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iIBTHOZUCTIOR

Sir Isaac Newton (1687) formulated tae fundamental
law of viscous flow wnieh states tnat thne shesring siress
in & viseous fiuwid is proportiocual to tue rate of sihear.
Osborne Reynolds was tie first (o realize that lubri-
cation was ipinerembtiy hydrodynsmical. The classic ex-
periment of Beaucuemp Tower's prompted Reynolds to apply
hydrodynamic prinéiplés to lubricetion. From this time
to the present a large quantity‘of theoretical and
experimental work has been doue.

Tne field of Lubrication divides itself into two
parta: "Thick F ila® or "Hydrodynamical Lubrication®
ahd "Boundary Lubrication®. Phick F1 lm Lubrication is
the condition encountered in highn spéed.tligntly loaded
Journals in which there is & complete f£ilm of lubdricant
sepafating the two moving members, and in which;results,
calculated by Hydrodynamies, agree fairly well with ex-
perimental results. Boundary Lubricatioa ia the coudition
encountered in a slow running, heaviiy losded Jjournal
with a filx of ratner incerinite tiickness vetween the
two members, and in wnica toe results ss calculated oy
the Hydrodynamical Theory differ from experimeutal results.
Under condéitions of Boundary Lubxrication wear may take
plece and the friction may vary with the cnemical nature
of the luoricant which is in contrast to Thick Film

Lubricetion where the friction is determined oy the vis=

cosity only.
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The work done in the field of Thicx Film Lubrica~
tion is %00 extensive to be discussed in cstsil nere.
A large portion of this work Geals with cylindircal
Journal vearings. The experimental work usually 1nvolves
the relation between the coefficient of friction and the
Sommarfeld Variable (dimensioniess) UR where U « viscosity,
ﬁla Journal speed, P = pressurs (lbs/inz of projected area).
This experimental relationsiip is compared with theory.
Tne theoretical relationship is based on Hydrodynamics
and the boundary conditions, i.e., a solid cylinder
coaxial or offset with respect %o & hollow eylinder of
slightly larger dismeter. Usually thnese eylimders (the
bearing) are considered infinitely long although there |
are soﬁaf;raatments considering beariggs of finite length.
The treatment for the finite length bearing is rataer
complicated matuematically. |

Thers has been 3 large quantitg 0 work doue on
Boundary Lubrication. Usually, some sort of experiment
is run using diffefent lubricants and observing the rate
of wear, scizuixe vimwe, selzure load, or friction. ost
of tne experimental eguipmeat invoive 5HWO Or mOre mem-
ters whose geowebry &re suech &s Lo produce exfremely
aigh unit pressures at a point or at a lipne of coantact.
Tne center of curvature of the members are usually located
on opposite sides of the pzrt or line of contact, for
instance, two crossed ¢ylincers, or four daillis pecked

together, one OoI wiiecn rotates. S tacies in boundary
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lubrication usually have aA definite cnemical aspect.

Phere is no mathematical tneory developed for soundary

lubrication.
OBJECT

The experiments, to be described later, were run
with the purpose of investigating (1) tnre effects of
surface fiunish on bearing performance and (2) the devia-
tion of the behavior of the lubricant from the Laws of
Fluid Mechaniés. Thet is, to be more spscifie, to ob-
serve the effect of changing the s@rfaoe rinish on such
yariables as, shearing stress, rete of flow or resist-
ance to flow. After observing toe erfeéts on thnese

vygriablss.the conclusions caa then be.appiiedito actusld .
bearings and loose terms such as "Load Carrying Capacity®

can be discussed in a fundamental masnner.

METHOD OF AT1ACE

4 large portion of tne experimentzl work cone in the
field of Thick Film lubricatior has oeen concerned with
tests on Jjourpal bearings in wanich such ltems as friction,
load carrying capacity, attitude or running position of the
journal, etc. were studied. In testis ol tuese sorts the
£ilm thicikness, pressuare, flow, temperature all vary around
the Journal.

The following experiment, in contirest with tike asove,

enploys not oniy a uniform film tonicxkmess tut & con-
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trollable film ton.ckness. TnRls 18 a unigue Ieaturs
about the eyuipment. The necessity of heving control
of all the importent variables is svident if a funda-
mental investigation is to be cariied out.

The use of annular plane surfaces permits & high
degree of precision with regsrd to fletness snd parallelism
to be obtained. By making the annular ring narrow in
width, treatment of the surface approximately as an
increment 1s permitted.

In view of the above the data obtained is valid
Jor any increment of area under similar conditions of
Speed, surface roughness, film thickﬁess, etc. Conse-
quently, it may be applied to any geometrical shape by

integréting over that shape (at least in theory).

EXPERIMENTAL LQUIPMERT

A. General Description of Main Unit

Sketech 1 shows & cross wection of the macnine. The
lower test specimen or lower cup is boited to the lower
gpindle which is rotated by a Vee velt drive and a vari-
able speed 4 ¢ motor. The alignment of bthe lowsr spindle
is maintaired by two long bronzeé bushings. The pressure
tarusts on the lower spindle are taken up by a pair of
Fafnir 7412 DF Super Precision Aangular Contasct Ball Bear-
ings. 01l lezkage by tne lower brénze bearing is carried
up to lubricate the bsll bearings. 0il is pumped in &8t

tne bottom of ithe unit. It flows up the noilow lower

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



[4)]

spindle into the apade betwaen the test Specimens ({See
S~2). PFrom here it flows approximately radially out-
ward between the upper and lower test surfaces into the
chamber surrounding the specimeuns. The oll leaves tuais
chamber by a pipe and passes through a valve to atwos-
pherie pressure. The upper or toique spindle is mounted
iﬁ & tapered bronze bushing which im turn is pressed ianto
a tapered cloth base bakelite bushing, and is therefore
insulated from the machine, thé compensator piston veing
similariy constructed. The purpose of the compensator
piston is to balance ot the unbalanced forces arising
on the tes% specimemn. In this way thes torque spin&le is
made to float on the oil film between the snnuler test
surfaces.

In operation tine lowér spindle is rotated 2% a con-
stant speed. Torgue is transmitted turough the oil film
to the upper or "torque measuring" spindle, where it is
balanced out by displacing & péendulum from its eguilid-
rium position {to be described in detail iater). In this
way, two surfaces with relative motion are in close
proximity but are sepapztied by & film of oil which can
be regulated by adjusting toe pressures and the rate of
fiow. The test suriaces arc uaxrow annular sirips aend
may be regarded approximately as ap increment of surface.

The -peed is measured by a stroboscopic method.

The %uickness of the oil film letwesen tue test surfaces

is measured by a capacitance methode The oil temperature
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is measured by thermocouples.
B. Hydraulic Cirvcuit
Sketeh S~3 shows the hydraulic circuit. There are
two distinet oil systems, one i3 the system suppided by
the Vieckers pump which is capable of supplying oil at
1000 psi. The otuer system is suppiied by the Super
Pressure pump (American Instrument Co.) and is capabdle
of supplying oil at H000 psi. Actually it is capable
of producing much hlgher pressures, but tae other eguip-
ment will not stand nigher pressures. '
The oil from the Vickers pump never enters the test
/ speaimeﬁs. It is used for balancing the torgue spindle,
| i.8e, 1% is normally used to meintein prescure in the
compenaator cylinder. |
The oll from the supér preééare pump paéses through
the teat specimens and its properties are of imporisnce.
The pt:th of this o0il is indicated by the heavy line in
S-3. It is pumpe@ into the high pressure recelvexr which
'is about one half fuil of Witrogen. DThis receiver damps
out the surge from the pump. The preasure in the re-
ceiver runs around 500U psi. ©The oil from the receiver
is tnrotiled by velve 1 10 sometning less tnan 5000 psl.
It flows fresly tnrough valvé 5 {wcich has no control
over this lipe) eaud then tiarough & ceavy resistance coil
aaa into ixe bottom of tue macnine. Tae o0il Iflows up
the noliow sziancle, tirough tac naét sa8L3ies anb out

through throtile 10 where it is (roppea to epproximately
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etmospheric pressure. Valve 1l must be oper and vaive 12
closed during noxusl opeianion. |

The remainder of tnre system is used for bulilding up
‘the &ir or nmitrogeu pressure in the receiver. (4t first
air was used bub, this was considered dangerous, uence Ng
is now used.)

In order %o charge the receliver with Hz tne whole
system is first purged with Ng. About 70 psi. of Hg
pressure is puiit up in the lerge compression tank. Then
the nitrogen in this tapk is‘compressed by pumping oil
2250 the tezk with the Vickers'pump. Tae niﬁrogen is
compressed to 1000 psi. this waﬁ. The receiver at this
point would have nitrogen omiy in it at 1Uu0 psi. The
Vickers pump is then stopped and oll is pumped into the
Compression tank by the Super Pressure Fump to raiss the
pressure to 2500 psi. Then oil is pumped directly into
the receiver unt;l the pressure is ﬁbout 5000 psi.

¥he resistance in the line enterihg the unit from the
receiver and the resistence in the line tvo the compen-
sator cyiinder ere necessary for tine stuble opeyavion
of the wecinine. These resistances produce stabiligetion
ic the following way: if tone torque spindle noves downe
ward thg flow turough the lower spincle is restricted
and tue pres;ure riges tveceuse of lcss pregssure dArsp in
the external resistance. The pressure in tae compensator
cylinder Gecresases for & similar rezson. Both of these

eflects bring forces iuto play wulch oppose the original
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agsumed displacement. 4t thick filams (.002" or morxe) &
small displacement of the torgue spindle does noet res=-
triet the flow appreclably through the lower spindale and
accordingly at these Ifilm thicknesses the spindle is not
stable, but these film thicknesses are of no interest.
There is an insiability effect at very small films also,
but the stabilizing ¢ffects overpower it. When the torqgue
spindle is in coatact with tnhe lower spindie, the area
on wihich the preséare in the lower gpindle acts is less
than when a CGefinite film of ocil exists between tue tesl
- surfaces. This cnange in éffgétiva area tends to pro-
duce instability, vut as mentioned befors is not the coné
trolling factor.
¥hen the machline is operating'narmally. cil is

flowing along the heavy path shown on S-3, as remarked
before. .The tnicxnéss of tne fiim may be regulated in
two ways. One method (tne standard method in tue tests
to follow) is to regulate the film thickness by bleed-
ing part of the oil through valve 4 (S-3) to atmospheric
pressure. The other method is simply to incresse tue
compensajor pressure P, by regulating the reliel valve
on the Vickers Pump.

€. Torgue Spindle Bearing

One of the umnique fewutures of the machine is tnad

it permits very uveligate torque measurements to be xade
in spite of very neavy axial loads ou the torque spindle.

The torque spindle i1s $%" in diameter and zovout 13" long
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and may carry 3000 lbs. or more axial lozd. Unaer these
concitions & torgue of .1 in.~gr. can be Gesected. The
essence of the sivuation is tnat the torgue spindle is
subjected to only viscous friction so0 that the Irictionai_
force is proportional to the velocity. Torgue me&sure-‘
ments are made at zero velocity, thus the friction is
practically zero. The complete lack of metailic friction
is due to the use of the "Hydrofilm" bearing developed
by the Cincinnati Milling Macnine Co.

Sketeh S~4 illustrates the prineiple.of the vsaring.
Al, Ag, Ag, and Ag4 are}poéﬁets’to aollect oil a¥ % the

©il pressure entering the bearing. The oil in these

pocketa is then transmitted freely to the pressure areas
By, 84, By, and Bz resgpectivelyes The oil entering the
A:pockets has passed torough resistznces R {which is the
clearance space between journal and besring}. The oil
leaves the B areas by flowlng turough recistences R' to
atmospherie pressure. I tne Jjournal moves to the right
say, R} and ;' will increase and Ky and Rz' will decrease.
conseﬁuently the pressure inm 4; wiil decrease on two counts
{1} because of the incresse in R; (2) because of tue de=
crease in Rz'e. Also the pressure in Az will increzse
on'ﬁwo counts (1) because Ry uas Gecisased and (2) be-
causs R;' has increased. The result of & moveuent to

the right then causea tne pressure in B3 o inciease

and that in B. to decrease wihicn tenus to center the

Journal ia the bearing.
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This bearing was a0t incorporated in tue naenine
wihen it was originelly buiit 80 that 1% u8d 1o be altersed.
The presgsure pockets A eand areas B were ground on the
spindle instead 6f being in the busning, becasuse of struct-
rual difficulties. Three sets of pockels and areas were
.used‘ihstead of four because four could not be applied
to thg/macgégeiadial clearance between the spindle and
bronze bushing is about UUU3 in. and tunat betweean the
compensator piston and ¢ylinder is about 0005 in. Con-
sequently & precision slignment is needed between the
torque spindle vearing and the compenszitor cylinder.
Thig alignment is diffieult to waintain because of the

7 fibre insulating bushing around the brosaze bushing.
~Freguently the compensatdr.eylinder has to be realigned.

If tuere is much nydraulie "eapacitance™ in the
piping eonéecting the pockets 4 with the areas B aunt-
ing of tue :gpindle for tne central positioan is‘llkely
to occur. Accofdingly it is undesirable to have any
air entrapped in tioese Lineé.

D. Measurement of Variables
The following tabvle shows tae important

variables asd their approzimate rzn €.

Variable Symbol Kange
Film tnickness o3 «0010 to JUUU1D ilne
Torgque T J to 380 in.-gr.
Speed b1 60 to 30 rpm

Pregsure lnsice
samples 2o O S0 3U00 psi
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Variable Symbol
Pressuire oubside
samples Ps
date of 0il Flow 2]

01l temperaturs
ianside samplies P

011 temperature
outside samples Tr. TR

(L) Pilm Phickness

il

Rangs

J to 3000 psi

0 to 2 cc/fsec,
20°¢ to 60°¢

209¢ te 60°¢

A8 mentioned earlier tue film thickn:ss is uegge

ured by a capacitance methods This method was used

ratoner than an ordinary indlicator because it registers

changes directly at the test samples whereas an indi-

cator would have §0 be mounted outsiie somewusre

with metal parts between it and the actual test sur-

faces. Theee netal parts would expand and countract

because of toermsal Chunges and ovecause of loads applied

to theme. The deflection of tae lower spindle would

also cause relatlively lerge errors. Wita these 4if-

ficulties at nand tne advantages of tae capacitance

nethod are evident.

The test surfaces act a3 2 condewser wiltn tue

0il bvetween them as a dielecirie. Zsseantiarly they

veuzve like & paralliel plete condenueyr where the capaw

city is inversely proportionai %0 sne spzcing. This

capacity is measured by am oscillater coustructed for

tiie pur;ose {(see 3-5 snd S5-6).

The osciliator is

tuned o & Tixsd Irequency of 350 EJ. The output is

coupied To & pareliel resoncat circuit, oue element
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of whieGn i3 the capscity oOf the machire. A8 the film
 bthickuess decreases wmore cepacity is put into tae
pareliel resoanant cireuit amé hence an syual awmount
aust be removed by adjusting the tuailng condenser which
is in parallel wisth the machine, In this way the
capacity of the wacnine is ueusure@. Originally the
cseillator was ouilt to aeasurs capaeitances ap %o
abou$b 200U uuf. bubt later an extra dnit was made cover-
ing e range irom around 1000 to 10000 uufl.
The oscillator was calibrated against a Preci-
‘sion Condenser {CGenersl Radic Co. Type 722H #198).
The calibration curves are shown on X~-25, M-36, K-37,
and MH-28. |
Several methods were used to calibrate tie mach~
ine and oscillator togethaer giviang capacity va £ilm
taickness reistions.
8. First Metnod
The £irst celibration of the osecillator was
wade in November 154Z. The gompensator cylinder
nead was removed anl & gteel ball was placed in
the center hole of the toryue spincle 80 tined
tuere wouia De & welinlte point Ior the luuleator

to contacte The spacing vetwesa bthe test sur-

]
I

20 waes adjusted By holding the threaded disg
wopieh screus Oun the Toryue spincle, cod surning
the torcue w=pindi: ig tihe disce In This way the

spizule was eitner reised or lowered. Tae uand
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noles were op2ned and aiLloilvwas rexoved frow
betueen tae dumples aud suirounding tiae samples.
The best surfaces were cleunsd very caxrefully with
cotton and carbon netréaﬁlofi&e or slconol and
ether. This was necessary ovecause smdll particles
of dirt or iint would short tuae surfaces at small
£ilwm thicknesses. The "zero" read.ng of tae lndi=-
cator was s8% by scerewing the spindle down, until
the surfaces were together., with air vetween tue
surfzces it wés possible to rzise sne spiacle
«0001 in. and have an open cireuit electrically.
Pois indigates tue paralislism ol tne suriaces is
sometning vetter thanm .0Q01 in. in 2-1/2 iu. Hext
oil was introduced setween the $ur£aaes &nd the
cepacity was measured for various film thicknesses.
At films of 00085 la. or less éonslderable eiffi-
cuity was encounterec because the surfaces wers
beling sunorted. Ii the lower spincle was oscile
lated turough 2 swald angle ine suort weuld aowme-
times disappear. Tue lower spindie was wob ro-
tated cowpletely because it zad ab taat tine e
little more toan VOVl ine. axial runoute The dafe
fereace in stray capacity when oir surrcunded the
samples end when 0il surrounted them was zt this
time considered negligible Decause tue total stray
capacity 1s about S0 uuf ana ine eclezrauce between

tae samples and tae chamber walls :s large. Tae
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differegca in fringing of ine iines of force at
the edge of the test surfuces, =znd tae chsage in
strey cupsciby cue $o the removal of tas compene
sator eylinder nesd were &lso neglected.

Phe result, using thé above progedare .is
shown on Curve M-19. Keadi:ngs wita air cetween
the samples werﬁ«oh;ained with wuch more certuinty
for small filma then those with 0il uecsuse of the
gnorting with oile 4n efiort was msade %0 f£ind the
dielectric constent and mulviply thae cuive for air
accordingly. However, the dielestiric constant
appeared to vary with film thickness (it was prob-.
ably the end effeets which really vuried.) The
curves for alir and oil were plotted on log-iog
paper. (See X¥-21) Here it is seen that tue curve.
for air {(C~Co) vs Iilm thickness is not a straight
line. ¢ is the tvotal cepaciivy and cé iz tue stray
capacitye. Phis indicates shat fringing snould rpot
be uegiected.

