where r C ?  T“qt A
Substituting 10 into 9 gives

z' o 2.52 - K q * 8 -«4q ,
! ------------------------------- —  ( 2 -  „ ) *  —  2 C  ± i f

q r q"* q? 2 1 Ae
S*Y

( S 2 Kq,2.+XS« / q "
~  [— r z \  +  &$ L. ( ’$Yq* - ^ 2 r Be = 0

q’ J
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3.) TREATMENT OF .FT LM
TEMPERATURE USi«5>’’MEW?QNTCOOLIWG*

t
s/;

- l_ -</ > ' 'At/'/
r*- ° * ■ <■

tvYO pls.t~"
■■■ ' - Lo’-ni.; the upp^r 
v *. s r?p r j th

v : . c. v. i ;y 7 k  z 
' ..' .•■ C t .. ‘x? flOW3
•).y t cution and 

tetv.jercaxurc S ' 
v" I'ic- o wi th x only .•

Heat Eq.
1) p  c Q © +• 1 dF -V tjp c (©+■ ff~ - 9) dx

« x  •

Where (> «■ Rate of Flow
k s Film Coefficient

s But ,, .
dF = x) jj -dx (Unit Width)

l) Becomes
r2d© { k . aV ip k©< bV^

dx ̂>cQ hjj»cQ; 5 jpcQ j?cQ£J

Assuming yU ■ b-a© 
The Solution for which, with ©0 Inlet Temp., Is

B , ~Jx, . „ “Ax
© 5 ' A { I -e ) + ©ee

Where g
kQjhJ + bv 

b r joqwr
. d5fiL*jaL.

■* - jcQher
Now computing the force per unit length

VF « r—  f dx where t is the width of
♦ J «„  ̂ surface

V f F° aB *- “Ax

Finally _

■

) *a%® 'AXJb - \ ~ 11 - e ) *a©e ' J dx

f * (a©, - 1 ) (e ‘A t - 1 )l
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Consider two tests run at the same speed and 
pressure but with two different oils whose viscosity 
indices differ i.e. oils which have viscosity curves 

as indicated below. Over a small temperature range 
the curves may be assumed linear without introducing 
appreciable error.

Since the torque T 
is proportional to the 
viscosity when the speed 
and film thickness are 
the same, an ordinate 
to the viscosity curve 
is proportional to the 
torque.

Consider the case 
where the inlet tempera­
ture 90 is the same in 

both tests. If the film temperature were 0O in both 
cases the measured torques would be in the ratio

However. the oil temneraturc rises as it
PBo *

flows thru the film ana the effectit e temperature 
increases to the point marked 1 above. now the 
ratio' of the torques (measured eaurrinor.tally) 
will bejxk± . 

il«l

The temperature rise £ and i proportional
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to TA and Tg respectively (from pert d) ■'’•here
Qa Qb

the Q’s sre the ra tes of flow and may be measured.

It follows that

/*Al ~ P Ao ~ 5% ASg

/^Bl =vuBo - M s & S g

where MA and Mg are the slopes of the curves. 
Dividing gives

1* ^Al .:/Ao - ma ^ 9a 
pBl P'Qo - Mb A S b

which is proportional to the torques, and can be
measured.

Now

A 9 A QA

A  eB ~  ZS
Qb

Kence A 9 a a which can be measured
A 9 g  Tg qA

Eliminating A © A froa 1 and solving forAQB gives 

3B
/*B1

Aeg . S*kl' A°
%  - %  §s

In general torque readings in two tests are not
made at exactly the same film thickness and Inlet
temperature. They can be converted to torques that
correspond by multiplying by the ratio of film 
thicknesses or viscosities.
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There Las been ax m p i ..; i ! j i ■ a. a;/! of
symbols. Thei r nc-^ ln_ : r .m. _v - \ • v
from the ray th - a. . •, .•••: - s v ^

symbols have been defxi' -c a. * i -.rv ar e 
used* In genera'., .a : ..3- -i a re­

attached to the zj.r-j)..;';

p = pressure
XL = coefficient of viscosity
q = vector velocity
q qflq = velocitv comnonents in the r.,9,and z
r z directions

r , © , 2 = standard cylindrical coordinates
r = inner radius of samoleo
r^ = outer radius of sample
p = pressure in inner cavitv of sampleso
p̂ . = pressure outside samples

= rate of flow between samoles
h  = film thickness
w  = angular velocity of rotating sample
y«C ;

i s  J" = shearing stress
T = ^torgue 1

|temperature J

V = linear velocity of sample
°u,v,w = x,y,z components of velocity
9 = temperature

° When u }v .and w  carry subscripts x,y or z,this means 
partial diff erentiation^e,g. -- ? ~ In some cases
primes { ’) have been used to designate differentiation.
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. O ■'■I'O ’.I '" 0  0  '

- voic I« fy vector 
^  - density

h - (f.'J.Tk coefficient of heat transfer
jtner-in:..'. conductivity . f

J ~ necnai.-osl equivalent of heat
c - specific heat ‘
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Discussion

In many engineering discussions on fabrication terms 
such as "'Lead Carrying Capacity”» "Film strengthy/, 
and others are used. The writer feels that a few words about 
these may clarify them somewhat*

The Load Carrying Capacity of a journal bearing 
depends, as the load is increased at first, on the ability of 
the bearing to maintain a hydrodyaamic film (where the laws of 
fluid mechanics hold) and then the ability to maintain thinner 
films where the laws of fluid mechanics give way, and finally, 
with further increase of load, the Load Carrying .Capacity 
depends on the physical and chemical nature of the molecular 
films which separate the two parts. I'hus there are three 
regions of film thickness of interest. Let us designate them 
as follows;

a) Hydrodynamic Film
b) Semi-hydrodynamic Film
c) Molecular Films.

The Hydrodynamic Film essentially has no strength. Its 
ability to support a load is derived solely from the hydrodynamic 
pressure. The Load Carrying Capacity here is dependent on the 
ability of the equipment to maintain a continuous film. In 
journal bearings-the clearance, width, speed, position of oil 
sources, aas viscosity form the elements of a mechanism to pro­
duce and maintain a hydrodynamic film, out of ro.uadness of the 
journal or bearing, chatter, and other inaccuracies effect the 
ability of such a mechanism to maintain a film. Thus the

machinery for maintaining a film is self-contained in a journal
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Discussion (Continued.)

bearing. In contrast to this the ability to aslatain a film 
is separated froia other considerations in the Surface Quality 
Machine. Here the ability to maintain a. hydrodynamic film 
rests in the ability of the super pressure pump to pump.
Thus, this one variable, the ability to maintain a film, is 
divorced from the problem and does not interfere with other 

variables*

The ability to maintain a film has been studied very
jo®extensively. The plot of friction coefficient vs |r—

in Dr\vt(a dlmensionless variable) which is so common,is/a measure of 
the ability to maintain all three of the above types of films. 
The fundamental nature of each is disguised by the others.

The semi-hydrodynamic film may have some strength.
.For instance, Ieeds*{6 ) work indicates an apparent rigidity 
of & film of lubricant between two flat plates. There is 
much controversy, however, about the film thickness where hydro 
dynamic flow ceases.

The molecular films certainly have an inherent strength 
These have been studied considerable by L&agm&ir, Blodgett (38i 
{29) and others.

The point to be brought out is that the ability to 
maintain a hydrodynamic film is divorced from the problem in 
the tests on the Surface Quality Machine , thus leaving the 
other variables unaffected by any change in ability to main­
tain a film.

The » « « . „  roughness of a »  meting ,«»* of a
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Discussion (Continued}

bearing influence to some degree the ability to maintain a 
film. This was demonstrated in the testa, on sample lo. £a 
where a definite torque was produced by the oil flowing through 
the surface scratches. This Indicates that the scratches have 
an influence on the direction of oil flow. ‘ Consequently, if 
very fine sdratehes (say & Ml scratches) were oriented on the 
surface of a bearing in such a way as to drive the oil toward 
the center of the bearing on the loaded side, the ability to 
maintain a film would be increased. Such an orientation of 
scratches would resemble a herring-bone gear.