De Second Met.uod of faiibration

in Aprir 19438, tne secoad palr of ball vesre
ingg wese iustalled. The lowe:r spindle now has aa
azlal rusout silgatly iless than -00Jl ine. However
it was aecided in view 0f the above to nezze cali-
oretion tests a«t 10w pressares witn oll coamvietely
surroanaing tuae surfaces as in actual vests. Low

pressuses were used so tuat elastic weillsctioas
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would be usylisibles Tuie lowssy splzndle was rotated
end zversge values of filw taickriess wese reade.

The iulicator rLow registers the movement of
& pin wnich iz fasteued securely to the tureaded
Cisc On bhe torgue wspindles This threaded Gisc Lo
locked to the spincle by & lock nut and the fiim '
tiickness is regulated by the Flow of 611 tetwoen
ths test surfaces. The "zero" setting of the indi-
cator was determined by shuttiag off btue oil flow
tuereby sllowing the torgque spindie to settle. When
tihe ftorgue spindle fixst ofrered resistznce to -
turning, iuae indicator reading wae nossd. Jurves
M-32 ane M-33 were obtained in this wWaYe LuUrve Me3d
8LOWS tue dats plotied agginst regiprocal Illm
thickness, and also the date from tihe Iirst method
of calibration. It is evident that tuere is con-
s:deravle discrepauncye Accoidings to these later
dava, 2090 uuf correspounds 1o «bould OUQOET La.
TWO toousany mwicro micweo ferads was tae limit of
bhe osciliator. |
Ce mEiUSnsion ol Rangs oi Jsciliiator

in sdcitional sunk cireul was wmsde io0xr tue
08CiilaGae Anothucsr Coil sud a bank oi fixed cone
de:iuers &nd & vaxiable air condenser viers wounted
on & :separated cnasgsise.e Tue origiael tank circudt
was unalitered sxCept tust & _caus was provided Loz

Switlaing tie original one outb wid tiae new oné lne
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The nsw unit ranges irom U %o 10,000 guf o5 steps
of 1000 mppuf with & 1280 puf varliable z2ixr condenser
to btune bebtween the steps Of tne fixed coundensers.
d. #Hodification of Secoad iletnod of Caiibration

In tue second methol of calibration the film
thickness was varied by cuasnging the flow. As the
Iflow was‘décreased the pressure inslide tae best
gsamples would drop (from 45 pai to abdbout 17 psi).
Phis metnod was modified by readGjusting tue valve
between the chamber surrouanding the samples and at-
mogphere. By adding more or less rasisvance nere
the preasura inside and outside the sampled could
be kept constant over a complets run. Thae: compen-
sator pressure was c¢onstant also, s0 all deflections
should rewain the same. The Pzerom reading of the
indicztor was obtalned szuain by snutting off tie
flow, but with the pressures locked im %the machine.
The spindie wouid settle and finelly come to rest
and tne pressures woulG remain approximately the
s:zim2s In tinese tests it wes consiuered vevter 10
locate tne "zexo® of thne iadicualor wasn tus

spinuie offered a izrge resisbance to surning,

(6}

ggcause Girt on tue test specimsus mignt cause a

A

small dragz. 1In Getermining tohe "zero® tane iower

A%

&g

9pincie wes osciliated sligntiy. Toe uiiierence
in "zeros" as dsteimined by tne two wwetinods amounbs

to about 40001 ixn.
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ﬁurvas ¥=~39 and H-40 show celioratlion date
obsained oy the avove procsdure. Thers is cone-
giGarable spreéd of tais aata from 0305 ine. on
. down. However, the desa reproduces itsell withia
about ~Q0UUD in. It will be reusdiiy understood
thes the reciproesl scale of film tonickness mag-
nifies srrors at the amall fil@s, and taat, theo-
retieslly, the data sihould be a straight line.
Cuwrve M-41 shows calibration édate taken wisth 500
psi inside the test samples. The higher btae
pressure, the faster the oil ieaks througn tnsg
bearings, and the nore uifficult it iz to get a
réli&bla "zero® reading because the pressure leaks
out end changes in deflisction occur. Inaccuraciss
in the determination of the "zero" cuange tze
slope of the curves. (urves M-4l aud H-42 show
tne rung af 500 psi and 2000 psi reapectively.

At nigh pressures with a constant oil flow
bevween tne samples tae film thickness as read by
the osciliator will remain tne same as it saculd
evan 17 theg pressurss fluctu&te'sligﬂtly. Taoe
indicator, Lowever, will siow & definite movemsat,

caused by elastic cvellectiorns. Tae Lluciuations

-y

of tae pressure at 2000 psi are van tne ordsr ol
several aundred ibs. per sg. in. $hnis ceuses ce=-
fleeYions cwexing an appreciable error. Curve i-42

hes & c¢ifferent slope tuan tne other curves and thnis
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is probebly caused by bthe inability to determine the
%zerov as described above, wnereas at LU0 psi the
pressure can be neld within e few 1bsS. per sq. in.,
ziving much greater accuracy.

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

It should be mentioned that the variation of
tne dielectric constant wes investigated for varia-
tions in both temperature and pressure. From O to
5000 psi, no change in dieiectrid constant could
be observed. KNeither was thers any appreciable
change with temperature from 20°C to 609C.

This method of measuring £iim thickuess 1is
very sensitive to small changes in film thickness
2t thin films. 4 change of thickness of 000005 in.
around 0003 in. is readily observable.

Another feature of tuais method waiech is of
passing interest is tue cuange in QY for the wache-
ine as the film thickness is dscreased. OCurve C-957
illustrates this. As tue film tnickness is decreased
the perailel resistance of the film uecreuses,
nence the eguivalent series resistance increases.
Congeguently the ratio of reactance $6 equivalent
series resistance cacresses gecause of dae increass
in series .eiistance and the decrease in reactance.

(2) Torgue

The torque transmitted bturough tae oil film is
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measured by applying an equal external torgue and
reasuring this external torque. By using 2 nall aethod
viscous friction does not enter. Since any dry fricition
will cause an error, the gysten for balaneiﬁg tne
transmitsced torqué nuss be przcbically trictioniass.
The system snown in S5-7 was usede The waight on %he
end Of tae silk tarssd is pulled from its gguilidbriam
position causiag a reaction at the point of suspensions
The tangential component of tals reaction balauces
the invernally applied torque. This system works very
satigfactorily because of ti:e coumplete abdbssnce of
Coulomb fricﬁion.
(3} Speed
Bue spéed of the lower spindle is measured strobos-
| coplically. Strips»of trecing celoth with properly -
spaced lines are clipped %o the sheave (see S-1l).
Tuese strips are observed under a neon tube.  One
plate of thne nsoa tube is remdersed ineflfective bj con=
necting a diode {11726-GT) as a half wave rectifier.
Then the ason tube flasnes 60 times a second instead
of 120 times a seéox&. By meking strips wizh 30,20,
i, 12, 19, and 9 iliqes the apiadle speed could he%b
set to 120, 180, 240, 300, 360, and 400 rpm. |
(4) Pressures \
The pressure inside the svest samples, Py is me#f'
sured oy & standard bourdon tube gege comneeted at

-~

the bottom of the uinit {sce S=3). Tue nole in the
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lower »pindle is large so suat tiere is & neglizible
drop from the pottom to tae vest samples.

Tie pressure outslde the test samples, Py is
measureé by 2 bourdon tule gage also, wihich is conuected
to the chamber around the ssmples. (See 5-3)

For the high pressure tests the above gages zre
0 to 1000C pesi zages. Conseguently ine differsence
between ¥, and Py which is small coxpared to PO. Qi
not be rezd very eccuretely from these twe gages.

Pwo Gifferentiasl gages were designed end tuilt. They
ers located as sbown in S-3. Oze hes a range of pres-
sure drops from O to 280 psi end the otner from O %o
1000 psi, S-8 shows the construction of these Zages.
There ere two plungers, oxe for tie high preszure

and one for %he low pressure, which are'supported in
Bydrofilm Bearinge described earliier. Conssgusntly
with ao friction along the plungers thé SE£08 &re
reasonably sensitive to suall pressure ehanges.

{8) Rate of 0il Flow

The rute of oil flow bebtween the samples is icte
sured by cetciing btne 0il from tae heevy lise in S-3
in a gruduase bvelore it enters tie reservoir. This
is celled the main Tlow. In orcexr %0 get the total
flow betweern the camples the Ilow which supplies the
torgue spincle Leoring anl tne ciflererntisl gupcs
must be adced %0 tne main ilow. These are celled

lesge e fiows wnd are smell ccumpered %o tne zein flow
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a3 long as the main flow is largs. They are mecsured
by catening the oil from the drains which &re in qgues-
tion.

(6) 0il Temperatures

Tne tewpersture of the o0il insice the samples,
To is méasured by an Alucei-Chromel théimocouple whose
leads entér gt tne bobtom of tue unit and iun wp the
hollaw spindie, TPney are insulated from each OLther

- and the wmachine by porcelain EpECerSe

The tempersture in the chamber surrounding the
tegt samples is measured by two thermocouples whoae
leads are brought out through insulated bushings in
the walls of the chamber. The arrangeuent of the
coupleé iz shown in S-9.

The cold Jungtion of the couples is at room tem-
peratqré,.and'is reasured by a thermometer. These
junctions are surrounded by 2 box which protecis them
from drafis.

The emffs of the tuermocouples are measursd with
a Leeds ané Forturup Student's Potentiometer, tae
necessary standzrd cell sad workinrg cell znd gélvano=-
netere

EAPERIGENTAL PROCLIURL

A. Test Procedure
The methot of rurning the tesss i: very simple.
Soon after the mechine is started up in the meorning reade

ings are taken &% snort intervels of time. 4s the nache
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ine approacues its steady state temperature, readings

ere taken at longer intervals. These readings sre taken
at a8 relatively large film thickness during thne heating
period waich 1s 4 or § nours. The inside pressure P,
and the speed nave to be adjusted frequently during this
period in ordsr %o maintain them oonstant. Actually the
£ilm thickness does vary but oniy sligutly. It may wary
from 49012 1n. to 0010 in. during the aeating up period.
?he}variation of tae sorgue and tvhe témperature sre of
importeance bDecause tne changes 1ﬁ torgue are caused by
changes in viscosity. Consequently these aata at thick
films serve to Cetermine the viscosity-temperature curve
for the oil. At filws of .001 in. the eifect of surface
finish is nil, espeeially with a lapped surfuce of 1-2 XI
(see C-26) and the oil behaves as a viscous fluid ac-
cording to theory.

After tne machiﬁe hes reasched a steady temperature
the filw thickness 18 varied by bye-passing some of the
oil tarough valve 4 (see S-3) to atmospheric pressure.
Tne throttle 10 ahén hes %0 be'reacjubted to nold tne
pressure in %the wmachine constant. This procedure is
carried on until tirottle 10 has been completely closed
in which case the oii flow into the machine is just sup-
pL&ing the leakage by tae torgue spindle aand dirferential
gagess Ii high pressures are to ve waintalned in tne
machine tue leskage will be greater tnan when low pres-—

sures are maintained aand conseguently tne Iilm toickness
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at leaxage ilow will ve grester at the uiguer pressures
than at lower pressures wuere tite lesssge Ilow 1is very
smali. In order to zo to smaller Lilms vuae coumgeusator
pressure is ipcrsased by swmall increments.

The progcedure indicated above 18 the oue ccommonly
used, Dowever in some cases the order of by-passing oil
and then increesing the compensatér'pregsure nas .been
ci@anged, ie.€., the film thickness 1is varied by first
increasing tue conipensaior presadre an. vuen by-pussing
oil. This procedure produces souewiad Qirreient velogity
and semperuture disvrivutions in tne I'lim.

B. Preparation or Samples

The test samples sre listed in Table I, page .
Soug of these samples were not tested necsuse of inacw
curacies or other reasons. The seauples must pe made toO
a rather aigsn degree of precision. I 18 I'elt tuat the
test surfauces suould ce plame witidn «VUV0Z0 id., l.e.,
they snoulc have no cpnaster or wavimeass aunc snould be
£izte. This cegree of precision is uecessary vecauss
sue eifects of swiisce fimdisa s..0ouwly not oe eowplicated

by tune wfreets of geomeitrical inuccuracies. These sur-

tiie precision requilements &0Ove. None or tue ground
surisces prior ¢ Ludsée ground on Geul ceunters residy

met the precision seqyuirements. Samples 4a, ou, 3b, 4b,
&b, 6, 2nd 7 were JLrowid by wounting them on & special

8, &

mandrel {see S-10).
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Sample No.

1
la

1b

2a

48
3a

50

4b

TABLE 1

Type of Approx. Prof.

Surface el Hee No. Photo

Ground about 20

Lapped 1.2

Lapped 1-2

Ground 1617

Ground 50«55 R-1 1 and
R-2 2

Ground 6-9

Lapped 1-8

Ground 47 R-%

Ground R-% Bed
R~8

Ground Re7 same
i-8 as 3a4

Ground =5 R-10 P=5

Remarks

Original 3smple
Chatter 3/16" apart

Lapped at Cincirneti Ordinence Gage lLeboratory
Cheok with optical flats

Relapped because surface became damaged

Mede by Heald Machine Co.,
Low spot on one piece

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

Made by H. M. Co.

Made by H, ¥, Co.

By U.S. Ordinance Gage Laboratory

Cround on dead centers Hortcon 3846-K wheel
{(but was not flat becsuse centers were out of
round.} Circumferentisl scratch

Ground on deuad centers
Cirdumferential scorateh 20 MI radial

5 M1 tangentisl
Same appesrance as 3a

Ground on dead center with oup wheel ]} to work
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Thi.s mendrel was tuen pleced ovetwesn desd centers
and drivsn by & belt from a Vuriable Speed D. O« LiotOr.
The locating face 4 {5-10) nad to be lepped flat and
sguale witn tne sxis of rotzticnm. Thne locating faces
on the test samples &lsd had to ve lepped ifisb il tuey
were not already flat 1ln order to prevent cistortion
when they ere bolsed to tue lower spinale. IThotographs
and Profilomefer iecordings ars listed in Taole I. The
profiiograms were vaken os a Brush snalyser. Saiples
No. 6 wers grouné so tuat tue scCratcues on one &re the
mirror image of those on %ze other, i.e., when bthey are
placed Xace to face the scrutcnes arc paréllel. Wheress
Sempliles No. 7 or £a ars ground &0 that whea taey aie
placed face to face the scretenes cxoss zs indicated in
S-11. | |

AP BRIMERTAL wORK

Aé'mentianed before viscosity data is obtained by
running at relatively thick films mand allowing the mach-
ine 10 asat up. IZuaring ithis heating ap pesdoa Lue film
thickness remalins reascnatiy Concicube Cuwd've (-0 sL0OWS
the viscoslity piotted z_alinet teoper: Lurs {or Two 1uwns
mace a3 c¢iifereut film thickuneas, oav at about 0018 ir.
and the oticer at ~UVULld Zn. This shows bLat &b fiims
arount <0ul in. Lu€ viscosity is & progperity of the fluld
antg smodi vardietions iun J.im PLICKULSS weve LO gf:;ct
{excepzs 0 course in computin. the viscosiby fiowm the

torgque usilLyg u =z +Uld

(el
[§Y]
(43
(4]
Ll
<t
w

g 3 - fe
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e variation of fiim tmickness arouud .J9i Line. is nore-
mally aboul USUE in. |

Gurve (=34 S.0WS &0s0Luve Viscosibvy vs cempe.aturs
at 50, 1000, 2000, aad 30UV psi. Here tas viscosity is
piotvted against Ghe average of bue targe temperature
rezaings Ty, Ty, and Ty (see 5=-9})e Tue majority of tests
wWere run with Sonio Ho. 10 oi1l; uowever, it was fouad tanat
83 tike weanl og tas viseoslty migut vary a iew percent
Lrow tuat in U-354. Phig way ve caused by tne amount of
air {(in sue ecarlier %ests) or Ny disso.vea in tae oils
Consequentiy it has Lecn Iound wdvisathe 30 determ.ne the
viscosity fox euGh runl.

Qurve (-28 shows & Leating up curve aad tas reglonm
snere the viscosity dats wus Obtained. The portion of
thas curve wieres btaoe filun thickness wes varied is ussed
t0 gt information Oou the efiect ol wsurisace finish and
the efiect of cuin £ilms.