Dimensional inaccuracies are detrimental in all 
oases in a bearing. They tend, to destroy the ability of the 
bearing to maintain a continuous film. It can be seen from 
Curve C-67 that the resistance to flow increases very rapidly 
at the thinner films. The performance of a bearing depends 
on its ability to fceep the oil in the bearing. Consequently, 
a high resistance to flow is desirable. If the dimensional 
inaccuracies amount to anything at all continuous films of high 
resistance cannot be attained.

Surface Roughness has both advantages and disadvantages. 
One advantage of surface roughness is its aid in controlling 
the flow of oil in certain directions. That is, if the direc­
tional characteristics are such as to produce an apparent 
resistance to flow toward atmospheric pressure, the surface 
roughness wilx have a desirable effect. However, the surface 
roughness must be such as to allow very close clearances to be 
attained because of the high resistances associated with

v
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Sisoussion (Conti-iiaed)

thin films (see G-67). If the peaks of the surface roughness
break through the film the purpose is defeated. Hence it &p~

.helopears that It is desirable to use surface scratches to/present 
the oil from flowing out, and at the same time, to avoid sharp 
peaks which project through the film. A surface, super-finished 
partially, should exhibit good bearing qualities if properly 
ground beforehand. Another factor to be considered about 
surface finish is the heat transfer characteristics for such ■ 
surfaces. The resistance to oil flow in a thin film varies 
directly with the viscosity and inversely with the cube of the 
thickness. Accordingly, at very thin films the rate of shear
{ is large and so the rate of heat generation is alsoh

large. This tends to make the viscosity lower and hence lowers 
the resistance to flow and facilitates the "squeezing out” 
of the oil. A surface with good heat transfer properties is 
therefore desirable.

It has been shown that more friction is produced with 
the rough surfaces even though no metallic contact is made.
This must be balanced with the above desirable effects* since 
the resistance to flow varies inversely.as the eube of the 
film thickness while the heat generated varies inversely as 
the first power of the film thickness it is advantageous to 
run at aa thin a film as possible without having metallic 
contact, the gain in resistance mors than off-setting the 
increased heat (especially with a lubricant with high viscosity 
index). However, there is no advantage in having a high 

resistance to flow outward if there is no way of continually
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Mseaaalon {Continued)

supplying oil In the high, pressore region* Shis la wiser© 
surface finish ia important as am aid in ©applying oil to the 
high pressure area*

In recent years there have been advances made in the 
design of machaniams to increase the ability of a bearing 
to maintain a continuous film* fhe Mitchell fhrust Bearing 
v/hieh uses pivoted pad© is an illustration* 2?he Pilmatic 
Bearing of the Cincinnati Milling Machine Co* is also an 
illustration of the effort being made to augment a plain 
journal bearing’s ability to maintain a continuous f1 1®.
She test samples used in the Surface Quality Machine con* 
stitafe a thrust bearing which is capable of carrying ex­
tremely heavy loads with the production of a very small amount of 
heat* fhe stability of this bearing increases very rapidly 
as the load is increased* fhis is shown by Curve C-8 . fhe 
compensation pressure is proportional to the load and it is 
evident that at heavy loads the compensator pressure must be 
increased a large amount to change the film thickness apprec­
iably* Under these loads the spindle is perfectly steady and 
has coefficients of friction of the order of .0 0 0 2 . lower 
coefficients of friction can be easily obtained by maring the 
diameter of the annular land larger,®aat of fhe load being 
carried by the pressure inside the samples and the friction 
arising in the thin film between the teat surfaces. It 
should be emphasized that hare, again, the ability to maintain a 
film is separated from fhe mating elements Qf the bearing*
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Siscosaion (Continued)

From & study ol' the literature it is apparent that 
various investigators’ results are in disagreement. For 
instance, Kingsbury's experiment with a tapered plug(l) 
indicates that Bewton's law for viscous shear holds down to 
•000025 in*while Hardy {55} puts the figure at *0004 in.
It has been shown in this report that surface roughness will

i
increase the stress while the temperature rise decreases it*
With these two effects combined it is very easy to be misled 
by getting results which follow theory down to *000Q25ia.
Shis Illustrates the advantage of definitely controlling the 
film thickness and the film temperature. The measurement 
of film temperature probably is one of the most elusive 
variables in the field* By allowing oil to continually flow 
through the surf aces the film temperature can be controlled.! 
and,as mentioned earlier, can be measured. The method of main­
taining a film works very satisfactorily. The film thick­
ness can be set to any desired value within *00X5 in. and will 
remain steady indefinitely. It films of the order of .QOQSin. 
a change In film thickness of several millionths of an inch 
would readily be detected if the spindle moved by that amount. 
Thus it seems quite feasible to apply this method for control­
ling films from, say, .OOOOlOia. to larger films. This degree 
of precision is far from impossible.
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Summary

SJh.3 tests on the Surface Cu&ilty ihchina indicate that:

1* At films of about *00033 in the shearing 
stress is greater than would be predicted b^
Fluid Mechanics.

£. For rough finishes the shearing stress 
is greater than for smooth finishes when the film 
thickness becomes comparable with the surface 

roughness*

3* She shearing stress at about *00013 in is 
independent of the lubricating properties of the 
oil used,provi&e& no contact occurs*

4. The directional properties of the surface 
scratches influence the flow of lubricant past 
them, the influence being greater at the thinner 
films*

5* The pressure affects the coefficient of 
friction only as it changes the viscosity of the 
ail in the range of film thicknesses stuaied.

6 . The resistance to oil flow is less for the 
smooth surfaces than for the rough surfaces#
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Soixuafery (Coatinged)

?• fhe resistance to oil flow varies
inversely as the cate of the film thickness 
as predicted by theory*
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CHART NO. 3-25

MENT CO. PRINTED IN U.S.A.

SAMPLE So* 2a (lower cup)
Path, of stylus - tangential
Vertical Scale - 1  small division - 10 MI
Horizontal Scale - 1 small division - .0025 in*
Remarks - After sample was run on 75 - SO

1940 BY THE BRUSH DEV*1G

SAMPLE So* 2a (lower cup)
Path of stylus - I to scratches
Vertical Scale - i small division - xO MI
Horizontal Soale - 1 small division - .0025 rn.
Remarks - After sample was run on testa 75-SO
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-CHART NC. 3 25

If.D - UC O A

SAMPLE Ho. 2a (upper oup)
Path of stylus - tangential
Vertical Scale - 1 small division » 10 MIHorizontal Scale - 1 small division - .0025 in.
Remarks - After 75-ttQ
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SAMPLE No* 2b ( lo w e r  cap)

Path of stylus - tangential
Vertical Scale - 1 small division - 10 MX
Horizontal Scale - 1 small division - .002b
Remarks
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©  1040 BY THE BRUSH DEVELOPMENT I

SAMPLE No. £b (upper cup)
Patfc of stylus 
Vertical Scale 
Horizontal Scale 
Remarks

tangential 
1 small division 1 small division

10 MI 
•00£S in.
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CHa k > <0. 3-25

O 1940 BY THK BRUSH DEVELOPMENT CO. PRINTED IN U.S.A.

SAMPLE Ho* 3a (lower cup)
Path of s.tylus - tangential
Vertical Scale - 1 small division - 10 MI
Horizontal Scale - 1 small division - .00£5 in*
Remarks - Before running

CHART NO. 3-25

— ,

'___i

1940 BY THE BRUSH DEVELOPMENT CO. PftJNTEO IN U.S.A

SAMPLE Ho. 3a (lower cup)
Path of stylus - radialVertical Scale - 1 small division - 10 MI
Horizontal Scale - 1 small division - .GOES in.
Remarks * Before running
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CHART NO. 3-25

© 1 9 4 0  B Y  T H E  B R U S H  D E V E L O P M E N T  C O .  P R I N T E D  IN U.S.A.

SAMPLE Bo* 3a (upper cup)
Path of stylus - tangential
Vertical Scale - 1 small division - 10 MIHorizontal Scale - 1 small division - *0025 in*
Remarks - Before running

CHART NO. 3-25
' W T

!

©  1»XO  BY THE BRUSH DEVELOPMENT C O . P R IN T E D  IN  U .S .A .