Curves C-38, C-36, (-40, auna (-4l suow itne shearing
stress piotted &galnst the viecosity tliuss the rate of
s.ter, for od, 1000, 20UJ, aaa BUJ0 psi. 7Tane s.earing
S5urvse is calcuduisu dirseily rrow tne onserved valuss
O Borgue. Taue viscosity oiluwes tue rale OI waeer 13 Ihe
tnaeoretical sasGring EHresse Lae rebe of s.ear Hes veea
assumed coanstant onrougn Lue I'ilm shc incepenaent oI the
PuQiii @Goti00 Ox bae Oile fu€ eguabilous or IioW (page }
MG aChOE Liab LA tansunbi&e &Ll raGlal veiocihics &s:e

indepeadent waicn, im conjunction «~ith the expressions
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for wsu.ariag stress lead ¢ tue rosust of aV wuere m,

V, and h sre delined oca page o I computing;_u% A nas
been taken as bthe viscosity Laat corresponds bo btue
average of tue ihree temperavurcs, Tj, Ty, and Tg. This
procedure of bosing the viscosity ou tue average Lemper-
ature will be ciscussed Iurtuzer. Quiginaily bae Luerwo-
gouples oubsite iLie test Samwples &nd Ve OL6 lusiue wele
made of ilumel-Caromel wires .06% in. in cismebters 1t
beceme apparcat tuut the couples Qulsice were ot reading
the temperabure oif sne 0il zs it leirt the iidme Couse=
gquently very swall thermocouplss wade Drom U0 per-Gone-
svantan w;res..ﬁuaﬁﬂia. diameter we.ie aﬁbétitated for

trne %wo outside couples. The Juuetlons were wade Dy
soldering tne two wirese. The wires weres,crossed very
near tnelr ends 50 TLud sthe juncvions approximute a parall-
elapinsd whose siues arxe «JU0D, .QOOﬁ,hand WOl 11

Even these couples were t00 Llui. s b0 sessurs a8 0il
temperature abv the exit of the iilae. Acbusally .ney
mezsured tas oulk temperaturs oL tae Oil in tue cuambDer.
They probably mould LLve ue8n LalisiaCioly Lol & eJduwi ile
Tilm ouwt vt Lhaiw 1alo GRiciuess Ghe eneryy Gwisesapubteld il
the fiim per uniu volume O OlL 18 Lwdli anu piouucses
temperiture riceg 0i the order of «2Y3. It is &u tuin
films of vie o:Cer of »JU0Q8 in. & sitalii€l where ine rise
in temperature & wppreciatie. Foir LLSLuLeS SuIrve (=238

$hows the eslceulicted vearereture riss id bLag iiiiai, LOE-

lecting coniucsion, (sze pege ior derivation) fortest
Mo. Il oshowm on T-20.
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From the sbove discussion 1t is apparent that the
discrepency bvetween the Caloulated Shearing Siress and
the Obgerved Shezring Stress may be cesused by heating
in the film, At thin films all of the experimentel
points aie'low which is just what would be expected if
the actual viscosity were less than the viscosity used.
It is evident ﬁhat the true effects of thin films (where
the bulk properties of the oil no longer hold) and sur-
face finish are hidden because of the question of the
viscosity of the fillm.

Curves C-31, C-32, ¢-37, end C-38 show the varia-
tion of the difference in temperature between inside
end ou;gide of the test samples plotted against tiﬁe for
50, 1000, 2000, and 3000 psi respectively. These data
were taken during the heating up period. The inside tem-
perature igacdnsisteﬁély'higher than the cutside tem-
perature for the 60 RPi rums. (4t 3000 psi the 60 RPM

run could not be made because the motor would not rum
smoothly under thet load.) Apparently at low speeds
the outside temperatures are relatively lower than the
inside because less heat is generated in the becrings,
this heat being conducted to the metal surrounding the
chamber, while the inside temperature is influenced by
the hesat generated in the oil as it pesses through the
large resisiance coil just vefore 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 temperziures thus
decressing (TI - TF). :As a result it does not secm
advisable to base the viscosity on the average of the
inside end cutside temperatures. Accordingly it is
‘felt that the £ilm temperature depends more on the in-
side or inlet temperature then on the éutaide tempera-
tures.

Two tests were run with the purpose of heving dif-
ferent heat conditions in the film, The two methods of
running tests outlined under Procedure (page ) produce
different heeting effeets in the film. The éaloulated
temperature rise, neglecting conducticn is plotted
against film thickness on ¢~51. Curve C-47 shows the
Observed Shearing Stress plotted against the Cz.culated
Stress. The viscosity in this case hes been teken as
that corresponding to the inside temperature. From C~51
it is seen that the grestest difference in temperature
occurs &t about .00065 in. 4Lssuming the average film
temperature is equal to the inlet tempersture plus ¢ rise
in temperature gives an average rise of 1°F and £°F for
the two tests at .00065. OUne hzlf of & degree ¥ will
chenge the viscosity by zbout 1% in this case, which is
hardly rercertible. Consequently these two methods of
running tests do not make anp appreciable difference in
the film temperature., Curve C-50 shows the averuge rad-
ial velocity plotted ageinst film thickness for the above

two tests., The largest and smallest velocities sre asbout
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24 in/sec. and & in./sec. 4t these speeds the averege
time for the oil to pass through the test surfaces are
.0052 sec. and .02l sec. However it is possible for the
conduetion of heat into the metal samples t0 occur be-
cause even bthough the itemperature differenqes be smell,
the temperature gradient mey be sizeable since the film
is so thin. |

Curve C-54 shows Celeulated Sheering Stress vs Ob-
served Shearing Stress for 50, 500, end 2000 psi. In
this case the viscosity is besed on the inlet temperature
Plus § rise in temperature =s calculated neglecting con-
auetion. The deviation is gréutest for the 50 psi rum
and in this run the rate of flow at the thin films was
least and the teuperature would therefore be greatest.
The deviation.ror the 2000 psi run is relatively smell
and the rate of oil flowat the thin Films wes compsra-
tively large. Accordingly the temperature rise would
be expected to be the leest in this case.

Again the necgssity of knowing the actual film tem-
perature is illustrated.

Curve C-49 shows the Observed Stress plotied égainst
the Calculated Stress for Sample No. 2a, 7Yesis Nos. 75,
76, 77 were run consecutively. The samples before they
were instalied bed a dull "mat" sppesrance. Aafter the
tests the peaks of the surface roughness were polished
off., {(See P-1 and P-2.} This indicetes thai the sur-

fece changed somewhat during the tests. Test No. 80 is

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



30

identical with the others and was run to see if any dif-
ference could be cbseived 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 1b/in® calculated shearing stress)
represent the: dbserved stress at about .00035 or .0004 in,
It was not possible to go eny 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 én the other
tests the film thickness was decreased below ,00045 in.
causing the oscillator t9 short. The mschine was allowed
to run in this condition and the output of the cseillater
gradually climbed uz to its normel velue. Apperenzly 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 straignht line is probadly even
zore than is shown on C-49 because of the heating effect,
whieh would tend to lower the curve toward the theoreticel
line sinee the viscosity for C-45, 48, and 45 was based
cn the inlet temperaturé only.

There iz another effect which needs to be considered,
This is the meaning cf the film thickness reading of the
oscillator. The surfaces teing rough, will have verious
radiil of cruvatures at different points. a4t the pesks
these radil will be the smallest and the chaige density
®ill be greatest. Because of this znd the inverse re-

lationship of capacity with distance a smeoth parallel
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plate coundenser would have to be closer then the plates
of & rough condenser (&s wessured from the geometric
average of the penks and velleys) in order %o give the
sume capscity. Or the rough pletes of & c¢ondenser would
not have to be brought es close as & smocth plate con-
denser to glve the same capacity. 4ccordingly, 1f the
surface roughnass has any effect on the capacity, the
curve of C-49 should deviate even acre from the theo-
retical straight line.
Curve C-48 shows three tesis run at different speeds.
On each curve there is a decided bresk &t the siress
cdrresponding %o .00040 ia. which probably corresponds
to interference between the peaks. T[The accuracy indi-
ceted by the digits in the film thickness resding may
seen vawarrented, however a chenge in film thickness of
060010 in. in the reglon around .0004 im. nroduces a
readily zmessureeble cnangs in toraue and oscillator reed-
ingz. The oscillator was ecalibreted zzeinst a 0001 in,
indicztor. Aceordingly one csnaot be sure of the abso-
lute value of the film thickness to this degfee but changes
of tiese megnitudes are resadily observed on the oscil-
.rg%or. It should sgein be remembsrad that these curves
probahly deviste more than is shown begause of neating
and parnaps the effzcet of surface roughness on capacity.

& shows Static Torque vs Compensator Pres-

[ ¢
€3
e
o
i
|4
t

(o]

sure. This cu.ve weg obtained by storping the lower
grindle and observing the torocus on the upper spindle.

i

%iith the lower spindle stopped there is a small (aboti&
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2 in.-z7.) torque om the torgue spindle which is probebly
caused by slight nomuniformities in the flow arcund the
piston and épindle. This terque reusins spproximetely
constant &s tue film thickness is decreased. When the
samples were put in end when the compensator pressure

wes incfeased, the static torque veried es sihown by M«58,
This is csused by the surface roughness. The samples
were grournd in such & wey that curved grindirg marks

were produced on the surface. These umarks gre not sym-
netrfeel about a radisl line. The o0il flowing between
the semples is deflected by these surface scratches and
thereby rroduces 8 torque similsr in prirciple to a reac-~
tion turbine. 4#s the compensator pressure is incressed
the film thickness decreuases, the ve;ocify of flow.in-
cresses and tie resctionery torgue is greeter., This
static torque is not superimposable on the torgus caused
by roteticn. The surface scratches on the upper sand
lower samples cre situated such that there exists an

¢h or the upper sur-

cr

engle of ebout 60° betvwesn a scra

face @nd the scrateh opposite on the lower surface.

i
{See 8~11) The point 4 will move cutward or invard de-
rending on the direciien of rotation. Il is possibie
that this wowld produce a puwping acticn siiher ouilward
or inwmerd.

Carve C-46 is the ssme as C-4& except this statie

D

toroune hes teen subiracted Trom the observed torque. As
mentic-ed ebecve this sroecedure is not justified, however

C~48 shows thet there is still = difference between the

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



cbserved stress ard the calculated,

Curve C-5& ghows & comparison of the stresses for
Sanples No, 1b :nd No, Zb. The viscosity oz bctk of these
rune was bssed on the iplet tempersture plus the everage
cziculsted rise in temperature. Sample No. 3b had &
grsater rougnness in the rsdisl direction than in the
tangential direction (see R-7 and EK-8).

B, Hate of Flow

Curve C-5%5 shows the Lete of Flow pletited against
fiilm thickuess for runs &t 2000 psi and 50 psi. The
¢alculated curve is bascd on tiie theory developed om
pese » It is evident that the cslculated values do

0ot siree very well with the messured values. Ihere are
seversl possible csuses for this discrepency. ©ne is
tbat there may berz smell leskage by the screws and
locating surfaces of the test samples showr in S-2, now-
ever, the screws nave always bzen pulled down firmly
with copper weshers under thelr nhcoods and the locating
. surfaces have in sone cases beer lapped flal so that
it is rether troudblescume to pull the test semple off

the ends of the 3pindles even #ith all the sereds re-

&
(%
I
1]
£u
*
b
)
%)
ot
e
1))
]
(o]

suse for dilsagresiwent and the meet im-
pertant one 13z thadt in order ¢ ealeulzie the rete o

flow the pressure drop {(difference of large quentities)

i1y

is zceded., This drep is reald from the Zilferential

~

2use8. &0 error ¢f 5 osi cun ewsily be wede in 50 o
60 »si -ressure drop. Also &t high pressures there nay

be some error in these gages becwvuse ¢f Yhe pressure drep
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in tne lipeg fezeding ithem. The raute of flow 3¢ tihese
sepcs is comparabively small bub nevertheless exists,
Tte pipes have a 3/16" bore. & third possible ceuse
of e¢rror is the use of su incorrect viscosity, butl
'tuis weuld not aceount 1or Lhe entire differences bde-
tween the observed snd cslculated curves. <nother
poesibility lies in the assumptions usade in the deri-
vation of ths expression foxr Hate ¢f Flow (see page ).
iin account has been tsken of the rotaticnel metion nor
of tbhe centrifugel force on the oll, Lowever & siwple
celeulation shoss thet the csntrifugel force rer unit
volume is very small s compered to the pressure and
viseous forees. |

Curve C-56 shows the Ubserved Rale of Flow plotted
against thé Calculated sate cof Flow for various pressures.
This i3 & bvetter way tc hendls the date of C-355 since the
Rate of Flow depends on the pressure drop, and viscosity

es film thickness. By plotiing thae Observed Flow

Dl
Jir
DJ

IVES

:inst the Culculated Flow ithcse factors are taken ac=

1’\‘

count ¢f.

Curve C-U5 sicws the :date of Jlow plotted asainst
film thickness for banla H0e 28 (5C-5% i1) aza Saaule
Ho. 1b {1-% «di). Curve C-6l shows these deata plotted
by the second method as uwentioned above., Apparenily the
Rate ol rflow i3 grecier foxr tie sacoth sample ulthough

Lie dgte i3 noL very consistent. &t tnis cint 3¢ may

J:

b2 racelled thet the orientesion of the scraicches (see S-11)

‘- N

might produce a pumping sction eitlier inward or cuiwara
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uepending on ihe direcficn ci rotztion., IFor the dsta of
C-61 the rotetion was such as to preduce an inward numDe
ing action for the 50-5% MI semples wbich woulae tenc to
produce the rzsults cobteined. fhe 2ffect of rougher sur-
teces might well also tend to produce this result. These
rougl: stmples were definitely conceve, perhaps 00005 in.
in the width of the riang. This fact would terc to oppose
the above.
£8 menticned before itue treciment of'the,flow cata
is rather unsatisfactory becauce of the inzccurate dife-
ferential pressure recdings. The acitual roies of flow
~observations plot inio a rairly smootﬁ curve &s shown onm
C-55.
C. Pressuve Relations
The conéiticn for equilibrium ip the verticsal diree-
tion, of the torque spindle mey easily be written, as-
surzing & linegr pressure Arop acrcess the test surfzces.
This expression will imvclve Par Fi» Fﬁ and the weight
of the srindle, Tle total fource oun the test suiflecs

{the integrated zressure over bthis surfuce) may be com=

suted from the equilibiium ecueticon using Ovsesved values
of &, Fys ¥, oend the welght o the splndle. 1t would

be interesving U6 see now Lhis exlerimenta] Veldue OF

the noresl foree voriss #ich il hickness, zud LicOoTFe.
4 gimpie POCOry is SLOWD QU pmge e +ith Vhe equipmzent
us 1% ds, 1t 1s iupessidle 43 invesdigate this effect
beczuze the difference of lsrge cuantities (pressures)

is needed. These differences cannot be read %ith the
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regulired degraes of JrecislonR nocessary.
D. Coefficient of Fricticn
The coefficient of fricticn muy be easily obtained

Dy dividing the snheuwring stress {tansentisl} by the pres-
sure. Thus, instesd of plotting Ubserved stress vs AV,
Le curve would show Friction Coefficient vs)%% and would
be essentially the sawe as¢ The shecring stress curves
except w~ith a differenf slopec. This methced of treaiment
is sizilsr to the usual trestment of journal begring
dete where ithe coefficient of friction is »lotted eszalinst

AN where F is the rotary speed, P is the losd, per sq. in.
P—

of projected srea, and B is the viscosity.
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E. Additional “ork Concerning Film Temperatures

4 Silicone Uil was obtained whose visecosity changes
very siowly with temperajure. Surve C=-562 zhows the wiscosity -
temperature relatiopy for this oil at 500 psi. The viscosity

£oyr the Sohio Ho. 10 0il is aiso plotted for comparison

puUrposes.

Curve 0~63 shows a comparison between experiment and
theory of the shesring stress. In this case the shearing siress
weog calounlated using the wviscoslty correspoading to the inlet
temperature T . For thin £ilms (.000% in. or less) ihs
experimental siress ig definlitely sreater than caicu.ated,

By using the Sili:ome 01l thse error caused by the neating of the
£ilm has been minimized. 3 simiiar test using Sohio ¥o. 10
is also shown andé liss beiow the taeoretical lime,us wquld

be axpeeteﬁ; gonaidering the  heat geanerateu in the film.

4 method of determining the film Hemparetures 1y com-
pering the resulbts of two tests run on oils whien teve widely
different viscosity indices has bsen devised. Phis method
is Geveioped in pard (m) of the énalytical Treatment Section.
Curve (=64 shows the temperature rises wihich axisted at various
£ilm thicknesses of Test Bo. 82. The several uethods of
estimating the film tempersture rise are plotted for comiarisdhe
Ihe ratio of torque method (see part {m) ) indicates a cooling
in the thicker films which is cause¢ by & ioss of neat from the
£ilm to the suwrrouwudiag metsal. This is not negessarily &
zeneral result but appliss to this test only. Ao the film
thiegxness i3 decresased more snd more heaei is generuted in the
£fiim and ceusss the btemperature 10 stop faitling znd bhegln %o
rise. There is noe Goudst adout the drup in tempsrature ad
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E. {Continusd)

the thicker £iim: because Curve C-63 verilies tais. It wili

be noticed thet $ae points designuted by crosses oo C~0d lLie
slighwly above the thaoretical iins. This corresponds 4o a
couling .n the rilm. These daste heve been corrected for tne
tempe:et&re rise ipcicated on C-~H4 snd¢ k.ve beea repiotted on
Curve $-68. This'again throws the data for tnino films above the
thesoretical line and the Gdata checks guite wedkl with that of
C=6% for the Silicone 0il where the heating sfisecet in tas

Pilm ig cinimized. 1f the test on Siilcone il (#93) i
gorrected for the temperature rise these two curves 3Gperimyose
a5 indiceted by the crosses on Cféﬁ. ?hua,one gonclusion is
that there is no differxence in frietion for a poor lubricating
oil (the Silicome 0il0 end e pormel lubricaling oil (Sohic Fo.l0)
down %o films of the order of .0001H in.

The method of deterzining the fils temperasure used
above soives the most $roudblesome vsrizble encountered. This
metnod does have some shortcomings,however. 7These are discussed
on page . In spite of these, this method has good

possibiltics.
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shoreisy ILPLOVESINTIS

43 mentionsd ecrlier the weibou of uefinitely wain-
taininy sud euntroiiing & filw of 01l of uaiform thickness
is new and affords e cans ol waking s funduzentsl énves-
tigaticm of the laws of fluid rlow in smell {ilms under
the contitions encouitered in beerings, and the effsct
ol Surface #ipish, and the phyaiecal u¢nd chexzical nsture
of the lubricaent thereon. It is felt that iurther work
uzing thds melhed with refinements in de&ignvﬁill iead
to important inforza.icn regwrding the intimate deteils

~of basring operusticn. Zxperience with the present mech-
ine has pointed ou?d difficulties and liuprovements that
sinould be considered in fusure work, The followlng list
of regfures are propoused to elicinele the difficulties
creounterad in the present mucﬁine, sund to peramit the

v

zxtenslon of the runge of opersiion.

Lt/]

Troposed fezturas to be discusued:

.  Supplezentary dethod of Film [hickness Keasure-
ment

2, Refined Method of Cslibrsting Uscillatom.

3. sSuxiliary scarce of oil for supplying leadu.e
&

by tiae teariags

4, nizher Spindle Speads

¢

5. Zliminction of fibre duskhing end ulignments
besed on these tushinzs

6. Tkrust bearing for lower srindle

7. Filtering of <1l

8. Zliminetion of necessity of reading absolute
pressures to & high <dcgree of precisiom. It

is only necesssry to measure the differential
rressures gccurately.
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5. Comsideration of measuring the temperatare
gradient across the film.

19, Method of checking parallelisa of samples.

i1l. Blimination of the possibiiity of small leaks
from inside %tne samples 1o outside.

12. Construction tnat will ensdvle tne mechine tO
be operzted up to say 40000 psi.

1l3. Convenient and Accurats Kethod of messuring
Speed ’

1l4. Consideration of dissolved Nitrogen in oil.

15. Gonéider&tion ¢f the break cown veltage across
tae test surfaces. ‘

l. Supplementary Method of Film Thickhess Measuremnent
The capacitance method of measuring film thickness

is'desireable secause it eliminates srxors caused by

expansions znd contreesions of tne spindle. Howevsr the .
| dieleotric constant is involved in it and this may change

at thin films with varioue conditions of flow, speed, and

éo forth. The change of dielectric coustant with pres-

sure znt temperature can readily be measured independ=-

ently of tkhe machine as was done for the present tests.

The capacitance method eouid se¢ usel Lo memsure very

accurately tie film tvhickness at say .00U5 in. Then

with the machine &zt consient tempereture relative

¢sanges could ue méasured with a very se.nsitive electiro-

limit gage or otiner means. These relative changes

anould ve xeasured very accurately at least to Q00010 in.

By comparing the incrememts of film thickness ag the

spindle is progres.ively lowered, as found vy the two

methods, information regarding ithe chnange in dielectric

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



constent &nd resisténce may-be ovtained. It would be
iﬁteresfing t0 zee if tue resistvance approached zerQ
as a linear function of the film thickness. The voltage
should be kept low acrosa’the film $o prevent arcing.
2. Refined Method of Calibrating the Oscillator
Tne osclillator snould be calibraéed {capacity va film

thickness) as accurately as possible. Consideration of
how this is to be done should te taken into account in
the design of the mechine. The thrust bearing for the
lower spindle can be constrycted so tnat the lower spin-
dle will run "dead" true {to be discussed later) and
will nave a very definite position axialily (no ball bear=
ingas}. The torque spindle should then be wrung to the
lower spinale. ¥Witn the sémp;es wrung togétner the
*zero" reading should be btaken on & suitable gage or

- electric comparstor. The compasrator sihould indicate
on a removable block (say a gzage block) which is wrung
to an aacuratelyllappad surface of the torgue spindle.
To work througn & block is uecessary becauss the bloek
can be removed at whieh time the spindle may be raissd
without dauger of cheuging the "zero" setiing or damage
ing the 1ndicator. The spindie can then be ralssed a
definite amouni by pumpizg a swall guansity of oil
through the semples or by providing a means of settiang
tne spindle &t efinite film thicknesses. It would be
best to have Taseilities for uslng vuib nethods s:nce they

could be used to check ezech otiner. S5-18 zhows & renove
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able plate screwec onto the end of the spindis. Gage
blocks ear e put in on the accurately lepped sarfaces
as indiecated. Using a setup of this type the oscillator
could be calibrated very accuraitely.

. Auxiliary Squarce of Qil for supplyiosy leakagse by ihe
Bearings

As pointed out eariier et nigh preasures tane Leai-

age Flow through the bearings is greater than at low
 pressures. This meane that the chamber surrounding the

samples with pressdrﬁ Py in 1t must supply the leakage
by the torque spindle and by the lowei spinuie. A4S &
result there is & certsin minimum rate of rlow reguired
through the test samples which limit the range of £ilm
thicknesa and oil temperature in the film. Conseguently
there should be an independent supply of oil for the
torque spindle bearing anc the lower thrust bearing (see
S-12) to partially meke up the leakége Llow.
4. Higher Spindle Speed

The design should take into aceouut the poOWer re-
guiredé to drive the lower spindle say up to a speed of
2000 RPM. The bearings must be long aand tue clearance
close to offer a high resistauncte o whe flow of oil (es-
specially at 30000 or 40000 psij. However uvae power
reqguired can be calculated rairly simpiy, at iessv ap-
proximzsely. The relative vaermel expansions of ine
gspindle anc bearinugs skould bDe given consideration.

The spinule might ¢e made Oof Invar or an al.oy wita z.
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small coezficient of expansion.
He Lliminsetion of Fibre Busnings

it nes been found very difficult to maintelin pre-
cision alignments across fibre bashings expecially when
uander pressure. Une way of insulating the upper itest
gsamples is snown in S-1%. Here a quartz aisc is iapped
flat and separastes the test Sample frow the torgque spin-
dle. |
6. Thrust Bearing for Lower Spindie

This vearing must allow the lower spindle to run
absolutely true. Ball or Tapered iHoller Bearings are
nos aufficientlj agcurate. One possibiiity is %o have
e shoulGer whose faces are accurately lapped flat and
sgquare to this shoulders. A small smount of vertieal
mcvenent of the spindle iS'tolerdble'prd#ided the move-
ment vakes place with'ohanges in pressure or oili flow
and not_with every revolutidn of the spindle. Only at
the'timg of calibration is it necessery to have the
thrust shoulder well in contact with the lower locating
surface, ALl of tanese surisces should be hardened,
ground, and lapped untili they are absoiutely flat and
sguare. Provision should be made s0 that an indicator
can De mouanted on the boLtom spindle somewnere for in-
stance on tne sheave to cneck the sxial movemeny of the
lower spimale as pressure is spplied. Knowing this
and the two readings of film tnickness from the upper

spindle the actual film thickness should be redatively
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eertain. Tne clearance betweecn the tharust faces and tae
mating surfeces of tue thrust bearing shoulé ve kept very
small. The Hyérofilm bearing way be appliled by putting
two'annular ghanneis in the locating sarfaces snc feeding
tne oid frow the periphery toward the center. Hech ®pres-
gure pick up" cihannel is connected to the opposite "pres-
sure-area.” |
7. Filtering of Oil

This problem is self explanutory. Iuae equigment 0
do this is another storye. However tiere are types of
absorbent and magnetic filtexrg which could be designed
to operate at high pressures. There are aiso types’of
porous rock filters winilch may be .o solution $o this
problem.

8. Elimination of necessity of measuring absolute pres-
sures to & high degr2e of precision

In order to get reliable data pertaining to the
pressure distribution seross the test surraces it is
necessary im the present machiuse 1o measurs anot oaly the
difference of large pressures accurately bat also taeir
absolute magnitude. The weasuremsnt ol tne tirfference
in pressure 0 sSay 1 psi is5 s uuch essler problem tuan
measuring tae sbsoliute value 0f & lerge pressure o 1 pal.
By making tue torgus spindle as shown in S-12 the equil-~
ibrium egusation for tihae spindle cen e expressed in
terms of pressure differexces only. (See page «) It

i5 quilte possitle LO wake very ~ensitive prescsure dif-
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fersntial goges 0 opsrate at higin pre3a3ursds. AL mel-
tioned bsfore the éifferehtial Zeges on Lue preossut mache
ine are not sufficiently accurute $0 zet relizwie waba
for eomparing the rates ol flow. Thig is .mportant be-
cause %bths 8urfdce'fiaish andoubtedly afleg¢ts the rate

of flow.

9, Coasideraetion of the measurement of tnse tempsrature
grafient acrogs tue rilm

The actucl temperature of tihe metai on each side
of the'film es an efiect on the temperature of the iilm
itselit. Data 0f this sort is necessery o0 use the 8x-
pression derived for the rilm temperature on page .
Tre surfece finlish probadbly has an c¢ffect on the heat
transfer properties of this film. This is also an im-
portant question. It would be no irouble %o put & small
tuermocouple in the metal of the upper sample but one
in the lower sample would have t0o hsve its ieads brought
cuf through alip riags (which apparently aren't satis-
factory) or perhaps electrodes in & caannel of mercurye.
10, Method of Chrecking Parallelism of Samples

in the present Liacihine tne torgue spiricle bearing
is mounted in = Fibre bushing ané $ae spinale is 29 in
dianeter.,. There is eunough flexibility in tue spinale
to absord errors in peralislism Deiwsen the szmjlie of
«QOVL in. or legss witaout miking appreciable srror in
the proper functioning of other passts of tihe naghing.

The surface of tihe lower sample can %e checked by put-
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ting & sensitive iandicastor (betier tnan 0001 in. indl-
cator) on it aund by ¥sweeping® & large dismeter circle
on the lower howsing with the ilndicator fasiensd 30 tus
lower spindis. & speclel ber may ve reguirsed 1o indlicate
from in order %o cneck the sguareness oI the Lloecating
face of the upper nousiug. These matiang surfuces shoulid
be bardened and lepped until they are dead true. The
torque spindle should have an accurasely lapped shoulder
80 that the'uppér housing &nd spindie could be burned
upside down and the tss8t suriace indisc=ted from ithe
locating sarfece on the upper housin .

1l. Elimipstion or the possibiiity of lewsks from inside
the sempies vo outsice

in the present machine the upper aamplalia bolsed
to the tbrque spindle. Two of these bolh holés extend
clear through the shouluer on the end of the torcue
spindle« The cGesigh shown in S-13 eliminttes these
holes. The mabting surfuces should be sceurately lafped
10 prevent any lezkage besides for the'maintenance of
parallelism,

i1Z. Construction tunet will enesbDle nachine Lo Operate
at hign pressure

witn tue crigipatlion Of Libdre bDusoedy tuere is ne
parviceundlar vrousie la withslandiang addvy pPal.

Jde Uonvenieni and Accurave way of acaiwrling spscu

i

2 ale

¢

The problem muere is welf emlcent wad toner
GERy wsy8 0l ACCUMPLisidily Bhad i o onlasiactoiy waye

l4. Jonsideration of ¢iszsclved Nisrosen in the oil
-

»
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In the receiver cli cures .uto couteet with Hit-
gen at nigh pressures and some digsolves. This dig-
sulveld nitrogen comes osut of soiution woen the pressuis
is soduced. This fect weses the cotrol of unirorwivy
of the oil aifficulf. The receiver with uisrogen ané‘
oll in it is very necessery. Qne possible cure wonld
be to veparste the oil snd nitrogen by & flexible mom-
brene of peoprene &s spown in 8-l4. The membrens end
mounting should ve Iree %o slide in tihe cylinder.

15+ Counsideration of the Break-down vo.i&ge ecross the
teat sesmplies

Thers is'a go0¢ poesibility tnat s&rcing across
the film mey oceur especielly with rough sumples wuen
the £ilm is thih. A si@plé experiment was run which
spowed that the oii broke down at 16000 ve anc sbout
1/8 in., i.é:, dpgu3 lOOOOO;VOlts/inéh. Assuming this
bre&k_down'voitagé 0 vary linéar:y with specing , 10 v.
wold bresk down & film of U001 in. Phis may explain
the "shorting" of {tuhe oscilliator at thin films with the
.rougier surf.ces, The voltege mcross btue Lest samples

kB films to 3 volts

(2]

veries from =toud li volte &% vexry thi
et about .UU02 13. The variation of voitsrqe across the
confenser with film thickness is csausad by varisnions

off o2 bthe QY

in tihe effective impedsnce or a wrop

of ths circuit.
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ANALYTICAL TRE: TMENT

On the following pages certain probvlems pertaining

%0 the machine are treated. 4 list of these problems

follows:

a. Coefficient of Friction #84%%

b. Simple expression for torgue transmitted by
0il film

¢+ Shearing stress, observed and calculated
d. Simple c¢slculation for temperature rise ia f£ilm

6. Equilibrium expression for spinula of 0ld and
proposed machine

f. Simple treztment of rate of flow and pressurs
distribution

&e Solution of Equations of Viscous Flow in Gylin-
drical coordinates

h. Development of Equations of Flow for veriable
viseosity

i. Devélopment of Heat Equation for variabdle vis~
cosity

Je Attempfed solution of hiand i by one method

ke Attempted soluticn of h and i by separatiom of
variables

1. Simplified treatment of film temperatures ssing

Wewtonian Gooling
T, Yethod of Yersuring Tilm Tempersture

Bomemclature B

Some of these problems, notably J snd k, have not
been carried to a successful conclusion. However what

has been done wilil be indicated.

Section (a) snows the simple derivation of Petroff's
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Equation for Jjournal tearings iunvolving tae coefiicient
of friotion as & linear functicn of the dimensioniess
tSommerfeld Variable® %. This eguation is good fcr a
journal running concentri¢ with its bearinge. Of course
8s a journal is loaded it ceases to run concentric.

Thus the circumferential variestions of pressure, oil
velocity, film thickness, stress, and temperature, effect
the Sommerfeld Variable in a composite way. The fric-
tion coefficient for the plane amnular surfaces is derived
ir en analgous wgy. A8 mentioned eariiex if the ex-
pression for the friction coafficient is multiplied by
the average pressure on the surface tune exprsasion is
reduced es.entiamlly tc shearing stress as & linear func-
tion of‘gﬁ. Velues of p¥ for the annular surfaces snould
not be oomparéd with velues af4g§ without caution. One
veriable takes account of the changes in viscosity with
pressure.snd the fiie thickness while tne other does

not Lo 80 specificaliy. The point is to separate these
variables and observe their effect as one is varied with
the others fixed or known.

Section {b} sunows a simple determination of the
Torque trznsmitted by the oil film? This expression
wioen solved for tne viscosity is wihat wegs used in mea-
suring the viscosity, tne data for shick films being
used for the viscosity determinstion.

Section (c¢) needs no comment.

Section (&) shows the deriwation of the temperature
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rise in the film ceused by the tangentisl shearing of the
0il and also tne radial shear. From eguations 3 apnd 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’mosion
in computing the torque or viscoslity, and the tangential
shearing stress, usually referred to simpliy as shearing
stress.

Section (e) needs no comment.

Section (f) shows a very simple %treatment of the
pressure and velocity relavions for fthe flow betwsen the
téat'samples. Here as vefore the tangential motion is
neglected. The expression for the pressure turas out
to bs very umearly lﬁnear although it doesn't appear s0O.
This preashré distribution is ahbwn on C=-25. The rate
of flow as computed from these calculations is shown on
C-24. This theory .agrees guite well with the more gen-
eral theory in part (é).

| Section (g) was worked out with the idez of sub-
stantiating the elsmentary treatment (£). The expres~
sion for the rete of flow compares falrly well wish that
of part (£). The expression for tae torgue turned out
to involve an extremely lengthy computation and so was
not carried through.

Section (k) saows the genersl eguatioas for vis-

cous flow considering variable viscosity. These equations
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are mueh tuo eomplicated 1o solye in an& gase except the
most simple. The case of o0il flowing between two flat
plates wes chosen. There are several conditions that are
gonewnet énalogous to the stete of affairs in the machine.
One of the :lates can be gonsidered as wov;ng relstive t0
the other, or they can be considersd as fixed with oil being

pushed between them.
Section (i) needs no comment.

Seetion (Jj) shows one method of urriving at a d&if-
ferential equation for %he veloceity. Other methods were
tried,but they, in all cases, became very complicated.
It is not clear just how to satisfy the boundary conditions
chosen. ZFerhaps progress ¢an be made ander other bdoundary

conditlions.

Section (k) shows another equation for the veloecity.
It is not ¢lear how to select the do's and the A and B fo

satisfy the boundary couditions.

Section (1} snows a simplified trcatment of the film
temperature. The sssumption of & uniform: temperaturs dis-
tribution #oross the film is made. Difficulsy in applying this
theozry 1is caused by tne fzet $hat the film coefficient of head
transfer ¥ 1is not known ané that the btemperature . f the metal

on each side of the £ilm is rot kaown.