SAMPLE Bo* 3a (upper cup)
Path of stylus - radial iVertical Scale - 1 small division - 10 MX
Horizontal Scale - 1 small division - ;0025 in*
Remarks - Before running
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SAMPLE No. 3b (upper cup)
Path of stylus - tangential
Vertical Scale - 1 small division - 10 MI
Horizontal Scale - 1 small division - .0023 in.Remarks

©  T 940 BY THE BRUS>

SAMPLE No. 3b (upper cup)
Path of stylus - radial
Vertical Scale - 1 small division - 10 MIHorizontal Scale - 1 small division - .0025 in.
Remarks
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CHART NO. 3-25

“»— i- t

PRINTED IN U.S.A

SAMPLE No* 3b (lower cup)
Path of stylus - tangential
Vertical Scale - 1 small division - 10 141Horizontal Scale - 1 small division - *0025 in.Remarks

CHART NO. 3-25

©  19AO QY THE BRUSH DEVELOPMENT CO. PRiNTLO IN U - A.

SAMPLE No* 3b (lower cup)
Path of stylus - radial
Vertical Scale - 1 small division - 10 MI
Horizontal Scale - 1 small division - .0025 in.
Remarks
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SAMPLE Mo. 4a  (upper cup)

Path of stylus - tangentialVertical Scale - 1 small division * 1 MIHorizontal Scale - 1 small division - .0025 in.
Remarks

"TTyi . CHART NO. 3-25
o a r i i E Z E O

O  1 0 4 0  B Y  T H E  S R U B H  D E V E L O P M E N T  C O . P R IN T E D  IN  U .S .A .

SAMPLE So. 4a (upper cup)
Path of stylus “ tangential
Vertical Scale * 1 small division ~ i MXHorizontal Scale - 1 small division - .0025 in.
Remarks
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SAMPLE Mo. 4b (upper cup)

Path of stylus - tangential ,Q , _
Vertical Scale - 1 small division - x MI
Horizontal Scale - 1 small division - *0025 in.
Remarks
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CHA 3-25

:v'

JSH DEVELOPMENT CO. PRINTED IN U.S.A.

SAMPLE No. 4b (lower cap)
Path of stylus - tangential ,Q MI
Vertical Scale » 1 small division • ̂ jjjj
Horizontal Scale - 1 small division - .J0&5 in.
Remarks
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CHART NO. 3-25

ILOPMENT CO. PRINTED IN U.S.A.

SAMPLE No* o (upper cup)
Path of stylus - tangential
Vertical Scale - 1 small division - 10 MI
Horizontal Scale - 1 small division - .JOES in.
Remarks

CH/

O  1040 BY THE BRUSH DEVELOPMENT CO. PR1N

SAMPLE No. 5 (lower cup)
Path of stylus - tangentialVertical Scale - 1 small division - 10 MI
Horizontal Scale - 1 small division - .0025 in.
Remarks
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SAMPLE So* 5 (lower cup)
Path of stylus Vertical Scale 
Horizontal Scale 
Remarks

tangential 1 small division 
1 small a1vision 
rotated S»Q°

1G MI 
• GU&o in.
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ART NO. 3-25

tO'

1NTED IN U.S.A.

SAMPLE No* 6 (upper cup)
Path of stylus - tangential
Vertical Scale - 1 small division - 10 MI
Horizontal Scale - 1 small division - .0025 in.Remarks

CHART N<

©  1940 BY THE BRUSH DEVELOPMENT CO. PRINTED IN

SAMPLE Ho. 6 (lower cup)
Path of stylus - tangential.
Vertical Scale - 1 small division - 10 MI
Horizontal Scale - 1 small division «* .0025 m .Remarks
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CHART NO. 3-25

tfe

JSH DEVELOPMENT CO. PRINTED IN U.S.A.

SAMPLE Ho. 7 (upper cup)
Path of stylus - tangential Vertical Scale - 1 small division - 10 MI 
Horizontal Scale - 1 small division - .JUSo in. Remarls

t\ \ VWn\\V> t' n\ '■ \!
4

SAMPLE Ho. 7 (lower cup)
Path of stylus - tangential 
Vertical Scale - 1 small division - 10 MI 
Horizontal Scale - 1 small division - .JOSS xn. Remarks.
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