Seetion (m) shows a method of Geteraining the eifective
tempereture of the f£ilm. This method tckes account of the heat

generated in the Iilm alright, but it only partiaily takes account
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of the neat iost by concuction. In urder %o determine tas
the tamyaraturq‘whieh coryesponds to $he ratio of sorgués

gsom=> relation bedtween the %emperature rises i: needsd. ©ne
reledion usged li esseatislily thet derivea In peart (&). Inis
reiatlon neglects couduction. 4 more accurate expression for
the rise in Semporature worli be
kg (0 = 9y

Q

A6 =z K E —

where Hthe Lirst term on the right lg due to the nealt gensrated
anG $he seeond term due %o Lioe neat iocst  {or gaiaeé}.by
“Hewtonlian Cooling”. The troudie with using this sxprecsalon

in the method 1s thab kz &nd am LIS UAKNOWRI They cennot be
maaaurad/readily on tae preéesent wachine because of coastreetionsl
details. The stfect of héatvg&nex&tad and of ueat lost is |
reflected b, bthe measured ratio of jtorques, &nd 1t is iu this

way that the méthod of torgue ratiovcs tekes account of coanduction.
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e cl—

DIMOWSIGNLESS FRICTIOH SONFFIGIENTS

Por Jowrnal Brg's
ft = z 3 lbh = \v"./
Z
- == o Pk
f =15y = ;I
n w7
DT
= 242 T T 4pd
LSUMSRICI i o) L
PO
(] -
= 21T
ey
F o=21° p ull _fPetroff’s
[ 1Equa%ion

Wihere
fy = tangentiali fovce

f =

n fneriiel force = W

£ = cozfficient of friction

N = normal load
= torgue on journal

diametesr of journal

Q g 4
I

= radial clozrance

cogriicient of viscosity

=
i

area

av]
il

i = 10ad per in® of projectud

—
=)
H

‘.uFDs i'cr o centrarly located

journal
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DIM=NSIONLLSS FRICTION COEFFICIZNTS

For Plame Annular Surfaces

Z =
£, T - 20 . 2 {' “al 4 4]
T e oW B (1)

2 _ T2 (naomp® ) )

f =% = Tatle i- (C10) < S
fn‘.
s 2.+ 2
Pan 7 (I"l ro )
= 27'({ r.24p 2 AN

"

r+r
2(r,2+r?Z) AT (T2 )N
60 lr,+r5J)< h Pavg

T = 1r,%+r° Wi
3otr.iro)?  n Pave
Where
T = torque
r,;—ro = average radius of test samples
P, = pressure inside samnples
P, = pressure outside samples
n = film thickness
V = surface spced

T =-4‘12ﬂ (r,%-r,%) by a simple integration
60h
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b} TORQUE THANSMITTED BY OIL FIIM

By Newton's Law

¥ n/lﬂ(%}

dF = aggrdrv
T
aT = rdf o;lz'ﬂ'rzdrg_
Tl n
T -fl &2471'2 errN dar
; 60h
JI‘O
2 - 1,
= 47" nN { I’édr
o0h ¢
7I-0
- i
- 4N | 1‘3_4-1‘04 {
) 2xX60n - i
NUliNGLATULL ! 4
- < 5 9
= P = ¥l {z) -~ ('g)
N = Speed ({kPii) N “e0n
A = Viscosity [lb-sec/in®) o
F £ Force {(1b.) = .84 % uN
r £ Radius (in.) ~60hn
h = Film Thickness ({(in.)
Tos 9/8 in.
ri= 5/4 in.
M- 60 TE
B&e T with T in in-lbs
= 80 ih
L4¥Sx 454 N with T in in-gr
= 01595 x 107%  n

¥
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¢} SHEARING STRESS

'Observed Stress

The observed stress @& 1is obtained from the torque as
follows:

Stress = Tangential force

Areca
6’.:&: T___: T
A L - (r,;rg)-w (rye-ro°)
& = .903 T vhere T is in in-1lbs, o0~ in 1b/in®
o” = ,00199 T wherc T is in in-gr, ¢ in lb/in®

Calculated Stress

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

a2 The comporents of stress are given
i' A bo g
A ; v
i . i — - FVy AVg
! g = u (=== +°2
- R Zx o Z %
T K o IV
/ T " o Z . av
X Lo N~ r cr‘yx -/ll ;Ef—— + JYX )
fLigsuming
VZ =0
,\T\/' C)vx Y\f
oo X ~ O f_')'— - —— = H
== - Z
' X zX M )1
!T’VX - O
c“) -

where Vyx 1s a linear function
of 2
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THEORRTICAL IEATING OF OIL FILH
a) TECLECTING CONDUCTION

A.) Heating Ly Tangential Shear of 0il
By the Corscrvation of IZnergy

: Energy .bscrped/cc = Mass x Sn., Ht, xaT

Energy Absorbed/sec = Pi x 27 x Ngac. {in—gr/sec!
L

= Tipopr X 27 X Ngaq,

= T, - X 2.#1{3_(1&' BTU/SGC
RENEE ¢ 5T S Y f. /

7
U

= T°.__“N o 2 . -
=BT RPN e 6760 'B‘I‘U/secJ

.247 x 1077 TN _

N

Energy absorbed/ce = Energy Absorbed/sec
RatTé of Fiow (cc/sec)

247 x 10~7 oy [BTU/ch
R‘- o |

il

Then
AT

ha

dnergy Absorbed
Mace x Sp. Hbae
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-7

LT <

{
J2 N0

~1 S
=2
LI Y
s
(@)
3

am 14l _ 1 (.Z33 + .0004Et)
.vp.I.t —_ 3 . / 3
= 254 BTU/GR/°F

= 877
100°7w

ct u
3

N

xv]

i
e
i

= ,00109 RTU,/GR/CT

AT = 2247 ¥ 19-f o
37 x LO0109 X

- o N T oA
l_'!T ...,u8 X L:) --}%— ( Fl

B.) HEATING EY RADIAT, SETAR OF OTL

Sterting with Bernouilliis Equation.

[»]
p -y
hy + 7% no 4+ 1B L roiiie (£ ) fPor Th Lesi
é_é_ 2 (_g LOSS4S -\i".. -, (P'vl Lbnbc;Sla)
P1 - pp .
I 3 0 Since vy = v5, = 0
_ P1 - P s .
0 = —l—a——é (rt-1bs)/1v. fince d; = dg
(Incompressible)
_ {py = p2) x .877 )
Q= “F7E X 452 X A (BTU/cc)
“here p (1b/f£t?)
d (1b/ft2)

n - 2377 (o1 - w)

= 1o . P
- Ther >
12 3 778 ¥ 454 % 4 ere p (1b/in®)

(1b/in3)

Q

+ “hem. ®"neg'rg. Handbooiz - Perry F-237C
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- vl - p2) x B

776 x 454 x d X L8V x .00L09 x 12
Yhere 4 (1b/in”)

- . . - “
7e x 484 x (£.34.° 4 = 00109 x 12

454

Where 4 {(Cu/zeh

- PL - Dg
7€ x (£.543% x .877 x 00108 x 12
DT = 00527 (pl - p5) {CF)
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g)

IQUILIDRITE CONTITMICONS FOR SPINDLE

r de 1A A3 - kS
Present lianhiine =0
e = -
—— R LA P (=N YT =
VAR I S LA W Po*‘\*o"'?.o.;gl(Al‘Ao)

\/{,\

»a

= e s
m,_..._...___*‘ JThie absolute veluss of the Pis are
- . xcr)v:} 1:6"{3.
i - ~
Fo Pl Wt e e wal 3 -~
> Do g se the weight of ths spindl
{ H . »'-‘..)L/ - .1(1_3.
{
!
t= ok e e - i
e kw._\
‘ t e A\ e = Po
! S ot ;‘"7 ——
Areas on Sgincis
PI‘OEOSGd "r" T LS
TThe royem Y
will pesait ths o p? Lhe condditionnca the A's that
ANT I AU ot e o R Bimye + =
of presasurc T tabion to ho express2d in terms
sy,

The abev: counsion iy be wriitien

PA+P a5 )aW = }?4:_‘.O—i~.~5.::fm(§’~.—l oI+ =200,
2.

P A +P (n.l_-.fls YA i‘f‘)(‘; = 'i\"é“"‘;rl'Po)

l‘ -I‘ A +P A f-_..‘-L-\-L-"p ,)' w—ﬂl.?.) = A.=A (‘J—PO)

Wi (P Ye(r, = 0. =( ' |
G v (_ 3 -S,.t' - & x7’,-6}“,'c' 41-:"‘&‘2.0}03—3.0)
Z.
Ie (.- = 1, )
Ao ~/ - faq b D! , 1§ AG T
1 5! TS AdifTerenae
eI , roossupe dilTeresnee will be
Tlmg AS = hy will urwsic thls,
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f£) PRE SEURE ND VELOCITY PELATIONS

For Redial Tlow Thru Test Specimens

Velocity 4%

Pistribution
1
M/‘/‘\"-‘Nb'fv*’"‘\'\% Upper P

J XJ : | <Semple T "3\ T2
IR e W N\
P e [ o N
! | o] _ am l‘_e \//-;\ ~

‘ dr
\ e <

Taking the a.es as shown #nd considering the
equilibrium of the element of volume

Force downstream due to pressure = Fp; -~ Fo
= (P + dp)r 6 &x < p (r 3 d4r)36 Ax
- T ¢p 88 gx.- p dr 48 ax
Shearing Resistanee = -.g pr aé dr + (s +%}§c &x)r a8 ar
= g—%— r 46 Ar Ax |

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

rapﬁeax-parae&x:gr}s? r d6 dr &x

» ) -2
rép-par=5%rar But s “au R
2 . .2V
rd - p ar Zmr:a--‘zr- ar - A S
ox o
s _ 2°v
ox T M ax2
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2.

3

-~

2
=)

rjm

- 5

™

T

If we assume v = { {x) oniy

and p = f (r) only

the above equution mey be separated into 2 parts (i) {i1)

Since the left haznd side is a function of r only
and the right hand side a function of x only
both sides mwuact be constant.

(1) é% - ? = a (a constant)
1

Multiplying by I

H

QB P =
r rz r

& =¥

z=dlnr % Cl

%‘o-

Hig

Applying the Boundary Conditions

]

P Po when r = Iy
P = Py whenr = ry

Give finally

p=22, Pl -Piro .4, I
To ryr, 1n T To
To
d2v
ii — =
(1) aig-d
av - ¢
dx a X *Co
2
- X
ve% & +tCyx14Cs
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(ii Cont.)

prplrirg *hie boundry condiions

v o= G Yhzn x = %
Y - -
3% 7 C nen x = 0
Give finally
v=Sollilo  mB 2y
2o v, v in ;L.l 4
o]
Mow the rate of flow is
+h h
{/ 2 /S
R =\ véA =2¢ v da
)75 ) 0
n
(§
21 v 2"( (_r_'c_i_lli). dx
o 2
h
(Por7 - pir e 2
= BT (rg 4 7p) —2 b CLig) B - *®y ax
gu rry 1n 1
To
0
PaTy - 1
R =4 (r, + ry) ol -1r0r ho
12 rlr In s
o) To
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g) EQUATIQUS FN" VISCOUS ¥T,00 3WTRIN SAVPLES

1. ¥p :)'Vdr 23/39* eq's. of viscous flow for
/;.f,l '__ﬁmmess ble fluid. (NWeglects
2. 7.3 = C nertial foreces ancd assumes con-

; scent viscosity,)

No.l BPRecnues in cylindriczl coordinates

g >%r 199 ., 1 2Gr 2q
§P‘ “a (% 4 55 s 5ET "a—~z"'r)
I ,;fr" - T r ¢ 2z
1l 2p ;?qe 1 29 ydg . 97g
- Y VRO + L 2 + 1 < :
r 28 —_— X -
2 (Brg T Ir 72 @6 922)
'J‘E:)u ("‘ z+.l. a_-_____z,;,_]__aqz +aqz
ar r T 2 =6 5 z2

From the symuetry of the problem

39r _ y
L=0 28 :, 20 = 0  and dz = 0 (assumed)

o8 L) a6
Hence tne equations become
2 >}
2. 2D -, (29 , 1 39r , &°a
4 4 T Ir
ar M (c')r-2 r or 322)
2
s o=2% 1 29 3%
) dr? ' T IF ¥ S z%
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Solution of ZTq. &

Using 9.0 = J and the svumsivy vroperties.
. f"ﬁ o
(i ~ &
(3) becorer 98 = | lr ; 2%r) oz
v {72 | 352
Lf “<JZ
ad
. 3 .
Since = 53;\1 dr) = 0  (3yV.q = 0)
T Ay = £ {z)
I
9. = £{z)
- T
- (9] -
[ k’ ‘
(3a) beccmes QR -, 1£(z) 3+ 1 d_f_(.g).)'
L a‘f : A a—
' S T gz J

This may be integrated immediately i.e.

——y

) pl 1‘1 2 _ .-rl
J 2P —"-2‘1 f(z) f_l_‘} L g g

!
3 2 {
po Lr {'o dz 4 ]_"o
r. o o'
a4 |r1” - To r1  def(z
or -~ = ) P
Ap = 2 ;rlg T 2 | £(z) +x In T, az2

where &p = Py - P31

2
acf(z)
(3b) or-Ap = K= £(z) ¥ 1° a7 -
2 T 92 o i
o Al !rl -rO
there K¥ = g i 1'12 r 2
o
2

- Tl
L'ﬂlln;.‘

Eq. 3b 1s 2 non homogeneous 2nd order linear
equation with constint coefficients

The reduced equation is
2 2
da~f ; K
0z 12 170
The solution of wihich is

sin K

£f = A cos I
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A perticuvler scliuiien of &b 1o f= - %g”

eo L0 L, by
oos T~ T
ToZn T K2
. + s K N
(3c) or Gp =T & cos L= T “?5

Piacirig ﬁhe cyiglﬂ midway potwezen the vest sur-
faces gives the Toilowing hovadary couditions
, 34 '
when 2z = Q% =g
UZ

e

ap = 0

to detzrmrine 4 n (32) and selecting
Cbiom g

N
N\

Using these

the cos. s
e T B,
- &» P CCs T ;
(3d) ap = =85 e 1
i Do '
1 208 $> :

The rate cf flow is

a i

AN

(
Q=2§ 2.27r ¢z
J

o}

Using (3d) and integrating gives

A’Ffﬁ Iy r]' Kh ’
= =2 s hi
K¢ ;K tan &7, éj

Kh
Expanding tne tan 57, into its series gives

477 A p h¥

(5e) 0 = T I 2T @2 + AT W E{

105L

T
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Putting ir the values o0 ¥ z~uad

T
% }
and droppling negiig s ¢f the series gives

o z
0= %.9é‘é*ﬁj* {in3/sec)
P 2 S
o AL 5T T = =
RS =77 L—=--—9—-) 1z in
v = -r" s roz _ 9
- o - B in
= .075 W
— T - -
r2 »}Lln,?£ = .2055 m

SOLGTLION OF B2, £

The variadblcs may b= sevavracted by assuming

Substituting this into 4 gives

iy
Bl LR z ! ¥2 vhere¥is a con-
r stant

This gives two ordiiceary ccuanions

(42) T°R'7 4+ rR* +¥5c2 R =0

Ec. (4a) is Bazssel's Eg. of
orcder 2e¢rs anad Bessel Tunc-
tieng of ovdsr zero ave a
sotution i.e.

o
(4b) Z't -¥% z =1
This ~q. ic e=zsily solved by
zssuring 2 = e 9¢
giving

Z = P ¢cosh

Choosing the origin on tiim stationary s:rmple gives
the Boundry '~nd:.tions ‘

1. “hen z = 0 ag =0
2. Yhocn oz = h g = rw
. wrl
3. Tren r =1 Ap = ———==
1 's T % z
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A particulsr solution satisfying B.C. 1 is

4

.
ag = A b, {5r) sinh ¥z +%221 2
I ng By, ] ey 2 T

B.C. 3 is satisfied i1 Jo (¥r1) = O i.e. if the ¥rytg
are the zeros of Jo (¥ry)
This gives « set of &'s say ¥ ; where j is 1,2,3 ----

B.C. 2 will be satisiied by taking a sum s+nd deter-
mining the coegg'i:'i:-nt: T.e.

~ . DT
(42) g¢ = Jgj, A5 Jol¥r) simh ¥5 2 +"-)-E}- z

(0 for OAr <ry

when z = h = f{ g =
A _ dg f\r) where f(r) cxr for ro < T (Tl

O
&=
thus f(r) = jé.»i_.(Aj sinh  ¥j h) j, (¥yr) $wry

. ,
or F(r) - f£(r) -wry = ?:f (A5 sinh ¥ 1’1)‘}Q (¥4%)

The Aj's are determined by :
.r
5 ~fl

2 | \ |
rlf‘{jl(ajrx)] \;o T b (yyr)F(r) dr

N

(4d) Aj sink yjh =

v

The final solution is Tg. (4c) where Aj's are
determined by (44).
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BYPRESCIN FOR TORIUA ON SANPLES
The shearirg siress g’ is givan aporoximately by
(e
5) 5 = 322
L AU E) z

«v.

(5a) ,ug[__ Aj Ju([Jr, yj cos h(X z) %L:JI‘]_‘

The torync ca “re =ieliouary sample is given by

r]
(@TIS 27r dr .. T

+0
S .
= 21?;1 / AJ B'j 3'2 JO (YJP) dr
j=1 iro
“fu wr] ~© 3 57
* Tan frl - To |

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

Fq. (6)0"«1111 give T in terms of mi,w, h after
Ay and ]r f.(a’ r) Gr live been found They may be
found in a qtralﬂbt Sor vars way by computing their
values from th=2 ~eries which they involve. However
this is extremsly tedious.
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h) BOUATIONS J7 FLIY FOR VARTABLE VISCOSITY

_—— o R e e

Th: sty2s: s503ten Drocdeze Dy nressure

gl visoovs forces nay voe ripresented

bv (5% ‘

N
(TY=-p1+8.mDefq

There

2 ! - 1 1
T Uy = = Ve — o W ; .
B~y - EYz gluy +uyg) 5{uz Fowy)

11y | 2 1 1
Def § = ;z(v'{ Puyl o vy iy - g W 20z o) l
! f
WL i
'é'(uz + ”-) ";("z + Wy) %’ Wg - -13:' Uy - "l%‘ Vy/

Computing the x-Couponent of Force for an element
gf volume and setting it eaual to the inertia
orce

= Du

— - > AL
Dt Py + 2 é%’ E‘_mx -7 (ux + vy + Wz}

*é’%f—’” x +up)l + £ fuluy + )

Py 4 o ___ (g “a%%(vﬁuy } c?hl(uz+wx);
d 2-

Since ¥, ¢

This beccmas

Du _ : dtL 52
== = =D + _’ ( : 9

{-

2 ’1'\77 u 4 &
Adding the y end z comvcuents gives

§ g-% = -Tp+ 2 (Tu WG L2AVG 4V (aVxE)
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Neglectirz Incrtiz Forces

Consicer the flow in one direct sy between

two £zt platzs as shown

A ‘
E A S Where § 15 a function of y
e s X ] cuiv ond AL is a2 function

cF X and v
TR T

The abore eq. becomes

l. . = 8 e ed +G}U\.J‘l
X ( o x J_)f oy g—)*/d (5}-% +g——-—yg)

1323 -3y

2. Idp - o Jd o v 2
- 2 (ZL% r}V < <
Iy EL et Fc"’ "V) (2"'2’ a )
2 (2u >
av EE
I
Since v = w = O, Jx = 0 and changing notation u-—q
3
la Q-E = ?;"‘_J.' c_g. 1)
O.’x sy c.l 4' % .—-_ }*q / (mere q' = g'%
2a 2R .du Jg 5 (221
Thus the eq's fcr a cne cirectionzl flow are
28 _ & uq’
1a 5% ()..F )
24 ‘._1).2. - -,,é’-( ,-U.q')
oy X

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



3) HIAL QUATION

Consider an element of vcluwnz abed movies witn the fiuid.

IA " e
Pl e TR AT
R g P SILE O i lue dt.
a Awg' is the stress.
X

dW = - (uq*)q dx dt%f(q-}_@_q&y)‘ {aag 14 2 (ug ') dyﬂ dx. at
L3y oy ;

+ padydt - (p +Qp ax) g ¢y at
X

(/uq'zdy 4 qé%_(pq') dy + Q'éciguq’) ay®) ax as
. - ¥

- 33 q dx dy.dt
X
= pg'2x dy a4t SincedP = 3§&q’) by la

Now
~#Heat Qut'$ Hest In & Heat Generated = iass x Sp. Hte

x Temp. Rise

~k SO éx 4% b 1 3 (28 .
ge [@f %ay) dﬂ ax dt

" 2 o
¥49'° dx dy at c de
4 N .s}) 33: q§ ¢&x dy 4t

Neglecting Conduction id Lireckion of Flow

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



Hence
3 kr) "0 3 u _
® ag'® . $eade

Note:
The heat carried iatc d7V by vicrue of ths flow lead to
terms of higher oxdsr thus

Heat carried into abad
by abb’

1

]90-2. dyl@g dy) @ as
Y-

E

Heat carried out

L Aoé(Bq 4 -3(2Y)
by dee’ = pokar®iFS + 25 ax)ieidmax)ay
Net heat in = -pc ‘z 229" x + ¢? Jo dx } & gg'ax“) dt
&X DX X JX

= Terms of Higher Order

Also if g coox. system is attached %o abed then the trans-
formation eq's are

X qt ¢ x°©

A A

and the ¥V 20 has the same form in either set.

If we assume 4 is a linear function of &

A =zb =~ alb
.d becomxes
e +& ' ,
du_ - a mg' -Cc qgdu = O This 1s a special
%a T2 m et case of eq. on

P Ll4 nef. 83.
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j) SOLUTION OF FRUATIONS OF FLQT
A

The two eqfs, to be sclved zve

1st Method
The solution of 4 is uq' = f£3 (x + y) + fg (x- y)

Substituting tinis into 3a gives

Ve ' q
+ [F L t_Yal ! 1

[} f" +{ Cq'\@q‘ ,“%3‘ f' _’( 'é) 4’ K Q',f = O
L : l_Q' J

Q-

Where “:=i32 = a ny =of
e AT , K %7 1'“§Txiy)%xiw

And where the L.H. side is the sum of the =bove
coefficients acting on f3(x 4 y) and the coeffic~-
ients with the encmrﬂled signs substituted, acting
on f5, (x - y).

Thus
AT1TT 4 (B 4+ C)f1' 4 Bfy 4 Af2'' + (-BAC)fa! + Efge0

Where And
- =g
Ae aﬁ L q'! = a% etc.
B: L' __9'1
&|) qf
C=-45
q!
- [ ] !
E=- (a.)) - Ka!
q'~
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The foregoing eguation is 2nd order with constent
coefficients if y is Lield Tized.

‘A92 +(B+C)D+ El £y = {f -~ (B0 D - F}fg
T

Yhere D is the usuz i Qifferential operator _a
du
-~ {'—'l 4‘ f‘——'-ZBD \’ fn
: AD® 4 (B + OO D+ Ef <
q' = + fo =) 2RD ‘ f.
M {;Dﬁ + (B4 CYD 4+ E} <
Whose solution is
5 Aq' = hy - hg
here
2Br 1% X r (X—t) =
- l r l
) |G T et
Jo

2Bro T’a X X -
= Iy (rl = 1‘0) l_{zz (y) erg 1 ( erz(x t)fz(t-Y)d{j}

o

And

EGCIYER CETTYY
= A

.CZ, (y) anc C?i(y) are arbitrary functions of y

Now to get information on the undeterwuined funections
in &

Substituting 5 into 4 and setting x = 0.since
this will be en identity gives

8 U''t + B+ C B o = - + C)
7 vV o+ 2 U = Big C £2 (-y)

2B
t T ' (-y)
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Where

2B i« - 3
{r- %0 R -
Us=ZTTr] - 75 VW i, -7z béa‘ )}
2B /’ o
= fou £ / 7y . £
V=3 (ry - 1) Wy CZ SANLEES @\y’/

Similarly substitutirg 5 wnt: Pa and se
glves

e .
7. U = V=gt gy [y) - D0 (<)

Now consider the "Berncuilli® condition at the intske

2
P4y a” _ ai
¥ T Constant
Hence
-
ZP - —_f. 1
oYy g a4q
But
<D _ 1)
g‘f‘ _a_%(,uq ) By egts. of flow
2
=V }—E— fo (-7)
. - 28
.V E - gaa - F £ (-y)

Substituting tnis into 7 gives
23
£

= cn
U' 4 2aal b5 fo(-y) = 5F fp(-y) -20et (-y)

“9 (’2 [s V

Putting these cxpressions for U &n? V into € gives an
equetion Ter g3} {The velocity distributicn).

€ _ P 5 o 2
8§ ") + 4 oqr(eet Aa)-P-r-ka %) £ 47 c
g & Lg 2 1

D
¥

= 2 oL _Kq'?) fol(-y)-4of," - 2 fo'?

~

Tt

Vhere o = &
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SCLUTL0U BY SERARATION OF VARTABIIL

-~ D P ’
4; C)"’{MQ‘> ----- - ?)?i\.&;&‘ )

o ¥ 2 ER%

Assumr = X{x} ¥i{y)

3a becomzs s
XY ' o~ Kg'"XY —AqY¥YX® = 0

Which givecr
9) ¥ = (Xq'? — ¥°q) Y 2 0 snd

1 2_
A+ =0

Where ¥ is the separation constant o~
the X-Eq. csn be integrsted giving
- :‘_f'x
X = Ce Hn

Eq. 4 separates into

" 2
‘Yg'a-’: X' = (% ) °

Yg¥ X
Which gives ' :
2 £y
Ae _gy.f.» Be X 2
10) = where & é“""""“
4
q
Substituting 10 into 9 gives
11)
2 X 02 ~ "
-~ Kg'" +4i3q
5 2 -~ [ )9... 2g Q" oy
q' ' 2 Ae
2 xs
§° d-Kq' +As4
4+ - ‘: ;2 3*‘“25 2 “Gy
q' o { Be =0
q?
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i) SIMPLTE z{‘ TR "pw.\,’ m Fiid
TEMPERATURE USLES "NEWTONT cooLIng”
\7’
/
, Lot gar two platuE
. : o s hovy. Bhie upduer
- o ‘. LTl 23 1tith
— L Ll DT L ooy Voin oz
) P . Ceek tn. al Flows
R s !_ . e i z'LLu'y,flwn ani
K T SN S A . L@riuenature @
S Al . : .l
LL R : vories with & only.
e W U < gg
Hesat Eq.
1) pecQe+ 1 dF V-PC(G+M )Q%(Q-G‘)dx

T,
Where § =« Rate of Flow
k = Film Coefficient

N
But v
= mx) g 9% (Unit Width)

1) Becomes

46 K V= k6 bv2
ax T })CQ"' h.]}:cq)o 3 FC‘Q, * poQng

fssuming Ma = b-a@

The Solution for which, with 6, Inlet Temp. Is

~tX -4
B Hx
e s 4 (1-e ) + 8c

Where 2

o kehd +bv

B = })CQ,hJ

2z ~hJk +aV

~ pedny

Now cohputing the force per unit length

,an) dx where t is the width of

~Ax Ax surfece

———-j —-—— 1 - € } ~a@e - } dx

Finelly _ At —
Fo U y,_ t o+ (ag, - 1) (e a1 )J
. hA PCQ '
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N - PEC IR - ¢ . = —m -
m) MITLOL O FFCULING TIT T TTMOTEATIRE

Considzr two tests run at the same speed and
pressure but with two diffzrent oils whose viscosity
indices differ i.e. oils vuaich have viscosity curves

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

aporeciable error.

Since the torque T
is proportional to the
viscosity when the speed

and¢ film thickness are

~
k ~

o ths same, an ordinate
!

Y to the viscosity curve

is proportional to the

torque.

Consider the case

where the inlet tempera-
ture B4 is the same in
both tests. I *he film temperature werc 8 in both

caseg the mezsvred tornues would be in the ratio

ngQ . However, the oil Temperature rises zs it
Bo

flows thru the filu snd the effective temperature
increascs to the point meriied 1 a2bhove. 1ow the

ratio of the toragucs (mersured expcrimentally)

will be/uAl

5 . . / .
The *emncrati-e risel <, and {\J= a~2 proportional
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to Ty, &nd Tg respectively (from pert d) where
Qp OB

the Nts zre the ra tes of flow and may be measured.

It follows that

Al :)J'Ao - MA»[LGB

}lBl Z"uBo - PJB[!-SB

where M, and Mg are the slopes of the curves.

Dividing gives

Bl MBo - lgdep

which is proportional to the torques, snd can be

rmeasured.
Now
. Th
0, N i
D8y 5
A 6p ~ 1B
OB

Hence A8, _ Ta 9B

which can be messured
468 I Oy

Eliminating 46, fro.: 1 and solving for/A@B gives
/Bl

A@B = 2l Bo
QB

. - My ==

MB A 0

In general torque readings in two tests are not
made at exactly the same film thickness and inlet
temperature. They czn be converted to torques that

correspond by multiplying by the ratio of film
thicknesses or viscosities.
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NI T
Ther: Las hecn =cens ovpiiooit’ o 07 i wwn of
symbols, Thelir me-min bovu o o 07 L
from the way tli-, 2 o L Cosma e Lt G T
symbols have b2su detord 27 o im0 L Tany e
used, In pgenerat 7.3 Foloowen S o T Tt @0
attached to tas s:roo v
P =  pres’sure
n = ceefficient of viscoslity
q =  vector velocity

4,999, = velocity compoanents in the r,0,and z
directions

r,8,z = standard cylindrical coordinates

r, = inner radius of sample

rl = outer radius of sample

po = pressure in inner cavity of samples
py. = pressure outside samples

{%) = rate of flow between samples

h$ = film thickness

“J\ = angular velocity of rotating sample
{ﬁ§f~ = shearing stress

T = {(torgue ]

ltemperature;
v = linear velocity of sample
u,v,w = Xx,y,2 components of velocity

e = temperature

° When u,v and w carry subscripts x,y or z,this means

~

2 U
X aX

partial differentiation,e.g. u -. In some cases

orimes {'} have been used to designate differentiation.
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':' “vl'u < >
§ = VoL wiLnle vector
f = asnslt; o
pie = (f‘.i.lm curificient of heat transfer
1 bacrmes cenductivigy .
J =  1uecharieel '?quivalént of heat
c =  specific heat | o -
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Diseussion

In many engineering discussions on .ubrication terms
such as "Lead Carrylng Capesity", "Film Strength”,
and o%hers are used. The writer fesls that « few words about

these may c¢larify them somsewhat.

The Loed Carrying Cspacity of u Jjourmal bearing
depends, as the losd is lncreased at rirst, on the abvility of
the bearing to meaintain & hydrodymamic film {wnere the laws of
£1luié mechanics khold) and then the ability $o meaintain thinner
films where %he laws of £luld machanies give way, and Ifinmally,
with further iancrease of Load, the Load Carrying Cupecity
depends on the physicasl znd chemical nature of the molecular

£ilms wihich separate the two parts. 1Thus there are tarse
regions of film thicktiess of interest. Lot uw designute them
es follows:

a) Hydrodynemic Fiim

b} Semi-hydrodynamic Film

i

¢; Holecular Films.

The Hydrodyramic ¥ilm essentially has no strength. Its
ability bto support = load is derived sclely from the hydrodynamic
pressurs. The Load Carrying Cupacity hers is Gependent ou the
abilicy of the ecuipmoent to wsintsin a continuous film. in
Journsi cearings.the clearancs, width, spgeed, position of oil
sources, an. viseosity rorm the c¢lements of & wechanisz tc pro-
duce und maintain a8 hydrodynamlie film. vut of rouudness of the

tae

L4

journsali or bvearing, chatter, =ad other inuccurzcies effec
ebpility of uuei a mechenisy to mainta.n & f:lm. Thus ths

machinery ror maintaining a2 film is self-contained iz a Journal
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Dicecussion ({(Continued)

bearing. in contrast to this the 2bility %0 meintalin & film
is separated fLrou other considerstions in the Burfzee Qualitvy
Mezcehine. Here the sbility to maintain & hydrodynumic film
rests in the abiiity of the super pressure pump t0o pump.
Thus, this one wariable, the &bility to maintain & film, 1is

divoreed from the problem and does not interfere with afher

varlavless.

The ability to meintein a film hzs been studied very
exbenasively., The plot of Zriction coefficient ve'g-
{2 dimensionless vericble) which iz so cammon,ia/%qmgzg%re of
the sbility to maintain all three of the above types of films,

?ns fundementsal nature of each is disguised by the others.

The semi-hydrodynsmie film may bave aome airength.
For instsnce, Heeds'(6) work indicates an spyarent rigidity
of e £ilm of luoriceant between two flat plictes. There is

much eontroversy, aowever, about the film thiockness whcre hydro-

fynanmic flow ceases.

Phe moleculer films csrtainly bave aa inh:a:rent strsugibe.
These nave been studied counsiderable by Langmuir, Blodgett (38}

{39) ené others.

The polint to bs brooght out is tihet the ability bo
maintain & hydrodynemic £ilm iz divorced from $he problem in
the tests ou the Sutfece wualliy Fachine , thus leaving the
other variebles unaffected b, any change in &b _ility to mein-

tain 2 film.

T < o ol s R el = o
ine surfece roughrnesssf the Deting parts of =
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Discussion {Continned)

tearing influence to some Gegree the ability o maintain a
£ilm. This was demonstrated in ths tezts on Jeumple Ho. £2a
whers & definite torgue was produced by the oil flowing tarougan
She surface scratenes. This lndicetes thaiy the scratches have
an influenes oh the clrection of oil flow. Comseyueably, if
very fine sdrsatches {(say & MI seratches) were ofienteé on tae
surface of a bearing in sueh & wag as %o drive the oii towaxrd
the center of the bearing on the loeded side, the ability to
mwaintain & £ilm would be iﬁereased. Suéh an orientation of

scratenes would resemble & herring-bone zear.

Dimensional inaccuracies are detrimental im zall
cases in s bearing. They tend to destroy the ability of the
bearing to meintain a continuwous f£ilm. It can be seen from
Curve C-67 thet the resistance $o flow incereases very raplidly
&t the thinner films. The periormence of a beering depends
on its ability %o keep the oil in the bearing. Conseguently,
a high resistance to flow is desirable. If the dimensional
inaccurseies amount to anything at all contindoua Pilms of high

resistance cannod be attsined.

Surface Ecnghneas has both adventages and disadvantages.
(ne adventage of suriszce roughness is iis zid in controlliiag
the flow of o0il in certein directions. That is, if the direc-
tional charactepistics are such as to produce sua &pparent
resistance to  flow toward atmospneri¢ pressure, the surfacs
roughness wils heve & desirable effset. Iowever, the surfeace
roughness muat be suck 25 to allow very clozg clearances 50 be

atte_ined begause of tne high registances associaled with

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



Ziseussion (Contihued)

thin films (see C-67). If the peaks of the surface roughness
bresk through the f£ilm the purpose is defeated. Henece it ap-
pears that it is desirable to use surfacs scratches tc/%%%%ent
the oil Zrom fiowing out, and et the same time, to avoid sharp
peeks which projedct through the film. 4 surface, supsr-finished
partislly, should exaibit good bearing qualities if properly
ground beforebend.  Another factor to be considered about
‘surface finish is the h@at trensfer characteristics for sueh -
surfaces. The resistancse toldil flow in a_thin £ilm varies
directly with the viscosity and inversely with the cube of thse
thickness. Aocordingly, et very thin films the rate bf shear
{ %—) is large and so the'rate of heat generation is also
large. Thlis ftends to make the viacosity lower and hence lowers
the resistance to flow and facilitates the "squeezing out®
of the oil. 4 surface with good heat transfer properties is

therefore desirable.

It has been shown that meore f£riction is produced with
the rough surfaces even though no metallic conbact is made.
This must be bslanced with the above desirsble effeects. OSince
the resistance to flow varies inversely. as the cube of the
£ilm thiciness while the heat generated veries inversely as
the first power of the film thickness it is advantageocus to
run &% as thin a film as poosidle without having metailie
contact, the gain in resistence mor: than off-setting the
increased neat {(especiully with s lubricant with high viscosity
indexij. However, there is no advantage in having & oigh

resistance to flow outward if there is no way of contimualily
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Discussion {(Continued)

sapplying oil inm the high pressurse region. This is woere
surfaeee finisk is importunt as ap sid in supplyiug oil to the

nhigh pressuare srea.

In recent yoars there have been advenoes made in the

design of machanisms to increase the ability of u bearing

| to maintain & contimuons f£ilm. The Hitohslil Thrust Beariag
which uses pivoted peds is an illustration. The Filmatie
Bearing of the Cineinnati Milling iachine Co. ls also an
iilustration of the effort being made to sugment a plain
Journal bearing's abdilisty %o maintain 2 gonbtianwous film.

The test samples used in the Surface Quality ¥achine cone
stitue a thrusﬁ‘bearing'which is capable of carrying ex-~
tremely heavy loade with the production of & very small amount of
heat. The stability of this bearing increases very rapidly
as the load is increased. This i shown by Curve (-8. The
compensation pressure is proportional to the load aad it is
evident that at heavy ioads tﬁa compensator pressare muast be
increased & large amouat %o changs the{film thickness apprec-
iably. Under these loads the spiadie is perfectly steady aand
has coefriclients of friction of the order of 0002, Lower
goefficientsy of friction can de casily obtained by maxing'the
diemeter of the anuular land lsrger,most of the loaud being
carried by tae pressureé incside tas sauwples snd the Ifriction
arising in the thin film betwesn the test suriaces. i3
should bs emphasized that bers, sgaim, the a«dility to asaiataln &
£ilm is separatet from the uwating elenonts of the bearing.

|
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Dizscussion {(Continasd)

Fromw & study of the litverature it is appareat that
varions iavestigafors' resulis azre in dlsagreement. For
instance, Kingsbury's experiment with a tapersed plug(l)
indicates that Hewion's Law for viscous shear holds down to
000025 in.while Herdy (655) puts the figure at .0004 in.
it has been shown in this report that suriace roughoess will
increasge the stress while the temperature rise decreases lt. '
With these two effects combined 1% is very easy %0 Ve misled
by getting results whieh foliﬁw theory down to .0000251in.

This lllustrates the advantage of definitely conirodliang the
£ilm thickness and the film temperstuars. The measursmsnt
of film temperature probably is one of the most elusive
var iebles in the fileld. By allowing oil to continuzlly flow
through the surfsces the £ilm ﬁemperatnre can be controlled,
and , es mentioneﬁ'earlier, cen be measured. The method of malin-
taining a film works very satisfactorily. The film Shick-
ness can ve sst to any desired value within .0016 in. amd will
rem&in steady indefinitely. At filwms of the oruer of .0008in.
a8 ¢hange in film thickness of several millionths of an inch
would resdily be detected if the spindie movecu by that smount.
Thus it seema qulie feasible to ayply this method fozr control-
ling filmsg from, say, -00001Qin. to larger films. This degree

of precision is far from impossibls.
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= ummary

Thz tests on the Jurfece Cunilty Machine indicete that:

l. At films of about Q0085 in the shearing
stress is greater than would be predicted by
Flulé HKechanics.

2e For rough finishes the anearing stress
is grester than for smootih finishe2 when the film

thickness becomes c¢ompareble with ths sarface

roughness.

Je The shesring stress at about 000156 in is
independent of the luoricating propertiss of the

24l used,provided no conltact occars.

4. The direetional properties of the suriece
sereteches lnfluenee the flow of lubzicant past
them, the influence being greater at the thinner

Filmse

Se The pressure affscts the coellicleat of
friction only as it changes tke viecosity of iae

i1 in the range of film thicknepses stucied.

6a Ths presistanes to oii flow is i8ss 1or sthe

smoobth surlsges thua 1or the rougn sarfuces.
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Summery {Continued)

T The resistance to oil flow varies
inversely as the cube of the film thickness
a8 predicted by theory.
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SAMPLE No. 3b (lower cup)
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SAMPLE No. 4a (upper ocup)

Path of stylus - tangential
Vertical Scale - 1 small aivision - 1 MI

Horizontal Scale - 1 small division - .UVZd in.
Remarks
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Path of stylus - tangential

Vertical Scale - 1 small division - 1U MI
Horizontal Scale - 1 small givision - .UVZd in.
Remarks

4

R .

SAMPLE No. 7 (lower cup)

Path of stylus ~ tangential

Yertical Scale - 1 smell division - 10 MI
Horizontal Scale - 1 small division -« .UVES in.
Remarks.

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



1
e . L,\
{\' 7L i ‘\>Z
A
77
SNAv

VSl PR

Upker  SPecimen

Zmu.c'z? 5P/.:“C:/M.c'~“nf N R

NN

TAeLE ”

SrRcEeScori I
ST P -

}QJ\\\ N

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



S-Z

2
e .
S L
o e
S | |
=~ : ,
NG | - |
1 )
i .
L : = J ' e Cur
2.‘ : : 1 | : |
' ! ! !
N
," ...‘L_._._'__.L...._-J_._-.._.__J
} . ]
‘ T
. : ;#W“ES‘T O L FEATES
1 S St il Rt s S
:.14_. - r' H : R )
) ! ) i) i e
SRR R - Lower Cur
L -y
— |
] !

ARRANGEpoEnT  0F TEST SAmPLES

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



)

LITONITY DI TIVNTL

“ 'GAddd dNg W SN
W0A345 25t n.ﬂmz.u.\/ oL sNIva - A

=
THE 7 47 FEREY MI7 ] S .- - cladd=4 2
oty 7 9aicg, Fowts) WLy =i = o 175505 | £
. e <]
JUISS Tl IS\ ( =

, o

” ! .ll_.u.Ju AL L7 m

I o

.y T ﬂ FAT KA 2
e L RSN, z

. (=}

il I el P TV g

hﬁ?_ L AVM - m

S= A TLI S fr 3
| W - : . g
AR R S R t\ﬂ c L 7 3

7 Ioor . \ y | “ 5

p. - S LI LY =

%/ T /Yy T O N0 5

, NETT ﬂ R I-"077 v dorrr g

— 3 S- < IVDESINA S DAY 2

| MMIUI | 4 | 8

| e SN aw e =

= [S)

_ i 1_ 7 FLW. Il_ ﬁ s

= . T ~.|IIIL W _ o plaiei °

A= . s | W Ty m FATA “ L0 - M77F £
g T \_r Y[ MIHSESYelivd ) o> ’ S

T S

P R — wi.Ao

a7 - FATIN I N A7 ?\N M 2.7/77) m

S U AMDIA FII70Y L . o

! e

, LI/ i\k GASL 2793 m

N>\ muW

T« % 3



oake ‘g kg g

DMIdllrs G WTIAONQRSY A0 FTAIINI

AT TR LOILETY

0L QILOTHANID
sy oy amy Sy Ty Yy

L \ssN WO BUNSEINy KOy
e R |A|u~1 : ..k.\_\\,. _

Hw w w v _<4h v i w‘ ,_Y W

[ v ] I A Vo L
S, N \\\M\\ o

T

Z

. ¢ 'q v\m

.,muu. mm“.. nﬂ@“ _m \\A
7

L i!i\“
I w23
s a 'y M

N

ONIHENST DFATTIAST

{é/

]
e e -~

\
IS

T
:
<

K

T

AN

{q‘ﬁ

)

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



bl
Y

aLg e’

$d a0l MY
(Mzarayy twwe) 7 2001 0L 0 /s
\ oy £
TR I
YWA v v wartizogf g m
3§¥~9 oLl { g
A\N / PTG 0L 922 ) AGNEY J! s
iNgwasaraly PMIE sdaLs %i\ G0t M
Ii..\/!n\.s) .Yi: 9951 ~Q l ..m
uiy MS{_ Ly = = uHm.% wm*h?.
WA z..<> W / % Nv Hw g ZM.
£2-9 € N T OM.«, a

\,\:\QQQ« o4 Unm\ Fowuyy 7 &Moo

DAL DA x\b
GNIGIS Iy MDA NILVTTIOSOD

QI TR0 NONLIT 7oA DY ORE
NNFJ »\m.u 4 mN m.l\\@
ol Vo7 7H9 and () A‘M\\v N\M\\J PL BAY TUoS @
MaLluy w0 0'id ) dey v - D

549

NGIL AT Sripae? )
+q !
i
oo |1 Al | I
: ? : : v
A0 | ey AL Al »
o w3 21% 3% afe Ml Ml AL
b3 * .rllnch,E:MJ.:_ et AAAA AN
| 9 2yGiI Y I Y gt L ”
_ Wragy pwasy M N,
Pale i~ '
W Mgt hgr TMi
@o diwooiﬁ Towy M
~ “rid 08
R |
$ =N ——
Iy’ > .
W25 W xﬁ?f\\ 4 m
OA
%ﬁ ” LPS 9 = W
_
®
7 | 3 [

L1 ¢ FrENne T ) -
frLide G ROMNIERD S0 Garlry Ms,

QI3/13

et AU
sGabg x

210
Dvised S

RMAIDTT G

(70 #) |

US4y S MELE >,
Tt
AME w<.\ PN\HN

SV

\h\
LS IFTIND D
TSE S

Qo

7

oL T Ny
o/

XL

INGLIIEAY)

0 Lps9 wbtd @
STENVELT ) AT ‘\\V.QMQ

:..:~ @

YNNG EN 19

e =P DGILINOEY _
? Al ¥Woef 47 =5
. PN S0 LA )
! el Finip 2 &7 L
ml ~l A\Q 27 PAIMS v
ANV SYWWA - — \N\Qv .Uﬂ_ﬁv.
- L - 96 2
‘d?\ﬂ& T OF Sy ﬂww‘
2997 9559 -1l i
Jc Pl I - SRS YETY,
M\
wWOS g W\\s ! JA
L E gy Aeg now
[ ? - -
£ uauviwidl ﬁ m /Al Aol
W wks\ ae-€ / A009
o ;\ N S | SO S | T -
: . o6
o .«..w - QUy\ 085S Gf
P A .Uh‘
| A 0

HWESS ~ 21 3N

/

O I oI VY

Qanizf e2L71 S

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



$-¢

; .~ 3 g e Ly A ; 7 a\(\, \ >
(A Q8- A0S/ \ ATt I A QAL e 777D A.R, TLUL 79/ @
Lod €vL UG Nk MG Ly
NPT UV QYo | ANy MaMOd _ SISSY1D D80 MY T =
e T ; s y ,,_ - ©
Nmayp = : * i :u‘r%‘,m
— W mit s #3aang
Gz AN ~ ~ vl S 2
_ ¢
TR} OM\ﬁu 3A Mo m \ A ww&«
T 1) < ; r 1 ] -
,:t..C My w /ﬁw 3 mi v E«.Vrm " umEmea A0S ]
gve 7L TWor 3 , {0g ' odad ay 4
A . S > LRI
ﬂ , _m\ o )] dso« / may 0
NL P AW as $
A&/ rs’
|| L g
S Iy gvWos )
w AN
P S - — NV
— R
PR RN W M) M _
2373 31 A 3
o oo unl moEy T OL 3 mb o3
S JWs diNy| TW 73 Hapy | w
Aniq WAIAS i
4 28 _
AL AR
Adh o ;
. < \ _ [ W < ﬂu . ....N.nhﬁ\v.x Uﬂ.uﬁm) ' U\AIQ ,ﬂ\ &,\LNL\.;\N\.\: .nr.l.v\,m ;\Qb
o
" v,._.:mﬂw Lo v 9 ANG T ) _;.\.nc Vb OG »\...u\\um,\ Jﬂ
L wor LD @i L5 el XA - Ry “
LATT - HILmG NFAD I _ +E SaC <
wraaly - potims (98 AILL IS L Iple S AL - LAY LoC
Y s/l \}Z.?:,mj ety TAi P mw - R TET - /
nwmm\,ws\@ &7 FANLS oD ML IDT $ILE T L7 A TS Moy UILT WPILING ‘w

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



AP LI EMI ATy A DY J

[} L. :
i \ P :
! g Lo e

o e O

-
\

I ENY

2D D TV TG

{

|
; T
P
]
i !
L
_
;
IILIID
~=7

Y

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



R o \.\
S
; \‘,\\...\\.\‘\\\ 4

N e
x_\ < N N N vﬂm.v /\/W//// |

//\/rw :
M A
N //T.,..\\ﬁ, \.w.\\.\

. y
S N ORI NASERE
N <N
B T |
NN
3y N -
P
7

R ’ K . . ~\~ P , , .~. ) ) -.A ) Ir ) . MK :
B A R B e g : - L - |
2 [ : A G = RS . ﬁ

. -~ e e oo ) P I
D Y w PR TN Y 4 i s
v .?\N\ m i, N AR Pt , %

N
,
o
..
:
.
Ny}
3
-
)
%,
o
a
Rt
i

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



P
tidNa
. i !
7 o

A kN N N
7 Tt ,

i o :
P Rt :

. < 3
b v ! i
b ’e

! “1 ! i

' ! ! ,
o o

i H
P by

. )
v ' !
P ;
P ¢
. ;

. {
P !

! N
D | i
no .
il i
P o

. vl
i ! HE
; [ N

t i .
N i

| { .
oo Pl

| oo
U . Lo

5
£

K —

[ :

t ~Lz '
~ ] . e
N . { iy
[ !
I ' i
. P
oo )

» .*

. . _
; b
o ! -
' . i
P i i
b ! o
- i
; ,
o ; ;
P ' :

! H ° P
L i ! P

: . Lo

i : I

o

ot

. !

— H . Ty
i H .

[ S P

————

/(’?Eﬁ/&/&fjf/‘//lﬂ/\/}r/ o~ R OCOUTREE S

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



P A b gbare e A

e
\
L
i .
i
)
i
1
\ |

\

\ f §

3 i
R
s ! i ‘ i [ :
: | - 1 [ - ]
e e B T
[ f Ly
v Voo

!

3

.
7o
LR

[P

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

N



SCRATCE oN Upper

9 SURFACE

Fonr oF  [MIeRSECTION SCRATCH  ON L—OWER SURFACE

ARRANGEMEMT  OF SCRATCHES
N SamPLE M 14

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



© ' S";L

PLaTE ForR CALBRATION

T BE REPLACED
BY OiL TIGHT HEAD

FLECTRO - LimtiT. s
G AGE \

\ b . ———
~ GAHGE DBecers

X N
; ,/,———-’r'PR‘ES. Line
N 7o Hyoro Fu TR,

s
N\\\\\\\\:\ 4 r 4 5_:_
| =

7 |

gl

L/
ARRONN
s

RNV
SIS I
77

//// ,//"/
AN N

7

i
sy 9 . .
! é\ LIFPRCED Dz N

|
NN AN o
N ;‘ > R T ‘,'., . —
b“\\w_f—:‘%gﬂ ~ LR ALE 4 LALST Y
;. A

7 A —_
7 JELTnie,  STACHIYE

S

I
7
//
NN

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



Nl
i
: R
'
!
!
i
i
i
«
§
)
! "
e .
! .
t H
: i
S SO e
i !
M :
)
! | :
e mee 4 e - Lok
C\/(-/il\l IZ-»,....‘_..._~.>.~ " Lo :
’ . I ;
ro :
H .
- - - R et ‘
! i
I R
)
) N
b\
by
i’
- R
1

Tiereesrn  MriHoD F 2l ATING

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

\_;/‘f/.//’

>

L?



o NeoPRENE
oA DIAPHRAM

o T ety Supms
s LR PrsTon

N
t
; O
“ : .
1
i i
i H .
- e g i s i
, Vs AP i
e s !
P :
. s |
|- k P .
s 7 - s
- - I
S N Vi R
- o
. - s L7
. -
Yy :
o .
/ -
. ~ -
ol ; e

PREPCSED  METHED  ¢F  ImREVENTING /Y
Fror  Dissocvivg oy Cid

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




SCIENCE

APPLIED

e Aoy ug ans

wyoad
1
t

[

¢
rigt

it

|40
e
4

x4t

L iy

R

3%
) +d

R

SRl Eeg

+
s
i

RESEARCH LABORATORY

UNIVERSITY OF ‘CINCINNATI

2hgass

T~

Y

fp s

ITRRI RS

IR SRRy A

Bialykait

s

PRI

S
[y
T

T

o

R 3y

e rt

4

i

e
3

. < o gy HIseYR : B

ISsion.

thout permi

hibited w

ion pro

f the copyright owner. Further reproduct

Se.--500~—3-4t
ISsion O

Applied

Corin 03—

Reproduced with perm



i : , TLLINN 3

T

Y3 Ral

T

M

!

R

I~
e
,!__.._..

(RS St

B
'
!

/

. ¢
o e o R
v

1.

e b

[ 3 VN

P e =

SR S S

[ .

Sy

= B B ey bt ﬁ.wMW&ﬁ

st peeadeliasy [odet Sutd

<378

8 L




RESEARCH LABORATORY

UNIVERSITY OF CINCINNATI

o

Lad

CIENC

S

PPLIED

A
=

ST N

A7 :

i AR RN S T

—S00—~ 541

“arm 63— Appiied Sc.

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



APPLIED SCIENCE RESEARCH LABORATORY

UNIVERSITY OF CINCINNAT!

S oo ’ A R T .

5-41

rorm Gy—Applied Sc. - SO0~

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



AFFLIEY SUICDNULED REoLARLA LALDUAATUR G

Q.u.‘

a9/,

-

Ayt

t{»

77

00 SR 8

1T

T

o 4

i ket

i

7o

+

P

ST

— ot

‘j--».

i

&

-

i
L

152
Ped

=

0--5-1]

<

d s

7
Appl

i

TR

el

el

Cpe baades

V-

=
o

P

tort
/

Wt NG YW

v

ission.

ited without permi

ion proh

Further reproduct

f the copyright owner.

ion o

ISS

ith perm

Reproduced w



S

UNIVERSITY OF CINCINNATI

ax/

IS

T

1

A &i 02/

o o]

] .

e I
I 3!
_1_, —
H Vi
L Tieo
: sl

natf

005

i

2

2t

s

ooy

o
|

x

Vettr

“hedd
-
pl

NS

R e

s/
AL,

.1
T

=28
lied Yoo X
17 v

/
£

ithout permission.

hibited w

ion pro

. Further reproduct

f the copyright owner

ISsion O

Reproduced with perm



APPLIED SCIENCE RESEARCH LABORATORY
UNIVERSITY OF CINCINNATI

R I~ R

? B

S N

i picas

AL 1t U, B A,

L, SoS

i J?’Jyarrr !\.2 pphied
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

§
!
1
i
i

e
bos




AoV A sl

IR AR ]
INGSNNATI

L T

oL

g C

2 -
-

SN

Yo

y U

e

- 2

>

il

]

3}

J

.

o

P~ Srua
e
c 1

OAYE v

wm a7 Y pplied aol-
]
fn

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

it



£

3

ARCH LABORATGRY

APFLIED SCIENCE RE

1TrEd
1

Foi

Tt
R ESRes

Teed
it

<3

i

PR

pEenapegt:

T
t
v .

gyl
T
i

Tt
ot

1.7

oy

.'l

>

7= 4= 14 e

I A Ty as

154

[y

vl

A A

15

T

3

4 sy

13
1

P

gt

Peua sause xie

L

i

F

TS
=

s
i

INCINNATI

Hry
o

3

- b

-

R

e

e vy 4

,1'

o " A
jSRRgnpeRs EoN

(

Iy 2R as

Ipgpeh

—
T

"
B g

gl

1=1

e
3
ol %

T

Fyea- g+

43

¥

Vigmn s
ppehape
RYRs e

R EEE R It

IRba)

UNIVEREITY QF

3R gt

PRios raiie

POHWRNES

ppte
e s 4
pas

Lt

i3

FEue gpvauk

i

V03 fqee b e

EEoPy ERaas

gy

B

Fi

T

{17

98 o
Lol

IS
SRS

Sane
b

ondad s Shh

ryegd

e an
i3

il

ToUTTEY

-
Yo

e

i
SeUPRbaS

IRTPR Spe
1T

o

B2 e R R o

ST

42
¥

A S

s

5

Sy

YAk

et

3.7 eoynten 7

fafs

T
inndle

L

P
o4

63 sipe
pi

g Ry

it

(b

e

Vi s

147

I3
T

IS
I

g
Tt
e
i

+

IR

oot o

1
Fudy

el

3
it

HPOS bivhas ¥

3.

8

i

PR S Rt
(S gopns

pes

Sgay

WOPY supeu P

Tives
¥
ihe
5o

ERTe

ST

s

WUETA N

[ VO .

vy

-1

ted Sc.—500--5

Appl

orm u3—

3

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



APPLIED SCIENCE RESEARCH LABORATORY

M-H0

T

g s

o foan
)

UNIVERSITY OF CINCINNATI

AR Bicial TH

e 50)— 841

ied §

rt

S~

orm O,

¥

ission.

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



~ReocARKLA LADURATURY

LN G

AT AT ELIED

CINNATI

N

Cl

OF

UMIVERSITY

~ A R RTEERE

Appleed Ne, ~—8500--5-41

S

m 0,

For

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



APPLIED SCIENCE RESEARCH LABORATORY

Rk

T s

y

fh

T gor-
L

t

ey

iz

i1y

4

jergs

it s

B REree
Ry

TR

i

e o
1L

[ eTRe
i

ot

Fys
1.4

pe g n
Y P poras

ti3a

T

«f;—»; i

i ey

x il

Gﬂ‘-li-

i

[NEs

1

Tt 1]

T

i ve
JRST PRS i SO b

{4+ |

g

BEVO SRS NN

T

1

$iis

UNIVERSITY OF CINCIMNNATI

b0 et
ey

SN

"

S St

i -

I
L

o A8
ISP PRpol

}

ST

437

3
~Iidl,

£

e

oAl

+1

0N ASYR

«
i

=500 -~5=4

<.

Reproduced with perm

N

3-~ Annlied

arm O,

»

ission.

ithout permi

hibited w

ion pro

f the copyright owner. Further reproduct

ISsion O



[Reg

R

e

3t ot

0
i
EpRe

.iﬁp‘.

T

i

[y Su

49 - Y5

4 pen

Yo 3

it
4

s

b

&t
-+

T

P pars

s

1
>

i

4

sughd bio:

1

PLIalT
i

1

ISsion.

"

1o

et

PRy ot

i
ik

i

A

41

CINCINT

F‘

1

.

14
1.

Y O

g o

T
i

Ix

313
iLlE
i

RS!

[oye]

B

T

Uni

APPLIED SCIENCE RESEARCH LABORATORY

et 13115

p ot

peaell

il

hibited without perm

ion pro

gLy

i

N

T
Sty

tvv

3

v

1

4

T
il

Yoo st

<

Loid

s

1Y

fouind SAuaN

S
[anes
g

[y Bes

siyshiugs

h

-
ptnd

[Rayee

!

A e
-y
o
ST

».n

Bt Eena ey

PROES tnpre pRIRSS

=2 e

i\
ST

#)

137

+
ja

Y

RISTIEE

¥
RN N

PR

St

LEA LY Lt

PpagE puy

f the copyright owner. Further reproduct

§ Sekes

Tyl

PRE annd

i

L

41

c
k.

(3=

ISsion 0

ed Sc.— S

m fHo— Appt

Reproduced with perm

tor



APPLIED SCIEMCE RESEARCH LABORATORY

>

TY OF CINCINNATI

t

UNIVER

ol

'
L

_— o4
B0

woq -

“yr

2]

veam 6de Applied Ne ~~SK =5

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



RESEARCH LABORATORY

SITY OF CINCINNATI

ENCE

!

5C

APPLIED

UNIVE

it d 4

g

b

E3

G~ 8-

3

Hied So—

“Ap

Yara 63

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



APPLIED SCIENCE RESEARCH LABORAIURY

boi-eneet

o bes

RS 2R
i

b

J Sapan)

I NSNS

IR

[S

i

et 4

s

if

T
i

}-

R AR R

1 4

,t}{‘? f<

1 ! 4=

t s : ] ot

i r : i W

M + V.v

: | ey

i 4 Fhi-
i S
4 t R Ty

7

B A
O

EI RN

.-

e

[P

JEVHISS BN

e

b

UMIVERSITY OF CINCINNATI

4

4

: : e

I I N -

" o o ;

1 i o

i .

b

: N
=

‘4
el

¥ (-

sy

.,
i
1}

x

Annlind No 7

Reproduced with perm

are AT e

ission.

ited without permi

ion proh

f the copyright owner. Further reproduct

ISsion O



LLABORATORY

INCINMNATY

APPLIED SCIENCE RESEARCH

C

O

>~

£RSIT

Uiy

T

¢
I
|

T

RN —

e

N L weaa o T e

S-41

00—

5

rorm 63—Applied Sc.—

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



ARCH LABORATORY

SCIENCE RESE

KPPLIED

JVERSITY OF CINCINNATE S

Y

I RS e
TR R E

C-20

dordager 4

oo
e

L

4

et -

-J..-J:-»

nans

ot

B

Sy

St

T

IO VI

yoded

T3 .
Lyt -

DA B

- bt

ERa DA

DS b

e
3.

o

|

PR

4+ 414

UM i s Spnns

SIS S wptey

L

deneq- fur

bl

ek

paradt

T

375

R

i

red
L

s

FEo

wE

A

4-

-

b1 bef e ande

TR
s

(3

i

!

T

3
,;..L‘..A‘d

i

&

Hedy
r

,i.A

2

Py
B IR SR

fd i g an b

T

SRS

u
H

H

faeagn §

P

wd e}

-

SN KD Fngm

500-—5-41

ied S

A7-—App!

voerm

ission.

ted without perm

Reproduced with permission of the copyright owner. Further reproduction prohi



RSITY

=

UNIVE

' : ..”‘.‘ fr
| %
TR
A

[EROSUIG | SR

=

OF STIMCINNATI

:"ffi~??=?’

¥

FE B

U

RE1 R EEERY EEETA P TEY EPRRL SN IO

i

b

m.

i
Ll
I

|

Jth=5aid

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



Y

- ;.. peY)

.
14

q.
-
B
i

ol B

e Sacmar]

(SRR 1005 oues

i RGN RO,
—d -
-

sakng

e

o

i

s

-

foseped

R e

o4

-

‘_.:..,.;._,. -

b gome

oy

T
ey

O+

+ i

b Do

—; <end

1

[
o

37 -

iorm

ission.

ted without permi

ion proh

f the copyright owner. Further reproducti

ion o

ISS

Reproduced with perm



L ABCRATORY

AFPLIED SCIENCE RESEARCH

UNIVERSITY OF CINCINNATI

e
th

Vgl

CERUE ok

[s

T

pones

P

I PR

s

[aisal ha

Se-- 500 ~5-41

ied

Appl

iorm 63—

ission.

ithout perm

hibited w

ion pro

f the copyright owner. Further reproduct

ISsion O

Reproduced with perm



LABOHATOKY

MESEAKOR
GF CINCINNATI

ArFLiEl DUITNLE

UHIVERSITY

'vyaN

YA

e

carm 37-- Yppted

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



LADUITA LT

Citiho oo ARLN
Y ER

po

HTY OF CINCINNATH

C-28

N BHE

Ay AR It ;

R g
ﬁ.v‘l S . IAW JUUSYURE. R ),‘1

S i ‘

e o DN
Pl x\rw
o . 1A

4 - mj
RS i IR L
o
il

44 as >

SIS0 SES PO 1 S

1o o.ux.” :“:.-
< Y..zylw ..... IUIGY KEEHY EEES

SRR EE e I %

FO0-- 511

e -

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



APPLIED SCIENCE RESEARCH LABORATORY

UMIVERSITY OF CINCINNATI

-

e b

¥

[ P

i3
i e

RPN B

[P

3 SUDENE N

1

ks

a8

ey

s
b

1

S e and

s bt
P e n

It

RENSIEA S

r

H

i

f et
bten

SRR R

i

-1

cfeeta

et

4

fodes o

e T

-

R

prgsee s
SRy
T3

-1

"
RS RS N

[y S e

1.
b

i

IR S

4

o
[Sa
RRP

R e

b
1
L.

i

I

i

-1

v

HESHRS: ipipepe

e n

f4-d - b

pveget B

*

TH‘A

Lt
N

3

NBN

PR

I SO (S

corem defob s

s

iy}

L TT g

R

RS SERON SEX

Ly

bR

-t e

IO S

ey b

-ty

Y
N mae

[N SV Y

S S

it

[Ra.-

[+

JOON RN

I8 ION

b

it

iR quen

T

)

1

AR g4

i S

-

e ROl S EERE b

;

T

f e

o -t et

RENSH

Apdet top

PR & S oup

—

[ N

[P

L

RINPE N e

T

AR SPrat

—
T

]

-4

p sraoyy
o o

oy

P a4
s e

.

[ NS &

iefebgmihby
ot

NP

-4

EREES

PO

v x e

i

BE

Py

4t

i

e

e S R

P SURe

P N

T

T
-

¥

B ¥

ooy

Bomdodgideis

ey e

Ly

PORE &t

—

RANTIN

AR HEE1 ]

S —-5-4]

orm 57— Applied Sel—~

r

ission.

ited without permi

ion proh

f the copyright owner. Further reproduct

ISsion O

Reproduced with perm



APPLIED SCIENCE RESEARCH LASORATURY

£

-

f"".?“?'t“ ~;

s *
3 b e d Tyt .3
1 B .w% d et~ 1= =
) RS . )
! EaRN] y i i
T4 KRS P
4 ‘.w m Wu,ﬁ T
1 ﬁ,“ J.,_M,r H - i1yl Lk
T T jain :
P R Rles Ly
b i g

RS P

Ao

[RIDUUISE QU oy

|
Ao

r
.t

e fon
b
-

s

3

-

i

-4 -;« I PR ;.

)

R SN

SRS P
b
3

I, g

N

4
T

(PO B

il i

+

i il

fm
1

I

—

I
by

ober om

- 4 - o)

.@ N s t i R RN B J._H

53 i o ' H

B t 3 + T

1= e bt ; 3 e E

i e o -4 ¢ o]

T ; : R X .
i

1 e

b

gt WIS

;Tﬁ..m. rd
N
L ]
ER n
Tl it
[RAS 3
PRiAs e
rh

o

14

UNIVERSITY OF CINCINNAT!

- :
EAS gagRy. N
. J‘..L .
iy
A ﬁ-m: Y
JAREEaLE %
Egast .
! NI o
PR :
4, u,.fk .
T :
i S} s

H
¢ Ldy i
: s -
i i #L !
ya H * Fi- T
“+1 oy B
. T —
T - i
b 4 - i 14 :
i1 M» 13 I B : :
i ¢ 8 d ; :
™ H ) it 1 T
i it . ._.M‘ i
i 1 1
s + -4 {4
-+ t i 1t
I 5 It : K.m
H } ! Tt
i W]
e . Sky ]
B i ,
314 ¢ goemte 1
» 1 4 ‘. N
i ._)w H A 0 .
1. : — Rgus m.
L 3 T 4
44 T - b gt Rt ﬁ. i
1307 t +i -+

5.4!

Apphied Sc.~-300—

voarm 57—

Reproduced with perm

ission.

ited without perm

ion proh

f the copyright owner. Further reproduct

ISsion 0



LABORATORY

tH

RESEAR
Y OF CINCINNATI

CE

<

N

WER

ApPPLIED STI

t

|

>

N

;:. .
B e

.
e

SN S

S

-;

U 34

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



ABURALIKT

NXESEARKCUH L.

<

ENC

N

=16

APPLIED

OF CINCINNATY

1Ty

<

UNIY

N

1

b

b

et i

1
“+

-

+

e
Aoy
1t

iy

e

=
3
B

T
s

1>

i

b R 3t

9 o

R ST
P R

g

1,

3 et

NSNS

d

.
paripan
S g

—

BIN

e i -

i pSgcs spagiasaed |

S-31

> Ou—

3

ission.

ithout permi

hibited w

ion pro

f the copyright owner. Further reproduct

ISsion O

Reproduced with perm



APPLIED SCIENCE RESEARCH LABORATORY ‘ '
UNIVERSITY OF CINCINNATI C-36

4

i S

i+

4L
]

74

3

ik

IR ERE
4 {L'
i

Farm 57 —Apphied Sooo SI0-- S. 41

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



ABORATORY

1
[

APPLIED SCIENCE RESEARCH

UNIVERSITY OF CINCINNAT)

b ' -
co RS

.

o

e .
-

e

fa

L —ed

1)

)

Applied Sc.--S(H)--7

Foem 87

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



RESEARCH LABOHXATORY
RSITY OF CINCINNATI

~
g

APPLIED SCIENC

&4

Urniv

PR

MR IR Dea

¥

(-5

-5

Appled Sco-

rorm Sie-

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



NEDEANMLH LABORARIURY

UNIVERSITY OF

ToitENCE

SLieg

laly

(=40

INCINNATE

~
-~

SO0

oo

- Anphed

'

1

e

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



D BCIENCE RFESEARCH LABORATORY

INCINNATI

L

Q—5-41

-~ Applied Sc. -

57

lorir

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



o

oty e st

i h '

9

CRa S T

"E RESEARCH LABORATORY

—~
S

UNIVERSITY OF %NCINNP.TI

APPLIED SCIEN

RSN X155 S BRI

ed

Aponb

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



C-d47

APPLIED SCIENCE RESEARCH LABORATCRY
UNIVERSITY OF CINCINNATI

Py Han

i

1
.'“'

[

Ao

R

O

PR

Y

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



RESEARCH LABORATORY

SCIENCE

APPLIED

UNIVERSITY OF CINCINNA

%-i Ty

0

100

DTSN S

Lnphiod

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



|

WAL

UMIVERSITY OF CINCINNATI

.,
g

e

i -

frofor =

643

2400 -

RTSTRINEE

o

Appl:

ight owner. Further reproduction prohibited without permission.

Reproduced with permission of the copyr



APPLIED SCIENCE RESEARCH LABORATORY

UNIVERSITY OF CINCINNATI

T
I

WIA LT

27

/

7

+3

B

suby

Aphe o

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



T ; | R : Tt oy Ty
; SR [ S
| R IS PO o
v i yeo o . e
e 09
T 1 * T g -
oo P :
o b S AREANREEEY SRR
S L |
N T |
nad IRRSPETIES PUgs Y SSEY S 6 SRS S -
.,, i

e

o

1
¢
o
I
i

s

Q.
~
-~
Vs

T

alerenade il

'

of

Py

RESES

5t Y

INCINNATL

-y
[y
——

RESEARCH LABORATORY

E
UMIVERSITY OF (

APPLIED SCIENC

G SN o

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



A
T

L ABORATOR

NCE RESEARCH
NCINNATI

UNIVERSITY OF C

~
~

APPLIED S

v
s

Seand

pare

g ood

RN o

—l

PR B S Syt

[

s B!

PR

R

t

Fjj Seuws pae}
ded

s
pus
s

LT
i

|y

[ S,

B

[

PRRNE SRty

T *
N SIS0 Ba wa

+

T

ey

e

e

.

f&&ﬁg

e

B

L

et

e

i1

11 i

-

ceem €7 A nnbad Vo K005 4 1

Reproduced with perm

ission.

ited without permi

ion proh

f the copyright owner. Further reproduct

ISSIon O



RESEARCH LABORATORY

[
Y OF CINCINNATI

APPLIED SCIENC

|

3

1

UNIVER

JISETSS O S apeit &

-t

Eps

]
)

shjout
NP

s

b

RN B v

M)~

Se -8

Applicd S

Sie

Sarm

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



H&..!ldllim fn

1
|
oo e
'

P

kN

I'T’-;";— e

).
!

[_LABORATORY

X
NCIHNATH

RESEARCIH
[

]
{
Ty

APPLIED SCIENCE

¥

3

UMNIVER

AR S S

AN SRR
o

JF SRR SO

B e

X!

D TR

- Apphied So-

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

Al

trorm



APPLIED

SCIENCE

RESEARUH LABURAIURY

UNIVERSITY OF CINCINNATI

peonun)

[FOSENDIE IR 994

PRSI )

ey
TITITL

gy e

-+ vty b

e

DUREDES PONNL IR B!

o

S
|

" "';T '"."i"]":"f';"'

Form 37 —Appliec

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

Se.~ 8500—3-41



LABORATORY

SEARCH

=y
i

APPLIED SCIENCE R

CINMNAT!

OF Cin

RSITY

I

MIVE

U

i

}??.

%

L

!
B

\

Applied Sc.

n 87

1ot

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



CINNAT

By

SITY OF Ol

[

IRV

.

s

SCIENCE

APPLIED

il

Totie=N o

Vnobied Sl

P T

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



ASPLIED SCIENCE RESEARCH LABORATORY

INNAT

-

OF CIN

iTY

<
=3

UNIVER

g

-+

“

N

33

L LN

-

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




LABORATORY

o
i

RESEARCH

1

A
4

J

CINCIN

STy O

WIVER

L

R ACRIEHE I 2

M)

ST—Annled No-
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

vorm 83T~



LAEORATORY

H
C2 CinCiNNATY

RC

(63

!
!

a7

4

S

B

‘.;'

VERSITY

i

YR AN vy

PRIV SR 3

Sorar 55— Apphed o

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



CiNCINNATI

u.
S
-
)
@
w
>
)

vatA R GCy

Ly ee Appiied Rea 300 -5 L

ERTURES}

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



SEARCH LABORATORY

RSITY OF CINCINNATI

RE

D SCIENCE

<
=

APFPLI

s

ST AN

IR L

ZABEGE

RIS

el

3":[:"“

S S
T

1
=
-’

=8

T
ERTing

ERRA

S0

Spo=Applied Co--

rorm,

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



LABORATORY

._i

7.

RESEARZ!

NCE

UNMIVE

RS

A

FUPY ETROFIN 1 S0

PEDG w1

i

PO

| anane

’

' 10E] 7A

an

|l
i
Ty
-
;}(»n
¢

5%

fe

.

7 ﬁ/‘ﬁf

L.

A

i

i

pooy

X2y

F’.

7
LA

B:

“",r

VAT

'
i
i

~ Applied Sc.-

¥ UG O NE i

541

[V

-5

arm

b

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



